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William (Bill) Young served as co-editor of the previous edi-
tion. Working with Bill was like having problems solved before 
I noticed them.

Bill was a remarkable clinician scientist who made a num-
ber of seminal contributions. Chief amongst these was the 
fundamental change in our understanding of the pathogen-
esis and treatment of arteriovenous malformations. Bill pro-
posed a radical hypothesis wherein he posited that AVMs are 
an acquired postnatal phenomenon in patients who have an 
underlying genetic susceptibility and that vascular growth 
factors are key to the unregulated vessel growth. With the 
support of preclinical data, generated primarily by Bill, he 
initiated Phase I trials of bevacizumab for high-risk patients 
with AVMs for whom conventional therapy was not feasi-
ble. This was the first new medical treatment of AVMs for 
two decades. A logical extension of the premise that AVMs 
are acquired in genetically susceptible individuals is genetic 
screening to identify at-risk patients and the development of 
biomarkers for purposes of risk stratification. Bill organized 
an international collaboration to evaluate gene loci associated 
with AVM development and identification of risk factors for 
AVM rupture. This is a remarkable record of achievement. 
Bill was one of the few clinician scientists able to bring ba-
sic discoveries in the laboratory to the clinic for the difficult 
management of patients with AVMs.

I first met Bill at NYU when he started as a resident, all 
hungry for knowledge and with a relentless energy. Bill’s many 
contributions were outlined in a tribute by David S. Warner and 
William Lanier in the Journal of Neurosurgical Anesthesiology 
Vol. 26, #1, January 2014. Perhaps his greatest contribution 
was bringing like-minded people together, whether it was in 
music, science, travel or simply friendship.

Thank you, Bill.

Dedication to William L. Young, MD (1954 – 2013)



We thank our respective departments of anesthesiology, 
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sity, the practical and intellectual background that makes it 
possible for colleagues like ourselves to write, assemble, and 
edit such books as Cottrell and Patel’s Neuroanesthesia. Special 
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I have generally believed that textbooks present a suboptimal 
medium for communicating the science and practice of medi-
cine. They are not peer-reviewed, the writing is often relegated 
to authors just entering the field, and publication delays may 
allow an out-of-date perspective while the ink is still drying. 
Hence, the authoritative nature of textbook content can be 
easily questioned. Cottrell and Patel’s Neuroanesthesia refutes 
this view in that it offers an example of how a textbook can 
serve as a valid foundation for learning and practice at all lev-
els of experience.

The subspecialty of neuroanesthesiology has always prided 
itself on pursuing and inculcating scientific evidence into our 
practice and educational endeavors. Science is different from 
art in that art is intended to present a personal perception 
and interpretation of a real or imagined existence. It is for the 
viewer to determine validity and that determination cannot be 
tested. In contrast, science is an assemblage of physical prop-
erties that should hold true through time, space, and for all in-
dividuals, regardless of persuasion. But science and art share a 
precious element. Beauty. Beauty can be immediately apparent 
or may require knowledge of the structure and history behind 
a project to understand its significance. After reviewing the 
galley proofs for Cottrell and Patel’s Neuroanesthesia, I must 
call it a beautiful work.

As an erudite neuroanesthesiologist, I approached the galley 
proofs for Cottrell and Patel’s Neuroanesthesia with skepticism. 
It became clear within moments that this work is exceptional. 
The reader is instantly drawn to the high-quality images and 
the progression of concepts from the most elementary princi-
ples to complex and state-of-the-art science and implications. 
The book is comprehensive, detailed, and wholly relevant to 
the practice of neuroanesthesiology. There simply is no other 

source for this level of organization of our knowledge. It will 
enable the initiate to quickly grasp key concepts, while expe-
rienced clinicians and scientists can not only refresh but also 
extend their understanding of how and why we do what we do 
for our patients. It is a must read for all.

There are bastions that define our specialty including the 
Society for Neurosciences in Anesthesiology and Critical 
Care and the Journal of Neurosurgical Anesthesiology, both 
of which James Cottrell served to found. These entities repre-
sent the best and brightest of our scientists and clinicians. The 
authorship of Cottrell and Patel’s Neuroanesthesia reflects the 
same population and is edited by two of the most longstand-
ing and innovative authorities in our field. The 5th edition of 
Neuroanesthesia was substantially advanced by the inclusion 
of William L. Young, M.D. as co-editor. Dr. Young was a par-
amount scientist and set the tone for evidence-based medi-
cine the reader will encounter in the current edition of Cottrell 
and Patel’s Neuroanesthesia. Dr. Young’s untimely passing left 
a space almost impossible to fill. Having known Bill closely, I 
am certain that he would be thrilled that Piyush Patel accepted 
the challenge of maintaining a quality of scientific excellence 
worthy of our specialty in this authoritative text. Dr. Patel has 
succeeded. Congratulations to all of the authors for providing 
this superb compendium of knowledge that can only serve to 
advance patient care.

David S. Warner, MD
Distinguished Professor

Department of Anesthesiology
Duke Univeristy School of Medicine

Durham, North Carolina

Foreword



With a new co-editor, Piyush Patel, twenty-three new authors, 
five new chapters, eight chapters with all new authors, fifteen 
new chapters with one or more new authors and the incorpo-
ration of suggestions made in reviews of the fifth edition, this 
edition of Cottrell and Patel’s Neuroanesthesia is both track-
tested and up to date.

We have added a new chapter on neurocritical care issues, 
added a section on diagnosis and management of brain death 
and end-of-life care, added a section on neuroanatomy, and 
added more on multimodality monitoring, brain tissue oxy
genation, oximetry, microdialysis and depth of anesthesia 
monitors. Sections were also added on stereotactic surgery, 
deep brain stimulation, brain biopsy, and gene therapies. 
There was, of course, no option. Ours is a fast moving field.

As the Red Queen said to Alice in Wonderland, “Now, here 
you see, it takes all the running you can do, to keep in the same 
place.” In this case, “here” is neurosurgical anesthesiology, and 
“the same place” is state-of-the-art knowledge.

Medicine advances through a sort of trickle-down pro-
cess. Information flows from basic scientists to laboratory 
animal researchers to clinical investigators to scientific jour-
nals to clinical textbooks, and finally, to clinicians. The closer 
the connections between the first four way stations and the 
textbook, the better clinicians are served. We have kept those 
connections tight by gathering authors who are, in various 
combinations, basic scientists, laboratory researchers, clinical 
investigators, journal authors, journal editors, and of course, 
clinicians.

The emphasis of this book has always been clinical ap-
plication of tested basic science principals and that focus 
has only been sharpened in this sixth edition. We want 
this book to serve its readers by helping them serve their 
patients.

James E. Cottrell, MD, FRCA
Piyush Patel, MD

Preface
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I.S. Kass  •  J.E. Cottrell  •  A.E. Abramowicz  •  J.Y. Hou  •  B. Lei

Brain metabolism involves both the production and the 
utilization of energy; catabolism is the breakdown and anabo-
lism is the synthesis of components and molecules in the cells. 
For energy formation the main catabolic process is the break-
down of glucose with the ultimate formation of high-energy 
phosphate in the form of adenosine triphosphate (ATP). Other 
catabolic processes break down structural and enzymatic pro-
teins, lipids, and carbohydrates; these processes are necessary 
to replace damaged and nonfunctional molecules. These mol-
ecules are resynthesized by anabolic processes that renew the 
cells and maintain optimal function. Cellular function also 
requires the maintenance of ionic homeostasis, which for neu-
rons requires a large amount of energy. The pathophysiologic 
mechanisms of brain injury are incompletely understood but 
ultimately represent a failure of anabolic processes to maintain 
normal cell function. In this chapter we explore the putative 
mechanisms of brain injury. The causes of neuronal damage 
are multifaceted, and one pathway alone cannot explain how 
the injury occurs. Some pathophysiologic mechanisms are 
common to damage caused by ischemic, epileptogenic, and 
traumatic injury, whereas others are discrete for each of these 
processes. This review focuses on some common triggers of 
neuronal damage, such as altered ionic gradients, and explores 
how they in turn lead to long-term damage. We also discuss 
pharmacologic agents and clinical procedures that may lead to 
a reduction in long-term brain damage.

BRAIN METABOLISM

The main substance used for energy production in the brain 
is glucose. Because glucose is not freely permeable across 
the blood–brain barrier, it requires a transporter to enter the 
brain. This transporter does not require energy and can move 
glucose only down its concentration gradient, from a higher to 
a lower concentration. Normally the blood levels of glucose are 
well regulated so glucose concentrations in the brain are ade-
quate; however, if blood levels of glucose fall the supply of glu-
cose cannot meet the energy requirements of the brain. Thus 
adequate blood glucose levels are critical for normal brain ac-
tivity. During insulin shock or other conditions that cause a 
reduction in blood glucose, unconsciousness can result from 
insufficient energy due to low brain glucose levels. When glu-
cose and oxygen levels are sufficient, glucose is metabolized to 
pyruvate in the glycolytic pathway (Fig. 1.1). This biochemical 
process generates ATP from adenosine diphosphate (ADP) 
and inorganic phosphate and produces nicotinamide adenine 
dinucleotide reduced (NADH) from nicotinamide adenine di-
nucleotide (NAD+). Pyruvate from this reaction then enters 
the citric acid cycle which, with regard to energy production, 
primarily generates NADH from NAD+. The mitochondria 
use oxygen to couple the conversion of NADH back to NAD+ 
with the production of ATP from ADP and inorganic phos-
phate. This process, called oxidative phosphorylation, forms 
three ATP molecules for each NADH converted and yields 

a maximum of 38 ATP molecules for each glucose molecule 
metabolized.1 Because numerous parts of this pathway supply 
other metabolic requirements, such as amino acid synthesis 
and the formation of reducing equivalents for other synthetic 
pathways, the normal yield of this energy pathway is approxi-
mately 30 to 35 ATP molecules for each glucose molecule.

This pathway requires oxygen; if oxygen is not present the 
mitochondria can neither make ATP nor regenerate NAD+ 
from NADH. The metabolism of glucose requires NAD+ as 
a cofactor and is blocked in its absence. Thus, in the absence 
of oxygen, glycolysis proceeds by a modified pathway termed 
“anaerobic glycolysis”; this modification involves the conver-
sion of pyruvate to lactate, regenerating NAD+. This process 
produces hydrogen ion, which may accentuate neuronal dam-
age if the intracellular pH falls. A major problem with anaer-
obic glycolysis, in addition to lowering pH, is that only two 
molecules of ATP are formed for each molecule of glucose 
metabolized. This level of ATP production is insufficient to 
meet the brain’s energy needs. In addition, ischemia curtails 
the supply of glucose so even anaerobic glycolysis is blocked.

When the oxygen supply to a neuron is reduced, mecha-
nisms that reduce and/or slow the fall in ATP levels include 
the following: (1) the utilization of phosphocreatine stores  
(a high-energy phosphate that can donate its energy to main-
tain ATP levels), (2) the production of ATP at low levels by 
anaerobic glycolysis, and (3) a rapid cessation of spontaneous 
electrophysiologic activity.

CELLULAR PROCESSES THAT 
REQUIRE ENERGY

Pumping ions across the cell membrane is the largest energy 
requirement in the brain. The sodium, potassium, and calcium 
concentrations in a neuron are maintained against large elec-
trochemical gradients with respect to the outside of the cell. 
When sodium (Na), calcium (Ca) and potassium (K) are men-
tioned throughout the chapter we are referring to their ionic 
form (Na+, Ca++ and K+); this is the only form of these com-
pounds that is present in living cells. When a neuron is not 
excited, there are slow leaks of potassium out of the cells and 
of sodium into the cells. The resting potential of a neuron de-
pends mainly on the electrochemical equilibrium potential for 
potassium, which in most neurons is approximately −94 mV. 
There is some permeability to sodium and calcium so the rest-
ing potential for a neuron is usually −60 to −70 mV. Because 
the cell’s membrane potential is not equal to the equilibrium  
potential for an ion, there is leakage of ions down their elec-
trochemical gradients. If this leakage were not corrected by 
energy-dependent ion pumps, the membrane potential would 
fall to 0 mV and the cell would depolarize and die. The ion 
pumps fall into two major categories: (1) those that use ATP 
directly to pump ions and (2) those that use the energy of the 
Na gradient to cotransport another ion or molecule. The ulti-
mate energy for the latter pumps comes from ATP via the Na/K 

1Brain Metabolism, the Pathophysiology 
of Brain Injury, and Potential Beneficial 
Agents and Techniques



2

1
 

• 
B

R
A

IN
 M

E
TA

B
O

LI
S

M
 A

N
D

 IN
JU

R
Y

ATPase, which transports Na ions and maintains the energy 
gradient of Na; examples of these exchange pumps include the 
Na/Ca, the Na/H and the Na/glutamate transporters. Examples 
of the former category of pump are the Na/K ATPase, the ma-
jor user of energy in neurons, and the Ca ATPase. The pri-
mary ion pumps that directly use ATP are important because 
they establish the electrochemical gradients necessary for the 
secondary pumps, the ion exchange pumps, to work in the de-
sired direction. Indeed, during ischemia these pumps do not 
have enough energy to operate, and this condition is a primary 
cause of neuronal depolarization and cell death. Neuronal ac-
tivity markedly increases the flow of sodium, potassium, and 
calcium by opening Na, K, and Ca ion channels; this opening 
raises the rate of ion pumping required to maintain normal 
cellular ion concentrations. Because ion pumping uses ATP 
as an energy source, the ATP requirement of active neurons 
is greater than that of unexcited neurons. Approximately 60% 
of the energy the brain uses is required for functional activ-
ity, and the remainder is used to maintain cellular integrity. 
Anesthetics reduce neuronal activity and thereby ATP utiliza-
tion by functional activity, but they do not reduce the energy 
required for the integrity of the brain. If energy production 
does not meet the demand of energy use in the brain, the neu-
rons become first unexcitable and then irreversibly damaged.

Neurons require energy to maintain their structure and 
internal function. Each cell’s membranes, internal organelles, 
and cytoplasm are made of carbohydrates, lipids, and pro-
teins that require energy for their synthesis. Ion channels, en-
zymes, and cell structural components are important protein 
molecules that are continuously formed, modified, and bro-
ken down in the cell. If ATP is not available, protein synthe-
sis cannot continue, and the neuron will die. Carbohydrates 
and lipids are also continuously synthesized and degraded in 
normally functioning neurons; their metabolism also requires 
energy. Most cellular synthesis takes place in the cell body, and 
energy is required for transport of components down the axon 
to the nerve terminals. Thus, energy is required to maintain 

the integrity of neurons even in the absence of electrophysio-
logic activity.

NEUROANATOMY

The brain is regionally differentiated structurally and func-
tionally; this section will provide an overview of the func-
tionality of the different brain regions. This is important with 
regard to stroke, since when an artery is blocked the function 
of the neurons in the region perfused by that artery is com-
promised. The details of the neuroanatomy and neurophysi-
ology of the brain would require a book of its own; two that 
are recommended for detail are Clinical Neuroanatomy, by RS 
Snell and Neurophysiology and Principles of Neural Science by 
Kandel et al.2,3

The cerebral cortex has four main lobes on each side: 
the frontal, parietal, occipital, and temporal lobes (Fig. 1.2). 
Sensory pathways from one side of the body cross the mid-
line and provide input to the opposite somatosensory cortex. 
Motor pathways that originate from the motor cortex on one 
side decussate in the medulla, travel down the spinal cord in 
the lateral corticospinal tracts, synapse on ventral motor neu-
rons in the gray matter of the cord and deliver motor output 
to the opposite side of the body. The anterior part of the fron-
tal lobe (prefrontal area) influences personality, orientation, 
concentration, and judgment; it is important for directing in-
tellectual activity towards a goal. The precentral gyrus of the 
frontal lobe is the primary motor cortex, has output to the mo-
tor neurons in the spinal cord, and controls fine movement. 
Premotor association areas are located rostral to it and receive 
input from other motor areas of the brain, such as the basal 
ganglia, cerebellum, and red nucleus. Thus the premotor and 
motor cortex are responsible for integrating input from motor 
areas throughout the brain leading to purposeful movement. 
Adjacent to the precentral gyrus, across the central sulcus is 
the postcentral gyrus of the parietal lobe; this is the primary 
somatosensory cortex and receives information about fine 
touch. Posterior to the postcentral gyrus are the somatosen-
sory association areas which help interpret and analyze touch 
sensations. All primary sensory areas of the brain have sen-
sory association areas which further analyze and interpret 
these signals. The temporal lobe is located below the frontal 
and parietal lobe and contains the primary auditory and au-
ditory association areas. One hemisphere in the brain is con-
sidered dominant and one particular area in it is important for 
the interpretation of language and the production of speech; 
this area has been labelled Wernicke’s area. Wernicke’s area is 
of critical importance and lesions in it lead to profound apha-
sia; it is generally considered to include the posterior part of 
superior temporal gyrus and the angular gyrus in the domi-
nant cerebral hemisphere. The angular gyrus is an important 
multimodal association area in the parietal lobe adjacent to 
the temporal lobe. Multimodal association areas analyze input 
from single sensory association areas and provide complex 
analysis of the inputs and determine the response to complex 
stimuli. Wernicke’s area of the brain is most carefully mapped 
out during neurosurgery and damage to it is assiduously 
avoided if possible. It is supplied by the middle cerebral artery 
and there are profound deficits following occlusion of this ar-
tery due to ischemic stroke. Lesions in this area are isolating 
to the person and he/she cannot communicate or understand 
verbal or written communication. This area directly acti-
vates Broca’s area in the frontal lobe, a premotor speech area. 
Lesions to the parietal lobe of the nondominant hemisphere 
lead to visuospatial deficits and hemi-neglect (ignoring half 
of external space).
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Fig. 1.1  Energy metabolism in the brain. Lines indicate metabolic 
pathways, dashed lines indicate anaerobic glycolysis. The dashed line 
across the oxidative phosphorylation reaction indicates this reaction is 
blocked during ischemia. ADP, adenosine diphosphate; ATP, adenosine 
triphosphate; NAD, nicotinamide adenine dinucleotide; NADH, 
nicotinamide adenine dinucleotide reduced.
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The thalamus is located medially and is an important relay 
center for information to and from the cerebral cortex. The 
hypothalamus, located below the thalamus, is important for 
a number of regulatory functions of the body such as hunger, 
thirst, and temperature regulation and the hypothalamus in-
tegrates behavioral and motivational activity from the limbic 
system with autonomic responses. The limbic system includes 
limbic cortex, hippocampus, and amygdala and is associated 
with feelings of reward and punishment, emotional behavior, 
learning, and memory. The hippocampus and the medial tem-
poral lobe are important for long-term memory formation; 
the amygdala conveys the emotional content of memory. The 
basal ganglia are also located medial to the cortex and are im-
portant for motor function and the initiation of movements. 
Parkinson’s disease is due to lesions in the substantia nigra, a 
dopaminergic area, leading to resting tremor and bradykine-
sia. Dementia is a nonmotor correlate of basal ganglia diseases 
and indicates these areas, primarily thought to be motor, can 
also profoundly influence behavior.

The cerebellum is located above the brainstem and plays an 
important role in rapid learned motor activity as well as pos-
tural control; it receives input from the motor cortex and pro-
prioceptive feedback from the body to compare the intended 
movement with the actual movement caused by the muscles. It 
is important to know that the lateral cerebellum is not crossed 
and controls the same side of the body; e.g., the right cere-
bellum controls muscles on the right side of the body, which 
is also controlled by the left motor cortex. Thus information 
from the cerebellar cortex crosses the midline on its way to the 
cerebral cortex.

The brainstem consists of the midbrain, pons, and medulla 
and is structurally continuous with the spinal cord. The cranial 

nerves III to XII originate from the brainstem and/or brain-
stem nuclei. Ascending and descending neuronal pathways tra-
verse this part of the brain and synapse with neurons in it; this 
area contains the reticular formation and the reticular activat-
ing system, an area responsible for maintaining alertness and 
consciousness. This area is important for the control of blood 
pressure, heart rate, breathing, swallowing, and other bodily 
functions. Lesions in this area can lead to coma or rapid death.

The spinal cord allows the brain and the body to communi-
cate and contains ascending sensory pathways and descending 
motor pathways. The anterolateral spinothalamic tracts convey 
crude touch, temperature, and pain; they enter the gray mat-
ter of the cord, synapse in the dorsal horn; the axons of the 
postsynaptic neurons cross the midline and ascend the spinal 
cord to the brainstem and thalamus in the anterolateral tracts. 
The dorsal columns convey fine touch and proprioception and 
ascend the cord on the same side of the body and cross the 
midline after first synapsing in nuclei in the medulla. The final 
destination of these axons is the thalamus and information is 
relayed from there to the somatosensory cortex on the post-
central gyrus. The dorsal column axons also send branches 
into the spinal cord at or near to the level of the spinal cord 
they enter. The spinal cord has neuronal circuitry that modifies 
input to the brain and also mediates local reflexes such as with-
drawal from pain and the control of muscle tension and tone.

PATHOPHYSIOLOGY

Ischemia
When the blood supply to the brain is limited, ischemic dam-
age to neurons can occur; the brain is the organ most sensitive 
to ischemic damage. The area of the brain corresponding to 

Fig. 1.2  Neuroanatomy of the brain. A, A lateral view of the left cerebral cortex. B, A medial view of the right cortex. (Modified from Snell RS. 
Clinical Neuroanatomy. 9th ed. Philadelphia: F.A. Davis; 2009.)
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functions are altered or lost subsequent to focal ischemia; this 
corresponds to the functional anatomy described in the previ-
ous section. The neurons in the ischemic areas are damaged by 
the loss of energy; the rest of this section describes the cellular 
events subsequent to ischemia that lead to this damage.

The central event precipitating damage by hypoxia or 
ischemia is reduced energy production due to blockage of 
oxidative phosphorylation. This causes ATP production 
per molecule of glucose to be reduced by 95%. At this rate 
of production, ATP levels fall, leading to the loss of energy-
dependent homeostatic mechanisms. Additionally, during 
ischemia the supply of glucose is interrupted, as is the wash-
out of metabolites. The activity of ATP-dependent ion pumps 
is reduced and the intracellular levels of sodium and calcium 
increase, whereas intracellular potassium levels decrease 
(Fig. 1.3).4 These ion changes cause the neurons to depolar-
ize and release excitatory amino acids such as glutamate.5 In 
addition, glutamate is released from neurons owing to the re-
versal of the glutamate transporter, which pumps glutamate 
into the extracellular compartment when the cellular sodium 
and potassium ion gradients are disrupted.6 High levels of glu-
tamate further depolarize the neurons by activating AMPA 
(α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) and 
NMDA (N-methyl-d-aspartate) receptors, increasing sodium 
and potassium ion conductance.7 The NMDA receptor also 
allows calcium to enter, triggering additional damaging path-
ways. Glutamate activates metabotropic receptors, which via 
second-messenger systems can increase the release of calcium 
from intracellular stores and activate other biochemical pro-
cesses.8 The damage due to excess glutamate has been termed 
excitotoxicity and is caused by activation of glutamate recep-
tors and the accompanying ionic and biochemical changes.5

In addition to increased influx through membrane chan-
nels, cytosolic calcium is increased through reduced calcium 
pumping from the cell and the enhanced release of cal-
cium from intracellular organelles such as the endoplasmic 

reticulum (Fig.  1.4).9 The high cytoplasmic calcium level is 
thought to trigger a number of events that lead to the ischemic 
damage. These include increasing the activity of proteases and 
phospholipases. Phospholipases raise the levels of free fatty 
acids, such as arachidonic acid, and free radicals. Free radicals 
are also generated by incomplete mitochondrial oxidation.9 
One of the most damaging free radicals is peroxynitrite, which 
is formed by the combination of nitric oxide and another free 
radical.9 Free radicals are known to damage proteins and lip-
ids, whereas free fatty acids interfere with membrane function. 
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Fig. 1.3  Line diagram of cellular ionic events occurring during anoxia 
or ischemia. The events indicated are the primary triggers of events 
leading to neuronal cell death. Positive feedback loops are unstable 
and rapidly worsen events. ATP, adenosine triphosphate; extracell, 
extracellular; intracell, intracellular; ↑, increase; ↓, decrease.
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There is a buildup of lactate and hydrogen ions during isch-
emia, which lowers the intracellular pH and this can lead to 
further formation of free radicals.10 All of these processes, 
coupled with the reduced ability to synthesize proteins and 
lipids, contribute to the irreversible damage that occurs with 
ischemia (Box 1.1).

Additionally, phospholipase activation leads to the produc-
tion of excess arachidonic acid, which upon reoxygenation can 
form eicosanoids, including thromboxane, prostaglandins, 
and leukotrienes. These substances can cause strong vasocon-
striction, reduce blood flow in the postischemic period, alter 
the blood–brain barrier, and enhance free radical formation 
after reperfusion.11,12

Procedures that protect against ischemic damage should 
interfere with the cellular changes brought on by ischemia 
(Box 1.2). In addition to these direct triggering events, there 
is long-term damage that becomes apparent hours and days 
after the ischemic insult. Some of this delayed damage is ne-
crotic and the lysis of the cells causes microglial activation.13 
Lymphocytes, polymorphonuclear cells, and macrophages 
can invade the central nervous system, leading to additional 
damage.14,15 Although histamine receptor activation is gener-
ally associated with immune system activation, the histamine 
receptor involved with this is the H1 receptor. In the central 
nervous system, the H2 receptor is the one primarily activated, 
and it reduces immunologic processes and improves recovery 
from ischemia.16,17 Blocking immune system activation can re-
duce damage.16 It is clear there is also programmed cell death as 
a result of the insult.18 This apoptotic programmed cell death, 
which is similar to the cell death that occurs during neuronal 
development, can continue days after the initial insult.

Necrosis versus Apoptosis
There are two major processes leading to neuronal death. The 
first, necrosis, is due to a more severe insult in which mito-
chondrial function is lost; it is characterized by a disintegration 

of the cell and an activation of microglia and the immune re-
sponse.13 The immune response and inflammation activate 
and recruit neutrophils and macrophages, which produce 
free radicals and damage adjacent neurons. This process ex-
pands the lesion in volume and time, allowing for continued 
and expanded neuronal damage.13 In the second, apoptosis, 
the cell dies without breaking apart and there is no microglial 
or immune system involvement with the potential for excess 
damage to adjacent neurons. This process is frequently de-
layed and can lead to the activation of immediate early genes 
(IEGs) such as c-Jun and c-Fos; these genes are thought to af-
fect gene expression and lead to the production of apoptotic or 
antiapoptotic proteins, which determine whether the neurons 
will survive or die.18,19 One set of proteins that lead to neuro-
nal death are the cysteine proteinases, referred to as caspases. 
These enzymes are expressed as proenzymes, which undergo 
proteolytic processing to yield active enzymes that degrade im-
portant proteins in the cell (Fig. 1.5).20,21 There are both intrin-
sic and extrinsic pathways to activate caspases and apoptosis, 
Fig.  1.5 shows the intrinsic pathway activated by mitochon-
drial cytochrome c release. In addition cell death receptors 
on the neuron membrane may be activated by death factors 
such as Fas ligand or tumor necrosis factor, which directly ac-
tivate caspases. The final apoptotic pathway to cell death con-
verges and is the same for both the intrinsic or extrinsically 
activated pathways.22 Blockade of caspases has been shown to 
block apoptosis.23 Because these enzymes are now known to be 
present as proenzymes before ischemia, new protein synthe-
sis is not needed to induce apoptosis.22 However, proapoptotic 
proteins are synthesized under certain conditions, and their 
synthesis may lead to delayed neuronal cell death. Another set 
of proteins can be induced that block apoptosis and promote 
neuronal survival after ischemia; examples of these proteins 
are neuronal apoptosis inhibitory protein, heat shock proteins, 
and certain antiapoptotic Bcl-2 family proteins.22,24 Thus the 
fate of ischemic neurons rests on the balance between apop-
totic inhibitory and activating processes (Fig.  1.6).24,25 The 
synthesis of certain trophic factors can improve neuronal sur-
vival by inhibiting apoptosis (see Fig. 1.5). The activation and 

BOX 1.1  �Brain Metabolism and Cell Death: Triggers, 
Effectors, and Functional Changes

Triggers
Adenosine triphosphate ↓
Extracellular potassium ↑
Intracellular sodium ↑
Intracellular calcium ↑
Free radical levels ↑
Depolarization ↑
Glutamate level ↑

Effectors
Protease activity ↑
Free radical action ↑
DNA damage ↑
Phospholipase activity ↑
Mitochondrial factors ↑ (cytochrome c → caspase activation)

Critical Functional Changes
Mitochondrial damage ↑
Apoptotic cascade activation ↑
Antiapoptotic factors ↓
Protein damage ↑
Protein synthesis ↓
Cytoskeletal damage ↑

End Stage
Apoptosis ↑ (programmed cell death)
Necrosis ↑ (cell disintegration)

↑, increases; ↓, decreases; →, leads to
Adapted from Lipton P. Ischemic cell death in brain neutrons. Physiol Rev 
1999; 79:1431–1568.

BOX 1.2  Consequences of Ischemia

Vascular Changes
Vasospasm
Red cell sludging
Hypoperfusion
Platelet aggregation
Endothelial injury
Leukocyte-endothelial adhesion
Blood–brain barrier disruption

Neuronal Changes
Adenosine triphosphate reduction
Sodium influx
Potassium efflux
Intracellular acidosis
High cellular calcium concentrations
Calcium-activated proteases
Caspase activation
Phospholipase activation
Arachidonic acid formation and breakdown
Free radical production
Excitatory amino acid release
Disruption of ion and amino acid transporters
Autophagy
Apoptosis
Necrosis
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release of certain cytokines, such as tumor necrosis factor and 
interleukin-1β, are thought to be damaging.26,27

Thus necrosis and apoptosis can be contrasted, with the 
former being a result of more severe ischemia and leading to 
the damage of adjacent tissue (Fig. 1.7). Apoptosis is subject 
to modulation, so once started down the apoptotic pathway, 
cells have a chance of being rescued by trophic substances (see 
Fig. 1.6).

Global versus Focal Ischemia
Ischemia can be either global or focal in nature; an example of 
the former would be cardiac arrest, and of the latter, localized 
stroke. Although the mechanisms leading to neuronal dam-
age are probably similar for the two types of ischemia, there 
are important distinctions between them. In focal ischemia 
there are three regions. The first region, called the ischemic 
core, receives no blood flow and responds in the same way as 
globally ischemic tissue; the second region, called the penum-
bra, receives collateral flow and is partially ischemic; the third 
region is normally perfused. If the insult is maintained for a 
prolonged period, the neurons in the penumbra die and the 
infarct (ischemic core) increases in size. More neurons in the 
penumbra region survive if collateral blood flow is increased 
or if reperfusion is established in a timely manner by opening 
the blocked vessel. With total global ischemia, the time until 
the circulation is re-established is critical, and only very short 

ischemic times (on the order of minutes) are survivable. The 
selective neurologic damage after survival subsequent to global 
ischemia is mainly due to the differential sensitivity of certain 
neurons and brain regions. The hippocampus, especially the 
cornu ammonis 1 (CA1) pyramidal cell region, is extremely 
vulnerable to ischemic damage; loss of learning and memory 
is common after global ischemia and hypoxia.28,29 Other areas 
of enhanced sensitivity to global ischemia and hypoxia are the 
caudate, and putamen, as well as certain areas of the cerebel-
lum and cerebral cortex.30,31

Genetic Influences on Neuronal Damage
Genetic factors play an important role in an individual’s 
susceptibility to ischemic stroke. Both environmental (such 
as diet and stress) and genetic factors combine to deter-
mine the risk of stroke. A study of the Icelandic population 
found that polymorphisms (genetic changes) in genetic lo-
cus ALOX5AP, which encodes 5-lipoxygenase–activating 
protein, and PDE4D, which encodes phosphodiesterase 4D, 
increase the susceptibility to stroke.32,33 In addition, poly-
morphisms of both apolipoprotein B and apolipoprotein E 
have been found to enhance the susceptibility to stroke.34,35 
The genetic factors could target neuronal risk but more likely 
raise the vascular risk, which is associated with an increase in 
both stroke and cardiac disease. If a patient’s genetic suscep-
tibility to injury were known, it would be possible to choose 
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channel formation, cytochrome c release and apoptosis. (From Lodish H, Berk A, Kaiser, et al [Eds]: Molecular Cell Biology, 7th ed. New York,  
WH Freeman and Co, 2012: page1012, information from D. Ren et al 2010, Science 330:1390.)
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therapeutic strategies individually for the patient to improve 
outcome.

Genetic factors have been shown to influence cardiovas-
cular risk, particularly with respect to hyperlipidemia; con-
trolling these factors with statins not only reduces cardiac 
disease but also reduces cerebral vascular disease and stroke 
rates.36

POTENTIAL TREATMENTS FOR 
CEREBRAL ISCHEMIA

Reperfusion Strategies
The goal for treatment of ischemic stroke is to achieve prompt 
restoration of perfusion and to preserve brain tissue in the 
ischemic penumbra. Reperfusion therapies include intrave-
nous thrombolysis, intra-arterial thrombolysis, and endovas-
cular mechanical thrombectomy. Comprehensive guidelines 
for early management of acute ischemic stroke were updated 
in 2013; this chapter can only very briefly summarize some 
of these important guidelines.36 Throughout this section rec-
ommendations that are not directly referenced are from this 
paper, any deviation from these guidelines will be explicitly 
stated. The most successful technique for improving recovery 

from embolic stroke is prompt restoration of spontaneous 
perfusion as soon as possible after the onset of a stroke. To 
date, despite recent evidence that for large vessel occlusion, 
intracranial mechanical thrombectomy is superior to phar-
macological intervention alone,37–41 the only U.S. Food and 
Drug Administration (FDA)-approved method is the use of 
the thrombolytic agent, recombinant tissue plasminogen ac-
tivator (rtPA); as one would predict, the effects of rtPA would 
markedly worsen hemorrhagic stroke.36,42,43 Thus detecting, 
classifying, and treating stroke rapidly after its onset is critical 
to a successful outcome.44 Thrombolytics cannot be used in 
patients with a high risk of bleeding; such as those with head 
trauma, recent surgery or with reduced clotting ability due to 
drugs such as warfarin, direct thrombin inhibitors and direct 
factor Xa inhibitors. Warfarin treated patients with an INR 
below 1.4 can be given rtPA treatment; however, the newer 
agents create a problem since the ability to assess coagulation 
function in patients taking these drugs is difficult and recom-
mendations are under review.36

The major side effect of rtPA is intracerebral hemorrhage, 
which can be devastating. It is essential that a noncontrast com-
puted tomography scan be performed and analyzed shortly 
after patient presentation to the hospital in order to rule out 
a hemorrhagic stroke, because rtPA must be administered 
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Fig. 1.6  Apoptosis subsequent to hypoxia or ischemia. The apoptotic cascade of biochemical changes evoked by hypoxia or ischemia. Similar 
events may also be occurring during epileptic and trauma-induced damage; they lead to depolarization, reduced adenosine triphosphate (ATP), 
sodium influx, and high cytosolic calcium levels. There is no cellular membrane disruption during apoptosis, and inflammation is not triggered. The 
apoptotic biochemical cascade can be modulated and opposed by trophic factors. intracell, intracellular; KATP channel, ATP-sensitive potassium 
channel; ↑, increase; ↓, decrease; the large open arrows indicate damaging pathways, the large closed arrows indicate protective pathways.
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within 3 hours of an occlusive stroke onset to be effective. The 
guidelines from the AHA/ASA indicate that rtPA can be given 
to patients between 3 and 4.5 hours of stroke onset if patients 
are less than 80 years of age, not taking oral anticoagulants, 
and without a history of stroke and diabetes; this recommen-
dation is not an FDA indication for rtPA.36 It is clear that the 
sooner rtPA is given the better the outcome is likely to be.

It is of key importance when exploring additional therapies 
to identify patients in whom an area of reduced perfusion has 
not progressed to irreversible neuronal damage. These studies 
use advanced imaging to identify at-risk tissue (penumbra) 
that can still be salvaged if reperfusion can be established. 
Diffusion-weighted magnetic resonance imaging (DWI) iden-
tifies core ischemic areas where water has shifted into the in-
tracellular compartment and has reduced diffusibility. Areas 
that have not yet converted to core ischemia can potentially 
be rescued from irreversible damage. Perfusion-weighted 
magnetic resonance imaging indicates regions with reduced 
perfusion that will ultimately proceed to irreversible dam-
age if not reperfused. The ratio of penumbral ischemic tissue 
volume to infarcted core volume is named penumbral mis-
match. However, due to the importance of rapid reperfusion 
and the delay in carrying out MRI imaging, current practice 
uses multiphase CT angiography to determine if a large vessel 
is occluded, the location of the occlusion, and an assessment 
of either core-infarct volume or penumbral mismatch. Since 
rtPA is less effective and intra-arterial mechanical clot removal 

techniques are more effective for large occlusions, mechanical 
thrombectomy should be considered rapidly; with all reperfu-
sion techniques an increase of the time to reperfusion equals 
increased brain tissue loss. A region with reduced perfusion 
that has not yet progressed to irreversible damage will benefit 
from endovascular reperfusion therapy.45

The Merci Retriever (Concentric Medical, Inc., Mountain 
View, CA), the Penumbra System (Penumbra, Inc., Alameda, 
CA), the Solitaire Device (Covidien, Irvine, CA) and the 
Trevo Retriever (Stryker Neurovascular, Freemont, CA) are 
approved by the U.S. Food and Drug Administration for me-
chanical removal of clots. The Merci Retriever, a corkscrew 
shaped device, has been shown to provide a higher rate of good 
clinical outcome compared to historical controls, although the 
intracerebral hemorrhage rate was 7.8%, which is not differ-
ent from IV rt-PA.46 Recent studies have demonstrated that 
the Solitaire FR and Trevo stent retrievers are superior to the 
Merci device.47,48 In all cases patients eligible for intravenous 
rtPA should be given that treatment as rapidly as possible 
even if intra-arterial mechanical clot removal is being consid-
ered.36 Recent studies have found a clear outcome benefit of 
mechanical intra-arterial treatment for stroke;37–41,49,49a expe-
rience, rapidity of treatment and new devices have improved 
this technique to the point where its on-demand availability 
is rapidly becoming the standard of care for stroke centers. 
The 2015 AHA/ASA focused guideline update concludes that 
“Certain endovascular procedures have been demonstrated to 
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Fig. 1.7  Necrosis subsequent to hypoxia and ischemia. The necrotic cascade of biochemical changes evoked by hypoxia or ischemia. Similar 
events may also be occurring during epileptic and trauma-induced damage; they lead to depolarization, reduced adenosine triphosphate (ATP), 
sodium influx, and high cytosolic calcium levels. These changes are more severe than those with apoptosis and lead to the disruption of the cells 
and activation of inflammation. The damage cannot be reversed, and surrounding intact neurons can be damaged by secondary processes. intracell, 
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provide clinical benefit in selected patients with acute ischemic 
stroke. Systems of care should be organized to facilitate the 
delivery of this care.”50 Patients for mechanical thrombectomy 
should have confirmed occlusions in the proximal anterior in-
tracranial circulation and an absence of large ischemic-core 
lesions.40 As yet, however, there is no consensus as to the type 
of neuroimaging and the exact imaging criteria for patient el-
igibility, the rapidity of the assessment is critical, since delays 
lead to more infarcted brain. The accepted time window for 
treatment with mechanical thrombectomy is 6 hours from the 
onset of symptoms. For now, the most widely used effective 
treatment for ischemic stroke remains the administration of 
intravenous rtPA within 3 hours of stroke onset, or for up to 
4.5 hours for certain patients.36,51 This treatment is underuti-
lized because of the short time window for safe administration 
of rtPA, the many contraindications to its use, and the fre-
quent delay in presentation of patients to the hospital after the 
onset of symptoms. This problem can and is being addressed 
by community education about the signs of stroke through the 
FAST campaign (FACE, ARMS, SPEECH, TIME to call 911) 
and the need for emergency transport to an appropriate hospi-
tal with a stroke center. The guidelines for early management 
and treatment of stroke are frequently updated and should be 
consulted and examined for the latest recommendations.36

Hypothermia
Deep hypothermia has long been used in neonatal heart 
surgery to provide protection against irreversible brain in-
jury during circulatory arrest. It has also been used during 
the repair of giant aneurysms. However, there are numerous 
complications of profound hypothermia (27 °C or lower) that 
limit its usefulness (Box 1.3). Profound hypothermia reduces 
cerebral metabolism to such an extent that the brain can 
survive relatively long periods without perfusion (Box  1.4). 
Experimental studies indicate that moderate hypothermia has 
a protective effect without many of the complications of pro-
found hypothermia, although myocardial depression has been 
documented.52–54 There are many in vitro and in vivo animal 
studies to support the use of moderate hypothermia to protect 
against ischemic damage. Indeed, moderate hypothermia has 
come into common use even though it has not been unequiv-
ocally shown to improve recovery in a major clinical trial.55 A 

European study published in 2002 indicates that mild hypo-
thermia, target temperature 32° to 34 °C, after cardiac arrest 
improves neurologic outcome and survival 6 months after the 
arrest.56 However, recent larger studies have found no benefit 
to mild hypothermia compared to maintaining the tempera-
ture below 36 °C; avoiding hyperthermia appears to be import-
ant and may explain the benefit found in earlier studies.57,58 
The recommendation for hypothermia following cardiac ar-
rest may soon be replaced by the avoidance of hyperthermia. 
However, with respect to hypothermia after stroke there is no 
Class I evidence of benefit; cooling to levels between 34° and 
35 °C leads to fewer complications and slow rewarming is im-
portant to reduce deleterious effects.36 Mild hypothermia did 
not improve outcome from surgery for intracranial aneurysm 
surgery and a Cochrane systematic review did not find benefit 
or harm from hypothermia during acute stroke.55,59 If hypo-
thermia does demonstrate some benefit for certain types of 
stroke patients, its degree and duration as well as the rate of 
rewarming will need to be better determined.

It is clear that even minor amounts of hyperthermia worsen 
clinical outcome of ischemia and increase neuronal damage, 
and this must be carefully guarded against.57,58

Glucose
Glucose is the main source of energy for neurons in the brain, 
and some in  vitro studies reported improved recovery with 
hyperglycemia. However, in  vivo and clinical studies found 
a clear worsening of damage with hyperglycemia, which is 
thought to be due to enhanced cellular acidosis.10,61 The pre-
cise mechanism by which hyperglycemia exacerbates damage 
is not known. Clinical recommendations are to maintain nor-
mal serum glucose levels and to treat hyperglycemia greater 
than 180 mg/dL in order to reduce the glucose value closer to 
normal.62 It is important for the patient not to be hypoglyce-
mic, as hypoglycemia would also worsen outcome. Intensive 
tight glucose control did not improve outcome after stroke 
and a more recent study demonstrated a higher mortality in 
patients managed with levels from 81 to 108 mg per deciliter 
compared to patients managed to a target of 140–180 mg per 
deciliter.63,64 Episodes of hypoglycemia due to excessive insu-
lin used to control glucose levels likely explains the worsened 
outcome with intensive glucose control. Control to maintain 
glucose below 180 is recommended but tight control is clearly 
detrimental; stronger evidence indicates treatment of hypo-
glycemia if glucose falls below 60 mg/dL.36

Pharmacologic Agents
Animal studies have demonstrated that a number of agents 
can improve outcome from experimental stroke; there is con-
troversy why none of these agents have led to clinical improve-
ment. Many drugs have been proposed as potential agents to 
reduce permanent neuronal damage subsequent to ischemia, 
but none has proved useful in clinical trials.36,65 The theoretical 
basis for choosing drugs that block specific damaging path-
ways is sound. Blocking one pathway to damage may not be 

BOX 1.3  Complications of Deep Hypothermia

Cardiovascular Complications
Myocardial depression
Dysrhythmia including ventricular fibrillation
Hypotension
Inadequate tissue perfusion
Ischemia

Coagulation
Thrombocytopenia
Fibrinolysis
Platelet dysfunction
Increased bleeding

Metabolism
Slowed metabolism of anesthetic agents
Prolonged neuromuscular blockade
Increased protein catabolism

Shivering
Increased oxygen consumption
Increased carbon dioxide production
Increased cardiac output
Arterial oxygen desaturation
Hemodynamic instability

BOX 1.4  �Proposed Mechanisms of Protection by 
Hypothermia

Decrease in cerebral metabolism
Delayed anoxic/ischemic depolarization
Preservation of ion homeostasis
Decrease excitatory neurotransmission
Prevention or reduction of damaging secondary biochemical 

changes
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lead to permanent damage (see Fig. 1.7). For example, one can 
block voltage-sensitive calcium channels but cytoplasmic cal-
cium can increase through influx via the NMDA receptor ion 
channel or release from intracellular organelles. Thus effective 
therapy might require multiple agents to block the parallel 
pathways simultaneously.

It must be recognized that no pharmacologic agent or 
combination of agents that shows clear protection in animals 
has been shown to improve neurologic recovery clinically af-
ter a stroke.36,65 However, some agents do appear promising 
in animal studies and may yet prove to be efficacious clini-
cally.36,65,66 One major problem with stroke treatments and a 
reason for the discrepancy between animal and human results 
is that most animal studies apply the protective agents either 
before or during the insult, whereas clinical stroke treatment 
is always delayed. In the perioperative environment, drugs 
and treatments can be applied before an insult, at the begin-
ning of a high-risk surgery; thus, agents that fail to protect 
against stroke when used after the insult may be efficacious 
if given before surgery. Because only very few patients un-
dergoing high-risk surgery will suffer an ischemic insult, the 
agents used must have a high safety factor and/or must be re-
quired for surgery (e.g., anesthetics). The deleterious effects 
of any agent used will be shared among all patients, but its 
protective effects will benefit only ischemic patients. In the 
following sections classes of potentially protective strategies 
are discussed.

Sodium Blockade
Blocking sodium influx during anoxia and ischemia has been 
shown to improve recovery. 67,68 The neuronal depolarization 
during anoxia and ischemia leads to massive flux of sodium 
and calcium into the neurons and of potassium out of the 
neurons.69,70 Blocking sodium influx delays and attenuates the 
depolarization and delays the drop in ATP during anoxia and 
ischemia.71 Lidocaine has improved recovery by delaying and 
attenuating the anoxic/ischemic depolarization and reduc-
ing anoxic sodium influx when given at concentrations that 
do not block sodium channels under normal conditions.71,72 
Lidocaine reduced the infarct size and improved neurologic 
outcome following focal cerebral ischemia. It appears to work, 
at least in part, by blocking apoptotic pathways in the pen-
umbra.73 When lidocaine application was delayed until 45 
minutes after the onset of focal cerebral ischemia, there was 
improved neuronal survival in the core and penumbra, but 
the size of the infarct was not significantly reduced.74 This il-
lustrates the importance of the rapid administration of agents 
for them to have any benefit. The administration of an an-
tiarrhythmic dose of lidocaine improved the survival of rat 
CA1 pyramidal neurons after temporary global cerebral isch-
emia, as well as performance on a hippocampal dependent 
cognitive task.75 Two small clinical studies of lidocaine have 
indicated better cognitive outcome following cardiac sur-
gery. A more recent clinical study did not find improvement 
with lidocaine given during cardiac surgery; however, one 
subgroup, nondiabetic patients, did show improvement.76–78 
A study examining lidocaine in nondiabetic heart surgery 
patients is ongoing. A recent study with lidocaine adminis-
tered after supratentorial surgery did not find improvement, 
though the damage in the untreated group was very low af-
ter 6 months.79 The recovery was, however, similar to that of 
demographically similar non-neurosurgical patients.80 Future 
studies of lidocaine should examine older and/or sicker pa-
tients with a higher likelihood of cognitive dysfunction in the 
untreated group.

Calcium Blockade
Nimodipine, a blocker of the voltage sensitive calcium chan-
nel, has been shown to improve recovery from subarachnoid 
hemorrhage, while the closely related nicardipine has not; ni-
modipine is, therefore, indicated only in this setting to prevent 
or treat vasospasm.36,81 A large clinical study of the effective-
ness of nimodipine after stroke was discontinued due to higher 
mortality in the nimodipine group.82 Clearly nimodipine can-
not be recommended subsequent to cerebral ischemia. Indeed, 
during ischemia and anoxia calcium channels are already in-
hibited and direct protection of neurons with nimodipine was 
not observed in in vitro preparations.83,84 Magnesium, an agent 
that blocks many voltage-sensitive and transmitter-activated 
channels (including the NMDA activated channels that in-
duce excitotoxicity), would reduce the influx of calcium and 
other ions. Magnesium has recently been shown to be of ben-
efit during focal cerebral ischemia; however, a clinical trial did 
not show benefit from the administration of intravenous mag-
nesium after stroke.85 There was a subgroup of lacunar stroke 
that did show benefit with magnesium, but this would require a 
large new trial to confirm.86 A study of the use of magnesium in 
preterm birth to protect infant brains from damage did not yield 
significant improvement with magnesium treatment.87 Clearly, 
further studies are needed before it can be recommended. A 
major problem is the limited access of Mg to the central ner-
vous system due to poor permeability across the blood–brain 
barrier.88 One criticism of the magnesium clinical trials, and 
many of the other studies, was of the delay in administering the 
drugs; in most animal studies the drugs were administered be-
fore or very shortly after the onset of ischemia, which is not ap-
plicable clinically. At the time of writing a study administering 
magnesium in the ambulance has just been completed; while it 
demonstrated that rapid magnesium administration following 
stroke was possible, there was no benefit shown.89 Blockade of 
secondary calcium activated pathways during and after isch-
emia appears promising in animal studies.90

Free Radical Scavenging
Free radicals have been implicated as causes of cellular 
damage and subsequently neuronal damage after ischemia. 
Both apoptotic and necrotic damage are thought to have a 
component of free radical damage. Use of free radical scav-
engers such as NXY-059, alpha-tocopherol, tirilizad and N-
tert-alpha-phenyl-butylnitrone (PBN) has been shown to 
improve ischemia in animals; however, none of these agents 
has been shown to improve the outcome clinically.36,91–93 Anti-
inflammatory drugs such as methylprednisolone have also not 
been demonstrated to improve recovery after cortical trauma 
or ischemia.36 Corticosteroids suppress the immune system, 
increase infection, and may actually enhance some free radical 
damage. Nitric oxide has been implicated as enhancing neuro-
nal damage, and lubeluzole, an inhibitor of nitric oxide forma-
tion, has shown some promise in animal studies94 but has not 
been found to benefit patients with ischemia.36,95

Agents that Reduce Excitotoxicity
Excitatory amino acids are implicated in the damaging cascade 
following ischemia, trauma, and epilepsy. Although blockers 
of NMDA and AMPA glutamate receptors have improved re-
covery in vitro and in vivo in a number of preparations, the re-
sults of clinical trials have been disappointing.36,65,95 It appears 
that these agents are toxic and may actually cause neuronal 
damage. Indeed, clinical trials with some of these agents have 
been terminated early due to adverse outcomes.36,96

An alternative to blocking excitatory activity is enhancing 
inhibitory activity, which would also reduce excitotoxicity. 
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Clomethiazole and diazepam, 2 GABA enhancers, did not im-
prove outcome following stroke.97,98

Antiapoptotic Agents
Work with apoptosis indicates that specific blockers of 
caspases and modulators of apoptosis might improve recovery 
after ischemia, trauma, or epilepsy.20,66,99 Although in vivo an-
imal experiments are encouraging, these agents have not been 
shown to improve outcome clinically. A more useful technique 
might be to encourage neurons to synthesize antiapoptotic 
proteins, such as Bcl-2 and Bcl-xl, by inducing precondition-
ing with certain volatile anesthetics.

Cytokines and Trophic Factors
Cytokines such as tumor necrosis factor-alpha and interleukin-1β 
can activate the immune system and enhance damage; indeed, 
antibodies to these compounds have been shown to reduce 
cerebral ischemic damage in some animals.65 However, tumor 
necrosis factor-alpha can also be beneficial, assisting neuronal 
survival in some circumstances; so targeting it can have mixed 
results.

Neurons have receptors for trophic factors such as nerve 
growth factor, neurotrophins, and brain-derived growth factor, 
which are required for neuronal survival even in the absence 
of any injury. These factors activate receptors that phosphory-
late amino acids on certain proteins, thereby inhibiting apop-
tosis.22,25 If these growth factors are not present, the receptors 
are not activated and the proteins are not phosphorylated; the 
neurons then undergo apoptosis.22,26 The loss of growth factors 
subsequent to neuronal degeneration after ischemia can exac-
erbate delayed neuronal loss.

Erythropoietin is a trophic factor for blood cells that is also 
present in the nervous system. Animal studies indicate that 
it may protect neurons from apoptosis after ischemia by ac-
tivating the trophic factor antiapoptotic pathway.100 Despite 
continuing investigation there is no convincing evidence of 
clinical benefit with erythropoietin.36,101,102

Anesthetic Agents
Anesthetic agents have been examined for their ability to im-
prove recovery from ischemia. The intuitive theory is that they 
reduce neuronal activity and metabolic rate and, therefore, 
should lower energy demand, enhance energy supply, and at-
tenuate ischemic damage (Table 1.1). However, the different 
anesthetics also have specific actions, including effects on 

intracellular signaling pathways, ion conductances, and neu-
rotransmitters, as well as systemic and cerebral hemodynamic 
effects; these other actions may help explain their differential 
effects on neuronal damage (Table  1.2). Studies comparing 
general anesthesia with conscious sedation for endovascular 
treatment for acute stroke indicate that patients with gen-
eral anesthesia have a worse outcome.103–105 The mechanism 
is unclear, but this should lead to caution when concluding 
that anesthetics can improve outcome in patients as they do 
in animals. It is possible a reduction in blood pressure due 
to general anesthesia is driving the worsened outcome inde-
pendent of direct anesthetic effects.104 Since all the studies 
of anesthesia type in endovascular treatment of acute stroke 

Anesthetic CBF CMRO2

Direct Cerebral 
Vasodilation

Halothane ↑ ↑ ↑ ↓ Yes

Enflurane ↑↑ ↓ Yes

Isoflurane ↑ ↓↓ Yes

Desflurane ↑ ↓↓ Yes

Sevoflurane ↑ ↓↓ Yes

N2O ↑ ↑ —

N2O with volatile 
anesthetics

↑↑ ↑ —

N2O with intravenous 
anesthetics

0 0 —

Thiopental ↓↓↓ ↓↓↓ No

Etomidate ↓↓ ↓↓ No

Propofol ↓↓ ↓↓ No

Midazolam ↓ ↓ No

Dexmedetomidine ↓ 0 No

Ketamine ↑↑ ↑ No

Fentanyl ↓/0 ↓/0 No

Table 1.1  �Effects of Anesthetics on Cerebral Blood 
Flow (CBF) and the Cerebral Metabolic  
Rate for Oxygen (CMRO2)

↑, increases ↓, decreases (number of arrows indicates relative strength 
of effect); 0, no effect; —, not determined

Agent
Protects Electrophysiologic 
Response

Delays Hypoxic 
Depolarization

Reduce 
Na+ In

Improves Adenosine 
Triphosphate

Reduce 
Ca2+ In

Thiopental (600 μM) Yes Yes Yes Yes Yes

Midazolam (100 μM) Yes — — Yes Yes

Propofol (20 μg/mL) No No Yes Yes Yes

Etomidate (3 μg/mL) No — No No —

Lidocaine (10 μM) Yes Yes Yes Yes No

Lidocaine (100 μM) Yes Yes Yes Yes Yes

Nitrous oxide (50%) No — No No No

Isoflurane (2%) No No Yes Yes No

Sevoflurane (4%) Yes Yes Yes Yes Yes

Desflurane (6%) Yes Yes Yes Yes Yes

Table 1.2  Effect of Anesthetics on Recovery after and Biochemical Changes during Hypoxia

—, not determined, experiment not done; Na+ in, cytosolic sodium; Ca2+ in, cytosolic calcium
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eral anesthesia are likely to have had a more severe stroke and 
poorer preoperative neurological condition. The recent study 
of 369 stroke patients from a Dutch registry who either had 
general anesthesia or not (strictly per local hospital protocol) 
showed that there were better outcomes without general an-
esthesia, but no imbalance in stroke severity between groups. 
The cause of the difference is speculative, but treatment was 
initiated sooner in the nonanesthetized patients.49,49a Even if 
anesthetics reduce damage when given before ischemia, in the 
setting of stroke it is unlikely they will reach the site of benefit 
because of reduced blood flow and agent delivery to the tissue 
most in need of protection.

Barbiturates
Barbiturates are the only anesthetics that have been shown to 
have protective efficacy clinically, but only in a highly specific 
context.106,107 The mechanism of their protection has not been 
established and, indeed, may be multifaceted. Among its many 
actions, thiopental blocks Na, K, and calcium fluxes, scav-
enges free radicals, blocks seizures, improves regional blood 
flow, and decreases intracranial pressure (ICP).106,107 Perhaps 
it is the multiple actions blocking parallel damaging pathways 
that allow this agent to protect against ischemic damage. It is 
important to note that very high barbiturate coma doses were 
needed to demonstrate clinical improvement after cardiac 
surgery.107 In vitro studies also showed improved efficacy with 
very high doses.108

Etomidate
Etomidate, like thiopental, reduces the cerebral metabolic rate 
if given to burst suppression doses; however, it does not share 
many of thiopental’s other actions. Etomidate has not been 
demonstrated to improve recovery from ischemic and anoxic 
damage under normal conditions.55,106,109 It cannot be assumed 
that an anesthetic that reduces the cerebral metabolic rate to 
the same extent as thiopental will provide the same cerebral 
protection. Animal studies found that etomidate inhibits NO 
synthase, which might reduce brain tissue perfusion, and eto-
midate worsened outcome from focal cerebral ischemia com-
pared to halothane.110 These studies suggest that etomidate is 
not a drug of choice if cerebral ischemia is anticipated.

Propofol
Propofol is a widely used intravenous anesthetic. Animal stud-
ies indicate that propofol may reduce ischemic damage, but it 
may not be as potent as thiopental.111–114 Propofol demonstrated 
similar protection to pentobarbital and was beneficial when 
compared to awake animals.115,116 As with all other anesthetic 
agents, clinical protective efficacy has not been demonstrated.

Dexmedetomidine
Dexmedetomidine is an alpha 2a adrenergic agonist that has 
sedative, analgesic, and anxiolytic effects. It reduces sympa-
thetic activity by inhibiting norepinephrine (noradrenaline) 
release from presynaptic nerve terminals. Dexmedetomidine 
can lead to hypotension, which could be detrimental in pa-
tients with cerebral ischemia. However, animal studies examin-
ing ischemic injury to the brain and spinal cord demonstrated 
reduced injury with dexmedetomidine indicating a direct pro-
tective effect of the drug.117,118 No studies have demonstrated 
clinical protective efficacy.

Xenon
Xenon is an inert gas that exhibits anesthetic effects at very high 
doses, it is not used clinically as an anesthetic but has shown 
protective efficacy in adult animals.119 Sub anesthetic doses of 

xenon have been shown to reduce brain injury after neonatal 
asphyxia and may attenuate anesthetic-induced memory de-
cline in neonatal mice.120 Xenon is not used clinically.

Nitrous Oxide
In animal studies nitrous oxide has been demonstrated to re-
duce recovery from ischemia and anoxia in comparison with 
other anesthetics, therefore caution is required when using 
it in patients with the potential for compromised cerebral 
perfusion.121,122

Benzodiazepines
The most commonly used benzodiazepine in anesthesia prac-
tice is midazolam, and its effect on cerebral metabolism and 
ischemic damage has been examined. Benzodiazepines en-
hance neuronal inhibition in the nervous system and reduce 
brain metabolism by potentiating the effect of the neuronal 
transmitter gamma-aminobutyric acid (GABA) on the GABA 
receptor. High doses of midazolam have been shown to reduce 
cerebral metabolism and cerebral blood flow, an effect that is 
reversed by the benzodiazepine antagonist flumazenil.123,124 
Midazolam improved neuronal recovery after anoxia and 
ischemia in animals, but there are no studies showing a better 
clinical outcome.124–127 Flumazenil should be used cautiously, if 
at all, to reverse benzodiazepine effects in situations in which 
an increase in cerebral metabolic rate is undesirable, because 
this agent has been shown to increase cerebral metabolic rate, 
cerebral blood flow, and ICP.123

Volatile Anesthetic Agents
Isoflurane is a volatile anesthetic whose protective efficacy is 
controversial. It does not cause greater damage and appears to 
have a better outcome than fentanyl–nitrous oxide anesthe-
sia.55,106,128,129 Sevoflurane and desflurane have metabolic and 
blood flow effects similar to those of isoflurane, and they have 
been reported to have neuroprotective effects (see Box 1.1).130 
There is an indication that isoflurane, but not sevoflurane, in-
creases cytosolic Ca levels and can be cytotoxic to neurons in 
cell culture.131 Sevoflurane was found to improve recovery in 
brain slices; it delayed and attenuated the hypoxic/ischemic 
depolarization and reduced the Ca and Na rises inside neu-
rons. At equivalent minimal alveolar concentrations, sevo-
flurane was more effective than isoflurane and sevoflurane 
demonstrated sustained improvement after cerebral ischemia 
in comparison with nitrous oxide–fentanyl anesthesia.132,133 
Desflurane was also protective in brain slices and after cere-
bral ischemia in vivo.134–138

Preconditioning
In both heart and brain tissue, ischemic preconditioning—a 
short period of ischemia that allows recovery—can make tissue 
more resistant to a longer, normally damaging, period of isch-
emia. However, ischemic preconditioning can lead to subtle 
damage.139 Anesthetics, when given before ischemia, have been 
shown to induce preconditioning; these agents are most likely 
less damaging than ischemic preconditioning. There is much 
evidence indicating that isoflurane improves recovery from 
cerebral ischemia by preconditioning the neurons, but most 
of the studies have been done on male animals. A later study 
indicates that male, but not female mice have better recovery 
from isoflurane-induced preconditioning administered 1 day 
before ischemia.140 Thus, it is important to remember there 
may be gender-specific aspects to protection from ischemic 
brain damage. This is a topic requiring further investigation.

Both anesthetic preconditioning and ischemic precon-
ditioning have two time courses: delayed preconditioning 
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is demonstrated beginning a day after the preconditioning 
stimulus and lasts for several days; immediate precondition-
ing requires treatment only minutes to an hour before the 
ischemia.141 Sevoflurane has been shown to induce precon-
ditioning in  vitro and in  vivo if present only shortly before 
the ischemia.29 The mechanism and extent of protection with 
sevoflurane in vitro was similar to that when sevoflurane was 
present before and during hypoxia; this finding suggests that 
a major portion of sevoflurane-induced protection is due 
to an alteration of biochemical pathways before the insult.29 
Sevoflurane preconditioning for 60 minutes, starting 90 min-
utes before the ischemia, with either 4% or 2% sevoflurane, in-
creased the number of surviving CA1 pyramidal cells 6 weeks 
after temporary global cerebral ischemia in rats (Fig.  1.8).29 

Anesthetic preconditioning must be demonstrated clinically 
before it can be applied widely; however, if one is choosing 
an anesthetic in a patient at risk for ischemia, it might be pru-
dent to use an agent that has been shown to be beneficial in 
animals.

Anesthetic Agents in Young Children
Animal studies have demonstrated that anesthetic agents, 
when given to neonatal animals, can lead to cognitive and be-
havioral deficits.142–144 Social interaction in mice treated with 
sevoflurane in the neonatal period is reduced, confirming that 
behavioral function is altered by anesthetic exposure.143,144 
These observations indicate that clinical studies examining be-
havioral deficits in children subsequent to anesthetic exposure 

Fig. 1.8  CA1 pyramidal neurons after global cerebral ischemia. A to D, Representative hematoxylin and eosin–stained cryostat sections 
(16 μm) from the CA1 pyramidal cell layer of the experimental groups 6 weeks after the global cerebral ischemia are shown at approximately × 250 
magnification. A, Tissue from naïve rats not subjected to ischemia. B, Tissue from rats subjected to 10 minutes of global ischemia without 
preconditioning. C, Tissue from rats preconditioned with 2% sevoflurane for 1 hour before ischemia. D, Tissue from rats preconditioned with 4% 
sevoflurane for 1 hour before ischemia. E and F, The data were quantitated through counting the number of intact CA1 neurons per 475-μm length 
of stratum pyramidale in each hemisphere at the same level of coronal section under light microscopy (250× magnification); the observer was 
blind to the experimental treatment. The numbers were averaged across both hemispheres to yield a single value for each rat and expressed as 
number/mm (mean ± standard deviation). There were significantly more intact CA1 pyramidal cells in the rats with sevoflurane treatment (Sevo) than 
in the untreated ischemic group (untr) (P < .01) at both 1 week (E) and 6 weeks (F) after ischemia. From Wang J, Lei B, Popp S, Cottrell JE, Kass 
IS. Sevoflurane immediate preconditioning alters hypoxic membrane potential changes in rat hippocampal slices and improves recovery of CA1 
pyramidal cells after hypoxia and global cerebral ischemia. Neuroscience 2007; 145:1097–1107.
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deleterious effects on young children given anesthesia, though 
it is difficult to separate the direct effects of the anesthetic 
from the surgical and medical conditions that prompted the 
surgery and, therefore, the anesthetic.145 It is an open question 
whether anesthetics, and which anesthetics at what dose, lead 
to cognitive deficits in children. The theoretic advantages of 
postponement of elective surgery must be weighed against 
harm that may be attendant with a delay in surgery.145

Treatment
In summary, anesthetics have differential effects on neu-
ronal metabolism, ionic fluxes, and membrane potentials. 
Anesthetics have multiple mechanisms of action; this feature 
complicates scientific studies but may enhance clinical pro-
tection. Hypothermia, lidocaine, thiopental, and sevoflurane 
have been shown to be protective against ischemia in animal 
studies.

Clinically, hypothermia and lidocaine show the most 
promise, but there is no conclusive evidence that they improve 
recovery from ischemia in patients. Thiopental requires very 
high concentrations to exert its protection, whereas sevo-
flurane needs further study to ascertain whether it will pro-
tect patients when given in clinically usable concentrations. 
Because anesthesia is required during surgery, it may prove 
prudent to choose an anesthetic that appears protective in an-
imals even if it has not been demonstrated to be protective 
clinically; sevoflurane might be a good choice because it ap-
pears to be protective in the clinical dose range. Thiopental 
requires too high a dose to be used as an anesthetic in these 
cases, because awakening would be delayed; however, its use 
in the critical care setting, in which awakening is not an is-
sue, might be beneficial. Limiting the ischemia by improving 
perfusion is the most effective mechanism for preventing neu-
ronal damage from stroke. Thrombolysis and the prevention 
of clot formation and embolization are effective strategies.36,44

SEIZURE INDUCED DAMAGE

Epileptic activity (status epilepticus) consists of sudden, ex-
cessive, and synchronous discharges of large numbers of neu-
rons.146 Aside from those patients with established epilepsy, 
this massive increase in activity can be seen in patients with 
ionic and electrolyte imbalances, disorders of brain metabo-
lism, infection, brain tumor, brain trauma, and elevated body 
temperature. The electroencephalographic record shows 
spikes, which are rapid changes in voltage corresponding to 
excess activity in many neurons. During the epileptiform ac-
tivity, sodium and calcium ions enter the cells, and potassium 
leaves. Thus the cells use more energy (ATP) for ion pumping. 
The resultant high extracellular potassium may be responsi-
ble for the large and progressive depolarization of the neu-
rons that is commonly found. The mechanisms that lead to 
permanent neuronal damage with epilepsy may be similar to 
those that damage cells during ischemia. The epileptic activ-
ity leads to glutamate release, NMDA receptor activation and 
excitotoxicity; this can lead to neuronal damage.146 Activation 
of metabotropic glutamate receptors can contribute to the ex-
cess excitability and prolong seizures.147 Intracellular calcium 
levels rise, possibly precipitating the damage. There is evi-
dence that at least some of the permanent neuronal damage 
is apoptotic-like. It is clear that during epileptiform activity 
the energy demand and, therefore, the cerebral metabolic rate 
and blood flow increase greatly. Thus, in conditions in which 
blood flow to the brain may be compromised, it is imperative 

to avoid excess brain activity. Anticonvulsant medications in-
crease neuronal inhibition or reduce excitatory processes in 
the brain.148 Epileptic activity may be accompanied by sys-
temic lactic acidosis, reduced arterial oxygenation, and in-
creased carbon dioxide; therefore, it is important to maintain 
ventilation, oxygenation, and blood pressure in a patient with 
such activity.149 Prolonged or recurring epileptic activity can 
lead to profound brain damage.

Epileptic Treatment
For patients in status epilepticus, immediate treatment to stop 
the seizure is necessary. Benzodiazepines such as midazolam 
and lorazepam are used to rapidly stop the seizure. Loading 
with i.v. maintenance anticonvulsants, such as phenytoin, 
should begin immediately after the benzodiazepines. If these 
agents do not break the epileptiform activity, barbiturates (e.g., 
phenobarbital) are indicated.149 The change, immediate load-
ing with i.v. maintenance agents, was suggested by a neurolo-
gist who specializes in epilepsy. It represents current practice. 
If the seizure is new onset it is essential to identify and treat 
correctable precipitating causes such as hyperthermia, elec-
trolyte imbalance, infection or tumor. In combination with 
ischemia, seizures can cause rapid and devastating neuronal 
damage and should be treated aggressively.

TRAUMATIC BRAIN INJURY

Trauma is the leading cause of death in individuals ages 1 
to 44—more than one-half of these deaths are due to brain 
trauma. Approximately 1.7 million traumatic brain injuries 
(TBI) occur in the United States each year—they lead to 52,000 
deaths and 1.4 million emergency room visits.150

TBI is commonly classified using the Glasgow Coma Scale 
(GCS) scores; GCS scores of 13 to 15 are considered mild in-
jury, 9 to 12 moderate injury, and 8 or less severe traumatic 
brain injury.151 The pathophysiology of trauma-related brain 
injury is divided into two categories: primary brain injury 
and secondary brain injury. Current approaches to the man-
agement of TBI focus on the two phases of brain injury.151,152 
Primary brain injury is the direct disruption of the brain pa-
renchyma and its blood supply by the trauma and occurs at 
the time of trauma. This primary damage can be caused by 
direct neuronal injury from contusions and diffuse axonal 
injury (DAI), brain herniation, or the severing of blood ves-
sels in the brain that results in hematoma or direct ischemia. 
Reversal of the primary damage is not possible, and, therefore, 
is not amenable to medical intervention; however, much of the 
brain injury in trauma patients is secondary to this primary 
brain injury, occurring as a cascade of biochemical, cellular, 
and molecular events that are initiated at the time of initial 
trauma and continue for hours or days.152 Mechanisms of sec-
ondary injury include excitotoxicity, inflammatory responses, 
secondary ischemia from vasospasm, focal microvascular 
occlusion and vascular injury, and energy failure and resul-
tant apoptosis.152 These events lead to neuronal cell death as 
well as secondary cerebral edema and increased intracranial 
pressure that can further exacerbate the brain injury. This in-
jury shares many features of the ischemic cascade during and 
after acute stroke. Calcium influx resulting from the trauma 
has been implicated as a trigger for the damage.152 Secondary 
damage may be reduced with proper monitoring and treat-
ment. The identification, prevention, and treatment of sec-
ondary brain injury are the principal focus of neurointensive 
care management for patients with severe TBI. Treatment 
may involve lowering ICP (below 20 is a reasonable target), 



1
 

• 
 B

R
A

IN
 M

E
TA

B
O

LIS
M

 A
N

D
 IN

JU
R

Y

15

maintaining cerebral perfusion pressure (CPP) (the difference 
between mean arterial pressure and ICP), aggressively treating 
hyperthermia, evacuation of hematomas, surgical decompres-
sion and, perhaps, using pharmacologic agents that interfere 
with the cascade of events leading to neuron damage.152,153,154 
Cerebral ischemia was a common finding in histologic stud-
ies of terminal trauma cases.153,154 It is of great importance to 
prevent the secondary ischemia that frequently follows brain 
trauma and is possibly due to the release of vasoconstrictive 
substances during reperfusion. Cytotoxic and vasogenic cere-
bral edema commonly follows head trauma and can lead to a 
marked increase in ICP. This can result in hypoperfusion of 
the brain, even if blood pressure is maintained. Intracranial 
hemorrhage may increase intracranial blood volume and ICP, 
thereby reducing cerebral perfusion pressure. The intracranial 
blood can cause damage by directly promoting free radical for-
mation catalyzed by the iron in hemoglobin.151,152 Hypotension 
has been associated with markedly worse outcome, therefore 
an important intervention for improving outcome in trauma 
patients is to maintain near normal blood pressure to prevent 
secondary cerebral ischemia.155 Maintaining adequate CPP 
rather than only controlling ICP is of great importance; CPP 
should target 60 mmHg to ensure optimal cerebral blood flow. 
High-dose corticosteroids are not effective and have been 
shown to increase mortality of traumatic brain injury; they are 
contraindicated according to the Brain Trauma Foundation 
guidelines.154 Short-term (1  week) prophylactic use of an-
tiepileptic drugs (phenytoin) may be recommended for the 
prevention of early seizures; they do not affect long-term de-
velopment of seizures and have not been shown to improve 
outcome.153,154

SUMMARY

For several pathophysiologic events in the brain, ionic im-
balance (particularly, high intracellular calcium levels) and 
energy depletion have been implicated as possible triggers of 
brain damage. In neurons, subsequent to a pathophysiologic 
insult, molecular biological and biochemical changes are trig-
gered, which can lead to either apoptotic or necrotic cell death. 
Thus common mechanisms of neuronal cell death for various 
pathophysiologic events may exist.

Thrombolysis is recommended for ischemic stroke if it can 
be instituted within 4.5 hours of onset; this treatment worsens 
hemorrhagic stroke, so careful diagnosis is required. If there is 
an occlusion of a large cerebral artery, intra-arterial mechani-
cal reperfusion has recently been shown to be of benefit com-
pared to intravenous rtPA alone. Very high-dose barbiturates 
have also been shown to improve ischemic outcome; other en-
couraging agents from animal studies such as sodium channel 
blockers, free radical scavengers, and antiapoptotic agents have 
not been shown to have clinical benefits. Clinical trials with 
NMDA and calcium channel blockers have been disappoint-
ing. Prevention of hypoperfusion and ischemia after trauma 
is important to reduce secondary injury. Anticonvulsant med-
ications should be used to immediately arrest status epilepti-
cus. Thus a number of treatments can be employed with some 
hope of reducing permanent brain damage.
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Studies of cerebral circulation have improved the understand-
ing of the function and pathophysiology of the central nervous 
system (CNS).1 The purpose of this chapter is to review the 
basic mechanisms of CNS circulatory behavior and the tools 
used to understand them. The chapter begins with a discus-
sion on regulation of cerebral blood flow in health and the 
failure of regulation in disease states, and proceeds to discuss 
the methodology for measuring cerebral blood flow (CBF). 
A discussion of spinal cord blood flow follows; the chapter 
ends with a discussion of the applied aspects of manipulating 
cerebral blood flow and monitoring CBF in the clinical setting.

PHYSIOLOGY OF THE CEREBRAL 
CIRCULATION

Regional Cerebral Blood Flow 
Requirements
The lack of a substrate reserve in the CNS and its inability to 
sustain anaerobic metabolism for more than a few minutes re-
quires a constant blood flow that is finely tuned to the meta-
bolic needs of the tissue. The CNS is a complex and structurally 
diverse organ that comprises multiple functional subdivisions. 
Neurons account for approximately half of the brain volume; 
the remainder consists of glial and vascular elements. In addi-
tion to mechanical support of neurons, the glia have import-
ant regulatory functions (eg, neurotransmitter handling and 
maintenance of the metabolic milieu of the neuropile) that, at 
present, are imperfectly understood.

Metabolic rates differ considerably within the brain tissue; 
for instance, there is an approximately fourfold difference in 
cerebral metabolic rate for oxygen (CMRO2) and CBF between 
cortical gray matter and white matter. Flow and metabolism 
are coupled, and under physiologic conditions, including 
sedation and general anesthesia, this coupling is generally 
preserved (Figs. 2.1 and 2.2).2–4 Intravenous anesthetic agents 
such as propofol seem to preserve flow-metabolism coupling 
better than volatile agents.5 In humans, this coupling is evident 
during anesthetic-induced electroencephalogram (EEG) burst 
suppression, as demonstrated by transcranial Doppler ultraso-
nography (TCD) studies during normothermia6,7 and during 
mild-to-moderate hypothermic cardiopulmonary bypass.8

Regulation of Cerebral Blood Flow
A precise regulatory system has evolved in the CNS whereby 
instantaneous increases in metabolic demand can be met by 
a local increase in CBF and substrate delivery. As has been 
known for a long time and demonstrated with multiple im-
aging modalities, the time course of this regulatory process is 
rapid.9,10 Contralateral cortical areas manifest increased flow 
with hand movement, and a variety of motor and cognitive 
tasks can be mapped with CBF techniques.11–13 Visual stim-
ulation results in almost immediate increases in flow veloc-
ity through the posterior cerebral arteries. Positron emission 

tomography (PET), magnetic resonance imaging (MRI) and 
time-resolved near-infrared spectroscopy (NIRS) are begin-
ning to unravel the interrelated functions and their temporal 
relationships in various cortical areas activated by complex 
phenomena such as language and visual processing.14–16 As in 
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Fig. 2.1  Cerebral blood flow (CBF) as a function of the cerebral 
metabolic rate for oxygen (CMRO2) in different brain regions of the 
rat, as determined by autoradiography during isoflurane anesthesia. 
Three groups are shown: awake, 1.0 MAC, and 2.0 MAC. Note that 
the volatile anesthetic does not uncouple flow and metabolism; rather, 
flow-metabolism coupling is “reset” along a different line. (Modified 
from Maekawa T, Tommasino C, Shapiro HM, et al: Local cerebral 
blood flow and glucose utilization during isoflurane anesthesia in the rat. 
Anesthesiology 1986;65:144–151. Figure courtesy Dr. David S. Warner, 
University of Iowa.)
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Fig. 2.2  Cerebral blood flow (CBF) as a function of the cerebral 
metabolic rate for oxygen (CMRO2) in different brain regions of the rat, 
as determined by autoradiography during halothane and isoflurane 
anesthesia. As in Fig. 2.1, flow and metabolism remained coupled for 
both anesthetics. Note that for a given CMRO2 value, flow is actually 
higher for isoflurane than for halothane. (From Hansen TD, Warner 
DS, Todd MM, et al: The role of cerebral metabolism in determining 
the local cerebral blood flow effects of volatile anesthetics: Evidence 
for persistent flow-metabolism coupling. J Cereb Blood Flow Metab 
1989;9:323–328.)
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is critical during times of stress or extreme physiologic condi-
tions, such as hypotension hypoxia and hypothermia.8 These 
pathologic processes engage regulatory mechanisms to keep 
flow at physiologic levels.

The term autoregulation is used by some to describe the he-
modynamic response of flow to changes in perfusion pressure 
independent of flow-metabolism coupling. The problem with 
this approach is that the precise mechanisms responsible for 
maintenance of CBF are poorly understood.17 One could argue 
that autoregulation principally implies a matching of flow to 
metabolism, irrespective of the underlying mechanism. For 
example, the ability of the cerebral vasculature to dilate in 
response to tissue hypoxia certainly qualifies as an autoregu-
latory phenomenon, and it may be an oxygen-sensitive mech-
anism that regulates vascular resistance.18 Perhaps when the 
mediators of these “autoregulatory” events are more precisely 
known, better terminology can be devised. Autoregulatory 
responses are those that maintain the internal milieu of the 
CNS. Those that endanger CNS well-being are dysregulatory. 
Semantics aside, a clinical distinction can be made between 
two distinct processes that may or may not be mechanisti-
cally related—flow-metabolism coupling and active vasomo-
tion in response to circulatory perturbation. There seems to 
be an elegant dichotomy of control in the cerebral vascular 
bed. The “distal vascular” bed can respond rapidly to the sud-
den changes in the metabolic needs of the tissue, whereas the 
“proximal vasculature” ensures adequate delivery of blood 
across a range of perfusion pressures. The two systems prob-
ably communicate with each other, in part through nonad-
renergic, noncholinergic neurons that innervate the distal 
penetrating arterioles.19,20

Since Roy and Sherrington21 put forth their hypothesis 
more than 100  years ago, the prevailing paradigm has been 
that local metabolic factors are involved in flow-metabolism 
coupling. However, pure changes in perfusion pressure un-
doubtedly involve a myogenic response in vascular smooth 
muscle as well (Bayliss effect).22 This myogenic response may 
actually consist of two separate mechanisms, one respond-
ing to mean blood pressure changes and the other sensitive 
to pulsatile pressure.23 Evidence shows that flow, independent 
of pressure, may affect vascular resistance.24 An overwhelm-
ing number of metabolic mediators for CBF regulation have 
been proposed, including hydrogen ion, potassium, ade-
nosine, glycolytic intermediates, and phospholipid metabo-
lites.17,22 Both neurons and astrocytes seem to participate in 
flow-metabolism coupling.25,26 Endothelium-derived factors27 
such as nitric oxide (NO) enable the endothelium to function 
as a transducer that controls the tone of the vascular smooth 
muscles.28 The interactions between the endothelium and the 
smooth muscle cells are complex and have built in redun-
dancy. Cellular mechanisms within the endothelium and the 
vascular smooth muscles often converge on intracellular Ca2+ 
as their final common pathway. However, no single mecha-
nism seems to play a preeminent role in regulating blood flow 
to the brain.20,29

Independent assessment of CBF and oxygen utilization 
by means of PET reveals that the increase in brain activity in 
response to sensory stimulation results in a minimal increase 
in O2 consumption (CMRO2, ~5%) but a considerably greater 
increase (~30% to 50%) in blood flow. Such an increase in CBF 
is coupled to the increase in the cerebral metabolic rate for 
glucose. The disproportionate increases in CBF and cerebral 
metabolic rate for glucose in comparison with CMRO2 raise 
the possibility of anaerobic metabolism in the brain.30

The issue of anaerobic metabolism in the brain has been 
debated ever since these observations were first made and 
conflicting evidence has been presented in this area. In sup-
port of anaerobic metabolism, evidence shows transient lac-
tate production during photoptic stimulation.31 On the other 
hand, evidence of an early rapid increase in tissue deoxyhemo-
globin concentrations during cortical activity suggests a rise 
in oxygen use.32 The temporal relationship between neuro-
nal activation, glucose utilization, and blood flow coupling is 
still being debated. It is now believed that neuronal activation 
prompts immediate anaerobic glucose metabolism to meet the 
energy demands for glutamate release. However, clearance of 
glutamate requires oxidation of glucose in amounts that are 
in excess of oxygen utilization, resulting in a net efflux of lac-
tate.33 Under physiologic conditions, lactate is subsequently 
oxidized to generate additional energy.

Perivascular innervation in the brain has been recognized 
since Willis first described the cerebral circulation in 1664. 
Nevertheless, the precise function of this innervation remains 
obscure. The current paradigm suggests that autonomic 
nerves are not necessary for regulatory responses but may 
modify them in several important ways.34 A major deficiency 
in the “local metabolic,” or “negative-feedback” theory is that 
the necessary temporal relationship between accumulation of 
vasoactive metabolites and flow increases has not been ade-
quately demonstrated. In addition, in many situations, CBF 
and CMRO2 change in the same direction but CBF increases 
out of proportion to metabolic rate, such as during seizure 
activity. There is mounting evidence that local neuronal and 
glial influences play a greater role in regulation of CBF than 
previously appreciated. Though the understanding of these 
mechanisms is still evolving, they may better explain the dis-
crepancy seen between the magnitudes of increases in CBF 
and CMRO2.26

Cellular Mechanisms of Cerebral 
Vasomotion
The remarkable ability of the cerebral vessels to respond to 
changes in cerebral metabolism, perfusion pressure, and 
milieu interior, such as PaCO2, is mediated by a number of 
cellular mechanisms. These mechanisms involve nitric oxide, 
prostaglandins (PGE2, PGI2, and PGF2α), vasoactive peptides, 
potassium channels, and endothelin.20,29,35

Nitric Oxide
Although it is unlikely to be directly involved in pressure au-
toregulation itself,36 NO is the subject of intense scrutiny as a 
mediator of vascular tone37 and as a neurotransmitter.38,39 The 
interest in NO results from the identification of the multiple 
biologic roles it plays as a messenger molecule.38 Although 
until recently no evidence had shown it to have any biologic 
function at all in vertebrates, NO now appears to have at 
least the following major roles: (1) bactericidal and tumori-
cidal effects in white blood cells, (2) a neurotransmitter, and 
(3) a moderator/mediator of vascular tone, functioning as an 
“endothelium-derived relaxing factor.”20

NO is synthesized from l-arginine by nitric oxide synthase 
(NOS). There are at least three isoforms of NOS: endothe-
lial (eNOS), neuronal (nNOS), and inducible (iNOS).40 Of 
these, eNOS and nNOS exist in the normal brain, whereas 
iNOS synthesis can be induced by endotoxins and cyto-
kines. Endogenous inhibitors of NOS, such as asymmetric 
dimethyl-l-arginine (ADMA), are produced during protein 
catabolism and may reach concentrations sufficient to inhibit 
NOS activity in the brain.35 NO action has been studied 
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through the use of arginine analogues such as NG-nitro-l-
arginine methyl ester (l-NAME), 7-nitroindazole, and amino-
guanidine, which can nonselectively or selectively block NO 
synthesis. NO appears to influence basal tone,41 as well as the 
endothelium-dependent response to acetylcholine in cerebral 
arteries42 and vasogenic dilation from stimulation of nonad-
renergic, noncholinergic nerves.43 In general, topical, systemic, 
and intra-arterial application of NO donors increases CBF in 
several animal species.44,45 Intra-arterial injection of the NO 
donor nitroprusside into angiographically normal territories 
in patients with cerebral arteriovenous malformations failed 
to augment CBF.46–48 A similar failure of intra-arterial nitro-
prusside was seen in healthy primates.49,50 In contrast, a study 
in human volunteers found that systemic and intra-arterial 
administration of NG-monomethyl-l-arginine (l-NMMA), 
a nonspecific inhibitor of eNOS, decreases CBF.47,51 The lat-
ter findings suggest that NO may be involved in regulation of 
basal cerebrovascular tone. After synthesis, NO diffuses into 
the vascular myocyte and activates guanylate cyclase, forming 
cyclic guanosine monophosphate (cGMP). A protein kinase is 
stimulated by cGMP, resulting in phosphorylation of the light 
chain of myosin and thus vascular relaxation.38 NO may also 
act partly through calcitonin gene-related peptide (CGRP) and 
ATP-sensitive potassium (KATP) channels.52 NO partly acts 
also by suppressing endothelial generation of vasoconstrictors 
such as thromboxane A2. In pathologic settings, such as vaso-
spasm and hypoxia, Rho kinase, a serine threonine kinase, is 
emerging as a potent mediator of sustained vasoconstriction 
that in part acts through the NO pathway.53 Inhibition of Rho 
kinase increases cerebral blood flow.54 In middle cerebral ar-
tery occlusion models, Rho kinase inhibition improves neu-
rologic outcome.55,56 Rho kinase inhibition increases eNOS 
synthesis, and Rho kinase seems to negatively regulate eNOS 
activity.57 Calcium is intimately involved in vascular relaxation 
by NO. NO appears to be formed on demand and is not stored 
in vesicles—the traditional fate of neurotransmitters.

The role of NO in the vasodilitatory response due to changes 
in perfusion pressure or carbon dioxide (CO2) remains to be 
coherently defined. For example, nonspecific inhibition of 
NOS in primates does not affect pressure autoregulation but 
impairs response to CO2.36 However, in humans, nonspecific 
inhibition of NOS results in a decrease in CBF but does not 
affect response to hypercapnia.51 In rodents, nonspecific inhi-
bition of NOS impairs autoregulatory response to hypotension 
in basilar artery irrigation.58 While selective nNOS inhibi-
tion by 7-nitroindazole has no effect on baseline blood flow, 
7-nitroindazole can prevent the increase in blood flow due to 
neural activation.59 In canines, 7-nitroindazole decreases col-
lateral blood flow during middle cerebral artery occlusion.60

Some investigators have reported that NO appears to play a 
role in dilation in response to CO2.61–63 In other experiments, 
however, its participation in hypocapnia-induced vasocon-
striction could not be demonstrated.64 Iadecola and Zhang65 
proposed that NO plays either an “obligatory” or a “permis-
sive” role in CO2-induced vasodilation. Obligatory implies that 
NO directly mediates vasodilation through that mechanism. 
For example, topical application of glutamate agonists results 
in vasodilation that can be markedly attenuated by inhibition 
of NOS. Therefore, NO seems to play an obligatory role in 
glutamate-mediated vasodilation. Permissive implies that NO 
facilitates relaxation but near-complete inhibition of NOS only 
partly attenuates the vasodilator response. Because hypercap-
nic response is only partly attenuated by NOS inhibition, NO’s 
role is described as permissive, with other mechanisms also 
contributing to hypercapnic dilation. NO appears to play a 

much greater role in hypercapnic vasodilation in adults than 
in neonates.52 The site of action for CO2-induced NO produc-
tion may not be in the endothelium but, rather, in the perivas-
cular structures, such as astrocytes.61

The participation of NO in hypoxia-induced vasodilation 
does not appear to be physiologically important.62,66,67 In re-
gard to anesthetic effects on CBF, NO appears to interact with 
the cerebral vasodilatory effects of both halothane68 and iso-
flurane.69 The role of NO as a neurotransmitter undoubtedly 
will prove to be significant for care of the patient with neuro-
logic disease through its interactions with anesthetic depth70 
and cerebral ischemic states,67,71 in particular the pathogen-
esis of vasospasm after subarachnoid hemorrhage (SAH).29 
Inhibition of NO synthesis leads to vasoconstriction due to 
unopposed effects of endothelial prostanoids, such as throm-
boxane A2 and prostaglandin F2α.72 Vascular abnormalities in 
disease states that significantly predispose the brain to dam-
age, such as diabetes mellitus, may also be related to an NO-
mediated mechanism.62

Vasoactive Peptides
In the cerebral circulation, perivascular nerves contain several 
vasodilator peptides, including CGRP, substance P, and neu-
rokinin A.73–76 Vasodilation with CGRP, unlike with substance 
P and neurokinin A, is independent of endothelin. CGRP acts 
by increasing intracellular cyclic adenosine monophosphate 
(cAMP) concentrations and partly mediates cerebral vasodila-
tion in response to hypotension, cortical spreading depression, 
and cerebral ischemia. Vasodilation by NO is in part mediated 
by CGRP.75,76 CGRP probably does not play a role in vasodi-
lator response to hypoxia or hypercapnia.77 The physiologic 
roles of substance P and neurokinin A are not yet understood. 
Substance P may mediate vasodilation during pathologic de-
rangements such as cerebral and meningeal inflammation and 
edema.35

Potassium Channels
Of the several potassium channels in the cerebral vessels,78 two 
are of particular importance in the regulation of vascular tone: 
KATP channel and calcium-activated potassium (KCa) chan-
nel. A third potassium channel, pH-sensitive delayed rectifier 
potassium channel, may play a role in hypercapnia. Opening 
of potassium channels triggers potassium efflux from the vas-
cular smooth muscle cell, hyperpolarizes the cell membrane, 
closes the voltage-dependent calcium channels, decreases cal-
cium entry into the cells, and ultimately relaxes the muscles.79 
KATP channels are opened by a decrease in intracellular pH 
and are inhibited by an increase in intracellular ATP concen-
trations and by sulfonylureas.80 Activation of KATP channels 
may partly mediate vasodilation by acetylcholine, CGRP, or 
norepinephrine (noradrenaline).79 KATP channels may play 
some role in vasodilation during hypotension, hypercapnia, 
acidosis, and hypoxia.81–83 KCa channel-mediated vasodilation 
is due partly to astrocyte-derived carbon monoxide, which 
diffuses into the smooth muscle cells. Large-conductance KCa 
(BKCa) channels are the most important of the several KCa 
channels found in the cerebral circulation.81 These channels 
can be selectively blocked by tetraethylammonium, charybdo-
toxin, and iberiotoxin.84 Inhibition of BKCa channels results 
in cerebral vasoconstriction in the large arteries, suggesting 
that BKCa channels may be involved in the regulation of basal 
cerebrovascular tone in these vessels.85 BKCa channels are ac-
tivated by cGMP, cyclic adenosine monophosphate, and NO 
and are partly responsible for hypoxia-induced vasodilation of 
cerebral arteries.78,83,86,87
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Prostaglandins such as PGE2 and PGI2 are vasodilators but 
thromboxane A2 and PGF2α are vasoconstrictors in the cere-
bral circulation. Synthesis of prostaglandin H2 from membrane 
phospholipids involves two critical enzymes, phospholipase 
and cyclooxygenase. Prostaglandin H2 is converted into other 
prostaglandins by subsequent enzymatic steps. Although cy-
clooxygenase can be inhibited by aspirin, naproxen, and in-
domethacin,88–90 only indomethacin impairs hypercapnic 
vasodilation in humans.90,91

Prostaglandins probably play a more significant role in 
the regulation of CBF in neonates than in adults.92 Inhibition 
of phospholipase by quinacrine hydrochloride abolishes the 
cerebrovascular response to hypercapnia, and hypoxia in new-
born animals.93 Endothelial damage and indomethacin also 
abolish hypercapnia-induced vasodilation and the increase in 
cerebrospinal fluid (CSF) PGI2 concentrations.94–96 However, 
indomethacin-impaired CO2 reactivity can be restored by very 
low concentrations of PGE2.97 This suggests that prostaglan-
dins may not be direct mediators of hypercapnic vasodilation 
but that small amounts of prostaglandins are necessary for the 
CO2 response to hypercapnia to occur and that prostaglandins 
thus play a so-called permissive role.94

Endothelin
Endothelin is a vasoactive peptide that is synthesized by the 
brain and the vascular endothelium. There are three isoforms 
of endothelin. The brain synthesizes endothelin-1 (ET-1) 
and endothelin-3 (ET-3) but not endothelin-2 (ET-2). The 
vascular endothelium synthesizes ET-1. The two receptors 
for endothelin are endothelin A (ETA) and endothelin B 
(ETB).98 Activation of ETA receptors causes vasoconstric-
tion, and activation of ETB receptors may cause either vascu-
lar relaxation or constriction. Vascular relaxation is thought 
to be mediated by endothelin receptors on the endothelium, 
whereas constriction is probably mediated by endothelin re-
ceptors located on the smooth muscle cells.35 ETA receptors 
are probably more sensitive to ET-1 and ET-2 than to ET-3. 
The ETB receptor is equally sensitive to all isoforms of en-
dothelin.98,99 Endothelin most likely acts through influx of 
extracellular calcium, which is probably mediated by protein 
kinases.100 The vascular smooth muscle contraction caused 
by endothelin is sustained, suggesting that endothelin is not 
involved in rapid adjustment of cerebrovascular resistance 
(CVR).101 Topical applications of endothelin receptor antag-
onists do not alter resting CVR.102 Endothelin has been im-
plicated in vascular spasm after SAH.103,104 In experimental 
models of SAH, ETA and ETB receptor antagonists prevent 
evolution vasospam.105 Endothelin-induced vasospasm can 
also be reversed nonspecifically by calcium channel blockade 
and seems to be more responsive to intra-arterial nicardip-
ine than to verapamil.106,107 Early results of clinical trials 
showed that intravenous infusion of an ETA receptor antag-
onist, clazosentan, resulted in a decrease in the incidence of 
vasospasm after SAH. Intravenous clazosentan infusion re-
duces the severity of the established cerebral vasospasm.107 
However, despite improvements in angiographic vasospasm 
with ETA receptor antagonists, more recent clinical analy-
ses have shown no improvement in vasospasm-related ce-
rebral infarction, new cerebral infarction, or case-fatality. 
Furthermore, treatment with ETA receptor antagonists was 
associated with higher incidence of pulmonary complica-
tions, hypotension, and anemia. Thus, enthusiasm for using 
these agents has waned.108

Anatomic Considerations
The primary arterial supply to the brain consists of the ante-
rior circulation, which comprises the two carotid arteries and 
their derivations, and the posterior circulation, consisting of 
the two vertebral arteries, which join to form the basilar artery. 
Collateral arterial inflow channels are a cornerstone of CBF 
compensation during ischemia. The principal pathways are 
embodied in the circle of Willis. This hexagonal ring of vessels 
lies in the subarachnoid space and encircles the pituitary gland 
(Fig. 2.3). In many patients the circle of Willis is incomplete. 
The primary routes of collateral circulation are the Willisian 
channels (anterior communicating artery [ACA] and poste-
rior communicating artery [PCA]) and the ophthalmic artery 
via the external carotid artery. In a normal individual, there 
is probably no net flow through these communicating vessels 
but rather a to-and-fro movement of blood that maintains 
patency by preventing thrombosis and atresia. These vessels 
allow flow when a pressure differential develops. The second 
main recourse for collateral flow in the hemispheres is the 
surface connections between pial arteries that bridge major 
arterial territories (ACA-PCA, ACA–middle cerebral artery 
[MCA], MCA-PCA). These connections are called by various 
names. “Pial-to-pial anastomoses” or “collaterals” seem to be 
the most logical terms, but they are also called “leptomenin-
geal pathways.”109 These pathways may protect the so-called 
border zones or watershed areas between vascular territories. 
A considerable amount of confusion in terminology is found 
in this domain.110 Physiologically, a more precise term might 
be “equal pressure boundary,”111 that is, where, under normal 
circumstances, pial flow does not cross collateral pathways 
into an adjacent territory because the pressures on either side 
of this distal territorial boundary are equal. Considerable vari-
ation exists in the anatomic location of these boundaries, and 
they may change during the course of treatment, if the vascu-
lar architecture is altered, such as after multiple arteriovenous 
malformation (AVM) embolizations.

Collateral pathways are most efficacious during chronic 
ischemia, when they may gradually enlarge over time. In the 
acute stage, it is frequently necessary to augment blood pres-
sure to effectively drive flow across them. Absence of adequate 
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Fig. 2.3  Circle of Willis with collateral pathways. Principal pathways 
for collateral flow are marked by arrows. Not shown are potential 
pathways from the extracranial circulation (eg, retrograde flow through 
the ophthalmic artery). A1, proximal anterior cerebral arteries; A2, 
distal anterior cerebral arteries; ACo, anterior communicating artery; 
IC, internal carotid artery; Ma, middle cerebral artery; P1, proximal 
posterior cerebral arteries; P2, distal posterior cerebral arteries; PCo, 
posterior communicating artery. (From Young W: Clinical Neuroscience 
Lectures. Munster, Cathenart, 1999.)
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collateral pathways, especially in the circle of Willis, is a normal 
anatomic variant, so deliberate hypertension is not guaranteed 
to succeed. A complete circle of Willis with well-developed 
symmetrical components is present in only 18% to 20% of 
the population. Hypoplasia of the PCA, the proximal segment 
of the anterior cerebral artery, or the ACA is often encoun-
tered.112 The size of the collateral vessels may influence the 
clinical course following acute vascular occlusion. Computer 
modeling suggests that any change in the ACA diameter, even 
within the normal range (0.6 to 1.4 mm), has a profound effect 
on collateral blood flow when an internal carotid artery is oc-
cluded.113 Clinical observations suggest that a PCA diameter of 
less than 1 mm, measured by MR angiography, may be associ-
ated with an increased risk of watershed stroke.114 The external 
and internal carotid arteries have the potential for commu-
nication, which most commonly manifests as flow from the 
external carotid artery, via facial pathways, to the ophthalmic 
artery. Thus retrograde flow is provided to the circle of Willis. 
Several other pathways may develop between the carotid and 
vertebrobasilar systems.109 In rare situations, meningeal collat-
erals may develop into the intracranial circulation (eg, AVMs 
and moyamoya disease).

In summary, an elegant microcirculatory arrangement is 
provided for recruiting accessory inflow channels to the endar-
terial perfusion territories of the brain. In normal circumstances 
these channels either lie dormant or are underused, becoming 
functional (critical) only when a pathologic stress is imposed on 
the circulation. In general, the circle of Willis and the leptomen-
ingeal communications compensate for an acute interruption of 
the circulation; other pathways described previously are more 
likely to compensate for chronic cerebral insufficiency.

Regulation of CVR takes place primarily in the smaller ar-
teries and arterioles (muscular or resistance vessels) and not 
the larger arteries that are visible on an angiogram (elastic 
or conductance vessels). However, the contribution of both 
venules and capillaries115 and larger conductance arteries to 
regulatory activity is a subject of controversy.116,117 There is 
probably a continuum of varying participation in autoreg-
ulatory function as one proceeds distally along the arterial 
tree.117,118 In humans, the venous drainage of the brain is com-
plex and considerably more variable than the anatomy of the 
arterial tree. The typically thin walled and valveless intrace-
rebral conduits terminate into thicker-walled venous sinuses, 
which are rigid by virtue of bony attachments. Because of the 
confluence of the larger venous sinuses, a considerable admix-
ture of venous blood draining the cerebral hemispheres takes 
place, and it is not uncommon to note, in the later venous 
phase of an angiogram, that one side of the venous drainage 
appears to be dominant. This finding may be of interest in the 
choice of internal jugular vein for cannulation.

Hemodynamic Factors
Pressure Regulation
Conceptually, a convenient way to model the cerebral circu-
lation is to envision a parallel system of rigid pipes in which 
Ohm’s law would apply:

		  (2.1)

where F is flow, Pi is input pressure, Po is outflow pressure, and 
R is resistance.

The term Pi − Po is usually referred to as cerebral perfusion 
pressure (CPP) and is calculated as MAP minus the outflow 

pressure. The cerebral venous system is compressible and may 
act as a “Starling resistor.” True CPP often is overestimated be-
cause a small gradient exists between systemic and cerebral 
vessels,119 which may be particularly important in patients 
with cerebral AVMs.120 It is useful to conceptualize pressure 
and resistance as independent variables in the preceding equa-
tion and flow as the dependent variable (ie, the pressure or 
resistance is affected by disease or treatment, and flow follows 
suit). For example, drugs exert effects on CBF by changing 
CPP and CVR (directly for vasodilators and indirectly by met-
abolic depressants).

Circulatory resistance can be modeled in terms of the 
Hagen–Poiseuille relationship (Eq. 2.2), as follows:

		  (2.2)

where l is length of conduit; μ is blood viscosity; and r is ra-
dius of vessel. Other symbol definitions were given previously. 
As is the case for Ohm’s law, when this equation is applied to 
an intact vascular system, a number of critical assumptions 
are clearly not met. The equation applies to newtonian fluids 
during nonturbulent flow through rigid tubes. Circulation, in 
contrast, is pulsatile with capacitance and the potential for tur-
bulence. Also, a decrease in CPP can be a result of a decrease 
in systemic blood pressure or an increase in ICP or jugular 
venous pressure. Some groups have reported that the cerebral 
vascular bed responds in a similar way to changes in CPP, 
whether as a result of a decrease in the MAP or an increase 
in intracranial or jugular venous pressure.121 However, other 
investigators have reported that for a given change in CPP, the 
effect on vessel inner diameter due to an increase in ICP is 
different from that due to a decrease in MAP.122

From a purely practical standpoint, examination of the pre-
vious relationship leaves little question as to why vessel diam-
eter evolved into the preeminent mode of vascular regulation. 
Although viscosity and vessel length influence resistance in a 
linear manner, the fact that flow is proportional to the fourth 
power of the conduit’s radius makes this the most efficient 
means of controlling resistance.

In the normal individuals, CBF remains constant with CPP 
in the range of approximately 50 to 150 mmHg (Fig. 2.4). As 
the ability of the cerebral vasculature to respond to changes in 
pressure is exhausted, CBF passively follows changes in CPP. 
At the extremes, resistance probably does not stay fixed. Vessel 
collapse and passive vascular dilation may actually potenti-
ate the predicted decline or increase caused by CPP changes. 
Thus, resistance does not remain linearly related to pressure. 
Although the general concept put forth in Fig. 2.4 is important, 
it is only a statistical description of how the general population 
responds, and a value of 50 mmHg, even in a normotensive 
individual, does not guarantee that a particular patient’s ce-
rebral circulation remains within the “autoregulatory pla-
teau.” Individual responses vary widely.123 Ideally, at the lower 
limit of cerebral autoregulation, a near maximal vasodilation 
is thought to take place. However, evidence shows that even 
below the lower limit of autoregulation, pharmacologic vaso-
dilation may be possible.124,125 The relevance of the idealized 
cerebral autoregulation curve, in particular the lower limit of 
autoregulation, has been questioned by some writers.126

In its simplest form, a cerebral autoregulation curve 
expressing CBF as a function of CPP is often represented by 
three straight lines. Two sloping lines intersect a horizontal 
line at points that represent the lower and upper limits of ce-
rebral autoregulation. The horizontal segment represents the 
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pressure-independent flow within the autoregulatory range, 
whereas the sloping lines represent pressure-dependent flow 
outside the range of autoregulation. In mathematical terms, 
an autoregulatory curve can be characterized by four principal 
autoregulatory parameters: lower limit of pressure autoregu-
lation, upper limit of pressure autoregulation, slope below the 
lower limit of autoregulation, and slope above the lower limit 
of autoregulation. Using mathematical modeling, Gao and 
colleagues127 observed that the three previously described au-
toregulatory curves did not accurately predict the experimen-
tally observed principal autoregulatory parameters (Figs. 2.5 
to 2.8). Computer modeling was most successful in predicting 
experimental results when the arterial resistive bed was com-
partmentalized into a series of four compartments on the ba-
sis of arterial/arteriolar diameter. These study findings suggest 
that there are multiple sites of autoregulation in the cerebral 
arterial resistive bed.127–129

A time constant is associated with autoregulatory changes. 
Fig. 2.9A depicts the response of a simple tube (or a dysregu-
lating vascular bed) to a step change in pressure. Because re-
sistance does not change (assuming nonturbulent flow), flow 
passively follows the change in pressure. Fig. 2.9B depicts the 
response that is typical of a normal circulatory bed. With the 
step change in pressure comes an instantaneous drop in flow, 
but as the bed actively autoregulates and resistance decreases, 
flow gradually increases and returns to baseline. When the 
pressure is returned to normal, there is a transient period of 
hyperemia while the resistance is reset.130

Venous Physiology
The influence of the cerebral venous system on overall autoreg-
ulation is unclear, primarily because of the difficulty of direct 
observation. The smooth muscle content and the innervation 
of the venous system are less extensive than those of the arterial 

system, and many believe that the venous system is a passive 
recipient of the “regulated” arterial inflow. Asymptomatic oc-
clusion of cortical veins in animals can impair the local au-
toregulatory response to systemic hypotension.131 In addition, 
the venous system contains most of the cerebral blood volume 
(CBV); therefore slight changes in vessel diameter may have a 
profound effect on intracranial blood volume. Available evi-
dence suggests that the venous system may be regulated more 
by neurogenic than by myogenic or metabolic factors.128
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Fig. 2.4  Idealized depiction of pressure autoregulation in terms 
of cerebral blood flow (CBF), cerebrovascular resistance (CVR), and 
arteriolar diameter. See text for further explanation. (From Young W: 
Clinical Neuroscience Lectures. Munster, Cathenart, 1999.)
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Fig. 2.5  Fixed maximal vasoreactivity type of autoregulation. Cerebral 
blood flow (CBF), cerebrovascular resistance, and arteriolar diameter 
are shown for the fixed maximal vasoreactivity type of autoregulation. 
Between the lower limit of autoregulation (LLA) and the upper lower limit 
of autoregulation (ULA), the CBF is autoregulated through a change 
of the vessel diameter. The vessel dilates as pressure decreases, 
and reaches its maximal size when pressure falls to less than LLA. 
Similarly, the vessel constricts as pressure increases, and maintains its 
minimal size when pressure exceeds ULA. Note that the two sloped 
lines are not parallel with each other (compare with variable maximal 
vasoreactivity type shown in Fig. 2.6). (From Gao E, Young WL, Pile-
Spellman J, et al: Mathematical considerations for modeling cerebral 
blood flow autoregulation to systemic arterial pressure. Am  
J Physiol 1998;274:H-1023-H1031.)
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Fig. 2.6  Variable maximal vasoreactivity type of autoregulation. 
Cerebral blood flow (CBF), cerebrovascular resistance, and arteriolar 
diameter are shown for the variable maximal vasoreactivity type 
of autoregulation. At the pressure below the upper lower limit of 
autoregulation (ULA), this type is the same as the fixed maximal 
vasoreactivity type. However, when pressure exceeds ULA, CBF 
increases at the same rate as it does when pressure is below LLA. 
This pattern implies that the arteriole dilates when pressure exceeds 
ULA. Note that the two sloped lines are parallel with each other 
(compare with Fig. 2.5). (From Gao E, Young WL, Pile-Spellman 
J, et al: Mathematical considerations for modeling cerebral blood 
flow autoregulation to systemic arterial pressure. Am J Physiol 
1998;274:H1023-H1031.)
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Pulsatile Perfusion
Both a fast component and a slow component to the myogenic 
response to changes in perfusion pressure have been proposed. 
This consideration is of particular interest in the patient un-
dergoing cardiac surgery.132 During cardiopulmonary bypass, 
the pulsatile variations in blood pressure transmitted to the 
cerebral vasculature appear to influence CBF, perhaps by in-
teraction with endothelium-derived mediators of vascular 
tone.133 Although the importance of these effects has not been 
completely determined, the loss of pulsatility may worsen the 
outcome of a cerebral ischemic event.119 Sudden restoration of 
pulsatile perfusion to a previously dampened circulatory bed 
may be a mechanism to explain certain instances of cerebral 
hyperemia.134

Cardiac Output
A proposed theory is that an increase in cardiac output may 
be responsible for improved CBF and outcome after SAH. 
However, there is little evidence for increased cardiac output 

as an operative mechanism of improving cerebral perfusion. 
Improvement in perfusion by volume loading is indirectly 
accomplished by improving blood rheology and directly 
accomplished by increasing systemic blood pressure and 
preventing occult decreases in systemic pressure.135 Studies 
examining the possible relationship between a change in car-
diac output and a change in CBF have, for the most part, as-
sessed the effect of drugs that increase cardiac output during 
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Fig. 2.7  Cerebral blood flow (CBF) of autoregulation curves of type 3. 
CBF curve was obtained by curve-fitting to the third-order polynomial 
of data reported by Dirnagl and Pulsinelli (J Cereb Blood Flow Metab, 
1990) (dashed line) and Olsen et al. (Br J Anaesth, 1995) (solid line). 
The prediction that blood flow ceases if pressure is below 30 or 
20 mmHg conflicts with experimental observations. (From Gao E, Young 
WL, Pile-Spellman J, et al: Mathematical considerations for modeling 
cerebral blood flow autoregulation to systemic arterial pressure. Am J 
Physiol 1998;274:H1023-H1031.)
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Fig. 2.8  Regression results of cerebrovascular resistance, blood 
flow, and effective diameter of an autoregulation device (ARD) in 
the compartmental model. When the pressure decreases below the 
lower limit of autoregulation (LLA), the vessel continues to dilate until 
it finally reaches the maximum at a lower pressure of 40 mmHg for 
three small vessels (diameter = 50, 150, and 200 μm) or 70 mmHg for 
the large vessel (diameter = 300 μm). Some experimental data are also 
plotted in the figure. Resistance (closed circles) is calculated directly 
from experimental data of Kontos et al. (Am J Physiol, 1978). The 
experimental data for CBF are readings of two head-fitted curves of the 
data reported by MacKenzie et al. (Circ Res, 1976) (From Gao E, Young 
WL, Pile-Spellman J, et al: Mathematical considerations for modeling 
cerebral blood flow autoregulation to systemic arterial pressure. Am J 
Physiol 1998;274:H1023-H1031.)
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Fig. 2.9  Flow, resistance, and pressure as a function of time. Dotted vertical lines represent a time scale of “minutes.” A, In a rigid pipe (or a 
totally vasoparalyzed circulation), a step decrease in pressure leads to an instantaneous drop in flow, because resistance stays fixed. B, In a conduit 
with autoregulation, a step decrease in pressure is first met with an instantaneous drop in flow. As resistance falls, however, flow increases toward 
baseline. With the step restoration of pressure to control level, there is an instantaneous hyperemic response, and subsequently, flow decreases as 
resistance decreases toward control levels. (From Young W: Clinical Neuroscience Lectures. Munster, Cathenart, 1999.)
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gators suggest, however, that during deliberate drug-induced 
hypotension, a decrease in cardiac output might be reflected 
by a decrease in CBF, even when blood pressure is kept above 
the lower autoregulatory threshold.136 The effects of altering 
cardiac output on CBF are more likely to be indirect effects 
on central venous pressure and large cerebral vessel tone  
(ie, sympathetic tone).

Rheologic Factors
Clinically, hematocrit is the main influence on blood 
viscosity,137 and, as shown in Eq. 2.2, blood viscosity is a major 
determinant of vascular resistance. Muizelaar and associates138 
have proposed that viscosity directly participates in hemody-
namic autoregulation. As discussed later, viscosity may be the 
only determinant of CVR subject to manipulation in certain 
settings. An inverse relationship exists between hematocrit 
(Hct) and CBF. A continuing controversy concerns whether 
this relationship is, in fact, purely rheologic or a function of 
changes in oxygen delivery to the tissue.139

Todd and coworkers140 demonstrated a significant CBF 
increase, from 30 ± 14 mL/100 g/min (baseline Hct = 42 ± 2%, 
mean ± SD) to 100 ± 20 mL/100 g/min at Hct = 12 ± 1% in nor-
mal cerebral hemispheres of rabbits. The increase in regional 
CBF was markedly smaller after focal cryogenic cerebral in-
jury, suggesting that a CBF increase produced by hemodilution 
is an active vasodilatory process rather than a passive response 
to changing blood viscosity. In another animal experiment, 
when blood was replaced by ultrapurified polymerized bovine 
hemoglobin, the viscosity of which does not depend on shear 
rate, a fourfold increase in viscosity did not significantly affect 
CBF. This finding suggests that blood viscosity alone may not 
significantly affect CBF.141

The Hagen–Poiseuille model does not accurately describe 
the behavior of flow at the microcirculatory level.142,143 When 
red blood cells (RBCs) flow near vessel walls, they create shear 
forces, which add resistance. (The shear rate is the change in 
velocity moving from the wall toward the center of the vessel.) 
Therefore in all vessels the RBC velocity is faster in the center 
of the vessel and slower at the periphery. In small vessels, cells 
move faster than the plasma (the Fahraeus effect), thereby 
reducing microvascular hematocrit. This reduction in hema-
tocrit causes a reduction in viscosity (the Fahraeus–Lindqvist 
effect).144 Another contribution of the smaller microvascular 
hematocrit is that as the vessels become progressively smaller, 
the relative size of the annular periphery (with reduced flow 
velocity) becomes larger.

Cerebral hematocrit in humans is approximately 75% of 
systemic values, but it is affected by PaCO2

145 and presumably 
by other vasoactive influences. Relative hypercapnia reduces 
cerebral hematocrit, and it is presumed that the other vasodi-
lators do as well.

Metabolic and Chemical Influences
Carbon Dioxide
CO2 is a powerful modulator of CVR. At one time, CO2 was 
thought to be the “coupler” between flow and metabolism, 
because an increase in metabolism generates CO2 and there-
fore releases a cerebral vasodilator into the local environment. 
Rapid diffusion across the blood–brain barrier (BBB) allows 
CO2 to modulate extracellular fluid pH and affect arteriolar 
resistance.146 Metabolically induced changes in pH in the sys-
temic circulation do not have the same effect in the presence 
of an intact BBB, but metabolic production of H+ released into 
the CSF or extracellular space from ischemic lactic acidosis 

does. The mechanism of vasodilation by CO2 may be different 
in adults and neonates (Fig.  2.10). Evidence shows that NO 
and cyclic guanosine monophosphate pathways are probably 
more important in adults, whereas prostaglandins and cyclic 
adenosine monophosphate are more important in neonates.52 
By active, though somewhat sluggish, exchange of HCO3

− the 
CSF eventually buffers itself against alterations in pH by CO2 
diffusion. Although CO2-induced cerebral vasoconstriction 
wanes over a period of 6 to 10 hours,147 this period can be vari-
able in an individual patient. Also important in this regard are 
chronic states of either hypocapnia or hypercapnia, because 
sudden normalization of PaCO2 can result in relative hypoper-
fusion or hyperperfusion.

At normotension, there is a nearly linear response of CBF at a 
PaCO2 between 20 and 80 mmHg (CBF changes approximately 
2% to 4% for each mmHg change in PaCO2). The linearity of 
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Fig. 2.10  The exact mechanism of hypercapnic vasodilation 
remains to be fully defined and may differ in adults and neonates. 
This figure illustrates one proposed sequence of events that results in 
hypercapnic vasodilation. In adults, hypercapnia decreases extracellular 
pH, activates the neuronal isoform of nitric oxide synthase (nNOS), 
and increases production of nitric oxide (NO) and cyclic guanosine 
monophosphate (cGMP). Subsequent activation of potassium channels 
by NO or cGMP results in hyperpolarization of the vascular smooth 
muscle (VSM) cell membrane. Extracellular acidosis may activate 
potassium channels directly. Hyperpolarization of VSM cell membrane 
inhibits voltage-gated calcium channels and decreases intracellular 
calcium concentrations. cGMP can also directly inhibit calcium 
channels, reducing intracellular calcium concentrations. A decrease in 
intracellular calcium results in vasorelaxation. In neonates,  
hypercapnia-induced extracellular acidosis increases prostaglandin 
(PG) synthesis by activating endothelial cyclooxygenase (COX). 
Prostaglandins play a “permissive role” in hypercapnic vasodilation 
(see text). Increased prostaglandin concentration activates adenylate 
cyclase and results in an increased intracellular cyclic adenosine 
monophosphate (cAMP) concentration in VSM. Increased cAMP 
concentrations in VSM activate potassium (K) channels and inhibit 
calcium (Ca) channels, resulting in a decrease in intracellular 
calcium (Ca++) concentration and vascular relaxation. As in adults, 
extracellular acidosis may also directly activate potassium channels 
and hyperpolarize the VSM cell membrane. CO2, carbon dioxide; H+, 
hydrogen ion. (Modified from Brian JE Jr: Carbon dioxide and the 
cerebral circulation. Anesthesiology 1998;88:1365–1386.)
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the response breaks down as PaCO2 approaches the extremes. 
The values quoted for either percentage change or absolute 
levels in CBF change per unit CO2 are highly variable, depend-
ing on the methods employed and whether hemispheric or 
cortical flow is measured.148–150

In general, doubling PaCO2 from 40 to 80 mmHg doubles 
CBF, and halving PaCO2 from 40 to 20 mmHg halves CBF. 
This highly reproducible cerebrovascular CO2 response is of-
ten used as a way of validating and comparing different CBF 
methods.148

In a fashion analogous to blood pressure autoregulation, 
the CO2 response is limited by either maximal vasodilation 
at extreme hypercapnia or maximal vasoconstriction at ex-
treme hypocapnia. Hypocapnia, however, may adversely affect 
cellular metabolism and shift the oxyhemoglobin dissocia-
tion curve to the left.150 Severe hypocapnia (approximately 
10 mmHg) can result in anaerobic glucose metabolism and 
lactate production.151,152 Although clinical experience clearly 
demonstrates impaired mentation with less severe degrees of 
hyperventilation, it is not clear whether this impairment rep-
resents impairment of tissue oxygenation or some effect of tis-
sue alkalosis and transcellular ionic shifts. Clinically, inducing 
such extreme levels of hypocapnia is almost never necessary, 
and PaCO2 levels below 25 mmHg are best avoided except in 
extraordinary circumstances. The routine use of profound 
hypocapnia in all neurosurgical settings should undergo 
reevaluation.153,154

Arteriolar tone, set by the systemic arterial blood pressure, 
modulates the effect of PaCO2 on CBF. Moderate hypoten-
sion blunts the ability of the cerebral circulation to respond 
to changes in PaCO2, and severe hypotension abolishes it al-
together (Fig.  2.11).155 Conversely, PaCO2 modifies pressure 
autoregulation, and from hypercapnia to hypocapnia there is a 
widening of the “autoregulatory plateau” (Fig. 2.12).156

There might be gender-based differences in CO2 reactiv-
ity due to the underlying levels of prostaglandins. For exam-
ple, suppression of prostaglandin synthesis by indomethacin 
treatment causes a greater attenuation of CO2 reactivity in 
premenopausal women than in men.157 PaCO2 responsive-
ness also varies by region.158 This difference may be due to 
the relative metabolic requirements present in each area, but 
this mechanism is not understood. Healthy female subjects 
demonstrated a greater increase in MCA flow velocity after 
5% CO2 inhalation than male subjects. This finding confirms 
a gender-dependent response to CO2 in healthy subjects.159 
Decreased CO2 reactivity can be a function of local decreases 
in CPP distal to a spastic or stenotic vessel. In addition, it may 
reflect deranged metabolism or structural damage in a num-
ber of disease states, including head injury,160 SAH,161–163 and 
ischemic cerebrovascular disease.163 In comatose patients, im-
paired CO2 reactivity suggests a poor prognostic outcome.164

Oxygen
Within physiologic ranges, PaO2 does not affect CBF. 
Hypoxemia, however, is a potent stimulus for arteriolar dila-
tion,165 as a result of tissue hypoxia and concomitant lactic aci-
dosis, although the precise mechanism is unclear. Vasodilation 
in response to hypoxia probably involves adenosine and 
KATP channels.166 CBF begins to increase at a PaO2 of about 
50 mmHg and roughly doubles at a PaO2 of 30 mmHg. States 
that impair CO2 reactivity are likely to interfere with O2 reac-
tivity as well. The response of CBF to changes in both PaO2 and 
the oxygen content of blood is shown in Fig. 2.13. Hyperoxia 
decreases CBF, producing a modest 10% to 15% decrease at 
1 atmosphere. Hyperbaric oxygenation in humans decreases 
CBF, but high atmospheric pressure alone probably does not 
affect CBF.167

Temperature
As is true for other organ systems, cerebral metabolism de-
creases with diminishing temperature. For each 1 °C decrease 
in body temperature, CMRO2 drops by approximately 7%. 
Alternatively, this relationship may be characterized by the 
metabolic temperature coefficient, Q10, which is defined as 
the ratio of CMRO2 at temperature T, divided by the CMRO2 
at a temperature that is 10 °C lower (T − 10). The value for ce-
rebral Q10 in the physiologic range of 27° to 37 °C is between 
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Fig. 2.11  Influence of blood pressure on CBF response to PaCO2. 
Effects of alteration in PaCO2 on cortical blood flow in dogs with 
normotension (mean arterial pressure [MAP]: 80 mmHg, upper 
trace), moderate hypotension (50 mmHg, middle trace), and severe 
hypotension (30 mmHg, lower trace). (From Harper AM: The inter-
relationship between a Pco-2 and blood pressure in the regulation 
of blood flow through the cerebral cortex. Acta Neurol Scand Suppl 
1965;41:94–103. Modified from McCulloch J. In Knezevic S, Maximilian 
VA, Mubrin Z, et al (eds): Handbook of Regional Cerebral Blood Flow. 
Hillsdale, Lawrence Erlbaum Associates,1988, page 1, using data from 
Harper AM: Autoregulation of cerebral blood flow: Influence of the 
arterial blood pressure on the blood flow through the cerebral cortex.  
J Neurol Neurosurg Psychiatry 1966;29:398–403.)
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2.0 and 3.0.168 Below 27 °C, however, Q10 increases to near 
4.5. This finding has been explained on the basis of the neu-
roelectrical effects, wherein the major suppression of neuro-
nal function occurs between 17 ° and 27 °C. Thus the lower 
Q10 between 27 ° and 37 °C simply reflects the decrease in the 
rates of biochemical reaction (basal CMRO2), and the higher 
Q10 between 17 ° and 27 °C is due to the additive effect of the 
decrease in neuronal function.151,168 Because moderate hypo-
thermia, without major suppression of neuronal functions, 
provides better neuroprotection than isoelectric doses of bar-
biturates, identifying the biochemical mechanisms that con-
tribute to basal CMRO2 is important.169

The regulation of CBF is known to be closely coupled 
to cerebral metabolism and it is not surprising that this 
hypothermia-induced reduction in CMRO2 is reflected by a 
parallel decrease in CBF. Some heterogeneity is found in this 
response, however; so CBF changes are most apparent in the 
cerebral and cerebellar cortex, less apparent in the thalamus, 
and not significant in the hypothalamus and brainstem.170

Intraoperative hypothermia is most often encountered 
during cardiopulmonary bypass. CBF in this setting has been 
shown to correlate with nasopharyngeal temperature, with a 
maximum 55% reduction in CBF occurring, in one study, at the 
lowest measured temperature, 26 °C. This finding corresponds 
to a 56% calculated reduction in CMRO2.171 CMRO2 continues 
to decrease with further lowering of temperature up to the point 
of EEG silence. In dogs, this level is reached at 18 °C. CBF during 
cardiopulmonary bypass with profound hypothermia (18° to 
20 °C) is disproportionately maintained172 and is determined by 
arterial blood pressure and not pump flow rate.173,174 However, 
during rewarming, CBF velocity remains lower than the pre-
bypass value, probably because of hypothermia-induced changes 
in the cerebral vasculature. A period of cold full-flow reperfu-
sion may improve cerebral perfusion during rewarming.175

The effects of hypothermia and anesthetic drugs may be 
additive to the point at which EEG activity ceases. Thiopental 
administered during hypothermia in doses that enhance the 
hypothermia-induced suppression of EEG activity produces a 
further reduction in CMRO2, which is paralleled by an addi-
tional decrease in CBF. Although similar effects on CMRO2 
can be brought about by isoflurane, no additional drop in CBF 
appears to take place.176

Autoregulation, as well as CO2 reactivity, is well preserved 
during cardiopulmonary bypass at moderate hypothermia.171 
Some investigators suggest, however, that autoregulation may 
become impaired if the CO2 content of blood is allowed to  
rise. This effect can occur when exogenous CO2 is adminis-
tered to provide a “normal” PaCO2 corrected to the patient’s 
actual temperature during “pH-stat” acid–base manage-
ment.177 Recalculating the PaCO2 at 37 ° C for “alpha-stat” 
acid–base management reveals patients so treated to be mark-
edly hypercapnic, which explains the grossly elevated values of 
CBF reported in some cardiopulmonary bypass studies.178,179

Pharmacology
Dose-related anesthetic or drug effects (eg, isoflurane, des-
flurane, and sevoflurane) can alter vasoactive responses just 
as blood pressure and CO2 do (Fig. 2.14).180,181 The significant 
vasodilatory effects of volatile anesthetic agents are apparent 
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Fig. 2.13  Influence of oxygen content (CaO2) and PaO2 on cerebral flood flow (CBF). A, CBF is inversely proportional to CaO2. B, Replotting the 
straight line in A by applying a sigmoid O2 dissociation curve and taking the reciprocal produces the more familiar asymptotic curve of PaO2 versus 
CBF, which disguises the dependence of CBF on CaO2. 5 kPa is approximately 40 mmHg. (Redrawn by Lesser PJA, Jones JG. In Scurr C, Feldman 
S, Soni N [eds]: Scientific Foundations of Anaesthesia: The Basis of Intensive Care, 2nd ed. St. Louis, Mosby, 1990, page 205; from original data 
reported by Brown MM, Wade JPH, Marshall J: Fundamental importance of arterial oxygen content in the regulation of cerebral blood flow in man. 
Brain 1985;108:81–93.)
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Fig. 2.14  Influence of vasodilators on blood pressure autoregulation 
and CO2 reactivity in the isoflurane-anesthetized dog. Comparing 1 and 
2 MAC isoflurane: A, With changing cerebral perfusion pressure (CPP), 
autoregulation for blood pressure is not as efficient, and cerebral blood 
flow (CBF) flow appears to increase more between 20 and 40 mmHg 
than between 40 and 60 mmHg. B, However, CBF increases at each of 
the three levels of PaCO2 (at 1 MAC isoflurane). With 2 MAC isoflurane, 
CBF increases only between 20 and 40 mmHg. Presumably the 
circulation is maximally vasodilated at 2 MAC isoflurane and a PaCO2 
of 40 mmHg, so that raising PaCO2 to 60 mmHg has less of an effect 
on total cardiovascular resistance. (Redrawn from data in McPherson 
RW, Brian JE, Traystman RJ: Cerebrovascular responsiveness to 
carbon dioxide in dogs with 1.4% and 2.8% isoflurane. Anesthesiology 
1989;70:843–850.)
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at minimum alveolar concentrations (MACs) exceeding 1.5. 
At higher MACs, volatile anesthetic agents can blunt the CO2 
response or render CBF pressure passive. Absolute CO2 reac-
tivity is preserved during intraoperative use of a narcotic, such 
as fentanyl or remifentanil.182 CO2 reactivity is also preserved 
with intravenous propofol anesthesia. Total intravenous anes-
thesia with propofol and remifentanil generally preserves re-
sponse to CO2 and protects pressure autoregulation better than 
that with volatile anesthetic agents. Because of preserved flow-
metabolism coupling, progressively increasing depth of propo-
fol anesthesia results in a decrease in CBF. In contrast, volatile 
anesthetic agents in concentrations exceeding 1.5 MAC are 
associated with a disproportionate increase in CBF. Although 
intravenous anesthetic agents such as propofol seem to pre-
serve flow-metabolism coupling better than volatile agents,183 
the addition of nitrous oxide further impairs flow-metabolism 
coupling.184 In clinical practice, prophylactic mild hyperven-
tilation is used to offset the vasodilatory effects of volatile an-
esthetics. Interestingly, intracarotid injections of intravenous 
anesthetic drugs in doses sufficient to cause burst suppression 
do not decrease blood flow, suggesting an uncoupling of blood 
flow and metabolism with intra-arterial injections.185 The ap-
parent loss of flow-metabolism coupling with intra-arterial 
injections of anesthetic drugs may be due either to the biome-
chanical effects of the injection or to direct vascular effects.

The effect of ketamine, a N-methyl-D-aspartate (NMDA) 
receptor antagonist used with increasing frequency as an ad-
juvant intravenous anesthetic, on CBF is complex. In awake 
volunteers, sub-sedative doses of ketamine increased CBF 
and CMRO2 in some brain regions. In anesthetized patients, 
however, these effects can be reduced by coadministration 
of benzodiazepines and controlled ventilation.186 Ketamine 
did not abolish auto-regulation in normocapnic pigs.187 
Dexmedetomidine, an intravenous α2 receptor agonist, re-
duces CBF188,189 but animal studies have demonstrated it does 
not decrease CMRO2.190 Dog studies suggest this may at least 
in part be a result of direct action on vasculature, not a result 
of systemic hypotension or decreased CMRO2.190

Vasoactive drugs may affect different aspects of autoregula-
tory behavior, as illustrated by evidence that nitroprusside im-
pairs the ability of the circulation to maintain CBF when CPP 
is lowered but not when CPP is increased.191 Independent of 
autoregulatory impairment,192 anesthesia with volatile drugs 
appears to result in a trend for CBF to decrease over time in 
animal models.193–195 This does not, however, involve an effect 
on CSF pH. Not only do absolute flow levels decrease, but CO2 
responsiveness changes as well.195,196 This time-dependent CBF 
decrease has been proposed to be operative during cardiopul-
monary bypass in humans.195

The cause of these flow decreases (or, possibly, return to “nor-
mal”) has not been adequately explained. Evidence that flow does 
not decrease in other carefully controlled studies raises the ques-
tion that this time effect may be a methodologic artifact.197,198 In 
conditions of temperature flux, declines in CBF during the initial 
period of cardiopulmonary bypass with the skull closed proba-
bly reflect temperature equilibration in the brain. Interestingly, 
however, with the skull open and direct monitoring of cortical 
temperature, there does not appear to be a lag during cooling 
and rewarming during cardiopulmonary bypass.199

Neurogenic Influences
Autonomic Nervous System
One of the most striking differences between the systemic 
and cerebral circulations is the relative lack of humoral and 
autonomic influences on normal cerebrovascular tone. The 

systemic circulation is regulated to a large extent by sympa-
thetic nervous activity, but autonomic factors do not appear 
to control the cerebral circulation. Thus autonomic nerves are 
not necessary for regulatory responses, but they may modify 
these responses in several important ways.

The innervation of the cerebral vasculature is exten-
sive,200,201 involving serotonergic, adrenergic, and cholinergic 
systems of both intracranial and extracranial origin. The phys-
iologic significance of this intricate and extensive system of 
innervation is not fully understood. One confounding factor 
in the interpretation of experimental studies is a marked inter-
species difference in the CBF response to sympathetic stimu-
lation.202 Thus in monkeys, acute sympathetic denervation has 
no effect on CBF, but acute sympathetic stimulation reduces 
CBF during normotension and during hypertension. In cats 
and dogs, by contrast, sympathetic stimulation has no effect 
during normotension. However, when acute hypertension is 
induced in cats by aortic ligation, electrical stimulation of the 
cervical sympathetic chain attenuates the increase in CBF and 
decreases disruption of the BBB.201

Under normal circumstances, the presence of baseline sym-
pathetic tone exerted on the cerebral vasculature in humans is 
controversial. The lack of baseline tone is supported by studies 
demonstrating that phentolamine-induced α-adrenergic re-
ceptor blockade does not affect CBF.203 In contrast, Hernandez 
and colleagues204 have demonstrated in monkeys that unilat-
eral superior cervical ganglion excision leads to a 34% increase 
in CBF on the affected side, with no effect on autoregulation.

The effect of increased sympathetic tone on CBF in altered 
physiologic states, on the other hand, is well recognized. For 
example, using intense stimulation of the stellate ganglion 
in dogs, D’Alecy205 could produce a decrease in CBF greater 
than 60%. Thus acute sympathetic stimulation can shift the 
autoregulatory curve to the right. Reflex increases in sym-
pathetic tone have been shown to attenuate the transient in-
creases in CBF that are observed during severe hypertensive 
episodes.206 Sympathetic stimulation is also associated with a 
small decrease in the hyperemia seen during hypercapnia in 
normotensive rabbits.207 The cerebrovascular effects are more 
pronounced during bilateral sympathetic nerve stimulation.208 
These effects are seen despite acidosis, which inhibits the re-
lease of norepinephrine.209,210

Sympathetic stimulation probably constricts the larger con-
ductance and pial vessels, thereby interposing an additional 
“resistor” proximal to the arterioles. In those situations in 
which an increase in CBF occurs as a result of a rise in cere-
bral metabolic rate (ie, seizures), even bilateral activation of 
sympathetic nerves has no effect on CBF. In such situations, 
metabolic factors are the overwhelming determinants of CBF, 
with only a minimal contribution from the sympathetic ner-
vous system.211

At the lower limits of autoregulation, sympathetic activity 
modifies the autoregulatory response of CBF to a decrease in 
arterial blood pressure (Fig. 2.15). At equivalent blood pres-
sures, CBF is lower during hemorrhagic hypotension than 
during pharmacologically induced hypotension.212 Thus when 
reflex sympathetic constriction of larger cerebral arteries in 
response to hypotension is prevented by acute surgical sym-
pathectomy or α-adrenergic receptor blockade, CBF is better 
maintained because autoregulation is preserved to a MAP that 
is 35% of control, in contrast to 65% of control pressure in un-
treated baboons. This observation explains why drug-induced 
hypotension during anesthesia is better tolerated than hypo-
tension resulting from hemorrhagic shock. Although never 
studied, the sympathetic stimulation that occurs with severe 
pain may also shift the autoregulatory curve to the right.
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Parasympathetic fibers surround the vessels of the circle of 
Willis and the cortical pial vessels. These fibers contain a wide 
variety of vasodilatory mediators, which include substance P, 
neurokinin A, and CGRP, whose mechanism of action was dis-
cussed earlier. Stimulation of parasympathetic fibers promotes 
a vasodilatory reaction to ischemia. Thus in rats rendered 
ischemic by branch occlusion of the MCA, sectioning of these 
nerves has been shown to lead to a greater cerebral infarction 
volume.213 Any protective effect, however, may be overshad-
owed by an increase in postischemic hyperemia mediated by 
stimulation of these same fibers.214 Parasympathetic fibers may 
also attenuate cerebral hyperemia after release of carotid ar-
terial occlusion. Parasympathetic vasoconstrictor response is 
probably mediated by neuropeptide Y.215–217 Because of species 
differences, these results cannot reasonably be extrapolated 
to humans. In summary, despite extensive innervation of the 
intracerebral vessels, the purpose of these pathways currently 
remains unclear.

Local Neural-glial Regulation of Cerebral Blood 
Flow
There is an evolving paradigm shift in our understanding of 
local cerebral blood flow regulation. This new line of thought 
holds that input from neurons and glial cells, particularly 
astrocytes, regulates local blood flow directly by a “feed for-
ward mechanism.” This new paradigm downplays the tradi-
tional “local metabolite” theory of a “negative feedback” loop 
consisting of increased metabolic products leading to local 
vasodilation.26 Evidence suggests that activation of neuronal 
NMDA receptors during glutamatergic excitatory neurotrans-
mission leads to activation of nNOS and neuronal NO release. 
At least in the cerebellum, this NO appears to dilate cerebral 
vasculature directly.218 In the cortex, neuronally-generated 
NO vasodilates nearby vessels by inhibiting production of 
20-hydroxy-eicosatetraenoic acid (20-HETE), a vasoconstric-
tor, in neighboring astrocytes.219

Astrocytes reside between neurons and vascular smooth 
muscle cells with their endfoot processes wrapped around ce-
rebral vessels, positioning them to serve as mediators of neu-
rovascular communication. Several mechanisms have been 
suggested to describe how astrocytes may do this.26 Perhaps 
most notably, it has been proposed that glutamate released 
from nearby neurons during excitatory neurotransmission 
activates astrocyte metabotrophic glutaminate receptors 
(mGlutRs), leading to an increase in intracellular calcium 
concentration and activation of phospholipase A2. This leads 
to an increase in arachidonic acid production from mem-
brane phospholipids and an increase in prorelaxant prosta-
glandins (likely PGE2) and epoxyeicosatrienoic acids (EETs), 
all of which are arachidonic acid metabolites.220 Others have 
proposed that elevations in astrocyte calcium concentration 

activates large-conductance Ca2+-activated K+ (BK) channels 
in astrocyte endfeet, leading to release of K+ on neighbor-
ing vessels. This local, modest increase in extracellular K+ is 
purported to hyperpolarize vascular smooth muscle cells and 
limit Ca2+ entry via voltage-gated Ca2+ channels.26,221

In a seeming contradiction, elevations in astrocyte calcium 
concentration and the resultant generation of arachidonic acid 
can also cause vasoconstriction. This likely results from the 
conversion of arachidonic acid to proncontractile 20-HETE in 
vascular smooth muscle itself.220 Whether astrocytes ultimately 
mediate prorelaxant or procontractile effects may depend on 
the existing vascular tone222 and local O2 concentration.26

AUTOREGULATORY FAILURE

Cerebral autoregulation is disturbed in a number of disease 
states. Most diseases that affect the CNS will, in one way or 
another, affect the ability of the circulation to regulate itself. 
Examples are acute ischemia, mass lesions, trauma, inflam-
mation, prematurity, neonatal asphyxia, and diabetes mellitus. 
Despite a wide range of causes, the final common pathway of 
dysfunction, in its most extreme state, may be termed vasomo-
tor paralysis.

What causes autoregulation to fail? The simplistic approach 
is to invoke tissue acidosis or local accumulation of “noxious 
metabolites,” but it does not account for all cases. Localized 
damage that results in loss of autoregulation at sites distant 
from the injury is more difficult to explain.223,224 Furthermore, 
Paulson and associates22 coined the term “dissociated vasopa-
ralysis” to describe retained CO2 responsiveness with loss of 
autoregulatory capacity to changes in blood pressure.156 This 
response can be observed in regions contralateral to tumor or 
infarction or during hyperperfusion after AVM resection.225 
Such a dissociation between two preeminent vasomotive stim-
uli emphasizes that pressure regulation is much more vulner-
able than loss of CO2 reactivity or, possibly, other metabolic 
influences on regulatory mechanisms. Total loss of CO2 re-
sponsiveness is probably a preterminal event. A related phe-
nomenon is diaschisis, the occurrence of hypoperfusion and 
hypometabolism remote from a damaged area.226,227

“False autoregulation” is an additional phenomenon that 
has been described in the setting of head injury.223 In a para-
lyzed circulatory bed, pressure-passive increases in CBF may 
result in local pressure gradients in the most damaged areas. 
Local swelling may then keep CBF constant despite rising sys-
temic pressures.

Autoregulatory failure (Fig.  2.16) can be divided into 
“right-sided” (hyperperfusion) and “left-sided” (hypoperfu-
sion) autoregulatory failure. Although the following sections 
discuss the parenchymal consequences of dysregulation in a 
homogeneous light, there are differing regional susceptibili-
ties to ischemia and circulatory “breakthrough.” Portions of 
the hippocampus, for example, are exquisitely sensitive to 
ischemia. Previously this feature was thought to be simply a 
function of the basal metabolic state of the tissue—that is, the 
higher the metabolic rate, the more susceptible the tissue is to 
ischemia. However, this sensitivity undoubtedly involves other 
mechanisms.228

Hypoperfusion and Ischemia
Hypoperfusion leads to cerebral ischemia. However, there is 
no reason to believe that the fundamental metabolic conse-
quences of reduced CBF to the neurons are any different for 
any of the various modes of flow reduction. The distinction 
of complete versus incomplete ischemia, however, may have 
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Fig. 2.15  Autonomic effects on autoregulation. Higher sympathetic 
tone, through the addition of a “proximal resistor” to the arteriolar bed, 
shifts the upper and lower ends of autoregulation to the right.
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metabolic consequences, and, most importantly, regional or 
focal ischemia carries with it the possibility of collateral sup-
ply of CBF.

Fig. 2.16 is an idealized expansion of the left side of the au-
toregulatory curve shown in Fig. 2.4. As CPP decreases toward 
the lower limit of autoregulation (approximately 50 mmHg), 
arteriolar resistance vessels dilate and CBV increases. At the 
lower limit of autoregulation, however, the capacity for vasodi-
lation is exhausted, the circulation cannot decrease resistance 
further to maintain flow, and CBF begins to decline passively 
as CPP decreases further. At first, an increase in oxygen ex-
traction compensates for the passive decline in CBF. When 
oxygen extraction is maximum, CMRO2 begins to diminish. 
Accordingly, synaptic transmission becomes impaired and 

eventually fails completely, as manifested by an isoelectric 
EEG. At this point, sufficient energy is available to keep the 
neurons alive, but neuronal “work” is abolished. Proceeding 
to even lower flow levels results in “membrane failure” (Na+, 
Ca2+, and water enter, and K+ exits the cell; i.e., cytotoxic 
edema). Such reductions in CBF are in the lethal range and 
result in infarction if not corrected.

The development of cerebral infarction depends both on 
the degree to which flow is reduced to ischemic levels and 
on its duration (Fig. 2.17). Neuronal tissue can receive flow 
at a level that prevents normal function but does not result 
in permanent damage. If flow is returned to adequate levels, 
function returns. As shown in Fig. 2.17, two such states may 
exist, the penlucida, from which tissue recovers function irre-
spective of the ischemic time, and the penumbra, from which 
tissue is salvageable only if flow is restored within a certain 
time. The term penumbra, which means “almost shadow,” 
was introduced by Branston and associates.229 They originally 
used the term to denote all such tissue that was nonfunctional 
but that had the capacity to regain function. To make the dis-
tinction between tissue that survives without intervention 
and tissue that succumbs if left untended, Drummond and 
colleagues230 designated the former as ischemic penlucida 
(“almost light”).

Although any clinical event that results in EEG changes sug-
gesting ischemia should be assumed to represent a threat for 
irreversible damage and should be treated accordingly, many 
such events probably reflect flow reduction to the penumbral 
range (see Fig. 2.16). An example of this phenomenon is the 
patient undergoing carotid endarterectomy in whom EEG 
changes suggesting ischemia develop after carotid clamping. 
With shunt placement, the EEG normalizes, and the patient 
awakens without sequelae.

CCP

CBF

CVR

CBV

OEF

CMRO2

EEG TP

Ionic shifts

Thresholds

Hemodynamic
compensation

Synaptic inhibition

Synaptic failure

Membrane failure

20 504030

Fig. 2.16  Autoregulatory failure. The left side of Fig. 2.4 is expanded 
here to show idealized changes in various physiologic functions (some 
of the pathophysiologic events indicated overlap). The values for 
cerebral perfusion pressure (CPP) are only approximate, and many of 
the changes in the various covariates may overlap. They are stylized 
here for the sake of clarity. Cerebral blood flow (CBF), cerebrovascular 
resistance (CVR), cerebral blood volume (CBV), oxygen extraction 
fraction (OEF), cerebral metabolic rate for oxygen (CMRO2), total 
power of the cortical EEG signal (EEG TP), and ionic shifts (eg, water 
and Na+ into the cells and K+ out of the cells) are shown along the left 
of the figure. The various CBF thresholds are indicated by the broken 
lines and labeled at the bottom of the figure. The functional state 
between thresholds is shown along the bottom. In this figure the loss 
of EEG power is still above the line for membrane failure. Clinically, 
any event that results in EEG signs of ischemia should be assumed to 
represent the potential for irreversible damage and should be treated 
accordingly. (From Young W: Clinical Neuroscience Lectures. Munster, 
Cathenart, 1999.)
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Fig. 2.17  Interaction of extent and duration of flow reductions on 
neurologic function. Tissue receiving flow between approximately 
18 and 23 mL/100 g/min is functionally inactive, but function can 
be restored at any time with re-institution of increased perfusion 
(penlucida). For tissue perfused at lower blood flows, the development 
of infarction is a function of time. If tissue is restored to adequate 
perfusion before the time limit for infarction, it will recover function 
(penumbra). (From Young W: Clinical Neuroscience Lectures. Munster, 
Cathenart, 1999; modified from data in Jones TH, Morawetz RB, 
Crowell RM, et al: Thresholds of focal cerebral ischemia in awake 
monkeys. J Neurosurg 1981;54:773–782.)
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Breakthrough
If CPP exceeds the upper limit of autoregulation, flow initially 
increases with a fixed maximal arteriolar resistance. At some 
point, the arteriolar bed dilates under the increasing pressure, 
and the resistance falls as well. Clinically, one may observe 
brain swelling from this intravascular engorgement, vasogenic 
edema from opening of the BBB, and intracerebral hemor-
rhage from vessel rupture.22,225,231 The different types of brain 
swelling and their primary fluid compartment alterations are 
shown in Table 2.1.

To explain the occurrence of postoperative brain swelling 
and intracerebral hemorrhage after AVM resection, the con-
cept “normal pressure perfusion breakthrough” (NPPB)232 or 
“circulatory breakthrough”233 has been proposed. This the-
ory holds that the low-resistance AVM shunt system results 
in arterial hypotension and venous hypertension in the rel-
atively normal circulatory beds irrigated by vessels in conti-
nuity with feeding arteries and draining veins adjacent to the 
lesion. Regional CBF in these neighboring areas is kept in a 
normal range by appropriate autoregulatory vasodilation. This 
long-standing state of maximal dilation may result in vasomo-
tor paralysis; the resistance vessels may no longer be capable 
of autoregulation should perfusion pressure increase. When 
the AVM fistula is interrupted, the pressure “normalizes” in 
the neighboring circulation. However, the presence of a vaso-
motor paralysis in newly normotensive circulatory beds pre-
vents the appropriate increase in CVR necessary to maintain 
flow at a constant level, and cerebral hyperemia occurs. This 
hyperperfusion and abrupt increase in perfusion pressure 
may result in swelling and hemorrhage, although the precise 
mechanism is speculative. Postoperative swelling and hemor-
rhage after carotid endarterectomy231 and after obliteration of 
a jugular-carotid fistula234 are probably mechanistically related 
to normal pressure perfusion breakthrough.

Many of the aspects of “perfusion breakthrough” are con-
troversial and supported by anecdotal evidence only. As 
observed in rats, 12 weeks after creation of carotid-jugular fis-
tulas that result in chronic cerebral hypoperfusion, perfusion 
breakthrough occurs at a much lower systemic pressure than 
in normal animals (130 vs. 180 mmHg). This finding suggests 
that chronic cerebral hypoperfusion decreases the upper limit 
of autoregulation and could account for the pressure break-
through phenomena when CPP is restored in hypoperfused 
vascular beds.235 The syndromes of pressure breakthrough 
that result in postoperative catastrophes are clearly a clinical 
problem, but the precise mechanisms and relative importance 
of the contributing circulatory physiology remain to be elu-
cidated.236 Young and colleagues237 reported that after AVM 
resection, cerebral hyperemia—not feeding artery pressure—
was the predictor of “breakthrough” complications.237 This 

finding argues against a simple hydraulic explanation of the 
breakthrough complications and points toward other possible 
causes.238 There is growing interest in the notion that neuroef-
fector mechanisms19,64 may participate in the pathogenesis of 
pressure breakthrough phenomena.

Reperfusion Injury
Many of the pathophysiologic events leading to irreversible 
neuronal damage are probably due to injury sustained during 
reperfusion of the ischemic tissue, perhaps as a result of re-
oxygenation.239 Specifically in regard to CBF, the syndrome of 
delayed hypoperfusion is evident.240

The significance of the hypoperfusion in relation to neu-
ronal damage is not clear. Most likely, CBF is grossly and 
appropriately coupled to a decreased metabolic rate after isch-
emia241; however, certain areas of the brain may be left with 
a mismatched CBF-metabolism ratio.240 Adhesion of neutro-
phils to the vascular endothelium may also prevent restoration 
of tissue perfusion after cerebral ischemia. Mice deficient in 
intercellular adhesion molecules are relatively resistant to 
stroke following transient cerebral ischemia.242 Reperfusion 
injury can also be mitigated by aminoguanidine, a selective 
inhibitor of inducible NOS, and ifenprodil, a polyamine site 
N-methyl-d-aspartate (NMDA) receptor antagonist.243,244

Hemodynamic Considerations during 
Autoregulatory Failure
Cerebrovascular Reserve
If cerebral vessels are stenotic, specific areas may have reduced 
inflow pressure. These regions often follow the distribution of 
a main arterial supply, such as the anterior, middle, or poste-
rior cerebral arteries, or may be limited to a smaller distribu-
tion. Distal to an area of stenosis, a drop in perfusion pressure 
occurs, and, thus, even at normal systemic blood pressure, the 
arterial bed distal to the stenosis is relatively hypotensive and 
may operate near or on the pressure-passive area of the auto-
regulatory curve (see Figs. 2.4 and 2.16). The resting flow to a 
tissue bed may be normal, but there is no further potential for 
vasodilation if a drop in perfusion pressure occurs. Therefore 
these areas have an exhausted “cerebrovascular reserve,”245 
that is, the capacity for further vasodilation and maintenance 
of flow at appropriate levels. A way to assess cerebrovascular 
reserve is by challenging the circulation with a vasodilator. 
Clinically, both acetazolamide and CO2 are used.246

In structurally normal regions (by MRI or CT scans) that 
have decreased vasodilatory response to such challenges, one 
may infer that the perfusion pressure is decreased. Application 
of this sort of testing has been proposed, for example, to de-
termine which patients might benefit from extracranial-to-
intracranial revascularization procedures or to assess the 
effects of an acute arterial occlusion. Use of such methods, 
however, is still in its infancy in clinical practice. PET247 and 
single-photon emission computed tomography (SPECT)248 
may ultimately provide more sensitive measures by simulta-
neously determining the ratio of CBF to CBV as an index of 
cerebrovascular reserve.

CBF is often lower in patients with cerebrovascular disease 
than control levels. Clinically asymptomatic patients with risk 
factors for cerebrovascular disease can have reduced CBF and 
CO2 reactivity.249 These reductions do not necessarily depend 
on the presence of angiographically demonstrable vessel oc-
clusions. The mechanism of these flow reductions and im-
paired vasomotion remains to be elucidated.

Newer theories on the pathogenesis of stroke in sickle cell 
disease combine elements of the concepts discussed in this 

Type of Swelling Primary Fluid Compartment Alteration

Cytotoxic Shift of fluid from extracellular to 
intracellular space

Vasogenic Shift of fluid from intravascular to 
extracellular space

Interstitial Shift of cerebrospinal fluid into  
extracellular space

Hyperemic Increase in intravascular volume

Table 2.1  Types of Brain Swelling
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and previous sections concerning hemodynamic regulation. 
Pavlakis et al.248 and Prohovnik et al.250 have proposed that the 
pathogenesis of infarcts in patients with sickle cell disease is 
due to large proximal vessel occlusion with a resultant drop 
in distal perfusion pressure; the distal irrigation of major vas-
cular territories (eg, MCA) is rendered hypotensive. These 
patients, however, have already exhausted their arteriolar va-
sodilatory capacity to compensate for decreased oxygen de-
livery resulting from the anemia. Watershed infarcts are the 
clinical result.

Cerebral Steal
A concept related to reserve is cerebral “steal.” Steal is a color-
ful but physiologically misleading term.251 It refers to the de-
creased flow to ischemic areas caused by blood vessel dilation 
in nonischemic areas, such as can be induced by hypercap-
nia.252 Blood is “stolen” from one area and given to another 
only if a pressure gradient exists between the two circulatory 
beds. Cerebral steal is also said to occur in patients with cere-
bral AVMs in whom significant blood flow occurs through the 
lesion and results in progressive focal neurologic symptoms. 
However, in a large sample of patients with AVM, no pressure 
gradient between feeding and nonfeeding vessels to the lesion 
could be demonstrated, raising debate about whether steal is 
responsible for neurologic symptoms in such patients.253

If an ischemic area is maximally vasodilated, the addition 
of CO2 causes vasodilation of normal adjacent brain regions 
and may result in a net decrease in flow, presumably by lower-
ing local input pressure, to the ischemic focus. Conversely, va-
soconstriction in the normal brain may result in redistribution 
of blood to ischemic regions, a condition referred to as inverse 
steal or the Robin Hood effect. This mechanism may also be 
operative for other cerebral vasodilators, such as volatile anes-
thetics, and systemic vasodilators, such as nitroprusside, hy-
dralazine, and nitroglycerin, although data are lacking on the 
clinical importance of all such interactions.

Vessel Length and Viscosity
After exhaustion of vasodilatory capacity, flow is both pres-
sure passive and highly dependent on vessel length and blood 
viscosity (primarily determined by hematocrit).137 Thus with 
maximal distal vasodilation, the areas with the lowest pressure 
resulting in hypoperfusion are those farthest from the arte-
rial input. This concept is important clinically because brain 
regions that are farthest from their arterial input, watershed 
areas (such as the border between the arterial distributions of 
the MCA and ACA), are the regions most likely to become 
ischemic during systemic hypotension.

Viscosity reduction is also pertinent to the prevention or 
treatment of cerebral vasospasm in patients with aneurysmal 
SAH.254 Although the conductance vessels (as visualized an-
giographically) are seen to be in spasm (with a large pressure 
drop across constricted segments), the distal resistive bed may 
be maximally vasodilated.255 In Eq. 2.2, therefore, the resistance 
term can no longer be influenced by changing vessel caliber. 
Because the vessel length term stays fixed, only blood viscos-
ity can potentially affect CVR, provided that oxygen-carrying 
capacity is not adversely affected.137 In the clinical setting, how-
ever, the relative influence of hemodilution on the improved 
outcome with volume loading remains to be determined.

Excessive hemoglobin concentration may produce a hyper-
viscous state. Although polycythemia decreases CBF and is a 
risk factor for thromboembolic stroke, uniform guidelines for 
phlebotomy are lacking in clinical practice. Certainly patients 
with hematocrit values in excess of 60% should be anesthe-
tized only in urgent circumstances.

Collateral Failure
After carotid occlusion in a patient with a normal cerebral cir-
culation, the vessels in the ipsilateral hemisphere experience 
a fall in input pressure; accordingly, the resistance network 
of arteriolar vessels undergoes vasodilation. This response 
allows collateral blood flow from a patent circle of Willis or 
other channels to compensate and restore perfusion. However, 
if these channels do not exist or the affected resistance vessels 
are already maximally vasodilated, no compensation occurs, 
and a condition of cerebral ischemia ensues.

THERAPY FOR ENHANCING 
PERFUSION

Induced Hypertension
Rationale
Maintenance of a high perfusion pressure, in concert with 
optimal viscosity and oxygen delivery, may reduce cell death 
in a threatened vascular territory. As reviewed by Young and 
Cole,134 ample experimental evidence is given for this strategy 
in the form of improvements in cerebral perfusion, electro-
physiologic evoked responses, and histopathologic and neuro-
logic outcomes. By augmenting systemic perfusion pressure, 
one can mitigate the pressure drop across a stenotic vessel or 
collateral pathway to an ischemic area (Fig. 2.18).256 Even small 
increases in CBF may shift a region from the penumbra (des-
tined for infarction) to the penlucida and perhaps to a level of 
perfusion enabling normal function. However, the hazards of 
induced hypertension include worsening ischemic (vasogenic) 
edema and transformation of a pale infarct into a hemorrhagic 
one. If blood pressure is used to increase CPP during brief 
periods of carotid or intracranial artery occlusion,252,257 these 
concerns are less important. However, pharmacologically in-
duced hypertension with any attendant tachycardia would 
raise the risk of cardiac ischemia; hence, α-adrenergic agonists 
may be preferable in these settings.258

Applications
Application of induced hypertension during acute thrombo-
embolic stroke is controversial134 but has relevance to anesthetic 
practice. Elevation of blood pressure during carotid endarter-
ectomy has been discussed for some time; many writers have 
recommended keeping blood pressure elevated during the pe-
riod of temporary occlusion of the carotid artery.252,259,260 Both 
anastomotic CPP,259,260 as measured in the distal stump of the 
carotid artery after clamping, and CBF252 are increased by el-
evation of systemic pressure. Fortunately, phenylephrine only 
minimally increases venous sinus pressure; therefore, during 
induced hypertension, the drug is unlikely to adversely affect 
CPP.260 Despite claims that distal stump pressures do not cor-
relate with CBF changes during carotid endarterectomy,261 the 
technique is a simple, low-risk, and cost-effective method to 
assess the adequacy of CPP.262 False-negative results may occur 
(ie, normal stump pressure with inadequate CBF); however, 
if the angiogram demonstrates normal intracranial vessels, a 
severe stump pressure reduction (ie, 20 mmHg) is potentially 
useful information.

An evolving practice during neurovascular surgery is the 
use of temporary vascular occlusion to secure cerebral aneu-
rysms.263 Temporary occlusion techniques require some mod-
ification of the traditional anesthetic management of cerebral 
aneurysm clipping.257,264 During temporary vascular occlusion 
of a major intracranial artery, not only must systemic hypoten-
sion be avoided but blood pressure augmentation may also be 
necessary.134,256,265
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Induced hypertension has been used in the management 
of aneurysmal SAH.266–268 In this setting, hypertension is em-
ployed in conjunction with hypervolemic hemodilution; thus 
the relative contribution made by raising perfusion pressure is 
not well defined.269

Inverse Steal
Undoubtedly, inverse steal can redistribute CBF to ischemic 
areas, as demonstrated unequivocally in animal studies.270 
Ideally, in clinical settings the treatment should be tailored 
to individual patients’ responses, which are likely to be more 

variable. A practical problem is the lack of bedside methods to 
assess regional cerebral perfusion.

Hypocapnia
The concept that hypocapnia can favorably influence CBF 
during ischemia is not new,271–273 but not all investigators have 
been able to demonstrate favorable flow redistribution. Many 
of the early studies did not support a beneficial effect of hy-
pocapnia.274 Some of the early animal models used prolonged 
ischemia that could have masked benefits of hypocapnia.275 
Furthermore, human studies showing trends of improved out-
come with hypocapnia lacked sufficient statistical power.276,277 
As in the case of induced hypertension in the setting of carotid 
endarterectomy, some early reports suggested that collateral 
perfusion pressure appears to improve in the presence of hy-
pocapnia.260,278,279 Since then, in the absence of demonstrable 
benefits of hyperventilation and hypocapnia, the emerging 
trend has been to maintain normocapnia with mild hyperten-
sion to improve collateral perfusion.

Pharmacologic Manipulation
Vasoactive drugs that cause constriction of the normal vas-
culature may produce a favorable intracerebral redistribution 
of CBF to an ischemic focus. In contrast, vasodilators would 
be expected to work in a fashion analogous to hypercapnia. 
However, no good evidence supports improvement in out-
come from such an effect.

One of the mechanisms proposed for the salutary effects 
of barbiturates on focal ischemia has been the redistribution 
of CBF from normal to ischemic areas.229,280 Despite this idea, 
the clinical role of barbiturates remains a controversial topic. 
Except in cardiopulmonary bypass, outcome studies are lack-
ing, if not impractical.141 Nevertheless, most authorities would 
agree that in the intraoperative setting, barbiturates are to be 
recommended in the setting of acute temporary focal isch-
emia. Whether steal or inverse steal has any bearing on clinical 
anesthetic management is open to debate.281

Augmenting CBF is often necessary in the settings of ce-
rebral vasospasm. Both proximal and distal vasospasms are 
initially treated with hypertensive, hypervolemic hemodilu-
tion therapy. Endovascular interventions are usually reserved 
for drug-resistant vasospasm. There is emerging evidence 
that vasospasm in the proximal and distal cerebral arteries 
may require different interventions.282 Proximal vasospasm is 
often better treated with mechanical stenting that has a sus-
tained benefit, whereas distal vasospasm is best treated with 
intra-arterial vasodilator therapy. Intra-arterial papaverine has 
been the mainstay of such treatment.283,284 Owing to transient 
neurologic complications, calcium channel blocking drugs, 
such as verapamil and nicardipine, are emerging as alterna-
tives to papaverine.284–287 Because of the risk of increased ICP 
with intra-arterial vasodilator therapy, optimum treatment 
of cerebrovascular insufficiency during vasospasm requires 
monitoring of ICP.288

Intra-Arterial Drug Delivery
Advances in endovascular surgery now permit highly targeted 
intra-arterial delivery of drugs for the treatment of a variety of 
brain diseases.284,285,289,290 However, the keys to effective drug 
delivery to the brain are the careful adjustment of bolus char-
acteristics (volume and concentration) and, if possible, the 
careful transient reduction of CBF.291–294 Although computer 
simulations and experimental evidence suggest that the in-
crease in regional blood flow will raise the local concentra-
tions of intra-arterial drug, there is no clinical consensus yet 
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Fig. 2.18  Induced hypertension model. A, Normal. Arrow indicates 
operating point on the autoregulatory curve; in this case, the circulatory 
bed is in mid-position in the full range of autoregulation. Lower limit of 
autoregulation is the knee of the curve. Dotted vertical line represents 
the ischemic flow threshold. B, Inflow occlusion. If a major inflow 
channel to this vascular territory is interrupted, input pressure drops 
in the resistive bed. Autoregulatory function now adjusts for this 
decrease in input pressure by vasodilation of the bed. How much the 
input pressure falls after the major inflow occlusion is determined by 
the number and caliber of available collateral vascular pathways. In the 
example shown, there is sufficient collateral perfusion pressure (CPP) 
to keep the operating point above the threshold for ischemia, although 
the operating point has entered the pressure-passive range (ie, this 
bed is maximally vasodilated). C, Inflow occlusion with collateral failure. 
If one assumes atresia or stenosis of collateral pathways (high collateral 
resistance), then, with occlusion of the major inflow channel, input 
pressure drops to a much lower level distal to the occlusion. Cerebral 
blood flow (CBF) is lower because the drop in pressure has exhausted 
the ability of the resistive bed to compensate by further vasodilation. 
Now the operating point is below the ischemic threshold. This situation 
demands treatment. D, Augmentation of CPP. At this point, systemic 
mean arterial pressure is increased. Pressure transmitted across the 
collateral pathways, although not sufficient to restore normal pressure 
in the ischemic bed, is sufficient to raise input pressure, allowing CBF 
to rise to just above the ischemic threshold (albeit still on the pressure-
passive point on the curve). This small shift above the ischemic 
threshold may be crucial in determining the final extent of the infarct 
and the ultimate functional outcome after an ischemic event. (From 
Young W: Clinical Neuroscience Lectures. Munster, Cathenart, 1999.)
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as to the role of blood flow manipulations in augmenting drug 
deposition in brain tissue.293,295–299 In the treatment of brain 
tumors, doses of intra-arterial drugs are often increased with 
greater regional blood flows so as to increase the maximum 
dose that can be safely delivered.298 In other centers, cardiac 
output, and thereby CBF, is increased during intra-arterial 
chemotherapy to enhance local delivery.300 One of the funda-
mental challenges in the understanding of drug kinetics is the 
inability to determine tissue drug concentrations within the 
short time it takes for the drug to transit the cerebral circu-
lation.301 Modern optical technology promises to overcome 
this limitation with tissue-noninvasive, high-speed drug 
concentration measurements.302–304 Another, major hurdle to 
intra-arterial delivery of drugs is the precise control of BBB 
disruption.305 Intra-arterial mannitol is often used to disrupt 
the BBB.306 Reducing CBF seems to augment dose response to 
intra-arterial mannitol.307 Monitoring CBF, therefore, is likely 
to play a critical role in the understanding of the kinetics of 
intra-arterial drugs and improvement of drug delivery. Intra-
arterial drug delivery is likely to be used for delivery of “smart” 
neuropharmaceuticals and stem cells.

MEASUREMENT OF CEREBRAL 
BLOOD FLOW

The choice of CBF measurement method depends on many 
considerations: local availability of equipment and expertise, 
cost, subject (human vs. animal), desired anatomic resolution, 
and so on (Table 2.2). The method used is important because 
it determines the range of normal and pathologic values, the 
anatomic specificity or resolution, and the set of assumptions 
necessary for interpreting the data. A particularly important 
consideration is the ability to perform repeated measures in 
a given patient or subject. Historically important methods 
including the Kety-Schmidt technique, arteriovenous differ-
ence in oxygen content, hydrogen clearance, autoradiography, 
radioactive xenon, radioactive microphsheres, and xenon 
computed tomography are briefly reviewed in Table 2.2 and 
in Figs. 2.19 to 2.23. For a general review of CBF methods, 
including historical aspects, see Bell.1

Positron Emission Tomography
Current PET technology allows precise imaging of glucose 
and oxygen metabolism, CBV, CBF, pH, numerous presyn-
aptic and postsynaptic receptor and transmitter events, and 
protein synthesis.247,308 For example, critical reduction in CBF 
after SAH can be assessed by studies using 15O-labeled water 
(H2

15O).309,310 11C-labeled flumazenil may be able to demon-
strate irreversible cell damage after ischemic brain injury.311 
However, disadvantages of this technique include its cost and 
complexity.312–315

Certain unstable radioisotopes decay by producing pos-
itrons, which are equal in mass to an electron but have the 
opposite charge. After a few millimeters’ travel through the 
tissue, the positron encounters an electron, and mutual an-
nihilation takes place. This collision results in the formation 
of two γ energy photons, which are emitted in exactly oppo-
site directions. By recording the simultaneous arrival of these 
photons on each side of the head with electronically linked 
coincidence detectors, one can reconstruct tomographic, 
three-dimensional images of tracer activity. An advantage of 
this method is that it controls for tissue scattering because ran-
dom deflections result in the loss of coincidence.

The resolution of PET is excellent (≤1 cm), but limitations 
of current instruments include the fact that point sources of 

tracer activity cannot be perfectly separated. Reconstruction 
of the image results in partial volume averaging; that is, the ra-
dioactivity is smeared somewhat, and any activity in a region 
of interest is partially contaminated by adjacent regions. The 
ability to discern point sources in brain imaging is referred 
to as full-width, half-maximum (FWHM), which denotes the 
separation between two point sources required for the instru-
ment to discern them.

Isotopes currently used are those that can be incorporated 
into naturally occurring organic molecules (eg, 11C, 13N, and 
15O) or isotopes that can be used to label biologically occurring 
molecules, such as 18F. The positron-emitters are all short lived 
and, except for 18F, require on-site production with a cyclotron. 
The short half-life allows repeated studies and enables large 
doses to be used without excessive radiation exposure for the 
patient.

Measurement of CBF with the use of several tracers and 
techniques has been described. The earliest method developed 
used inhaled 15O-labeled CO2. The 15O (half-life 123 seconds) 
is rapidly transferred to H2

15O by carbonic anhydrase in the 
RBCs. After 10 minutes, tracer entry into brain is in equilib-
rium, with venous outflow and radioactivity decay. The arte-
rial input function is assessed from peripheral blood. With use 
of the model described previously for tissue autoradiography, 
CBF can be calculated. A variation of this approach is to use an 
intravenous infusion, thus avoiding air passage artifact. Several 
variations using bolus injections have also been proposed. 
Alternative tracers include 18F-fluromethane and 15O-butanol.30 
Albumin microspheres have also been used.316 The many meth-
odologic issues are beyond the scope of this chapter, but parti-
tion coefficient and the flow limitations of H2

15O as a tracer are 
some of the drawbacks of current PET CBF studies.

Single-Photon Emission Computed Tomography
SPECT is the image produced by gamma scintillation count-
ing (like two-dimensional 133Xe methods) that is reconstructed 
in three dimensions by some form of rotating or moving cam-
era (Fig.  2.24).317 It is a general term, and any camera that 
views an organ from more than one angle and uses a computer 
to achieve tomographic reconstruction may be considered a 
SPECT instrument. Most nuclear medicine departments have 
rotating gamma cameras that fulfill this definition. However, 
dedicated brain scanners that are specifically optimized for 
the intracranial cavity have become increasingly available. 
SPECT technology offers slightly less resolution than PET, yet 
has formidable anatomic specificity. Although it requires ex-
pensive hardware and software, it is significantly cheaper than 
PET. The full-width, half-maximum value with newer gener-
ation devices (7 to 9 mm) approaches that of PET scanners. 
Scattered radiation problems and partial volume effects pro-
duce inherent problems with data analysis.

For perfusion imaging, the only tracers that currently can 
be reliably quantitated are Xe isotopes. Although 133Xe can be 
used, it provides poor resolution, and 127Xe is preferable be-
cause of its higher energy. Unfortunately, however, 127Xe has a 
significantly longer half-life. Administration and CBF calcu-
lations are roughly similar to those for the two-dimensional 
133Xe methods.

One may also use lipophilic tracers that are taken up by 
the tissue in proportion to flow and then trapped or bound. 
These include, at present, SPECTamine (N-isopropyl-
123

I-p-iodoamphetamine) and Ceretec (99mTc-HMPAO, a 
propylene-amine oxime).318 SPECT tracers are generally 
heavier metallic elements with longer half-lives (hours) that 
decay by single-photon γ emission, as opposed to PET trac-
ers, which are low-atomic number organic elements with 
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Methodology
Human (H) 
or Animal (A)

Relative 
Cost† Resolution Time Scale

Repeated 
Measurement 
Possible? Invasiveness Tracer(s) Radiation?

Relative Flow Values‡ 
(mL/100 g/min unless 
noted)

Hemispheric          

Kety-Schmidt H + Hemispheric 15 min Yes Jugular puncture N2 No 50

       133Xe Yes  

       83Kr Yes  

AVDO2 H + Hemispheric <1 min Yes Jugular puncture NA No Relative change

Two-Dimensional 
Clearance

         

Intracarotid 133Xe H + 3–4 cm cortical§ <1 min for 
gray matter 
3–11 min for 
white matter

Yes Carotid puncture 
or transfemoral 
catheter

133Xe Yes 80 gray matter
20 white matter
50 initial slope index 
(mean hemispheric flow)

Intravenous 133Xe H + 3–4 cm cortical 3–11 min Yes IV 133Xe Yes As intracarotid 133Xe

Inhaled 133Xe H + 3–4 cortical 3–11 min Yes No 133Xe Yes As intracarotid 133Xe

Thermal clearance H + <1–2 cm cortical <1 min Yes Exposed cortex Heat No Relative change

Hydrogen clearance A + <5 mm cortical <1 min Yes Exposed cortex, 
electrode 
placement

H2 No 150–220

Cold xenon H +++ <1 cm, 
three-dimensional

Several 
minutes

Limited No sXe Yes¶¶  

Perfusion-computed 
tomography

H ++ 2–3 cm sections Several 
minutes

Limited IV Iodinated contrast Yes¶¶  

Positron emission 
tomography

H ++++++ <1 cm, 
three-dimensional

Several 
minutes per 
section level

Limited IV Short t1/2, lighter-
weight positron 
emitters; see text

Yes 50-70 gray matter
20 white matter

Single-photon 
emission computed 
tomography

H +++ <1 cm, 
three-dimensional

Several 
minutes per 
section level

Limited IV (1) Longer t1/2, 
heaver-weight γ 
emitters or
(2) 127Xe or 133Xe; 
see text

Yes Relative change for 
γ emitters; quantitive 
change for Xe

Table 2.2  A Comparison of Cerebral Blood Flow Measurement Methodologies
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†Does not separate equipment investment from individual study cost.
‡Values are approximate normal values for rough comparison between methods; for precise details, refer to reference citations in text.
§Depends on detector size and collimator angle.
¶¶No radiation from the tracer, only from the scan itself.
¶No clinically approved tracers for tissue perfusion; current paramagnetic tracers are for transit time with rapid-sampling magnetic resonance imaging.

Perfusion-weighted 
magnetic resonance 
imaging, with contrast 
Gd-DTPA

H¶ +++ <1 cm, 
three-dimensional

Several 
minutes

Limited IV Gadopentate 
dimeglumine 
(Gd-DTPA)

Magnetic¶¶  

Perfusion-weighted 
magnetic resonance 
imaging Spin-labeling

H ++++ <1 cm, 
three-dimensional

Several 
minutes

Limited None None Magnetic¶¶  

Autoradiography A ++ <5 mm, 
three-dimensional

<1 min No Sacrifice 3H, 14C, 18F Yes 90–150gray matter
20–30 white matter

Other Methodology          

Microspheres A +++ <1 cm <1 min Yes Sacrifice 153Gd, 57Co, 141Ce, 
51Cr, 113Sn, 103Rd, 
46Sc, 85Sr, 95Nb

Yes 50–70 gray matter
20 white matter

Doppler Methods          

Laser Doppler 
flowmetry

H + <5 mm <1 min Yes Exposed cortex NA Light Relative changes

Transcranial Doppler 
ultrasonography

H + Hemispheric <1 min Yes No NA Ultrasound 40–80 cm/s

Mixed 
Methodologies

         

Sagittal sinus outflow A + Hemispheric <1 min Yes Sagittal sinus 
cannulation

NA No 50

NA Not applicable
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short half-lives (minutes) decaying by positron emission. A 
problem with repeat SPECT studies in patients with subacute 
ischemic strokes is hyperfixation of 99mTc-HMPAO, which 
may lead to spuriously high subsequent estimates of CBF.319 
Technetium-99 m-l,l-ethyl cysteinate dimer (ECD) has been 
proposed as a chemical microsphere for SPECT studies. It has 

been shown that the ECD count density correlates with the 
regional CBF measurements with 133Xe SPECT.320

SPECT is increasingly being used for the diagnosis and 
management of cerebrovascular diseases, provides an early as-
sessment of the hemodynamic effects of cerebral thromboem-
bolism, and can be used with CO2 or acetazolamide to assess 
cerebrovascular reserve.321,322 It is being used with increasing 
frequency to assess the adequacy of collateral circulation be-
fore surgical procedures in which the internal carotid artery 
must be sacrificed, such as skull base tumor resection.
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Fig. 2.19  Graphic depiction of the Kety-Schmidt cerebral 
blood flow (CBF) technique. A freely diffusible tracer is given until 
(theoretically) equilibrium exists between the arterial (Ca) and venous 
(Cv) concentrations. The area between the two curves is proportional 
to CBF.
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Fig. 2.20  A and B, Simultaneous cerebral blood flow (CBF) and 
arteriovenous difference in oxygen content (AVDO2) measurements. 
Comparison of CBF and AVDO2 values for sufentanil (open circles) and 
isoflurane (closed circles) anesthesia. The abscissa is PaCO2 for both 
A and B. There was a significant effect of PaCO2 concentration on the 
increase in CBF (P < .0001) and the decrease in AVDO2 (P < .001); the 
product of CBF and AVDO2, which reflects cerebral metabolic oxygen 
consumption, remained constant (P = .364). There was no significant 
difference in effect between anesthetics. (From Young WL, Prohovnik I, 
Correll JW, et al: A comparison of the cerebral hemodynamic effects of 
sufentanil and isoflurane in humans undergoing carotid endarterectomy. 
Anesthesiology 1989;71:863–869.)
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Fig. 2.21  Depiction of cerebral blood flow (CBF) calculations for 
the intracarotid radioactive (133Xe) method. CBF indices used by the 
intracarotid method. A, Height-over-area determination of mean 
flow, based on integration of the area under the curve to 10 minutes. 
B, Initial slope estimate of gray matter flow obtained from the first 
minute of clearance on a semilog plot. The constant, 200, represents 
100 times the product of λ (assumed to be 0.87) and the factor for 
converting base 10 to natural logarithms. C, Compartmental analysis, 
in which the curve is resolved into fast-clearing (gray matter) and slow-
clearing (white matter) components, calculated from the half-times (t1/2) 
on a semilog plot. cpm, counts per minute; D0, determinants; rCBF, 
regional CBF. (From Obrist WD, Wilkinson WE: Regional cerebral blood 
flow measurement in humans by xenon-133 clearance. Cerebrovasc 
Brain Metab Rev 1990;2:283–327.)
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In addition to CBF, CBV can be assessed with plasma or 
RBC labeling.145 Some units can image 18F, offering the possi-
bility of studying receptor systems and cerebral metabolism of 
glucose. Several single-photon-emitting receptor ligands are 
now becoming available for SPECT (for instance, dopaminer-
gic [d2], cholinergic, muscarinic, and some types of benzodi-
azepine and opiate receptors). 18F has a longer half-life than 
most positron emitters, making it an appealing choice for use 
in centers with no on-site cyclotron.

Magnetic Resonance Imaging
MRI is becoming increasingly important to the study of vas-
cular anatomy as MR angiography begins to supplant standard 
contrast X-ray techniques. Two approaches have evolved in 
determining blood flow with MRI. The first technique uses 

paramagnetic tracers that can be excited in a magnetic field, so 
that one may directly examine cerebral perfusion.323 Capillary 
transit time can be assessed with currently available intravas-
cular tracers, such as gadolinium-labeled agents, thus provid-
ing an indirect index of CBF and CBV.227,324 CBF values are 
similar when CBF is determined by contrast MRI and H2

15O 
PET imaging. However, it is possible that MRI values are more 
weighted toward the more numerous smaller (30- to 4-μm) 
blood vessels and hence are more suitable for investigating 
flow changes in small blood vessels, such as those in tumors.325 
More importantly, with development of freely diffusible para-
magnetic drugs, wash-in and wash-out can be determined in 
ways similar to those with current radioisotope methods.326

The second technique, known as spin labeling, uses radio
frequency to magnetically label arterial water content. The ba-
sic concept is that water, being freely diffusible, transfers its 
magnetic properties to the brain tissue. By comparing perfu-
sion images with and without spin contrast, one can determine 
the blood flow. Other things being equal, the rate of transfer 
of magnetic properties is a function of blood flow. The spin 
labeling could be continuous or pulsed. In continuous spin la-
beling, radiofrequency pulses are continuously applied to the 
feeding artery and magnetic transfer is assessed downstream 
at the imaging plane. Continuous spin labeling therefore has to 
correct for the decay of the spin from the magnetization plane 
to the imaging plane and magnetization transfer characteristic 
of the tissue.327 The alternative approach, known as pulsed spin 
labeling, is to apply a short pulse of radiofrequency close to 
the imaging plane so that there is a minimal delay in contrast 
transfer. Several techniques use pulsed spin labeling to mea-
sure blood flow, as discussed in the reviews by Calamente and 
associates.328–330

MRI resolution and the ability to correlate CBF informa-
tion with structural information could make this the “gold 
standard. ”326 MRI also can image other cerebral physiologic 
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Fig. 2.22  Idealized input functions and washout curves recorded 
at the scalp after intracarotid and intravenous injections of radioactive 
xenon (133Xe). Intracarotid head curve (dotted line) is shown with its 
input function (shaded spike), which is considered to be instantaneous 
and purely cerebral. Intravenous head curve (solid line) is accompanied 
by its input function (as recorded from continuous end-tidal sampling 
of expired 133Xe), which is shared by extracerebral compartments. 
Note that the input function (shaded curve underneath) is delayed (and 
smeared). This results in a slower rise and decay of head curve activity 
after intravenous injection. Solutions for calculating cerebral blood flow 
rely on deconvolution of the head curve by the delayed input function. 
(From Young WL, Prohovnik I, Schroeder TT, et al: Intraoperative 133Xe 
cerebral blood flow measurements by intravenous versus intracarotid 
methods. Anesthesiology 1990;73:637–643.)
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MCA occlusion 
isoflurane anesthesia

Fig. 2.23  Example of cerebral autoradiography. This coronal section 
of brain is from a rat that was subjected to middle cerebral artery (MCA) 
occlusion during isoflurane anesthesia. The lookup table, shown on the 
right side of the illustration, corresponds to flow units of mL/100 g/min. 
Note that the low-flow cortical infarct area is sharply delineated from the 
remainder of the section. (Courtesy of Dr. David S. Warner, University 
of Iowa.)

PreOp

rCBV

rCBF

PostOp

Fig. 2.24  Example of single-photon emission computed tomography 
(SPECT). Double-label methodology is used to simultaneously 
image both regional cerebral blood flow (rCBF) (SPECTamine; 
131I-iodoamphetamine) and cerebral blood volume (rCBV) (technetium 
Tc99m-labeled red blood cells [RBCs]). The lookup table is relative, and 
the lighter shades reflect increasing flow or volume. Flow and volume 
imaging currently cannot be quantitated (as opposed to positron 
emission tomography techniques). This patient had a temporal cerebral 
arteriovenous malformation (AVM), and these scans were obtained 
before (PreOp) and after (PostOp) surgery. The CBF was normal except 
for a flow defect that corresponded to the AVM location demonstrated 
on magnetic resonance imaging. The CBF tracer does not image the 
fistula because there are no capillaries. In the rCBV image, a hot spot 
can be seen on the posterior midline that represents the sagittal sinus. 
The larger temporal enhancement is the AVM nidus; the smaller one is 
a large draining vein. (Courtesy Isak Prohovnik, PhD, and W.L. Young, 
MD, Columbia University.)
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w functions, such as hemoglobin saturation, intracellular en-

ergy stores, sodium, and pH.326,330–332 The noninvasive nature 
of MRI permits longitudinal follow-up of physiologic and 
anatomical parameters, thus providing valuable insights into 
brain diseases.333

Thermal Clearance
Although thermal clearance is a well-known technique for 
quantitating cardiac output, bolus thermal techniques applied 
to the brain can introduce artifacts because of the effects of 
temperature on physiologic functions (such as CO2 reactiv-
ity).334 Thermal conductivity of cortical tissue varies propor-
tionally with CBF, and measurement of thermal gradients 
(diffusion) at the cortical surface can be used for quantitative 
CBF determination.334 The probe is placed directly on the cor-
tical surface but away from large surface vessels or areas of 
direct brain retraction. There are several measurement varia-
tions. In one system, a large gold disk at the tip of the probe is 
equipped with an active temperature sensor and a heater, and 
a smaller disk with a neutral thermistor temperature sensor. 
When power is applied to the heater, the temperature of the 
gold disk increases while the temperature of the smaller disk 
remains at brain temperature. The difference in temperature 
between the two disks is inversely proportional to the thermal 
conductivity of the brain tissue.

The resulting thermal gradient would be maximal when 
there is no flow through the opposing cerebral cortex. As CBF 
increases, the temperature difference (transduced in milli-
volts) decreases in proportion to CBF, so that the following 
equation would apply:

		  (2.3)

where 1CoCBF is local cortical CBF; ø is a constant value used 
as a scale factor; ΔV0 is maximum temperature difference at 
zero blood flow; and ΔV is the actual temperature difference.

The thermal diffusion CBF technique has been used to 
describe autoregulatory dysfunction in a number of surgical 
settings, including cerebral aneurysm and AVM surgery. The 
greatest strength of thermal diffusion is the ability to obtain 
continuous quantitative assessment of cortical perfusion.335,336 
The time resolution is 1 to 2 seconds.337 If CBF changes take 
place in an entire vascular supply territory (eg, MCA), the fo-
cal flow changes in the probe’s area should reflect the regional 
changes.

Extraneous thermal influences, such as operating room 
lights, electrocautery interference, and irrigation of the surgi-
cal field, may result in erroneous CBF measurements. Another 
problem is frequent separation of the probe from the cortical 
surface. Therefore, any detected CBF change must be carefully 
related to activity in the operative field. The use of the probe is 
sometimes also limited in febrile patients so as to avoid local 
thermal injury.338

Several assumptions are made in the derivation of the CBF 
values. First, the thermal conductivity of tissue from patient to 
patient is assumed to be constant. Thermal conductivity de-
pends on the chemical composition of normal cortical tissue 
and appears to be constant within many different species, in-
cluding humans. Proper calibration depends on knowledge of 
the ΔV0 term in Eq. 2.3, which represents no flow. Although 
this term has been experimentally determined in animals, it 
cannot be done in the clinical setting. Therefore, the nature of 
the CBF information is probably better viewed as a reflection 
of relative changes in perfusion, rather than as the frequently 
reported absolute values. Because the method does not require 

sophisticated equipment, does not use ionizing radiation, and 
is theoretically easy to use, it deserves further development for 
use during neurosurgery.336

Doppler Techniques
Transcranial Doppler Ultrasonography
TCD was introduced by Aaslid and colleagues339,340 in 1982. 
Doppler-based devices are in wide use for clinical imaging, and 
the general method is similar for all applications. TCD uses 
a 2-MHz probe and is range gated; therefore, the ultrasonic 
beam can be focused on a target volume at a specific depth. No 
actual image of the vessel is obtained, as with “duplex” devices. 
The probe is placed over low-density bone regions of the skull, 
and the beam is focused on the desired vessel. The Doppler 
shift of the ultrasonic beam after its reflection on the moving 
blood column within the vessel is proportional to blood flow 
velocity.

This technique can provide continuous assessment of the 
systolic, diastolic, and mean flow velocities in the target vessel. 
Evidence has shown that the downstream vascular resistance 
is proportional to the difference between systolic and diastolic 
velocities. Several resistance indices have been proposed; a 
popular one is the “pulsatility index” (PI), defined as follows:341

		  (2.4)

Although a correlation may be found between PI and CVR, 
it was not evident in an experimental study. During hyper-
capnia, PI correlated with the change in CVR, but there was 
no correlation with CVR during hemorrhagic hypotension, 
trimetaphan-induced systemic hypotension, or increased ICP.342

Flow velocity in large vessels in the circle of Willis and its 
major branches can be determined. The signals obtained doc-
ument the direction and velocity of the vessel flow insonated 
by the beam. In addition, spectral analysis of the signal allows 
estimation of the severity of stenosis much as extracranial du-
plex Doppler ultrasonography does. To insonate the distal in-
ternal carotid, anterior cerebral, middle cerebral, and posterior 
cerebral arteries, the probe is positioned above the zygomatic 
arch from 1 to 5 cm in front of the ear, the so-called temporal 
bone window. The basilar artery is insonated by directing the 
probe through the foramen magnum suboccipitally over the 
first cervical vertebra. For intraoperative application, a probe 
can be affixed to the temporal bone window with a strap. 
During craniotomy, adhesive can be used to directly mount a 
small probe against the skin.

TCD does not measure CBF; rather, it determines velocity 
and direction of the moving column of blood in a major artery 
(Fig. 2.25). The bulk flow (F [mL/min], not f [mL/100 g/min]), 
is the product of the diameter of the vessel (d) and the velocity 
(v), as follows:

		  (2.5)

Ample criticisms of the technique have been made.343 TCD 
indirectly estimates flow from the peak flow velocity in a given 
blood vessel. Hence, to equate TCD measurements over a 
given vessel with “CBF velocity” is inappropriate, because do-
ing so implies measurement of hemispheric CBF. If flow in the 
MCA is being described, “MCA velocity” is preferable.

Although tissue perfusion is relatively constant among 
similar patient populations, there is a much greater between-
subject variation with TCD velocities because of varying pro-
portions of hemispheric flow carried by the different vessels 
and the natural variability in arterial diameters. When TCD is 
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used to monitor clinical changes with repeated measurement, 
the key assumption is that the diameter of the insonated ves-
sel remains the same. This is probably true in the majority of 
cases.344,345 Yet, evidence has shown that vasoactive drugs such 
as l-NMMA may lead to constriction of the MCA such that 
a decrease in CBF with this agent may not be evident by flow 
velocity measurements over the artery.346 Dynamic change in 
vessel diameter may also be observed during cerebral vaso-
spasm, which limits the applicability of flow measurements by 
TCD in such settings.347 Furthermore, the traditional Doppler 
measurements are based on laminar flows through rigid tubes 
in which the maximal Doppler shift is proportional to the axial 
flow velocity. In clinical settings, these assumptions may not 
be valid. One approach to overcome the problem of nonlami-
nar flow is to measure the so-called intensity-weighted mean 
velocity. This approach differs from the traditional Doppler 
measurements, because it takes into consideration the entire 
spectrum and not merely the maximal frequency of Doppler 
shift. The intensity-weighted velocity indices yield blood flow 
velocities with nonlaminar flows and can also be used to esti-
mate the diameter of the blood vessels.345,348,349

Other problems with TCD are related to the inherent error 
in the natural variability of the exact angle of insonation. The 
error is proportional to the cosine of the angle of insonation, 
and with less than 20 ° angles, this error is negligible in normal 
patients. Nonetheless, in certain neurosurgical patients with 
distorted intracranial anatomy, this error can become signifi-
cant.350 Another problem is difficulty in finding the vessel. With 

experience, this difficulty should occur less than 5% to 10% of 
the time, but its incidence depends on the patient population.351

TCD’s greatest advantages are that it is relatively inexpen-
sive, noninvasive, and nonradioactive and that it furnishes 
beat-to-beat (ie, continuous) information about the cerebral 
circulation. It has proved valuable to the neurologist in the 
diagnosis of intracranial stenoses and abnormal collateral 
blood flow patterns.278,352 It might have potential as a powerful 
monitoring method during anesthesia and critical care. Also, 
it can be used to study functional353 and pressure354 autoreg-
ulatory phenomena noninvasively on a beat-to-beat basis. 
Spontaneous fluctuations in MCA flow velocity (MCAFV) can 
be detected and quantified by frequency domain analysis and 
can provide a useful tool to investigate the nature and dynamic 
regulation of cerebral circulation. For example, MCAFV, 
much like the arterial blood pressure (ABP), can be diffracted 
into three specific frequency ranges: high, low, and very low. 
High-frequency and low-frequency components of MCAFV 
are coherent with ABP, indicating a similarity of MCAFV and 
ABP in these frequency ranges.355 TCD may also provide in-
formation about the venous circulation.13

Some writers have proposed absolute values for TCD that 
correspond to EEG ischemic thresholds during carotid endar-
terectomy.356 In a comparison of TCD, NIRS, stump pressure, 
and somatosensory evoked responses during carotid artery 
surgery, the percentage changes in TCD velocity and in NIRS 
and stump pressure values had similar accuracy in detecting 
ischemia. However, TCD measurements were not possible in 
21% of the patients.357 Thus, technical difficulties in insonating 
cerebral arteries often limit applications of TCD. As with many 
other methods, however, TCD information is best considered 
in relative terms. Flow information is most reproducible when 
coupled with a physiologic challenge, such as CO2.358 Relative 
CO2 reactivity of TCD velocities is roughly similar to those re-
ported for CBF.359,360 Possible routes of development for TCD, in 
addition to monitoring of hemispheric perfusion, include non-
invasive ICP monitoring,361 determining the adequacy of pulsa-
tile perfusion during cardiopulmonary bypass,362 and detection 
of intracranial arterial air emboli.363 In general, volatile anes-
thetic agents such as sevoflurane, desflurane, isoflurane, and ni-
trous oxide increase blood flow velocity through a decrease in 
cerebral vascular resistance. Intravenous anesthetic agents such 
as propofol and sodium thiopental, but not ketamine, decrease 
the velocity of blood flow. Narcotics, on the other hand, have 
variable effect; remifentanil does not alter blood flow velocity, 
fentanyl increases it, and sufentanil decreases it.364

Other Ultrasound Methods
With a 20-MHz probe, direct interrogation of surface vessels 
exposed during neurosurgical procedures is possible.364,365 
This method has potential application during neurovascular 
surgery, including revascularization, aneurysm clipping, and 
AVM resection.

Intravascular Doppler ultrasonography is used primarily 
for cardiac purposes and has been adapted to neuroradiologic 
purposes with the introduction of a 0.018-inch flexible, steer-
able guidewire that has an integrated 12-MHz piezoelectric 
transducer. This system allows continuous determination of 
blood flow velocity in intracranial vessels.366–368

Experiments suggest that the injection of albumin “mi-
crospheres” during Doppler interrogation give the technique 
greater sensitivity than existing techniques and offer the pos-
sibility of quantitatively measuring intravascular transit time. 
Furthermore, it may be possible to simulate “autoradiography” 
of the exposed brain by interrogating a field of view during 
passage of the tracer.369
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Fig. 2.25  Transcranial Doppler ultrasonography studies in a patient 
with an arteriovenous malformation (AVM). A, Carotid compression 
of the ipsilateral normal carotid artery yields a drop in the left middle 
cerebral artery (MCA) velocity. Gradually, over the course of the 
compression, flow is recruited from collateral pathways. With release 
of compression, there is a brief period of hyperemia. B, The right 
MCA also feeds a large AVM. The low-resistance fistula of the AVM 
results in much higher flow velocities through the MCA stem. Ratio 
of systolic to diastolic velocities is different, with the diastolic velocity 
being much higher in relation to systolic velocity, indicating decreased 
pulsatility. There is no apparent autoregulatory recruitment of collateral 
flow and no reperfusion increase in flow velocity, in comparison with 
the ipsilateral, normal side. (From Aaslid R: Transcranial Doppler 
Sonography. New York, Springer-Verlag, 1986.)
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Blood Flow
Perhaps the most significant development in the last decade 
has been the rapid advances in optical technologies that prom-
ise to generate novel insights into the regulation of CBF.370–375 
In preclinical research, for example, three-dimensional opti-
cal imaging methods can image cerebral vasculature at near 
micrometer resolution.376–379 These methods can map direc-
tional flow velocities in individual vessels, with temporal sam-
pling rates approaching millisecond resolution. Furthermore, 
availability of laser diodes, compact tunable lasers and high-
intensity diffuse light-emitting diodes makes it possible to 
detect several tissue fluorescence and absorption parameters. 
The major drivers of this optical revolution in neuroscience 
are the developments of several technologies that were re-
cently listed by Dover et al.378 These technologies can enable:

1.	 spatial imaging of cortical metabolism and vascular 
reactivity at a cellular level

2.	 tracking of metabolic changes and flow response after 
stimulation in a milisecond time frame

3.	 tracking of endogenous optical signals by light absorption 
(such as hemoglobin and deoxyhemoglobin) or by 
fluorescence (such as NADH)

4.	 imaging cellular processes by using novel optical sensors 
(such a voltage or calcium sensitive dyes, quantum dots)

5.	 optical manipulation of neuronal activity, blood flow or 
metabolism

6.	 undertaking of depth interrogation of the cortex 
in the zone of penetrating arterioles to understand 
the mechanisms of neurovascular coupling without 
compromising cortical structural integrity.

Imaging CBF changes concurrent with tissue metabolic 
changes by optical means could considerably advance the 
understanding of CBF regulation in the next decade.380,381 We 
can broadly divide optical CBF measurement methods into 
two groups: (i) optical methods in preclinical research and (ii) 
those approved for or being developed for clinical application.

Optical Methods for Preclinical Research
Intra-Vital Microscopy
Intravital microscopy can be used to image a wide range of 
tissue parameters both anatomical and physiological.382 High-
speed intra-vital microscopy (IVM) with strobe illumination 
can determine vascular geometry, shear stress and axial red 
cell flow velocity.383 By injecting optically tagged red cells, 
microspheres or quantum dots, the IVM method can be fur-
ther improved and blood flow changes can be monitored over 
days.384 However, the method requires exposure of the cortex 
and usually implantation of a cranial window. Of concern is 
the observation that velocity of blood flow varies in the ce-
rebral micro-circulation often as a function of vessel size.383 
As with the RBCs, in vivo assessment of vascular diameter 
and microsphere velocity can be used to determine the net re-
gional flow. In addition, regional blood flow over time can be 
mapped by imaging the distribution of different colored mi-
crospheres in the postmortem tissue sample if color bearing 
microspheres are injected at different time points.
Laser Doppler Blood Flow
Laser Doppler measurements can assess CBF from an exposed 
cortex or though a thinned skull. The method detects the 
Doppler shift of laser light after its reflection from the moving 
RBCs.385 The contact device usually samples a small volume of 
cortical tissue. The cortical area interrogated by the probe is 

probably only about a mm3 in volume. The depth of CBF mea-
surements is approximately 100 to 400 μm.386 The technique is 
inexpensive and nonradioactive, and it furnishes continuous 
information. In addition, one can adjust the time resolution to 
examine events with a very short time constant, such as the ef-
fects of pulsatile pressure on local flow.387 It is noninvasive in the 
sense that it may be used during an open skull operation with no 
additional preparation. It is well suited to animal studies,388–390 
and improved probe design, such as small-diameter implant-
able fiberoptic probes, may widen applications in human sub-
jects.391–393 Although current instruments claim to be calibrated 
in terms of absolute flow (mL/100 g/min), the results are most 
meaningful when expressed as relative change from baseline.

Laser Doppler Perfusion Imaging
The lack of spatial resolution of laser Doppler devices has been 
overcome by scanning a larger region of interest.385 This is usu-
ally achieved by manipulating the laser beam with a mirror. 
The back scattered light is analyzed after capture by a camera. 
Typically these devices lack temporal resolution. The delay is 
both due to image acquisition and analysis. The temporal res-
olution of modern devices has been increased by undertaking 
analysis in parallel with image acquisition. Intraoperative la-
ser Doppler scans have been used to map out ischemic injury 
and CO2 reactivity.393 However, the brain surface shows het-
erogeneous response to physiologic and pathologic challenges 
that limits applications of such scans.394 Development of bet-
ter algorithms that correct for the spatial variability in laser 
Doppler imaging, such as those using cluster analysis, could 
improve the accuracy of the technique.395

Speckled Laser Doppler Flow Mapping
In speckled imaging, coherent light is diffused over a large 
area and is imaged by a charge-coupled device.396,397 For speck-
led measurement, either the cortex has to be exposed or the 
skull has to be sufficiently thinned to reveal cortical vessels. 
Speckling is due to the random interference of coherent light. 
Movement of particles in the field results in variation in the 
intensity of reflected light signal. Temporal and spatial analysis 
of the reflected light can be used to describe particle velocity. 
There are various ways to analyze this information often by in-
tegrating the raw speckled data (over 1–10 s) and using either 
spatial, temporal or spatio-temporal analysis. Speckled flow 
measurements have been used for functional brain imaging, 
for mapping flow changes after cortical spreading depression 
and for assessing CBF in experimental stroke.398

Infrared Thermal Imaging
Imaging regional variations in brain temperature is significant 
in two ways. First, brain temperature is a marker of cerebral 
metabolism.399 The temperature increases rapidly with cortical 
excitation and decrease with the interruption of blood flow. 
For example, sensory stimulation increases not only the CBF 
but also the cortical temperature, by as much as 0.03–0.04 °C. 
This increase in cortical temperature persists despite calcium 
channel blockade that prevents the increase in blood flow. 
Simultaneous measurements of cortical blood flow and brain 
temperature reveal a direct correlation between brain tem-
perature changes and laser Doppler blood flow during isch-
emia and brain perfusion. Therefore, thermal imaging can 
provide a surrogate measure of cortical perfusion.400

Photo-Acoustic Tomography and Functional  
Brain Imaging
Photo-acoustic tomography (PAT) uses a pulsed laser of spec-
ified wavelengths, which vibrates the target tissue due to the 
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thermo-elastic effect. A highly sensitive ultrasonic detector or 
a detector array reconstructs anatomical images from these 
vibrations.401 Depending of the wavelength of the exciting la-
ser, images to a depth of 5 cm can be obtained. No skull or 
scalp resection is necessary in small animals. For functional 
brain imaging and to determine tissue characteristics, tun-
able lasers can be used.402 Typically, for vascular imaging, a 
570 nm laser is used which is isosbestic with deoxyhemoglo-
bin and oxyhemoglobin.403 A second laser with a wavelength 
of 560 or 580 nm determines the oxyhemoglobin content at 
that wavelength. Together, an anatomical and functional map 
of the tissue can be generated and blood flow changes in re-
sponse to sensory stimulation can be observed.404 In addition, 
optical tracers such as indocyanine green (ICG) can be used 
to generate detailed angiograms.405,406 The skull scatters both 
light and ultrasound signals that limit the application of PAT 
in larger animals. However, PAT has been successfully used 
in nonhuman primates.407 In smaller animals, such as the 
mouse, capillary level image resolution has been achieved with 
photo-acoustic microscopy. The main advantage of PAT is the 
ability to follow structural changes over time, as images can 
be acquired through an intact skull. However, temporal res-
olution of the device is limited and data acquisition can take 
several seconds. A second limitation of PAT is that the head of 
the animal has to be enclosed in a water bath for ultrasonic im-
aging, which limits access during the procedure. Better image 
integration models are likely to extend the use of the technol-
ogy to larger animals, possibly even humans.408,409

Two-Photon Microscopy
Two-photon microscopy can yield three-dimensional imag-
ing of fluorescent tissue structures. However, due to the low 
temporal resolution of two-photon microscopy, its application 
in CBF measurements has hitherto been somewhat limited. 
To address this problem, investigators have used fluorescein 
isothiocyanate-labeled dextran. It is thus possible to image 
capillaries in different layers of the cortex and measure the 
transit time of unlabeled RBCs every 15–20 ms, to assess vas-
cular dilation and flow velocity. By characterizing blood flow 
in this manner, considerable variability was found in flow ve-
locities across cortical capillaries but a time locked increase in 
speed and flux of RBCs was observed during stimulation, con-
sistent with stimulation-triggered decrease in capillary resis-
tance. The arterioles responded to transient stimulation while 
venular dilation was only seen with sustained stimulation.410,411

Optical Coherence Tomography
Optical coherence tomography (OCT) images tissue struc-
tures and blood flow by analyzing the interference pattern 
generated by tissue back scattered light.412 The method was 
initially developed for imaging the retina but has been widely 
adapted for imaging cerebral vasculature and, more recently, 
for measuring blood flow.375,413 The light source is usually a 
high power LED or pulsed laser, usually in the NIRS range, but 
beyond the visual spectrum. A beam splitter transfers a part of 
that light to a reference mirror and the remainder of the light 
is projected onto the tissue. The wavelength of the light affects 
the depth and resolution of the image. Longer wavelengths  
offer greater penetration but less resolution. With longer 
wavelengths, commercially available OCT devices can achieve 
a depth resolution of up to 12 mm.414,415

There are many commercially available systems that use 
frequency domain or time domain methods for OCT imag-
ing. However, many investigators develop their own systems. 
Srinivasan et al. recently described spectral OCT to determine 

absolute flow in the cerebral vascular bed.416 While OCT im-
aging can give 3–4 μm resolution, it requires exposure of the 
cortex and often implantation of a cranial window.414,417 Recent 
developments in OCT systems with two-photon microscopy 
have greatly improved the resolution of the cerebral angio-
grams. Capillary level images of tissue oxygen delivery are 
now feasible using these methods.

Optical Methods for Clinical Assessment  
of Cerebral Blood Flow
Jugular Venous Oximetery
In human subjects, CBF can be assessed using jugular venous 
sampling by measuring clearance of nitrous oxide using the 
classical Kety-Schmidt method, thermal diffusion, ultrasound 
or optical means.418–420 The most frequent method to assess CBF 
by optical means is cerebral venous oximetery. The method has 
been used during neurovascular surgery, management of head 
trauma, and in the ICU.421–424 Jugular venous oximetery uses 
two or three wavelengths of light that are transmitted through 
a fiberoptic cable to the sampling site in the jugular bulb. For 
dual wavelength sensors, such as Edslab Sat II, hemoglobin 
correction is necessary to determine venous blood saturation. 
For three wavelength sensors, such as Opticath Oximeterix, 
hemoglobin input is not necessary.425 An alternate approach 
to assess CBF with jugular venous oximetery is to measure the 
transit of a thermal or dye indicator or both.420

There are many concerns about the application of jugular 
venous return-based measurements that have probably lim-
ited their clinical applications. In most subjects, two-thirds 
of the jugular venous return is ipsilateral while one-third is 
contralateral. Thus, unilateral measurements may not provide 
correct information regarding blood flow changes in the ipsi-
lateral cerebral hemisphere. Second, there may be streaming of 
blood in the jugular venous bulb and the blood returning from 
the two hemispheres might not be mixed completely. Thus one 
could obtain different values depending on the location of the 
sampling catheter or the oximeter. Third, the rate of blood as-
piration could also affect the extent of mixing of intracranial 
and extracranial blood. Fourth, jugular venous drainage may 
be asymmetrical. The dominant jugular outflow may be on the 
left or the right side in any given patient. This dominance in 
an ICU setting can be determined by observing the ICP mon-
itored in response to jugular venous bulb compression. The 
side that causes a greater rise in ICP on bulb compression is 
the dominant side. Finally, jugular venous oximetery requires 
accurate positioning of the catheter or oximeter in the jugular 
bulb. The bulb is located at the base of the skull corresponding 
to the lower border of C-1 on lateral cervical spine X-ray. The 
facial veins drain into the jugular vein just caudal to the bulb. 
Thus a misplaced catheter may sample blood from both the 
external and the internal carotid irrigations, leading to mea-
surement errors. Thus anatomical variations could limit the 
value jugular venous oximetery.425

Near-Infrared Spectroscopy
Physical Basis
NIRS provides an indirect assessment of CBF by quantifying 
concentrations of oxy- and deoxyhemoglobin. The major im-
pediment to the interrogation of tissues with light has been 
an ubiquitous presence of high concentrations of hemoglobin. 
Jobsis emphasized that the absorption of visible and infrared 
light by hemoglobin between 700 and 1300 nm is minimal, 
such that considerable tissue penetration can be achieved 
by light in this spectral range.426 The ideal window for NIRS 
measurements is between 650 and 950 nm. Below 650 nm, the 
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the absorption by water progressively becomes a significant is-
sue. Even in this narrower spectral range, some degree of light 
is absorbed by melanin, cytochrome, collagen, bilirubin, and 
lipid.427 Of these chromophores, changes in cytochrome redox 
state that can be rapid, have the potential to confound hemo-
globin oxygen saturation measurements by NIRS.

The underlying concepts of light absorption by tissues, 
which is at the heart of NIRS technology, goes back to 1729 
when Pierre Bouguer observed that as light passes through 
sheets of glass, its intensity decreases by a constant frac-
tion.428 The attenuation of light in media is a function of the 
path-length, the absorption coefficient and the scattering 
coefficient. Therefore for concentration measurements it is 
necessary to determine these parameters independently. It is 
now realized that the quantification of chromophore concen-
trations is difficult using Beer-Lambert’s Law, which states that 
light transmission through a medium is a function of concen-
tration, path-length, and the coefficient of absorption. The lat-
ter is a function of both light scattering and absorption. Due 
to the structural and optical complexity of tissue, and in order 
to overcome the difficulty in applying the modified Beer’s Law, 
more sophisticated methods to describe photon migration 
using light diffusion equations, radiative transfer equations, 
and Monte Carlo simulations have emerged.429–433 These light 
transfer models can be tested in digital, and physical mod-
els.434,435 Such mathematical and physical models sometimes 
use human MRI or CT data to better understand the underly-
ing optical physics. Such sophisticated approaches are highly 
relevant to the newer NIRS instruments that use complex light 
delivery methods.
Methods Used for Near-Infrared Spectroscopy
Continuous Wave Spectroscopy.  In a typical continuous 
wave (CW) cerebral oximeter, dual wavelengths are employed. 
At one wavelength around 850 nm, light is equally absorbed 
by both hemoglobin and deoxyhemoglobin and at the second 
wavelength, usually 690–760 nm, the absorption spectra are 
widely separated. Furthermore, two sets of detectors monitor 
the light transmission. The near detector, usually 1–3 cm from 
the source, monitors light backscattered from the scalp and 
skull, whereas the second detector at 4 cm monitors light back-
scattered from the brain surface. The difference between the 
two light signals gives a measure of oxygen saturation in the 
outer layers of the cortex. This signal is generated by blood in 
the arteries (25%), capillaries (5%), and veins (70%); therefore, 
it is heavily biased by the venous blood oxygen saturation. 
This basic approach of tracking two chromophors (oxy- and 
reduced hemoglobin) with two wavelengths of light has been 
expanded to include other light sources that can monitor 
other parameters, such as water, cytochrome oxidase, and 
lipids. Some NIRS devices may include as many as five light 
sources. In addition to endogenous chromophores, extraneous 
chromophores such as ICG can also be tracked with the NIRS 
devices and ICG clearance has been used to assess cerebral 
blood flow. Photodetectors for CW spectroscopy could range 
from photovoltaic optodes to photomultiplier tubes, avalanche 
photo-detectors, and charged coupled devices. Most CW de-
vices are simple in design, compact, lightweight, and porta-
ble. They usually consist of paired detectors for application to 
the bi-frontal cortex. Wearable multichannel CW systems are 
available for ambulatory patients that wirelessly communicate 
data to the analytic computer. Due to the simplicity and low 
cost of the source/detectors combinations, several detectors 
are combined and as many as 2049 detectors have been used 
to map brain functions.427

Time Domain Imaging.  By using a short pulse laser light it is 
possible to obtain time of flight measurements of individual 
photons by using time-resolved detection. By using such a 
method, for example, the path-length of the photons in the 
rat brain was determined to be 5.3 ± 0.3 times the head diam-
eter. Differential path-length is the term used to describe the 
mean distance travelled by the photon between the source 
and the detector. By accurately determining the differen-
tial path-length, time domain imaging makes it possible to 
determine more accurately the hemoglobin concentrations 
in brain tissue. The method also permits deeper interro-
gation of the cortex.436 Time domain methods are being 
applied in the clinical arena for functional brain mapping, 
assessment of CBF and cerebral tissue oxygenation, and 
autoregulation.437–440

Frequency Domain Spectroscopy.  Unlike the continuous 
wave where there is a stable flux of photons, frequency domain 
spectroscopy uses sinusoidal modulation of light intensity to 
create an afferent photon wave. The backscattered photons are 
analyzed for changes in their frequency and amplitude. With 
such light modulation, not only the absorption coefficient, but 
also the light scattering and path length can be determined. 
This makes it possible to determine absolute concentrations 
of hemoglobin and deoxyhemoglobin. Multiple source detec-
tor combinations have been developed to map out changes in 
cerebral oxygen saturation with cortical activation at several 
Hz.427,428,441–443

The ability of time and frequency modulated NIRS methods 
to provide accurate measurements of oxygenated and reduced 
hemoglobin concentrations has permitted the determination 
of the tissue oxygenation index (TOI) which is expressed as 
the fraction of oxygenated to total hemoglobin.

Advantages and Disadvantages of Near-Infrared 
Spectroscopy Monitoring
The main advantages of NIRS are the safety, the ability to re-
peat measurements of tissue oxygen saturation in a sub-second 
time domain, and convenience of use. Although about 50% of 
the cerebral cortex can be monitored by the NIRS method, ar-
eas of the temporal cortex, deeper regions of the brain and the 
posterior fossa remain inaccessible to NIRS measurements.

For observational research—when there is time to optimize 
device functions, when multiple channels can be monitored, 
and when trend analysis, not absolute values, is sufficient—
there has been a dramatic increase in the use of CW-NIRS.374,444 
In contrast, during the clinical application of NIRS—when 
limited monitoring is possible, device testing and optimiza-
tion protocols have to be simplified, and absolute values are 
needed to guide therapeutic interventions—somewhat more 
controversy exits.445 In addition to regional hypoperfusion, 
several other clinical parameters also affect regional O2 satu-
ration. These include mean arterial pressure, cardiac output, 
arterial pH, hyper- or hypocapnia, position, thickness of the 
skull, inspired O2 and hemoglobin concentrations, and the 
presence of other chromophores, such as conjugated bilirubin. 
Baseline NIRS tissue oxygen saturation values differ and there 
is usually no consensus on the normal value for regional brain 
tissue oxygen saturation. Regional oxygen saturation values 
greater than 80% or less than 50% or a ≥10% difference be-
tween the two sides is often considered to be abnormal. The 
clinical significance of tissue oxygen saturation measured by 
the NIRS method is limited unless there is a temporal con-
text. Even with absolute measurements, most assessments of 
the treatment response will require observation of the trend 
in the values of tissue oxygen saturation. Even so, single values 
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obtained by the NIRS method, such as those with subdural 
hematoma, can lead to immediate therapeutic intervention.

Perioperative Applications of Near-Infrared Spectroscopy
In many institutions NIRS is routinely used for certain clinical 
procedures, such as cardiopulmonary bypass or carotid endar-
terectomy. In others, the method is treated with a great degree 
of skepticism.446 Each side in this debate can present anec-
dotal evidence where the NIRS had worked or failed.446–449 The 
widely used dual channel NIRS monitoring method samples 
only a small region of the cerebral cortex. With limited sam-
pling, traditional bi-frontal NIRS measurements are bound to 
miss some focal neurological injuries. To address this problem, 
multichannel monitoring is being introduced to the operating 
rooms, although the technique is complicated. Furthermore, 
as a global monitor of tissue oxygenation, it must be realized 
that tissue saturation determined by NIRS is dominated by 
the venous blood saturation value. Thus, factors that affect ve-
nous oxygen saturation, e.g., hemoglobin concentrations, or 
venous blood volume changes due to positioning, will affect 
the measurements.

Proponents of the use of NIRS technology point to the fail-
ures of other neurological injury monitors, the simplicity of the 
use of the instrument, and the fact that the instrument provides 
some assessment of brain metabolism that conventional flow 
measurement methods, such as transcranial Doppler, do not. 
NIRS provides early warning in 21% of adverse events during 
cardiac surgery and studies also show that the neurological 
complication rate and duration of ICU stay are reduced with 
NIRS monitoring in the same population. The opponents of 
the method point to a lack of hard evidence supporting a clini-
cal impact of the instrument, the lack of defined thresholds for 
interventions, and the cost of monitoring. There is agreement 
that the NIRS method is useful when dramatic changes in CBF 
are anticipated. If we accept the NIRS to be only a trend mon-
itor, its utility is somewhat enhanced, especially when used in 
conjunction with another monitor which could supplement 
the NIRS data. For example, when there are subtle changes in 
rSO2, the second method could verify NIRS results to guide 
therapeutic interventions. With significant changes in rSO2 
values, this cross confirmation might not be necessary. As a 
descriptive research tool, documenting relative changes, NIRS 
technology is far more acceptable where it plays a much more 
significant role in understanding the flow dynamics in a wide 
range of neurological, psychological, and psychiatric brain dis-
eases. In these situations NIRS technology is very attractive, as 
there is ample time to optimize the device functions, response 
time is exceedingly fast, and the devices are easy to use—even 
with full head multichannel monitoring. Additionally, NIRS 
measurements are very safe when compared to fMRI or PET.

Carotid Endartertomy.  There are several reasons to use NIRS 
during CAE: (1) to monitor the reduction in blood flow at 
clamping; (2) to optimize hemodynamics and to assess the 
need for shunt placement if a reduction is seen with clamping; 
and (3) to monitor hyperperfusion responses with the release 
of the arterial clamp.

There are a large number of studies that have investigated 
the usefulness of NIRS in monitoring carotid surgery. Perhaps 
the best sub-set of studies to review are those with multimodal 
monitoring, particularly during awake CAE. In a study with 99 
patients who underwent awake CAE, a 20% reduction in cere-
bral oxygen saturation had 80% sensitivity and 82% specificity 
in the detection of clinical symptoms of ischemia.450 In a later 
study on 50 patients who underwent CAE under sedation and 
regional block, 10% of patients demonstrated deterioration 

on clinical and EEG parameters, and when compared to 
those who did not show any deterioration, they had a 17% 
vs. 8% decrease in regional oxygen saturation during clamp-
ing, respectively. These studies support much larger studies 
in anesthetized patients, indicating an appropriate threshold 
for detecting ischemia during CAE to be a reduction by 20%. 
Higher thresholds such as 30% reduction in rSO2 increase the 
specificity to 98% but markedly reduce the sensitivity of the 
test to 30%. During CAE a >12% reduction in rSO2 suggests 
a need for therapeutic intervention. However, as a cautionary 
note, with this threshold 24 of the 323 cases undergoing CAE 
showed a significant reduction in rSO2 without correspond-
ing changes in EEG/SSEP. Therefore, no shunt placement was 
deemed necessary and no neurological complications were 
encountered. Thus, overall, NIRS measurements seem to have 
high specificity but low sensitivity, with higher negative than 
positive predictive values. If used alone during CAE, NIRS 
could lead to unnecessary shunt placement.

An important complication of CAE is the hyperperfusion 
syndrome that can occur after the removal of the atheroma-
tous plaque. The syndrome clinically presents with headache 
and neurological deterioration, and could lead to catastrophic 
intracranial bleeding. When NIRS is used to monitor reper-
fusion, a regional oxygen saturation increase of 5% has a 50% 
positive and a 100% negative predictive value.

Cardiopulmonary Bypass.  In many institution NIRS is rou-
tinely used in all cases of cardiopulmonary bypass (CPB) while 
in others its use is restricted to those where cerebral perfusion 
changes are likely to be profound and monitoring is not pos-
sible by other means. These include cases of deep hypother-
mic circulatory arrest, isolated brain perfusion, and pediatric 
cardiac surgery. Indications for NIRS during CPB include the 
possibility of cerebral hypoperfusion or ischemic events due 
to embolization and vascular injury. Proponents of routine 
NIRS monitoring point to studies that show that correction 
of cerebral hypoperfusion decreases the incidence of postop-
erative neurological complications. There is a 50% reduction 
in perioperative strokes if corrective measures are undertaken 
during bypass based on NIRS monitoring. However, those 
who argue against routine cerebral oximetery during cardio-
pulmonary bypass point to the lack of absolute values to guide 
interventions. There is agreement that in certain procedures 
such as those on the aortic arch that may require isolated ce-
rebral perfusion, NIRS can be exceedingly useful. A reduction 
of 20% saturation over 10 minutes is often the threshold for 
interventions and indicates a need to increase tissue perfusion.
Critical Care Applications of Near-Infrared Spectroscopy
Neonatal Neurological Injury Monitoring.  The size and 
reduced thickness of the neonatal skull, permit easy interro-
gation of the neonatal brain tissue by NIR light. Serious long-
term consequences of brain hypoxia in the neonatal period 
have driven application of NIRS technology in the neonatal 
ICU. Several applications of NIRS have been developed. These 
include:

1.	 Detection of cerebral hypoxia: As in the adult a wide 
range of values for neonatal rSO2 exist. This problem is 
confounded by the fact that the rSO2 values increase in 
the first 3 days of life. Normal tissue oxygen index (TOI) 
of a neonatal brain is 62 ± 10%. A decrease in TOI below 
50% is considered significant and could be a result of 
systemic and local factors such as, systemic desaturation, 
hypotension, decreased cardiac output or anemia. Local 
factors that could decrease rSO2 include hyperventilation 
and hypocapnia.
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approaches to determine CBF by using the NIRS method; 
both employ the Fick’s principle. The first method is to 
increase the FiO2, while the second uses clearance of 
ICG.451–455 In the oxygen challenge method arterial oxygen 
saturation is abruptly increased by increasing the FiO2. 
The consequent increase in rSO2 is used to deduce the 
CBF. There are several problems with this approach as it is 
not always possible to increase arterial oxygen saturation 
by increasing FiO2, for example, in patients with lung 
disease. There could also be a confounding effect of 
increased FiO2 on CBF. Furthermore, ethics of increasing 
FiO2 are questionable when there is potential for oxygen-
induced retinopathy. The oxygen challenge method 
has been validated against 133Xe CBF measurements in 

critically ill neonates.456 The alternative method is to use 
ICG whose concentrations can be measured by the NIRS 
method. Both the oxygen challenge and the ICG clearance 
methods have been validated as methods to determine 
cerebral blood flow.453

Synthesis and Comment
An often confusing aspect of the medical literature in general 
and CBF techniques in particular is that different methods of-
ten appear to be in competition. However, the various meth-
ods examine different aspects of the same or related biologic 
phenomena, and different techniques may be required to com-
pletely elucidate a process. Examples of complementary meth-
ods are shown in Figs. 2.24 to 2.26.
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Fig. 2.26  Intraoperative xenon 133 (133Xe) cerebral blood flow (CBF) and transcranial Doppler ultrasonography (TCD) studies in a patient with 
an arteriovenous malformation (AVM) fed by the middle cerebral artery (MCA). CBF was measured 5 to 6 cm away from the AVM nidus and in an 
equivalent homologous site over the contralateral hemisphere. TCD mean velocity was recorded from the proximal MCA via the temporal bone 
window. These data illustrate the different natures of the information obtained from these two complementary imaging techniques. As shown by 
the 133Xe CBF study, PaCO2 reactivity was preserved in both hemispheres. Values for 133Xe washout, which measures tissue perfusion in the cortex 
underlying the detectors, were similar in the two hemispheres. The TCD responses to increased PaCO2 are similar on the contralateral hemisphere, 
in that mean velocity increases and the pulsatility index decreases, reflecting vasodilation of the resistance vessels with increasing end-tidal CO2 
pressure (PetCO2). TCD examination of the ipsilateral hemisphere reveals a different response. Because there is a large shunt in parallel with the 
normal resistance bed, its effect overshadows that of the normal adjacent circulation. The law of parallel resistances states that normal resistance 
(Rnormal) decreases with increasing PaCO2, as follows:

 
1 1 1

R Rtotal AVM normal

= +
R

where Rtotal is total resistance and RAVM is resistance of the AVM shunt. The extremely low resistance of the AVM shunt (RAVM), however, completely 
masks resistance changes in the adjacent circulation. Although a high baseline mean velocity and a low pulsatility are present, these parameters remain 
relatively constant with increased PaCO2 because Rtotal changes so little. (From Young W: Clinical Neuroscience Lectures. Munster, Cathenart, 1999.)



2
 

• 
C

e
r

e
b

r
a

l a
n

d
 S

p
in

a
l C

o
r

d
 B

loo


d
 Flo

w

47

SPINAL CORD BLOOD FLOW

Compared with the voluminous literature about regulation 
of CBF, there has been limited experience in delineating the 
determinants of spinal cord blood flow (SCBF). Technology 
readily applicable to measurement of CBF has not yet had a 
major effect on the study of SCBF. Some of the difficulties en-
countered are (1) the lack of a suitable site for venous sam-
pling, in light of the complexity and small size of the spinal 
cord venous drainage system, (2) the difficulty in cannulation 
and the tendency for vasospasm with radicular artery injec-
tion, and (3) the difficulty in isolating spinal cord tissue and 
the resultant low count rates with external scintillation detec-
tors.457 An often-asked question is whether the spinal cord is a 
vascular microcosm of the brain.458

Spinal Cord Blood Flow Anatomy
Like the cerebral circulation there is extensive collateral blood 
flow around the spinal cord. The spinal cord is perfused by the 
anterior spinal artery (ASA), a pair of posterior spinal arteries 
(PSA) and the circumferential arterial plexus. The ASA sup-
plies the anterior two-thirds of the spinal cord. It arises from 
the vertebral artery in the cervical region and descends in the 
anterior spinal groove. It receives supplementary branches 
from the segmental arteries. It tapers down in the cervical re-
gion. The ASA receives redicular arteries at each spinal seg-
ment. At the level of T-10, a major arterial collateral supplies 
the ASA, the artery of Adamkiewicz, which is critical for cord 
perfusion. In the lower lumbar and sacral regions, the ASA is 
supplemented by several other arteries. The PSAs can origi-
nate from the vertebral artery, posterior inferior cerebellar or 
the posterior redicular artery at C-2. The arteries descend me-
dial to the posterior nerve roots. The pial arterial plexus arises 
from the ASA and the PSAs and it encircles the cord. It gives 
rise to penetrating arteries that supply the outer portions of 
the spinal cord. There are a pair of redicular arteries at each 
segmental level; 31 pairs in all. They usually do not penetrate 
the spinal cord. They supply blood to the dura, nerve root, and 
spinal ganglia. The artery of Adamiewiczi is the major supply 
to the distal cord.

Clinical Significance
The presence of extensive collateral circulation on the one hand 
protects against ischemia and on the other hand can lead to a 
decrease in spinal cord perfusion due to the shunting of blood 
away from the spine during surgery due to systemic vasodila-
tion. Occlusion of the ASA below the artery of Adamiewiczi 
leads to paraplegia but occlusion of the ASA above it is better 
tolerated. Occlusion of the artery of Adamiewiczi is a major 
risk to the spinal cord that has a greater effect on the thoracic 
spine. High spinal cord injury, above T6, also affects CBF in 
part by altering cerebral autoregulatory responses as well as 
neurovascular coupling.459

Measurement Techniques
The first measurements of SCBF historically were obtained 
with autoradiography. Because this method requires the sac-
rifice of the animal for the generation of flow values, repeated 
measurements in the same subject over a prolonged period 
are not possible. Thus this technique offers little in the abil-
ity to detect changes caused by drug administration or other 
provocative challenges. SCBF values obtained with this tech-
nique have varied from 10 to 20 mL/100 g/min for white mat-
ter and from 41 to 63 mL/100 g/min for gray matter.460

A variation of the 133Xe clearance technique was used by 
Smith and colleagues457 to study SCBF in goats. The isotope 

was injected directly into the spinal cord, and tissue washout 
was measured with external scintillation detectors. With this 
technique, the response to manipulation of PaCO2 could be 
demonstrated as an increase in SCBF with hypercapnia and 
as a decrease with hypocapnia. The same technique was used 
to systematically study the effect of changes in PaCO2, PaCO2, 
and blood pressure on SCBF in dogs.461–463 White matter flow 
values during anesthesia were relatively independent of the 
spinal cord segment at which the isotope was injected and var-
ied from 10 to 30 mL/100 g/min. Under halothane anesthesia, 
an increase in PaCO2 from 43 to 80 mmHg led to a 57% rise in 
SCBF. In a fashion analogous to CBF, SCBF does not change 
with decreased O2 tension unless PaO2 drops below 60 mmHg, 
at which point there is a rise in SCBF. The response of SCBF 
during hemorrhagic hypotension was also investigated. In 
normocapnic, normoxic dogs, SCBF was well maintained to an 
MAP of 60 mmHg. Below this level, blood flow decreased with 
further reduction of pressure. With concurrent hypoxia, auto-
regulation was usually, but not invariably, impaired. The lower 
limit of autoregulation shifted to 110 mmHg in some cases. 
With hypercapnia to a PaCO2 of 80 mmHg, autoregulation 
was either markedly impaired or absent, with SCBF becoming 
blood pressure passive. This series of studies, however, did not 
examine the response to increases in blood pressure, so the 
upper limit of SCBF autoregulation could not be determined.

Intraspinal injection of xenon has been criticized, for sev-
eral reasons. It is often difficult to determine the anatomic 
location of the injection or to characterize the variable contri-
butions of gray matter and white matter. Spinal cord damage 
may result from intramedullary injection and may affect the 
flow measurements. In addition, this method is limited to flow 
measurement in one small cord area at a time.

The application of the noninvasive radioisotope technology 
(intravenous or inhalational) for the measurement of SCBF is 
limited primarily by the necessity of a reasonable count rate, 
which can be ensured only by the use of large doses of isotope. 
Were large doses practical, separation of the region of interest 
from the surrounding tissue and background would still be 
difficult. Attempts made to circumvent these problems in the 
early 1970s involved the placement of detectors close to the 
spinal cord. These include small vacuum mass spectrometer 
probes for the aspiration of cold argon tracer and miniature 
platinum electrodes for the detection of clearance of the hy-
drogen gas that had been added to the inspired gas mixture. 
Neither of these techniques has had widespread acceptance.460 
To improve the technique, attempts have been made to mea-
sure improved hydrogen delivery by intra-arterial injections 
and by measuring clearance with catheters placed in the epi-
dural space.464

There seems to be no consensus as yet regarding the best 
techniques to measure SCBF noninvasively, and different tech-
niques seem to yield different perfusion parameters. Clearance 
of the contrast agent iohexol during CT yields the following 
values: SCBF 8.9 mL/100 g/min, blood volume approximately 
1.2 mL/100 g, and contrast transit time 1.9 seconds. These 
measurements differ from data obtained by MRI; CT measure-
ments, however, are consistent among observers and with dif-
ferent methods of data analysis.465 In rodents, SCBF has been 
measured with arterial spin labeling technique during MRI. 
The spinal gray matter blood flow value (330 ± 90 mL/100/
min) is similar to the brain gray matter value (295 ± 22 mL/
min).466 Pre- and post-contrast administration image analysis 
during MRI yields a spinal blood volume in humans of 
approximately 4.3 ± 0.7 mL per 100 mL of tissue volume.467 
During surgery the exposure of the spinal cord offers the pos-
sibility of measuring blood flow directly. Doppler ultrasound 
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during aortic clamping.468 SCBF changes can be investigated 
with laser Doppler flow measurements in experimental ani-
mals and in clinical settings.469–471 Although the method is inva-
sive, it can provide continuous data. Laser Doppler blood flow 
measurements during scoliosis surgery suggest that unilateral 
occlusion of the segmental spinal artery is usually well tolerated 
but bilateral occlusion critically decreases the blood flow.

Comparison of Cerebral Blood Flow  
and Spinal Cord Blood Flow
Sato and colleagues158 obtained simultaneous recordings of 
blood flow from different parts of the cat central nervous sys-
tem by using hydrogen clearance during ketamine–nitrous 
oxide anesthesia. The SCBF of 46 mL/100 g/min during nor-
mocapnia and normotension was significantly lower than the 
86 mL/100 g/min recorded in the cerebrum. In the spinal cord, 
gray matter blood flow is approximately five times greater than 
white matter blood flow. Regional differences in blood flow 
exist for the spinal cord in much the same way as they do in 
the brain. Thus mean blood flow is approximately 40% higher 
in the cervical and lumbar segments than in the thoracic seg-
ments. This difference is most likely related to the relative pau-
city of gray matter in the thoracic cord. SCBF is metabolically 
linked to the local level of electrical activity. Thus, unilateral 
stimulation of the sciatic and femoral nerves is reflected by 
a 50% increase in flow in the ipsilateral lumbosacral gray 
matter.472

Blood Pressure
Autoregulation of SCBF has been demonstrated in many spe-
cies. In rats, SCBF seems to be autoregulated in the range of 
50 to 140 mmHg and is not affected by propofol anesthesia.473 
Using hydrogen clearance in the monkey, Kobrine and asso-
ciates474 determined that, as a result of compensatory vaso-
constriction, there was no change in SCBF with MAP values 
between 50 and 135 mmHg. At MAP below 50 mmHg, the 
vasculature became maximally dilated, leading to a passive 
drop in SCBF with decreasing blood pressure. After the upper 
autoregulatory limit of 135 mmHg was exceeded, vascular re-
sistance actually decreased, presumably because of physical di-
lation resulting from high intraluminal pressure. This finding 
was accompanied by a marked increase in SCBF. Hickey and 
coworkers458 demonstrated that during thiopental anesthesia, 
autoregulation in several regions of the rat spinal cord roughly 
mirrors regional autoregulation in the brain. Comparing au-
toregulation in the spinal cord with that in the cerebrum, 
Sato and colleagues158 found that the upper and lower limits 
of the autoregulatory plateau were strikingly similar for the 
two regions in cats. Despite this finding, evoked potential data 
obtained during reduction of blood pressure below the auto-
regulatory minimum suggest that the spinal cord is less sus-
ceptible than the brain to ischemic damage due to reductions 
in regional blood flow.

Carbon Dioxide and Oxygen Tension
As mentioned previously, SCBF increases with hypercapnia 
and decreases with hypocapnia.461 Inasmuch as baseline blood 
flow levels are lower in the spinal cord than in the cerebrum, 
the absolute change in CBF per unit change in CO2 tension 
(between 20 and 80 mmHg) is greater than the corresponding 
change in SCBF. Blood flow changes expressed as a percentage 
change are, however, the same for the two regions.158 Nitric 
oxide plays a major role in CO2 responsiveness in the spinal 
cord. Inhibition of NOS by NG-nitro-l-arginine normally 

decreases SCBF; however, after spinal cord injury it may cause 
a regional increase in blood flow.469 The manipulation of SCBF 
by regulation of arterial CO2 tension seems to have no bene-
ficial effect on the outcome of spinal cord injury. Therefore, it 
is likely that the steal and inverse steal known to occur in the 
cerebral circulation probably occur in the spinal circulation 
as well.475

Temperature
Studies have confirmed that SCBF decreases with hypother-
mia.476 Local spinal cord hypothermia within 4 hours of injury 
has been advocated for limiting the progression of spinal cord 
injury.477 However, in both experimental and clinical settings, 
the effects of spinal hypothermia remain unproven, in part be-
cause of a concomitant reduction in blood flow.478–482

Neurogenic Control
Data are limited regarding the autonomic control of SCBF. 
Neither chemoreceptor nor baroreceptor stimulation seems 
to affect SCBF in dogs, despite the fact that spinal cord blood 
vessels are richly innervated.483

Anesthetics
SCBF is affected by anesthetics in much the same way as CBF. 
Thus thiopental administered to dogs, in a dose sufficient to 
induce EEG burst suppression, reduced SCBF by 50% prompt-
ing the investigators to suggest that barbiturate coma may 
provide spinal cord protection.482 Pentobarbital–nitrous ox-
ide anesthesia in sheep resulted in a decrease in SCBF, which 
became more apparent with longer exposure times (up to 3 
hours). SCBF was better preserved with isoflurane anesthesia 
than with ketamine anesthesia during experimental intraop-
erative cardiac tamponade. In assessment of the effects of an-
esthetic drugs on SCBF, due attention must be paid to their 
hemodynamic effects.484 Low doses of midazolam preserved 
SCBF, but higher doses result in a decrease owing to the reduc-
tion in perfusion pressure.485

Effect of Cord Compression on Spinal 
Cord Blood Flow
With the increasing number of instrumentation procedures 
on the spinal cord, the effects of direct pressure on cord perfu-
sion has been investigated both in experimental animals and 
in biomechanical simulations. By using a pressure probe with 
a built-in laser Doppler flow meter, Hamamoto et al. applied 
direct pressure to an exposed spinal cord. The blood flow de-
creased with 5 gm weight compression to 40% of the baseline 
value, while 10 gm weight decreased blood flow to 13% of 
baseline value. They found that ischemia of 20 minutes’ dura-
tion was reversible and the animals exhibited no loss of func-
tion, but ischemia of 40 minutes’ duration was associated with 
injury and loss of function.486 From a clinical standpoint it 
has to be realized that while monitoring cord function during 
spinal instrumentation surgery, ischemic changes might not 
manifest immediately, but could be reversible if the pressure 
was immediately removed.

SUMMARY

CBF monitoring has elucidated mechanisms in a number of 
specific disease states and has offered a means to both insti-
gate treatment and monitor its effects for SAH, AVM, head 
injury, and thromboembolic stroke. CBF monitoring has also 
been used as an adjunct in the determination of brain death. 
Nevertheless, the method must realistically be viewed as 
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remaining in its infancy in regard to the clinical care of pa-
tients.487 In the care of the anesthetized or critically ill patient, 
the clinician must either make an educated guess about what 
is happening to the cerebral circulation or resort to logistically 
improbable imaging modalities (transport to the radiology 
department for angiography or SPECT). However, with the 
development of bedside methods, discussed previously, phy-
sicians will be able to more rationally care for the patient with 
actual or impending brain injury.

One particular bias in the anesthesia community that has 
held back the development of such methods is the somewhat 
unreasonable expectation that CNS monitoring must have ab-
solute prognostic meaning rather than simple descriptive use. 
With the development of reasonably priced methods to assess 
cerebral perfusion at the bedside, physicians will no longer be 
faced with a plethora of questions regarding patient manage-
ment, particularly those about blood pressure and ventilation.

ACKNOWLEDGMENTS
The authors would like to express their gratitude and great re-
spect for the late William L. Young, MD, James P. Livingston 
Professor and Vice Chair, Department of Anesthesiology, 
University of California, San Francisco. Bill was an author 
of this chapter in the last three editions of this book. Bill’s 
unsurpassed clarity of thought laid the foundations for this 
chapter in its current form. Bill’s sage advice will always be 
missed but his vision and contributions to cerebral blood 
flow physiology will inspire future generations of clinicians 
and researchers.

The author would also like to thank Mei Wang, MPH, 
Research Associate Scientist, in the Department of 
Anesthesiology, College of Physicians & Surgeons of Columbia 
University, New York, who as with the previous edition, helped 
in preparation of the manuscript.

REFERENCES
	 1.	 Bell  BA. A history of the study of the cerebral circulation and the 

measurement of cerebral blood flow (Review article). Neurosurgery. 
1984;14(2):238–246.

	 2.	 Veselis R, Reinsel R, Feshchenko V, et al. Midazolam Sedation Decreases 
rCBF in Brain Regions Important in Memory; a PET Study (abstract). 
In: 43rd Annual Meeting, Boston, MA, May 16–19; Association of 
University Anesthesiologists; 1996:P33.

	 3.	 Alkire  MT. Quantitative EEG, correlations with brain glucose 
metabolic rate during anesthesia in volunteers. Anesthesiology. 
1998;89(2):323–333.

	 4.	 Sturzenegger M, Newell DW, Aaslid R. Visually evoked blood flow re-
sponse assessed by simultaneous two-channel transcranial Doppler us-
ing flow velocity averaging. Stroke. 1996;27(12):2256–2261.

	 5.	 Oshima T, Karasawa F, Satoh T. Effects of propofol on cerebral blood 
flow and the metabolic rate of oxygen in humans. Acta Anaesthesiol 
Scand. 2002;46(7):831–835.

	 6.	 Lam AM, Matta BF, Mayberg TS, Strebel S. Change in cerebral blood 
flow velocity with onset of EEG silence during inhalation anesthesia in 
humans: Evidence of flow-metabolism coupling? J Cereb Blood Flow 
Metab. 1995;15(4):714–717.

	 7.	 Doyle  PW, Matta  BF. Burst suppression or isoelectric encephalogram 
for cerebral protection: Evidence from metabolic suppression studies. 
Br J Anaesth. 1999;83(4):580–584.

	 8.	 Arrica M, Bissonnette B. Therapeutic hypothermia. Semin Cardiothorac 
Vasc Anesth. 2007;11(1):6–15.

	 9.	 Feng CM, Liu HL, Fox PT, Gao  JH. Dynamic changes in the cerebral 
metabolic rate of O2 and oxygen extraction ratio in event-related func-
tional MRI. Neuroimage. 2003;18(2):257–262.

	 10.	 Mackert BM, Leistner S, Sander T, et al. Dynamics of cortical neurovas-
cular coupling analyzed by simultaneous DC-magnetoencephalography 
and time-resolved near-infrared spectroscopy. Neuroimage. 
2008;39(3):979–986.

	 11.	 Olesen  J. Contralateral focal increase of cerebal blood flow in man 
during arm work. Brain. 1971;94:635–646.

	 12.	 Lassen  NA, Ingvar  DH, Skinhoj  E. Brain function and blood flow: 
Changes in the amount of blood flowing in areas of the human cerebral 
cortex, reflecting changes in the activity of those areas, are graphically 
revealed with the aid of a radioactive isotope. Sci Am. 1978;239:62–71.

	 13.	 Aaslid  R, Newell  DW, Stooss  R, Sorteberg  W, Lindegaard  K-F. 
Assessment of cerebral autoregulation dynamics from simultaneous 
arterial and venous transcranial Doppler recordings in humans. Stroke. 
1991;22(9):1148–1154.

	 14.	 Hammeke  TA, Yetkin  FZ, Mueller  WM, et  al. Functional magnetic 
resonance imaging of somatosensory stimulation. Neurosurgery. 
1994;35(4):677–681.

	 15.	 Petersen SE, Fox PT, Snyder AZ, Raichle ME. Activation of extrastriate 
and frontal cortical areas by visual words and word-like stimuli. Science. 
1990;249(Aug 31):1041–1044.

	 16.	 Martin  C, Martindale  J, Berwick  J, Mayhew  J. Investigating neural-
hemodynamic coupling and the hemodynamic response function in the 
awake rat. Neuroimage. 2006;32(1):33–48.

	 17.	 Lou HC, Edvinsson L, MacKenzie ET. The concept of coupling blood 
flow to brain function: Revision required? Ann Neurol. 1987;22(3): 
289–297.

	 18.	 Wei  EP, Kontos  HA. Increased venous pressure causes myogenic 
constriction of cerebral arterioles during local hyperoxia. Circ Res. 
1984;55(2):249–252.

	 19.	 Faraci FM, Heistad DD. Regulation of large cerebral arteries and cere-
bral microvascular pressure (Review). Circ Res. 1990;66(1):8–17.

	 20.	 Iadecola C. The role of nitric oxide in cerebrovascular regulation and 
stroke. In: Mathie RT, Griffith TM, eds.  The Haemodynamic Effects of 
Nitric Oxide. London: Imperial College Press; 1999:207–253.

	 21.	 Roy CS, Sherrington CS. On the regulation of the blood-supply of the 
brain. J Physiol. 1890;11:85–108.

	 22.	 Paulson  OB, Strandgaard  S, Edvinsson  L. Cerebral autoregulation. 
Cerebrovasc Brain Metab Rev. 1990;2(2):161–192.

	 23.	 Symon L. Physiological studies of blood flow in the middle cerebral ar-
torial territory. Stroke. 1974;IX:5–8.

	 24.	 Garcia-Roldan J-L, Bevan JA. Flow-induced constrictions and dilation 
of cerebral resistance arteries. Circ Res. 1990;66(5):1445–1448.

	 25.	 Koehler RC, Gebremedhin D, Harder DR. Role of astrocytes in cerebro-
vascular regulation. J Appl Physiol. 2006;100(1):307–317.

	 26.	 Attwell  D, Buchan  AM, Charpak  S, Lauritzen  M, Macvicar  BA, 
Newman  EA. Glial and neuronal control of brain blood flow. Nature. 
2010;468(7321):232–243.

	 27.	 Harder DR, Kauser K, Lombard JH, Roman RJ, Rubanyi GM. Pressure-
induced activation of renal and cerebral arteries depends upon an intact 
endothelium. In: Rubanyi GM, Vanhoutte PM, eds. Endothelium-Derived 
Contracting Factors (1st International Symposium on Endothelium-
derived vasoactive factors, Philadelphia, PA, May 1-3, 1989. Sponsors: 
Physiol Soc Philadelphia / Schering / Berlex Lab / Cedar Knolls). Basel: 
S Karger AG; 1990:8–13.

	 28.	 Faraci  FM. Endothelium-derived vasoactive factors and regulation of 
the cerebral circulation. Neurosurgery. 1993;33(4):648–659.

	 29.	 Dietrich HH, Dacey Jr. RG. Molecular keys to the problems of cerebral 
vasospasm. Neurosurgery. 2000;46(3):517–530.

	 30.	 Fox  PT, Raichle  ME, Mintun  MA, Dence  C. Nonoxidative glu-
cose consumption during focal physiologic neural activity. Science. 
1988;241(July):462–464.

	 31.	 Prichard  J, Rothman  D, Novotny  E, et  al. Lactate rise detected by 1H 
NMR in human visual cortex during physiologic stimulation. Proc Natl 
Acad Sci U S A. 1991;88(13):5829–5831.

	 32.	 Malonek D, Grinvald A. Interactions between electrical activity and cor-
tical microcirculation revealed by imaging spectroscopy: Implications 
for functional brain mapping. Science. 1996;272(5261):551–554.

	 33.	 Shulman RG, Hyder F, Rothman DL. Lactate efflux and the neuroener-
getic basis of brain function. NMR Biomed. 2001;14(7-8):389–396.

	 34.	 Hamel E. Perivascular nerves and the regulation of cerebrovascular tone. 
J Appl Physiol. 2006;100(3):1059–1064.

	 35.	 Brian Jr JE, Faraci  FM, Heistad  DD. Recent insights into the reg-
ulation of cerebral circulation. Clin Exp Pharmacol Physiol. 
1996;23(6-7):449–457.

	 36.	 Thompson BG, Pluta RM, Girton ME, Oldfield EH. Nitric oxide media-
tion of chemoregulation but not autoregulation of cerebral blood flow in 
primates. J Neurosurg. 1996;84(1):71–78.

	 37.	 Long CJ, Berkowitz BA. What is the relationship between the endothe-
lium derived relaxant factor and nitric oxide? Life Sci. 1989;45:1–14.

	 38.	 Bredt DS, Snyder SH. Nitric oxide, a novel neuronal messenger (Review). 
Neuron. 1992;8(Jan):3–11.

	 39.	 Johns  RA. EDRF/Nitric oxide: The endogenous nitrovasodi-
lator and a new cellular messenger (Editorial). Anesthesiology. 
1991;75(6):927–931.

	 40.	 Pelligrino DA. Saying NO, to cerebral ischemia (Editorial). J Neurosurg 
Anesthesiol. 1993;5(4):221–231.



50

2
 

• 
C

e
r

e
b

r
a

l 
a

n
d

 S
p

in
a

l 
C

o
r

d
 B

loo


d
 F

lo
w 	 41.	 Tanaka K, Gotoh F, Gomi S, et  al. Inhibition of nitric oxide synthesis 

induces a significant reduction in local cerebral blood flow in the rat. 
Neurosci Lett. 1991;127:129–132.

	 42.	 Faraci FM, Heistad DD. Regulation of cerebral blood vessels by humoral 
and endothelium-dependent mechanisms. Update on humoral regula-
tion of vascular tone. Hypertension. 1991;17(6 Pt 2):917–922.

	 43.	 Gonzalez  C, Estrada  C. Nitric oxide mediates the neurogenic va-
sodilation of bovine cerebral arteries. J Cereb Blood Flow Metab. 
1991;11(3):366–370.

	 44.	 Fernandez  N, Garcia  JL, Garcia-Villalon  AL, Monge  L, Gomez  B, 
Dieguez  G. Cerebral blood flow and cerebrovascular reactivity after 
inhibition of nitric oxide synthesis in conscious goats. Br J Pharmacol. 
1993;110(1):428–434.

	 45.	 Auer  L. The action of sodium nitroprusside on the pial vessels. Acta 
Neurochir (Wien). 1978;43(3–4):297–306.

	 46.	 Joshi  S, Young  WL, Pile-Spellman  J, et  al. Intra-arterial nitrova-
sodilators do not increase cerebral blood flow in angiographically 
normal territories of arteriovenous malformation patients. Stroke. 
1997;28(6):1115–1122.

	 47.	 Joshi S, Young WL, Duong DH, et al. Intracarotid infusion of the nitric 
oxide synthase inhibitor, L-NMMA, modestly decreases cerebral blood 
flow in human subjects. Anesthesiology. 2000;93(3):699–707.

	 48.	 Joshi  S, Young  WL, Duong  H, et  al. Intracarotid nitroprusside does 
not augment cerebral blood flow in human subjects. Anesthesiology. 
2002;96(1):60–66.

	 49.	 Joshi S, Duong H, Mangla S, et al. In nonhuman primates intracarotid 
adenosine, but not sodium nitroprusside, increases cerebral blood flow. 
Anesth Analg. 2002;94(2):393–399.

	 50.	 Joshi S, Hartl R, Sun LS, et al. Despite in vitro increase in cyclic gua-
nosine monophosphate concentrations, intracarotid nitroprusside fails 
to augment cerebral blood flow of healthy baboons. Anesthesiology. 
2003;98(2):412–419.

	 51.	 White RP, Deane C, Vallance P, Markus HS. Nitric oxide synthase in-
hibition in humans reduces cerebral blood flow but not the hyperemic 
response to hypercapnia. Stroke. 1998;29(2):467–472.

	 52.	 Brian Jr. JE. Carbon dioxide and the cerebral circulation (Review). 
Anesthesiology. 1998;88(5):1365–1386.

	 53.	 Janjua  N, Mayer  SA. Cerebral vasospasm after subarachnoid hemor-
rhage. Curr Opin Crit Care. 2003;9(2):113–119.

	 54.	 Shin  HK, Salomone  S, Potts  EM, et  al. Rho-kinase inhibition acutely 
augments blood flow in focal cerebral ischemia via endothelial mecha-
nisms. J Cereb Blood Flow Metab. 2007;27(5):998–1009.

	 55.	 Riley  RH, Lincoln  CA. Intra-arterial injection of propofol. Anaesth 
Intensive Care. 1990;18(2):269–270.

	 56.	 Yamashita K, Kotani Y, Nakajima Y, et al. Fasudil, a Rho kinase (ROCK) 
inhibitor, protects against ischemic neuronal damage in vitro and in vivo 
by acting directly on neurons. Brain Res. 2007;1154:215–224.

	 57.	 Jin HG, Yamashita H, Nagano Y, et al. Hypoxia-induced upregulation 
of endothelial small G protein RhoA and Rho-kinase/ROCK2 inhibits 
eNOS expression. Neurosci Lett. 2006;408(1):62–67.

	 58.	 Toyoda K, Fujii K, Ibayashi S, Nagao T, Kitazono T, Fujishima M. Role of 
nitric oxide in regulation of brain stem circulation during hypotension. 
J Cereb Blood Flow Metab. 1997;17(10):1089–1096.

	 59.	 Stefanovic B, Schwindt W, Hoehn M, Silva AC. Functional uncoupling 
of hemodynamic from neuronal response by inhibition of neuronal ni-
tric oxide synthase. J Cereb Blood Flow Metab. 2007;27(4):741–754.

	 60.	 Robertson  SC, Loftus  CM. Effect of N-methyl-D-aspartate and inhi-
bition of neuronal nitric oxide on collateral cerebral blood flow after 
middle cerebral artery occlusion. Neurosurgery. 1998;42(1):117–123. 
discussion 123–124.

	 61.	 Iadecola  C. Does nitric oxide mediate the increases in cerebral 
blood flow elicited by hypercapnia? Proc Natl Acad Sci U S A. 
1992;89(May):3913–3916.

	 62.	 Pelligrino  DA, Miletich  DJ, Albrecht  RF. Diminished muscarinic 
receptor-mediated cerebral blood flow response in streptozotocin-treated 
rats. Am J Physiol. 1992;262:E447–E454.

	 63.	 Iadecola C, Yang G, Xu S. 7-Nitroindazole attenuates vasodilation from 
cerebellar parallel fiber stimulation but not acetylcholine. Am J Physiol. 
1996;270(4 Pt 2):R914–R919[4 Pt 2].

	 64.	 Faraci  FM. Role of endothelium-derived relaxing factor in cere-
bral circulation: Large arteries vs. microcirculation. Am J Physiol. 
1991;261:H1038–H1042.

	 65.	 Iadecola  C, Zhang  F. Permissive and obligatory roles of NO in cere-
brovascular responses to hypercapnia and acetylcholine. Am J Physiol. 
1996;271(4 Pt 2):R990–R1001.

	 66.	 Kozniewska E, Oseka M, Stys T. Effects of endothelium-derived nitric 
oxide on cerebral circulation during normoxia and hypoxia in the rat.  
J Cereb Blood Flow Metab. 1992;12(2):311–317.

	 67.	 Iadecola C. Bright and dark sides of nitric oxide in ischemic brain injury. 
Trends Neurosci. 1997;20(3):132–139.

	 68.	 Koenig  HM, Pelligrino  DA, Albrecht  RF. Halothane vasodilation 
and nitric oxide in rat pial vessels (abstract). J Neurosurg Anesthesiol. 
1992;4(4):301.

	 69.	 Moore L, Kirsch J, Helfaer M, McPherson R, Traystman R. Isoflurane 
induced cerebral hyperemia: Role of prostanoids and nitric oxide in pigs 
(abstract). J Neurosurg Anesthesiol. 1992;4(4):304.

	 70.	 Johns  RA, Moscicki  JC, DiFazio  CA. Nitric oxide synthase inhibitor 
dose-dependently and reversibly reduces the threshold for halothane 
anesthesia. Anesthesiology. 1992;77(4):779–784.

	 71.	 Siesjo  BK. Pathophysiology and treatment of focal cerebral ischemia. 
Part I: Pathophysiology (Review). J Neurosurg. 1992;77(2):169–184.

	 72.	 Roman RJ, Renic M, Dunn KM, Takeuchi K, Hacein-Bey L. Evidence 
that 20-HETE contributes to the development of acute and delayed cere-
bral vasospasm. Neurol Res. 2006;28(7):738–749.

	 73.	 McCulloch  J, Uddman  R, Kingman  TA, Edvinsson  L. Calcitonin 
gene-related peptide: Functional role in cerebrovascular regulation. Proc 
Natl Acad Sci U S A. 1986;83(Aug):5731–5735.

	 74.	 Edvinsson L, Hamel E. Perivascular nerves in brain vessels, chapter 3. In: 
Edvinsson L, Krause DN, eds. Cerebral Blood Flow and Metabolism. 2nd 
ed. Philadelphia: Lippincott Williams & Wilkins; 2002:43–67.

	 75.	 Hong  KW, Pyo  KM, Lee  WS, Yu  SS, Rhim  HY. Pharmacological evi-
dence that calcitonin gene-related peptide is implicated in cerebral auto-
regulation. Am J Physiol. 1994;266:H11–H16.

	 76.	 Wei EP, Moskowitz MA, Boccalini P, Kontos HA. Calcitonin gene-related 
peptide mediates nitroglycerin and sodium nitroprusside-induced vaso-
dilation in feline cerebral arterioles. Circ Res. 1992;70(6):1313–1319.

	 77.	 Moskowitz  MA. Trigeminovascular system (editorial; comment). 
Cephalalgia. 1992;12(3):127.

	 78.	 Nishimura  M, Takahashi  H, Nanbu  A, Sakamoto  M, Nakanishi  T, 
Yoshimura M. Cerebral ATP-sensitive potassium channels during acute 
reduction of carotid blood flow. Hypertension. 1995;25(5):1069–1074.

	 79.	 Kitazono T, Faraci FM, Taguchi H, Heistad DD. Role of potassium chan-
nels in cerebral blood vessels. Stroke. 1995;26(9):1713–1723.

	 80.	 Faraci FM, Brian Jr. JE. Nitric oxide and the cerebral circulation. Stroke. 
1994;25(3):692–703.

	 81.	 Nelson MT, Quayle JM. Physiological roles and properties of potassium 
channels in arterial smooth muscle (Review). Am J Physiol. 1995;268(4 Pt 
1):C799–C822.

	 82.	 Faraci FM, Sobey CG. Role of potassium channels in regulation of cere-
bral vascular tone. J Cereb Blood Flow Metab. 1998;18(10):1047–1063.

	 83.	 Taguchi H, Heistad DD, Kitazono T, Faraci FM. ATP-sensitive K+ chan-
nels mediate dilatation of cerebral arterioles during hypoxia. Circ Res. 
1994;74(5):1005–1008.

	 84.	 Nelson  M, Bonsor  G, Lamb  JT. Cost implications of different poli-
cies for the treatment of arteriovenous malformations of the brain. 
Neuroradiology. 1991;33(suppl):203–205.

	 85.	 Brayden  JE, Nelson  MT. Regulation of arterial tone by activation of 
calcium-dependent potassium channels. Science. 1992;256(5056):532–535.

	 86.	 Robertson BE, Schubert R, Hescheler J, Nelson MT. cGMP-dependent 
protein kinase activates Ca-activated K channels in cerebral artery 
smooth muscle cells. Am J Physiol. 1993;265(1 Pt 1):C299–C303.

	 87.	 Paterno R, Faraci FM, Heistad DD. Role of Ca2+-dependent K+ channels 
in cerebral vasodilatation induced by increases in cyclic GMP and cyclic 
AMP in the rat (with Editorial Comment by Joseph E Brayden). Stroke. 
1996;27(9):1603–1608.

	 88.	 Eriksson  S, Hagenfeldt  L, Law  D, Patrono  C, Pinca  E, Wennmalm  A. 
Effect of prostaglandin synthesis inhibitors on basal and carbon di-
oxide stimulated cerebral blood flow in man. Acta Physiol Scand. 
1983;117(2):203–211.

	 89.	 Onoue H, Katusic ZS. Role of potassium channels in relaxations of ca-
nine middle cerebral arteries induced by nitric oxide donors. Stroke. 
1997;28(6):1264–1270; discussion 1270–1271.

	 90.	 Wang  Q, Paulson  OB, Lassen  NA. Indomethacin abolishes cerebral 
blood flow increase in response to acetazolamide-induced extracellular 
acidosis: A mechanism for its effect on hypercapnia? J Cereb Blood Flow 
Metab. 1993;13(4):724–727.

	 91.	 Markus HS, Vallance P, Brown MM. Differential effect of three cycloo-
xygenase inhibitors on human cerebral blood flow velocity and carbon 
dioxide reactivity. Stroke. 1994;25(9):1760–1764.

	 92.	 Brian Jr JE, Heistad DD, Faraci FM. Effect of carbon monoxide on rabbit 
cerebral arteries. Stroke. 1994;25(3):639–643; discussion 643–644.

	 93.	 Wagerle  LC, Mishra  OP. Mechanism of CO2 response in cerebral ar-
teries of the newborn pig: Role of phospholipase, cyclooxygenase, and 
lipoxygenase pathways. Circ Res. 1988;62(5):1019–1026.

	 94.	 Leffler  CW, Mirro  R, Pharris  LJ, Shibata  M. Permissive role of pros-
tacyclin in cerebral vasodilation to hypercapnia in newborn pigs. Am  
J Physiol. 1994;267(1 Pt 2):H285–H291.

	 95.	 Leffler  CW, Busija  DW. Prostanoids in cortical subarachnoid cere-
brospinal fluid and pial arterial diameter in newborn pigs. Circ Res. 
1985;57(5):689–694.



2
 

• 
C

e
r

e
b

r
a

l a
n

d
 S

p
in

a
l C

o
r

d
 B

loo


d
 Flo

w

51

	 96.	 Leffler CW, Mirro R, Shanklin DR, Armstead WM, Shibata M. Light/
dye microvascular injury selectively eliminates hypercapnia-induced 
pial arteriolar dilation in newborn pigs. Am J Physiol. 1994;266(2 Pt 
2):H623–H630.

	 97.	 Wagerle LC, DeGiulio PA. Indomethacin-sensitive CO2 reactivity of ce-
rebral arterioles is restored by vasodilator prostaglandin. Am J Physiol. 
1994;266(4 Pt 2):H1332–H1338.

	 98.	 Sakurai T, Yanagisawa M, Takuwa Y, et al. Cloning of a cDNA encoding 
a non-isopeptide-selective subtype of the endothelin receptor [see com-
ments]. Nature. 1990;348(6303):732–735.

	 99.	 Arai  H, Hori  S, Aramori  I, Ohkubo  H, Nakanishi  S. Cloning and 
expression of a cDNA encoding an endothelin receptor. Nature. 
1990;348(6303):730–732.

	100.	 Murray MA, Faraci FM, Heistad DD. Effect of protein kinase C inhib-
itors on endothelin- and vasopressin- induced constriction of the rat 
basilar artery. Am J Physiol. 1992;263(6 Pt 2):H1643–H1649.

	101.	 Durieu-Trautmann O, Federici C, Creminon C, et al. Nitric oxide and 
endothelin secretion by brain microvessel endothelial cells: Regulation 
by cyclic nucleotides. J Cell Physiol. 1993;155(1):104–111.

	102.	 Kitazono T, Heistad DD, Faraci FM. Enhanced responses of the basilar 
artery to activation of endothelin-B receptors in stroke-prone sponta-
neously hypertensive rats. Hypertension. 1995;25(4 Pt 1):490–494.

	103.	 Foley  PL, Caner  HH, Kassell  NF, Lee  KS. Reversal of subarachnoid 
hemorrhage-induced vasoconstriction with an endothelin receptor an-
tagonist. Neurosurgery. 1994;34(1):108–112. discussion 112–113.

	104.	 Zuccarello M. Endothelin: the “prime suspect” in cerebral vasospasm. 
Acta Neurochir - Suppl. 2001;77:61–65.

	105.	 Zuccarello  M, Boccaletti  R, Romano  A, Rapoport  RM. Endothelin B 
receptor antagonists attenuate subarachnoid hemorrhage-induced cere-
bral vasospasm. Stroke. 1998;29(9):1924–1929.

	106.	 Lavine SD, Wang M, Etu JJ, Meyers PM, Joshi S. Augmentation of ce-
rebral blood flow and reversal of endothelin-1-induced vasospasm: A 
comparison of intracarotid nicardipine and verapamil. Neurosurgery. 
2007;60(4):742–748; discussion 748–749.

	107.	 Vajkoczy P, Meyer B, Weidauer S, et al. Clazosentan (AXV-034343), a 
selective endothelin A receptor antagonist, in the prevention of cere-
bral vasospasm following severe aneurysmal subarachnoid hemorrhage: 
Results of a randomized, double-blind, placebo-controlled, multicenter 
phase IIa study. J Neurosurg. 2005;103(1):9–17.

	108.	 Vergouwen  MD, Algra  A, Rinkel  GJ. Endothelin receptor antago-
nists for aneurysmal subarachnoid hemorrhage: A systematic review 
and meta-analysis update. Stroke; a journal of cerebral circulation. 
2012;43(10):2671–2676.

	109.	 Day AL. Arterial distributions and variants. In: Wood JH, ed. Cerebral 
Blood Flow: Physiologic and Clinical Aspects. New York: McGraw-Hill 
Book Company; 1987:19–36.

	110.	 Bladin  CF, Alexandrov  AV, Norris  JW. Carotid endarterectomy 
and the measurement of stenosis (Letter to the editor). Stroke. 
1994;25(3):709–712.

	111.	 Van der Zwan  A, Hillen  B, Tulleken  CAF, Dujovny  M, Dragovic  L. 
Variability of the territories of the major cerebral arteries. J Neurosurg. 
1992;77(6):927–940.

	112.	 Riggs HE, Rupp C. Variations in form of circle of Willis. Arch Neurol. 
1963;8(January):24–30.

	113.	 Cassot F, Vergeur V, Bossuet P, Hillen B, Zagzoule M, Marc-Vergnes JP. 
Effects of anterior communicating artery diameter on cerebral hemo-
dynamics in internal carotid artery disease: A model study. Circulation. 
1995;92(10):3122–3131.

	114.	 Schomer DF, Marks MP, Steinberg GK, et al. The anatomy of the poste-
rior communicating artery as a risk factor for ischemic cerebral infarc-
tion. New Engl J Med. 1994;330(22):1565–1570.

	115.	 Nakai  K, Imai  H, Kamei  I, et  al. Microangioarchitecture of rat pari-
etal cortex with special reference to vascular “sphincters”: Scanning 
electron microscopic and dark field microscopic study. Stroke. 
1981;12(5):653–659.

	116.	 Heistad DD, Marcus ML, Abboud FM. Role of large arteries in regula-
tion of cerebral blood flow in dogs. J Clin Invest. 1978;62(4):761–768.

	117.	 Kontos HA, Wei EP, Navari RM, Levasseur JE, Rosenblum WI, Patterson 
Jr JL. Responses of cerebral arteries and arterioles to acute hypotension 
and hypertension. Am J Physiol. 1978;234(4):H371–H383.

	118.	 Shapiro  HM, Stromberg  DD, Lee  DR, Wiederhielm  CA. Dynamic 
pressures in the pial arterial microcirculation. Am J Physiol. 
1971;221(1):279–283.

	119.	 Fein JM, Lipow K, Marmarou A. Cortical artery pressure in normoten-
sive and hypertensive aneurysm patients. J Neurosurg. 1983;59:51–56.

	120.	 Kader  A, Young  WL. The effects of intracranial arteriovenous mal-
formations on cerebral hemodynamics. Neurosurg Clin N Am. 
1996;7(4):767–781.

	121.	 Wagner EM, Traystman RJ. Hydrostatic determinants fo cerebral perfu-
sion. Crit Care Med. 1986;14(5):484–490.

	122.	 Auer LM, Ishiyama N, Pucher R. Cerebrovascular response to intracra-
nial hypertension. Acta Neurochir (Wien). 1987;84:124–128.

	123.	 Strandgaard S. The lower and upper limit for autoregulation of cerebral 
blood flow (abstract). Stroke. 1973;4(May-June):323.

	124.	 Joshi S, Young WL, Pile-Spellman J, et al. Manipulation of cerebrovas-
cular resistance during internal carotid artery occlusion by intraarterial 
verapamil. Anesth Analg. 1997;85(4):753–759.

	125.	 Joshi  S, Hashimoto  T, Ostapkovich  N, et  al. Effect of intracarotid pa-
paverine on human cerebral blood flow and vascular resistance during 
acute hemispheric arterial hypotension. J Neurosurg Anesthesiol. 
2001;13(2):146–151.

	126.	 Drummond JC. The lower limit of autoregulation: Time to revise our 
thinking? (letter). Anesthesiology. 1997;86(6):1431–1433.

	127.	 Gao  E, Young  WL, Pile-Spellman  J, Ornstein  E, Ma  Q. Mathematical 
considerations for modeling cerebral blood flow autoregulation to sys-
temic arterial pressure. Am J Physiol. 1998;274(3 Pt 2):H1023–H1031 
[March].

	128.	 Capra NF, Kapp JP. Anatomic and physiologic aspects of venous sys-
tem. In: Wood JH, ed. Cerebral Blood Flow: Physiologic and Clinical 
Aspects. New York: McGraw-Hill Book Company; 1987:37–58.

	129.	 Gao E, Young WL, Hademenos GJ, et al. Theoretical modeling of arte-
riovenous malformation rupture risk: A feasibility and validation study. 
Med Eng Phys. 1998;20(7):489–501.

	130.	 Florence  G, Seylaz  J. Rapid autoregulation of cerebral blood flow: 
A laser-Doppler flowmetry study. J Cereb Blood Flow Metab. 
1992;12(4):674–680.

	131.	 Nakase  H, Nagata  K, Otsuka  H, Sakaki  T, Kempski  O. Local cerebral 
blood flow autoregulation following “asymptomatic” cerebral venous 
occlusion in the rat. J Neurosurg. 1998;89(1):118–124.

	132.	 Hickey  PR, Buckley  MJ, Philbin  DM. Pulsatile and nonpulsatile car-
diopulmonary bypass: Review of a counterproductive controversy. Ann 
Thorac Surg. 1983;36(6):720–737.

	133.	 Murkin JM, Martzke JS, Buchan AM, Bentley C, Wong CJ. A random-
ized study of the influence of perfusion technique and pH management 
strategy in 316 patients undergoing coronary artery bypass surgery. 
I. Mortality and cardiovascular morbidity. J Thorac Cardiovasc Surg. 
1995;110(2):340–348.

	134.	 Young  WL, Cole  DJ. Deliberate hypertension: Rationale and ap-
plication for augmenting cerebral blood flow. Probl Anesth. 
1993;7(1):140–153.

	135.	 Solomon  RA, Post  KD, McMurtry III JG. Depression of circulating 
blood volume in patients after subarachnoid hemorrhage: Implications 
for the management of symptomatic vasospasm. Neurosurgery. 
1984;15(3):354–361.

	136.	 Ornstein E, Young WL, Prohovnik I, Ostapkovich N, Stein BM. Effect 
of cardiac output on CBF during deliberate hypotension (abstract). 
Anesthesiology. 1990;73:A169.

	137.	 Gaehtgens  P, Marx  P. Hemorheological aspects of the pathophys-
iology of cerebral ischemia (Review). J Cereb Blood Flow Metab. 
1987;7(3):259–265.

	138.	 Muizelaar JP, Wei EP, Kontos HA, Becker DP. Cerebral blood flow is reg-
ulated by changes in blood pressure and in blood viscosity alike. Stroke. 
1986;17(1):44–48.

	139.	 Todd MM, Weeks JB, Warner DS. Cerebral blood flow, blood volume, 
and brain tissue hematocrit during isovolemic hemodilution with het-
astarch in rats. Am J Physiol. 1992;263(1 (Pt 2)):H75–H82.

	140.	 Todd  MM, Wu  B, Warner  DS. The hemispheric cerebrovascular re-
sponse to hemodilution is attenuated by a focal cryogenic brain injury. J 
Neurotrauma. 1994;11(2):149–160.

	141.	 Todd  MM, Hindman  BJ, Warner  DS. Barbiturate protection and 
cardiac surgery: A different result (Editorial). Anesthesiology. 
1991;74(3):402–405.

	142.	 Chien S, Usami S, Skalak R. Blood flow in small tubes. In: Renkin EM, 
Michel  CC, Geiger  SR, eds. Handbook of Physiology: A Critical 
Comprehensive Presentation, Section  2: The Cardiovascular System 
(Volume 4: Microcirculation, Part  1). Bethesda, MD: American 
Physiological Society; 1984:217–249.

	143.	 Zweifach  BW, Lipowsky  HH. Pressure-flow relations in blood and 
lymph microcirculation. In: Renkin  EM, Michel  CC, Geiger  SR, 
eds. Handbook of Physiology: A Critical Comprehensive Presentation, 
Section  2: The Cardiovascular System (Volume 4: Microcirculation, 
Part  1). Bethesda, MD: American Physiological Society; 
1984:251–307.

	144.	 Hudetz AG. Blood flow in the cerebral capillary network: A review em-
phasizing observations with intravital microscopy. Microcirculation. 
1997;4(2):233–252.

	145.	 Sakai  F, Nakazawa  K, Tazaki  Y, et  al. Regional cerebral blood volume 
and hematocrit measured in normal human volunteers by single-
photon emission computed tomography. J Cereb Blood Flow Metab. 
1985;5(2):207–213.



52

2
 

• 
C

e
r

e
b

r
a

l 
a

n
d

 S
p

in
a

l 
C

o
r

d
 B

loo


d
 F

lo
w 	146.	 Koehler  RC, Traystman  RJ. Bicarbonate ion modulation of cerebral 

blood flow during hypoxia and hypercapnia. Am J Physiol. 1982;243: 
H33–H40.

	147.	 Raichle ME, Posner  JB, Plum F. Cerebral blood flow during and after 
hyperventilation. Arch Neurol. 1970;23(Nov):394–403.

	148.	 Anderson RE, Sundt Jr. TM, Yaksh TL. Regional cerebral blood flow and 
focal cortical perfusion: A comparative study of 133Xe, 85Kr, and umbellif-
erone as diffusible indicators. J Cereb Blood Flow Metab. 1987;7:207–213.

	149.	 Kety SS, Schmidt CF. The effects of altered arterial tensions of carbon 
dioxide and oxygen on cerebral blood flow and cerebral oxygen con-
sumption of normal young men. J Clin Invest. 1948;27:484–492.

	150.	 Siesjo  BK. Brain Energy Metabolism. New York: John Wiley & Sons; 
1978: 607.

	151.	 Alexander SC, Smith TC, Strobel G, Stephen GW, Wollman H. Cerebral 
carbohydrate metabolism of a man during respiratory and metabolic 
alkalosis. J Appl Physiol. 1968;24:66–72.

	152.	 Wollman  H, Smith  TC, Stephen  GW, Colton III ET, Gleaton  HE, 
Alexander SC. Effects of extremes of respiratory and metabolic alkalosis 
on cerebral blood flow in man. J Appl Physiol. 1968;24(1):60–65.

	153.	 Muizelaar JP, Marmarou A, Ward JD, et al. Adverse effects of prolonged 
hyperventilation in patients with severe head injury: A randomized clin-
ical trial. J Neurosurg. 1991;75(5):731–739.

	154.	 Young  WL, Ravussin  PA. Y a-t-il encore une place pour l'hypocapnie 
profonde de routine en chirurgie intracrânienne? [Is there still a place 
for routine deep hypocapnia for intracranial surgery?]. Ann Fr Anesth 
Reanim. 1995;14:70–76.

	155.	 Harper AM. Autoregulation of cerebral blood flow: Influence of the ar-
terial blood pressure on the blood flow through the cerebral coretex. J 
Neurol Neurosurg Psychiat. 1966;29:398–403.

	156.	 Paulson OB, Olesen J, Christensen MS. Restoration of autoregulation of 
cerebral blood flow by hypocapnia. Neurology. 1972;22(March):286–293.

	157.	 Kastrup A, Happe V, Hartmann C, Schabet M. Gender-related effects 
of indomethacin on cerebrovascular CO2 reactivity. J Neurol Sci. 
1999;162(2):127–132.

	158.	 Sato  M, Pawlik  G, Heiss  W-D. Comparative studies of regional CNS 
blood flow autoregulation and responses to CO2 in the cat: Effects of 
altering arterial blood pressure and PaCO2 on rCBF of cerebrum, cere-
bellum, and spinal cord. Stroke. 1984;15(1):91–97.

	159.	 Kastrup  A, Thomas  C, Hartmann  C, Schabet  M. Sex dependency 
of cerebrovascular CO2 reactivity in normal subjects. Stroke. 
1997;28(12):2353–2356.

	160.	 Enevoldsen EM, Jensen FT. Autoregulation and CO2 responses of cere-
bral blood flow in patients with acute severe head injury. J Neurosurg. 
1978;48(May):689–703.

	161.	 Ishii R. Regional cerebral blood flow in patients with ruptured intracra-
nial aneurysms. J Neurosurg. 1979;50:587–594.

	162.	 Shinoda J, Kimura T, Funakoshi T, Araki Y, Imao Y. Acetazolamide re-
activity on cerebral blood flow in patients with subarachnoid haemor-
rhage. Acta Neurochir (Wien). 1991;109:102–108.

	163.	 Bullock R, Mendelow AD, Bone I, Patterson J, Macleod WN, Allardice G. 
Cerebral blood flow and CO2 responsiveness as an indicator of collat-
eral reserve capacity in patients with carotid arterial disease. Br J Surg. 
1985;72(May):348–351.

	164.	 Berre  J, Moraine  J-J, Melot C. Cerebral CO2 vasoreactivity evaluation 
with and without changes in intrathoracic pressure in comatose patients. 
J Neurosurg Anesthesiol. 1998;10(2):70–79.

	165.	 Brown MM, Wade JPH, Marshall J. Fundamental importance of arterial 
oxygen content in the regulation of cerebral blood flow in man. Brain. 
1985;108(Pt 1):81–93.

	166.	 Wilderman MJ, Armstead WM. Role of neuronal NO synthase in rela-
tionship between NO and opioids in hypoxia-induced pial artery dila-
tion. Am J Physiol. 1997;273(4 Pt 2):H1807–H1815.

	167.	 Omae  T, Ibayashi  S, Kusuda  K, Nakamura  H, Yagi  H, Fujishima  M. 
Effects of high atmospheric pressure and oxygen on middle cerebral 
blood flow velocity in humans measured by transcranial Doppler. 
Stroke. 1998;29(1):94–97.

	168.	 Steen  PA, Newberg  L, Milde  JH, Michenfelder  JD. Hypothermia and 
barbiturates: Individual and combined effects on canine cerebral oxygen 
consumption. Anesthesiology. 1983;58(June):527–532.

	169.	 Klementavicius R, Nemoto EM, Yonas H. The Q10 ratio for basal cerebral 
metabolic rate for oxygen in rats. J Neurosurg. 1996;85(3):482–487.

	170.	 Hoffman WE, Albrecht RF, Miletich DJ. Regional cerebral blood flow 
changes during hypothermia. Cryobiology. 1982;19:640–645.

	171.	 Govier AV, Reves JG, McKay RD, et al. Factors and their influence on re-
gional cerebral blood flow during nonpulsatile cardiopulmonary bypass. 
Ann Thorac Surg. 1984;38(6):592–600.

	172.	 Schwartz  AE, Michler  RE, Young  WL. Cerebral blood flow during 
low-flow hypothermic cardiopulmonary bypass in baboons (abstract). 
Anesth Analg. 1992;74(2S):S267.

	173.	 Schwartz  AE, Kaplon  RJ, Young  WL, Sistino  JJ, Kwiatkowski  P, 
Michler RE. Cerebral blood flow during low-flow hypothermic cardio-
pulmonary bypass in baboons. Anesthesiology. 1994;81(4):959–964.

	174.	 Schwartz AE, Minanov O, Stone JG, et al. Phenylephrine increases cere-
bral blood flow during low-flow hypothermic cardiopulmonary bypass 
in baboons. Anesthesiology. 1996;85(2):380–384.

	175.	 Jonassen AE, Quaegebeur  JM, Young WL. Cerebral blood flow veloc-
ity in pediatric patients is reduced after cardiopulmonary bypass with 
profound hypothermia. J Thorac Cardiovasc Surg. 1995;110(4 Part I): 
934–943.

	176.	 Woodcock  TE, Murkin  JM, Farrar  JK, Tweed  WA, Guiraudon  GM, 
McKenzie  FN. Pharmacologic EEG suppression during cardiopulmo-
nary bypass: Cerebral hemodynamic and metabolic effects of thiopental 
or isoflurane during hypothermia and normothermia. Anesthesiology. 
1987;67:218–224.

	177.	 Hindman BJ, Funatsu N, Harrington J, et al. Differences in cerebral blood 
flow between alpha-stat and pH-stat management are eliminated during 
period of decreased systemic flow and pressure: A study during cardio-
pulmonary bypass in rabbits. Anesthesiology. 1991;74(6):1096–1102.

	178.	 Henriksen L, Hjelms E, Lindeburgh T. Brain hyperperfusion during car-
diac operations. Cerebral blood flow measured in man by intra-arterial 
injection of xenon 133: Evidence suggestive of intraoperative microem-
bolism. J Thorac Cardiovasc Surg. 1983;86(2):202–208.

	179.	 Stephan H, Sonntag H, Lange H, Rieke H. Cerebral effects of anaesthesia 
and hypothermia. Anaesthesia. 1989;44:310–316.

	180.	 Hoffman  WE, Edelman  G, Kochs  E, Werner  C, Segil  L, Albrech  RF. 
Cerebral autoregulation in awake versus isoflurane-anesthetized rats. 
Anesth Analg. 1991;73(6):753–757.

	181.	 McPherson RW, Brian JE, Traystman RJ. Cerebrovascular responsiveness 
to carbon dioxide in dogs with 1.4% and 2.8% isoflurane. Anesthesiology. 
1989;70:843–850.

	182.	 Ostapkovich  ND, Baker  KZ, Fogarty-Mack  P, Sisti  MB, Young  WL. 
Cerebral blood flow and CO2 reactivity is similar during remifentanil/
N2O and fentanyl N2O anesthesia. Anesthesiology. 1998;89(2):358–363.

	183.	 Koenig  HM, Pelligrino  DA, Albrecht  RF. Halothane vasodilation and 
nitric oxide in rat pial vessels. J Neurosurg Anesth. 1993;5(4):264–271.

	184.	 Kaisti KK, Langsjo JW, Aalto S, et al. Effects of sevoflurane, propofol, and 
adjunct nitrous oxide on regional cerebral blood flow, oxygen consump-
tion, and blood volume in humans. Anesthesiology. 2003;99(3):603–613.

	185.	 Wang M, Joshi S, Emerson RG. Comparison of intracarotid and intra-
venous propofol for electrocerebral silence in rabbits. Anesthesiology. 
2003;99(4):904–910.

	186.	 Himmelseher S, Durieux ME. Revising a dogma: ketamine for patients 
with neurological injury? Anesth Analg. 2005;10(2):524–534. table of 
contents.

	187.	 Schmidt  A, Ryding  E, Akeson  J. Racemic ketamine does not abolish 
cerebrovascular autoregulation in the pig. Acta Anaesthesiol Scand. 
2003;47(5):569–575.

	188.	 Prielipp RC, Wall MH, Tobin JR, et al. Dexmedetomidine-induced se-
dation in volunteers decreases regional and global cerebral blood flow. 
Anesth Analg. 2002;95(4):1052–1059. table of contents.

	189.	 Zornow MH, Maze M, Dyck JB, Shafer SL. Dexmedetomidine decreases 
cerebral blood flow velocity in humans. J Cereb Blood Flow Metab. 
1993;13(2):350–353.

	190.	 Zornow MH, Fleischer JE, Scheller MS, Nakakimura K, Drummond JC. 
Dexmedetomidine, an alpha 2-adrenergic agonist, decreases cere-
bral blood flow in the isoflurane-anesthetized dog. Anesth Analg. 
1990;70(6):624–630.

	191.	 Stange K, Lagerkranser M, Sollevi A. Nitroprusside-induced hypoten-
sion and cerebrovascular autoregulation in the anesthetized pig. Anesth 
Analg. 1991;73(6):745–752.

	192.	 Albrecht  RF, Miletich  DJ, Madala  LR. Normalization of cerebral 
blood flow during prolonged halothane anesthesia. Anesthesiology. 
1983;58:26–31.

	193.	 Brian Jr JE, Traystman RJ, McPherson RW. Changes in cerebral blood 
flow over time during isoflurane anesthesia in dogs. J Neurosurg 
Anesthesiol. 1990;2(2):122–130.

	194.	 Turner  DM, Kassell  NF, Sasaki  T, Comair  YG, Boarini  DJ, Beck  DO. 
Time-dependent changes in cerebral and cardiovascular parame-
ters in isoflurane-nitrous oxide-anesthetized dogs. Neurosurgery. 
1984;14(2):135–141.

	195.	 Rogers AT, Stump DA, Gravlee GP, et al. Response of cerebral blood flow 
to phenylephrine infusion during hypothermic cardiopulmonary bypass: 
Influence of PaCO2 management. Anesthesiology. 1988;69(4):547–551.

	196.	 McPherson  RW, Traystman  RJ. Effect of time on cerebrovascular re-
sponsivity to PaCO2 during isoflurane anesthesia. Anesthesiology. 
1989;71(3A):A105.

	197.	 Bissonnette B, Leon JE. Cerebrovascular stability during isoflurane an-
aesthesia in children. Can J Anaesthesia. 1992;39(2):128–134.



2
 

• 
C

e
r

e
b

r
a

l a
n

d
 S

p
in

a
l C

o
r

d
 B

loo


d
 Flo

w

53

	198.	 Roald OK, Forsman M, Steen PA. The effects of prolonged isoflurane 
anaesthesia on cerebral blood flow and metabolism in the dog. Acta 
Anaesthesiol Scand. 1989;33:210–213.

	199.	 Stone JG, Young WL, Smith CR, Solomon RA, Ostapkovich N, Wang A. 
Do temperatures recorded at standard monitoring sites reflect actual 
brain temperature during deep hypothermia? (abstract). Anesthesiology. 
1991;75(3A):A483.

	200.	 Edvinsson L, Owman C, Siesjo B. Physiological role of cerebrovascular 
sympathetic nerves in the autoregulation of cerebral blood flow. Brain 
Res. 1976;117:519–523.

	201.	 Beausang-Linder M, Bill A. Cerebral circulation in acute arterial hyper-
tension—Protective effects of sympathetic nervous activity. Acta Physiol 
Scand. 1981;111:193–199.

	202.	 Heistad DD, Marcus ML, Abboud FM. Role of large arteries in regula-
tion of cerebral blood flow in dogs. J Clin Invest. 1978;62(Oct):761–768.

	203.	 Skinhoj E. The sympathetic nervous system and the regulation of cere-
bral blood flow. Euro Neurol. 1971/72;6:190–192.

	204.	 Hernandez  MJ, Raichle  ME, Stone  HL. The role of the sympathetic 
nervous system in cerebral blood flow autoregulation. Europ Neurol. 
1971/72;6:175–179.

	205.	 D'Alecy  LG. Relation between sympathetic cerebral vasoconstriction 
and CSF pressure. Europ Neurol. 1971/72;6:180–184.

	206.	 Heistad  DD. Summary of symposium on cerebral blood flow: Effect 
of nerves and neurotransmitters—Cardiovascular Center, University 
of Iowa, Iowa City, Iowa, June 16-18, 1981. J Cereb Blood Flow Metab. 
1981;1:447–450.

	207.	 Beausang-Linder M. Effects of sympathetic stimulation on cerebral and 
ocular blood flow. Acta Physiol Scand. 1982;114:217–224.

	208.	 Busija DW, Heistad DD. Effects of activation of sympathetic nerves on 
cerebral blood flow during hypercapnea in cats and rabbits. J Physiol. 
1974;347:195.

	209.	 Puig M, Kirpekar SM. Inhibitory effect of low pH on norepinephrine 
release. J Pharmacol Exp Ther. 1967;176:134–138.

	210.	 Verhaeghe RH, Lorenz RR, McGrath MA, Shepherd JT, Vanhoutte PM. 
Metabolic modulation of neurotransmitter release – adenosine, adenine 
nucleotides, potassium, hyperosmolarity, and hydrogen ion. Fed Proc. 
1978;37:208–211.

	211.	 Faraci FM, Mayhan WG, Werber AH, Heistad DD. Cerebral circulation: 
Effects of sympathetic nerves and protective mechanisms during hyper-
tension. Circ Res. 1987;61(suppl II):II-102–II-106.

	212.	 Fitch W, Ferguson GG, Sengupta D, Garibi J, Harper AM. Autoregulation 
of cerebral blood flow during controlled hypotension in baboons. J 
Neurol Neurosurg Psychiatry. 1976;39:1014–1022.

	213.	 Kano M, Moskowitz MA, Yokota M. Parasympathetic denervation of rat 
pial vessels significantly increases infarction volume following middle 
cerebral artery occlusion. J Cereb Blood Flow Metab. 1991;11(4):628–637.

	214.	 Moskowitz MA, Sakas DE, Wei EP, et al. Postocclusive cerebral hyper-
emia is markedly attenuated by chronic trigeminal ganglionectomy. Am 
J Physiol. 1989;257:H1736–H1739.

	215.	 Branston  NM, Umemura  A, Koshy  A. Contribution of cerebrovascu-
lar parasympathetic and sensory innervation to the short-term con-
trol of blood flow in rat cerebral cortex. J Cereb Blood Flow Metab. 
1995;15(3):525–531.

	216.	 Lassen  NA. Cerebral blood flow and oxygen consumption in man. 
Physiol Rev. 1959;39(April):183–238.

	217.	 Olesen  J. Quantitative evaluation of normal and pathologic cerebral 
blood flow regulation to perfusion pressure. Arch Neurol. 1973;28 
(March):143–149.

	218.	 Yang G, Zhang Y, Ross ME, Iadecola C. Attenuation of activity-induced 
increases in cerebellar blood flow in mice lacking neuronal nitric oxide 
synthase. Am J Physiol Heart Circ Physiol. 2003;285(1):H298–H304.

	219.	 Lindauer U, Megow D, Matsuda H, Dirnagl U. Nitric oxide: A modula-
tor, but not a mediator, of neurovascular coupling in rat somatosensory 
cortex. Am J Physiol. 1999;277(2 Pt 2):H799–H811.

	220.	 Metea  MR, Newman  EA. Glial cells dilate and constrict blood 
vessels: A mechanism of neurovascular coupling. J Neurosci. 
2006;26(11):2862–2870.

	221.	 Ou  JW, Kumar  Y, Alioua  A, Sailer  C, Stefani  E, Toro  L. Ca2 + - and 
thromboxane-dependent distribution of MaxiK channels in cul-
tured astrocytes: From microtubules to the plasma membrane. Glia. 
2009;57(12):1280–1295.

	222.	 Blanco  VM, Stern  JE, Filosa  JA. Tone-dependent vascular re-
sponses to astrocyte-derived signals. Am J Physiol Heart Circ Physiol. 
2008;294(6):H2855–H2863.

	223.	 Cold G, Christensen M, Schmidt K. Effect of two levels of induced hy-
pocapnia on cerebral autoregulation in the acute phase of head injury 
coma. Acta Anaesthesiol Scand. 1981;25:397–401.

	224.	 Shiokawa  O, Sadoshima  S, Kusuda  K, Nishimura  Y, Ibayashi  S, 
Fujishima  M. Cerebral and cerebellar blood flow autoregulations in 

acutely induced cerebral ischemia in spontaneously hypertensive rats—
Transtentorial remote effect. Stroke. 1986;17(6):1309–1313.

	225.	 Young WL, Prohovnik I, Ornstein E, et al. The effect of arteriovenous 
malformation resection on cerebrovascular reactivity to carbon dioxide. 
Neurosurgery. 1990;27(2):257–267.

	226.	 Andrews  RJ. Transhemispheric diaschisis: A review and comment. 
Stroke. 1991;22(7):943–949.

	227.	 Edelman  RR, Mattle  HP, Atkinson  DJ, et  al. Cerebral blood flow: 
Assessment with dynamic contrast-enhanced T2*-weighted MR imag-
ing at 1.5-T1. Radiology. 1990;176(1):211–220.

	228.	 Choi  DW. Cerebral hypoxia: Some new approaches and unanswered 
questions. J Neurosci. 1990;10(8):2493–2501.

	229.	 Branston NM, Hope DT, Symon L. Barbiturates in focal ischemia of pri-
mate cortex: Effects on blood flow distribution, evoked potential and 
extracellular potassium. Stroke. 1979;10(6):647–653.

	230.	 Drummond JC, Oh Y-S, Cole DJ, Shapiro HM. Phenylephrine-induced 
hypertension reduces ischemia following middle cerebral artery occlu-
sion in rats. Stroke. 1989;20(11):1538–1544.

	231.	 Schroeder T, Sillesen H, Engell HC. Hemodynamic effect of carotid end-
arterectomy. Stroke. 1987;18:204–209.

	232.	 Spetzler RF, Wilson CB, Weinstein P, Mehdorn M, Townsend J, Telles D. 
Normal perfusion pressure breakthrough theory. Clin Neurosurg. 
1978;25:651–672.

	233.	 Nornes H, Knutzen HB, Wikeby P. Cerebral arterial blood flow and an-
eurysm surgery: Part 2. Induced hypotension and autoregulation capac-
ity. J Neurosurg. 1977;47:819–827.

	234.	 Halbach V, Higashida RT, Hieshima G, Norman D. Normal perfusion 
pressure breakthrough occurring during treatment of carotid and verte-
bral fistulas. Am J Neuroradiol. 1987;8:751–756.

	235.	 Irikura K, Morii S, Miyasaka Y, Yamada M, Tokiwa K, Yada K. Impaired 
autoregulation in an experimental model of chronic cerebral hypoperfu-
sion in rats. Stroke. 1996;27(8):1399–1404.

	236.	 Young  WL, Kader  A, Prohovnik  I, et  al. Pressure autoregulation is 
intact after arteriovenous malformation resection. Neurosurgery. 
1993;32(4):491–497.

	237.	 Young WL, Kader A, Ornstein E, et al. Cerebral hyperemia after arteriove-
nous malformation resection is related to “breakthrough” complications 
but not to feeding artery pressure. Neurosurgery. 1996;38(6):1085–1093. 
discussion 1093–1095.

	238.	 Joshi  S, Young  WL. Arteriovenous malformation. In: Atlee  JL, 
ed. Complications in Anesthesia. Philadelphia: WB Saunders Co; 
1999:744–747.

	239.	 Halsey Jr JH, Conger  KA, Garcia  JH, Sarvary  E. The contribution of 
reoxygenation to ischemic brain damage. J Cereb Blood Flow Metab. 
1991;11(6):994–1000.

	240.	 Pulsinelli  WA, Levy  DE, Duffy  TE. Regional cerebral blood flow and 
glucose metabolism following transient forebrain ischemia. Ann Neurol. 
1982;11(5):499–509.

	241.	 Michenfelder  JD, Milde  JH, Katusic  ZS. Postischemic canine cerebral 
blood flow is coupled to cerebral metabolic rate. J Cereb Blood Flow 
Metab. 1991;11(4):611–616.

	242.	 Connolly Jr E, Winfree  CJ, Springer  TA, et  al. Cerebral protection in 
homozygous null ICAM-1 mice after middle cerebral artery occlusion. 
Role of neutrophil adhesion in the pathogenesis of stroke. J Clin Investig. 
1996;97(1):209–216.

	243.	 Cockroft KM, Meistrell 3rd. M, Zimmerman GA, et al. Cerebroprotective 
effects of aminoguanidine in a rodent model of stroke. Stroke. 
1996;27(8):1393–1398.

	244.	 Dogan A, Rao AM, Baskaya MK, et al. Effects of ifenprodil, a polyamine 
site NMDA receptor antagonist, on reperfusion injury after transient fo-
cal cerebral ischemia. J Neurosurg. 1997;87(6):921–926.

	245.	 Prohovnik I, Knudsen E, Risberg J. Accuracy of models and algorithms 
for determination of fast-compartment flow by noninvasive 133Xe 
clearance. In: Magistretti PL, ed. Functional Radionuclide Imaging of the 
Brain. New York: Raven Press; 1983:87–115.

	246.	 Kazumata K, Tanaka N, Ishikawa T, Kuroda S, Houkin K, Mitsumori K. 
Dissociation of vasoreactivity to acetazolamiode and hypercapnia. 
Comparative study in patients with chronic occlusive major cerebral ar-
tery disease. Stroke. 1996;27(11):2052–2058.

	247.	 Powers WJ, Raichle ME. Positron emission tomography and its applica-
tion to the study of cerebrovascular disease in man (Progress Review). 
Stroke. 1985;16(3):361–376.

	248.	 Pavlakis  S, Bello  J, Prohovnik  I, et  al. Brain infarction in sickle 
cell anemia: Magnetic resonance imaging correlates. Ann Neurol. 
1988;23:125–130.

	249.	 Yamamoto  M, Meyer  JS, Sakai  F, Yamaguchi  F. Aging and cere-
bral vasodilator responses to hypercarbia: Responses in normal 
aging and in persons with risk factors for stroke. Arch Neurol. 
1980;37(Aug):489–496.



54

2
 

• 
C

e
r

e
b

r
a

l 
a

n
d

 S
p

in
a

l 
C

o
r

d
 B

loo


d
 F

lo
w 	250.	 Prohovnik I, Knudsen E, Risberg J. Theoretical evaluation and simula-

tion test of the Initial Slope Index for noninvasive rCBF. In: Hartmann A, 
Hoyer S, eds. Cerebral Blood Flow and Metabolism Measurement. Berlin: 
Springer Verlag; 1985:56–60.

	251.	 Wade JPH, Hachinski VC. Cerebral steal: Robbery or maldistribution?. 
In: Wood JH, ed. Cerebral Blood Flow: Physiologic and Clinical Aspects. 
New York: McGraw-Hill Book Company; 1987:467–480.

	252.	 Boysen  G, Engell  HC, Henriksen  H. The effect of induced hyperten-
sion on internal carotid artery pressure and regional cerebral blood 
flow during temporary carotid clamping for endarterectomy. Neurology. 
1972;22(11):1133–1144.

	253.	 Mast H, Mohr JP, Osipov A, et al. “Steal” is an unestablished mechanism 
for the clinical presentation of cerebral arteriovenous malformations. 
Stroke. 1995;26(7):1215–1220.

	254.	 Solomon  RA, Fink  ME, Lennihan  L. Prophylactic volume expansion 
therapy for the prevention of delayed cerebral ischemia after early aneu-
rysm surgery. Arch Neurol. 1988;45(March):325–332.

	255.	 Grubb RL, Raichle ME, Eichling JO, Gado MH. Effects of subarachnoid 
hemorrhage on cerebral blood volume, blood flow, and oxygen utiliza-
tion in humans. J Neurosurg. 1977;46(April):446–453.

	256.	 Duong H, Hacein-Bey L, Vang MC, Pile-Spellman J, Joshi S, Young WL. 
Management of cerebral arterial occlusion during endovascular 
treatment of cerebrovascular disease. Probl Anesth: Controversies in 
Neuroanesthesia. 1997;9(1):99–111.

	257.	 Young WL, Solomon RA, Pedley TA, et al. Direct cortical EEG monitor-
ing during temporary vascular occlusion for cerebral aneurysm surgery. 
Anesthesiology. 1989;71:794–799.

	258.	 Miller JA, Dacey Jr RG, Diringer MN. Safety of hypertensive hypervole-
mic therapy with phenylephrine in the treatment of delayed ischemic 
deficits after subarachnoid hemorrhage. Stroke. 1995;26(12):2260–2266.

	259.	 Ehrenfeld WK, Hamilton FN, Larson Jr CP, Hickey RF, Severinghaus JW. 
Effect of CO2 and systemic hypertension on downstream cerebral arte-
rial pressure during carotid endarterectomy. Surgery. 1970;67(1):87–96.

	260.	 Fourcade HE, Larson Jr CP, Ehrenfield WK, Hickey RF, Newton TH. The 
effects of CO2 and systemic hypertension on cerebral perfusion pressure 
during carotid endarterectomy. Anesthesiology. 1970;33(4):383–390.

	261.	 McKay RD, Sundt TM, Michenfelder  JD, et  al. Internal carotid artery 
stump pressure and cerebral blood flow during carotid endarterectomy: 
Modification by halothane, enflurane, and innovar. Anesthesiology. 
1976;45(4):390–399.

	262.	 Archie Jr JP. Technique and clinical results of carotid stump back-
pressure to determine selective shunting during carotid endarterectomy. 
J Vasc Surg. 1991;13(2):319–327.

	263.	 Batjer HH, Frankfurt AI, Purdy PD, Smith SS, Samson DS. Use of eto-
midate, temporary arterial occlusion, and intraoperative angiography in 
surgical treatment of large and giant cerebral aneurysms. J Neurosurg. 
1988;68(Feb):234–240.

	264.	 Buckland MR, Batjer HH, Giesecke AH. Anesthesia for cerebral aneu-
rysm surgery: Use of induced hypertension in patients with symptom-
atic vasospasm. Anesthesiology. 1988;69:116–119.

	265.	 Drummond  JC. Deliberate hypotension for intracranial aneurysm 
surgery: Changing practices (Letter to the editor). Can J Anaesth. 
1991;38(7):935–936.

	266.	 Kassell NF, Peerless SJ, Durward QJ, Beck DW, Drake CG, Adams HP. 
Treatment of ischemic deficits from vasospasm with intravascular 
volume expansion and induced arterial hypertension. Neurosurgery. 
1982;11(3):337–343.

	267.	 Awad IA, Carter LP, Spetzler RF, Medina M, Williams Fred WJ. Clinical 
vasospasm after subarachnoid hemorrhage: Response to hypervolemic 
hemodilution and arterial hypertension. Stroke. 1987;18(2):365–372.

	268.	 Muizelaar  JP, Becker  D. Induced hypertension for the treatment 
of cerebral ischemia after subarachnoid hemorrhage. Surg Neurol. 
1986;25:317–325.

	269.	 Joshi S, Ornstein E, Young WL. Points of View: Augmenting cerebral 
perfusion pressure: When is enough too much? (editorial). J Neurosurg 
Anesthesiol. 1996;8(3):249–253.

	270.	 Warner  DS, Hansen  TD, Vust  L, Todd  MM. Distribution of cere-
bral blood flow during deep isoflurane vs. pentobarbital anesthesia 
in rats with middle cerebral artery occlusion. J Neurosurg Anesthesiol. 
1989;1(3):219–226.

	271.	 Soloway  M, Moriarty  G, Fraser  JG, White  RJ. Effect of delayed hy-
perventilation on experimental cerebral infarction. Neurology. 
1971;21:479–485.

	272.	 Soloway M, Nadel W, Albin MS, White RJ. The effect of hyperventilation 
on subsequent cerebral infarction. Anesthesiology. 1968;29:975–980.

	273.	 Drummond JC, Ruta TS, Cole DJ, Zornow MH, Shapiro HM. The ef-
fect of hypocapnia on cerebral blood flow distribution during middle 
cerebral artery occlusion in the rat. J Neurosurg Anesthesiol. 1989;1(2): 
163–164.

	274.	 Artru  AA, Merriman  HG. Hypocapnia added to hypertension to re-
verse EEG changes during carotid endarterectomy (Case report). 
Anesthesiology. 1989;70:1016–1018.

	275.	 Michenfelder  JD, Sundt Jr TM. The effect of PaCO2 on the me-
tabolism of ischemic brain in squirrel monkeys. Anesthesiology. 
1973;38(5):445–453.

	276.	 Baker  WH, Rodman  JA, Barnes  RW, Hoyt  JL. An evaluation of hy-
pocarbia and hypercarbia during carotid endarterectomy. Stroke. 
1976;7(5):451–454.

	277.	 Christensen MS, Brodersen P, Olesen J, Paulson OB. Cerebral apoplexy 
(stroke) treated with or without prolonged artificial hyperventilation: 2. 
Cerebrospinal fluid acid-base balance and intracranial pressure. Stroke. 
1973;4:620–631.

	278.	 Mohr JP, Petty GW, Sacco RL. Recent advances in cerebrovascular dis-
ease. Curr Neurol. 1989;9:77–108.

	279.	 Pistolese  GR, Faraglia  V, Agnoli  A, et  al. Cerebral hemispheric 
“counter-steal” phenomenon during hyperventilation in cerebrovascu-
lar diseases. Stroke. 1972;3(July-Aug):456–461.

	280.	 Ochiai  C, Asano  T, Takakura  K, Fukuda  T, Horizoe  H, Morimoto  Y. 
Mechanisms of cerebral protection by pentobarbital and Nizofenone 
correlated with the course of local cerebral blood flow changes. Stroke. 
1982;13(6):788–795.

	281.	 Young  WL, Prohovnik  I, Correll  JW, Ornstein  E, Matteo  RS, 
Ostapkovich N. Cerebral blood flow and metabolism in patients under-
going anesthesia for carotid endarterectomy: A comparison of isoflu-
rane, halothane, and fentanyl. Anesth Analg. 1989;68:712–717.

	282.	 Oskouian Jr RJ, Martin NA, Lee JH, et al. Multimodal quantitation of the 
effects of endovascular therapy for vasospasm on cerebral blood flow, 
transcranial doppler ultrasonographic velocities, and cerebral artery di-
ameters. Neurosurgery. 2002;51(1):30–41; discussion 41–43.

	283.	 Kassell  NF, Helm  G, Simmons  N, Phillips  CD, Cail  WS. Treatment 
of cerebral vasospasm with intra-arterial papaverine. J Neurosurg. 
1992;77(6):848–852.

	284.	 Joshi S, Emala CW, Pile-Spellman J. Intra-arterial drug delivery: A con-
cise review. J Neurosurg Anesthesiol. 2007;19(2):111–119.

	285.	 Joshi S, Meyers PM, Ornstein E. Intracarotid delivery of drugs: The po-
tential and the pitfalls. Anesthesiology. 2008;109(3):543–564.

	286.	 Feng L, Fitzsimmons BF, Young WL, et al. Intraarterially administered 
verapamil as adjunct therapy for cerebral vasospasm: Safety and 2-year 
experience. AJNR: Am J Neuroradiol. 2002;23(8):1284–1290.

	287.	 Badjatia N, Topcuoglu MA, Pryor JC, et al. Preliminary experience with 
intra-arterial nicardipine as a treatment for cerebral vasospasm. AJNR: 
Am J Neuroradiol. 2004;25(5):819–826.

	288.	 Cross III DT, Moran  CJ, Angtuaco  EE, Milburn  JM, Diringer  MN, 
Dacey Jr RG. Intracranial pressure monitoring during intraarte-
rial papaverine infusion for cerebral vasospasm. Am J Neuroradiol. 
1998;19(7):1319–1323.

	289.	 Joshi  S, Ornstein  E, Bruce  JN. Targeting the brain: Rationalizing the 
novel methods of drug delivery to the central nervous system. Neurocrit 
Care. 2007;6(3):200–212.

	290.	 Joshi SEJ, Emala CW. Revisiting intra-arterial drug delivery for treating 
brain diseases or is it “déjà- vu, all over again”? J Neuroanaesthesiol Crit 
Care. 2014;1(2):108–115.

	291.	 Joshi S, Wang M, Etu JJ, Nishanian EV, Pile-Spellman J. Cerebral blood 
flow affects dose requirements of intracarotid propofol for electrocere-
bral silence. Anesthesiology. 2006;104(2):290–298.

	292.	 Joshi  S, Wang  M, Etu  JJ, Pile-Spellman  J. Bolus configuration affects 
dose requirements of intracarotid propofol for electroencephalographic 
silence. Anesth Analg. 2006;102(6):1816–1822.

	293.	 Joshi S, Wang M, Etu JJ, et al. Transient cerebral hypoperfusion enhances 
intraarterial carmustine deposition into brain tissue. J Neurooncol. 
2008;86(2):123–132.

	294.	 Joshi S, Wang M, Etu JJ, Pile-Spellman J. Reducing cerebral blood flow 
increases the duration of electroencephalographic silence by intraca-
rotid thiopental. Anesthesia & Analgesia. 2005;101(3):851–858.

	295.	 Dedrick RL. Arterial drug infusion: pharmacokinetic problems and pit-
falls. J Natl Cancer Inst. 1988;80(2):84–89.

	296.	 Dedrick RL. Interspecies scaling of regional drug delivery. J Pharm Sci. 
1986;75(11):1047–1052.

	297.	 Cloughesy TF, Gobin YP, Black KL, et al. Intra-arterial carboplatin che-
motherapy for brain tumors: A dose escalation study based on cerebral 
blood flow. J Neurooncol. 1997;35(2):121–131.

	298.	 Gobin YP, Cloughesy TF, Chow KL, et al. Intraarterial chemotherapy for 
brain tumors by using a spatial dose fractionation algorithm and pulsa-
tile delivery. Radiology. 2001;218(3):724–732.

	299.	 Joshi  SS-MR, Wang  M, Chaudhuri  D, Straubinger  N, Straubinger  R, 
Bigio IJ. The effectiveness of transient cerebral hypoperfusion assisted 
intra-arterial delivery of cationic liposomes. J Neurosurg Anesthesiol. 
2013;25(4):488–489.



2
 

• 
C

e
r

e
b

r
a

l a
n

d
 S

p
in

a
l C

o
r

d
 B

loo


d
 Flo

w

55

	300.	 Elkassabany NM, Bhatia J, Deogaonkar A, et al. Perioperative compli-
cations of blood brain barrier disruption under general anesthesia: A 
retrospective review. J Neurosurg Anesthesiol. 2008;20(1):45–48.

	301.	 Jones DR, Hall SD, Jackson EK, Branch RA, Wilkinson GR. Brain uptake 
of benzodiazepines: Effects of lipophilicity and plasma protein binding. J 
Pharmacol Exp Ther. 1988;245(3):816–822.

	302.	 Mourant JR, Johnson TM, Los G, Bigio IJ. Non-invasive measurement 
of chemotherapy drug concentrations in tissue: Preliminary demonstra-
tions of in vivo measurements. Phys Med Biol. 1999;44(5):1397–1417.

	303.	 Kanick SC, Eiseman  JL, Joseph E, Guo  J, Parker RS. Noninvasive and 
nondestructive optical spectroscopic measurement of motexafin gado-
linium in mouse tissues: Comparison to high-performance liquid chro-
matography. J Photochem Photobiol B. 2007;88(2-3):90–104.

	304.	 Reif  R, Wang  M, Joshi  S, A'Amar  O, Bigio  IJ. Optical method for 
real-time monitoring of drug concentrations facilitates the develop-
ment of novel methods for drug delivery to brain tissue. J Biomed Opt. 
2007;12(3):034036.

	305.	 Neuwelt E, Abbott NJ, Abrey L, et al. Strategies to advance translational 
research into brain barriers. Lancet Neurol. 2008;7(1):84–96.

	306.	 Bellavance MA, Blanchette M, Fortin D. Recent advances in blood-brain 
barrier disruption as a CNS delivery strategy. AAPS J. 2008;10(1):166–177.

	307.	 Wang M, Etu J, Joshi S. Enhanced disruption of the blood brain barrier 
by intracarotid mannitol injection during transient cerebral hypoperfu-
sion in rabbits. J Neurosurg Anesthesiol. 2007;19(4):249–256.

	308.	 Frost  JJ, Wagner Jr HN. Quantitative Imaging: Neuroreceptors, 
Neurotransmitters, and Enzymes. New York: Raven Press; 1990.

	309.	 Enblad  P, Valtysson  J, Andersson  J, et  al. Simultaneous intracerebral 
microdialysis and positron emission tomography in the detection of 
ischemia in patients with subarachnoid hemorrhage. J Cereb Blood Flow 
Metab. 1996;16(4):637–644.

	310.	 Ingvar M, Eriksson L, Greitz T, et al. Methodological aspects of brain 
activation studies: Cerebral blood flow determined with [15O] buta-
nol and positron emission tomography. J Cereb Blood Flow Metab. 
1994;14(4):628–638.

	311.	 Heiss W-D, Graf R, Fujita T, et al. Early detection of irreversibly dam-
aged ischemic tissue by flumazenil positron emission tomography in 
cats. Stroke. 1997;28(10):2045–2052.

	312.	 Alkire MT, Haier RJ, Shah NK, Anderson CT. Positron emission tomog-
raphy study of regional cerebral metabolism in humans during isoflu-
rane anesthesia. Anesthesiology. 1997;86(3):549–557.

	313.	 Archer  DP, Labrecque  P, Tyler  JL, et  al. Measurement of cerebral 
blood flow and volume with positron emission tomography during 
isoflurane administration in the hypocapnic baboon. Anesthesiology. 
1990;72:1031–1037.

	314.	 Firestone LL, Gyulai F, Mintun M, Adler LJ, Urso K, Winter PM. Human 
brain activity response to fentanyl imaged by positron emission tomog-
raphy. Anesth Analg. 1996;82(6):1247–1251.

	315.	 Alkire MT, Haier RJ, Barker SJ, Shah NK, Wu JC, Kao J. Cerebral me-
tabolism during propofol anesthesia in humans studied with pos-
itron emission tomography [see comment in Anesthesiology 1995 
Oct;83(4):888-889]. Anesthesiology. 1995;82(2):393–403; discussion 27A.

	316.	 Brooks DJ, Frackowiak RSJ, Lammertsma AA. A comparison between 
regional cerebral blood flow measurements obtained in human subjects 
using 11C-methylalbumin microspheres, the C15O2 steady-state method, 
and positron emission tomography. Acta Neurol Scand. 1986;73:415–422.

	317.	 Van Heertum RL, Tikofsky RS. Advances in Cerebral SPECT Imaging: An 
Atlas and Guideline for Practitioners. Philadelphia: Lea & Febiger; 1989. 
p. 62.

	318.	 Lassen NA, Blasberg RG. Technetium-99 m—d, l-HM-PAO. The devel-
opment of a new class of 99mTc-labeled tracers: An overview. J Cereb 
Blood Flow Metab. 1988;8:S1–S3.

	319.	 Sperling B, Lassen NA. Hyperfixation of HMPAO in subacute ischemic 
stroke leading to spuriously high estimates of cerebral blood flow by 
SPECT. Stroke. 1993;24(2):193–194.

	320.	 Devous Sr. MD, Payne  JK, Lowe  JL, Leroy  RF. Comparison of 
technetium-99 m-ECD to xenon-133 SPECT in normal controls and in 
patients with mild to moderate regional cerebral blood flow abnormali-
ties. J Nucl Med. 1993;34(5):754–761.

	321.	 Yudd  AP, Van Heertum  RL, Masdeu  JC. Interventions and functional 
brain imaging. Semin Nucl Med. 1991;21(2):153–158.

	322.	 Hirano  T, Minematsu  K, Hasegawa  Y, Tanaka  Y, Hayashida  K, 
Yamaguchi  T. Acetazolamide reactivity on 123I-IMP single photon 
emission computed tomography in patients with major cerebral artery 
occlusive disease: Correlation with positron emission tomography pa-
rameters. J Cereb Blood Flow Metab. 1994;14(5):763–770.

	323.	 Roussel  SA, van Bruggen  N, King  MD, Gadian  DG. Identification of 
collaterally perfused areas following focal cerebral ischemia in the rat by 
comparison of gradient echo and diffusion-weighted MRI. J Cereb Blood 
Flow Metab. 1995;15(4):578–586.

	324.	 Belliveau  JW, Cohen  MS, Weisskoff  RM, Buchbinder  BR, Rosen  BR. 
Functional studies of the human brain using high-speed magnetic reso-
nance imaging. J Neuroimaging. 1991;1(1):36–41.

	325.	 Branch CA, Helpern JA, Ewing JR, Welch KMA. 19F NMR imaging of 
cerebral blood flow. Magn Reson Med. 1991;20(1):151–157.

	326.	 Larson  KB, Perman  WH, Perlmutter  JS, Gado  MH, Ollinger  JM, 
Zierler K. Tracer-kinetic analysis for measuring regional cerebral blood 
flow by dynamic nuclear magnetic resonance imaging. J Theor Biol. 
1994;170(1):1–14.

	327.	 Calamante F, Gadian DG, Connelly A. Quantification of perfusion us-
ing bolus tracking magnetic resonance imaging in stroke: Assumptions, 
limitations, and potential implications for clinical use. Stroke. 
2002;33(4):1146–1151.

	328.	 Calamante  F, Thomas  DL, Pell  GS, Wiersma  J, Turner  R. Measuring 
cerebral blood flow using magnetic resonance imaging techniques [In 
Process Citation]. J Cereb Blood Flow Metab. 1999;19(7):701–735.

	329.	 Thomas  DL, Lythgoe  MF, Calamante  F, Gadian  DG, Ordidge  RJ. 
Simultaneous noninvasive measurement of CBF and CBV using 
double-echo FAIR (DEFAIR). Magn Reson Med. 2001;45(5):853–863.

	330.	 Posse  S, Olthoff  U, Weckesser  M, Jancke  L, Muller-Gartner  H-W, 
Dager  SR. Regional dynamic signal changes during controlled hyper-
ventilation assessed with blood oxygen level-dependent functional MR 
imging. Am J Neuroradiol. 1997;18(October):1763–1770.

	331.	 Litt  L, Gonzalez-Mendez  R, Severinghaus  JW, et  al. Cerebral in-
tracellular changes during supercarbia: An in  vivo 31P nuclear 
magnetic resonance study in rats. J Cereb Blood Flow Metab. 
1985;5(4):537–544.

	332.	 Ra JB, Hilal SK, Oh CH, Mun IK. In vivo magnetic resonance imaging of 
sodium in the human body. Magn Reson Med. 1988;7(1):11–22.

	333.	 Calamante  F, Vonken  EJ, van Osch  MJ. Contrast agent concentration 
measurements affecting quantification of bolus-tracking perfusion MRI. 
Magn Reson Med. 2007;58(3):544–553.

	334.	 Hoehner PJ, Dean JM, Rogers MC, Traystman RJ. Comparison of ther-
mal clearance measurement of regional cerebral blood flow with radio-
labelled microspheres. Stroke. 1987;18:606–611.

	335.	 Mazzeo AT, Bullock R. Effect of bacterial meningitis complicating severe 
head trauma upon brain microdialysis and cerebral perfusion. Neurocrit 
Care. 2005;2(3):282–287.

	336.	 Vajkoczy P, Roth H, Horn P, et al. Continuous monitoring of regional 
cerebral blood flow: experimental and clinical validation of a novel ther-
mal diffusion microprobe. J Neurosurg. 2000;93(2):265–274.

	337.	 Joshi S, Hartl R, Wang M, et al. The acute cerebrovascular effects of in-
tracarotid adenosine in nonhuman primates. Anesthesia & Analgesia. 
2003;97(1):231–237.

	338.	 Jaeger  M, Soehle  M, Schuhmann  MU, Winkler  D, Meixensberger  J. 
Correlation of continuously monitored regional cerebral blood flow and 
brain tissue oxygen. Acta Neurochir (Wien). 2005;147(1):51–56; discus-
sion 56.

	339	 Aaslid  R, Markwalder  T-M, Nornes  H. Noninvasive transcranial 
Doppler ultrasound recording of flow velocity in basal cerebral arteries. 
J Neurosurg. 1982;57(Dec):769–774.

	340.	 Aaslid R. Transcranial Doppler Sonography. New York: Springer-Verlag; 
1986:177.

	341.	 Gosling RG, King DH. Arterial assessment by Doppler-shift ultrasound. 
Proc Roy Soc Med. 1974;67:447–449.

	342.	 Czosnyka M, Richards HK, Whitehouse HE, Pickard JD. Relationship be-
tween transcranial Doppler-determined pulsatility index and cerebrovas-
cular resistance: An experimental study. J Neurosurg. 1996;84(1):79–84.

	343.	 Kontos  HA. Validity of cerebral arterial blood flow calculations from 
velocity measurements (Editorial). Stroke. 1989;20(1):1–3.

	344.	 Huber P, Handa  J. Effect of contrast material, hypercapnia, hyperven-
tilation, hypertonic glucose and papaverine on the diameter of the 
cerebral arteries: Angiographic determination in man. Invest Radiol. 
1967;2(Jan-Feb):17–32.

	345.	 Poulin MJ, Robbins PA. Indexes of flow and cross-sectional area of the 
middle cerebral artery using Doppler ultrasound during hypoxia and 
hypercapnia in humans. Stroke. 1996;27(12):2244–2250.

	346.	 White RP, Deane C, Vallance P, Markus HS. Nitric oxide synthase in-
hibition in humans reduces cerebral blood flow but not the hyperemic 
response to hypercapnia. Stroke. 1998;29(2):467–472.

	347.	 Laumer R, Steinmeier R, Gonner F, Vogtmann T, Priem R, Fahlbusch R. 
Cerebral hemodynamics in subarachnoid hemorrhage evaluated by 
transcranial Doppler sonography: Part 1. Reliability of flow velocities in 
clinical management. Neurosurgery. 1993;33(1):1–9.

	348.	 Romner  B, Bellner  J, Kongstad  P, Sjoholm  H. Elevated transcranial 
Doppler flow velocities after severe head injury: Cerebral vasospasm or 
hyperemia? J Neurosurg. 1996;85(1):90–97.

	349.	 Giller CA, Hatab MR, Giller AM. Estimation of vessel flow and diame-
ter during cerebral vasospasm using transcranial Doppler indices [with 



56

2
 

• 
C

e
r

e
b

r
a

l 
a

n
d

 S
p

in
a

l 
C

o
r

d
 B

loo


d
 F

lo
w Comments by Newell DW, Aaslid R; and Macdonald RL, Smith RR, 

Awad IA]. Neurosurgery. 1998;42(5):1076–1082.
	350.	 Finn  JP, Quinn  MW, Hall-Craggs  MA, Kendall  BE. Impact of vessel 

distortion on transcranial Doppler velocity measurements: Correlation 
with magnetic resonance imaging. J Neurosurg. 1990;73(Oct):572–575.

	351.	 Halsey JH. Effect of emitted power on waveform intensity in transcra-
nial Doppler. Stroke. 1990;21(11 (Nov)):1573–1578.

	352.	 Lindegaard  K-F, Grolimund  P, Aaslid  R, Nornes  H. Evaluation of ce-
rebral AVM's using transcranial Doppler ultrasound. J Neurosurg. 
1986;65(Sept):335–344.

	353.	 Aaslid R. Visually evoked dynamic blood flow response of the human 
cerebral circulation. Stroke. 1987;18(4):771–775.

	354.	 Aaslid R, Lindegaard K-F, Sorteberg W, Nornes H. Cerebral autoregula-
tion dynamics in humans. Stroke. 1989;20(1):45–52.

	355.	 Kuo TB-J, Chern C-M, Sheng W-Y, Wong W-J, Hu H-H. Frequency 
domain analysis of cerebral blood flow velocity and its correla-
tion with arterial blood pressure. J Cereb Blood Flow Metab. 
1998;18(3):311–318.

	356.	 Halsey JH, McDowell HA, Gelmon S, Morawetz RB. Blood velocity in 
the middle cerebral artery and regional cerebral blood flow during ca-
rotid endarterectomy. Stroke. 1989;20:53–58.

	357.	 Moritz S, Kasprzak P, Arlt M, Taeger K, Metz C. Accuracy of cerebral 
monitoring in detecting cerebral ischemia during carotid endarterec-
tomy: A comparison of transcranial Doppler sonography, near-infrared 
spectroscopy, stump pressure, and somatosensory evoked potentials. 
Anesthesiology. 2007;107(4):563–569.

	358.	 Bishop CCR, Powell S, Rutt D, Browse NL. Transcranial Doppler mea-
surement of middle cerebral artery blood flow velocity: A validation 
study. Stroke. 1986;17(5):913–915.

	359.	 Markwalder T-M, Grolimund P, Seiler RW, Roth F, Aaslid R. Dependency 
of blood flow velocity in the middle cerebral artery on end-tidal carbon 
dioxide partial pressure—A transcranial ultrasound Doppler study. J 
Cereb Blood Flow Metab. 1984;4:368–372.

	360.	 Pilato  MA, Bissonnette  B, Lerman  J. Transcranial Doppler: Response 
of cerebral blood-flow velocity to carbon dioxide in anaesthetized chil-
dren. Can J Anaesth. 1991;38(1):37–42.

	361.	 Lam AM, Manninen PH, Ferguson GG, Nantau W. Monitoring electro-
physiologic function during carotid endarterectomy: A comparison of 
somatosensory evoked potentials and conventional electroencephalo-
gram. Anesthesiology. 1991;75(1):15–21.

	362.	 Murkin JM, Lee DH. Transcranial Doppler verification of pulsatile ce-
rebral blood flow during cardiopulmonary bypass (abstract). Anesth 
Analg. 1991;72:S194.

	363.	 Bunegin L, Wahl D, Albin MS. Detection and volume estimation of em-
bolic air in the middle cerebral artery using transcranial Doppler sonog-
raphy. Stroke. 1994;25(3):593–600.

	364.	 Gilsbach J, Hassler W. Intraoperative Doppler and real time sonography 
in neurosurgery. Neurosurg Rev. 1984;7:199–208.

	365.	 Hassler W. Hemodynamic aspects of cerebral angiomas. Acta Neurochir 
(Wien). 1986;(Suppl 37):136. Vienna: Springer-Verlag.

	366.	 Chaloupka JC, Vinuela F, Malanum RP, et al. Technical feasibility and 
performance studies of a Doppler guide wire for potential neuroendo-
vascular applications. Am J Neuroradiol. 1994;15(3 (March)):503–507.

	367.	 Chaloupka  JC, Vinuela  F, Kimme-Smith  C, Robert  J, Duckwiler  GR. 
Use of a Doppler guide wire for intravascular blood flow measurements: 
A validation study for potential neurologic endovascular applications. 
AJNR Am J Neuroradiol. 1994;15(3):509–517.

	368.	 Henkes H, Nahser HC, Klotzsch C, Diener HC, Kuhne D. Endovascular 
Doppler sonography of intracranial blood vessels. Technical indications 
and potential applications. [German]. Radiologe. 1993;33(11):645–649.

	369.	 Rampil  IJ. Cerebral perfusion mapping with ultrasound contrast. 
Anesthesiology. 1991;75(3A):A1006.

	370.	 Roche-Labarbe N, Fenoglio A, Radhakrishnan H, et al. Somatosensory 
evoked changes in cerebral oxygen consumption measured non-
invasively in premature neonates. Neuroimage. 2014;85(Pt 1):279–286.

	371.	 Sakadzic S, Mandeville ET, Gagnon L, et al. Large arteriolar component 
of oxygen delivery implies a safe margin of oxygen supply to cerebral 
tissue. Nat Commun. 2014;5:5734.

	372.	 Selb J, Boas DA, Chan ST, Evans KC, Buckley EM, Carp SA. Sensitivity 
of near-infrared spectroscopy and diffuse correlation spectroscopy to 
brain hemodynamics: Simulations and experimental findings during 
hypercapnia. Neurophotonics. 2014;1(1).

	373.	 Yao  J, Wang  LV. Breakthrough in photonics 2013: Photoacoustic 
tomography in biomedicine. IEEE Photonics J. 2014;6(2).

	374.	 Ehlis AC, Schneider S, Dresler T, Fallgatter AJ. Application of functional 
near-infrared spectroscopy in psychiatry. Neuroimage. 2014;85(Pt 1): 
478–488.

	375.	 Srinivasan VJ, Atochin DN, Radhakrishnan H, et al. Optical coherence 
tomography for the quantitative study of cerebrovascular physiology. J 
Cereb Blood Flow Metab. 2011;31(6):1339–1345.

	376.	 Srinivasan VJ, Radhakrishnan H, Lo EH, et al. OCT methods for capil-
lary velocimetry. Biomed Optic Express. 2012;3(3):612–629.

	377.	 Srinivasan VJ, Sakadzic S, Gorczynska I, et al. Depth-resolved micros-
copy of cortical hemodynamics with optical coherence tomography. Opt 
Lett. 2009;34(20):3086–3088.

	378.	 Devor  A, Sakadzic  S, Srinivasan  VJ, et  al. Frontiers in optical imag-
ing of cerebral blood flow and metabolism. J Cereb Blood Flow Metab. 
2012;32(7):1259–1276.

	379.	 Blinder P, Tsai PS, Kaufhold JP, Knutsen PM, Suhl H, Kleinfeld D. The 
cortical angiome: an interconnected vascular network with noncolum-
nar patterns of blood flow. Nat Neurosci. 2013;16(7):889–897.

	380.	 Yaseen  MA, Srinivasan  VJ, Sakadzic  S, et  al. Microvascular oxygen 
tension and flow measurements in rodent cerebral cortex during base-
line conditions and functional activation. J Cereb Blood Flow Metab. 
2011;31(4):1051–1063.

	381.	 Yuzawa I, Sakadzic S, Srinivasan VJ, et al. Cortical spreading depression 
impairs oxygen delivery and metabolism in mice. J Cereb Blood Flow 
Metab. 2012;32(2):376–386.

	382.	 Jain RK, Munn LL, Fukumura D. Dissecting tumour pathophysiology 
using intravital microscopy. Nat Rev Cancer. 2002;2(4):266–276.

	383.	 Rovainen CM, Woolsey TA, Blocher NC, Wang DB, Robinson OF. Blood 
flow in single surface arterioles and venules on the mouse somatosen-
sory cortex measured with videomicroscopy, fluorescent dextrans, non-
occluding fluorescent beads, and computer-assisted image analysis. J 
Cereb Blood Flow Metab. 1993;13(3):359–371.

	384.	 Cabrales P, Carvalho LJ. Intravital microscopy of the mouse brain mi-
crocirculation using a closed cranial window. J Vis Exp. 2010;45.

	385.	 Humeau  A, Steenbergen  W, Nilsson  H, Stromberg  T. Laser Doppler 
perfusion monitoring and imaging: Novel approaches. Med Biol Eng 
Comput. 2007;45(5):421–435.

	386.	 Fukuda O, Endo S, Kuwayama N, Harada J, Takaku A. The characteris-
tics of laser-Doppler flowmetry for the measurement of regional cere-
bral blood flow. Neurosurgery. 1995;36(2):358–364.

	387.	 Meyerson BA, Gunasekera L, Linderoth B, Gazelius B. Bedside moni-
toring of regional cortical blood flow in comatose patients using laser 
Doppler flowmetry. Neurosurgery. 1991;29(5):750–755.

	388.	 Dirnagl  U, Pulsinelli  W. Autoregulation of cerebral blood flow 
in experimental focal brain ischemia. J Cereb Blood Flow Metab. 
1990;10:327–336.

	389.	 Kramer  MS, Vinall  PE, Katolik  LI, Simeone  FA. Comparison of cere-
bral blood flow measured by laser-Doppler flowmetry and hydrogen 
clearance in cats after cerebral insult and hypervolemic hemodilution. 
Neurosurgery. 1996;38(2):355–361.

	390.	 Fabricius Mt, Lauritzen M. Laser-Doppler evaluation of rat brain micro-
circulation: Comparison with the [14C]-iodoantipyrine method suggests 
discordance during cerebral blood flow increases. J Cereb Blood Flow 
Metab. 1996;16(1):156–161.

	391.	 Steinmeier  R, Fahlbusch  R, Powers  AD, Dotterl  A, Buchfelder  M. 
Pituitary microcirculation: Physiological aspects and clinical implica-
tions. A laser-Doppler flow study during transsphenoidal adenomec-
tomy. Neurosurgery. 1991;29(1):47–54.

	392.	 Johnson WD, Bolognese P, Miller JI, Heger IM, Liker MA, Milhorat TH. 
Continuous postoperative ICBF monitoring in aneurysmal SAH pa-
tients using a combined ICP-laser Doppler fiberoptic probe. J Neurosurg 
Anesthesiol. 1996;8(3):199–207.

	393.	 Nakase H, Kaido T, Okuno S, Hoshida T, Sakaki T. Novel intraoperative 
cerebral blood flow monitoring by laser-Doppler scanner. Neurol Med 
Chir (Tokyo). 2002;42(1):1–4.

	394.	 Steinmeier  R, Bondar  I, Bauhuf  C, Fahlbusch  R. Laser Doppler flow
metry mapping of cerebrocortical microflow: Characteristics and lim-
itations. Neuroimage. 2002;15(1):107–119.

	395.	 Friedrich  DH, Baethmann  A, Plesnila  N. Cluster analysis: A useful 
tool for the analysis of cerebral laser-Doppler scanning data. J Neurosci 
Methods. 2005;146(1):91–97.

	396.	 Kazmi SM, Balial S, Dunn AK. Optimization of camera exposure du-
rations for multi-exposure speckle imaging of the microcirculation. 
Biomed Opt Express. 2014;5(7):2157–2171.

	397.	 Richards LM, Kazmi SM, Davis JL, Olin KE, Dunn AK. Low-cost laser 
speckle contrast imaging of blood flow using a webcam. Biomed Opt 
Express. 2013;4(10):2269–2283.

	398.	 Boas DA, Dunn AK. Laser speckle contrast imaging in biomedical op-
tics. J Biomed Opt. 2010;15(1):011109.

	399.	 Kastek  M, Piatkowski  T, Polakowski  H, et  al. Thermal camera used 
for the assessment of metabolism and functions of the rat brain. In: 
Colbert F, Hsieh S-J, eds. Proc. of SPIE. 2013; 910507 1-9.

	400.	 Suzuki  T, Ooi  Y, Seki  J. Infrared thermal imaging of rat so-
matosensory cortex with whisker stimulation. J Appl Physiol. 
2012;112(7):1215–1222.

	401.	 Zhang  Y, Hong  H, Cai  W. Photoacoustic imaging. Cold Spring Harb 
Protoc. 2011;2011(9).



2
 

• 
C

e
r

e
b

r
a

l a
n

d
 S

p
in

a
l C

o
r

d
 B

loo


d
 Flo

w

57

	402.	 Burton  NC, Patel  M, Morscher  S, et  al. Multispectral opto-acoustic 
tomography (MSOT) of the brain and glioblastoma characterization. 
Neuroimage. 2013;65:522–528.

	403.	 Hu  S, Maslov  K, Tsytsarev  V, Wang  LV. Functional transcranial brain 
imaging by optical-resolution photoacoustic microscopy. J Biomed Opt. 
2009;14(4):040503.

	404.	 Liao  LD, Li  ML, Lai  HY, et  al. Imaging brain hemodynamic changes 
during rat forepaw electrical stimulation using functional photoacoustic 
microscopy. Neuroimage. 2010;52(2):562–570.

	405.	 Shan L. Indocyanine green-enhanced, cyclic Arg-Gly-Asp-conjugated, 
PEGylated single-walled carbon nanotubes. Molecular Imaging and 
Contrast Agent Database (MICAD); 2004. Bethesda (MD).

	406.	 Wang  L, Xie  X, Oh  JT, et  al. Combined photoacoustic and molec-
ular fluorescence imaging in  vivo. Conf Proc IEEE Eng Med Biol Soc. 
2005;1:190–192.

	407.	 Jo  J, Zhang  H, Cheney  PD, Yang  X. Photoacoustic detection of func-
tional responses in the motor cortex of awake behaving monkey during 
forelimb movement. J Biomed Opt. 2012;17(11):110503.

	408.	 Zhang  Y, Wang  Y, Zhang  C. Efficient discrete cosine transform 
model-based algorithm for photoacoustic image reconstruction. J 
Biomed Opt. 2013;18(6):066008.

	409.	 Nie  L, Cai  X, Maslov  K, Garcia-Uribe  A, Anastasio  MA, Wang  LV. 
Photoacoustic tomography through a whole adult human skull with a 
photon recycler. J Biomed Opt. 2012;17(11):110506.

	410.	 Driscoll  JD, Shih  AY, Drew  PJ, Cauwenberghs  G, Kleinfeld  D. Two-
photon imaging of blood flow in the rat cortex. Cold Spring Harb Protoc. 
2013;2013(8):759–767.

	411.	 Drew PJ, Shih AY, Kleinfeld D. Fluctuating and sensory-induced vaso-
dynamics in rodent cortex extend arteriole capacity. Proc Natl Acad Sci 
U S A. 2011;108(20):8473–8478.

	412.	 Osiac E, Balseanu TA, Catalin B, et al. Optical coherence tomography 
as a promising imaging tool for brain investigations. Rom J Morphol 
Embryol. 2014;55(2 Suppl):507–512.

	413.	 Zysk AM, Nguyen FT, Oldenburg AL, Marks DL, Boppart SA. Optical 
coherence tomography: A review of clinical development from bench to 
bedside. J Biomed Opt. 2007;12(5):051403.

	414.	 Wang RK, An L. Doppler optical micro-angiography for volumetric im-
aging of vascular perfusion in vivo. Opt Express. 2009;17(11):8926–8940.

	415.	 Wang RK, Jacques SL, Ma Z, Hurst S, Hanson SR, Gruber A. Three di-
mensional optical angiography. Opt Express. 2007;15(7):4083–4097.

	416.	 Srinivasan  VJ, Sakadzic  S, Gorczynska  I, et  al. Quantitative cere-
bral blood flow with optical coherence tomography. Opt Express. 
2010;18(3):2477–2494.

	417.	 Yu L, Nguyen E, Liu G, Choi B, Chen Z. Spectral Doppler optical co-
herence tomography imaging of localized ischemic stroke in a mouse 
model. J Biomed Opt. 2010;15(6):066006.

	418.	 Meyer  JS, Ishikawa  S, Lee  TK, Thal  A. Quantitative measurement of 
cerebral blood flow with electromagnetic flowmeters. Recording inter-
nal jugular venous flow of monkey and man. Trans Am Neurol Assoc. 
1963;88:78–83.

	419.	 Stuart AG, Sharples PM, Eyre JA, Aynsley-Green A, Heaviside DW. The 
Kety Schmidt technique revisited: Bedside measurement of cerebral 
blood flow and metabolism in children during and after cardiopulmo-
nary bypass surgery. J Cardiothorac Anesth. 1989;3(5 Suppl 1):69.

	420.	 Wietasch GJ, Mielck F, Scholz M, von Spiegel T, Stephan H, Hoeft A. 
Bedside assessment of cerebral blood flow by double-indicator dilution 
technique. Anesthesiology. 2000;92(2):367–375.

	421.	 Kadoya T, Kurosaka S, Shiraishi M, Uehara H, Yamamoto T. Monitoring 
of jugular venous oxygen saturation during superficial temporal 
artery-middle cerebral artery anastomosis under intraaortic balloon 
pumping: A case report. Masui. 2014;63(8):890–893.

	422.	 Gupta  AK, Hutchinson  PJ, Al-Rawi  P, et  al. Measuring brain tissue 
oxygenation compared with jugular venous oxygen saturation for mon-
itoring cerebral oxygenation after traumatic brain injury. Anesth Analg. 
1999;88(3):549–553.

	423.	 Gopinath  SP, Valadka  AB, Uzura  M, Robertson  CS. Comparison of 
jugular venous oxygen saturation and brain tissue Po2 as monitors of 
cerebral ischemia after head injury [see comments]. Crit Care Med. 
1999;27(11):2337–2345.

	424.	 Hindman BJ. Jugular venous hemoglobin desaturation during rewarm-
ing on cardiopulmonary bypass: What does it mean, what does is mat-
ter? (editorial; comment). Anesthesiology. 1998;89(1):3–5.

	425.	 Schell  RM, Cole  DJ. Cerebral monitoring: Jugular venous oximetry. 
Anesth Analg. 2000;90(3):559–566.

	426.	 Jobsis  FF. Noninvasive, infrared monitoring of cerebral and myo-
cardial oxygen sufficiency and circulatory parameters. Science. 
1977;198(4323):1264–1267.

	427.	 Scholkmann F, Kleiser S, Metz AJ, et al. A review on continuous wave 
functional near-infrared spectroscopy and imaging instrumentation 
and methodology. Neuroimage. 2014;85(Pt 1):6–27.

	428.	 Ferrari M, Quaresima V. A brief review on the history of human func-
tional near-infrared spectroscopy (fNIRS) development and fields of 
application. Neuroimage. 2012;63(2):921–935.

	429.	 Gantri  M. Solution of radiative transfer equation with a continuous 
and stochastic varying refractive index by legendre transform method. 
Comput Math Methods Med. 2014;2014:814929.

	430.	 Sassaroli  A, Martelli  F. Equivalence of four Monte Carlo methods for 
photon migration in turbid media. J Opt Soc Am A Opt Image Sci Vis. 
2012;29(10):2110–2117.

	431.	 Arridge SR, Cope M, Delpy DT. The theoretical basis for the determina-
tion of optical pathlengths in tissue: Temporal and frequency analysis. 
Phys Med Biol. 1992;37(7):1531–1560.

	432.	 Arridge SR, Hebden JC. Optical imaging in medicine: II. Modelling and 
reconstruction. Phys Med Biol. 1997;42(5):841–853.

	433.	 Arridge SR, Schweiger M, Hiraoka M, Delpy DT. A finite element ap-
proach for modeling photon transport in tissue. Med Phys. 1993;20(2 Pt 1): 
299–309.

	434.	 Selb J, Ogden TM, Dubb J, Fang Q, Boas DA. Comparison of a layered 
slab and an atlas head model for Monte Carlo fitting of time-domain 
near-infrared spectroscopy data of the adult head. J Biomed Opt. 
2014;19(1):16010.

	435.	 Hallacoglu  B, Sassaroli  A, Fantini  S. Optical characterization of two-
layered turbid media for non-invasive, absolute oximetry in cerebral and 
extracerebral tissue. PLoS One. 2013;8(5).e64095.

	436.	 Jelzow A, Wabnitz H, Tachtsidis  I, Kirilina E, Bruhl R, Macdonald R. 
Separation of superficial and cerebral hemodynamics using a sin-
gle distance time-domain NIRS measurement. Biomed Opt Express. 
2014;5(5):1465–1482.

	437.	 Zweifel C, Dias C, Smielewski P, Czosnyka M. Continuous time-domain 
monitoring of cerebral autoregulation in neurocritical care. Med Eng 
Phys. 2014;36(5):638–645.

	438.	 Torricelli A, Contini D, Pifferi A, et al. Time domain functional NIRS 
imaging for human brain mapping. Neuroimage. 2014;85(Pt 1):28–50.

	439.	 Wabnitz H, Moeller M, Liebert A, Obrig H, Steinbrink J, Macdonald R. 
Time-resolved near-infrared spectroscopy and imaging of the adult hu-
man brain. Adv Exp Med Biol. 2010;662:143–148.

	440.	 Re R, Muthalib M, Contini D, et al. Cerebral cortex activation mapping 
upon electrical muscle stimulation by 32-channel time-domain func-
tional near-infrared spectroscopy. Adv Exp Med Biol. 2013;789:441–447.

	441.	 Schweiger  M, Arridge  SR. The finite-element method for the propa-
gation of light in scattering media: Frequency domain case. Med Phys. 
1997;24(6):895–902.

	442.	 Hillman EM. Optical brain imaging in vivo: techniques and applications 
from animal to man. J Biomed Opt. 2007;12(5):051402.

	443.	 Calderon-Arnulphi  M, Alaraj  A, Amin-Hanjani  S, et  al. Detection 
of cerebral ischemia in neurovascular surgery using quantita-
tive frequency-domain near-infrared spectroscopy. J Neurosurg. 
2007;106(2):283–290.

	444.	 Obrig H. NIRS in clinical neurology – a ‘promising’ tool? Neuroimage. 
2014;85(Pt 1):535–546.

	445.	 Nielsen  HB. Systematic review of near-infrared spectroscopy deter-
mined cerebral oxygenation during non-cardiac surgery. Front Physiol. 
2014;5:93.

	446.	 Zacharias  DG, Lilly  K, Shaw  CL, et  al. Survey of the clinical assess-
ment and utility of near-infrared cerebral oximetry in cardiac surgery. 
J Cardiothorac Vasc Anesth. 2014;28(2):308–316.

	447.	 Ono  M, Brady  K, Easley  RB, et  al. Duration and magnitude of blood 
pressure below cerebral autoregulation threshold during cardiopulmo-
nary bypass is associated with major morbidity and operative mortality. 
J Thorac Cardiovasc Surg. 2014;147(1):483–489.

	448.	 Morel J, Bouchet JB, Vola M, et al. Tissue near infra red spectroscopy 
change is not correlated with patients’ outcome in elective cardiac sur-
gery. Acta Anaesthesiol Scand. 2014;58(7):835–842.

	449.	 Menke  J, Moller  G. Cerebral near-infrared spectroscopy correlates to 
vital parameters during cardiopulmonary bypass surgery in children. 
Pediatr Cardiol. 2014;35(1):155–163.

	450.	 Samra SK, Dy EA, Welch K, Dorje P, Zelenock GB, Stanley JC. Evaluation 
of a cerebral oximeter as a monitor of cerebral ischemia during carotid 
endarterectomy. Anesthesiology. 2000;93(4):964–970.

	451.	 Schytz  HW, Wienecke  T, Jensen  LT, Selb  J, Boas  DA, Ashina  M. 
Changes in cerebral blood flow after acetazolamide: An experimental 
study comparing near-infrared spectroscopy and SPECT. Eur J Neurol. 
2009;16(4):461–467.

	452.	 Keller  E, Nadler  A, Alkadhi  H, Kollias  SS, Yonekawa  Y, Niederer  P. 
Noninvasive measurement of regional cerebral blood flow and regional 
cerebral blood volume by near-infrared spectroscopy and indocyanine 
green dye dilution. Neuroimage. 2003;20(2):828–839.

	453.	 Patel J, Marks K, Roberts I, Azzopardi D, Edwards AD. Measurement of 
cerebral blood flow in newborn infants using near infrared spectroscopy 
with indocyanine green. Pediatr Res. 1998;43(1):34–39.



58

2
 

• 
C

e
r

e
b

r
a

l 
a

n
d

 S
p

in
a

l 
C

o
r

d
 B

loo


d
 F

lo
w 	454.	 Liebert A, Wabnitz H, Steinbrink J, et al. Bed-side assessment of cerebral 

perfusion in stroke patients based on optical monitoring of a dye bolus 
by time-resolved diffuse reflectance. Neuroimage. 2005;24(2):426–435.

	455.	 Skov L, Pryds O, Greisen G. Estimating cerebral blood flow in newborn 
infants: Comparison of near infrared spectroscopy and 133Xe clearance. 
Pediatr Res. 1991;30(6):570–573.

	456.	 Bucher HU, Edwards AD, Lipp AE, Duc G. Comparison between near 
infrared spectroscopy and 133Xenon clearance for estimation of cerebral 
blood flow in critically ill preterm infants. Pediatr Res. 1993;33(1):56–60.

	457.	 Smith A, Pernder J, Alexander S. Effects of PCO2 in spinal cord blood 
flow. Am J Physiol. 1969;216:1158–1163.

	458.	 Hickey  R, Albin  MS, Bunegin  L, Gelineau  J. Autoregulation of spi-
nal cord blood flow: Is the cord a microcosm of the brain? Stroke. 
1986;17(6):1183–1189.

	459.	 Phillips  AA, Ainslie  PN, Krassioukov  AV, Warburton  DE. Regulation 
of cerebral blood flow after spinal cord injury. J Neurotrauma. 
2013;30(18):1551–1563.

	460.	 Sandler  AN, Tator  CH. Review of the measurement of normal spinal 
cord blood flow. Brain Res. 1976;118(2):181–198.

	461.	 Griffiths IR. Spinal cord blood flow in dogs: 2. The effects of the blood 
gases. J Neurol Neurosurg Psychiat. 1973;36:42–49.

	462.	 Griffiths  IR. Spinal cord blood flow in dogs: 1. The “normal” flow.  
J Neurol Neurosurg Psychiat. 1973;36:34–41.

	463.	 Griffiths IR. Spinal cord blood flow in dogs: The effect of blood pressure. 
J Neurol Neurosurg Psychiat. 1973;36:914–920.

	464.	 Harakawa I, Yano T, Sakurai T, Nishikimi N, Nimura Y. Measurement of 
spinal cord blood flow by an inhalation method and intraarterial injec-
tion of hydrogen gas. J Vasc Surg. 1997;26(4):623–628.

	465.	 Bisdas S, Rumboldt Z, Surlan K, Koh TS, Deveikis J, Spampinato MV. 
Perfusion CT measurements in healthy cervical spinal cord: feasibility and 
repeatability of the study as well as interchangeability of the perfusion esti
mates using two commercially available software packages. Eur Radiol. 
2008;18(10):2321–2328.

	466.	 Duhamel G, Callot V, Cozzone PJ, Kober F. Spinal cord blood flow mea-
surement by arterial spin labeling. Magn Reson Med. 2008;59(4):846–854.

	467.	 Lu H, Law M, Ge Y, et al. Quantitative measurement of spinal cord blood 
volume in humans using vascular-space-occupancy MRI. NMR Biomed. 
2008;21(3):226–232.

	468.	 Shibata K, Takamoto S, Kotsuka Y, et al. Doppler ultrasonographic iden-
tification of the critical segmental artery for spinal cord protection. Eur 
J Cardiothorac Surg. 2001;20(3):527–532.

	469.	 Hitchon  PW, Mouw  LJ, Rogge  TN, Torner  JC, Miller  AK. Response 
of spinal cord blood flow to the nitric oxide inhibitor nitroarginine. 
Neurosurgery. 1996;39(4):795–803.

	470.	 Milhorat  TH, Kotzen  RM, Capocelli Jr AL, Bolognese  P, Bendo  AA, 
Cottrell  JE. Intraoperative improvement of somatosensory evoked po-
tentials and local spinal cord blood flow in patients with syringomyelia. 
J Neurosurg Anesthesiol. 1996;8(3):208–215.

	471.	 Schneider SJ, Rosenthal AD, Greenberg BM, Danto J. A preliminary re-
port on the use of laser-Doppler flowmetry during tethered spinal cord 
release. Neurosurgery. 1993;32(2):214–218.

	472.	 Marcoux FW, Goodrich JE, Dominick MA. Ketamine prevents ischemic 
neuronal injury. Brain Res. 1988;452:329–335.

	473.	 Werner C, Hoffman WE, Kochs E, Schulte am Esch J, Albrecht RF. The 
effects of propofol on cerebral and spinal cord blood flow in rats. Anesth 
Analag. 1993;76(5):971–975.

	474.	 Kobrine A, Doyle T, Rizzoli H. Spinal cord blood flow as af-
fected by changes in systemic arterial blood pressure. J Neurosurg. 
1976;44:12–15.

	475.	 Ford RWJ, Malm DN. Therapeutic trial of hypercarbia and hypocar-
bia in acute experimental spinal cord injury. J Neurosurg. 1984;61: 
925–930.

	476.	 Sakamoto T, Monafo WW. Regional blood flow in the brain and spinal 
cord of hypothermic rats. Am J Physiol. 1989;257:H785–H790.

	477.	 Albin  MS. Resuscitation of the spinal cord. Crit Care Med. 
1978;6(4):270–276.

	478.	 Westergren H, Farooque M, Olsson Y, Holtz A. Spinal cord blood flow 
changes following systemic hypothermia and spinal cord compression 
injury: An experimental study in the rat using Laser-Doppler flowmetry. 
Spinal Cord. 2001;39(2):74–84.

	479.	 Halstead JC, Wurm M, Etz C, et al. Preservation of spinal cord function 
after extensive segmental artery sacrifice: Regional variations in perfu-
sion. Ann Thorac Surg. 2007;84(3):789–794.

	480.	 Bernhard M, Gries A, Kremer P, Bottiger BW. Spinal cord injury (SCI) – 
prehospital management. Resuscitation. 2005;66(2):127–139.

	481.	 Hitchon P, Lobosky  J, Yamada T, Torner  J. Effect of laminectomy and 
anesthesia upon spinal cord blood flow. J Neurosurg. 1984;61:545–549.

	482.	 Hitchon  P, Kassell  N, Hill  T, Gerk  M, Sokoll  M. The response of spi-
nal cord blood flow to high-dose barbiturates. Spine (Phila Pa 1976). 
1982;7:41–45.

	483.	 Hempfing  A, Dreimann  M, Krebs  S, Meier  O, Notzli  H, Metz-
Stavenhagen P. Reduction of vertebral blood flow by segmental vessel 
occlusion: An intraoperative study using laser Doppler flowmetry. Spine 
(Phila Pa 1976). 2005;30(23):2701–2705.

	484.	 Crystal GJ, Metwally AA, Salem MR. Isoflurane preserves central ner-
vous system blood flow during intraoperative cardiac tamponade in 
dogs. Can J Anaesth. 2004;51(10):1011–1017.

	485.	 Nishiyama T. Spinal cord blood flow change by intravenous midazolam 
during isoflurane anesthesia. Anesth Analg. 2005;101(1):242–245. table 
of contents.

	486.	 Hamamoto Y, Ogata T, Morino T, Hino M, Yamamoto H. Real-time di-
rect measurement of spinal cord blood flow at the site of compression: 
Relationship between blood flow recovery and motor deficiency in spi-
nal cord injury. Spine (Phila Pa 1976). 2007;32(18):1955–1962.

	487.	 Young  WL. Neuroanesthesia: A look into the future. Anesth Clinics 
North Am. 1992;10(3):727–746.                          



A.A. Artru

The first section of this chapter reviews cerebrospinal fluid 
(CSF) with respect to the anatomy of the CSF-containing 
spaces, physiology, and the effects of anesthetics and other in-
fluences. The second section reviews the relationship between 
CSF dynamics and intracranial pressure (ICP), anesthetics 
and drug-induced changes in CSF dynamics that increase or 
decrease ICP, and clinical situations wherein therapy to alter 
CSF dynamics may affect neurologic outcome.

ANATOMY OF CEREBROSPINAL 
FLUID SPACES AND PROPERTIES 
OF CEREBROSPINAL FLUID

The CSF is formed in the brain and circulates through mac-
roscopic and extracellular fluid (ECF) spaces that are in con-
tinuity. The total volume of the macroscopic spaces ranges 
from 50 mL in infants to 140–150 mL in adults (Table  3.1). 
Ventricular volume accounts for about 16% to 17% of macro-
scopic CSF volume in adults. Studies to determine the volumes 
of portions of the macroscopic CSF space using noninvasive 
imaging technology are ongoing.1 The ECF space surrounds 
the neuronal and glial elements of the central nervous system. 
Brain ECF volume is about 300 to 350 mL in adults exclusive 
of the macroscopic CSF space.

Macroscopic Spaces
The choroid plexuses (CPs) of the lateral ventricles extend 
from the inferior horn to the central part of the ventricle. 
The CPs in the body of the lateral and third ventricles receive 
their blood supply from the posterior and anterior choroidal 
arteries, respectively. The CPs in the temporal horns and the 
fourth ventricle are supplied by the superior and posterior in-
ferior cerebellar arteries, respectively.2 The nervous supply to 
the CPs includes branches of the vagus, glossopharyngeal, and 
sympathetic nerves.

Extracellular Fluid Spaces
The ECF spaces of the brain and spinal cord, unlike those of 
other organs in the body, are small in diameter (180 Å). Exchange 
between cerebral capillaries and the ECF is limited because the 
capillary membrane is highly impermeable. This blood–brain 
barrier (BBB) consists of two elements. First, the cells of the 
cerebral capillary endothelium are joined by tight junctions 
(zonula occludens) that restrict the intercellular movement of 
molecules having a diameter of 20 Å or more. Second, astrocyte 
foot processes surround the capillaries. Evidence shows that the 
ECF spaces communicate with lymphatic channels.

COMPOSITION OF 
CEREBROSPINAL FLUID

CSF is a clear aqueous solution that, compared with plasma, 
contains higher concentrations of sodium, chloride, and mag-
nesium, and lower concentrations of glucose, proteins, amino 
acids, uric acid, potassium, bicarbonate, calcium, and phos-
phate (Table 3.2). Differences between the composition of CSF 

3Cerebrospinal Fluid

Range∗

Cerebrospinal fluid (CSF) 
pressure (mmHg):

 

  Children 3.0–7.5

  Adults 4.5–13.5

CSF volume (mL):  

  Infants 40–60

  Young children 60–100

  Older children 80–120

  Adults 100–160

Table 3.1  �Cerebrospinal Fluid Pressure and Volume  
in Humans

∗Values based on references 122–127.

Feature or 
Component

Mean 
Cerebrospinal 
Fluid (CSF) Value 
or Concentration∗

Mean Plasma 
Value or 
Concentration∗

Specific gravity 1.007 1.025

Osmolality  
(mOsm/kg H2O)

289 289

pH 7.31 7.41

PCO2 (mmHg) 50.5 41.1

Sodium (mEq/L) 141 140

Potassium (mEq/L) 2.9 4.6

Calcium (mEq/L) 2.5 5.0

Magnesium (mEq/L) 2.4 1.7

Chloride (mEq/L) 124 101

Bicarbonate 
(mEq/L)

21 23

Glucose 
(mg/100 mL)

61 92

Protein 
(mg/100 mL):

28 7000

  Albumin 23 4430

  Globulin 5 2270

  Fibrinogen 0 300

Table 3.2  �Composition of Cerebrospinal Fluid  
and Plasma in Humans

∗Average values based on references 122–127.
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curs during CSF formation. The concentrations of these and 
other substances in the macroscopic spaces vary according to 
the sampling site because diffusion between CSF and ECF oc-
curs as CSF passes through the ventricles and subarachnoid 
spaces. Concentrations of CSF constituents are significantly 
altered during neuroendoscopy.3

CEREBROSPINAL FLUID 
FORMATION

The rate of CSF formation ( �Vf ) is about 0.35 to 0.40 mL/min, 
or 500 to 600 mL/day in humans. Approximately 0.25% of total 
adult CSF volume is replaced by freshly formed CSF each min-
ute. The turnover time for total CSF volume is 5 to 7 hours, yield-
ing a turnover rate of about four times per day. The traditional 
view is that about 40% to 70% of CSF enters the macroscopic 
spaces via the CP, and 30% to 60% enters across the ependyma 
and pia. However, some recent studies suggest bidirectional fluid 
exchange at the BBB far exceeding choroidal CSF formation.4

Cerebrospinal Fluid Formation  
at the Choroid Plexus
Unlike the capillary endothelium of other cerebral vessels, the 
capillary endothelium of the CP does not possess tight junc-
tions between its cells.5 Instead, the capillary endothelium of 
the CP is fenestrated. Blood entering CP capillaries is filtered 
across this endothelium and forms a protein-rich fluid within 
the CP stroma that is similar in composition to interstitial fluid 
in other tissues of the body.6 Selected constituents of the stro-
mal fluid are transported across the relatively impermeable CP 
epithelium by the combined processes of ultrafiltration and se-
cretion.7 Stroma fluid enters clefts between the CP epithelial 
cells as a result of hydrostatic pressure and bulk flow (Fig. 3.1).

Extrachoroidal Cerebrospinal  
Fluid Formation
Sixty percent of extrachoroidal CSF formation results from ox-
idation of glucose (into water and carbon dioxide) by the brain, 

and 40% from ultrafiltration from cerebral capillaries.8 In neu-
rons and glial cells water resulting from oxidation of glucose 
passes into the brain ECF. In most of the cerebral vasculature, 
passage of large and polar molecules across the “blood–ECF” 
interface is restricted by capillary tight junctions and special-
ized heterolytic vesicles within endothelial cells. Water, electro-
lytes, glucose, amino acids, urea, lipid-soluble materials, and a 
number of small nonelectrolytes pass more freely across this in-
terface.9 Some of these substances may be actively transported 
by the astrocyte layer that envelops the capillary endothelium, 
whereas others may diffuse into the brain ECF. Osmotic forces 
appear to play a major role in water movement.10 Pericapillary 
spaces provide less restricted passage of water and electrolytes 
than most of the cerebral vasculature.11 This glucose-rich and 
protein-poor “lymph” diffuses through the ECF space toward 
the macroscopic CSF spaces (Fig. 3.2).

Movement of Glucose
The concentration of glucose in CSF at the CP or in mixed 
samples is approximately 60% of that in blood. This ratio re-
mains constant unless blood glucose rises to more than 15 to 
20 mM (270 to 360 mg/dL). Glucose in blood enters CSF by fa-
cilitated transport, so that glucose crosses the blood–CSF bar-
rier more quickly than would be predicted on the basis of its 
lipid solubility.12 Transport follows saturable kinetics, with the 
rate being directly related to serum glucose concentration and 
independent of the serum-to-CSF glucose concentration gra-
dient.13 Movement of glucose in the opposite direction, from 
the cerebral ventricles into the surrounding brain and blood, 
occurs via ouabain-sensitive sodium-potassium ATPase and 
ouabain-insensitive fluxes and diffusion.

Movement of Protein
Protein entry into CSF from blood at the CP and extrachoroi-
dal sites is limited, so CSF protein concentrations are normally 
0.5% or less of the respective plasma or serum concentrations. 
The permeability of the blood–CSF barrier to albumin in-
creases with age and does not differ between genders.14 If a 
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Fig. 3.1  Some of the processes involved in cerebrospinal 
fluid (CSF) formation at the choroid plexus are shown in 
schematic form. Adenosine triphosphate-dependent membrane 
“pumps” transport Na+ across the abluminal surface to within 
the choroid plexus cell and across the secretory surface, into 
the macroscopic CSF space, in exchange for  
K+ and H+. Water moves from the stroma into CSF as it 
follows the concentration gradient produced by the ionic 
“pumps.” (From Cucchiara RF, Michenfelder JD [eds]: Clinical 
Neuroanesthesia. New York, Churchill Livingstone, 1990.)
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structural barrier between the brain ECF and the macroscopic 
CSF space is absent, proteins entering the brain ECF drain into 
the macroscopic CSF space by bulk flow. Once in CSF, pro-
teins are transported along with CSF through the macroscopic 
pathways and are cleared from the CSF space into dural ve-
nous sinuses. This “sink effect” of flowing CSF keeps the CSF 
and brain protein concentration low and far from equilibrium 
with blood.8 In normal infants and adults, CSF protein con-
centrations are lowest in the ventricles (about 26 mg/100 mL), 
intermediate in the cisterna magna (about 32 mg/100 mL), and 
highest in the lumbar sac (42 mg/100 mL).15 Under normal 
conditions, 60% of protein entry into CSF occurs at the CP, 
and 40% at extrachoroidal sites.

Effects of Increased Intracranial Pressure 
on Cerebrospinal Fluid Formation
The negative correlation between �Vf  and increased ICP is 
weak; the relationship between �Vf  and cerebral perfu-
sion pressure (CPP) is somewhat stronger.16 Increase of 
ICP to 20 mmHg produces no change in �Vf  as long as 
CPP remains above ~70 mmHg.17 When CPP falls below 
~70 mmHg, whether from arterial hypotension or because 
of the combination of arterial hypotension with increased 
ICP, �Vf  diminishes. These �Vf  results are consistent with 
reported effects of changes in CPP on cerebral blood flow 
(CBF), lateral ventricle CP blood flow (CPBF), and fourth 
ventricle CPBF.16 A decrease of CPP to 70 mmHg by arterial 
hypotension, combined with increased ICP, reduces CBF 
and CPBF. A drop of CPP to 50 mmHg causes a further 
decline in CPBF when CPP is reduced by an even greater 
increase in ICP, but not when CPP is reduced solely by ar-
terial hypotension.

CIRCULATION OF 
CEREBROSPINAL FLUID

The hydrostatic pressure of CSF formation, 15 cm H2O, pro-
duces CSF flow where it is freshly formed. Cilia on ependy-
mal cells generate currents that propel CSF toward the fourth 
ventricle and its foramina into the subarachnoid spaces. 
Respiratory variations and vascular pulsations of the cerebral 
arteries and CP cause ventricular excursions, supplying addi-
tional momentum for CSF movement. The pressure differences 
between mean CSF pressure, 15 cm H2O, and superior sagittal 
sinus pressure, 9 cm H2O, provides a 6 cm H2O pressure gradi-
ent for passage of CSF across the arachnoid villi. The high ve-
locity of blood flow through the fixed diameter of the sinuses 
and the low intraluminal pressure that develops at the circum-
ference of the sinus wall where the arachnoid villi enter cause a 
“suction-pump” action that may explain how the circulation of 
the CSF continues through a wide range of postural pressures.

Radioisotope studies show that labeled CSF moves from 
the ventricles to the basal cisterns within a few minutes and 
collects along the superior sagittal sinus area at 12 to 24 hours. 
The labeled fluid enters the low cervical–high thoracic re-
gion at 10 to 20 minutes, the thoracolumbar area at 30 to 40 
minutes, the lumbosacral cul de sac at 60 to 90 minutes, and 
the basal cisterns at 2 to 2.5 hours.18 About 20% to 33% of the 
labeled CSF reaches the intracranial cavity within 12 hours. 
More recent studies emphasize the “mixing and swirling” and 
“to-and-fro” movement of CSF.19,20 The central canal within 
the spinal cord alters these oscillatory flows.21 CSF circulation 
concludes with reabsorption across arachnoid villi into the 
superior sagittal sinus and spinal dural sinusoids located on 
dorsal nerve roots (Fig. 3.3).
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Fig. 3.2  Water and other constituents of plasma cross the blood–
brain barrier (capillary endothelial cells, basement membrane, and 
astrocyte foot processes) into the brain extracellular fluid (ECF) 
space by diffusion or transport. This fluid diffuses toward the 
macroscopic cerebrospinal fluid (CSF) space and subarachnoid 
space. Water and other cellular metabolites are added to the ECF 
from neurons and glial cells.
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Fig. 3.3  Cerebrospinal fluid is reabsorbed via arachnoid villi at 
the sagittal sinus and at spinal veins on dorsal nerve roots. (From 
Cucchiara RF, Michenfelder JD [eds]: Clinical Neuroanesthesia.  
New York, Churchill Livingstone, 1990.)
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CEREBROSPINAL FLUID

CSF passes from the subarachnoid space into venous blood 
through microscopic arachnoid villi and macroscopic arach-
noid granulations. Intracranial arachnoid villi are located 
within the dural wall bordering the superior sagittal sinus and 
venous lacunae, and spinal arachnoid villi are located within 
the dural wall bordering dural sinusoids on dorsal nerve roots. 
Traditional estimates were that under usual conditions, 85% to 
90% of CSF is reabsorbed at intracranial sites, and 10% to 15% 
at spinal sites. Newer studies add the role of CSF drainage into 
lymphatic pathways and CSF reabsorption throughout the 
entire CSF-interstitial fluid interface.9,22,23 The arachnoid vil-
lus or granulation is composed of arachnoid cells protruding 
from the subarachnoid space into and through the wall of an 
adjacent venous sinus24 (Fig. 3.4). Under normal conditions, 
an endothelium composed of arachnoid cells joined by tight 
junctions covers the villus. In adults, this endothelial covering 
may be multilayered.

Normal Intracranial Pressure
The endothelium covering the villus acts as a CSF–blood 
barrier that limits the rate of passage of CSF and solute into 
venous blood. The rate at which CSF passes through the sub-
arachnoid space and arachnoid villi and across the endothe-
lium is determined by (1) the transvillous hydrostatic pressure 
gradient (CSF pressure–venous sinus pressure) and (2) a 
pressure-sensitive resistance to CSF outflow at the arachnoid 
villus. Because the endothelium is highly permeable, transvil-
lous osmotic differences probably do not play a major role in 
determining CSF movement through arachnoid villi. CSF may 
exit the villus by passing between or through endothelial cells. 
CSF may pass through endothelial cells via pinocytotic vesicles 
and transcellular openings formed by chains of fused vesicles 
extending from one surface of the epithelium to the other.25 
These vesicles transport macromolecular tracers, as well as 
fluid, from CSF to blood. Although micropinocytotic vesicles 

appear to be the primary route of CSF transport at resting CSF 
pressure, both pathways contribute to the total resistance to 
CSF outflow.

Increased Intracranial Pressure
The rate of reabsorption of CSF ( �Va) increases as the pres-
sure gradient across the villus (CSF pressure − venous sinus 
pressure) increases. Resistance to reabsorption of CSF (Ra) 
remains close to “normal” as CSF pressure increases to more 
than 30 cm H2O. Thereafter, with further increases in CSF 
pressure, Ra declines.26–29 An increase in the size and number 
of endothelial vesicles was reported when CSF pressure was 
increased from 9 to 30 cm H2O.30 At CSF pressures greater 
than 30 cm H2O, growing numbers of transcellular channels 
were present concurrent with progressive increases in steady-
state pressures and decreases in Ra.

Clearance of Brain Interstitial Fluid
Normal Intracranial Pressure
Under normal conditions, there is relatively little bulk flow 
across cerebral capillaries and through the parenchyma of the 
brain.31 Molecules in the brain ECF move through that space 
primarily by diffusion. The rate at which molecules exit the 
brain ECF relates to their molecular size, tissue concentration 
gradients, and the ability of the molecules to cross the BBB and 
reenter the vascular system.

Cerebral Edema
Vasogenic brain edema results from damage to cerebral ves-
sels. Vasogenic edema resolves in part through passage of 
edema fluid into ventricular CSF. One factor favoring fluid 
movement out of brain ECF is the pressure gradient between 
edematous brain tissue and CSF. A second factor is the “sink” 
action of CSF.32 Clearance of edema fluid was reported to in-
crease when ICP was decreased, presumably because of a rise 
in the pressure gradient between edematous brain tissue and 
CSF.33 Clearance of brain ECF proteins occurs by intraglial up-
take, and this step is believed to play an important role in the 
resolution of vasogenic brain edema.34

FUNCTION OF CEREBROSPINAL 
FLUID

The varied and complex functions of CSF include protection, 
support, and chemical regulation of the brain. The low spe-
cific gravity of CSF (1.007) relative to that of the brain (1.040) 
reduces the effective mass of a 1400-g brain to only 47 g. In 
continuity with the brain ECF, CSF provides a stable supply 
of substrates, primarily glucose, even though concentrations 
of substrates in plasma are continuously changing. CSF main-
tains the chemically precise environment required for neuro-
transmission and removes the metabolic products, unwanted 
drugs, and harmful substances resulting from CNS injury.

Nutrition
Certain nutritive and other substrates for the brain are ac-
tively transported by systems in the capillary-glial complex. 
Simple sugars, certain vitamins, eicosanoids, monosaccha-
rides, neutral and basic amino acids (brain tissue does not ap-
pear to contain an acidic amino acid transport system), and 
monocarboxylic acids are transported by specialized pump 
mechanisms (equilibrating carriers) between blood and brain 
ECF.35–37 Also, CSF may mediate uptake of certain vitamins, 
such as ascorbic acid.
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Fig. 3.4  Schematic drawing of the microscopic anatomy of an 
arachnoid villus. (From Cucchiara RF, Michenfelder JD, editors: Clinical 
Neuroanesthesia. New York, Churchill Livingstone, 1990.)
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Control of the Chemical Environment
Exchange between CSF and neural tissue ECF occurs readily 
because the maximum distance for diffusion between CSF and 
any brain area in humans is 15 mm and the interstitial space 
of the brain and spinal cord is continuous with the macro-
scopic CSF spaces. The acid–base characteristics of CSF in-
fluence respiration, CBF, autoregulation of CBF, and cerebral 
metabolism.38 CSF calcium, potassium, and magnesium lev-
els influence heart rate, blood pressure, vasomotor and other 
autonomic reflexes, respiration, muscle tone, and emotional 
states. Calcium, potassium, magnesium, and bicarbonate ions 
are actively transported by “primary pumps,” whereas hydro-
gen and chloride ions are passively transferred by “secondary 
pumps.” Within limits, CSF composition of larger molecules is 
regulated by the BBB with the almost total exclusion of toxic 
or potentially toxic large, polar, and lipid-insoluble drugs, hu-
moral agents, and metabolites.

Excretion
Accumulation of metabolites and substances in brain ECF is 
prevented by their passage into CSF, cerebral veins, or cervi-
cal lymphatics. Although passage into CSF may occur by two 
mechanisms, net diffusion and bulk flow of ECF, bulk flow ac-
counts for most passages of many substrates of different mo-
lecular weights.39

Intracerebral Transport
Because CSF circulates to regions of the brain known to par-
ticipate in neuroendocrine activity, it serves as a convenient 
vehicle for intracerebral transport of neurotransmitters. 
Neurohormone-releasing factors are synthesized in the hypo-
thalamus and released into the brain ECF and CSF by means 
of axonal contact between neurons with specialized cells of the 
ependyma. These factors are carried by the CSF to the me-
dian eminence, where they stimulate the dendrites of receptor 
neurons. Opioid effects—such as analgesia and respiratory 
depression—may be mediated by third-ventricle cellular ele-
ments in contact with CSF, because electrical stimulation of 
the medial thalamus or periaqueductal gray matter increases 
the level of β-endorphins in ventricular CSF.40–42

EFFECTS OF ANESTHETICS 
AND OTHER INFLUENCES ON 
FORMATION AND REABSORPTION 
OF CEREBROSPINAL FLUID

Methods of Determining Cerebrospinal 
Fluid Formation Rate and Resistance  
to Cerebrospinal Fluid Reabsorption
Experimental Animals
Three currently used methods for determining �Vf , Ra, and 
other CSF dynamics in animals are ventriculocisternal per-
fusion, manometric infusion, and volume injection or with-
drawal. Ventriculocisternal perfusion was first described by 
Heisey and colleagues43 and Pappenheimer and associates44 in 
the early 1960s. The method requires placement of cannulas 
in one or both lateral ventricles and in the cisterna magna. 
Labeled mock CSF is infused into the ventricles, and a mixed 
sample composed of labeled mock CSF and native CSF is col-
lected from the cisterna magna. A portion of the continuous 
outflow of mock-native CSF from the cisternal cannula is col-
lected, and the volume of the sample is determined. The con-
centration of the label in the outflow sample is measured, and 

the time over which the sample was obtained is noted. �Vf  is 
calculated according to the following formula:

(3.1)

where �Vi  is the mock CSF inflow rate, Ci is the concentration 
of the label in mock CSF, and Co is the concentration of the 
label in the mixed outflow solution.
�Va  is calculated by either of two formulas; the first is as 

follows:

(3.2)

where �Vo  is the outflow rate of CSF from the cisternal cannula. 
The second formula for calculation of �Va  is as follows:

(3.3)

Ra is a reciprocal measure of the slope relating �Va  to CSF 
pressure. For calculation of Ra, �Va  must be determined at sev-
eral CSF pressures. If the slope relating �Va  to CSF pressure is 
linear, a single Ra value adequately describes the data. If the  
�Va/CSF pressure slope is not linear, multiple Ra values must be 

calculated. For any CSF pressure, the corresponding Ra value is 
the inverse of tangent to the �Va /CSF pressure slope.

Manometric infusion, as it is currently used, was described 
by Maffeo and colleagues45 and Mann and associates28 in the 
late 1970s. For this technique, a manometric infusion device 
is inserted into the spinal or supracortical subarachnoid space. 
Mock CSF is infused into the subarachnoid space, and CSF 
pressure is measured at the same site as the infusion. Each 
steady-state CSF pressure (PS) is paired with its associated �Vi .  
Next, each pair of �Vi :PS values is plotted on a semilog plot  
of �Vi  versus PS. A linear slope is then fit through the three to 
six data points. For determination of �Vf , the linear slope is 
extrapolated toward the origin (to the left). The �Vi  value at 
resting CSF pressure (Po)—that is, the �Vi  value corresponding  
to the intersection of a perpendicular from Po and the extrapo-
lated semilog plot—is considered to be �Vf . Ra is determined  
with the use of observed values and two calculated, species-
dependent parameters: M (transport capacity) and PR (pressure 
at maximum resistance). These species-dependent parameters 
are calculated on the basis of the following formula:

(3.4)

Simultaneously solving this equation for the three to six 
pairs of �Vi :PS values used to calculate �Vf  yields one unique 
pair of M and PR values. Ra is then calculated according to the 
following formula:

(3.5)

In addition, the compliance (C) of the CSF compartment 
can be calculated according to the following formula:

(3.6)

where P is CSF pressure, t is time, and ΔP/Δt is the slope of 
the linear rise in CSF pressure during infusion of mock CSF.
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Marmarou and colleagues46 and Miller47 in the mid-1970s. 
A ventricular or spinal subarachnoid catheter is inserted to 
permit injection or withdrawal of CSF and measurement of 
the CSF pressure change that accompanies injection or with-
drawal. Po is determined, and then a known volume of CSF 
(ΔV) is injected into (or withdrawn from) the catheter while a 
timed recording of CSF pressure is made. �Vf  and Ra are deter-
mined first through a calculation of the pressure volume index 
(PVI) as follows:

(3.7)

where PP is peak CSF pressure (increase after volume injection 
and decrease after volume withdrawal).

Ra is then calculated on the basis of the following formula:

(3.8)

where P2 is CSF pressure measured some time between PP and 
the return of CSF pressure to Po and t is time from volume 
injection or withdrawal to P2.
�Vf  is calculated on the basis of the following formula:

(3.9)

which can be rewritten as follows:

(3.10)

where Pv is the venous blood pressure of the sagittal sinus.
C is calculated on the basis of the following formula:

(3.11)

Humans
Ventriculocisternal perfusion, manometric infusion, and vol-
ume injection or withdrawal have also been used to calculate 
�Vf , Ra, and C in patients.28 For ventriculocisternal perfusion, 

the outflow catheter is placed in the lumbar subarachnoid 
space, and ventricular and spinal CSF pressures are closely 
monitored to ensure that CSF pressure does not increase to 
potentially hazardous levels as a result of obstructed perfu-
sion. For manometric infusion, the number of infusions is 
reduced, and infusion rates are limited to 1.5 to 15 times the 
�Vf  —that is, 0.01 to 0.1 mL/sec. Infusions are restricted to 20 

to 60 seconds, being discontinued at CSF pressures of 60 to 
70 cm H2O or if a rapid rise in CSF pressure with no apparent 
tendency toward stabilization is observed. The procedures and 
formulas for calculation of �Vf , Ra, and C in humans are the 
same as those in experimental animals.

Because of the hazards associated with prolonged infusion 
of mock CSF, ventriculocisternal perfusion and manomet-
ric infusion are less commonly used in patients than vol-
ume injection or withdrawal. An obvious advantage of this 
last method is that when ICP is of concern, CSF withdrawal 
is therapeutic—as well as useful for calculating �Vf , Ra, and 
C. The risk of infection is minimized because the system can 
remain completely closed. For repeated testing, CSF can be 
alternately withdrawn and then injected, with the net change 
of CSF volume being made according to the patient’s ICP re-

sponses. Calculation of CSF dynamics requires only a single 
change of CSF volume and pressure lasting for several min-
utes. In contrast, with ventriculocisternal perfusion, more 
than 1 hour of infusion of mock CSF may be needed for tracer 
equilibration, and the manometric technique requires multi-
ple infusions. Recently, some investigators have expressed the 
view that the reward:risk ratio is sufficient for some conditions 
to justify diagnostic or therapeutic infusion/perfusion.48,49

Anesthetic and Drug Induced Changes  
in CSF Dynamics and Transport
Anesthetics
Anesthetics influence many aspects of CSF dynamics 
(Table 3.3). Early studies with enflurane reported that 1 min-
imum alveolar concentration (MAC) increased �Vf  by 50% to 
80% on initial exposure in rats and dogs.50,51 �Vf  gradually re-
turned to normal over several hours. Enflurane also increased 
Ra, but Ra did not return to normal when administration of 
enflurane was continued for several hours.51,52 Enflurane pro-
duced these alterations of CSF dynamics when administered 
with either nitrogen (60% to 70%) or nitrous oxide (60% to 
70%) in oxygen. Later studies with enflurane reported that 
its effects on �Vf  and Ra are dose related. High concentrations 
of enflurane (2.6% and 3.5% end-expired) increased �Vf  (by 
about 40% when corrected for the effects of time), whereas 
low concentrations (0.9% and 1.8%) did not.53 Conversely, low 
concentrations increased Ra, but high concentrations did not. 
Halothane (1 MAC) generally is reported to decrease �Vf

54 and 
increase Ra.55 In addition, halothane enhances transport of glu-
cose into brain56 as well as movement of albumin and immuno-
globulin (Ig) G57,58 and of sodium, chloride, and water59,60 into 
CSF. Nitrous oxide (66%) is reported to produce no change in 
Ra or �Vf

50,54 and to decrease brain glucose influx and efflux.61

Early studies with isoflurane reported that 1 MAC of 
that anesthetic decreased Ra and caused no change in �Vf .52,62  
Later studies with isoflurane reported that its effects on 
Ra are dose related. Ra was normal at 0.6% (end-expired) 
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Inhaled Anesthetic Vf Ra

Predicted Effect 
on Intracranial 
Pressure

Desflurane 0,+,a 0 0,+,a

Enflurane:    

  Low concentration 0 + +

  High concentration + 0 +

Halothane − + +

Isoflurane:    

  Low concentration 0 0,+,b 0,+,b

  High concentration 0 − −

Nitrous oxide 0 0 0

Sevoflurane − + ?

Table 3.3  �Effects of Inhaled Anesthetics on 
Cerebrospinal Fluid Dynamics

Ra, Resistance to reabsorption of CSF; �Vf , rate of CSF formation; 
+, increase; 0, no change; −, decrease; a, effect occurs only 
during hypocapnia combined with increased CSF pressure, and 
under such conditions treatment with furosemide (but not mannitol, 
dexamethasone, or fentanyl) decreases �Vf ; b, effect depends on  
dose; ?, uncertain.
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isoflurane, increased at 1.1%, and decreased at 1.7% and 
2.2%.53 At 2% (inspired) isoflurane, the BBB transfer co-
efficient for small hydrophilic molecules was decreased.63 
The concentration of glutamate in CSF was higher during 
isoflurane anesthesia than during propofol anesthesia.64 
Sevoflurane (1 MAC) is reported to decrease �Vf  by about 
40% and to increase Ra in comparison with 50% nitrous 
oxide in oxygen.65 Studies with desflurane reported that its 
effects on �Vf  are related to CSF pressure and PaCO2. At 
normocapnia and normal CSF pressure, normocapnia and 
increased CSF pressure, and hypocapnia and normal CSF 
pressure, both 0.5 and 1 MAC desflurane caused no change 
in �Vf  or Ra.66 However, at hypocapnia and increased CSF 
pressure, both concentrations of desflurane increased Ra. 
During the combination of desflurane, hypocapnia, and 
increased CSF pressure, furosemide (2 mg/kg)—but not 
dexamethasone (0.2 mg/kg), mannitol (2 g/kg), or fentanyl 
(48 μg/kg followed by 0.6 μg/kg/min)—decreased �Vf ,  
whereas none of the treatments significantly altered Ra.67

Ketamine (40 mg/kg/h) increases Ra but does not alter �Vf  
(Table 3.4).51 In addition, ketamine (150 mg/kg) decreases the 
transport of small hydrophilic molecules across the BBB.68 
Low doses of etomidate (0.86 mg/kg, followed by 0.86 or 
1.72 mg/kg/h) do not alter Ra or �Vf , whereas high doses (2.58 
or 3.44 mg/kg/h) decrease both Ra and �Vf .69 Low doses of 
thiopental (6 mg/kg, followed by 6 or 12 mg/kg/h) increase or 
do not alter Ra and do not alter �Vf , whereas high doses (18 or 
24 mg/kg/h) decrease both Ra and �Vf .69 Thiopental (100 μg/mL 
but not 25 or 50 μg/mL) but not methohexital (10 to 50 μg/mL)  
increases the permeability of brain microvascular endothelial 

cells to α-aminoisobutyric acid but not to sucrose or to Evans 
blue albumin.70 Propofol (6 mg/kg, followed by 12, 24, and 
48 mg/kg/h) and pentobarbital (40 mg/kg) produce no change 
in Ra or �Vf .51,71 In addition, pentobarbital decreases transport 
of glucose,72 amino acids,73 and small hydrophilic molecules68 
into the brain.

Among the sedative-hypnotic drugs, the effects of mid-
azolam appear to be the most variable. Low doses of mid-
azolam (1.6 mg/kg, followed by 0.5 mg/kg/h) increase Ra 
and do not alter �Vf , intermediate doses (1 to 1.5 mg/kg/h) 
cause no change, and high doses (2 mg/kg/h) increase Ra 
and decrease �Vf .69 The benzodiazepine antagonist, fluma-
zenil, caused no change in �Vf  when given either to dogs 
receiving midazolam (1.6 mg/kg, followed by 1.25 mg/kg/h) 
or to dogs not receiving midazolam.74 Low-dose flumaze-
nil (0.0025 mg/kg) caused no change in Ra, and high-dose 
flumazenil (0.16 mg/kg) decreased Ra. In dogs receiving 
midazolam, low-dose flumazenil increased Ra (perhaps be-
cause of partial reversal of midazolam so that CSF dynamics 
approximated those of low-dose midazolam), whereas after 
high-dose flumazenil, Ra returned to normal (that is, to val-
ues characteristic of dogs not receiving midazolam).

Early studies with fentanyl reported that 60 μg/kg, fol-
lowed by 0.2 μg/kg/min decreased Ra

55 and did not alter �Vf .54  
More recent studies reported that its effects on �Vf  and Ra 
are dose related (Table 3.5). High doses of fentanyl decreased 
�Vf , whereas low doses did not.75 Ra was decreased at the two 

low doses, normal at one high dose, and increased at the 
highest dose. Fentanyl (25 to 100 μg/mL) causes no change 
in the permeability of brain microvascular endothelial cells 
to α-aminoisobutyric acid, sucrose, or Evans blue albumin.70 
All doses of sufentanil studied caused no change in �Vf .75 Ra 
was decreased at the two low doses, increased at one high 
dose, and normal at the highest dose. In addition, sufentanil 
(0.5 μg/kg, followed by 0.1 μg/kg/h) combined with thiopental  

Sedative–Hypnotic Vf Ra

Predicted Effect 
on Intracranial 
Pressure

Etomidate:    

  Low dose 0 0 0

  High dose − 0, −,a −

Midazolam∗:    

  Low dose 0 +, 0, a +, 0, a

  High dose − 0, +, a −, ?, a

Pentobarbital 0 0 0

Propofol 0 0 0

Thiopental:    

  Low dose 0 +, 0, a +, 0, a

  High dose − 0, −, a −

Antagonists    

Flumazenil:    

  Low dose 0 0 0

  High dose 0 − −

Table 3.4  �Effects of Sedative-Hypnotics and Antagonist 
Drugs on Cerebrospinal Fluid Dynamics

Ra, Resistance to reabsorption of cerebrospinal fluid (CSF); �Vf , rate 
of CSF formation; +, increase; 0, no change; −, decrease; a, effect 
depends on dose; ?, uncertain.
∗ Partial reversal with flumazenil causes CSF dynamics similar to that 
with lowest dose of midazolam, and complete reversal with flumazenil 
causes CSF dynamics similar to that with pre-midazolam (control) 
values.

Vf Ra

Predicted Effect on 
Intracranial Pressure

Opioids

Alfentanil:    

  Low dose 0 − −

  High dose 0 0 0

Fentanyl:    

  Low dose 0 − −

  High dose − 0, + −, ?

Sufentanil:    

  Low dose 0 − −

  High dose 0 +, 0 +, 0

Other Anesthetics

Cocaine 0 0 0

Ketamine 0 + +

Lidocaine 0, −, a 0 0, −, a

Table 3.5  �Effects of Opioids and Other Anesthetics  
on Cerebrospinal Fluid Dynamics

Ra, Resistance to reabsorption of cerebrospinal fluid (CSF); �Vf , rate 
of CSF formation; +, increase; 0, no change; −, decrease; a, effect 
depends on dose; ?, uncertain.
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movement of albumin or IgG into CSF.58 None of the doses of 
alfentanil studied caused a change in �Vf.75 Ra was decreased at 
the two low doses and normal at the two high doses. Lidocaine 
(0.5 mg/kg followed by 1 μg/kg/min, 1.5 mg/kg followed by 
3 μg/kg/min, and 4.5 mg/kg followed by 9 μg/kg/min) pro-
duced a dose/time-related decrease of �Vf  with no change in 
Ra.76 Cocaine, in the same doses as lidocaine, caused no signif-
icant change of �Vf  or Ra.76

The mechanism(s) by which inhalational and intravenous 
anesthetics alter CSF dynamics is uncertain. The increase in 
�Vf  with enflurane may result from an enflurane-induced in-

crease in CP metabolism.77 The decrease of �Vf  with halothane 
may result from halothane-induced stimulation of vasopressin 
receptors.78

Anesthetics and analgesics move from blood into CSF at 
varying rates. The free concentration of propofol in CSF was 
about 30% of the total concentration in CSF and about 60% of 
the free plasma concentration when propofol was infused in-
travenously as a component of total intravenous anesthesia.79–82 
Entry of intravenous ketoprofen, indomethacin, and ketorolac 
into CSF is limited.83–85 Intravenous acetaminophen and ibu-
profen permeate readily into CSF.86,87 CSF concentrations fre-
quently exceed free plasma concentrations. Acetaminophen 
reaches peak concentrations in CSF at about 1 hour, and con-
centrations are sufficient to enable rapid central analgesic and 
antipyretic effects. Ibuprofen peak CSF concentrations occur 
at about 30 to 40 minutes.

Diuretics
Although diuretics differ in their mechanisms of action, most 
are reported to decrease �Vf . Acetazolamide reduces �Vf  by 
up to 50%. Acetazolamide inhibits carbonic anhydrase, the 
enzyme that catalyzes the hydration of intracellular carbon 
dioxide, which decreases the amount of hydrogen ions avail-
able for exchange with sodium on the abluminal border of the 
epithelial cell. Acetazolamide may also decrease �Vf  through 
an indirect action on ion transport mediated by an effect on 
bicarbonate. Another view is that acetazolamide constricts CP 
arterioles, reducing CPBF. Methazolamide, another carbonic 
anhydrase inhibitor, also is reported to reduce �Vf  by up to 
50%. The effects of carbonic anhydrase inhibitors are additive 
with those produced by drugs that work by other mechanisms. 
For example, the combination of acetazolamide and ouabain 
decreases �Vf  by 95%.

Ethacrynic acid decreases �Vf , presumably by inhibiting the 
exchange of sodium ions for potassium or hydrogen at the ab-
luminal border of the cell. Spironolactone and amiloride de-
crease �Vf , probably by minimizing the entry of sodium into 
cells at the abluminal transport site. Furosemide decreases 
�Vf  by reducing either sodium or chloride transport, which 

is linked to sodium transport on the abluminal surface but 
follows an electrochemical gradient on the luminal surface. 
Mannitol decreases �Vf  because of reductions in both CP out-
put and ECF flow from cerebral tissue to the macroscopic CSF 
compartment.88–90

Steroids
Numerous steroids are reported to alter Ra and �Vf . With in-
creased Ra secondary to pneumococcal meningitis, meth-
ylprednisolone reduced Ra to a value that was intermediate 
between control and untreated animals.91 It was speculated 
that methylprednisolone improved CSF flow in the supra-
cortical subarachnoid space or arachnoid villi. When Ra was 
increased as a result of pseudotumor cerebri, prednisone de-
creased Ra to a value that was intermediate between pretreat-

ment and normal values for patients.92 CSF reabsorption may 
have risen because impaired transport across arachnoid epi-
thelial cells was improved or because metabolically induced 
changes in the structure of the villi were reversed. Cortisone 
was reported to decrease �Vf . Rapid uptake of radioactively 
labeled hydrocortisone into the CP suggests that cortisone 
exerts its action at the CP rather than at extrachoroidal sites. 
Dexamethasone decreases �Vf  by up to 50%, probably be-
cause it inhibits sodium-potassium adenosine triphosphatase, 
thereby reducing the activity of the sodium-potassium pump 
at the CP epithelial membrane.

Other Drugs
Many other drugs are reported to alter �Vf  and Ra. 
Theophylline increases �Vf , presumably because inhibi-
tion of phosphodiesterase elevates CP cyclic adenosine 
monophosphate levels, stimulating the CP epithelial sodium-
potassium pump.93 Cholera toxin is also reported to increase 
�Vf .94 Vasopressin decreases �Vf , perhaps by constricting CP 

blood vessels. Others contend that physiologic doses of vaso-
pressin provide insufficient CP vascular effect to explain the  
observed decrease of �Vf .93,94 Vasopressin also decreases Ra.94 
Hypertonic saline (3%) decreases �Vf , presumably by reducing 
the osmolality gradient for movement of fluid out of plasma 
and into the CP stroma or across brain tissue and into CSF.95 
Hypertonic saline increases Ra at some doses but not others. 
Dinitrophenol decreases �Vf , probably as a result of its ability 
to uncouple oxidative phosphorylation, thereby reducing the 
energy available for active secretory and transport processes, 
such as the membrane pumps. Atrial natriuretic peptides de-
crease �Vf  by stimulating production of cyclic guanine mono-
phosphate.94 Digoxin and ouabain decrease �Vf  by inhibition 
of the sodium-potassium adenosine triphosphatase of the CP 
epithelial sodium-potassium pump.

In contrast to the aforementioned drugs, both succinylcho-
line (continuous infusion) and vecuronium (continuous infu-
sion) produce no change in �Vf  or Ra.96 Prostaglandin E1, when 
used to induce deliberate, controlled hypotension, caused no 
change in �Vf .97

Neurogenic Regulation of Cerbrospinal 
Fluid Formation and Resistance  
to its Reabsorption
Structural Aspects
Adrenergic nerves form networks around the small arter-
ies and veins of the CP, and their nerve terminals are located 
between the CP endothelium and the underlying fenestrated 
capillaries.98 For the most part, these adrenergic nerves orig-
inate in the superior cervical ganglia, although some fibers 
in the CP of the fourth ventricle derive from lower ganglia.99 
Innervation of the lateral ventricles is unilateral, whereas in-
nervation of the midline ventricles is bilateral.

Cholinergic nerves also form networks around the small 
arteries and veins of the CP, with terminals located between 
the endothelium and adjacent capillaries.100 The CP of the 
third ventricle is richly supplied by cholinergic nerves, but 
the fourth ventricle is almost devoid of cholinergic innerva-
tion. Adrenergic and cholinergic terminals have been iden-
tified at the bases of choroid epithelial cells, in the clefts 
between cells, and near the smooth muscle cells of the cho-
roid arterioles.

Peptidergic nerves are also found in the CP, but their den-
sity is less than that of adrenergic and cholinergic nerves.101 
As in the adrenergic and cholinergic networks, peptidergic 
nerves are located between the small blood vessels of the CP 
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and the overlying CP epithelium.102 Peptidergic nerves contain 
vasoactive intestinal peptide or substance P, both of which are 
potent dilators of cerebral vessels.

Functional Aspects
Studies of the effects of adrenergic stimulation on isolated 
anterior CP arteries suggest that the adrenergic system 
plays a role in regulating CPBF.103 Constriction occurs 
via α-adrenergic receptors, and relaxation occurs via β-
adrenergic receptors. The adrenergic system also appears 
to exert a functional influence on CP epithelial cells. 
Carbonic anhydrase activity increased by 125% to 150% in 
CP homogenate after sympathectomy achieved by surgical 
removal of the superior cervical ganglion or injection of 
reserpine. In another study, sympathetic denervation was 
found to alter epithelial cell transport of organic acids and 
bases in isolated CP.104

In addition, the adrenergic system is reported to alter �Vf . 
Cervical sympathetic stimulation decreased �Vf  by 32%,99,105,106 
and bilateral excision of the superior cervical ganglia increased 
�Vf  by 33%. Low norepinephrine concentrations decreased �Vf  

by a β-adrenoreceptor–mediated effect on the secretory epi-
thelium, whereas the reduction at high concentrations rep-
resents α-adrenoreceptor-mediated CP vasoconstriction. 
The β-adrenoceptor-induced decrease in �Vf  appears to de-
rive from a direct, inhibitory action on the CP epithelium via 
β1-adrenoreceptors.

The cholinergic system is also reported to alter �Vf . 
Intraventricular perfusion with carbocholine or with ace-
tylcholine in the presence of the cholinesterase inhibitor 
neostigmine reduced �Vf  by 25% to 55%.107 Cholinergic 
receptors presumably are muscarinic because the effect of 
carbachol is blocked by atropine but is not altered by hexa-
methonium. The site of action of cholinergic agonists or 
antagonists is uncertain. They are believed to act on the CP 
epithelium, rather than on the CP vasculature, because car-
bocholine has no vasomotor effect on isolated anterior cho-
roidal arteries.

Metabolic Regulation of Cerebrospinal 
Fluid Formation and Resistance  
to its Reabsorption
Alterations in metabolism or physiologic status affect �Vf  and 
�Va. Hypothermia decreases �Vf , probably by reducing the ac-

tivity of active secretory and transport processes and by de-
creasing CBF.2 Each 1 °C reduction in temperature between 
41° and 31 °C decreases �Vf  by 11%. In one study, hypercapnia 
raised �Vf  to normal values if �Vf  was decreased at normocap-
nia but did not change �Vf  if it was normal at normocapnia.108 
Normalization of �Vf  by hypercapnia may have occurred 
because CPBF improved. In contrast, hypocapnia acutely 
decreases �Vf , because of reductions of either CPBF or the avail-
ability of hydrogen ion for exchange with sodium at the ablu-
minal surface of the CP epithelial cells. After several hours of 
hypocapnia, �Vf  returns to normal values.109,110 Prolonged hy-
percapnia or hypocapnia does not significantly change �Vf .108,109  
Metabolic acidosis does not change �Vf , but metabolic alkalo-
sis decreases �Vf , presumably as a result of a pH effect unre-
lated to ion or substrate availability.

Wald and associates111 found that reduced osmolarity of 
ventricular CSF or increased osmolarity of serum decreased 
�Vf ; similarly, increased osmolarity of ventricular CSF or re-

duced osmolarity of serum increased �Vf . The increase or de-
crease of �Vf  caused by the change in serum osmolarity was 
four times greater than that caused by a comparable change 

in ventricular fluid osmolarity. Presumably the changes in  
�Vf  resulting from altered ventricular fluid osmolarity oc-

curred at the CP, whereas the changes resulting from altered 
serum osmolarity occurred at extrachoroidal sites.

CEREBROSPINAL FLUID 
DYNAMICS AND INTRACRANIAL 
PRESSURE

Equilibrium Between Cerebrospinal Fluid 
Formation and Reabsorption
Within limits, �Vf  is not affected by an increase or decrease 
of ICP. Thus, �Vf  remains “normal” whether ICP is 2 cm H2O 
or 22 cm H2O (Fig. 3.5). Only when ICP rises sufficiently to 
reduce CPP below ~70 mmHg will �Vf  decrease. In contrast, 
�Va  is quite sensitive to change of ICP. At ICPs below ~7 cm 

H2O, minimal reabsorption occurs.112 At ICPs greater than  
7 cm H2O, �Va  increases directly as ICP increases. The rela-
tionship between �Va  and ICP is linear for ICPs up to ~30 cm 
H2O. The equilibrium pressure occurs at the intersection of 
the plots of �Vf /ICP and �Va/ICP. At that ICP, �Vf  equals �Va, 
and no net change in CSF volume occurs.

Anesthetic- and Drug-Induced Changes  
in Intracranial Pressure
Treatments that alter �Vf  or �Va  alter ICP. For example, the-
ophylline is reported to increase �Vf .93 Assuming no change 
in �Va, the plots of �Vf /ICP and �Va/ICP after administration of 
theophylline intersect at an ICP value that is higher than “nor-
mal” (Fig. 3.6A). Stated another way, theophylline increases 
�Vf  so that the volume of CSF formed each minute exceeds 

the volume reabsorbed each minute. As a result, CSF volume 
expands, causing ICP to increase. ICP continues to rise as CSF 
volume expands, and as ICP rises it provides an increasingly 
greater “driving force” for reabsorption of CSF. �Va  increases 
as ICP increases until �Va  equals �Vf . A new equilibrium state 
is achieved when formation and reabsorption are equal and 
no net change in CSF volume or further change in ICP oc-
curs. The net effect of these changes is that by increasing �Vf ,  
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Fig. 3.5  Rates of cerebrospinal fluid (CSF) formation ( �Vf )  
and reabsorption ( �Va ) are plotted as functions of intracranial 
pressure (ICP). As long as choroid plexus pressure (CPP) remains 
above ≈ 70 mmHg, �Vf  is unaffected by ICP. At ICP < 7 cm H2O, �Va   
is minimal. At ICP values between 7 and 25 to 30 cm H2O, the 
resistance to CSF reabsorption (Ra) is relatively constant, and �Va   
is linearly related to ICP. ICP stabilizes at a value where �Vf  equals  
�Va. (From Cucchiara RF, Michenfelder JD [eds]: Clinical 

Neuroanesthesia. New York, Churchill Livingstone, 1990.)



68

3
 

• 
C

e
r

e
b

r
o

s
p

in
a

l 
Fl

u
id

theophylline should cause a rise in ICP, provided that other 
CSF dynamics are not altered.

Ketamine is reported to increase Ra.51 By definition, Ra is 
the inverse of the slope of the relationship between �Va  and 
ICP. Increased Ra produces a “flattening” of the �Va/ICP re-
gression line. Assuming no change in �Vf , the plots of �Vf /ICP 
and �Va/ICP after administration of ketamine intersect at an 
ICP that is higher than normal (Fig. 3.6B). Stated another way, 
ketamine reduces �Va  because “normal” ICP does not provide 
sufficient driving force to cause the usual amounts of CSF 
to be reabsorbed now that Ra has increased. As a result, the 
volume of CSF formed each minute exceeds the volume re-
absorbed each minute. CSF volume expands, causing ICP to 
increase. ICP continues to increase as CSF volume expands, 
and as ICP increases it provides a progressively greater driving 
force for reabsorption of CSF. �Va  increases as ICP increases 
until �Va  equals �Vf . A new equilibrium is achieved, at which 
formation and reabsorption are equal and no net change in 
CSF volume or further change of ICP occurs. The net effect of 
these changes is that by increasing Ra, ketamine should cause a 
rise in ICP, provided that other CSF dynamics are not altered.

Enflurane alters ICP because it increases both �Vf  and Ra 
(Fig.  3.7A).50,52,53 Halothane also has combined effects on �Vf  
and Ra.54,55 However, unlike those of enflurane, its effects are op-
posing rather than additive (Fig. 3.7B).113 Fentanyl is an example 
of a drug that decreases ICP. Fentanyl decreases Ra, so the �Va/
ICP regression line becomes “steeper” (Fig. 3.8).75 Consequently, 
“normal” ICP, the driving force for reabsorption of CSF, is in ex-
cess of what is needed for “normal” �Va. �Va  is greater than �Vf ,  
causing a contraction of CSF volume and a reduction of ICP.  

ICP gradually diminishes, resulting in a lesser driving force for 
reabsorption of CSF. �Va, initially greater than �Vf , gradually de-
creases until, at some reduced ICP, �Va  is lowered to a value that 
matches �Vf . A new equilibrium between formation and reab-
sorption is achieved, and ICP drops no farther.

Furosemide is another example of a drug that decreases ICP. 
Furosemide decreases �Vf , “lowering” the �Vf /ICP regression 
line (Fig. 3.9A). As a result, at “normal” ICP, �Va  exceeds �Vf , 
causing a contraction of CSF volume and a reduction in ICP. 
ICP continues to decrease, providing a lesser driving force for 
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Fig. 3.6  A, Theophylline increases the rate of cerebrospinal fluid 
(CSF) formation ( �Vf ) (“elevating” the slope of �Vf  plotted against 
intracranial pressure [ICP]). B, Ketamine increases the resistance 
to CSF resorption (Ra) (“flattening” the �Vf /ICP slope). With both 
treatments, �Vf  equals rate of CSF absorption ( �Va ) at increased ICP. 
(From Cucchiara RF, Michenfelder JD [eds]: Clinical Neuroanesthesia. 
New York, Churchill Livingstone, 1990.)

F
lo

w
 r

at
e 

(m
L/

m
in

)

30220 7 15

Intracranial pressure (cm H2O)

Old
equilibrium

ICP

New
equilibrium

ICP

Enflurane

Enflurane

Halothane

Halothane
.
Vf

.
Va

F
lo

w
 r

at
e 

(m
L/

m
in

)

Old
equilibrium

ICP

New
equilibrium

ICP

.
Vf

.
Va

A

B

Fig. 3.7  A, Enflurane at intermediate concentrations increases both 
the rate of cerebrospinal fluid (CSF) formation ( �Vf ) (“elevating” the 
slope of �Vf  plotted against intracranial pressure [ICP]) and resistance 
to CSF reabsorption (Ra) (“flattening” the �Va /ICP slope). B, Halothane 
decreases �Vf  (“lowering” the �Vf /ICP slope) and increases Ra. With 
both anesthetics, �Vf  equals �Va  at increased ICP. (From Cucchiara RF, 
Michenfelder JD [eds]: Clinical Neuroanesthesia. New York, Churchill 
Livingstone, 1990.)
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Fig. 3.8  Fentanyl in low doses decreases resistance to cerebrospinal 
fluid (CSF) reabsorption (Ra) (“steepening” the slope of the plot of CSF 
absorption [ �Va ] against intracranial pressure [ICP]). As a result, the rate 
of CSF formation ( �Vf ) equals �Va  at decreased ICP.



3
 

• 
C

e
r

e
b

r
o

s
p

in
a

l Flu
id

69

reabsorption of CSF. At some reduced ICP, �Va  is decreased 
enough to match the reduced �Vf . Formation and reabsorption 
are in equilibrium at that reduced ICP, and no further decrease 
of ICP occurs. High doses of etomidate reduce ICP through 
combined effects on �Vf  and Ra (Fig. 3.9B).69

Cerbrospinal Fluid Volume Change  
to Compensate for Intracranial  
Volume Change
When the volume of intracranial blood, brain tissue, gas, 
or other material increases, CSF volume contracts through 
translocation of intracranial CSF to the spinal subarach-
noid space and through reabsorption of CSF. Conversely, 
when the volume of intracranial blood, brain tissue, gas, or 
other material decreases, CSF volume expands by means 
of cephalad translocation and a temporary decrease in �Va .  
CSF volume and ICP responses to increases or decreases 
in intracranial volume are easily illustrated by use of the  
�Vf /ICP and �Va /ICP relationships discussed previously. 

For example, subdural hematoma adds volume to the 
intracranial contents, thereby raising ICP, as shown in 
Fig. 3.10A: increased ICP (A) provides a driving force for 
reabsorption of CSF, so �Va  increases (B) to a value greater 
than �Vf  (which does not change). Consequently, the vol-
ume of CSF reabsorbed each minute exceeds the volume of 
CSF formed each minute. Gradually, CSF volume contracts, 
and as it does, total intracranial volume decreases, causing 
ICP to fall (C) from its increased level. As ICP approaches 

“normal,” �Va  falls toward “normal,” and the mismatch be-
tween �Va  and �Vf  becomes progressively reduced. When 
ICP returns to pre-hematoma values, �Vf  and �Va  once 
again are in equilibrium, and no further change of CSF 
volume or ICP occurs. At the new equilibrium state, ICP 
and total intracranial volume are much the same as before 
the subdural hematoma, but cerebral blood volume (CBV) 
(part of it in the form of the hematoma) is increased, and 
CSF volume is decreased.

Conversely, surgical removal of brain tissue reduces intra-
cranial volume, thereby decreasing ICP, as shown in Fig. 3.10B: 
reduced ICP (D) provides only a weak driving force for reabsorp-
tion of CSF, so �Va  (E) is less than �Vf  (which does not change). 
Thus over the ensuing minutes, the volume of CSF reabsorbed is 
less than the volume formed. Gradually, CSF volume expands, 
and as it does, total intracranial volume increases, causing ICP 
to rise (F) from its reduced level. Rising ICP stimulates �Va .  
When ICP reaches presurgical values, �Vf  and �Va  once again 
are in equilibrium, and no further change of CSF volume or ICP 
occurs. At the new equilibrium state, ICP and total intracranial 
volume are much the same as before surgical removal of brain 
tissue, but brain tissue volume is decreased and CSF volume is 
increased.
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Fig. 3.9  A, Furosemide decreases the rate of cerebrospinal fluid 
(CSF) formation ( �Vf ) (“lowering” the slope of �Vf  plotted against 
intracranial pressure [ICP]). B, Etomidate in high doses decreases �Vf   
and the resistance to CSF reabsorption (Ra) (“steepening” the slope of 
CSF fluid reabsorption [ �Va ] plotted against ICP). With both treatments, 
�Vf  equals �Va  at decreased ICP. (From Cucchiara RF, Michenfelder 

JD [eds]: Clinical Neuroanesthesia. New York, Churchill Livingstone, 
1990.)
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Fig. 3.10  Plots of cerebrospinal fluid (CSF) formation ( �Vf ) versus 

intracranial pressure (ICP) and rate of CSF reabsorption ( �Va ) versus 
ICP show how CSF volume alters to offset alterations in intracranial 
volume, thereby minimizing ICP changes. A, Increase in intracranial 
volume raises ICP. (A) At higher ICP, �Va  exceeds �Vf, (B) so CSF volume 
decreases. As CSF volume decreases, ICP decreases (C) until �Vf  
equals �Va.  If �Vf  and the resistance to CSF reabsorption (Ra) are not 
altered, ICP returns to “normal.” B, Decrease in intracranial volume 
decreases ICP (D). At decreased ICP, �Va  (E) is less than �Vf, so CSF 
volume increases. As CSF volume increases, ICP increases (F) until �Vf  

equals �Va. If �Vf  and Ra are not altered, ICP returns to “normal.” (From 
Cucchiara RF, Michenfelder JD [eds]: Clinical Neuroanesthesia. New 
York, Churchill Livingstone, 1990.)
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ALTERED CEREBROSPINAL 
FLUID DYNAMICS CHANGE 
INTRACRANIAL PRESSURE

Responses to Increased Intracranial 
Pressure
Work in animal models and in clinical studies has demon-
strated how �Vf  and Ra affect CSF volume and contribute to 
ICP change in clinically relevant ways.

Intracranial Mass
Rapid expansion of an intracranial mass causes an increase in 
ICP followed by compensatory decreases in CBV, CSF volume, 
and brain tissue volume. For delineation of these changes and 
the contribution of �Vf  and Ra, three groups of dogs were 
studied.114 As reported, hypocapnia initially reduced CBV, 
and during 4 hours of hypocapnia, CBV reexpanded and 
CSF volume changed reciprocally (group 1). In group 2, an 
increase in ICP with an intracranial balloon caused a decrease 
in CBV and an increase in Ra that were stable for 4 hours. In 
group 3, balloon inflation reduced CBV, hypocapnia caused 
a further decrease of CBV, and, during 4 hours of hypocap-
nia, CBV reexpanded and CSF volume changed reciprocally. 
Brain tissue composition was not different among the groups.

Effects of Anesthetics
Anesthetics may affect the initial increase in ICP and subse-
quent compensatory decreases in CBV, CSF volume, and brain 
tissue volume caused by rapid expansion of an intracranial 
mass. For examination of these changes and the contribution 
of �Vf  and Ra, five groups of dogs were anesthetized with inha-
lational or intravenous agents while an intracranial mass was 
present, and hypocapnia was used to reduce ICP.59 With enflu-
rane- and halothane-induced anesthesia, �Vf , Ra, or both were 
high, and ICP progressively rose because CSF volume did not 
contract to the same extent that CBV reexpanded. With isoflu-
rane-, fentanyl-, or thiopental-induced anesthesia, �Vf  and Ra 
were normal, and ICP did not progressively increase because 
reexpansion of CBV was minimal (fentanyl) or because CSF 
volume contracted to the same extent that CBV reexpanded 
(isoflurane and thiopental).

Causes of Increased Intracranial Pressure
Many clinical conditions are accompanied by an increase in 
ICP. Laboratory and clinical studies have demonstrated the 
role of altered �Vf  or Ra in clinical conditions in which ICP 
is increased.

Acute Subarachnoid Hemorrhage
Acute subarachnoid hemorrhage often results in increased 
ICP. In studies examining the effect of blood components 
on �Vf  and �Va, and determining the effects of �Vf  and �Va  on 
ICP, animals were intrathecally given (1) heparinized whole 
blood, (2) plasma, (3) dialysate of plasma, (4) serum (fibrino-
gen free), and (5) saline.27,28,115,116 �Va  values were determined 
by manometric infusion. Whole blood and plasma raised ICP 
and produced a threefold to tenfold rise in Ra, respectively. 
Electron microscopic examination of the arachnoid villi re-
vealed decreased numbers of transendothelial channels and 
fibrin deposits within the villi.
Chronic Changes after Subarachnoid Hemorrhage
Hydrocephalus often follows subarachnoid hemorrhage. In 
both animals and patients examined at various intervals after 

subarachnoid hemorrhage, scanning electron microscopic 
studies of the CSF pathways and arachnoid villi revealed ex-
tensive fibrosis resulting from blood within these spaces.117 
The researchers concluded that after subarachnoid hem-
orrhage, as well as after other clinical conditions in which 
leptomeningeal scarring exists, chronic obstruction to CSF 
outflow results from functional narrowing or blockage of  
CSF outflow pathways. By this mechanism, Ra is increased 
within both the subarachnoid space and the arachnoid villi.

Bacterial Meningitis
Bacterial meningitis is often accompanied by increased ICP. 
In a study examining the effect of meningitis on �Vf  and �Va,  
and determining the effects of �Vf  and �Va  on ICP, animals 
were intrathecally given (1) Streptococcus pneumoniae or (2) 
Escherichia coli.91 �Vf  and �Va  were determined before inocu-
lation, 16 to 24 hours after inoculation, and after therapy. ICP 
rose in both groups. Ra was increased 25-fold with S. pneumo-
niae and 36-fold with E. coli, and, although antibiotic therapy 
sterilized the CSF and prevented mortality, Ra remained ele-
vated at 2 weeks after treatment. Methylprednisolone reduced 
Ra to a value that was intermediate between those in control 
and infected animals.

Pseudotumor Cerebri
The increased ICP seen in pseudotumor cerebri is thought 
to result from (1) increased Ra, (2) increased �Vf , (3) greater 
water movement into brain across cerebral capillaries, (4) 
increased CBF and CBV, or (5) glial or neuronal cellular 
edema.92 Currently, most evidence favors altered CSF dynam-
ics as the principal cause of increased ICP.118 In a study to de-
termine the role of CSF dynamics, �Vf  and Ra were measured 
in both control patients and patients with pseudotumor cere-
bri.119 Resting ICP was 33 cm H2O in patients with pseudotu-
mor cerebri and 14 cm H2O in controls. Maximal Ra was 10 
times greater, and Ra at resting ICP was six times greater in 
the pseudotumor patients than in controls. �Vf  was decreased 
39% in the pseudotumor patients, as compared with controls. 
These results are comparable with results previously reported 
by others and support the view that in pseudotumor patients, 
impaired CSF reabsorption is a principal mechanism leading 
to increased ICP.120 Prednisone decreased Ra to a value that 
was intermediate between controls and untreated pseudotu-
mor patients.

Head Injury
Head injury often results in increased ICP. In one study, the 
PVI was used to determine �Vf , Ra, and the contribution of al-
tered �Vf  and Ra to increased ICP in head-injured patients.121 
Results showed that Ra was increased but �Vf  was within 
normal limits for 75% of the patients studied. As calculated, 
about 20% of the ICP rise in this population derived from 
�Vf  and Ra.

SUMMARY

CSF plays a key role in brain well-being. It cushions the brain, 
provides pathways for nutrients and other substrates, regu-
lates the concentrations of ions and other chemicals, provides 
routes of clearance for unwanted substances, and transports 
neurohormones and neurotransmitters. Alteration of �Vf  
causes a change in ICP, with an increase (or decrease) in �Vf  
causing an increase (or decrease) in CSF volume. Alteration 
of Ra not only causes a change in ICP, but also determines 
the pressure-buffering capacity of the CSF “compartment,” 
with an increase in Ra reducing the ability of CSF volume to 
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contract in response to greater intracranial volume, and vice 
versa. Studies in animal models of increased ICP report that 
anesthetic-induced changes in �Vf  and Ra significantly alter 
the effectiveness of treatments employed to lower ICP. Studies 
in patients with increased ICP report that �Vf  and Ra may be 
significant (though not the major) factors altering the effec-
tiveness of treatments to lower ICP.
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INTRODUCTION

The major goals in neurosurgical anesthesia are to provide ad-
equate tissue perfusion to the brain (and spinal cord) so that 
the regional metabolic demand is met and to provide adequate 
surgical conditions (a “relaxed brain”). If anesthetic drugs or 
anesthetic techniques are improperly used, they can worsen 
the existing intracranial pathologic condition and may pro-
duce new damage. Some anesthetics or anesthetic techniques 
may help protect the brain subjected to metabolic stress or 
even ameliorate damage from such an insult. Thus, knowl-
edge of the effects of anesthetics and anesthetic techniques 
on cerebral circulation, metabolism, and intracranial pressure 
(ICP) both in normal and pathologic conditions is import-
ant. In addition, special attention must be paid in the case of 
functional neurosurgery or minimally invasive surgery, such 
as awake surgery, stereotaxic surgery, identification of epilep-
tic foci, and neuroradiological interventional procedures, in 
which anesthesiologists should consider using anesthetics and 
adjuvant drugs that allow control of asleep-awake-asleep sta-
tus or sedation with analgesia and no or minimal interference 
with brain electrophysiologic monitoring or neurologic find-
ings. While providing such a state, the anesthesiologist should 
ensure patency of the airway with well-maintained ventilation 
and circulatory stability.

In this chapter, physiologic and pharmacologic consider-
ations in relation to neurosurgical anesthesia are summarized, 
followed by a review of the effects of anesthetics and other 
drugs on cerebral blood flow (CBF), cerebral metabolism, and 
ICP, focusing on human data. Data from animal studies are 
cited only when there are not sufficient human data. The clin-
ical relevance of these issues to the practice of neurosurgical 
anesthesia is discussed.

PHYSIOLOGIC AND 
PHARMACOLOGIC 
CONSIDERATIONS IN RELATION 
TO NEUROSURGICAL ANESTHESIA

Blood Flow and Metabolism Changes 
in Relation to Functional Changes
Under physiologic conditions, the brain vessel diameter 
changes within seconds in response to the changes in neu-
ronal activity that immediately influence metabolic demand. 
Although the cellular mechanisms underlying the coupling of 
neuronal activation to cerebral blood vessel responses are not 
fully determined, it has been proposed that the energy (met-
abolic) demand caused by neuronal activity increases blood 
flow. The underlying metabolic signals could be a lack of O2 
or glucose, or the production of CO2.1 However, studies have 
demonstrated that blocking the enzymes that generate nitric 
oxide (NO) and arachidonic acid derivatives downstream of 

glutamate receptors greatly reduces functional hyperemia with 
little effect on the energy use associated with neuronal activ-
ity.2,3 From these data, a “feed-forward mechanism” has been 
proposed in which glutamate released from presynaptic nerve 
terminals activates both neurons and astrocytes, leading to the 
release of vasoactive substances from both cell types.1 As this 
feed-forward mechanism is not driven by energy demand, the 
fractional increase in blood flow induced by sustained neuro-
nal activity is greater than the increase in neuronal adenosine 
triphosphate (ATP) consumption.4 The vasoactive substances 
include NO, prostaglandin E2 (PGE2), potassium ions (K+), 
epoxyeicosatrienoic acid (EET), and arachidonic acid. NO, 
PGE2, K+, and EET dilate vessels. In contrast, arachidonic 
acid released from astrocytes is converted to 20-hydroxy- 
eicosatetraenoic acid (20-HETE) in vascular smooth muscle 
cells, which constricts vessels. Whether astrocytic activation 
leads to vasodilation or vasoconstriction may depend on 
preexisting vessel tone.

Traditionally, blood flow is controlled solely by arteriole 
smooth muscle. However, recent evidence suggests that vaso-
dilatory substances, such as PGE2 or related substances, can 
actively relax the pericytes that regulate the diameter of capil-
laries.5 In an animal study, it was demonstrated that capillaries 
dilate before arterioles in response to neuronal activity and 
that most of the increase in blood flow can be attributed to 
capillary dilation.5 The role of pericytes in controlling cerebral 
blood flow remains to be determined.

As neurons have a limited energy reserve, sufficient ATP 
should be generated to match energy demand, which changes 
dramatically with neuronal activity. To explain how ATP is 
generated on demand, the “astrocyte-neuron lactate shuttle 
hypothesis” was proposed, in which astrocytic activation by 
glutamate released from neurons stimulates glucose uptake 
into astrocytes; glucose is processed glycolytically, resulting in 
a release of lactate as an energy substrate for neurons.6 This 
hypothesis is based on the finding that cerebral activation 
resulted in a much greater increase in glucose consumption 
than in oxygen consumption.7 However, a smaller discrep-
ancy between the increase of glucose and oxygen use was 
also reported.8 Recent quantitative work has shown that most 
of the ATP produced in response to increased neuronal ac-
tivity is generated by oxidative phosphorylation.9 It appears 
that the extent to which astrocytes feed neurons still remains 
controversial.10

Anesthetics cause functional alterations in the central ner-
vous system and produce metabolic changes. In general, in-
travenous anesthetics decrease cerebral metabolic rate (CMR) 
and CBF in parallel fashion, whereas most inhalational anes-
thetics decrease CMR with an increase in CBF. At first sight, 
the coupling of CMR and CBF is maintained with intravenous 
anesthetics, whereas it is lost with inhalational anesthetics. 
However, a strong correlation exists between CMR and CBF 
within individual brain structures during anesthesia. Indeed, 
during burst and suppression phases of electroencephalogram 

Effects of Anesthetic Agents and 
Other Drugs on Cerebral Blood Flow, 
Metabolism, and Intracranial Pressure
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(EEG) with isoflurane anesthesia, cerebral blood flow velocity 
of middle cerebral artery (Vmca) appears to increase and de-
crease, respectively.11,12 In addition, seizure activity or noxious 
stimuli during anesthesia produce parallel increases in CBF 
and CMR. Because the net effect of anesthetics on CBF is a 
balance between their direct effects on cerebral vessels and in-
direct effects caused by CMR changes, it is probable that the 
coupling of CMR and CBF is maintained with anesthetics but 
is modified by direct effects of anesthetics on vascular tone.

Blood Flow Changes in Relation to 
Cerebral Perfusion Pressure and CO2

Cerebral perfusion pressure (CPP) and carbon dioxide tension 
in the arterial blood (PaCO2) are the important variables that 
influence CBF. Autoregulation is the physiologic maintenance 
of constant CBF over a wide range of CPP values. Traditionally, 
CPP is determined as the difference between mean arterial 
blood pressure (MABP) and the greater of ICP or CVP. In the 
patient with intracranial hypertension, effective downstream 
pressure is determined by ICP. Advances in flow measurement 
techniques have demonstrated beat-to-beat flow changes and 
the concept of apparent zero flow pressure, at which flow 
ceases. Apparent zero flow pressure has been proposed as an 
estimate of critical closing pressure that may better estimate 
CPP.13 Zero-flow pressure is extrapolated by linear regression 
analysis of the arterial blood-pressure–Vmca relationship. The 
arterial blood pressure-axis intercept of the regression line de-
termines zero-flow pressure. In conditions of increased cere-
brovascular tone, such as hypocapnia or pharmacologically 
induced vasoconstriction, ICP does not uniquely determine 
effective downstream pressure.

CO2 can produce marked changes in cerebrovascular resis-
tance (CVR) and CBF. Over a range of PaCO2 values of 20 to 
80 mmHg, for each 1 mmHg increase or decrease in PaCO2 
there is a 2% to 4% increase or decrease in CBF. Changes in 
the extracellular hydrogen ion (H+) concentration, NO, pros-
tanoids, cyclic nucleotides, intracellular calcium, and potas-
sium channel activity have been regarded as regulatory factors 
for cerebrovascular reactivity to CO2.14 Compared with adults, 
children have less cerebral reactivity to CO2 changes. Whether 
this difference is related to possible domination of prostaglan-
din and cyclic guanosine monophosphate in regulating vascu-
lar tone in children remains to be determined.

As CO2 affects CVR and CBF, the autoregulation curve 
changes according to CO2 levels. During hypercapnia, the pla-
teau ascends and shortens, the lower limit shifts rightward, and 
the upper limit shifts leftward. In contrast, during hypocapnia, 
the plateau descends and the lower limit remains unchanged. 
How the upper limit moves during hypocapnia is not clear.15

Changes in Cerebral Blood Flow 
and Intracranial Pressure Regulation 
in Pathologic Conditions
Patients who undergo neurosurgery may have various types of 
intracranial pathologic conditions as well as systemic diseases, 
and their responses to anesthetics may be different from those 
of normal subjects. Brain tissue hypoxia, acidosis, and edema 
are the main pathologic consequences of most brain disor-
ders. Cerebral vasoparalysis occurs, and coupling between 
blood flow and metabolism is impaired. Under these circum-
stances, autoregulation and CO2 reactivity are also disturbed. 
Strict blood pressure control and respiratory management are 
required.

In the event of focal cerebral ischemia, hypercapnia can di-
late the vessels in the normal area but not in the damaged area, 

and, consequently, blood flow may be shunted from the isch-
emic to the normal area (intracerebral steal or the “reversed 
Robin Hood effect”). As intracerebral steal has been docu-
mented in acute ischemic stroke patients, hypercapnia should 
be avoided in these patients.16 Conversely, hypocapnia can di-
vert blood from the normal area to the ischemic area (inverse 
intracerebral steal, or the “Robin Hood effect”). However, no 
beneficial effect was found in an animal experiment when hy-
perventilation was initiated at 1 hour after focal cerebral isch-
emia.17 Because of a lack of evidence indicating the possible 
beneficial effect on outcome, hyperventilation cannot be rec-
ommended in patients who have experienced stroke.18

Although the effect is not confirmed for every anesthetic, 
experimental data in animals suggest that intracerebral steal 
or inverse intracerebral steal may also be induced pharmaco-
logically. However, the effect of anesthetics on cerebral blood 
flow redistribution is unpredictable because anesthetics mod-
ulate cerebral vessel diameter by both their direct vasoactive 
property and indirect effects caused by CMR changes.

Anesthesia alters ICP through changes in cerebral blood 
volume (CBV). Although correlation between CBV and CBF 
does not always exist, the changes in CBV, in general, appear to 
be proportional to the changes in CBF. Therefore, an increase 
in CBF causes an increase in CBV and, thus ICP. Increases in 
blood pressure, especially when autoregulation is impaired, 
also produce an increase in CBV. Mechanical effects, such as 
the patient’s position and respiratory pattern (by influencing 
intrathoracic pressure) also may affect ICP.19,20 Muscle activ-
ity during the patient’s movement may raise central venous 
pressure (CVP) and ICP. Anesthetic agents also affect ICP by 
changing the rate of production and reabsorption of cerebro-
spinal fluid (CSF) (see Chapter 3). Intracranial physiology and 
pathophysiology in relation to the use of anesthetics and adju-
vant drugs are summarized in Fig. 4.1.

EFFECTS OF SPECIFIC 
ANESTHETIC DRUGS AND 
OTHER DRUGS

Inhalational Anesthetics
In general, all inhalational anesthetics are cerebral vasodilators 
and possess the capability of increasing ICP. Inhalational an-
esthetics, with the possible exception of nitrous oxide (N2O), 
usually depress metabolism. Although the coupling of neuro-
nal activation to cerebral blood vessel responses seems to work 
even with high concentrations of inhalational anesthetics, di-
rect vasodilation surpasses indirect vasoconstriction by the 
reduction of CMRO2, resulting in a higher CBF/CMRO2 ratio. 
Table 4.1 summarizes the effects of inhalational anesthetics on 
CBF, CMR, and ICP.

Nitrous Oxide
It is generally agreed that N2O increases CBF, CMR, and ICP; 
however, in humans, some studies did not observe an increase 
in CMR. The magnitude of changes varies substantially.21 The 
cause of this variation may be the concentrations examined 
and its use in combination with other drugs that may mod-
ify its original effect. The most dramatic increases in CBF 
and ICP occurred when N2O was administered alone or with 
minimal background anesthetics. The increases in CBF and 
CMRO2 with N2O do not appear to be related solely to the 
sympathetic hyperactivity. N2O appears to have no direct va-
sodilating effect.22

Marked heterogeneity in regional cerebral blood flow 
(rCBF), regional CBV (rCBV), and regional CMR (rCMR) 
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during administration of N2O alone has been revealed with 
positron emission tomography (PET) and magnetic resonance 
imaging (MRI). Subanesthetic concentrations of N2O (20%) 
increase rCBF and rCMR in the anterior cingulate cortex, 
with opposite effects occurring in the posterior cingulate, hip-
pocampus, parahippocampal gyrus, and visual cortices.23 N2O 
30% increased CBF in the global gray matter by 22%, with no 
change detected in global CMRO2.24 At N2O 50%, rCBF and 
rCBV increased in all gray-matter regions, although the in-
crease in rCBF was less pronounced in basal ganglia.25 Global 
cerebral metabolic rates for glucose (CMRg) was unchanged 
with N2O 50%, but regional metabolism was changed; re-
gional CMRg increased in the basal ganglia and thalamus and 
this effect was present 1 hour after discontinuation of N2O.26

N2O, when added to volatile anesthetics, raises CBF,27–29 but 
CMR is either increased29 or unchanged.27 Indirect evidence—
measurements of Vmca—has shown that N2O raises CBF.30,31 
In patients with brain tumors, N2O increased Vmca, but the 
increase was completely reversed by hyperventilation.32,33

The addition of N2O 70% to anesthesia with propofol (EEG 
isoelectric) in non-neurosurgical patients produced a 20% in-
crease in Vmca with greater oxygen and glucose use in associ-
ation with EEG activation.34 A PET study in humans showed 
that N2O 70% counteracted almost all rCBF reductions and 
some of rCMRO2 reductions produced by propofol at a dose 

of clinical anesthesia (EEG activity remained).29 In contrast, 
in animal studies, a high dose of thiamylal or pentobarbital 
has been shown to abolish the N2O-induced increases in CBF 
or CMRO2. Regional metabolic studies in rats demonstrated 
that N2O 67% did not change local cerebral metabolic rates for 
glucose (lCMRg), with a nearly isoelectric EEG by pentobarbi-
tal.35 Whether the differences in modification of N2O-induced 
increases in CBF or CMR by other anesthetics are due to the 
differences in species, methods, or the dose ranges of the anes-
thetics examined is not clear.

An increase in ICP caused by N2O has been repeatedly 
demonstrated. The rise in ICP can be attenuated by prior 
administration of thiopental, diazepam, or morphine, or by 
induction of hypocapnia. It is advisable to use hypocapnia, 
cerebral vasoconstricting drugs, or both, when N2O is ad-
ministered, especially in patients with reduced intracranial 
compliance.

Some authorities have proposed that N2O has neurotoxic 
properties based on data from experimental animals. It has 
been reported that N-methyl-d-aspartate (NMDA) receptor 
blockade during synaptogenesis in the immature brain can in-
duce neuronal degeneration. This effect occurs not only with 
anesthetics with an NMDA receptor blocking property (N2O, 
xenon, and ketamine) but also with those acting as gamma- 
aminobutyric acid (GABA) receptor modulators (propofol, 
midazolam, barbiturates, and isoflurane).36 However, it has 
been demonstrated that NMDA receptor antagonists protect 
against ischemic brain injuries. N2O may have both neuro-
protective37 and neurotoxic38 properties. In humans, post-
hoc analysis of data acquired as part of the Intraoperative 
Hypothermia for Aneurysm Surgery Trial (IHAST) showed 
no detrimental effect on the long-term gross neurological or 
neuropsychological outcome with the use of N2O during cere-
bral aneurysm clipping.39,40

N2O enlarges the volume of potential air space, and thus 
its use is restricted in patients with intracranial or intravas-
cular air compartment. Further, the incidence of nausea and 
vomiting appears to increase in patients exposed to N2O for 
more than 1 hour,41 which may also restrict its use in neuro-
surgical patients.42 Since drugs that provide easily controllable 
analgesia are available, such as remifentanil, the use of N2O in 
neurosurgical anesthesia has decreased.

Brain effects

Anesthetic and
adjuvant drugs

Brain
hypoxia/hernia

Systemic effects

Temp

CMRSeizure CO2R

ICP

CBF CPPAR

MABPPaCO2

Vascular
spasm/stenosis

CSF

CBV

SOL edema

Fig. 4.1  Intracranial physiology and pathophysiology in relation to use of anesthetics and adjuvant drugs. The interaction of brain effects with the 
systemic effects of anesthetics and adjuvant drugs must be considered. Improvement of oxygen (substrate) supply/demand balance and prevention 
of intracranial hypertension are key points to prevent brain tissue hypoxia or ischemia and brain herniation and to obtain a better outcome. AR, 
autoregulation; CBF, cerebral blood flow; CBV, cerebral blood volume; CMR, cerebral metabolic rate; CO2R, cerebrovascular reactivity to CO2; ICP, 
intracranial pressure; MABP, mean arterial blood pressure; SOL, space-occupying lesion; Temp, temperature.

 
Cerebral Blood 
Flow

Cerebral 
Metabolic 
Rate

Intracranial 
Pressure

N2O ↑↑ ↑ or → ↑↑

Xenon ↓ (Gray) ↑ (White) ↓ ↑ or →

Isoflurane ↑ or → ↓↓ → or ↗ or ↑

Sevoflurane ↓ or → or ↗ ↓ or ↓↓ → or ↗ or ↑

Desflurane ↓ or ↑ ↓↓ ↑ or →

Table 4.1  �Summary of the Effects of Inhalational 
Anesthetics on Cerebral Blood Flow, Cerebral 
Metabolic Rate, and Intracranial Pressure
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Xenon
PET showed that xenon 1 MAC decreases absolute rCBF by 
11% in the gray matter and increases it by 22% in the white 
matter,43 with greater reductions in the cerebellum (by 35%), 
thalamus (by 23%), and cortical areas (by 9%). The decreased 
rCBF in the gray matter may be a result of reduced metab-
olism, as evidenced by the comparable reductions in CMRg 
in the corresponding brain areas.44 A later study that deter-
mined concomitant changes in rCBF and rCMRg in the same 
individuals during 1 MAC xenon anesthesia supported the 
results of these studies.45 Xenon anesthesia induces a uniform 
reduction in rCMRg, whereas rCBF decreased in 7 of 13 brain 
regions. The mean decreases in gray matter were 32% and 
15% for rCMRg and rCBF, respectively, resulting in signs of 
moderate luxury perfusion in some brain areas including the 
pre- and postcentral gyri, insula, and anterior and posterior 
cingulate.45 Though the reduction in CMR is less pronounced 
than those reported with volatile anesthetics, the metabolic 
pattern produced with xenon resembles those produced with 
volatile anesthetics rather than with N2O.26,46,47

During steady state xenon 70% inhalation in rats, having 
achieved stable cardiovascular conditions, mean values of 
CBF and CMRg did not change from conscious control values, 
but during short inhalation of xenon 70%, CBF increased by  
40–50%.48 In pigs, xenon 79% increased rCBF approxi-
mately 40% more than total intravenous anesthesia control.49 
However, xenon (30–70%) was reported to have no effect 
on rCBF and autoregulation in pigs sedated with propofol.50 
It should be noted that MAC of xenon varies among species 
(71% in humans, 98% in monkeys, 119% in pigs, 85% in rab-
bits, 161% in rats), and this variation may explain the different 
results among the species.

The effects of xenon on ICP in patients with head injury are 
variable; ICP has been found to either increase by 7 mmHg51 
or not to change52 with xenon 0.45 MAC. In animals either 
with normal ICP53 or with elevated ICP,54,55 xenon (0.34–0.7 
MAC) did not change ICP. At present, in humans, xenon 
appears to be a mild cerebral metabolic depressant and its 
effect on CBF and ICP is mild. In a newborn global hypoxic- 
ischemic pig model under propofol and remifentanil anesthe-
sia, post-insult administration of xenon reportedly preserves 
autoregulation.56

Because xenon is an antagonist of the NMDA receptor, it 
may have neuroprotective effects. Indeed, neuroprotection 
by inhalation of xenon before injury was demonstrated in 
both in-vitro57 and in-vivo cerebral ischemia58,59 and trau-
matic brain injury60 models, the effect being observed even 
with post-treatment after hypoxic-ischemic insult in neo-
natal rats61 and after traumatic brain injury in adult mice.60 
In combination with either hypothermia (35 °C)62 or the α2- 
adrenergic agonist dexmedetomidine,63 xenon exhibited neu-
roprotection in the same model. Also, it was reported that 
preconditioning by xenon (70%) reduced brain damage from 
hypoxia-ischemia in neonatal rats.64 A later study has demon-
strated that xenon (50%) provides long-term neuroprotection 
in a neonatal hypoxia-ischemia model and that this protec-
tion is augmented by concomitant application of moder-
ate hypothermia (32 °C).65 In a rat transient middle cerebral 
artery occlusion model, the combination of 30% xenon and 
subtherapeutic hypothermia (36 °C) after reperfusion has also 
been demonstrated to provide long-term neuroprotection.66 
However, xenon was also reported to cause neuronal cell 
death in an in-vitro model of the developing rodent brain at 
1 MAC, as does isoflurane and sevoflurane at similarly potent 
concentrations.67

With its low blood/gas partition coefficient of 0.115, xenon 
may offer advantage for neuroanesthesia use, because early 
neurologic examination after the emergence period is possible 
and may be desirable. However, this agent’s effects when com-
bined with other anesthetics should be further determined.
Halothane
Most studies demonstrated that halothane induces cerebral 
vasodilation and increases CBF, provided that the systemic 
blood pressure is maintained. The increase in cortical CBF 
appears greater with halothane than with isoflurane at equi-
MAC concentrations. It is probably true that the potency of 
overall vasodilating property of halothane appears to be most 
prominent among available volatile anesthetics.

A dose-related cerebral metabolic depressive effect of hal-
othane has been demonstrated repeatedly. At clinical levels of 
anesthesia, the decrease in global CMRO2 ranges from 10% to 
30%. A study using PET demonstrated that halothane anes-
thesia titrated to a point just beyond the loss of consciousness 
is associated with a 40% reduction of whole-brain glucose me-
tabolism,46 the magnitude of reduction being similar to that 
with isoflurane.

Halothane raises ICP in a dose-related fashion, and the 
rise in ICP is parallel to that in CBF. The elevation of ICP 
with halothane appears to be most prominent among the 
commonly used volatile anesthetics. However, at 0.5 MAC or 
less, the effect on ICP is minimal. The increased ICP that, 
with halothane, often occurs in association with systemic 
hypotension results in reduced CPP. This response may aug-
ment the risk of cerebral ischemia. The increase in ICP may 
be attenuated either by hyperventilation or by barbiturates. 
However, the beneficial effects of hypocapnia may not be ob-
tained when the initial ICP is very high or reactivity to CO2 
is lost globally.

In summary, although halothane in low concentrations (less 
than 1%) can be safely used in clinical neuroanesthesia practice 
when PaCO2 is reduced and barbiturates (and probably propo-
fol) also are given, the margin of safety is probably wider with 
isoflurane, desflurane, or sevoflurane than with halothane.
Isoflurane
In general, the increase in global CBF is smaller with isoflu-
rane than with halothane. However, at a given level of met-
abolic rate, isoflurane possesses greater cerebral vasodilating 
capabilities than halothane. It has been demonstrated that 
halothane, isoflurane, and desflurane at 0.5 MAC produces a 
similar increase in Vmca in humans during propofol-induced 
isoelectric EEG, whereas at 1.5 MAC, isoflurane and desflu-
rane have greater vasodilating effects than halothane.68 The 
net effect of inhalational anesthetics on CBF is a balance be-
tween a reduction in CBF caused by CMR suppression and 
augmentation of CBF due to direct cerebral vasodilation; the 
reported smaller increases in CBF with isoflurane than with 
halothane may occur from a more potent cerebral metabolic 
depressive effect of isoflurane. The hypothetical illustrations 
of changes in CBF with rising concentrations of halothane and 
isoflurane are shown in Fig. 4.2.

In PET studies in humans, isoflurane (0.2–1.0 MAC) was 
reported to produce no change in global CBF but to cause 
regional increase (anterior cingulate and insula regions) and 
decrease (cerebellum, thalamus, and lingual gyrus) in relative 
CBF.69 Additionally, isoflurane (0.5%) was reported to reduce 
whole brain metabolism by almost 50%, and this reduction 
was fairly uniform throughout the brain.47

It is unlikely that any single mechanism is entirely responsible 
for the vasodilative property of isoflurane. Some investigators 
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speculate that the vasodilative property of isoflurane may be re-
lated to NO. It was also reported that approximately one-third 
of the cortical hyperemic response to isoflurane measured by 
laser Doppler flowmetry is mediated by NO, prostaglandins, 
and epoxyeicosatrienoic acid, and that the remaining part 
of the response appears to be mediated by a direct action on 
smooth muscle.70 A study using a closed cranial window model 
demonstrated that an adenosine triphosphate (ATP)-sensitive 
K+ channel blocker, glibenclamide, attenuates isoflurane (and 
sevoflurane)-induced cerebral vasodilation, suggesting that va-
sodilation with these anesthetics is mediated, at least in part, 
via activation of ATP-sensitive K+ channels.71

Gray matter rCBV is increased with isoflurane when the 
systemic blood pressure is maintained (0.45%),72 and thus ICP 
can increase. Data on ICP appear to be inconsistent, and lumbar 
cerebrospinal fluid pressure (CSFP) increased in one study,73 
while ICP did not change in another.74 Because ICP was re-
ported to be lower in the patients anesthetized with propofol- 
fentanyl than those anesthetized with isoflurane-fentanyl, 
propofol-fentanyl may be preferable in the setting of  

unstable ICP.75 In the intensive care unit (ICU) setting, two 
studies have showed that isoflurane (0.5–0.8 MAC) does not 
cause a clinically relevant increase in ICP in patients with 
subarachnoid hemorrhage, intracerebral hemorrhage, or 
ischemic stroke if baseline ICP values are low or only mod-
erately elevated.76,77

Because of the potent cerebral metabolic depressive effect, 
isoflurane was predicted to have cerebral protective effects, 
which may be produced by a variety of the mechanisms, in-
cluding inhibition of excitatory neurotransmission, potenti-
ation of GABAA receptor, regulation of intracellular calcium 
responses, and activation of TWIK (tandem of P domains in 
a weak inwardly rectifying K+ channel)-related K+ (TREK)-1 
two-pore-domain K+ channels.78 Indeed, many animal stud-
ies demonstrated the neuroprotective properties of isoflurane 
within clinically relevant concentrations. However, the protec-
tion with isoflurane is only applicable to mild insults, being 
inferior to and less durable than mild hypothermia in its neu-
roprotective effect.79 Also, it is important to note that isoflu-
rane has preconditioning80,81 and postconditioning82 effects. In 
the developing brain, the neurotoxicity of isoflurane has been 
reported.83

In the clinical setting, there is no good evidence that iso-
flurane uniquely protects against ischemic central nervous 
system injury. Suggestive observations include those in a 
large retrospective review of changing anesthetic manage-
ment practices during carotid endarterectomy in humans.84 
The critical CBF below which ischemic EEG changes occur 
was greater in patients anesthetized with halothane than in 
patients anesthetized with isoflurane. At a comparable level of 
rCBF, the incidence of EEG ischemic changes with isoflurane 
has been reported to be significantly lower than that seen with 
halothane.

In summary, isoflurane appears to produce a mild increase 
in CBF and a pronounced decrease in cerebral metabolism. 
The accumulated evidence in basic research strongly suggests 
that isoflurane has a cerebral protective effect, although it is 
not proven clinically. However, isoflurane may be a desir-
able anesthetic for many neurosurgical procedures, includ-
ing carotid endarterectomy. The increase in ICP caused by 
isoflurane, if it occurs, may be mild and can be prevented by 
hypocapnia. However, when ICP elevation should definitely 
be avoided, propofol in combination with synthetic opioid 
may be preferable.

Sevoflurane
Studies using PET demonstrated that either a decrease85 or 
no change86 in global CBF occurred with the use of sevoflu-
rane. MAP decreased significantly with sevoflurane in the for-
mer study, whereas MAP was unchanged in the latter study. 
Therefore, it seems likely that global CBF is unchanged with 
sevoflurane when MAP is maintained. Although global CBF 
did not change, heterogeneity of the rCBF response was ob-
served; an increase of relative rCBF in the anterior cingulate 
and a decrease in the cerebellum.86 Regional heterogeneity of 
the cerebrovascular response to hyperventilation was also ob-
served with the use of sevoflurane 1 MAC, with the greatest 
values being observed in the thalamus.87

The results obtained with the use of the transcranial Doppler 
technique revealed that sevoflurane at both 0.5 and 1.5 MAC 
produced smaller increases in Vmca than isoflurane during 
propofol-induced isoelectric EEG, suggesting that sevoflu-
rane has less vasodilating effects than isoflurane.88 Vmca var-
ies according to age. In adults, Vmca was reported to decrease 
with the use of sevoflurane (0.5–1.5 MAC) despite no change 
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Fig. 4.2  Changes in cerebral blood flow (CBF) with rising anesthetic 
concentrations. The graph is drawn on basis of hypothesis that CBF 
changes exhibit a net result of the direct effect and metabolism-coupled 
effect of anesthetics. Also, the graph is based on the assumption that 
isoflurane (I) possesses greater direct vasodilating effect and metabolic-
depressing effect than halothane (H). A, CBF changes caused by the 
direct vasodilating effect of anesthetics. B, CBF changes caused by 
the metabolic depressive effects of anesthetics (metabolism-coupled 
changes). C, Net CBF changes caused by both direct and metabolism-
coupled effects. In normal subjects, halothane produces greater 
increase in CBF than isoflurane (C). In contrast, in patients whose 
baseline metabolism is maximally depressed either with other drugs 
or from an intracranial pathologic condition, metabolism-coupled flow 
changes may not occur, and CBF changes are simply determined by 
direct vasodilating effects of anesthetics, provided that the mechanisms 
for direct vasodilating effect are intact. If this is the case, isoflurane 
produces a greater increase in CBF than halothane, with rising 
anesthetic concentration (A). MAC, minimum alveolar concentration.
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of MAP.31,74 A study of the use of sevoflurane 3% in infants 
younger than 2 years showed that Vmca was unchanged un-
til MAP dropped below 60% of baseline in infants older than 
6 months.89 However, in infants younger than 6 months, Vmca 
started to decrease when MAP dropped below 80% of baseline.

Sevoflurane 1 MAC was reported to decrease rCMRg in all 
regions of the human brain, with the most marked suppres-
sion in the lingual gyrus (by 71%), occipital lobe in general 
(by 68%), and thalamus (by 68%).90 CBF equivalent (an index 
of flow–metabolism relationship) was shown slightly higher 
than normal but was comparable to or slightly lower than the 
values of equi-MAC isoflurane.91 Taken together, studies show 
that sevoflurane decreases CMR but its effect on CBF seems 
weaker than that of isoflurane.

Sevoflurane, either with or without N2O, produced no 
or small increases in ICP in animals and humans. These ef-
fects seem to be consistent with the fact that sevoflurane 
does not affect CBV even though it reduces CBF.29 The in-
crease in ICP, if any, can be blocked by hyperventilation.92 
When sevoflurane is compared with isoflurane and des-
flurane, the extent of the increase in ICP is in the following 
order in animals: desflurane > isoflurane > sevoflurane.93 In 
patients undergoing transsphenoidal pituitary surgery (no 
mass effect),94 lumbar CSFP was increased with sevoflurane, 
but mean increase was small (by 2 mmHg) and comparable 
to those reported with isoflurane and desflurane.73 In pa-
tients with cerebral tumors (midline shift less than 10 mm) 
anesthetized with propofol-fentanyl, isoflurane-fentanyl, or 
sevoflurane-fentanyl, the values of ICP were in the order of 
propofol-fentanyl < isoflurane-fentanyl = sevoflurane-fentanyl 
anesthesia. The effects of propofol-fentanyl were less than 
those of isoflurane-fentanyl and sevoflurane-fentanyl anesthe-
sia.75 The ICP raising properties of a clinical dose of sevoflu-
rane appear to be mild, but propofol would be preferable in a 
patient for whom ICP must be rigidly controlled.

The neuroprotective effect of sevoflurane reported earlier 
in middle cerebral artery occlusion (MCAO) model in rats 
may be assumed to be due to temperature reduction with an-
esthetics.95 However, several other studies demonstrated neu-
roprotective effects,96 and the agent’s favorable effect appears 
to be similar to that of isoflurane.97 In addition, sevoflurane- 
induced early or late ischemic tolerance has been shown in 
rats.98 However, neurotoxic effects of sevoflurane, as in isoflu-
rane, in the developing brain have been reported.99

In the clinical setting, there is no unequivocal evidence of 
neuroprotective effect of sevoflurane. Indirect evidence in-
cludes the observation that critical rCBF, below which isch-
emic EEG changes occur during carotid cross-clamp, was 
found to be similar to that previously determined in patients 
anesthetized with isoflurane.100 At present, the neuroprotec-
tive effects of sevoflurane, though inconclusive, appear to be 
similar, if they occur, to those of isoflurane.

Desflurane
When using a modified Kety-Schmidt technique with ar-
gon, desflurane 1 MAC decreases CBF by 22% in association 
with decreases by half in CMRO2 and CMRg by 35% with 
cerebrovascular CO2 reactivity being preserved.101 During  
propofol-induced isoelectric EEG, desflurane at 0.5 MAC pro-
duced increases in Vmca that were similar to those seen with 
isoflurane. At 1.5 MAC, the increase produced by desflurane 
was also similar to that with isoflurane.68 This finding may sug-
gest that desflurane, used when cerebral metabolism is maxi-
mally suppressed, increases CBF in a dose-dependent manner. 
During hypocapnia (PaCO2 25 mmHg) in patients receiving 

desflurane, the CBF at 1 MAC was lower than, and the CBF at 
1.5 MAC was similar to, those measured during an equi-MAC 
isoflurane anesthesia.102 After the induction of anesthesia with 
propofol, patients receiving desflurane 1.5 MAC had signifi-
cantly greater Vmca, heart rate, and MAP than those receiving 
equi-MAC sevoflurane. As desflurane 1.5 MAC was reported 
to impair autoregulation, it seems likely that the increase in 
Vmca was caused by the increase in MAP with desflurane.103

In patients with supratentorial mass lesions with a midline 
shift, desflurane 1 MAC (7%) was reported to produce an in-
crease in CSFP despite prior establishment of hypocapnia,104 
but not to raise ICP in patients without a midline shift,105 
whereas isoflurane 1 MAC was reported not to change CSFP 
or ICP in either case.104,105 In animals subjected to intracranial 
hypertension, desflurane increased ICP more than sevoflurane 
but less than isoflurane, whereas during hypocapnia, no signif-
icant differences in ICP were observed among three agents.93

Many studies have demonstrated neuroprotective effects 
of desflurane in in-vivo106–108 and in-vitro109 models in exper-
imental animals. The degree of protection afforded by des-
flurane appears to be comparable to that of isoflurane.106,107 
However, the neurotoxic effects of desflurane were also re-
ported in the developing brain of animals.110 In the clinical 
setting, brain tissue oxygen pressure measured in patients un-
dergoing craniotomy was elevated when desflurane concen-
tration was increased from 3% to 9%, and the blood pressure 
was maintained with intravenous phenylephrine.111

In summary, because of a low blood/gas partition coefficient 
(0.42) relative to other clinically used volatile inhalational an-
esthetics, desflurane can provide rapid onset and offset of anes-
thesia, which facilitate early neurologic evaluation. In general, 
desflurane decreases CMR, but CBF may either be increased 
or decreased, depending on the doses used. Desflurane’s neu-
roprotective effects appear to be comparable to those of iso-
flurane. However, because desflurane may have slightly greater 
ICP-elevating effects than isoflurane or sevoflurane, desflurane 
should be used cautiously in patients with unstable ICP.

Intravenous Anesthetics
In general, intravenous anesthetics cause a decrease in CBF 
and CMRO2. However, these anesthetics might not be vaso-
constrictors in a strict sense, because in-vitro barbiturates, for 
example, dilate isolated cerebral vessels. The decrease in CBF 
induced by most intravenous anesthetics appears to be the 
result of reduced cerebral metabolism secondary to cerebral 
functional depression. Among the intravenous anesthetics, 
ketamine may be unique because it produces an increase in 
both CBF and CMRO2. Table 4.2 summarizes the effects of in-
travenous anesthetics on CBF, CMR, and ICP.

Barbiturates
Thiopental produces a dose-dependent reduction in CBF and 
CMRO2. Other barbiturates, such as phenobarbital and pen-
tobarbital, essentially have similar effects. A dose-dependent 
reduction in CBF and CMRO2 occurs until the EEG becomes 
flat. At the point of EEG isoelectricity, no further CMRO2 re-
duction occurs despite a further increase in barbiturate dose. 
A burst suppression dose of thiopental decreases both CBF 
and CMRO2 to about 40% (near maximal reduction) of the 
awake value in humans. Thus, with barbiturates, functional 
depression appears to be coupled with the reduction in CBF 
and CMRO2. If CMR is maximally depressed as a result of an 
intracranial pathologic condition, thiopental can increase CBF, 
possibly because of its direct effect, provided that blood pres-
sure is maintained.
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ICP is reduced by barbiturates, possibly through the reduc-
tion in CBF and CBV. Barbiturates have been shown to result in 
lower CBV values than those resulting from use of volatile an-
esthetics. This effect might be exploited during the treatment 
of raised ICP in head-injured patients when blood pressure is 
maintained as well as in the induction of anesthesia in patients 
with decreased intracranial compliance. Barbiturates attenuate 
the cerebral vasodilation produced by N2O and ketamine.

The neuroprotective effect of barbiturates has been repeat-
edly demonstrated in focal ischemia models. In a rat model of 
focal cerebral ischemia (90 minutes), significant reductions in 
infarct volume have been demonstrated with moderate doses 
of pentobarbital.112 Increasing doses sufficient to produce 
burst suppression on EEG did not further decrease infarct 
volume. Moreover, in a rat model of focal cerebral ischemia 
(180 minutes), the burst suppression dose of thiopental, but 
not methohexital or pentobarbital, reduced infarct volume.113 
It has been suggested that burst suppression of EEG is not nec-
essary to provide neuroprotection and that mechanisms other 
than metabolic depression may be involved for protection.112 
In humans, post hoc analysis of data acquired as part of the 
IHAST was not able to show the protective effects of thiopen-
tal in patients undergoing temporary clipping during cerebral 
aneurysm surgery.114 In the developing brain, the neurotoxic-
ity of pentobarbital was also reported.115

ICP-reducing effects and possible neuroprotective effects 
make the barbiturates favorable drugs for neurosurgical an-
esthesia, provided that cardiovascular stability is maintained. 
It should be noted, however, that prolonged use of barbiturate 
results in tissue accumulation because of its slow metabolism; 
this effect can lead to delayed emergence from barbiturate 
anesthesia. Because of similar cerebral hemodynamic effects 
and a shorter context-sensitive half-life, other intravenous 
agents, especially propofol, may be more appropriate for this 
application.

Etomidate
Etomidate does not have cardiovascular side effects. Almost 
parallel reductions in CBF and CMRO2 are induced with eto-
midate. With clinical doses, CBF and CMRO2 are decreased 
by approximately 30% to 50%. Reactivity to CO2 is preserved 
during etomidate anesthesia. In animals, etomidate, like bar-
biturates, decreases CMRO2 progressively until an isoelectric 
EEG appears. CBF decreases rapidly with the start of etomi-
date infusion. A maximal decrease in CBF was achieved before 
the maximal decrease in CMRO2.116 This finding may suggest 
that etomidate causes vasoconstriction through a different 

mechanism (possibly by direct action) from that of the bar-
biturates. Parallel decreases in ICP and CBF were observed.

Etomidate effectively decreases ICP without diminishing 
CPP. In severely head-injured patients, etomidate decreased 
ICP while electrocortical activity was present but was not ef-
fective when cortical electrical activity was already maximally 
suppressed.117 This finding indicates that the decrease in ICP 
may be caused by the reduction of CBF (and CBV) that is 
induced by the functional (metabolic) depressant effects of 
etomidate.

Although etomidate was reported to have a small neuropro-
tective effect in a forebrain ischemia model (bilateral carotid 
artery occlusion with hypotension) in rats,118 most studies 
failed to show significant protective effects. In fact, poor out-
come or larger infarct volume was reported after incomplete 
cerebral ischemia and middle cerebral artery occlusion, re-
spectively.119–121 The injury-enhancing effect of etomidate in 
middle cerebral artery occlusion has been attributed to its 
ability to reduce NO levels in the ischemic brain tissue.122 In 
addition, in some patients who underwent cerebral aneurysm 
surgery, etomidate led to cerebral deoxygenation, which was 
exaggerated with temporal cerebral artery occlusion.123

Adverse effects of this drug include adrenocortical suppres-
sion and frequent occurrence of involuntary muscle activity 
and seizure activity. Etomidate should be used with caution in 
patients who have a history of seizures.

Propofol
Propofol produces dose-related decreases in global CBF by 
50–60%.85,124 In PET studies, variation of rCBF reduction has 
been demonstrated; large decreases occurred preferentially 
in the medial thalamus, cuneus and precuneus, and poste-
rior cingulate, orbitofrontal, and right angular gyri, which 
are implicated in the regulation of arousal, performance of 
associative functions, and autonomic control.125 A subsequent 
study revealed that restoration of consciousness by physostig-
mine was associated with rCBF increases in the thalamus and 
precuneus of patients anesthetized with propofol.126 As with 
barbiturates, the CBF decrease with propofol is attributable 
to its metabolic depressant effect. As the CBF decrease with 
propofol is greater than that with sevoflurane,29 one may con-
sider that propofol is not suitable for ischemic cerebral disease. 
However, ipsilateral internal carotid artery pressure during ca-
rotid endarterectomy127 and rCBF in the frontal lobe during 
revascularization surgery for moyamoya disease128 were re-
ported to be better maintained with propofol than with sevo-
flurane, probably because cerebral steal phenomenon can be 
avoided with propofol.

As with the regional variation in CBF decrease, propofol 
was reported not only to depress CMR but to do so differently 
according to region.129 Overall metabolism in the cortex was 
depressed (by 58%) more than overall metabolism in the sub-
cortical brain areas (by 48%); in the cortical regions, rCMR 
was significantly lower in the frontal, parietal, and occipital 
lobes.129 Several studies demonstrated that the incidence of 
a decrease in jugular bulb venous hemoglobin saturation of 
less than 50% was higher with propofol than with isoflurane- 
nitrous oxide or sevoflurane, suggesting that cerebral oxygen 
balance during propofol-based anesthesia can be impaired.130 
However, a study measuring rCBF and rCMRg in the same 
volunteers demonstrated that the magnitude of the decrease 
in rCMRg generally exceeded the reduction in rCBF, resulting 
in signs of moderate luxury perfusion in some brain regions.124

In patients with cerebral tumors with midline shift less than 
10 mm, ICP was reported to be lower and CPP higher in pa-
tients anesthetized with propofol than in those anesthetized  

 
Cerebral 
Blood Flow

Cerebral 
Metabolic 
Rate

Intracranial 
Pressure

Barbiturates ↓↓ ↓↓ ↓↓

Etomidate ↓↓ ↓↓ ↓↓

Propofol ↓↓ ↓↓ ↓↓

Ketamine ↑↑ ↑ or → ↑ or ↑↑

Benzodiazepines ↓ ↓ ↓ or →

Synthetic opioids → or ➚ 
         ➘

→ or ↓ → or ➚

Dexmedetomidine ↓ → or ↓ →

Table 4.2  �Summary of the Effects of Intravenous 
Anesthetics on Cerebral Blood Flow, Cerebral  
Metabolic Rate, and Intracranial Pressure
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with isoflurane or sevoflurane.75 Nevertheless, in most cir-
cumstances, MABP is decreased with propofol. Therefore, if 
propofol is given to treat intracranial hypertension, like any 
other drug, attention should be paid to maintaining MABP 
(CPP). CO2 reactivity is preserved with propofol. Thus, hyper-
ventilation can decrease ICP during propofol anesthesia.

Regarding the neuroprotective effects of propofol, many 
studies in animals,131,132 but not all,133,134 proved favorable ef-
fects with burst suppression doses of propofol. The possible 
neuroprotective mechanisms include reduction of the CMR, 
antioxidant activity, activation of GABA receptors, attenuation 
of glutamate-mediated excitotoxicity, prevention of mitochon-
drial swelling, interaction of the endocannabinoid system, 
attenuation of autophagy activation, downregulation of aqua-
porin 4 expression, and inhibition of nicotinamide adenine 
dinucleotide phosphate oxidase.135–137 Interestingly, protection 
was observed even in a light depth of propofol anesthesia (not 
a burst suppression dose) and even when propofol was admin-
istered after ischemic insults.138 In the developing brain and 
in traumatic brain injury, the neurotoxicity of propofol was 
reported.139,140 There is as yet no definitive clinical evidence 
showing an improvement or impairment of neurological out-
come following acute cerebral injury in patients. As propofol 
has a rapid onset and offset of action with minimal interfer-
ence with electrophysiological monitoring including motor 
evoked potentials, propofol seems to be a favorable anesthetic 
for various types of neurosurgery.

A number of case reports suggest that prolonged use of 
propofol caused systemic acidosis and progressive cardiac fail-
ure and even death in children.141,142 Special attention should 
be paid when prolonged infusion of propofol is necessary, 
even in adult patients.

In summary, propofol seems to have cerebral hemody-
namic and metabolic effects similar to those of barbiturates. 
This drug may be useful in the treatment of patients with in-
tracranial pathologic conditions, provided that hypotension is 
prevented.

Ketamine
Intravenous ketamine (3 mg/kg) increases global CBF by 
approximately 60%, but global CMRO2 does not change sig-
nificantly.143 PET studies showed that subanesthetic doses of 
ketamine increased rCBF and rCMRg without a global change 
in rCMRO2;144,145 the greatest rCBF increases were seen in the 
anterior cingulate, thalamus, putamen, and frontal cortex, and 
the greatest rCMRg increases were detected in the thalamus 
and the frontal and parietal cortices.144 These data have been 
obtained with the use of commercially available formulations 
of ketamine containing both S(+)- and R(-)-ketamine enantio-
mers. S(+)-ketamine is more effective as an analgesic and an-
esthetic than a racemic mixture of two enantiomers (racemic 
ketamine) or R(-)-ketamine. The changes in CBF and CMR 
with S(+)-ketamine appear essentially similar with minor 
quantitative difference; subanesthetic doses increased global 
CBF by 14% without a change in global CMRO2, with greatest 
increase in CBF detected in the anterior cingulate. The anes-
thetic dose of S(+)-ketamine increased global CBF by 36% 
without changes in global CMRO2 or CMRg,146 with the great-
est increase in CBF detected in the insula, whereas CMRO2 
rose only in the frontal cortex, and CMRg increased only in 
the thalamus. Vasodilation by ketamine has been attributed, in 
part, to its metabolic stimulating effect, a direct dilating effect, 
and a cholinergic mechanism. In animals, pretreatment with 
thiopental completely blocks these CBF and CMRO2 effects of 
ketamine, and diazepam pretreatment attenuates the increase 
in lCMRg in the hippocampus.

Ketamine markedly raises ICP. An increase in ICP can be 
blocked or attenuated by induced hypocapnia or by admin-
istration of thiopental or benzodiazepine. During propofol 
sedation in patients with traumatic brain injury, ketamine 
decreases ICP.147 In patients with supratentorial tumor who 
are anesthetized with isoflurane (0.3% to 0.4%)/N2O 50%, 
ketamine 1 mg/kg did not significantly raise ICP.148 However, 
it was reported that midazolam (0.15 mg/kg) or diazepam 
(0.2 mg/kg) administered 1 minute before the administration 
of ketamine (1 mg/kg) was unable to block ketamine-induced 
ICP elevation at the induction of general anesthesia.149 Thus 
ketamine may not be a first choice at the induction of gen-
eral anesthesia, especially in patients with elevated ICP or de-
creased intracranial compliance.

Some animal experiments,150 but not all,151 demonstrated 
some neuroprotective effects of ketamine in various intra-
cranial pathologic conditions, including ischemia and head 
injury, which could be related to NMDA receptor antago-
nism. Ketamine has also been shown to have potent anti-
inflammatory effects.152 However, improved outcomes in 
animal experiments were reported only in studies with brief 
recovery observation intervals.153 In the developing rodent 
brain, ketamine was reported to induce neurotoxicity.154 
Clinical studies comparing ketamine sedation with fentanyl 
or sufentanil after traumatic brain injury failed to find any 
favorable effects on functional outcome after 6  months.155,156 
A definite neuroprotective effect of ketamine remains to be 
demonstrated in the clinical setting. There is a growing body 
of evidence that a low dose of ketamine (0.5 mg/kg) rapidly 
(within hours) improves the core symptoms of depression and 
the effect is sustained for 7 to 10 days.157 This effect seems to be 
associated with increases in the number and function of syn-
aptic connections.158

Benzodiazepines
Diazepam in combination with fentanyl and N2O produces 
parallel decreases in CBF and CMRO2. In the head-injured 
patient, diazepam produces proportional 25% decreases in 
CBF and CMRO2. Contrary to the assumption that ICP would 
be decreased because of a lower CBF, diazepam (0.25 mg/kg) 
does not change ICP.159

Midazolam, like diazepam, produces parallel reductions in 
CBF and CMRO2. With rising doses, the effects appear to reach 
a plateau, possibly reflecting saturation of the benzodiazepine 
receptors. The effect of midazolam is completely blocked by 
the specific benzodiazepine antagonist flumazenil. The PET 
study demonstrated that midazolam decreased global CBF by 
12% and that the decrease in rCBF occurred in the areas asso-
ciated with the functioning of arousal, attention, and memory, 
such as the insula, the cingulated gyrus, the prefrontal cortex, 
the thalamus, and parietal and temporal association areas.160 
Midazolam, even at a very low dose (0.03 mg/kg), appears to 
decrease rCBF in the left dorsolateral prefrontal cortex, left 
cingulate gyrus, and left posterior cingulate gyrus/precu-
neus.161 Midazolam was reported to preserve CO2 responsive-
ness162 and improve dynamic cerebral autoregulation.163

Midazolam produces either a decrease or no change in ICP. 
Negative results may be due to normal ICP before the admin-
istration of the drugs. In patients with severe head injury, there 
was no significant difference in ICP values between midaz-
olam and propofol.164 Midazolam has been shown to maintain 
hemodynamic stability better than thiopental. However, cau-
tion must be used because of the possibility of CPP reduction 
in patients with critical conditions.

Midazolam may have protective effects against hypoxia or 
cerebral ischemia; the effects appear to be comparable with or 
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triazolam, and flurazepam seem to have effects similar to 
those of diazepam and midazolam. In the developing brain, 
anesthesia with midazolam, isoflurane, and N2O was reported 
to cause widespread apoptosis.165

Because a specific receptor antagonist is now available, ben-
zodiazepine derivatives are useful as induction or supplemental 
drugs during neuroanesthesia. However, flumazenil, a com-
petitive benzodiazepine receptor antagonist, also antagonizes 
the effects of midazolam on CBF, CMRO2, and ICP. Thus one 
must use this drug cautiously when reversing benzodiazepine- 
induced sedation in patients with impaired intracranial com-
pliance. Flumazenil-induced seizure probably produced by 
unmasking the anticonvulsant effect of benzodiazepine might 
also be considered.166

Synthetic Opioids
The reported effects of synthetic opioids on CBF, CMRO2, and 
ICP are variable. The variability appears to be due to the back-
ground anesthetic and opioid dose. When vasodilating drugs 
are used as the background anesthetic, the effect of the opioid 
is consistently that of a cerebral vasoconstrictor. Conversely, 
when a vasoconstrictor is used as the background anesthetic 
or when no anesthetic is given, opioids either have no effect 
or even increase CBF. Large doses of opioids decrease CBF 
in the absence of background anesthetics.167,168 When N2O is 
also used, most opioids decrease CMRO2. Variable ICP effects 
also depend on the background anesthetic and on the systemic 
blood pressure autoregulation status. Cerebrovascular auto-
regulation and CO2 reactivity is preserved with opioids.

Fentanyl and Sufentanil
The combined use of fentanyl (5 μg/kg) and droperidol 
(0.25 mg/kg) has no significant effect on CBF and CMRO2. 
A large dose of sufentanil (10 μg/kg + 0.15 μg/kg/min) was 
reported to decrease CBF and CMRO2 by 29% and 22% in 
cardiac patients, respectively.169 Increases in Vmca by approxi-
mately 25% were observed when fentanyl (16 μg/kg) or sufen-
tanil (1.7 μg/kg) was used in unpremedicated humans.170 In 
premedicated patients, Vmca was not changed with fentanyl 
(25 μg/kg) or sufentanil (3 μg/kg), but was decreased with 
sufentanil (6 μg/kg) by 27–30%.167 This difference suggests that 
the CBF response depends on background state and the dose of 
agents. Sufentanil (1.5 μg/kg) decreased Vmca in patients with 
elevated ICP, and the decrease can be explained by low CPP.171 
A PET study in awake humans showed that fentanyl (1.5 μg/kg) 
showed heterogeneous changes in rCBF; rCBF increased in 
the anterior cingulate and contralateral motor cortex and de-
creased bilaterally in the thalamus and posterior cingulate.172

In rats, high doses (200–400 μg/kg) of fentanyl induce sei-
zures, increase CBF in most structures throughout the brain, 
and activate subcortical brain metabolism. Whether the cere-
bral metabolism is compromised during seizures to the extent 
that ischemic brain damage occurs is not yet determined. In 
humans, the clinical significance of seizure activity observed 
with fentanyl in rats is not clear.

Earlier studies show that ICP is either not elevated or may 
be slightly decreased with fentanyl used alone or in combina-
tion with droperidol. Reported ICP increases in patients with 
space-occupying lesions have been attributed to hypercapnia. 
Herrick and colleagues173 reported that fentanyl, sufentanil, 
and alfentanil did not affect brain retractor pressure in hyper-
ventilated neurosurgical patients anesthetized with isoflurane, 
suggesting that these opioids appear safe for intraoperative 
administration after the cranium is open. Better cerebral 

relaxation has been noted when fentanyl or sufentanil was 
used in patients anesthetized with N2O and isoflurane during 
craniotomy, suggesting that both fentanyl and sufentanil prob-
ably have cerebrovasoconstrictive activity.174

However, some reports showed that fentanyl and sufen-
tanil increased ICP (or CSFP) in patients with severe head 
trauma.175–177 Werner and colleagues178 reported that when 
MABP was controlled and remained unchanged, sufentanil 
(3 μg/kg) had no significant effects on ICP in patients with 
brain injury, whereas the same dose of sufentanil caused a 
transient increase in ICP and a decrease in MABP. From these 
results, an increase in ICP appears to be attributable to the au-
toregulatory response, the decrease in cerebrovascular resis-
tance secondary to CPP reduction.178 However, in one study, 
there were no differences in the ICP-elevating effect of fen-
tanyl (1.5 μg/kg) between patients with head trauma who had 
preserved autoregulation and those who had impaired auto-
regulation.179 Thus, the cerebrovascular autoregulation may 
not be the only probable mechanism responsible for fentanyl- 
induced increases in ICP in patients with head trauma. 
Although an ICP rise may be only transient after bolus admin-
istration of fentanyl and sufentanil, attention should be paid to 
this effect in patients with unstable ICP.
Alfentanil and Remifentanil
Vmca and ICP did not change with low (25 μg/kg) and high 
(50 μg/kg) doses of alfentanil in patients anesthetized with iso-
flurane and N2O, provided that MAP was maintained.180 A low 
dose of remifentanil (0.1 μg/kg/min) increased rCBF in the 
white and gray matter in awake humans.181 In contrast, large 
doses of remifentanil (2 and 4 μg/kg/min) decreased rCBF in 
humans who received 0.5–1 mg/kg propofol to facilitate laryn-
geal mask insertion.168 In cardiac patients without background 
anesthetics, moderate doses of remifentanil (2 μg/kg IV + 1 μg/
kg/min) did not change Vmca, whereas large doses (5 μg/kg 
IV + 3 μg/kg/min) decreased Vmca by 31%, despite no change 
of MAP.182

Both alfentanil and remifentanil essentially have a mini-
mal effect on ICP.183 As mentioned earlier, alfentanil did not 
affect brain retractor pressure in hyperventilated neurosurgi-
cal patients anesthetized with isoflurane.173 No ICP elevation 
with alfentanil was observed in pediatric patients with hydro-
cephalus who were anesthetized with isoflurane and N2O.184 
However, in an experimental brain injury model, Souter and 
colleagues185 reported that rapid infusion of alfentanil in-
creased ICP concomitant with reduction in MABP but with 
no CBF changes.

In a PET study in human volunteers, either increases or 
decreases in relative rCBF were observed with an infusion of 
low doses of remifentanil (0.05 μg/kg/min), depending on the 
structures, the increase being observed within structures in-
volved in pain processing.186 With moderate doses (0.15 μg/kg/
min), changes in relative rCBF were observed in structures in-
volved in modulating vigilance and alertness.186 The increases 
in relative rCBF with painful heat stimulation detected in var-
ious structures, including the thalamus, were suppressed with 
rising remifentanil dosage (0.05 to 0.15 μg/kg/min), whereas 
relative rCBF rose in the cingulofrontal cortex and periaq-
ueductal gray, where descending antinociceptive pathways 
exist.187

In summary, clinically used doses of most opioids have 
minimal to modest depressive effects on CBF and CMRO2. 
During opioid-induced seizures in animals, there are a sub-
stantial increase in CBF and activation of subcortical brain 
metabolism, although they were not seen in humans. If ad-
equate alveolar ventilation is instituted to maintain PaCO2 
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(and PaO2) within the normal range and rigidity is prevented, 
clinical doses of opioids have minimal or negligible effects on 
ICP. However, the possibility of an increase in ICP with syn-
thetic opioids cannot be completely excluded. Whenever these 
opioids are used, slow administration and care to maintain 
MABP are recommended.188 It seems probable that remifen-
tanil with either propofol or dexmedetomidine may be a use-
ful regimens for various neurosurgical procedures, including 
minimally invasive surgery.

Muscle Relaxants
Succinylcholine
Many studies have demonstrated that succinylcholine elevates 
ICP in animals and humans irrespective of the presence or 
absence of space-occupying intracranial lesions. The rise in 
ICP with succinylcholine was accompanied by muscle fascic-
ulation, an increase in muscle spindle afferent activity, EEG 
arousal, and an elevation of CBF.189 Fasciculation in the mus-
cles of the neck, causing stasis in the jugular veins, might also 
be a factor contributing to increased ICP with succinylcho-
line. The rise in ICP was prevented or diminished by pretreat-
ment with a nondepolarizing muscle relaxant,190 the results 
contrasting with the animal study in which pretreatment with 
pancuronium did not attenuate the succinylcholine-induced 
increase in afferent muscle activity and CBF.191

Succinylcholine-induced increases in serum K+ in a patient 
with subarachnoid hemorrhage is another concern. It seems 
independent of the presence of motor dysfunction and may 
not be significant at a relatively early stage (within 10 days). 
Nevertheless, the use of succinylcholine has been diminish-
ing in clinical neuroanesthesia practice, with the exception of 
emergency situations, such as the patient with a full stomach 
in whom a rapid-sequence induction is recommended. In this 
situation, prior administration of small doses of nondepolariz-
ing muscle relaxant or lidocaine is recommended.

Nondepolarizing Muscle Relaxants
Some nondepolarizing muscle relaxants or their metabo-
lites may affect the cerebral circulation through a histamine- 
releasing property that has pharmacologic activity. Clinical 
dose of atracurium appears to have no significant effect on 
CBF, CMRO2, or ICP. However, high doses of atracurium have 
the potential to release histamine, though the potential is con-
siderably less than that of d-tubocurarine. Histamine can re-
duce CPP because of the increase in ICP caused by cerebral 
vasodilation and the decrease in MAP. The metabolite of at-
racurium, laudanosine, has been reported to cross the blood–
brain barrier readily and cause seizures. However, the blood 
level of laudanosine after clinical doses of atracurium should 
not have undesirable consequences. No significant differences 
in seizure threshold for lidocaine have been reported in cats 
paralyzed with atracurium, pancuronium, and vecuronium.

Cisatracurium, an intermediate-acting muscle relaxant, 
produces and releases less laudanosine and histamine than at-
racurium. The cerebral effects of cisatracurium are essentially 
similar to or weaker than those of atracurium.192

Pancuronium, vecuronium, rocuronium, and pipecuro-
nium have little or minimal effect on CBF, CMRO2, or ICP. 
Pancuronium raises blood pressure and heart rate, which 
could be disadvantageous for certain patients, such as those 
with hypertension, especially if they have disturbed autoreg-
ulation. In these patients, a substantial elevation of ICP could 
occur. Vecuronium neither induces histamine release nor 
does it change blood pressure or heart rate, and thus it may be 
preferable. Rocuronium, because of its rapid onset of action 

in comparison with other nondeporalizing muscle relaxants 
and its lack of adverse activity, such as histamine release, may 
be preferable to succinylcholine during rapid induction of 
anesthesia.

In summary, if succinylcholine is used, prior administra-
tion of small doses of a nondepolarizing muscle relaxant or 
lidocaine is recommended, as well as maintenance of adequate 
depth of anesthesia. With respect to the use of nondepolariz-
ing muscle relaxants, in most clinical situations the changes 
in CBF and ICP are minimal if respiration is well controlled 
and an increase in PaCO2 is avoided. One should be aware of 
residual neuromuscular blockade after emergence from anes-
thesia, especially when renal function is compromised, as it 
could lead to hypercapnia and a concomitant increase in ICP.

Other Drugs
Lidocaine
Lidocaine has unique central nervous system effects that de-
pend on the blood concentration; at low concentration, seda-
tion occurs, but at higher concentration, seizures may occur. 
Non-seizure-inducing doses of lidocaine produce a dose- 
related reduction of CMRO2 and CBF. Large doses of lidocaine 
reduce CMRO2 by a maximum of 30% in dogs. If seizures are 
induced by lidocaine, CMRO2 increases, as does CBF. Brain 
oxygenation seems to be adequate. However, regional flow- 
metabolism imbalance may not be excluded entirely.

Intravenous lidocaine 1.5 mg/kg has been reported to be 
effective in preventing circulatory changes and an elevation 
of ICP during tracheal intubation, endotracheal suctioning, or 
after application of a pin-type skull clamp or skin incision in 
patients undergoing craniotomy.193

Several sodium channel blockers have been investigated 
and suggested as possible neuroprotectants.194 Although the 
protective effect of lidocaine was not demonstrated in severe 
forebrain ischemia,195 it was demonstrated in transient focal 
cerebral ischemia.196 The dosage regimen was clinically rele-
vant. The mechanism for protection appears to be related to 
preservation of mitochondrial function,197 inhibition of gluta-
mate release,198 and inhibition of apoptosis.199 A small clinical 
trial demonstrated a benefit of a clinically relevant dose of lido-
caine infusion during cardiac surgery in long-term (6 months) 
neuropsychological conditions.200 However, subsequent large-
scale, randomized, double-blind studies failed to demonstrate 
neurocognitive improvement through use of lidocaine.201,202

Alpha2-Adrenergic Agonists
Dexmedetomidine (0.2–0.6 μg/kg/h) was reported to de-
crease global CBF by one-third, with rCBF in most of the 
cortical and subcortical brain regions being decreased.203 
Dexmedetomidine also decreased Vmca in a dose-dependent 
manner, with the maximum reduction being approximately 
25% at the hypnotic doses.204 Although animal studies demon-
strated that dexmedetomidine reduced CBF without a con-
comitant reduction in CMR,205 a reduction of the CBF/CMR 
ratio was not observed in humans. Indeed, dexmedetomidine 
reduced CMR equivalent (CMRe; this value is calculated by 
multiplying Vmca by the difference between arterial and cere-
bral jugular venous oxygen contents) in healthy volunteers in 
a dose-dependent manner.206 The decreases in the CBF/CMR 
ratio that were anticipated from animal studies were not ob-
served. In addition, no clinically significant reduction of brain 
tissue oxygenation occurred with dexmedetomidine (1 μg/
kg + 0.5–0.7 μg/kg/h) in neurovascular surgery patients.207

A PET study in humans demonstrated a significant negative 
linear correlation between clonidine concentration and rCBF 
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S in the thalamus, prefrontal, orbital and parietal association 
cortex, posterior cingulated cortex, and precuneus, suggesting 
that the pattern of regional deactivation during the sedation 
induced by clonidine is very close to the pattern of physio-
logic early stage of non-rapid eye movement (REM) sleep.208 
It was reported in humans that dexmedetomidine was seen to 
weaken dynamic cerebrovascular autoregulation.209 In healthy 
human volunteers, oral administration of clonidine 5 μg/kg 
decreased Vmca by approximately 20% with slight attenuation 
of CO2 reactivity.210 CO2 reactivity with dexmedetomidine in 
humans is preserved or may be impaired.206,211

As to the mechanisms of the cerebrovascular effects of α2- 
antagonists, there are several animal studies. Clonidine, topi-
cally applied through a cranial window, constricted pial arteries 
and veins, and this effect was blocked by pretreatment of yohim-
bine, an α2-antagonist.212 The pretreatment with glibenclamide, 
a blocker of ATP-sensitive potassium channel, potentiated the 
vasoconstriction of pial arteries, indicating that α2-agonist 
induced activation of ATP-sensitive potassium channels as a 
counterbalancing vasodilatory effect.212 Neither inhibition of 
NO synthase nor blockade of β-adrenoreceptors affects the ce-
rebral vasoconstriction induced by dexmedetomidine.213

In patients with normal ICP after transsphenoidal pituitary 
tumor surgery, dexmedetomidine (total dose approximately 
1 μg/kg) had no effect on lumbar CSF pressure, but decreased 
MABP and CPP.214 Also, in severely head-injured patients, a 
single dose of clonidine (2.5 μg/kg IV) did not significantly 
affect ICP but significantly reduced MABP and CPP.215 Some 
patients displayed a transient increase (>10 mmHg) in ICP 
concomitant with a decrease in MABP, which may have resulted 
from cerebral autoregulatory vasodilation mechanism.215

A variety of in-vivo and in-vitro models demonstrated 
the neuroprotective effects of α2 agonists, especially dexme-
detomidine.216 Of note, dexmedetomidine was reported to 
attenuate isoflurane- or ketamine-induced neurotoxicity in 
the rodent developing brain.217,218 No clinical evidence of neu-
roprotective effects of dexmedetomidine is available as yet. 
Nevertheless, because of rapid onset and offset of effective se-
dation without respiratory depression, dexmedetomidine may 
be advantageous for awake craniotomy.

ANESTHETIC INTERACTIONS

Modification of autoregulation and CO2 responses with an-
esthetics is important because these changes lead to unsatis-
factory operative conditions and a potentially poor clinical 
outcome. Other important aspects are the interaction of an-
esthetics with surgical stimulation and with time (duration of 
anesthesia).

Autoregulation During Anesthesia
Autoregulation is characterized by both a rapid phase of 
cerebrovascular adaptation (dynamic autoregulation) and a 
steady-state phase (static autoregulation). In general, dynamic 
autoregulation is affected more easily by anesthetics than static 
autoregulation, and intravenous anesthetics preserve autoreg-
ulation, whereas volatile anesthetics impair it. Both dynamic 
and static autoregulation are preserved with propofol even at 
high doses. In contrast, both dynamic and static autoregulation 
are impaired with desflurane, even at a low concentration (0.5 
MAC). With isoflurane, dynamic, but not static, autoregulation 
is impaired at 0.5 MAC and both dynamic and static autoreg-
ulation are abolished at 1.5 MAC.219 Impaired autoregulation 
may last even after the depth of anesthesia was decreased. Such 

findings suggest that rapid normalization of blood pressure af-
ter induced hypotension might increase CBF profoundly and 
thus should be avoided. Sevoflurane 1.5 MAC preserves both 
dynamic and static autoregulation.220,221 N2O222 and xenon50,223 
appear to preserve static autoregulation. However, a study in 
humans demonstrated that N2O224 and dexmedetomidine209 
have the potential to impair “dynamic” autoregulation.

Autoregulation is influenced not only by the anesthetic it-
self but also by the level of PaCO2. In general, autoregulation is 
impaired more easily when vasodilatory anesthetics are used 
or patients are kept hypercapnic than when vasoconstrict-
ing agents, including intravenous anesthetics, are in use and 
during hypocapnia.

Autoregulation is usually impaired in patients with intra-
cranial space-occupying lesions. When autoregulation is lost 
or disturbed, sudden blood pressure changes can produce 
ischemia or brain edema. Therefore, deep inhalational anes-
thesia and hypercapnia should definitely be avoided in such 
patients. During surgical incision and after extubation, sugges-
tive increases in CBF in association with an increase in MABP 
were observed.225 Thus careful management of blood pressure 
is critical in patients with intracranial pathologic conditions.

Cerebrovascular Reactivity to CO2

As the decrease in CBF at clinically relevant levels of hypocapnia 
can impair cerebral metabolism,226 it is important to know how 
anesthetics affect cerebrovascular reactivity to CO2. At clinical 
levels of anesthesia, cerebrovascular responses to alterations in 
PaCO2 are preserved when both inhalational and intravenous 
agents are used, although the magnitude of response may vary 
according to agent and anesthetic depth. CO2 reactivity is main-
tained to barbiturate concentrations that produce burst sup-
pression. In general, CO2 reactivity appears to be greater when 
vasodilatory anesthetics (ie, volatile anesthetics) are used than 
when vasoconstrictor drugs (ie, intravenous anesthetics) are 
used. However, with high concentrations of volatile anesthetics, 
cerebrovascular reactivity appears to be attenuated. Indeed, iso-
flurane 2.3% decreased MAP to approximately 60 mmHg and 
attenuated CO2 reactivity, though CO2 reactivity was preserved 
better during isoflurane-induced hypotension than during so-
dium nitroprusside-induced hypotension.227 With isoflurane 
2 MAC in dogs, hypocapnia decreased CBF but hypercapnia 
failed to increase it when MAP was maintained.228 The failure of 
increasing CBF by hypercapnia may be the result of the maxi-
mally dilated vasculature with high concentrations of isoflurane.

CO2 reactivity has been reported to be present in anesthe-
tized patients with intracranial space-occupying lesions. For 
this reason, hyperventilation is recommended in patients with 
increased ICP or decreased intracranial compliance. However, 
hyperventilation may cause ischemia, both in patients with head 
injury and in patients with ischemic cerebrovascular disease, and 
thus prolonged extreme hyperventilation should be avoided.229 
In moyamoya disease, both hypocapnia and hypercapnia appear 
to decrease CBF. CO2 reactivity also varies by region. It also may 
be attenuated during anesthesia by associated diseases such as 
diabetes mellitus and peripheral vascular disease.230

Many neurosurgical procedures have been performed with 
the patient under mild-to-moderate hypothermia because 
decreases in temperature provide neuroprotective effects, al-
though the multicenter trial IHAST did not demonstrate a 
significant protective effect for intraoperative mild hypother-
mia (33 °C) during surgery for intracranial aneurysm.231 CO2 
reactivity at a corresponding level of moderate hypothermia 
appears to be maintained.

Anesthesia Books 

http://surgerybook.net/anesthesia
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Surgical Stimulation
The changes in CBF, CMRO2, and ICP that occur during 
surgical stimulation are important to note. Sciatic nerve 
stimulation has been shown to produce coupled increases 
in CBF and CMRO2, accompanied by EEG desynchroniza-
tion, during 0.5% and 1.0% halothane in dogs. During 1.4% 
halothane, stimulation produced an increase in CBF with-
out a change in CMRO2 or EEG or an increase in arterial 
blood pressure. During morphine anesthesia (0.5 mg/kg  
and 1.5 mg/kg with or without N2O), nerve stimulation pro-
duced almost parallel increases in CBF and CMRO2 and 
was accompanied by EEG desynchronization. During deep 
thiopental anesthesia, stimulation-induced changes in CBF, 
CMRO2, or EEG were abolished, but were seen during light 
thiopental anesthesia. Therefore, irrespective of anesthetic 
depth, a tight relationship exists among changes in CBF, 
CMRO2, and EEG with stimulation during thiopental an-
esthesia. These results suggest that anesthetics possessing 
cerebral vasodilator effects attenuate the coupling between 
flow and metabolism with stimulation and may disturb it 
at higher concentration, whereas cerebral vasoconstrictor 
drugs tend to maintain it.

Through autoradiographic techniques, cerebral vasodila-
tion elicited by focal stimulation within the medullary retic-
ular formation in rats anesthetized with alpha-chloralose has 
been reported.232 Local glucose use in the brain (the hindlimb 
projection area) and in the dorsal horn of the lumbar spinal 
cord was increased by unilateral sciatic nerve stimulation in 
rats anesthetized with 0.5% and 2% enflurane. At 4% enflu-
rane, stimulation induced an increase in glucose use only in 
spinal cord but not in the brain.233 The results show that a 
threshold exists at which enflurane suppresses the metabolic 
responses to peripheral stimulation in the somatosensory 
cortex but not in the spinal cord. If electrical stimulation is 
regarded as analogous to surgical stimulation, a considerable 
increase in spinal cord metabolism may occur during sur-
gery, even in a deeply anesthetized subject, even though the 
cerebral cortical responses are blocked with high anesthetic 
concentrations.

In humans anesthetized with 3.5% enflurane, no apparent 
increases in global CBF or CMRO2 were observed with surgi-
cal stimulation, despite changes in EEG.234 However, in that 
study, CBF and CMRO2 were measured by the Kety-Schmidt 
method, and the regional changes in CBF and CMRO2 with 
stimulation may not have been detected. Another study 
showed that cerebral Vmca increased with surgical stimula-
tion at 1 and 2 MAC isoflurane anesthesia. The increase is 
not a function of changes in blood pressure. The data suggest 
that surgical stimulation raises CBF, possibly because of the 
changes in cerebral functional activity.235 CBF changes evoked 
by surgical stimulation were reported to be dependent on the 
PaCO2 level. In patients anesthetized with sevoflurane 1.7% 
and N2O 60%, the increase in Vmca was attenuated by hypo-
capnia and augmented by hypercapnia, even within a clini-
cally relevant ranges of PaCO2.236

Comparing these reported data in animals and humans, 
one must consider the possibility that, during light anesthe-
sia, surgical stimulation provokes a CBF increase in associa-
tion with metabolic activation and may cause an increase in 
ICP. Blocking the noxious stimuli by other drugs would be 
recommended. This recommendation is supported by a study 
in which Vmca remained stable during surgery at 1 MAC 
isoflurane anesthesia with concomitant use of epidural local 
anesthetic.237

Interactions with Time
It is a matter of concern whether the increase of CBF induced 
by volatile anesthetics remains stable during prolonged an-
esthesia. Results from animal studies are inconsistent, some 
showed a gradual decrease, but others failed to show any grad-
ual decrease over time. In contrast, human data are consistent 
and suggest that hyperemia induced by volatile anesthetics 
remains stable over time. In patients with intracranial mass 
lesions, no significant differences of CBF between two times 
of measurement during isoflurane or desflurane anesthesia 
appear.102 Although the measurements were made only twice, 
at the beginning and at the end of the study, the results sug-
gest that CBF does not change over time during anesthesia in 
humans. Kuroda and associates91 found that the elevated CBF 
equivalent was preserved during prolonged anesthesia (1.5 
MAC) over 3 hours with halothane, isoflurane, and sevoflu-
rane. However, CBF equivalent provides only the global ratio 
of CBF to CMRO2 for a certain period. There are two possi-
ble explanations for these results: CBF remains stable, or CBF 
changes in a parallel fashion to functional-metabolic changes 
during the observation period. As judged by relatively un-
changed EEG patterns during 3 hours of anesthesia, it is un-
likely the CMRO2 exhibits consistent change over time. Thus 
the increase in CBF produced by volatile anesthetics is main-
tained during prolonged anesthesia without decay. The subse-
quent study using the transcranial Doppler ultrasonography 
technique showed no decay in Vmca over time during 3 hours 
of inhalation of volatile anesthetics at 1.5 MAC in humans.12 
No decay in Vmca over time is seen in children during isoflu-
rane (1 MAC) exposure.237 It seems likely that a time effect for 
gradual decrease in CBF does not take place in humans during 
prolonged volatile anesthetics.

SUMMARY

Anesthetic drugs and techniques influence cerebral circula-
tion, metabolism, and ICP. Some anesthetic drugs may have 
potential neuroprotective effects, though some anesthetics 
might also have neurotoxic effects in limited circumstances. 
The issues discussed in this chapter are important for the an-
esthetic management of both patients undergoing neurosur-
gery and patients with brain disorders. The severely damaged 
brain cannot be restored. Anesthetic management thus should 
focus on preventing the extension of damage, preventing new 
damage, and providing appropriate surgical conditions. If a 
potent cerebral vasodilatory anesthetic is used in patients with 
intracranial space-occupying lesions or decreased intracranial 
compliance, a marked increase in ICP may occur. Induction 
of cerebral hyperemia in a patient with a space-occupying 
intracranial lesion, therefore, should be avoided. Induction 
of vasoconstriction, by either hyperventilation or concomi-
tant use of vasoconstricting anesthetics, such as barbiturates 
and propofol, decreases and stabilizes the ICP. During carotid 
endarterectomy and bypass surgery, normocapnia may be rec-
ommended because the rCBF response of an ischemic area to 
altered PaCO2 cannot be accurately predicted in individual 
patients. Autoregulation may be impaired by pathologic con-
ditions as well as deep volatile inhalational anesthesia.

Furthermore, the CPP necessary to maintain adequate ce-
rebral perfusion cannot be easily determined in an individual 
patient. Thus, during surgery for ischemic cerebrovascular 
diseases, arterial blood pressure should be kept at a value no 
lower than the lowest preoperative pressure. The metabolic 
depressive effect of barbiturates and propofol may also be 
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been suggested as drugs of choice if an inhalational anes-
thetic is deemed desirable. However, other volatile anesthetics, 
when used at low concentrations, would not cause any harm. 
Noxious stimuli under inadequate anesthesia or seizure activ-
ity can produce undesirable events, such as increases in me-
tabolism, CBV, and ICP. Synthetic opioids and supplemental 
local anesthetics are recommended. Special attention must be 
paid, in the case of functional neurosurgery, to obtain rapid 
control of asleep-awake-asleep state or sedation with analgesia 
through the use of anesthetics and adjuvant drugs with easy 
controllability.
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INTRODUCTION

Imaging, with its diverse array of modalities, forms an integral 
part of decision making in patients with neurological disor-
ders. Diagnostic, prognostic, and pathophysiological informa-
tion is provided in broadly two forms, anatomical (structural) 
and functional (physiologic). Anatomic or structural imaging 
techniques such as computed tomography (CT) and mag-
netic resonance imaging (MRI) provides information about 
normal anatomic structures of skull, meninges, brain paren-
chyma, vascular supply, cerebrospinal (CSF) spaces, spine, 
spinal cord, and spinal nerves. Information about altered 
anatomy is obtained in the form of intracranial hemorrhage, 
infarcts, fractures, tumors, aneurysms, and vascular malfor-
mations. Functional or physiologic imaging techniques like 
perfusion-CT, diffusion-weighted MR imaging (DWI), diffu-
sion tensor imaging (DTI), perfusion-weighted MR imaging 
(PWI), and MR spectroscopy (MRS) aid in better character-
izing the lesion and its effects by providing molecular, physio-
logical, and metabolic information. This chapter will provide 
an overview of the imaging modalities that are used in the 
evaluation of central nervous system (CNS) lesions. Then, we 
discuss representative neurological disorders and the role of 
recent technological advancements in their evaluation.

IMAGING MODALITIES

Structural Imaging Modalities
Plain Radiographs
Though plain radiographs were used for a lot of neurodiag-
nostic work, especially trauma patients, the advent of multi-
planar imaging techniques, mainly CT and MRI, has relegated 
that role to the confines of history. Skull or spine radiographs 
can detect fractures; however, sensitivity is less than that of 
CT and intracranial and intraspinal injury cannot be as ac-
curately evaluated by plain radiographs.1–3 Besides trauma, 
one practical use for skull radiographs which is still used in 
present settings is to exclude metallic foreign body in orbits 
prior to MRI.4

Computed Tomography
It is not wrong to say that CT is the workhorse of a modern 
neurodiagnostic imaging facility, especially in emergent set-
tings. Its widespread availability and short scan time make it 
the preferred imaging modality for initial evaluation of many 
intracranial lesions. The short scan time makes it especially 
useful in the settings of stroke and trauma in agitated, unsta-
ble patients who can benefit tremendously from the early de-
tection of and neurosurgical intervention in incidences such 
as intracranial hemorrhage, hydrocephalus, and impending 
herniation. The early detection prompts early surgical inter-
vention, which has been documented as improving patient 
outcomes.5 This has resulted in the increased utilization of 

CT scans in emergency departments over the last decade.6 
Another advantage is volumetric data acquisition, which helps 
in better evaluation of intracranial and spinal structures in 
three dimensions. The principal disadvantage of CT is the ion-
izing radiation exposure, which has prompted, among other 
things, a campaign among clinicians and radiologists, the 
“Image Gently” campaign, to popularize a means of reducing 
the radiation dose in pediatric settings.7 One of the other dis-
advantages of CT is its inability to assess lesions in areas such 
as the posterior fossa and the floor of the middle cranial fossa 
due to “beam hardening” artifacts resulting from the attenua-
tion of the X-ray beam behind relatively dense structures such 
as the clivus and temporal bone. Contrast agents commonly 
used in CT are iodine-based, the majority now being nonionic, 
resulting in lesions being more conspicuous due to breakdown 
of the blood–brain barrier.

Magnetic Resonance Imaging
MRI is increasingly being used for the delineation of details of 
the anatomy and also of complex lesions of the central nervous 
system. It uses the signals emitted by the relaxation of ubi
quitous hydrogen nuclei present in water after they have been 
excited by radiofrequency pulses in a strong magnetic field. By 
varying the different pulse sequences in obtaining images, the 
soft tissue contrast of visualized anatomical structures can be 
varied. On T1-weighted images, fat appears bright and water 
and cerebrospinal fluid (CSF) appear black. On T2-weighted 
images, fat has intermediate signal appearing gray, while water 
and CSF appear bright. Cortical bone, composed of relatively 
fixed protons, does not produce a signal. Flowing blood pro-
duces no signal resulting in a so-called “signal void.” In gen-
eral, pathologic processes usually contain excess amounts of 
free water and therefore are dark on T1-weighted images and 
bright on T2-weighted images. Hence, the rule of thumb is 
that anatomy is better seen on T1-weighted and pathology bet-
ter on T2-weighted sequences. Contrast agents in the majority 
of cases are paramagnetic (eg, gadolinium-DTPA) and result 
in vessels and pathologic lesions being more conspicuous due 
to an increased T1 signal.8 This is the reason that post-contrast 
sequences are T1-weighted.

Different pulse sequences can be used for different types 
of CNS lesions. One of the commonest sequences to be used 
in all brain MRIs is the DWI sequence, which is particularly 
helpful in detecting early ischemia. This we shall discuss fur-
ther in the functional neuroimaging section. Fluid-attenuated 
inversion recovery (FLAIR) sequence increases the conspi-
cuity of focal hyperintense T2 signal in pathologic lesions 
by eliminating (or “nulling”) the hyperintense CSF signal. 
Thus, focal bright gray matter abnormalities in contusions or 
white matter abnormalities in diffuse axonal injuries (DAI)9 
or multiple sclerosis10 are more easily appreciated against the 
adjacent “nulled” dark CSF spaces. FLAIR also has increased 
sensitivity for the presence of acute or subacute subarachnoid 
hemorrhage (SAH), which appears as a hyperintense signal 
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weighted MR sequence shows increased sensitivity for detec-
tion of intracranial blood.12 However, susceptibility-weighted 
imaging (SWI) has now proven to be more sensitive and better 
in detecting hemorrhage and calcification.13

Magnetic resonance safety protocols and extensive pre-
procedural screening are needed for the safety of the patients 
with the increasing use of biomedical implants and devices.14 
Cardiac pacemakers, intraocular metallic fragments, mechan-
ical device implants such as cochlear implants, drug infusion 
pump, neurostimulators for deep brain stimulation, and fer-
romagnetic aneurysm clips are considered a contraindication 
to MR imaging.15 Nonferromagnetic or weakly ferromagnetic 
aneurysm clips such as those of titanium alloy or pure titanium 
have been shown to be MR compatible and safe. Similar ferro-
magnetic objects may pose a risk of adverse effects including 
magnetically induced movements resulting in dislodgement 
and injury to organs, current, and heating.15 Of secondary 
concern is the fact that the ferromagnetic materials can pro-
duce image artifacts, thereby degrading the image quality.

Conventional Cerebral Angiography
In conventional angiography, a flexible catheter is introduced 
through the right femoral artery to visualize the intracranial 
arteries. Other less commonly used sites for access include left 
femoral artery, axillary, and brachial artery. Mild intravenous 
sedation improves patient comfort and cooperation, and re-
duces anxiety. The clinical question and disease process gener-
ally determines which vessels need to be examined. Routinely 
a four-vessel angiogram is performed, in which bilateral in-
ternal carotid and vertebral arteries are investigated. In a 
six-vessel angiogram, both external carotid arteries are also 
studied. The cerebral vasculature is visualized by injecting an 
iodinated contrast agent into these arteries and subsequently 
performing digital subtraction angiography (DSA), in which 
bony details are subtracted from a “mask” image, thus leav-
ing us with images of different vessels.16 Serial fluoroscopic 
spot images are obtained throughout the procedure and stan-
dard angiographic views of the vessel of interest, including 
antero-posterior, lateral, and, if needed, oblique, are obtained. 
This principle can be extended for application in endovascular 
surgery, where cerebral angiographic techniques can not only 
be of diagnostic value, but also provide a route for endovascu-
lar therapy in entities such as cerebral aneurysms, arteriove-
nous malformation, and tumor embolization.17

Cerebral angiography is considered to be the gold standard 
for the evaluation of cerebrovascular diseases. But it is an in-
vasive procedure with the associated procedural risk of neu-
rological complications—0.3–1.3%, of which 0.07–0.5% are 
permanent complications.18,19 The majority of these compli-
cations are minor and transient including groin hematomas, 
femoral artery injury, and minor allergic reactions. However, 
more severe complications occasionally occur, such as cerebral 
infarction, seizure, and death. Spinal angiography poses the 
same risks as cerebral angiography, with the added danger of 
cord infarction secondary to spinal artery embolus. For this 
reason, spinal angiography should only be performed when 
a vascular malformation is demonstrated by another imaging 
modality or when the patient has SAH with normal cerebral 
angiography and a spinal source is strongly suspected. With 
improvements in the detection rates of cerebrovascular dis-
ease with newer, relatively noninvasive modalities such as CT 
angiography (CTA) or MR angiography (MRA), conventional 
catheter-based DSA has been replaced by CTA or MRA in 
some centers as the screening and diagnostic tool for intracra-
nial vascular disease.

Magnetic Resonance Angiography and Computed 
Tomography Angiography
MRA is noninvasive and offers the opportunity to accurately 
depict the intracranial vasculature from different angles us-
ing a variety of methods for obtaining angiographic data. 
Three different MRA techniques are routinely available: time- 
of-flight MRA (TOF MRA), phase-contrast MRA (PC MRA), 
and contrast-enhanced MRA (CE MRA). The simplest and 
most widely used approach, TOF MRA, relies on in-flow en-
hancement. Essentially, static tissue within a two- or three-
dimensional slice gives a low signal due to the saturating effect 
of the long train of closely spaced excitation pulses used in 
forming the image. On flowing into the imaging volume, un-
saturated blood appears hyperintense relative to the static sur-
round.20,21 Three-dimensional TOF MRA is recommended for 
arterial evaluation, and a two-dimensional TOF MRA tech-
nique for venous evaluation. The disadvantages of MRA in-
clude limited visualization of very small distal cortical or deep 
branches, and a dependence on flow or the patient’s coopera-
tion.21 To better visualize the veins and small arterial branches, 
intravenous contrast enhanced MRA can be used, but with the 
disadvantages of increased cost, and superimposition of veins 
and of enhanced soft tissues.

Advances in multidetector row CT (MDCT) have facilitated 
the quick and accurate examination of the cerebral vasculature. 
CTA is widely available, with fast, thin-section, volumetric 
spiral CT images acquired during the injection of a time-
optimized bolus of contrast material for vessel opacification.22 
With modern multisection CT scanners, the entire region 
from the aortic arch up to the circle of Willis can be covered 
in a single data acquisition, with excellent, three-dimensional 
spatial resolution. Multiplanar reformatted images, maximum 
intensity projection images (MIP), and three-dimensional re-
constructions of axial CTA source images combine to provide 
images comparable, or even superior, to those obtained with 
conventional angiography (Fig. 5.1).
Myelography and Computed Tomography 
Myelography
Myelography involves the injection of iodinated, water-
soluble contrast material into the spinal subarachnoid space 
via a lumbar or, very rarely, a lateral C1–C2 puncture. Plain 
radiographs are obtained in multiple projections while the 
contrast is moved cranially or caudally to evaluate multiple 
levels. Better contrast agents and smaller-gauge spinal needles 
now permit myelography to be performed on an outpatient 
basis. After the study, the contrast agent is left in the sub-
arachnoid space, from which it is absorbed and excreted in the 
urine. Myelography is typically followed by immediate or de-
layed CT examination (CT myelography). Nonionic contrast 
agents have dramatically reduced the side effects and com-
plications associated with myelography.23 The most common 
post-procedural complication is mild-to-severe headache with 
nausea and/or vomiting. Because contrast material lowers the 
seizure threshold, patients with a history of seizures should 
be studied cautiously and patients on medications known to 
lower the seizure threshold (eg, tricyclic antidepressants) are 
commonly instructed to stop taking the drug 3 days before the 
myelography, to allow adequate drug clearance.

A CT myelogram has all the features of routine CT, in-
cluding better spatial resolution with the added benefit of 
radio-opaque contrast material outlining the spinal cord and 
nerve roots. Pathologic lesions appear as abnormal filling de-
fects within the contrast column, and any cord enlargement 
or deviation from anatomic position is easily appreciated 
(Fig. 5.2). Now, MRI has become the imaging spine modality 
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of choice, superseding both myelography and CT myelogra-
phy, for the evaluation of spine pathology. The capability for 
multiplanar imaging, the use of nonionizing radiation, and the 
ability to obtain a myelographic-like image without an intra-
thecal contrast injection all provide distinct advantages. But 
still, myelography is preferred by some surgeons and is better 
in many circumstances, including postsurgical cases where MR 
quality is severely degraded due to artifacts from hardware.

Functional Imaging Modalities
Functional or physiologic imaging provides complementary 
information to structural imaging and thus facilitates a bet-
ter characterization of CNS pathology. Imaging of cerebral 
function can potentially define the early pathophysiological 
processes responsible for neuronal injury, assess the efficacy 
of therapeutic interventions, and direct the design and imple-
mentation of future therapeutic interventions aimed at revers-
ing or preventing neuronal injury.

Perfusion Computed Tomography
Based on the multicompartmental tracer kinetic model, dy-
namic perfusion CT imaging is performed by monitoring the 
first pass of an iodinated contrast agent bolus through the 

cerebral circulation (Fig. 5.3). As the change in CT enhance-
ment (in Hounsfield units, HU) is proportional to the con-
centration of contrast, perfusion parameters are calculated by 
deconvolution from the changes in the density–time curve for 
each pixel using mathematical algorithms based around the 
central volume principle:24,25

1.	 Mean transit time (MTT) indicates the time difference 
between the arterial inflow and venous outflow.

2.	 Time to bolus peak (TTP) indicates the time from the 
beginning of contrast material injection to the maximum 
(peak) concentration of contrast material within a region 
of interest.

3.	 Cerebral blood volume (CBV) indicates the volume 
of blood per unit of brain mass (normal range in gray 
matter, 4–6 mL/100 g).

4.	 Cerebral blood flow (CBF) indicates the volume of blood 
flow per unit of brain mass per minute (normal range 
in gray matter, 50–60 mL/100 g/min). The relationship 
between CBF and CBV is expressed by the equation 
CBF = CBV/MTT.

The main advantage of perfusion-CT is its wide availability 
and quantitative accuracy.26 Its main limitation is its inability 

A B C D

Fig. 5.1  A 26-year-old female who presented with sudden-onset severe headache. A, Noncontrast computed tomogtaphy (CT) of head shows 
diffuse subarachnoid hemorrhage, mainly in the anterior interhemispheric fissure with moderate hydrocephalus. B, Maximum intensity projection 
images reconstructed CT angiogram shows a lobulated anterior communicating artery aneurysm at right A1/A2 junction. C, Conventional catheter 
three-dimensional angiogram shows ruptured anterior communicating artery aneurysm, which was coiled successfully by two coils (D) in the same 
sitting.

A B C D

Fig. 5.2  A 38-year-old male shows a right paracentral broad-based disc at C5–6 level causing moderate canal and right neural foraminal stenosis 
on conventional cervical myelogram lateral view (A), computed tomography myelogram, sagittal (B), coronal (C) and axial (D) reconstructed 
images.
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to image the whole brain, as it is limited to a 2–3 cm section 
of brain tissue per bolus. Now with the availability of 320-slice 
volumetric multimodal CT, it is possible to visualize dynamic 
changes in the blood flow of the entire brain.27

Diffusion-weighted Magnetic Resonance Imaging 
and Diffusion Tensor Imaging
DWI is based on the measurement of the random (Brownian) 
motion of water molecules and detects the degree of mobil-
ity (or diffusibility) of water molecules within tissues. By 
introducing spatial magnetic field gradients, it is possible 
to obtain MR sequences that are sensitive to the diffusivity 
of water along a chosen direction, obtaining so-called DWI. 
From the ratio of DWI images acquired at different levels of 
diffusion sensitization (known as b-value), it is possible to 
compute a quantitative measure of mean diffusivity, known 
as the apparent diffusion coefficient (ADC). The ADC mea-
sures water diffusion and, therefore, often mirrors changes 
in the DWI signal. In areas of increased diffusion like va-
sogenic edema, DWI signal intensity is low, and there is an 
increase in ADC. In regions of restricted diffusion like cyto-
toxic edema, DWI signal intensity is increased, and the ADC 
signal decreases.

This technique is widely used in acute ischemic stroke in 
which reduced diffusion resulting in increased DWI signal 
and reduced ADC is seen before the onset of visible abnormal-
ities on conventional MR imaging.28,29 In the affected region, 
there is a temporal evolution from restricted diffusion (ie,  
cytotoxic edema in the acute stroke setting) to unrestricted 
diffusion (ie, vasogenic edema and encephalomalacia in the 
chronic setting). DWI is also used to study other CNS pro-
cesses such as cerebral and spinal abscesses, epidermoid cysts, 
traumatic brain injury (TBI),30,31 and studying brain matura-
tion and development, especially the myelination process.

Water diffusion properties also play a role in DTI—a related 
imaging technique. Whereas gray matter is microstructurally 
compact with no directional preference, white matter bundles 
are arranged in a highly directional manner. For this reason, 
while water usually diffuses in all directions (meaning dif-
fusion is isotropic) in the brain, water diffuses preferentially 
along white matter tracts rather than across them (meaning 
diffusion in white matter is anisotropic). A mathematical algo-
rithm known as diffusion tensor is commonly used to model 
anisotropic diffusion in white matter. Fractional anisotropy 
(FA) maps can be created—FA index varies between 0 (rep-
resenting a symmetrical anisotropic medium where there is 
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Fig. 5.3  A patient who has fallen from a 6-m height, admitted with a Glasgow Coma Scale score of 9. Neurological examination in the emergency 
room revealed an asymmetry of tone and deep tendon reflex involving both right upper and lower limbs. Admission contrast-enhanced cerebral 
computed tomography (CT) demonstrated a displaced left parietal skull fracture, associated with a large cephalhematoma. A small left parieto-
occipital epidural hematoma (white arrowhead) and a small contusion area (white star) could also be identified on the conventional CT images. 
Perfusion-CT (PCT) demonstrated a much wider area of brain perfusion compromise (white arrows), with involvement of the whole left temporal and 
parietal lobes, the latter showing increased mean transit time (MTT) and decreased cerebral blood flow (CBF) and volume (CBV). Thus, PCT afforded 
a better understanding of the neurological examination findings on admission than conventional CT.
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no directionality of the diffusion, for instance in water) and 
1 (representing maximum anisotropy). Also, directionally en-
coded color maps and three-dimensional tractography can be 
performed to visually display white matter tracts (Fig. 5.4).

Perfusion-weighted Magnetic Resonance Imaging
While DWI is most useful for detecting irreversibly infarcted 
tissue, PWI may be used to identify areas of reversible isch-
emia as well. PWI techniques rely either on an exogenous 
method of achieving perfusion contrast (ie, the administra-
tion of an MR contrast agent typically gadopentate dimeglu-
mine [Gd-DTPA, Magnevist®]) or on an endogenous method, 
which uses an endogenous diffusible tracer to measure CBF 
by applying magnetic resonance pulses to tag in-flowing water 
protons.32,33 PWI is most commonly applied as bolus tracking 
following the intravenous administration of a bolus of gad-
olinium contrast. The passage of the contrast agent through 
the brain capillaries causes a transient loss of signal because of 
the susceptibility (T2*) effects of the contrast agent. A hemo-
dynamic time-signal intensity curve is produced with subse-
quent calculation of MTT, TTP, CBF, and CBV perfusion maps 
using the same principles as those underlying perfusion CT 
imaging (Fig. 5.5).24,34 PWI can also be performed using T1-
weighted imaging, also following an injection of gadolinium 
contrast. This technique requires a longer acquisition, but can 
measure the permeability of the blood–brain barrier.

Brain perfusion can also be assessed using another MRI 
technique called arterial spin labeling (ASL) (Fig.  5.6). This 
method does not use an exogenous contrast agent, but rather 

uses an endogenous diffusible tracer to measure perfusion 
parameters by applying MR pulses to magnetically labeled 
in-flowing water protons. With increasing computer process-
ing speeds and the speed of processing involved, this method 
is being increasingly used in clinical settings35 moving slowly 
away from the domain of being a purely research tool. This 
method is especially useful in patients who cannot be admin-
istered with contrast due to renal failure.

Magnetic Resonance Spectroscopy
MRS allows noninvasive, in vivo assessment of brain metab-
olism. The physical basis of MRS is the chemical shift effect. 
It actually means that nuclei located in different molecular 
environments sense slightly different magnitudes of magnetic 
field, causing them to process at different rates. MRS provides 
plots or spectra of signal intensity, which is proportional to 
concentration, versus precession rate shift with respect to a 
reference, expressed in parts per million (ppm). Various bio-
logically relevant metabolites can be identified based on subtly 
different resonant frequencies, which are a reflection of their 
specific chemical environment. These metabolites reflect as-
pects of neuronal integrity, energy metabolism, and cell mem-
brane proliferation or degradation. In clinical practice, five 
major metabolites containing hydrogen nuclei (1H-MRS) are 
typically evaluated (Fig. 5.7):36,37

1.	 Creatine/phosphocreatine (Cr/PCr), 3.04 ppm: Creatine 
and phosphocreatine are involved in cellular energy 
metabolism and ATP production. As creatine and 

A B

C D

Fig. 5.4  A 66-year-old female with multiple peripherally enhancing centrally necrotic lesions involving left frontal lobe, basal ganglia, temporal 
lobe, and left cerebral peduncle, which was proven to be glioblastoma multiforme, WHO grade IV. On diffusion tensor imaging (DTI), there is noted 
displacement of left frontal corona radiata fibers and corticospinal tract in left cerebral peduncle. The colors have standard directional encoding:  
red is left-right, blue is superior-inferior and green is antero-posterior.
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phosphocreatine levels tend to be relatively constant 
in the normal brain, they are used as a reference 
metabolite with the concentrations of other metabolites 
expressed as the ratio of the peak areas compared with 
the creatine peak.

2.	 N-acetyl aspartate (NAA), 2.02 ppm: NAA is a cellular 
amino acid and is a neuronal marker and a measure of 
neuronal density and integrity.38 Reduced levels have 
been reported in a wide spectrum of conditions involving 
neuronal death or dysfunction, decreased neural 
metabolism, axonal/dendritic loss, reduced myelination.38 
As most brain tumors are of non-neuronal origin, NAA is 
absent or greatly reduced, as it is with other insults to the 
brain such as infarction or demyelination that produce 
neuronal dysfunction or loss. A decrease in NAA has also 
been observed after head injury.39

3.	 Choline (Cho), 3.24 ppm: Cho is a composite signal of 
choline compounds (glycerophosphocholine [GPC], 
phosphocholine [PC] and a small amount of free 
choline) and thus reflects total brain choline stores. Cho 
is a constituent of the phospholipid metabolism of cell 
membranes and reflects membrane turnover. A Cho 
increase is characteristic of brain tumors due to accelerated 
membrane turnover in rapidly dividing cancer cells.

4.	 Lactate (Lac), 1.33 ppm: Under normal conditions, lactate 
is barely detectable by MRS in the normal healthy brain. 
Increased lactate production occurs in disorders of energy 
metabolism and suggests altered energy metabolism and 
is consistent with cerebral ischemia.

5.	 Glutamate and glutamine (Glx), composite peak 
between 2.1 and 2.5 ppm: Glutamate is an excitatory 
neurotransmitter that plays a role in mitochondrial 
metabolism. Gamma-aminobutyric acid is an important 
product of glutamate. Glutamine plays a role in 
detoxification and regulation of neurotransmitter 
activities. Elevated glutamate levels lead to excitotoxic cell 
damage. Increased glutamine synthesis occurs as a result 
of increased blood ammonia levels.

Intraoperative Magnetic  
Resonance Imaging
The use of intraoperative MRI monitoring, a blend of MR im-
aging performed in an operative suite, is becoming increas-
ingly common for precise navigation and resection of various 
intracranial and spinal lesions.40 Hence, understanding the 
working of intraoperative MRI imaging suite is important for 
contemporary neuroanesthesiologists.

DWI ADC TTP MTT MRA

Fig. 5.5  A 64-year-old male patient admitted with aphasia and right-body motor deficit. Admission magnetic resonance angiography shows a 
proximal stenosis of the left middle cerebral artery (MCA) (arrow). Diffusion-weighted images (DWI) and apparent diffusion coefficient (ADC) maps 
feature a focus of restricted diffusion in the deep territory of MCA (arrowheads) consistent with acute stroke. Time-to-peak (TTP) and mean transit 
time (MTT) maps demonstrate an extensive alteration of brain hemodynamics. The DWI–PWI mismatch is classically considered as a hallmark of 
tissue at risk or penumbra. (Courtesy Dr. Salvador Pedraza, Girona, Spain.)
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Fig. 5.6  A 57-year-old female who presented with left pronator drift and right gaze preference. She was found to have right middle cerebral artery 
territory infarct involving right basal ganglia and periventricular white matter on diffusion-weighted imaging (DWI) (A) and apparent diffusion coefficient 
(ADC) (B) maps. Time-of-flight magnetic imaging angiogram (C) showed abrupt cut-off of right middle cerebral artery in M1 segment. Arterial spin 
labelling (ASL) map (D) showed reduced perfusion in right MCA distribution.
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Fig. 5.7  1A, Normal long echo (TE = 288 msec) single voxel white matter spectrum demonstrating the N-acetyl aspartate (NAA), creatine (Cr) and 
choline resonances at 2.02, 3.02 and 3.22 parts per million (ppm), respectively. There is no evidence of lactate or lipid contributions at 0.9–1.3 ppm. 
1B, Normal short echo (TE = 26 msec) single voxel white matter spectrum demonstrating the N-acetyl aspartate (NAA), creatine (Cr) and choline 
resonances at 2.02, 3.02 and 3.22 parts per million (ppm), respectively. Contributions from glutamine and glutamate (Glx) are seen as a complex set 
of peaks at 2.2–2.5 ppm. Primary resonant peaks of myo-inositol are present at 3.56 and 4.06 ppm.
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they had achieved gross total resection, intraoperative MRI 
showed tumor that could still be resected.41 Prior to the de-
velopment of intraoperative MRI, various stereotactic nav-
igational systems had been used for better localization and 
precision of resection. The first operating theater with an MRI 
was built at Brigham and Women’s Hospital in 1994,42 and since 
then this technology has proliferated and has been adopted 
by many centers worldwide. The “hostile” MRI environment 
poses many limitations on patient management. This includes 
MRI-compatible or MRI-safe equipment,43 electromagnetic 
interference on monitoring equipment, and reduced access to 
the patient, all issues of importance for the anesthesiologist.

Three types of intraoperative MRI systems are in use. The 
original one consisted of an open system with a stationary 
magnet and stationary patient.42 However, it had limitations 
in the ease of access for surgeons and anesthesiologists, and 
limits regarding the specific instruments that could be used 
for surgery and monitoring.44 More commonly now, the other 
two systems consist of stationary magnet/movable patient and 
movable magnet/stationary patient. The most common type 
involves a movable magnet and a stationary patient45 (Fig. 5.8). 
In this MRI setting, incompatible surgical instruments can be 
used. However, a drawback is that image acquisition can be 
done only after the patient has been placed in the magnet, 
which means increased time46 and also the need to maintain a 

sterile field during imaging. The cost of developing such rooms 
also increases as there is need for specialized MRI shielding. 
The use of a stationary magnet and movable patient system 
has similar advantages and disadvantages to the movable mag-
net/stationary patient system. However, there is the additional 
advantage of including other imaging modalities such as posi-
tron imaging tomography and biplanar fluoroscopy.47

During preoperative assessment, history of acquired or 
implanted metallic devices, such as cerebrovascular clips, 
cochlear implants, cardiac pacemakers, intravascular wires, 
stents, bullets, extensive tattoos, and permanent eye make-up 
needs to be elicited.48 Displacement or dislodgement may 
occur as these devices are ferromagnetic. Braces or dentures 
also generate significant artifacts and degrade obtained im-
ages. Heating of metallic implants can lead to severe burns. 45  
Familiarity with the concept of safety zones, which are com-
mon to all MRI environments and were devised by the 
American College of Radiology (ACR),49,50 is important in 
order to design processes at each stage of patient interaction 
in intraoperative MRI that facilitate optimal patient care. The 
ACR has divided the zones into four, with zone I being a gen-
eral access area and zone IV within a high-strength magnetic 
field, with increasingly restricted access.

The use of intraoperative MRI also puts significant limita-
tions on the equipment used, the patient, and the overall envi-
ronment. An important concept in this regard is the 5 Gauss 

A B

C D

Fig. 5.8  Intraoperative magnetic resonance imaging (MRI) suite showing patient gantry in the operative suite (A). The magnetic bore is brought in 
from its resting “bay” for scanning (B). The movable magnet is ready to scan the stationary patient (C,D) during surgery and once that is done is sent 
back to its “bay”. Note the yellow colored area refers to the 5-G line where only the MR safe devices can be used.
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(5-G) line. The area within this line has a static magnetic field 
greater than 5G. Static magnetic field exposure of 5G or less is 
considered to be a minimal risk to bystanders.45 In the intraop-
erative MRI suite, a clearly designated 5-G line and the use of 
MR safe devices is encouraged. In this regard, MRI safe means 
the item poses no risk in the MRI environment. MRI unsafe 
means that the item poses a hazard in all MRI environments 
and is contraindicated within zone IV. MRI conditional means 
that a given item has been shown to pose no known hazards in 
a specified MRI with particular conditions of use. An example 
is an MRI conditional anesthesia machine that is conditional 
to 100 Gauss in a 1.5 Tesla magnet, but unsafe in strengths 
higher than this, such as a 3 Tesla field strength.51

An MRI-compatible anesthesia machine, infusion pumps, 
pulse oximeter, end-tidal gas analyzer, electrocardiogram, 
blood pressure, and temperature monitoring devices are needed 
so that the patient does not suffer any injury such as a burn 
from MRI-unsafe leads. Inadvertent ferromagnetic substances 
become projectile in a high-strength field and monitoring 
equipment does not interfere with image quality. MR safe/
conditional items such as defibrillators, fluid-warming devices, 
forced air-warming devices, Doppler ultrasound machines, 
peripheral nerve stimulators, and core temperature probes can 
be used in the nonimaging portion of the procedure when the 
patient is in zone III. Small children, especially neonates who 
have a limited ability to self-regulate temperature, need hot-air 
or fluid warmers, which are MR unsafe and need to be discon-
tinued during imaging portions when the patient is placed in 
zone IV.52 The patient must be covered in sterile drapes during 
this portion to maintain temperature.

A recent study found the average length of surgery was in-
creased by 1 hour 47 minutes when comparing intraoperative 
MRI with conventional nonintraoperative MRI neurosurgical 
resection of intracranial lesions. In 42% of cases, imaging led 
to further tissue resection. There was an increase in early re-
operation (within 2 weeks of surgery) in 7.7% in the nonintra-
operative MRI group compared with 0% in the intraoperative 
MRI group. The authors felt that despite the cost and increased 
surgery time, the lower early reoperation rate and patient ben-
efits justified intraoperative MRI usage and potentially low-
ered the costs in the long term.53

INTRACRANIAL DISORDERS

Imaging Patterns of Intracranial Disorders
Edema
By definition, cerebral edema or swelling results from an in-
crease in one brain volume parenchymal compartment at the 
expense of another caused by a localized or diffuse abnormal 
fluid accumulation within the brain parenchyma. Typically, 
brain edema can be either cytotoxic, interstitial, or vasogenic:54

1.	 Vasogenic edema, which is predominantly associated with 
brain metastases, abscesses, trauma, and hemorrhage, 
develops due to a physical disruption of the vascular 
endothelium or functional alterations in endothelial tight 
junctions; subsequently the migration of fluid occurs 
via bulk flow mechanisms with transmural pressure 
gradients causing fluid extravasation from cerebral vessels 
to the extracellular fluid brain spaces. Vasogenic edema 
primarily involves the white matter (most commonly 
deep white matter of the cerebral hemispheres).

2.	 Cytotoxic (intracellular) edema is defined as fluid 
accumulating within cells as a result of injury, usually 
from toxicity, ischemia, or hypoxia. The mechanism 

of injury leads to energy failure due to failure of 
the sodium-potassium ATPase-dependent pumps. 
Cytotoxic edema involves both gray and white matter 
(in contrast to vasogenic edema). Hypo-osmolar 
states (eg, dilutional hyponatremia, acute sodium 
depletion, inappropriate antidiuretic hormone [ADH] 
syndrome) and osmotic disequilibrium syndromes 
(eg, hemodialysis, diabetic ketoacidosis) can also cause 
cytotoxic edema. In the early stages of cytotoxic edema 
fluid moves from the extracellular compartment to the 
intracellular compartment, with no net change in brain 
volume, but eventually the extracellular compartment 
will equilibrate with the intravascular compartment. 
Because it is associated with ischemia and infarction, 
cytotoxic edema has a more vascular distribution and 
produces less mass effect.

3.	 Interstitial edema results from CSF migration into the 
periventricular white matter, commonly due to conditions 
that impede CSF circulation and/or absorption.

Except for location and DWI (diffusion is reduced in cyto-
toxic edema, and increased in vasogenic edema), the imaging 
appearance of edema is essentially similar for all pathologic 
processes. On CT, any increase in water is visualized as a dark, 
hypodense area. On MRI, an increase in water is visualized as 
an area of hypointensity (black) on T1-weighted studies and 
as an area of hyperintensity (white) on T2-weighted images. 
Contrast enhancement may help define areas of edema and 
might suggest an etiology. As contrast accumulates in regions 
of blood–brain barrier breakdown, areas of vasogenic edema 
enhance, whereas cytotoxic edema areas usually do not (or 
only at later stages).

Recommendations have been recently formulated for the 
management of swelling associated with cerebral and cere
bellar infarctions by the American Heart Association and 
the American Stroke Association.55 Clinical signs that signify 
deterioration in swollen supratentorial hemispheric ischemic 
stroke include new or further impairment of consciousness, 
cerebral ptosis, and changes in pupillary size. In swollen cere
bellar infarction, a decrease in the level of consciousness oc-
curs as a result of brainstem compression and, therefore, may 
include early loss of corneal reflexes and the development 
of miosis. In swollen supratentorial hemispheric ischemic 
stroke, routine intracranial pressure monitoring or cerebro-
spinal fluid diversion is not indicated, but decompressive 
craniectomy with dural expansion should be considered in 
patients who continue to deteriorate neurologically. There is 
uncertainty about the efficacy of decompressive craniectomy 
in patients greater than 60 years of age. In swollen cerebellar 
stroke, suboccipital craniectomy with dural expansion should 
be performed in patients who deteriorate neurologically. 
Ventriculostomy to relieve obstructive hydrocephalus after a 
cerebellar infarct should be accompanied by decompressive 
suboccipital craniectomy to avoid deterioration from upward 
cerebellar displacement. In swollen hemispheric supratento-
rial infarcts, outcome can be satisfactory, but one should an-
ticipate that one-third of patients will be severely disabled and 
fully dependent on care even after decompressive craniectomy. 
Surgery after a cerebellar infarct leads to acceptable functional 
outcome in most patients.

Hemorrhage
Intracranial hemorrhage may be traumatic or nontraumatic 
in origin. When blood is seen in the extra-axial space (epi-
dural, subdural, subarachnoid), trauma is the most likely 
cause. Subarachnoid hemorrhage (SAH) may be traumatic 
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eurysms. Arterial dissection, often though not always associ-
ated with trauma, may also present with SAH. Parenchymal 
hemorrhage is more likely to be nontraumatic in origin, and 
secondary to an underlying disease such as hypertension or 
neoplasm, or to a vascular anomaly such as an arteriovenous 
malformation. Regardless of location, acute hemorrhage 
is seen on a CT scan as a hyperdense area. Blood products 
evolve with time with a progressive decrease in density, sub-
sequently becoming first isodense to brain parenchyma and 
then eventually becoming hypodense. A negative CT scan 
does not completely exclude hemorrhage as severely anemic 
patients may present with isodense extra-axial or intraparen-
chymal blood collections, where only the presence of mass 
effect suggests the presence of hemorrhage.

The appearance of hemorrhage on MR is complicated be-
cause of varying paramagnetic properties of blood breakdown 
products. One should consider the age of hemorrhage in rela-
tion to these breakdown products.56–58 During the first hours 
after parenchymal hemorrhage, intact red blood cells contain-
ing oxyhemoglobin accumulate. Being diamagnetic, oxyhe-
moglobin is slightly hypointense to isointense on T1-weighted 
images and hyperintense on T2-weighted images, mainly be-
cause of the concomitant presence of globin proteins. Over 
the next hours/days, hemoglobin becomes deoxygenated. 
Because deoxyhemoglobin is paramagnetic, the T2 intensity 
values fall (becoming hypointense), whereas the T1 values es-
sentially remain the same. With respect to brain parenchyma, 
the acute hematoma appears dark on T2-weighted images and 
slightly dark to isointense on T1-weighted images. Between 3 
and 7 days intracellular methemoglobin begins to accumulate, 
beginning peripherally and then advancing toward the center 
of the clot. During this stage, the T2 signal intensity remains 
stable, but T1 values begin to increase, with the periphery 
of the clot becoming hyperintense. The hematoma is dark 
on T2-weighted images and bright on T1-weighted images. 
Between 7 days and 2 to 3 months intracellular methemoglo-
bin is released from erythrocytes (extracellular methemoglo-
bin). During this stage, signal intensities on both T1 and T2 
images increase (hyperintense on both T1- and T2-weighted 
images). During the final stage, which may begin within the 
first 2 weeks and last for years, phagocytic degradation of met-
hemoglobin to hemosiderin occurs. This process, which also 
begins peripherally and extends toward the center effectively 
removes iron from the hematoma and deposits it at the pe-
riphery. Signal intensities again decrease, and hemosiderin 
appears black on T2-weighted images, beginning at the pe-
riphery as a ring, eventually replacing the entire hemorrhage. 
This progression represents a continuum of changing intensity 
values and is not an all-or-nothing phenomenon. In the acute/
subacute phase, most hematomas produce a surrounding area 
of edema that should not be misinterpreted as an additional 
area of hemorrhage. Edema, dark on T1-weighted images and 
bright on T2-weighted images, gradually decreases over time.

Mass Effect, Shift and Herniation
An enlarging mass (eg, tumor or abscess), hemorrhage or 
edema can cause mass effect and lead to brain herniation, 
which can directly compress vascular structures, resulting 
in ischemia and infarct, and directly impinge upon cranial 
nerves and vital structures, ultimately causing death. Because 
hemorrhages frequently progress and large contusions often 
develop delayed hemorrhage or edema, repeat serial imaging 
is usually indicated, especially if changes in neurological status 
occur, as the degree of mass effect correlates with the level of 
consciousness.59

Imaging features of intracranial mass effect include sulcal 
effacement, midline shift, basal cistern effacement, obstruc-
tive hydrocephalus, and herniation.

Different types of brain herniation include subfalcine, 
transtentorial, and tonsillar herniation.

Subfalcine herniation occurs when a hemispheric mass 
pushes the cingulate or supracingulate gyri beneath the falx. It 
is easily recognized on CT or MR by deviation of the falx and 
extension of hemispheric structures across the midline.

Transtentorial herniation occurs when a mass on either 
side of the tentorium causes brain herniation through the ten-
torial incisura, either descending (downward) or ascending 
(upward). Descending herniation is usually more commonly 
caused by a supratentorial mass displacing the medial temporal 
lobe through the tentorial incisura. It may be anterior (involv-
ing the uncus), posterior (involving the parahippocampal or 
lingual gyri), or complete. On CT or MR, the herniated uncus 
or parahippocampal gyrus produces widening of the ipsilat-
eral subarachnoid cistern and obliteration of the contralateral 
subarachnoid cistern as the brainstem is rotated and displaced 
to the opposite side.60 Ascending transtentorial herniation is 
caused by an infratentorial mass that pushes the pons, vermis, 
and adjacent portions of the cerebellar hemispheres upward 
through the incisura. On CT or MR, the subarachnoid cis-
terns are effaced symmetrically as the cerebellar vermis bulges 
up through the incisura. The upper pons is pushed forward 
against the clivus, and often acute hydrocephalus is caused by 
compression of the sylvian aqueduct. Occipital lobe infarction 
(ipsilateral or contralateral) may also occur if the posterior 
cerebral artery is compressed between the temporal lobe and 
the crus cerebri.61

In tonsillar herniation, there is inferior displacement of the 
cerebral tonsils through the foramen magnum into the cervi-
cal spinal canal. It results in compression of the medulla pro-
ducing dysfunction of the vital respiratory and cardiac rhythm 
centers. MRI, with its sagittal imaging abilities, is the primary 
imaging modality for demonstrating the presence of tonsillar 
herniation and its secondary effects on the brainstem. On CT, 
the cerebellar tonsils can be seen below the level of the fora-
men magnum.60,62 If such a finding is seen, lumbar puncture 
should not be performed, as this can result in death of the pa-
tient, as explained in the beginning of this section.

Efforts have been made to correlate quantitative measures 
of herniation on imaging (ie, the degree of shift of structures) 
with clinical outcomes. For example, in subfalcine herniation 
(midline shift or cingulated herniation), the degree of displace-
ment of the septum pellucidum from the midline is predictive 
of patient prognosis. In studies of descending transtentorial 
herniation, the degree of vertical descent did not always cor-
relate well with neurological signs. Prior studies have shown a 
correlation between the degree of midline shift and the level of 
consciousness.59

Hydrocephalus
Hydrocephalus is classified as either obstructive or 
communicating.

Communicating hydrocephalus results from excessive CSF 
production by choroid plexus tumors or from an obstruction 
of arachnoid villi absorption of CSFcaused by a subarachnoid 
hemorrhage, meningitis, or leptomeningeal carcinomatosis.63 
CT and MR show symmetric enlargement of the lateral, third, 
and fourth ventricles with effacement of cerebral sulci. Under 
elevated pressure, CSF may leak from the ventricles into the 
brain (interstitial edema).

Obstructive hydrocephalus results secondary to obstruc-
tion along the CSF pathway between the lateral ventricles and 
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the fourth ventricular outlet. The CT and MR appearance is 
identical to that of communicating hydrocephalus with the ex-
ception that in obstructive hydrocephalus not all ventricles are 
enlarged. The ventricles dilate proximal but not distal to the 
obstruction. For example, in aqueduct obstruction, the fourth 
ventricle remains normal as the third and lateral ventricles 
enlarge. The cause of obstructive hydrocephalus can often be 
identified by CT or MR. MRI is the preferred modality for 
the evaluation of obstructive hydrocephalus for the following 
reasons:

1.	 MRI can provide multiplanar images, which are 
invaluable in demonstrating obstruction at the foramen of 
Monro, the aqueduct, or the level of the fourth ventricle.64

2.	 Tumors are readily seen, and webs or atresia of the 
aqueduct can occasionally be identified.

3.	 Techniques such as CSF flow phenomena, which can 
be evaluated by MRI, are helpful in classifying types of 
obstruction.65

Review of Main Surgical  
Intracranial Disorders
Traumatic Brain Injury
Traumatic brain injury (TBI) is a major cause of death and 
disability in the United States, contributing to about 30% of 
all deaths from injury.66 In 2010, about 2.5 million emergency 
department (ED) visits, hospitalizations, or deaths were asso-
ciated with TBI—either alone or in combination with other 
injuries—in the United States. TBI contributed to the deaths 
of more than 50,000 people. TBI was a diagnosis in more than 
280,000 hospitalizations and 2.2 million ED visits. These con-
sisted of TBI alone or TBI in combination with other injuries. 
Over the past decade (2001–2010), while rates of TBI-related 
ED visits increased by 70%, hospitalization rates only in-
creased by 11% and death rates decreased by 7%.64

TBI classically can be subdivided into two categories:  
(1) primary injury (eg, cortical contusion, skull fracture, and 
white matter shearing injury), which is the result of the initial, 
mechanical insult, and (2) secondary (delayed) brain injury 
(eg, edema, hypoxia, intracranial hypertension, vasospasm), 
which is a sequela of the initial trauma. This classification is 
clinically important as early medical intervention might pos-
sibly ameliorate the deleterious effects associated with second-
ary injury that can ultimately lead to brain compromise and 
permanent brain injury.67 In addition, TBI may also be clas-
sified according to lesion location (ie, intra- vs. extra-axial), 
clinical severity (minor, mild, moderate, severe), and mech-
anism of injury (penetrating vs. blunt/closed). The majority 
of TBI is mild, accounting for about 75% of traumatic brain 
injuries.66

Indications for Imaging in Traumatic Brain  
Injury Patients
As CT is readily available, cost-effective, fast, and accurately 
detects injuries (ie, hemorrhages and fractures) that might re-
quire surgical intervention, CT is the preferred imaging mo-
dality for the initial assessment of acute TBI.68 CT shows an 
excellent ability for the detection of acute hemorrhage, the re-
sulting mass effect, basal cistern effacement, and the presence 
of acute hydrocephalus. Excellent bone resolution facilitates 
assessment of the skull base, calvarium, and/or facial bone frac-
tures. Indications for head CT in acute trauma include: GCS 
score <8 or a decrease of >3 in the GCS score, headache, vom-
iting, worsening level of consciousness, loss of consciousness 
>5 minutes, focal neurological findings, seizure, penetrating 

skull injuries, signs of a basal or depressed skull fracture, and 
physical evidence of trauma above the clavicle.69,70

Although CT is best for acute injuries such as hemorrhages, 
a number of intracranial lesions (eg, diffuse axonal injury, 
brainstem and deep gray matter injury) are difficult to appre-
ciate using this method, and for this reason MRI shows greater 
sensitivity than CT for the detection of these subtle lesions and 
is also better suited for the evaluation of subacute and chronic 
TBI. In particular, MRI is ideal for the evaluation of a patient 
with neurological deficits that cannot be explained by the CT 
findings.71 MRI is superior to CT in detecting axonal injury, 
small areas of contusion, and subtle lesions in the brainstem, 
basal ganglia, and thalami.72 It is estimated that CT “misses” 
approximately 15–30% of abnormalities subsequently seen on 
MRI.73 There has been a recent spurt in interest in the utiliza-
tion of newer modalities such as DTI and MRS in the evalua-
tion of TBI.74

Types of Traumatic Brain Injury
Primary TBIs are divided into extra-axial and intra-axial 
lesions.

Extra-axial lesions include skull fractures, and epidural, 
subdural, subarachnoid, and intraventricular hemorrhages. 
CT is the preferred modality to assess skull fractures, since it 
facilitates identification of associated brain injuries (eg, intra-
axial/extra-axial hemorrhage, and/or CSF leak), which are not 
always obvious on plain radiographs.75,76 Basal skull fractures 
may be associated with cranial nerve and/or vascular injury 
(vessels near skull base) (Fig. 5.9). For example, longitudinal 
and transverse temporal bone fractures are associated with 
facial paresis and sensorineural hearing loss, respectively.77–79 
Diagnosis of these fractures requires thin CT slice protocols 
and three-dimensional multiplanar CT reformats.80–82 Skull 
fractures can lead to CSF leaks. Radionuclide cisternography, 
contrast-enhanced CT cisternography, and high-definition 
CT have been used for post-traumatic CSF leak detection.83,84

Damage to the meninges may lead to hemorrhage into the 
subdural, epidural, or CSF spaces (which result in subarach-
noid hemorrhage and intraventricular hemorrhage).

Epidural hematomas (see Fig. 5.3) are relatively uncommon 
(1–4% of head trauma patients) and have an overall mortality 
of 5%. An epidural hematoma, an extra-axial blood collection 
that accumulates in the potential space between the dura mater 
and the inner table of the skull, occurs in 85–95% of cases sec-
ondary to a laceration of the middle meningeal artery (90%) 
or a dural venous sinus (10%) by an associated skull fracture.85 
The classic clinical presentation of an epidural hematoma is 
a so-called lucid, conscious interval that is soon followed by 
neurological deterioration; this “lucid interval” has been at-
tributed to the absence of an underlying brain injury with sub-
sequent epidural hematoma enlargement causing progressive 
neurological deterioration. However, this classic presentation 
occurs in only 20% of patients.86 Epidural hematomas exhibit 
a lentiform or biconvex hyperdense appearance, the majority 
occurring in the temporoparietal area.76 Less commonly, they 
may develop at the frontal pole, in the parieto-occipital region, 
between the occipital lobes, or in the posterior fossa. These are 
most often venous in origin and occur due to fractures overly-
ing the major dural sinuses. In the parasagittal region, they oc-
cur as a result of a tear from the superior sagittal sinus, in the 
middle cranial fossa from injury to the sphenoparietal sinus 
or middle meningeal veins, and in posterior fossa/occipital re-
gion from rupture of the transverse or sigmoid sinus. Epidural 
hematomas usually do not cross the midline and suture lines 
(an exception being the sagittal suture). They can extend 
from the supratentorial to the infratentorial space, whereas 
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the subdural hematoma (SDH) is limited by the tentorium. 
The presence of hypodense regions within an otherwise hy-
perdense epidural hematoma (“the swirl sign”) may represent 
areas of active hemorrhage.87

SDHs are common (10–20% of patients with head trauma) 
and have a high mortality rate (50–85%).56 Typically, while 
epidural hematomas are located at the coup site, an acute SDH 
is a contre-coup lesion, which most commonly occurs due to 
a deceleration mechanism that causes traumatic bridging vein 
rupture. Subdural hematomas exhibit certain specific traits: 
SDHs are crescent-shaped, usually holohemispheric; they 
can cross suture lines, extend along the tentorium and the 
falx cerebri, and usually do not extend from the supratento-
rial space into the infratentorial space. Common locations for 
SDH include along the cerebral convexities, the falx cerebri, 
and the tentorium cerebelli. Although the common etiology 
for acute subdural hematomas is trauma, other etiologies in-
clude child abuse, rapid ventricular decompression, and spon-
taneous subdural hematomas. Usually these patients are on 
anticoagulation, elderly, or with an existing coagulopathy.88,89

A subarachnoid hemorrhage (SAH) is bleeding into the 
subarachnoid space surrounding the brain (ie, between the 
arachnoid and pia mater) and it may occur due to trauma or 
spontaneously, spontaneous or primary subarachnoid hem-
orrhage usually resulting from ruptured aneurysms.90 The 
interpeduncular cistern and Sylvian fissures are two common 
locations for the accumulation of subarachnoid blood.91 CT 
and MRI FLAIR are equally sensitive at detecting subarach-
noid hemorrhage.92 Subarachnoid blood acts as an irritant to 
the arteries coursing through the subarachnoid spaces, caus-
ing vasospasm. It can also interfere with normal CSF resorp-
tion at the level of the pacchionian (arachnoidal) granulations, 
thus leading to communicating hydrocephalus.

Traumatic intraventricular hemorrhage can occur by one 
of three methods: contiguous extension from a parenchy-
mal hematoma, shearing of subependymal veins which line 
the ventricular cavities, or retrograde reflux of subarachnoid 
hemorrhage through the foramina of the fourth ventricle.93 

It may be isolated, but it is usually associated with superficial 
contusions and subarachnoid hemorrhage. Subtle intraven-
tricular hemorrhage can be detected by the appearance of a 
fluid–fluid level layering dependently within the occipital 
horns of the lateral ventricles (so-called “hematocrit effect”), 
as fibrinolytic activators within the cerebrospinal fluid inhibit 
clotting. In some cases, the choroid plexus may act as a nidus 
for the blood to clot and form a ventricular cast or tumefac-
tive blood clot. Large amounts of intraventricular blood may 
impede cerebrospinal fluid flow and result in noncommuni-
cating hydrocephalus.

Intra-axial lesions include hemorrhagic and nonhemor-
rhagic contusions, parenchymal hematomas, and DAI.

Cortical brain contusions are relatively common, occur-
ring in up to 40% of patients with blunt trauma.93 They are 
peripheral lesions, involving the gyral crests, particularly 
those in contact with irregular skull bony prominences (eg,  
the orbital roof, sphenoid ridge, and petrous ridge). The terms 
“coup” and “contre-coup” are often used to describe the cor-
tical contusion lesions, which are a result of the brain paren-
chyma striking the inner table at the site of impact (“coup”) or 
at the opposite side of impact (“contre-coup”). On noncontrast 
CT, contusions appear as low attenuation foci if hemorrhage 
is absent and high attenuation foci if hemorrhage is present. 
Nonhemorrhagic contusions are initially often difficult to de-
tect on CT, but become more conspicuous with time as they 
evolve and exhibit increased hypodensity due to edema within 
the contused tissue. Moreover, delayed hemorrhage can de-
velop within previously nonhemorrhagic lesions. For these 
reasons, repeat or serial CT imaging is recommended. If CT 
is optimal for the acute evaluation of contusions, subacute 
and chronic cortical contusions are better evaluated using 
MRI.56 On MRI, contusions that appear nonhemorrhagic on 
CT are often demonstrated to have hemorrhagic components, 
and consequently follow the time evolution of MRI signal of 
blood products. Contusions are particularly conspicuous on 
GRE images. With time, contusions shrink into gliotic scars. 
An old contusion is seen as a wedge-shaped area of peripheral  

A B

Fig. 5.9  A 50-year-old male patient who suffered several falls while snowboarding. Because of transient ischemic attack symptoms, the patient 
underwent a computed tomography angiogram (CTA). This CTA demonstrated bilateral internal carotid artery pseudoaneurysms (associated with a 
dissection on the right side) just below the skull base. This segment of the internal carotid arteries is particularly vulnerable to shear trauma forces, 
because it is a mobile segment adjacent to an immobile segment in the petrous portion of the carotid canal.
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encephalomalacia with the apex of the wedge pointing centrally 
and the broad base facing the irregular surface of the skull. In 
the chronic stage, this triangular shape can resemble a remote 
ischemic infarct. The products of hemorrhage can be detected 
by MRI for years (rather than a few weeks, as on CT).

DAI, or shear-injury, typically occurs secondary to sudden 
acceleration and deceleration forces that cause microscopic ax-
onal brain injury preferentially to deep white matter or gray/
white matter interface. Pathologically, it is characterized by 
microscopic axonal lesions that most frequently involve the 
subcortical white matter, the corpus callosum (particularly the 
splenium), and the dorsolateral brainstem.94,95 Early and exact 
identification of the extent of axonal injury is a major diagnos-
tic challenge, because these injuries are seldom visible on CT, or 
conventional MRI sequences. With the advent of advanced MRI 
modalities, such as GRE, DWI or DTI, the ability to detect these 
shear injuries has improved dramatically.95 Hemorrhagic DAI 
can sometimes be diagnosed on CT or conventional T1 or T2 
images, but usually require GRE sequences.96 Nonhemorrhagic 
DAI can usually only be seen on DWI or DTI.97,98

Concussion is the most common form of TBI, but diagnosis 
remains controversial because the brain appears quite normal 
in conventional CT and MRI. These conventional tools are not 
sensitive enough to detect diffuse traumatic axonal injury, and 
cannot depict aberrations in mild TBIs. Advanced MRI mo-
dalities including DTI, and MRS, make it possible to detect 
brain injuries in TBI. With the growing realization that even 
mild head injury can lead to neurocognitive deficits, medical 
imaging has assumed preeminence for detecting abnormal-
ities associated with TBI. Advanced MRI modalities such as 
DTI and MRS have an important role in the diagnosis of le-
sions for TBI patients.99 This is especially important in contact 
sports like football, where there is no evident structural find-
ing on routine MRI, but cumulative mild injuries over a period 
of time lead to neurocognitive deficits.

Brain Neoplasms
Neuroimaging plays a crucial role in diagnosing brain neo-
plasms, planning their treatment, and monitoring the ef-
fects of these therapies. The radiological appearance of brain 

tumors includes some features that are common to most 
tumors: mass lesion, causing mass effect and sometimes 
hydrocephalus, CT hypodensity or MRI increased T2 sig-
nal reflecting either edema or tumor infiltration, abnormal 
enhancement in most cases, and hemorrhagic complication 
and/or cystic necrosis in some instances. Differential diagno-
sis can usually be narrowed based on patient’s age and deter-
mining whether the lesion is solitary or multiple, intra-axial 
or extra-axial. Primary brain gliomas are intra-axial. Extra-
axial tumors include meningiomas and schwannomas. 
Metastases are typically multiple, and can be both intra-axial 
and extra-axial.

In terms of imaging of brain tumors, CT is usually used 
to assess for tumor complications such as hemorrhage or 
mass effect, including hydrocephalus, while MRI is used for 
tumor diagnosis and classification, treatment planning, and 
post-treatment follow-up. Modern MRI techniques, such 
as PWI, DWI DTI, MRS, and functional MRI, have allowed 
significant progress in accurately delineating tumor margins, 
determining tumor grade, distinguishing treatment effects vs. 
residual/recurrent tumor, and differentiating eloquent cortex 
or white matter tracts from tumor. DWI is also used to differ-
entiate between necrotic tumors (increased ADC values) and 
abscesses (decreased ADC) (Fig. 5.10).

Image Detection of Tumor Margins
Gliomas have a propensity for infiltration of the adjacent brain 
parenchyma, and tend to migrate along white matter tracts. 
Gliomas have been found to extend beyond the gross tumor 
margins as depicted by conventional MRI.100,101 MRS has the 
ability to detect increased choline and reduced NAA peaks 
beyond the tumor margins within the normal-appearing 
parenchyma infiltrated by the tumor.102,103 Similarly, DTI 
detects tumoral infiltration as a decrease in fractional an-
isotropy.101,104–106 However, although both DTI and MRS were 
shown to be better than conventional MRI at defining the tu-
mor margins, further studies have shown mixed results when 
compared to noninvasive tumors (eg, meningiomas and me-
tastases) for DTI and normal brain and mild tumor infiltra-
tion for MRS.107

T1 Gad DWI

Fig. 5.10  A 47-year-old male patient with a rim-enhancing lesion in the left thalamus. The reduced diffusion within this rim-enhancing lesion makes 
it typical for an abscess, and allows it to be distinguished from a necrotic tumor.
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Although histology is the gold standard in determining tumor 
grade, MRI has a sensitivity and specificity of 65% and 95%, 
respectively, for the characterization of high-grade tumors.108 
The presence or absence of abnormal contrast enhancement 
does not correlate with tumor histology.109 Newer MRI tech-
niques are now used to noninvasively elucidate tumor biol-
ogy: tumor cellularity (DWI), tumor metabolism (MRS), and 
tumor vascularity (PWI).

ADC and fractional anisotropy values inversely correlate 
with the degree of tumor cellularity and the proliferation 
index of the glioma.105,110,111 ADC values have been found to 
be significantly lower in higher-grade gliomas compared to 
less cellular low-grade gliomas.112 Similarly, the choline peak, 
lactate/lipid peak, and the Cho/NAA ratio have been cor-
related with cell density, proliferation markers, and tumor 
grade (Fig.  5.11).113–117 Lastly, as increased angiogenesis and 

microvascular proliferation are markers of a more malignant 
process, certain perfusion parameters, such as CBV, have been 
used to provide a noninvasive method to grade gliomas.118–120 
However, this approach has pitfalls; for instance, oligoden-
drogliomas have higher CBV values than astrocytic tumors.121 
As a result, a low-grade oligodendroglioma might possibly be 
falsely graded as a higher-grade tumor (Fig. 5.12).

Imaging of Brain Tumor Treatment Effects
Conventional MR is limited in differentiating the post-
treatment effects from tumor residual/recurrence. Also, cur-
rent MRI methods, all based on structural imaging, rely on 
changes in tumor size to determine treatment response; how-
ever, evaluation of tumor physiology could provide an earlier 
assessment of treatment response and could potentially serve 
as a surrogate marker of treatment success.

ADC changes have been shown to correspond to changes 
in tumor volume and cellularity.112 ADC changes are usually 
noticeable prior to their appearance on conventional MRI.

PWI allows differentiation between glial tumor, which has 
preserved the blood–brain barrier, and metastases, which 
have an abnormally permeable blood–brain barrier. It can 
also help differentiate between tumor recurrence, which 
shows increased CBV and treatment necrosis, which shows 
decreased CBV (Fig. 5.13).122 PWI has been utilized to study 
the response for antiangiogenic or antivascular drugs, and to 
radiotherapy.123

MRS has also been used to distinguish between tumor 
recurrence where we find increased choline and decreased 
NAA, and treatment necrosis where there is decreased choline 
and decreased NAA.124 MRS has also been reported to predict 
the response to therapy. In a cohort of patients with high-
grade gliomas receiving radical radiotherapy (ie, 60 Gy in 30 
fractions), the lactate/NAA ratio was the strongest predictor of 
response to radiotherapy and overall survival.125

Eloquent Cortex
DTI and functional MRI have the ability to “map” functional 
areas whereby disruption would lead to focal neurological 
deficits and to identify both areas of cortical activation and 
white matter tracts. This information may be important for 
the neurosurgeon to decide which surgical approach is best 
to minimize patients’ deficit from tumor126 or AVM resection 
(Fig. 5.14).
Intracranial Aneurysms and Other Intracranial 
Vascular Malformations
Approximately 10% of patients presenting with intracranial 
hemorrhage have a vascular malformation. SAH is the most 
highly morbid type of intracranial hemorrhage; vascular mal-
formations are the most common cause of nontraumatic SAH 
in patients under the age of 40. There are five types of vascular 
malformations of the brain: intracranial aneurysms, arteriove-
nous malformations (AVMs) and fistulas, capillary telangiec-
tasias, developmental venous abnormalities, and cavernomas 
(cavernous malformations). About 10% of cavernomas are 
associated with a heritable mutation and associated with mul-
tiple lesions; single lesions tend to be sporadic and tend to 
have a higher rate of association with a developmental venous 
anomaly (DVA).

Intracranial Aneurysms
There are four types of intracranial aneurysms: berry/saccular,  
fusiform/atherosclerotic, septic/mycotic, and pedicular an-
eurysms on the feeding arteries of AVMs. Berry (saccular) 
aneurysms are the most common, comprising up to 90% of 
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Cho/NAA residuals

Fig. 5.11  Long echo (TE = 288 msec) three dimensional point resolved 
magnetic resonance spectroscopy in a patient with glioblastoma 
multiforme. The inset Green voxel corresponds to an area of abnormal 
enhancement on the diagnostic image at the margin of a cavitary 
lesion. An abnormal elevation of choline (Cho) (the dominant peak in the 
spectrum) with a notable absence of N-acetyl aspartate (NAA) is seen. 
Additionally, the second largest peak in the spectrum (at the far right of 
the voxel) represents lipid contributions from tumor necrosis. The three-
dimensional acquisition facilitates comparison of normal and abnormal 
tissues in a single acquisition. Z-values represent abnormal primary 
peak ratios (NAA, Cr, Cho) which are more than two standard deviations 
greater than the expected ratios. Voxels with abnormal z-values are 
shaded gray for identification.
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all aneurysms, and represent the leading cause of spontaneous 
SAH. The extent to which berry aneurysms are congenital 
is speculative; they can form during adult life, especially in 
patients with multiple aneurysms. Pathologically there is a 
thinning or absence of the arterial media with dilatation of 
the lumen, usually at a bifurcation and almost always in the 
proximal circle of Willis. Frequent locations are the origin of 
the posterior communicating artery from the internal carotid 
artery, the anterior communicating artery, and the middle ce-
rebral artery bifurcation. The probability of rupture strongly 
correlates with the size of the aneurysm, and becomes signifi-
cant when aneurysm diameter is more than 7 mm.

Noncontrast CT is usually used as a primary screening tool 
in patients suspected of SAH. Moreover, the pattern of SAH 
can offer clues to the possible location of the underlying ce-
rebral aneurysm. The sensitivity of CT for SAH is more than 
95% in the first 12 hours.

DSA is considered to be the gold standard for the detection 
of intracranial aneurysms and of aneurysm complications, and 

also represents a treatment modality as it permits coiling of rup-
tured and unruptured aneurysms and endovascular treatment 
of vasospasm by angioplasty and/or intra-arterial verapamil.

Now, CTA and MRA are considered as feasible alternatives 
for conventional angiography. CTA has been shown to exhibit 
83–96% sensitivity and 97–100% specificity127–130 for aneurysm 
detection (see Fig. 5.1), although the sensitivity decreases for 
smaller aneurysms, with a 40–91% sensitivity for aneurysms 
<3 mm.128,129,131 Similarly, MRA has been shown to be highly 
sensitive and specific for the detection of intracranial aneu-
rysms, but similar to CTA its sensitivity decreases with smaller  
aneurysm (ie, <3 mm in diameter).130,131 PCT and CTA have 
also been reported as accurate noninvasive imaging tech-
niques to assess for vasospasm (Fig. 5.15).132,133

Arteriovenous Malformations
AVMs are a vascular anomaly characterized by a network of ab-
normal vessels with an abnormal connection, or shunt, between 
a feeding artery and a draining vein bypassing an intervening 

FLAIR Gad T1

PWI

Fig. 5.12  A 28-year-old male patient with prior history of seizures. Conventional FLAIR and post-gadolinium T1-weighted images demonstrated a 
right mesiofrontal, heterogenous, but well-delineated, mass. Perfusion-weighted dynamic susceptibility imaging demonstrated increased area over 
the curve in a (green) region of interest placed within the mass compared to a region of interest (purple) placed within the normal contralateral frontal 
white matter. This increased area over the curve, corresponding to increased cerebral blood volume, combined with the low-grade appearance of 
the lesion on conventional imaging sequences, raised the suspicion of an oligodendroglioma, which is a low-grade tumor with a very rich blood 
supply. This diagnosis was confirmed histologically.
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Fig. 5.13  An 82-year-old male patient radiated for external ear cancer underwent a magnetic resonance imaging study that showed an abnormally 
enhancing lesion in the right temporal lobe, without significant mass effect. Perfusion-weighted dynamic susceptibility imaging demonstrated no 
increased cerebral blood volume (no red) within this lesion, confirming the suspicion of radiation necrosis based on the clinical history.

A B

Fig. 5.14  A 66-year-old female patient with a left fronto-parietal glioblastoma multiforme. Diffusion tensor imaging (DTI) was obtained that 
demonstrated the corticospinal tract (arrowhead) to be located between two nodules of abnormal enhancement. The neurosurgeon took this 
information into consideration while planning his surgery. He used two approaches and performed two resection cavities, one anterior and one 
posterior, in order to spare the corticospinal tract.
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Fig. 5.15  Patient transferred at day 8 to neurovascular intensive care unit (ICU) from an outside institution after coiling of a ruptured anterior 
communicating artery aneurysm. Unenhanced brain computed tomography (CT) obtained at the admission of the patient in our neurovascular ICU 
demonstrated extensive residual subarachnoid hemorrhage and suspicious loss of gray–white matter contrast in the left superior frontal gyrus (white 
arrows). The tip of a right ventricular drain catheter is also visible.

On perfusion-CT, significantly abnormal brain perfusion in the distribution of the anterior and inferior branches of the left (and also, to a lesser 
extent, right) anterior cerebral arteries (ACA) (arrowheads) and of the right posterior middle cerebral artery (MCA) branches is seen primarily on mean 
transit time maps. The cerebral blood flow was also slightly decreased in the same territories, whereas cerebral blood volume was mainly preserved (it 
is lowered only in the left superior frontal gyrus (star)). CT angiogram confirmed the suspicion of moderate vasospasm of both A2 and A3 segments of 
the ACA (arrows), ultimately verified by gold standard digital subtraction angiography (DSA). No abnormality of the right posterior MCA branches was 
identified. Of note, the artifacts created by the coils on the CTA images, obscuring the A1 segments bilaterally and interfering with their evaluation.

Endovascular therapy (IA verapamil) was performed in the ACA territories during the DSA.
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posed of one or a few arteriovenous shunts, are probably ex-
treme cases of the more common angioarchitecture of an AVM 
that is made up of a number of shunts within the AVM nidus.

As a result, there is arteriovenous shunting with rapid 
flow and most probably accounting for the enlarged, flow-
remodeled afferent and efferent vessels. Often presumed to be 
congenital lesions as a result of embryonic maldevelopment 
during the 4th to 8th week, there is remarkably little evidence 
for this assertion. Further, there have been multiple reports 
of AVMs that grow or regress. In addition, there are reported 
cases of de novo AVM formation.135 There are substantial he-
modynamic effects of AVMs.

DSA is the gold standard imaging technique for the evalu-
ation of cerebral AVMs. Using DSA, one can obtain informa-
tion regarding the angio-architecture of brain AVMs including 
vascular composition of the nidus, types of feeding arteries, 
and types and patterns of venous drainage. Ancillary findings 
include flow-related aneurysms, extranidal and intranidal an-
eurysms, venous strictures, and venous varices. The timing of 
imaging after hemorrhage is critical as nidus compression by the 
hematoma may lead to falsely negative DSA if it is done soon 
after the initial hemorrhage.136 CT and MRI play a minor role in 
the diagnosis and management of cerebral AVMs. CT is the first-
line imaging technique for patients presenting with a suspicion 
of acute ICH. The unruptured AVM may not be seen on non-
contrast CT or may appear as a subtle, hyperdense region. After 
contrast administration, large, tortuous, high-density structures 
representing the serpentine vessels can be easily identified. 
MRI is used for AVM follow-up during and after treatment. On 
MRI, AVM features include enlarged cerebral arteries feeding 
the AVM, a cluster of signal voids representing the nidus, and 
enlarged draining veins. Secondary findings include gliosis or 
encephalomalacia from prior hemorrhage and/or areas of hy-
pointensity caused by hemosiderin from prior hemorrhage.

Ischemic Strokes
Acute ischemic stroke is defined as abrupt onset of a focal neu-
rological deficit due to a disturbance in the blood supply to a 
vascular territory in the brain. Rapid and accurate assessment 
is crucial for treatment, as acute intracerebral hemorrhage 
needs to be ruled out prior to the administration of known ef-
fective therapies such as intravenous thrombolytic drug ther-
apy.137 Guidelines are in place for early management (within 48 
hours of stroke onset) of patients with acute ischemic stroke.138 
Nonenhanced CT scan should be obtained within 25 minutes 
of a patient’s arrival in the ED. Brain imaging findings, includ-
ing the size, location and vascular distribution of the infarc-
tion, presence of bleeding, severity of ischemic stroke, and/or 
presence of large vessel occlusion, affect immediate and long-
term treatment decisions.138 Imaging in acute stroke patients 
should be targeted toward the assessment of the four Ps: pa-
renchyma, pipes, perfusion, and penumbra.139 In other words, 
establish a diagnosis as early as possible, rule out ICH, and 
obtain accurate information about the intracranial vasculature 
(ie, identification of intravascular thrombi) and brain per
fusion (differentiation of infarcted tissue from tissue at risk). 
Tissue at risk, or “penumbra,” is defined as an area of markedly 
reduced perfusion, with compromised function yet still viable 
neurons, which might benefit from timely reperfusion thus 
preventing irreversible damage.140,141

Computed Tomography and Acute Stroke
Noncontrast CT of the brain has traditionally been the first-line 
imaging study in acute stroke as it can detect “early signs” of 
stroke and accurately rule out hemorrhage, a contraindication 

to thrombolytic stroke therapies.142,143 Early CT findings of 
brain ischemia include (1) loss of contrast between white 
matter and grey matter (cortical ribbon and/or basal ganglia), 
(2) early mass effect, and (3) the presence of a hyperdense 
artery.144–149 However, noncontrast CT has limited sensitivity 
(55–82%) for the hyperacute stage of ischemic stroke.150,151 It 
may demonstrate subtle visible parenchymal damage within 3 
hours.152,153 Also, noncontrast CT cannot reliably differentiate 
between irreversibly damaged brain tissue and penumbra.

Emerging CT-based techniques have facilitated a more 
comprehensive multimodal evaluation of acute stroke. 
Noncontrast CT allows ruling out hemorrhage, CTA identifies 
intracranial thrombus, and PCT evaluates the functional state 
of ischemic brain tissue by differentiating between “at-risk” 
(the so-called “penumbra”) and irreversibly damaged brain 
tissue (Fig. 5.16).150

CTA allows a quick and detailed evaluation of the intra- 
and extracranial vasculature with thin-section multiplanar 
views.154,155 Its utility in acute stroke lies not only in its ability 
to detect large-vessel thrombi within intracranial vessels and 
to evaluate the carotid and vertebral arteries in the neck,156–158  
but also in its potential in guiding therapy. In particular, the 
exact location (ie, proximal vs. peripheral occlusions) and the 
extent of vascular occlusion have been shown to have prog-
nostic value in the response to thrombolytics and determina-
tion of collateral circulation and possible risk of subsequent 
recanalization.159 For example, “top of carotid” occlusions, 
proximal MCA branch occlusions, or significant thrombus 
burden might be poor candidates for intravenous thrombolyt-
ics, and possibly may be better candidates for intra-arterial or 
mechanical thrombolysis.160 The sensitivity and specificity of 
CTA for detection of intracranial occlusions ranges between 
92% and 100% and between 82% and 100% respectively, with 
a positive predictive value of 91–100%.154,161

PCT has now become the third component in the multi-
modal CT assessment of acute ischemic stroke.162 Compared 
with MR imaging, xenon-enhanced CT, positron emission 
tomography, and single photon emission CT, PCT is more 
widely available and can be performed quickly on any standard 
helical CT scanner immediately after noncontrast CT.163 PCT 
maps then can be generated in a short time at an appropriate 
workstation.163 PCT has been shown to be more accurate than 
noncontrast CT for stroke detection150 and for assessing the 
extent of the stroke.164 MTT maps were more sensitive, while 
CBF and CBV maps were more specific for distinguishing 
ischemia from infarction.164,165 PCT distinction of the infarct 
core from the penumbra is based on the concept of cerebral 
vascular autoregulation. In the penumbra, autoregulation is 
preserved, MTT is prolonged, but CBV is preserved because 
of vasodilatation and collateral recruitment as part of the au-
toregulation process. In the infarct core, autoregulation is lost, 
MTT is prolonged and CBV is down.166 Thus, using appropri-
ate MTT and CBV thresholds, infarct core and penumbra can 
be distinguished on PCT maps (see Fig. 5.16).167

Magnetic Resonance Imaging and Acute Stroke
Multimodal MRI including DWI, PWI and MRA affords sim-
ilar results to the CT-based multimodal techniques described 
above. DWI shows the infarct core, the DWI-PWI mismatch 
represents the penumbra, and MRA allows the assessment of 
vascular patency across the whole brain with high-resolution 
structural imaging (see Fig. 5.6).168,169

Although acute infarcts may be seen early on conventional 
MRI, DWI is more sensitive for the detection of hyperacute 
ischemia. DWI hyperintensity and ADC hypointensity occur 
shortly after acute ischemia as a result of a failure of the ATPase 
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pump, subsequent loss of ion homeostasis, and the movement 
of water into the intracellular compartment where it is rela-
tively restricted (cytotoxic edema).24 These radiographic find-
ings identify severely ischemic tissue within minutes of stroke 
onset, whereas conventional MRI and noncontrast CT images 
might be normal.

PWI changes precede the development of DWI lesions 
and, in the absence of reperfusion, the area of restricted diffu-
sion spontaneously progresses within the region of perfusion 
abnormality. Conversely, spontaneous or therapeutic recanal-
ization tends to prevent progression of this process. By comb-
ing the DWI and PWI image information, one can generate 
a composite so-called “diffusion-perfusion mismatch,”170 that 
is theorized to represent the tissue at risk, or penumbra. 
Penumbra as defined by the DWI/PWI mismatch is very sim-
ilar to the penumbra characterized by PCT.171 In as many as 
70% of acute strokes caused by MCA occlusion imaged within 
6 hours of onset, a DWI–PWI mismatch is present, the PWI 
lesion (hypoperfusion) being larger than the DWI core.170 

Two other patterns can be observed: (1) DWI lesion = PWI le-
sion size (ie, tissue is irreversibly infarcted and no penumbra 
is present); and (2) DWI lesion > PWI lesion or DWI lesion  
with no perfusion defect (ie, usually indicates early reper-
fusion of ischemic tissue, and the DWI lesion size does not 
change over time).172 However, there are some aspects of the 
mismatch concept that still need to be addressed. The initial 
DWI lesion abnormality can be reversible and thus includes 
areas of penumbral as well as infracted tissue.173,174 In addition, 
the PWI parameter most representative of hypoperfusion 
has not been clearly defined (eg, prolonged MTT or TTP). 
Nevertheless, the importance of the DWI–PWI mismatch 
hypothesis is the ability to potentially appropriately select 
patients in whom there is evidence of potentially salvage-
able tissue for therapeutic intervention. Several recent trials 
have studied MRI perfusion/diffusion mismatch. EPITHET 
(Echoplanar Imaging Thrombolytic Evaluation Trial) was de-
signed to answer the question of whether intravenous rtPA 
given 3 to 6 hours after stroke onset promotes reperfusion 
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Fig. 5.16  Modern computed tomography (CT) survey in a 57-year-old male patient admitted in our emergency room with a left hemisyndrome, 
including an unenhanced CT (first row), a perfusionCT (PCT) (rows 2 through 5) and a CT-angiogram (CTA) (right column). The unenhanced CT ruled 
out a cerebral hemorrhage. From the PCT raw data, three parametric maps were extracted, relating to mean transit time (MTT, second row), cerebral 
blood flow (CBF, third row), and cerebral blood volume (CBV, fourth row), respectively. Application of the concept of cerebral vascular autoregulation 
led to a prognostic map (fifth row), describing the infarct in red and the penumbra in green; the latter being the target of acute reperfusion therapies. 
CTA identified an occlusion at the right M1-M2 junction (arrow) as the origin of the hemodynamic disturbance demonstrated by PCT. CTA also 
revealed a calcified atheromatous plaque at the right carotid bifurcation (arrowhead).
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match” between perfusion-weighted and diffusion-weighted 
MRI. Intravenous rtPA was nonsignificantly associated with 
lower infarct growth but significantly associated with in-
creased reperfusion in patients who had mismatch.175 The 
Desmoteplase in Acute Ischemic Stroke (DIAS) 1 and 2 trials 
tested the concept of using advanced MR or CT for intrave-
nous fibrinolysis triage in the 3- to 9-hour time window.176,177 
Unfortunately, there was no clinical benefit demonstrated, 
although favorable trends were seen in the MR-selected pa-
tients.177 There are newer studies underway that incorporate 
the lessons learned from these experiences.
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The use of evoked electrophysiological responses during sur-
gery on the nervous system has become a common tool in the 
operating room. It is used to map the location of structures 
and to monitor the functional status of neural pathways to en-
hance intraoperative decision making and improve outcome. 
These techniques can be used during altered states of con-
sciousness such as during anesthesia or coma. A wide variety 
of techniques are available and many have been in use since 
the 1970s.

BASICS OF EVOKED POTENTIALS

Different than the electroencephalogram (EEG), which records 
the spontaneous electrical activity of the brain’s cerebral cortex, 
evoked potentials record the electrical potentials produced af-
ter stimulation of specific sensory or motor tracts. The evoked 
response is recorded as a plot of voltage versus time (Fig. 6.1). 
It usually has an initial artifact from stimulation of the nerve 
pathway followed by a series of peaks and valleys. The peaks 
arise from specific neural generators, often more than one neu-
ral structure. The amplitude (peak to adjacent trough) and the 
latency (time from the stimulation to the peak) are recorded. 
Peaks are usually named by convention (I through V, Pa, Pb, or 
by polarity and latency: P (positive) or N (negative) followed 
by the latency in milliseconds (msec) (eg, N20)).

When the response is large in comparison with background 
noise, one single evoked response may be sufficient (eg, 
muscle responses). However, for most sensory responses, the 
evoked response is very small (1–2 microvolts) compared to 
other electrical signals (eg, EEG, 10–1000 microvolts). As such 
signal averaging of many responses is used because the evoked 
response always occurs at a set time after stimulation, while 
the background activity acts as a random signal and averages 
out to zero. Some small responses may need several hundred 
to thousand signal averages requiring time for the recording.

Evoked responses are used for mapping and monitoring. 
Mapping involves stimulation and recording to identify the 
specific location of tracts or stimulation of an unknown struc-
ture to determine its function. Monitoring involves repeated 
stimulation of a neural tract at risk during a procedure to iden-
tify impending neural compromise by changes in amplitude or 
latency. Changes may be due to technical recording problems, 
alterations in anesthesia management, unfavorable physiolog-
ical or positioning conditions as well as problems caused by 
the surgery or procedure.

As a general principle, an amplitude reduction of 50% or la-
tency increase of 10% of a sensory evoked potential is consid-
ered significant and raises concern, although smaller changes 
may indicate impending compromise. For example, ischemia 
generally produces a loss of response, particularly if synaptic 
components are involved. Since the tolerance to ischemia (eg, 
time to irreversible injury) is related directly to the blood flow 
and metabolic demand, the monitoring may prompt actions to 
improve blood flow or to improve the tolerance to ischemia in 
order to reduce the chance of an injury. Fortunately the evoked 
response is altered at a level of blood flow well above the level 
that produces irreversible injury.

SOMATOSENSORY EVOKED 
POTENTIALS

The most commonly monitored sensory evoked potential is 
the somatosensory evoked potential (SSEP).1,2 The SSEP is 
produced by stimulation of a peripheral sensory nerve with 
the response measured along the sensory pathway. The large, 
mixed motor and sensory nerves (and their component spi-
nal roots) that are usually used are median (C6–T1), ulnar 
(C8–T1), and posterior tibial (L4–S2). Stimulation activates 
predominantly the large-diameter, fast-conducting Ia mus-
cle afferent and group II cutaneous nerve fibers, which pro-
duce the recorded sensory response. Activation of motor 
fibers in the nerve results in a motor response seen as muscle 
contraction.

It is currently thought that the neural activity follows the 
pathway of proprioception and vibration that ascends the 
spinal cord in the ipsilateral dorsal column. It makes its first 
synapse near the nucleus cuneatus and nucleus gracilis and 
then decussates near the cervico-medullary junction, ascend-
ing via the contralateral medial lemniscus. A second synapse 
occurs in the ventro-postero-lateral nucleus of the thalamus, 
from which it projects to the sensory cortex contralateral to 
the side of stimulation. For the upper extremity, the evoked 
responses can be measured from electrodes placed over the 
antecubital fossa, supraclavicular fossa (brachial plexus), cer-
vical spine, and cortex (Fig. 6.2); for the lower extremity, they 
can be recorded over the popliteal fossa, along the spinal cord 
(eg, epidural electrodes), and at cervical and cortical locations. 
Recordings are usually conducted at multiple recording sites 
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Fig. 6.1  Visual evoked response tracing of amplitude versus time 
after stimulus. The measurement of latency and amplitude for the 
negative peak at 70 msec (N70) is shown.
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to verify that the nervous system is stimulated and to identify 
the anatomic location of neural compromise if the response 
is lost.

The cortical response is most frequently recorded over the 
primary somatosensory cortex of the sensory area of the nerve 
stimulated. The major cortical peaks are probably the result of 
the thalamocortical projections to the primary sensory cor-
tex.1 Responses recorded posteriorly over the cervical spine 
(subcortical response) probably represent responses of the 
tracts in the spinal cord or brainstem.1

Mapping Using Somatosensory  
Evoked Potentials
The SSEP can be used for mapping in the spinal cord and the 
somatosensory cortex. For example, if the surgeon wishes to 
make a midline posterior myelotomy for entry into the spinal 
cord to operate on a spinal cord tumor, the midline can be 
identified by placing a series of electrodes across the posterior 
spinal cord. The midline lies between the maximal response 
recorded from individual stimulation of the left and the right 
peripheral nerves.

The SSEP can also be used to identify the location of the 
sensory strip on the cerebral cortex.3 Localization is accom-
plished by recording of the cortical component (N20) of the 
median nerve SSEP with use of bipolar recording strips placed 
on the cortex. The central gyrus separating the motor and 
sensory strips is identified from a phase reversal (initial wave 
changes from positive to negative) of the response.3

Cortical Monitoring Using Somatosensory 
Evoked Potentials
The cortical SSEP has been used to detect ischemia in cortical 
tissue by amplitude reduction. Although the clinical exam-
ination becomes abnormal at a cortical blood flow of about 
25 mL/min/100 g, the SSEP becomes abnormal at about 20 mL/
min/100 g and is lost at 15 and 18 mL/min/100 g. Subcortical 
regions, brainstem, spinal cord, and nerve appear to be less 
sensitive to hypoperfusion. Hence, the SSEP is used to monitor 

procedures such as carotid endarterectomy (CEA) where 
changes have been used as an indication for shunt placement 
and to predict postoperative morbidity. In some respects, use 
of the EEG and SSEP in CEA are complimentary because the 
SSEP is able to detect ischemia in deep cortical structures, and 
the EEG assesses a wider area of surface cortex.

Similarly, the SSEP is employed during intracranial vascu-
lar procedures to determine the adequacy of collateral blood 
flow, tolerance to temporary vessel occlusion, or the adequacy 
of systolic blood pressure. Because the SSEP from the upper 
extremity is generated in the cerebral cortex supplied by the 
middle cerebral artery, it can be utilized during surgery for an-
eurysms of the internal carotid and middle cerebral arteries. 
Similarly, the SSEP from the lower extremity can be used to 
evaluate ischemia during vascular procedures on the anterior 
cerebral artery. Monitoring of ischemia in these arteries may 
require both upper and lower SSEPs, depending on the vascu-
lar perforators (eg, lenticulate striate perforators supplying the 
internal capsule) and their impact on the subcortical pathways 
(eg, the descending motor tracts requiring motor evoked po-
tentials as below).

Monitoring during temporary clipping in aneurysm sur-
gery has shown that a very prompt loss of cortical SSEP re-
sponse (less than 1 minute after clipping) is associated with 
a permanent neurologic deficit. However, a delayed loss with 
prompt recovery after release of the clip is associated with col-
lateral circulation and a markedly reduced incidence of neural 
morbidity. Symon and colleagues4 have suggested that when 
the N20 of the median nerve SSEP disappears slowly (over 4 
minutes), 10 additional minutes of occlusion can be tolerated 
safely. A correlation between outcome and monitoring during 
anterior circulation aneurysms has been observed.5

In addition, monitoring can be used to identify ischemia 
from vasospasm or when a combination of factors produces 
unexpected ischemia (eg, retractor pressure, hypotension, 
temporary clipping, and hyperventilation). SSEP monitoring 
during neuroradiological procedures like occlusion of vessels 
or during streptokinase dissolution of blood clots is equally 
effective.

C4 — Knee
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Fig. 6.2  Example of the somatosensory evoked potential peaks and the corresponding anatomy as recorded from the sensory cortex (C4 in the 
international 10–20 system referenced to the knee). Positive peaks are labelled as “P” followed by the approximate time in milliseconds from median 
nerve stimulation. (From Wiederholt WC, Meyer-Hardting E, Budnick B, et al: Stimulating and recording methods used in obtaining short-latency 
somatosensory evoked potentials[SEPs] in patients with central and peripheral neurologic disorders. Ann N Y Acad Sci 1982;388:349.)
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Monitoring in Spinal Surgery
The SSEP can be used during brainstem or spinal procedures. 
Perhaps the most common application has been to reduce the 
risks of spinal cord or axial surgery where it can identify me-
chanical or ischemic insults (Fig. 6.3). Monitoring is estimated 
to reduce the morbidity in spinal surgery by 50– 80%.6

The basis of monitoring spinal surgery in humans is 
founded in studies in animals where compromise of the spi-
nal cord results in SSEP latency and amplitude changes simul-
taneous to loss of clinical motor function. Because current 
spinal instrumentation techniques present multiple potential 
insults, a nearly continuous monitoring technique (eg, SSEP)  
is an important advantage for identifying a specific insult. 
In addition, the SSEP may identify physiologic insults (eg, 
hypotension) or positioning problems. The once frequently 
used wake-up test is utilized less since the introduction of 
SSEP monitoring and is now often reserved for assessment 
of motor function when motor evoked potentials (MEPs) are 

not recordable or to confirm motor function when evoked re-
sponses deteriorate.

Studies in humans also indicate that the SSEP is predictive 
of neural outcome.7,8 The utility of the SSEP in spinal surgery 
was shown by the Scoliosis Research Society and European 
Spinal Deformities Society in 1995. In 51,263 spinal deformity 
operations (scoliosis, kyphosis, fractures, and spondylolis-
thesis) the overall injury incidence was 0.55%; well below the 
0.7–4% historical average without monitoring.9 This and other 
studies led the Scoliosis Research Society to develop a position 
statement that made monitoring a virtual standard of care.10

Based on these results, Nuwer estimated the economic im-
pact of SSEP monitoring. Approximately 200 cases at a cost of 
$120,000 (1995 dollars) were required to prevent one major, 
persistent neurologic deficit, which is small compared with 
the cost of lifelong medical care.9

However, the correlation of SSEP and neural injury is not 
exact; the incidence of a major motor injury without SSEP 
warning was 0.063% (about 1 in 1500 procedures). This high-
lights the anatomic difference of the SSEP and motor path-
ways in the spinal cord. Therefore, the ability of the SSEP to 
predict most motor deficits probably results from insults that 
affect the entire cross-section of the spinal cord. More recent 
evidence-based reviews reinforce the use of monitoring in 
spine surgery.7,8

Recording Somatosensory Evoked 
Potentials from the Spinal Column
The spine has also been monitored using stimulation and re-
cording from epidural or electrodes in the bony spine in an 
attempt to monitor motor tracts. Problems with these tech-
niques include lack of laterality and that the actual neural 
tracts monitored are not known. The MEP (see below) has 
generally replaced spinal stimulation techniques since they 
may be primarily assessing sensory tracts.11

AUDITORY BRAINSTEM 
RESPONSES

The auditory brainstem response (ABR) is a sensory evoked 
potential which is produced when sound activates the audi-
tory pathway. The term auditory brainstem response refers 
to the responses from the brainstem in the first 10 msec after 
stimulation (Fig. 6.4). They are also referred to as the brain-
stem auditory evoked response (BAER) and brainstem audi-
tory evoked potential (BAEP). The sound activates the cochlea 
and the resulting nerve impulse travels via the eighth cranial 
nerve, the brainstem acoustic nuclei, and lemniscal pathways, 
eventually to activate the auditory cortex. Five ABR peaks are 
seen (numbered I–V) with monitoring of I, III, and V.12 It is 
postulated that wave I is produced by the extracranial portion 
of cranial nerve (CN) VIII, wave III by the cochlear nucleus, 
and wave V by the lateral lemniscus and inferior colliculus in 
the contralateral pons.13

The ABR is used extensively for monitoring during poster
ior fossa surgery, because of its importance for hearing and the 
frequent involvement of the cochlear nerve by tumors in this 
region.12,14 Quite resistant to the effects of anesthesia, a variety 
of factors alter the ABR. They include sound conduction prob-
lems in the external or middle ear, ischemia of the cochlea, 
traction on cranial nerve VIII, and ischemia or neural damage 
to the auditory pathways in the brainstem.

Common changes seen intraoperatively with ABR record-
ings are increases in the latency of wave V and increases in 
the interpeak latency of I–V with retractor placement in the 
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Fig. 6.3  Example of somatosensory evoked potential monitoring for 
a patient undergoing surgery. Baseline recordings the afternoon prior 
to operation were normal (A). B shows recordings after the induction of 
anesthesia. Responses were abolished after passing sublaminar wires 
around the laminae (C). The wake-up test showed inability to move the 
legs (D). After 15 minutes, the poorly defined potentials reappeared (E). 
After closure of the wound, evoked potentials showed a little increased 
latency (F), with normal overall waveform (G). (From Mostegl A, Bauer 
R, Eichenauer M: Intraoperative somatosensory potential monitoring: A 
clinical analysis of 127 surgical procedures. Spine 1988;13:396.)
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posterior fossa. These changes, if mild, are reversible and con-
sidered part of a routine procedure. Complete loss of wave I 
can be due to the loss of the cochlear blood supply as a re-
sult of vascular obstruction or vasospasm15 or transection of 
the nerve by the surgeon. In general, if waves I and V are pre-
served, hearing is preserved, but if they are both lost, there is 
little chance of preservation of hearing postoperatively.

ABRs are also used to evaluate general brainstem viability 
such as decompression of space-occupying defects in the cer-
ebellum, removal of cerebellar vascular malformations, and 
microvascular decompression for relief of hemifacial spasm or 
trigeminal neuralgia. The SSEP and motor evoked potentials 
are typically combined with ABRs to more comprehensively 
monitor brainstem integrity.

VISUAL EVOKED POTENTIALS

Visual evoked potentials (VEPs) are produced in response 
to light stimulation of the eyes (see Fig. 6.1). The most com-
monly recorded responses appear to be generated bilaterally in 
the visual (occipital) cortex. Under anesthesia, flash stimula-
tion through closed eyelids or stimulators mounted on scleral 
caps are used. The response of the retina (electroretinogram 
[ERG]) can also be measured. They are considered less use-
ful in surgical monitoring because flash stimulation does not 
appear to measure the pathways of useful clinical vision, the 
typical large, bulky “goggles” pose technical problems, anes-
thetic sensitivity, and that the bilateral response from either 
eye obscures some focal changes.

BASIC ELECTROMYOGRAPHIC 
MONITORING

Recording muscle electrical activity using needle electrode 
pairs is called electromyography (EMG). Two types of intra-
operative EMG monitoring are common: recording sponta-
neous activity and recording triggered responses subsequent 

to stimulation of motor nerves or motor pathways. The re-
sponses are sufficiently large (0–1.5 millivolts) so averaging is 
not necessary allowing immediate feedback. Spontaneous ac-
tivity is observed continuously with stimulation used for spe-
cific activities. Direct feedback to the surgeon can be achieved 
by the playing of these responses through a loudspeaker. EMG 
monitoring has found wide application in surgery of the pos-
terior fossa, skull base, spine, cauda equina, head and neck, 
and peripheral nerves.

The EMG response that results from irritation of a nerve is 
a recording of the generated motor unit potentials of individ-
ual axon-muscle fiber groups. Neurotonic discharges, caused 
by mechanical or metabolic stimuli, are high-frequency inter-
mittent or continuous bursts of motor unit potentials and are a 
sensitive indicator of nerve irritation (Fig. 6.5). Activity can be 
bursts lasting less than 200 msec with single or multiple motor 
unit potentials firing at 30 to 200 Hz, or they can be long trains 
of activity lasting 1 to 30 seconds or more.16 Short bursts rep-
resent nerve irritation exemplified by relatively synchronous 
motor unit discharges from a response of multiple axons from 
nerve irritation. When these are of sufficient amplitude or du-
ration they raise concern. Causes of irritation include nearby 
mechanical stimulation (eg, dissection, ultrasonic aspiration 
or drilling), nerve retraction, thermal irritation (eg, heating 
from irrigation, lasers, drilling, or electrocautery), and chemi-
cal or metabolic insults. Prolonged irritation may lead to long 
trains of continuous, synchronous motor unit discharges and 
are associated with impending nerve injury (nerve compres-
sion, traction, or ischemia of the nerve). Sharp transection of 
nerves may fail to provoke any discharge.17

Direct stimulation of neural tissue can be used for mapping 
to locate a nerve of interest or to assess its function. The elec-
trical responses recorded from intentional nerve stimulation 
(to determine whether the neural tract is intact) or MEPs (see 
later) are called compound muscle action potentials (CMAPs). 
The nerve is stimulated by bipolar or monopolar electrodes 
with fine tips. The EMG response that results from single or 
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Fig. 6.4  Normal auditory brainstem response tracing and corresponding region of brainstem generating the response peaks (labeled by Roman 
numerals by convention). I. organ of Corti and extracranial cranial nerve VII; II. cochlear nucleus; III. superior olivary complex; IV. lateral lemniscus; 
V. inferior colliculus; VI. medial geniculate body; VII. auditory radiation. (From Aravabhumi S, Izzo KL, Bakst BL, et al: Brainstem auditory evoked 
potentials: Intraoperative monitoring technique in surgery of posterior fossa tumors. Arch Phys Med Rehabil 1987;68:142.)
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multiple stimuli of low-intensity current (0.5–5 milliAmperes 
[mA]) and short duration (0.5–1 msec) will identify cranial 
nerves or assess damaged peripheral nerves.

Mapping techniques include stimulation to identify motor 
cranial nerves (CN) near or intertwined in brainstem tumors 
or identify the location of cranial nerve nuclei on the posterior 
surface of the brainstem. Locating CN nuclei allows “safe en-
try” zones to be located for surgery to resect deeper pathology. 
It has also been used to identify nerve rootlets for resection 
to minimize childhood spasticity.18 Finally, mapping is ex-
tensively used in surgery on the cauda equina to determine if 
tissue tethering the spinal cord is functional (particularly to 
preserve key roots for anal and urethral sphincter control).

The EMG is resistant to the effects of most physiologic vari-
ables (temperature, blood pressure) and anesthetics, except for 
neuromuscular blockade (NMB). Electrically stimulated re-
sponses can usually be monitored with NMB with 75% or less 
suppression of baseline CMAPs. Small-amplitude responses from 
irritation, especially in damaged or poorly functioning nerves, 
may be difficult to detect during controlled muscle relaxation 
such that partial NMB should be used only when necessary.19

Cranial Nerve Monitoring
EMG is used to monitor cranial nerves because they are sus-
ceptible to intraoperative damage owing to their small size, 
limited epineurium, and complicated course. The damage 
occurs from either surgical trauma or ischemia and leads to 
paresis or paralysis with subsequent disability or deformity 
and, possibly, chronic pain. Cranial nerves are at risk during 
excision of tumors of the skull base, brainstem, and cerebel-
lopontine angle. All cranial nerves with a motor component 
can be monitored using their respectively innervated muscles 
(Table 6.1).

Facial Nerve
The most commonly monitored cranial nerve is the facial nerve 
(CN VII). The muscles used for monitoring are the orbicularis 
oculi and orbicularis oris ipsilateral to the surgical site. The 

facial nerve may be intertwined within brainstem tumors so 
monitoring, stimulated and continuous, allows identification 
of the nerve in the operative site and warning of unrecognized 
proximity of the nerve to surgical activity. Identification is 
particularly helpful during surgery for vestibular schwanoma 
(acoustic neuroma), and monitoring increases the likelihood 
that the anatomic integrity of the nerve will be maintained. 
If intact at the end of surgery, more than 60% of patients will 
regain at least partial function by several months postopera-
tively.15 A reduction in the size of stimulated CMAPs of the 
facial nerve (CN VII) and the presence and duration of the 
neurotonic discharges during surgery correlate with immedi-
ate and long-term changes in neurologic function.20,21

Because of the improvement in outcome in vestibular 
schwanoma surgery, a National Institutes of Health consensus 
panel concluded that facial nerve monitoring should be made 
a standard of care.22 Because of its course and location, it is 
also commonly monitored in other procedures in the cerebel-
lopontine angle. Facial nerve EMG monitoring is also utilized 
in surgery of the head and neck, particularly with parotid tu-
mors, which may encase extracranial branches of the nerve.

Other Cranial Nerves
Monitoring of other cranial nerves has been used in surgery on 
the base of the skull, cavernous sinus, and posterior fossa.12,15,17 
Vagus nerve (CN X) monitoring is common in skull base and 
anterior neck procedures. Monitoring of the recurrent laryn-
geal and superior laryngeal branches via the vocalis muscles 
is used in procedures such as neck dissections, thyroid and 
parathyroid removal, and anterior cervical spine fusions.12 
Monitoring is frequently requested with thyroid surgery when 
the risk is increased as with malignancy, re-exploration for 
hemorrhage, during a second operation, and when anatomic 
distortion is present.23

In posterior fossa surgery, monitoring of EMG events 
correlates with postoperative neurologic status. In a study 
monitoring three cranial nerves (CN IX, X, XII) in pediatric 
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Fig. 6.5  Examples of continuously recorded muscle potentials during 
posterior fossa surgery. Responses are recorded from the orbicularis 
oculi, orbicularis oris, and mentalis muscles. Top, Multiple short 
responses (neurotonic bursts) in the mentalis muscle from dissection 
near the fifth cranial nerve. Bottom, Prolonged neurotonic discharges 
in the other muscles after irrigation with cool fluids. (From Cheek 
JC: Posterior fossa intraoperative monitoring. J Clin Neurophysiol 
1993;10:412.)

Cranial 
Nerve  Monitoring Site or Method*

I Olfactory No monitoring technique

II Optic Visual evoked potentials

III Oculomotor Inferior rectus muscle

IV Trochlear Superior oblique muscle

V Trigeminal Masseter muscle and/or 
temporalis muscle (sensory 
responses can also be 
monitored)

VI Abducens Lateral rectus muscle

VII Facial Orbicularis oculi and/or 
orbicularis oris muscles

VIII Auditory Auditory brainstem responses

IX Glossopharyngeal Stylopharyngeus muscle 
(posterior soft palate)

X Vagus Vocal folds, cricothyroid muscle

XI Spinal accessory Sternocleidomastoid and/or 
trapezius muscles

XII Hypoglossal Genioglossus muscle (tongue)

Table 6.1  Monitoring of Cranial Nerves

*Unless otherwise specified, monitoring is performed via 
electromyographic activity of the muscle(s) listed.
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patients undergoing removal of tumors in the brainstem, a 
positive EMG event resulted in a postoperative deficit in 73% 
of patients. Recurrent spontaneous neurotonic EMG activ-
ity from all three nerves was always associated with a deficit. 
Postoperative aspiration pneumonia or a need for tracheotomy 
was always associated with abnormal intraoperative EMG ac-
tivity in at least one of these nerves.24

Monitoring of the Peripheral Nervous 
System
EMG can be used for identifying peripheral nerves, localizing 
pre-existing disease along the course of a nerve, determining 
the functional continuity across lesions and the likelihood of 
nerve root avulsion, identifying targets for nerve biopsy and 
injured segments within the brachial plexus, and monitor-
ing intact nerves to prevent inadvertent surgical injury. With 
nerve trauma, neuropraxic or axonotmetic injury is associated 
with continuity such that the nerve can be expected to recover 
over time through remyelination or axon growth. Absence 
of continuity across an injury site, signified by loss of distal 
CMAP, indicates complete disruption of the axon, sheath, and 
connective tissue (neurotmesis) and requires grafting for sat-
isfactory outcome. In some cases the EMG response can be 
combined with a sensory response to define an area of lesion.25

EMG monitoring is employed when injury to a nerve root 
may occur during procedures on the spinal column with or 
without instrumentation, and for the removal of tumors and 
tethering the cauda equina. For monitoring of the spinal nerve 
roots, muscles are chosen based on their myotomes of the 
nerve roots at risk (Table 6.2).

Electromyography during spinal column surgery is more 
sensitive than SSEP for detecting nerve root injury because 
multiple nerve roots and overlapping sensory dermatomes 
contribute to the cortical SSEP and alteration of individual 
root may not be detected. Sensory responses from dermato-
mal stimulation have been used (dermatomal evoked poten-
tials); however, these are not commonly used, particularly due 
to anesthetic sensitivity and slow acquisition time.

Nerve roots are at risk during spine surgery due to instru-
mentation, such as pedicle screw placement, that may medially 

violate the bony pedicle wall and irritate adjacent nerve roots 
(15–25% of cases).26 EMG can be used to test screw placement 
through stimulation of the screw or screw-hole. Because the 
bone cortex has a higher resistance to current flow, a high 
threshold (eg, over 10 mA) indicates the screw is seated well in 
the bone. A lower threshold (eg, 6–10 mA) indicates a breach 
in the bony cortex prompting reassessment of the screw place-
ment. A very low threshold (eg, less than 6 mA) suggests the 
screw may be near or touching the nerve (prompting con-
sideration for removal and repositioning).27 Abnormal nerve 
function resulting from conditions such as diabetes or chronic 
compression through mechanisms of axonotmesis, has a much 
higher threshold. Poor bone density may lower thresholds.25,28 
Numerous studies support the sensitivity of EMG monitoring 
in preventing nerve root injury.29,30

Electromyography has proven useful in monitoring proce-
dures on the cauda equina. Release of tethered cord and tumor 
excision carry the risk of damage to nerve roots innervating 
the muscles of the leg, anal and urethral sphincters, and the 
parasympathetic innervation of the bladder detrusor muscle. 
Spontaneous and evoked EMG recordings of the cauda equina 
and tumor aid in differentiating nerves from non-neural tis-
sue. The stimulation threshold for filum terminale fibers may 
be 100 times that for motor nerve fibers.31 Monitoring can 
be predictive of postoperative deficits. If the caudal end of 
the spinal cord is stimulated to evoke a motor response after 
untethering, those patients in whom the voltage needed for 
muscle activation increased had worsening of motor function 
postoperatively.32

As with other spinal surgery, a multimodality approach 
is used for cauda equina procedures (EMG from anal and 
urethral sphincters, bladder pressure, tibial nerve SSEP, and 
motor pathway monitoring). Urethral sphincter EMG may 
be recorded using a bladder catheter with electrodes attached 
2 cm from the inflating balloon.33 Anal sphincter EMG prob-
ably provides the same information as bladder sphincter 
EMG since the innervation of both are from S2–S4 segments. 
Ensuring the integrity of the parasympathetic innervation to 
the detrusor muscle involves a technique of measuring bladder 
pressure in response to continuous stimulation of the filum.34

Monitoring of Reflex Responses
Another method of monitoring the cauda equina, nerve roots, 
and spinal cord is to monitor the reflex responses that can be 
recorded in the peripheral nerve and muscle after stimulation 
of a peripheral nerve.26 The recorded muscle response usually 
consists of three responses. The first is a CMAP from motor 
fiber stimulation (M response), second is the Hoffmann’s (H) 
reflex resulting from a sensory to motor reflex in the spinal 
cord, and last is the F wave produced as the traveling wave in 
the motor nerve is reflected at the spinal cord. The H reflex is 
occasionally used to monitor the sensory and motor efferents 
in the nerve as well as the reflex pathway in the spinal cord.

These reflexes also monitor the integrity of the spinal cord 
more cephalad because several descending pathways contrib-
ute to the excitability of the anterior horn cell. Changes in 
these pathways can alter the reflex response such that injury 
to the spinal cord affects the more caudal H reflexes due to 
spinal shock. The extent of H reflex suppression correlates 
with the degree of spinal injury, a 90% depression correlates 
with a postoperative neurologic deficit.35,36 The H reflex has 
been shown to be more sensitive than SSEPs to spinal cord 
injury. The most often recorded H reflex is the gastrocnemius 
response after stimulation of the posterior tibial nerve (S1 spi-
nal segmental function).

Spinal Cord Nerve(s) Muscle(s)

Cervical C2–C4 Trapezoids, sternocleidomastoid

 C5, C6 Biceps, deltoid

 C6, C7 Flexor carpi radialis

Thoracic C8–T1 Adductor pollicis brevis, abductor  
digiti minimi

 T5–T6 Upper rectus abdominis

 T7–T8 Middle rectus abdominis

 T9–T11 Lower rectus abdominis

 T12 Inferior rectus abdominis

Lumbar L2 Adductor longus

 L2–L4 Vastus medialis

Lumbosacral L4–S1 Tibialis anterior

 L5–S1 Peroneus longus

Sacral S1–S2 Gastrocnemius

 S2–S4 Anal sphincter

Table 6.2  �Nerve Roots and Muscles Most  
Commonly Monitored
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 MOTOR EVOKED POTENTIALS

The Motor evoked potential (MEP) is the most recent addi-
tion to the SSEP and EMG in routine intraoperative neuro-
physiologic monitoring (IOM) in surgeries where the motor 
tracts are at risk. The MEP is produced by transcranial mul-
tipulse electrical stimulation of the motor cortex using scalp 
electrodes.37–40 Manipulation of the number of stimuli, time 
between stimuli, stimulus duration and stimulation voltage or 
current optimize the amplitude and complexity of the muscle 
response,41–43 which results in a D wave (direct) and several 
subsequent I (indirect) waves which descend in the cortical 
spinal tract (CST). It crosses the midline in the brainstem and 
descends in the ipsilateral anterior funiculi of the spinal cord 
to the anterior horn and neuromuscular junction after which a 
compound muscle action potential (CMAP) of about 4–5% of 
the muscle fibers results43 (Fig. 6.6). Routine stimulation uses 
three to seven high-frequency pulses at 100–600 V; stimulation 
above 600 volts can activate the CST in deeper regions of the 
cortex. Direct cortical simulation is sometimes utilized during 
craniotomy.

The CMAP which results from standard motor cortex 
stimulation is sufficiently large that a single response can be 
acquired in less than 10 seconds. This short testing time al-
lows testing between critical surgical maneuvers so that mus-
cle movement does not interfere with critical surgical events. 
The motor response involves all muscles such that the most 
common injury is a tongue laceration, which is avoided by 
placing a soft bite block in the mouth (often bilateral soft rolls 
between the molars).

Monitoring usually uses CMAP from muscles innervated 
by the regions of the central nervous system at risk. Muscle 
responses differentiate laterality and identify change in CST, 
gray matter, peripheral nerve, and muscle. Frequently the MEP 
is recorded from the upper extremity (abductor or flexor pol-
licis brevis) and lower extremity (primarily, abductor hallucis 
brevis and tibialis anterior) and other muscles as appropri-
ate for the specific procedure. A typical CMAP is polyphasic 

with consistent onset latency and amplitude between 100 and 
2000 μV43 (see Fig. 6.6). In some cases spinal cord D wave re-
sponses are monitored using an epidural electrode. D waves 
do not differentiate laterality; the amplitude correlates with 
the number of functioning fibers of the corticospinal tract and 
mitigates the difficulty obtaining a CMAP due to neurologic 
conditions.

As opposed to the SSEP where a 50% amplitude reduction or 
10% latency increase is cause for concern, identifying a signifi-
cant change in a MEP CMAP response is less clear. Suggested 
criteria for concern have included loss of signal, significant 
decreases in amplitude (usually >70%), increases in latency, 
changes in the complexity of the response, and the failure of 
the signal amplitude to return to baseline. Another cause for 
concern is the need to increase the stimulation strength, such 
as increases in stimulus strength (>50 V) or increases in the 
number of stimuli required. Return of MEP after an interven-
tion is associated with good outcomes; failure to recover is as-
sociated with postoperative neurologic change.44–47

MEP can be difficult to obtain due to pre-existing medical 
conditions or anesthetic conditions. In adults, vascular dis-
ease, poor perfusion and myelopathy are common predictors 
for failure to obtain MEP.48–52 Other conditions associated with 
poor quality or absent responses are extremes of age, spinal 
cord injury, diabetic peripheral neuropathy, and genetic mus-
cular dystrophies.53 Anesthesia combined with pre-existing 
medical conditions can make a response difficult to obtain. 
Children under 6  years have an immature central nervous 
system that requires specialized MEP stimulation.54,55 In these 
patients the anesthetic choice is critical (see below).

MEP monitoring has become favored in many procedures 
because changes correlate with postoperative motor outcome. 
This is due to the monitoring of the CST and because the mo-
tor pathways are more sensitive to ischemic insults caused by 
stretch, compression, vascular disruption or direct trauma. 
The increased MEP sensitivity, when compared to SSEP, is 
due to synaptic transmission through the spinal cord and de-
creased redundancy in perfusion. The MEP response recovers 

Milliseconds

Motor cortex

Spinal cord

NMJ

NMJ

Muscle

Spinal cord

Arm

Leg

CMAP

D I1 I1

Millivolts

Fig. 6.6  Motor evoked potentials are produced by 
stimulation of the motor cortex (arrow). The response can 
be recorded epidurally over the spinal column as a D wave 
followed by a series of I waves. The pathway synapses in the 
anterior horn of the spinal cord and the response travels to 
the muscle through the neuromuscular junction (NMJ). The 
response is typically recorded in the muscle as a compound 
muscle action potential (CMAP). (From Jameson LC, Sloan 
TB: Monitoring of the brain and spinal cord. Anesthesiol Clin 
2006; 24:777.)
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quickly from transient but not prolonged ischemia, which cor-
relates with long-term outcome.44–47

Direct MEP cortical stimulation or motor mapping is used 
to identify the motor cortex during intracranial procedures 
and to delineate the demarcation between functional tissue 
and tumors or a seizure focus. It is the only tool available to 
identify the motor cortex, brainstem motor nuclei, and spi-
nal cord motor pathway in anesthetized patients.56,57 During 
tumor excision, motor mapping guides surgical interventions, 
allowing a more complete resection while reducing the risk 
of potential surgical injury exceeding the gain in long-term 
well-being.

Changed outcome by determining the “edge” of the func-
tional tissue thus modifying tumor excision is difficult to 
systematically evaluate. A review of the intracranial motor 
mapping with MEP when combined with fluorescein dye 
techniques provided the best long-term and immediate neu-
rologic results in glioma resection.57 The long-term outcome 
is significantly improved by more extensive tumor resection 
in both children and adults for all supratentorial tumors.58 The 
only available large single center study (n = 883) found that the 
addition of MEP to awake craniotomy near the motor cortex 
reduced the persistent motor deficit to 5.9%, much lower than 
procedures without MEP.59 A reduction in postsurgical motor 
loss has likewise been reported in brainstem surgery.

Similar to the SSEP, the MEP can be used to monitor 
during procedures to identify ischemia in the motor cortex. It 
is critical to adjust the stimulation parameters to ensure that 
the stimulated motor pathway includes only the motor cortex. 
The intensity of MEP stimulation should be at the lowest 
possible to prevent deeper stimulation of the internal capsule 
or the brainstem which bypasses the cortex at risk. Proper 
stimulation and the correct anesthesia regimen will also pre-
vent unacceptable movements during testing.60 The infusion 
of high doses of short-acting narcotics and propofol in addi-
tion to less than half MAC inhalation agents has been used to 
minimize movements during testing.60

A good example of use during intracranial surgery is during 
procedures on aneurysms and arteriovenous malformations 
(AVM) where areas of hypoperfusion can occur during the 
endovascular embolization, resection, or temporary and per-
manent clipping. MEP change followed by therapeutic in-
tervention appears to substantially reduce permanent injury. 
Two large studies found between 13% and 33% of patients had 
reversible MEP changes; these patients had no persistent neu-
rologic changes. Patients with permanent MEP change (about 
20%), all had permanent neurologic deficits.61–64

MEP tends to be more sensitive to ischemia, detecting 
changes earlier than SSEP by about 15 minutes and detect-
ing lesser degrees of ischemia. The use of SSEP and MEP can 
complement each other during the clipping of an aneurysm. 
SSEP is particularly effective when movement from MEP will 
be disruptive. Changing patient management in response to 
MEP changes has been reported to substantially reduce per-
manent injury. Reversible MEP changes occur in 13–33% of 
patients undergoing ablation of an aneurysm or AVM. These 
patients had no persistent neurologic changes while patients 
with permanent MEP change did have a postoperative defi-
cit. About 20% of all patients had permanent neurologic defi-
cits.61–64 Because of the ability of the MEP to be completed in 
very short time compared with the SSEP, it can be used to give 
feedback more readily after clipping or testing periods. If burst 
suppression is induced with a high dose of propofol, a change 
or loss of MEP amplitude in the lower extremities may occur. 
This may require adjustment of the stimulating parameters to 
avoid false-positive changes.

The choice of muscles for monitoring cortical ischemia 
depends on the vascular structures at risk. Ischemia in the 
distribution of the middle cerebral artery (MCA) involves 
the motor and sensory cortex of the contralateral hand while 
ischemia in the anterior cerebral artery (ACA) involves the 
contralateral lower extremity. Trapping of an anterior com-
municating artery (ACOM) aneurysm requires the temporary 
clipping of both ACA arteries, which may lead to ischemia 
in the distribution of both anterior arteries and can result in 
changes of SSEP and MEP in either or both of the lower ex-
tremities. Trapping of a basilar artery aneurysm can result in 
changes in any of the upper or lower extremities (in addition 
to the ABR).

During certain deep and large aneurysms located at the 
carotid terminus or paraophthalmic artery, the neurosurgeon 
may elect to place an intracarotid balloon that can be inflated 
to supplement temporary clips on both MCA and ACA. This 
occlusion can lead to hemispheric ischemia with SSEP and 
MEP changes in both contralateral upper and lower extremi-
ties. In addition to cortex ischemia, clipping of aneurysms can 
be associated with inadvertent clipping of small perforating 
arteries which supply the subcortical CST.

During these procedures MEP changes after permanent 
clipping suggests clip repositioning may be needed. Early 
changes after temporary clips are associated with worse out-
come and should be quickly addressed by unclamping the 
artery to restore circulation and waiting for signals to return. 
Changes can also be utilized during reconstruction of giant 
and large aneurysms. This requires both proximal and distal 
temporary clips so as to enable the opening of the aneurysm, 
removal of the clot, and reconstruction of the base of the an-
eurysm as a wall for the artery. During reconstruction, the sur-
geon is unable to release the temporary clips and restore blood 
flow. If SSEP or MEP changes occur, the surgeon needs to 
finish quickly to facilitate a response recovery after restoring 
blood flow. Reconstruction may be associated with narrowing 
of the blood vessel or vascular spasm, both of which may be 
associated with late MEP or SSEP changes. Anesthetic man-
agement can assist in moderating the ischemia (eg, anesthetic 
drug choice, blood pressure).

MEP has also been used during procedures in the brain-
stem as a general monitor of brainstem and CST viability. 
Occlusion of small perforating arteries during aneurysm 
clipping or embolization leads to CST hypoperfusion caus-
ing motor and sensory changes in upper and lower ex-
tremities. MEP of muscles innervated by the facial nerve, 
vagus-recurrent laryngeal nerve or other motor CN have 
also been used for continuous monitoring of procedures 
where these nerves are at risk (referred to as corticobulbar 
responses).65

In spine surgery, MEP is routinely combined with SSEP 
and continuous EMG. Since MEP and SSEP pathways are lo-
cated in different topographic and vascular regions of the spi-
nal cord, their combination improves the probability for the 
detection of pending injury and thus better postoperative mo-
tor outcome over SSEP alone. This multimodality monitor-
ing can identify changes due to positioning, surgical events, 
perfusion, and other issues.66 Failure to recover signals after 
interventions for monitoring changes was associated with 
permanent postoperative neurologic injury.45,67 As such MEP 
monitoring has been advocated for all axial skeletal deformi-
ties. 7,8,38,44,46

A 12,373 patient study over 25  years found in spine sur-
gery, MEP changes occurred with primary surgery in 3.1% 
of patients and with revision surgery in 6.1% of patients. 
Intervention reversed these changes in 87% but patients 
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 without signal recovery had permanent neurologic change.44 

A systematic review of MEP response found false-negatives 
(failure to detect an event that resulted in neurologic injury) 
occurred in 0–0.79% of patients with both MEP and SSEP 
monitoring. SSEP alone had a false-negative rate of 0.63– 
2.7%, more than three times greater.46 Multimodal monitoring 
is effective in identifying possible spinal cord compromise that 
can be corrected by routine intervention. A recent evidence-
based review by the American Academy of Neurology and 
American Clinical Neurophysiology Society confirmed the 
efficacy of MEP in spine surgery.7,8

Intramedullary spinal tumor surgery places specific risk 
to the motor tracts. MEP change identifies surgical encroach-
ment on the CST.68,69 Monitoring teams often determine the 
degree of amplitude change where surgical excision will be 
halted. D wave monitoring is often performed and surgery 
stopped when the D wave amplitude decreases to 50% of the 
original amplitude.

Similarly, due to its sensitivity to hypoperfusion of the spinal 
cord, MEP monitoring provides a unique contribution during 
surgery on the thoracic aorta.70 The SSEP is less specific for 
ischemia in the motor tracts because the pathway is perfused 
by the posterior spinal artery (PSA). The MEP monitors the 
motor tracts which are primarily supplied by the anterior spi-
nal artery (ASA) in a vascular network supplying the anterior 
two-thirds to four-fifths of the spinal cord. This includes the 
gray matter and anterior horn cells, which are more sensitive to 
ischemia than white matter. The ASA receives blood flow from 
radicular arteries from the aorta which may be at risk with the 
surgery. Disruption of blood flow through these vessels due 
to mechanical or pressure changes rapidly leads to deteriora-
tion in MEP and is used to prompt change in management (eg, 
reimplantation of radicular arteries, improvement in systemic 
perfusion, and cerebrospinal fluid drainage) (Fig. 6.7).

ANESTHETIC CONSIDERATIONS 
DURING MONITORING

During monitoring, several factors besides surgery can alter 
the responses. Positioning, physiologic management, and an-
esthetic choices all affect neural functioning and monitoring 
responses. Physiological alterations include conditions lead-
ing to inadequate oxygen delivery (eg, relative hypotension, 
raised intracranial pressure, regional ischemia, anemia, tissue 
or systemic hypoxia), hypothermia, electrolyte abnormalities, 
and hypoglycemia.71 Although hypothermia may not be dele-
terious to the neural system, it can result in increased latency 
and decreased amplitude raising concern.

Hypotension is of particular interest, because some anes-
thetic plans include deliberate hypotension. There is a growing 
appreciation that the presumed lower limit of autoregulation 
is not always adequate in tissues undergoing surgical stress.72 
In addition, compression and stretch of arteries, venous con-
gestion, intentional arterial occlusion, or other factors (such as, 
eg, pathology, excessive hyperventilation) may necessitate a 
higher mean blood pressure for adequate perfusion. Increasing 
the systemic blood pressure is one of the most commonly re-
quested maneuvers when an IOM deterioration occurs. Hence 
monitoring may allow a more optimal assessment of adequate 
blood pressure and tissue perfusion.

Anesthesia management is critical for adequate monitor-
ing. It involves the choice of a favorable drug combination and 
maintenance of a steady state (eg, avoiding changes in con-
centration or bolus drug delivery during critical monitoring 
periods).73,74

For the SSEP and MEP, anesthetic agents appear to have two 
major mechanisms of action. First, anesthetic agents act to re-
duce synaptic transmission resulting in marked changes in the 
cortical responses, but less at the brainstem and spinal cord. 
Second, anesthetic agents appear to produce gating of sensory 
information at the level of the thalamus through mechanisms 
activated in the brainstem.75 In each pathway the depression 
of the evoked potential response increases with the number of 
synapses involved. This may explain why inhalational agents 
produce a dramatic nonlinear, dose-dependent reduction 
in cortical responses increases with the number of synapses  
involved. Brainstem ABR responses are minimally affected.71

The effects on MEP can similarly be explained by anes-
thetic action. MEP is more depressed by anesthetic agents act-
ing in the spinal cord. Because no synapses are involved in the 
production of the D wave, recordings of the D wave in the epi-
dural space are minimally altered by anesthetics. I waves are 

Incision

After the start of distal
aortic perfusion

5 min after clamping
LSA to Th 12

30 min after clamping
LSA to Th 12

1 min after clamping
Th 12 to bifurcation

2 min after clamping
Th 12 to bifurcation

3 min after clamping
Th 12 to bifurcation

2 lumbar arteries
reattached and
connected with the
systemic circulation

1 min connected

15 min connected

20 min connected

25 min connected

30 min connected

Right tibialis
anterior muscle

Left tibialis
anterior muscle

Fig. 6.7  Effect of ischemia on muscle evoked potential 
(MEP) response and recovery after reperfusion during a type II 
thoracoabdominal aneurysm. During the thoracic part of the operation, 
no MEP changes were observed, and eight intercostal arteries were 
ligated. During the abdominal part of the operation, MEP changes 
were observed within 2 minutes after placement of the clamps 
between T12 and the bifurcation. Two large lumbar spinal arteries 
(LSA) were identified and reattached to the graft. MEPs returned 15 
minutes after the blood flow in the reattached lumbar spinal arteries 
was restored. (From de Haan P, Kalkman CJ: Spinal cord monitoring: 
Somatosensory- and motor-evoked potentials. Anesthesiol Clin N Am 
2001;19:923.)
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sensitive to depression by anesthetic agents because they are 
produced through synaptic cortical pathways. Since the com-
bination of D and I waves is necessary to bring the anterior 
horn cell to threshold to produce a CMAP response, the loss 
of I waves essentially blocks the response from single-pulse 
stimulation.76 With MEP the current high-frequency, multi-
pulse stimulation technique overcomes some of the anesthetic 
effects likely due to the multiple D waves produced.77

In general, the inhalational anesthetic agents have the most 
profound effect on monitoring. Not surprisingly, because 
of the effect on synapses, the effects and potency of specific 
agents parallel their effects on the EEG.71 Among the inha-
lational agents, isoflurane is more potent than halothane or 
enflurane. Sevoflurane and desflurane appear similar to iso-
flurane at steady state, but owing to their relative insolubility, 
they may appear to be more potent during periods when con-
centrations are increasing.78

In the sensory responses, anesthetic effects of the inhala-
tional anesthetics are prominent on the cortical responses, 
with marked depression of amplitude with concentrations 
above 0.5–1 minimal alveolar concentration (MAC).71,78 
Smaller effects are seen on the ABR and in SSEP responses 
recorded over the cervical spine, in the epidural space, or near 
peripheral nerves.

The inhalational agents produce minimal changes in the 
epidurally recorded D wave of the MEP with dramatic depres-
sion of the muscle response (CMAP). The CMAP response of 
the MEP appears most easily abolished by low concentrations 
of halogenated inhalational agents (eg, 0.2–0.5% isoflurane). 
In some patients 0.5 MAC desflurane or sevoflurane may 
prevent detection of the CMAP response, especially in the 
presence of neurologic disease. However, MEP monitoring of 
neurologically normal individuals undergoing spine surgery 
can frequently be accomplished with the use of 0.5 MAC of 
desflurane or sevoflurane.

Nitrous oxide (N2O) also produces amplitude reduction 
and latency increases in cortical sensory responses or MEP 
CMAP responses when used alone or when combined with 
halogenated inhalational agents or opioid agents. As with ha-
logenated agents, the effects on subcortical, epidural, and pe-
ripheral nerve responses are minimal.

In general, intravenous anesthetics suppress MEP responses 
much less than inhalational agents, so total intravenous anes-
thesia is preferred when MEPs are monitored in patients with 
neurologic disease. Opioids cause only mild depression of all 
responses. As such, opioid analgesia is commonly used during 
recording of cortical sensory responses and MEPs.

Propofol is currently the most commonly used sedative 
component of total intravenous anesthesia when SSEPs and 
MEPs are monitored. Induction produces amplitude depres-
sion in cortical SSEPs, with recovery after termination of 
infusion.71 Recordings in the epidural space are unaffected, 
consistent with the site of anesthetic action of propofol in the 
cerebral cortex. The rapid metabolism of propofol makes it an 
excellent drug for infusion, because its sedative effect and its 
related effects on evoked responses can be adjusted quickly. An 
infusion of propofol with opioids can often be chosen that al-
lows cortical SSEP and CMAP MEP monitoring, although de-
pression of SSEP and MEP can occur at higher propofol doses.

The effects of ketamine on subcortical and peripheral re-
sponses are also minimal; it increases the amplitude of the cor-
tical SSEP and MEP CMAP.79 This feature has made ketamine 
a desirable agent for monitoring in children and patients with 
poor responses. Use of ketamine with propofol reduces the 
depressant effect of propofol while providing an enhancement 

effect on responses. Hence propofol with or without ketamine 
is frequently combined with opioids.78,80 With use of total 
intravenous anesthesia, MEPs are successfully obtained in 
more than 90% of patients, failures being associated with pre-
existing neurologic disorders or equipment failure.81

Dexmedetomidine appears to have minimal effects on SSEP 
responses when combined with opioids. Dexmedetomidine 
has been successfully used with MEP, but case reports have 
appeared suggesting that it may prevent MEP monitoring, es-
pecially at higher doses or when combined with other agents.82 
The only prospective trial in scoliosis surgery found a syner-
gistic depressant effect with administration of propofol and 
dexmedetomidine that required discontinuation of the study.83 
Midazolam produces mild depression of cortical sensory re-
sponses but long-lasting depression of MEPs at higher doses. 
It can be used in small doses to augment amnesia or reduce 
ketamine related psychological reactions. Etomidate produces 
an amplitude increase of cortical sensory components follow-
ing injection with no changes in subcortical and peripheral 
sensory responses.84,85 This amplitude increase appears coin-
cident with the myoclonus seen with the drug, suggesting a 
heightened cortical excitability. The ABR and SSEP is virtually 
unaffected by doses of phenobarbital that produce coma, such 
that they have been used successfully to monitor neurologic 
function during barbiturate-induced coma.

Depression of the neuromuscular junction by neuromus-
cular blocking agents impairs or prevents MEP and EMG 
monitoring. Muscle relaxants are generally thought to have 
no effect on the SSEP and ABR. Stimulated EMG responses 
have been monitored successfully during partial neuromus-
cular blockade (NMB) (one of four twitches in train-of-four 
twitch monitors); however, fluctuations in partial NMB could 
result in changes similar to those caused by adverse surgical 
manipulation or physiologic change.16 Further, because mus-
cles vary in sensitivity to NMB, the extent of blockade must be 
assessed in the muscles monitored. Finally, partial NMB re-
duces the amplitude of motor unit potentials and could change 
the ability to detect impending axonal injury from nerve irri-
tation. Hence it is considered preferable to avoid NMB when 
possible during EMG and MEP monitoring. When MEP base-
lines need to be acquired shortly after induction, NMB agents 
should be used with caution lest they obscure recording. In 
patients where partial NMB is desired, the technique called 
post-tetanic MEPs enhances conventional MEPs by delivering 
a tetanic stimulus to a peripheral nerve before the MEP (eg, 
5-second 50-Hz tetanic stimulus to the posterior tibial nerve 
6 seconds prior to transcranial MEP recorded in the abductor 
hallucis muscle) may be considered.86

CONCLUSION

Neurophysiologic mapping and monitoring with EMG and 
evoked sensory and motor responses have become important 
tools in the surgical management of some central and periph-
eral nervous system disorders. In general, multiple monitoring 
modalities are used with each operation to provide the greatest 
vigilance of the nervous system (Table  6.3). In some proce-
dures, these methods have been demonstrated to reduce mor-
bidity and have become a standard of care. They have been 
shown to be cost effective and have become part of routine 
management. For many surgeons these methods have become 
an indispensable intraoperative tool to improve outcome. The 
anesthesiologist, as a member of the surgical team, can make 
an important contribution to the success of the monitoring 
and can use the responses to guide physiologic management.
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Type of Procedure

Monitoring Modalities
Anesthetic 

RecommendationElectromyography

Somatosensory 
Evoked 
Potentials

Transcranial 
Motor 
Evoked 
Potentials Free Run Stimulated

Auditory 
Brainstem 
Responses

Volatile 
(Inhalational 
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Neurosurgery

Spine
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Posterior Fossa
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Cerebellopontine • ± • • ± •  

Vascular • • • ± •   

Supratentorial

Middle cerebral artery 
aneurysm

• •      

Tumor in motor cortex • • •     

Table 6.3  Recommended Monitoring Modalities and Anesthetic Regimens for Surgical Procedures

• Recommended for most surgeries, ± recommended for some procedures (depending on specific location of pathology)
Adapted from Jameson LC, Sloan TB, Jameson LC, et al: Monitoring of the brain and spinal cord. Anesthesiol Clin 2006; 24:777.
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Introduced in 1982 by Aaslid and colleagues,1 transcra-
nial Doppler (TCD) ultrasonography, sometimes termed a 
“stethoscope for brain,” has become one of the most useful 
methods of noninvasive examination of cerebral circulation. 
Provided that the limitations of this technology are recog-
nized, information about cerebral hemodynamics can be 
obtained that can be used in the perioperative and intensive 
care of neurologically injured patients (those with head in-
jury, subarachnoid hemorrhage, poor grade stroke, etc.) and 
in the prevention of neurologic insult in patients at risk for 
cerebral ischemia (those undergoing carotid endarterectomy, 
cardiopulmonary bypass, liver transplant, etc.). This chapter 
discusses the principles and limitations that govern the use of 
TCD and describes current and potential future applications 
of this reliable, noninvasive, continuous, although indirect 
measure of cerebral blood flow (CBF).

PRINCIPLES OF TRANSCRANIAL 
DOPPLER ULTRASONOGRAPHY

TCD ultrasonography calculates the velocity of red blood cells 
(FV) flowing through the large vessels at the base of the brain 
by means of the Doppler principle. This principle, first de-
scribed by Christian Doppler in 1843, relates to the shift in the 
frequency of any wave, including an ultrasound wave, when 
either the transmitter or the receiver is moving relative to the 
wave-propagating medium. The change in the frequency of 
emitted pulse of ultrasound reflected by red blood cells is pro-
portional to FV. By convention, the shift in Doppler frequency 
is expressed in centimeters per second to allow comparison of 
readings from instruments that operate at different emission 
frequencies. The frequency best suited for TCD applications is 
on the order of 2 MHz.2

A constant vessel diameter and an unchanged angle of in-
sonation are the two main assumptions that govern the use of 
TCD as an indirect measure of CBF. The velocity detected by 
the probe as a fraction of the real velocity depends on the co-
sine of the angle insonation compared to a vector of FV (mea-
sured velocity = real velocity × cosine of angle of incidence). 
Therefore at 0 angle, the detected and true red cell velocities 
are equal (cosine of 0 = 1), whereas at 90 degrees, no detection 
of velocity is possible. Fortunately, the anatomic limitations of 
transtemporal insonation of the middle cerebral artery (MCA) 
are such that signal capture is possible only at narrow angles 
(<30 degrees). Thus the detected velocity is a very close ap-
proximation of the true velocity (87–100%). Furthermore, 
as long as the angle of insonation is kept constant by fixing 
the probe in position (and vessel diameter remains constant 
during examination – see later comments), changes in the de-
tected velocity closely reflect changes in the true velocity.

The other main factor that affects the interpretation of TCD 
measurements is the cross-sectional area of the insonated 
vessel. The volume passing through a particular segment of 
a vessel depends on the velocity of red cells and the diameter 

of the vessel. Therefore for velocity to be a true reflection 
of flow, the diameter of the vessel must not change signifi-
cantly during the measurement period. Factors that may af-
fect the diameter of vessels are arterial carbon dioxide tension 
(PaCO2), blood pressure, anesthetic agents, and vasoactive 
drugs. The basal cerebral arteries, being conductance vessels, 
do not dilate or constrict as the vascular resistance changes 
(smaller resistive vessel). It has been shown angiographically 
and through direct observation during brain surgery that 
change in PaCO2, one of the most important determinants 
of cerebrovascular resistance (CVR), has no or very limited 
effect on the diameter of the basal arteries.3 Moreover, CO2 
reactivity studies using TCD have demonstrated values simi-
lar to those obtained with conventional CBF measurements.4 
Similarly, changes in blood pressure have negligible influence 
on the diameter of the proximal segments of the basal arter-
ies.5 The effect of vasoactive drugs on cerebral conductance 
vessels is variable. Although sodium nitroprusside and phen-
ylephrine do not significantly affect the proximal segments of 
the MCA,6 significant vasodilation occurs when nitroglycer-
ine is administered to healthy volunteers.7

The effect of anesthetic agents on the diameter of the basal 
vessels remains controversial. The intravenous agents are de-
void of direct cerebrovascular effects, and it is accepted that 
these agents do not affect the diameter of the conductance 
vessels.8 The situation is less clear-cut with the inhalational 
agents, with most but not all the evidence suggesting that they 
have negligible effects on the diameter of the conductance 
vessels.9 It is generally accepted that during steady-state an-
esthetic conditions, changes in FV can be interpreted to mean 
corresponding changes in cortical CBF.

A factor that may affect the reliability of TCD measure-
ments as true representations of CBF variation is the presence 
of intracranial pathology. Intracranial lesions and cerebral 
vasospasm have all been identified as factors that affect the 
accuracy of FV measurements, as a representative variable for 
changes in CBF.10

MEASUREMENTS USING 
TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY

The Examination
Three main pathways for accessing the intracranial arteries are 
(1) the transtemporal route through the thin bone above the 
zygomatic arch to the anterior, middle, and posterior cerebral 
arteries, (2) the transorbital approach to the carotid siphon, 
and (3) the suboccipital route to the basilar and vertebral 
arteries.

Although a complete diagnostic examination usually incor-
porates all three approaches, because the probe can be easily 
secured in position once a signal is obtained, intraoperative 
monitoring usually utilizes the transtemporal route. In expert 

7Transcranial Doppler Ultrasonography 
in Anesthesia and Neurosurgery
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segment (M1) of the MCA in more than 90% of people.2 The 
MCA carries about 60–70% of the ipsilateral carotid artery 
blood flow and can be regarded as representative of hemi-
spheric CBF. However, because the successful transmission of 
ultrasound through the skull depends on the thickness of the 
skull, which varies with gender, race, and age, the failure rate 
can be as high as 10–30%. The theoretical risk of eye damage 
limits the use of the transorbital route, and the lack of suitable 
means to secure the probe in position makes the suboccipital 
route impractical.

Through the temporal window, the MCA, anterior cere-
bral artery (ACA), and posterior cerebral artery (PCA) can 
be readily examined. In each patient, the same insonation 
window should be used throughout the entire study period.  
This can be accomplished by putting a small marker at the 
patient’s temporal region. The TCD examination begins with 
the identification of the bifurcation of the intracranial portion 
of the internal carotid artery (ICA) into the MCA and ACA 
according to the method described by Aaslid.2 This bifurcation 
can usually be identified at a depth of 60–65 mm. The typical 
Doppler signal from the carotid bifurcation, which consists of 
images above and below the zero line of reference, represents 
the flow directions toward and away from the ultrasound 
probe of the MCA and ACA, respectively. The depth of inson-
ation is then reduced to follow the upward deflection image 
of the MCA FV as the vessel runs toward the skull. The MCA 
can usually be traced up to a depth of 30 mm, which is be-
yond the bifurcation of the MCA into the peripheral branches. 
The proximal portion of the main trunk of the MCA (the M1 
segment) can be located at a depth of around 45–55 mm. The 

depth that gives the highest velocity is usually chosen for mea-
surement. In children, this depth is usually 10 mm less than 
that in adults, but the same principles apply. This method of 
obtaining the MCA signal eliminates the possibility of mistak-
ing the PCA for the MCA, because for anatomic reasons, the 
PCA signal cannot be obtained at a depth less than 55 mm.

After the MCA signal is obtained, the depth of insonation 
is increased so that the image of the carotid bifurcation can be 
seen again. The depth is increased further with the probe di-
rected slightly anteriorly so that the ACA image can be found. 
The first part of the ACA (the A1 segment) is recognized from 
a direction of flow away from the probe. With the identifica-
tion of the ACA, the depth of insonation is decreased until 
the carotid bifurcation signal is obtained. The probe is then 
angled slightly posteriorly until the signal of the PCA is seen. 
The PCA can be distinguished from the MCA signal because it 
has a lower FV and because the PCA signal cannot be obtained 
when the depth of insonation is decreased to less than 55 mm. 
A more detailed description of the TCD examination can be 
found in a standard textbook.2 Fig. 7.1 illustrates various sig-
nals obtained from the most commonly insonated vessels.

Velocity Measurements
Although the most physiologic correlate with actual CBF is 
the weighted mean velocity (FVmean), which takes into consid-
eration the different velocities of the formed elements in the 
blood vessel insonated, the maximal FV (FVmax as depicted by 
the spectral outline) is generally used because of the higher 
signal-to-noise ratio. A good correlation also exists between 
the FVmax and FVmean in the basal cerebral arteries as flow is 
usually laminar. The mean FV with time-averaged FV usually 
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Fig. 7.1  Schematic representations of blood flow velocity (FV) traces obtained from the internal carotid artery bifurcation at 5.5 to 6.5 cm (A), the 
M1 segment of the middle cerebral artery (MCA) at 3 to 6 cm (B), the posterior cerebral artery (P1) at 6 to 8 cm (C), and the anterior cerebral artery 
(A1) at 6 to 8 cm (D). Flow above the horizontal is toward the probe, and flow below the horizontal is away from the probe.
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refers to the mean velocity of FVmax. The time-averaged FVmax is 
determined from area under the spectral curve.

The volume of blood flowing through a vessel depends 
on the velocity of the moving cells and the diameter of ves-
sel concerned. For a given blood flow the narrower the ves-
sel, the higher the velocity. Although CBF in millilitres per 
minute per 100 g of brain tissue is relatively constant under 
conditions of constant brain metabolism and arterial content 
of carbon dioxide and oxygen, FV in the MCA ranges from 
35 to 90 cm/sec in the awake resting state.2 This range is due 
to inter-individual variations in vessel diameter and angles of 
insonation and probably accounts for the poor correlation be-
tween absolute FV and CBF in any given population. However, 
relative changes in FV accurately reflect variations in CBF.

Mean FV varies with age. MCA red cell velocity (FVMCA) 
rises from 24 cm/sec at birth to a peak of 100 cm/sec at age 4 
to 6  years. Thereafter the FVMCA decreases steadily to about 
40 cm/sec during the seventh decade of life.1,11 Some of the re-
duction is the result of the genuine decrease in hemispheric 
CBF, which has been reported by several investigators.12 
Overall, the velocity trend seen in the MCA with age is similar 
to that in hemispheric CBF.

Mean FV is higher during hemodilution. A reduction in 
hematocrit has been shown to increase CBF in a linear fash-
ion and probably accounts for the greater velocities reported 
in low hematocrit states.13 However, low hematocrit may pres-
ent diagnostic difficulties in patients with potential arterial 
stenotic lesions because the increase in velocity observed may 
be incorrectly interpreted as vessel stenosis. An example is 
subarachnoid-related vasospasm.

Women have higher hemispheric CBF than men, which 
is reflected in 3–5% higher mean FVMCA values.14 Although a 
convincing explanation for this difference in velocity has not 
yet been found, a lower hematocrit and slightly higher arte-
rial CO2 tension found in premenopausal women may partly 
explain this increase in velocity. 15

Waveform Pulsatility
Pulsatility describes the shape of the maximal shift (the en-
velope) of the Doppler spectrum from peak systolic pres-
sure to end-diastolic pressure with each cardiac cycle.2 The 
FV waveform depends on the arterial blood pressure (ABP) 
waveform and the viscoelastic properties of the cerebrovas-
cular bed, provided that blood rheology remains constant. 
The absence of vessel stenosis or vasospasm, with constant 
pulsatility of ABP, during constant cerebral perfusion pres-
sure (CPP), and constant arterial blood CO2 concentration, 
suggests that changes in pulsatility may reflect the changes in 
product of distal CVR, compliance of blood vessels and heart 
rate.16 Two derived indices have been used to quantify pulsa-
tility. The pulsatility index (PI), or Gosling index, is calculated 
as follows:

(7.1)

where FVdias is diastolic FV and FVsys is systemic FV. The re-
sistance index (RI), or Pourcelot index, is calculated with the 
following equation:

(7.2)

In a highly pulsatile spectrum, FVsys is peaked and much 
greater than end-FVdias, whereas FVdias greater than 50% of 

FVsys gives a “damped” waveform. Normal PI ranges from 0.5 
to 1 with no significant side-to-side or cerebral interarterial 
differences.2

In general, PI and RI correspond to each other, reflecting 
changes in central or cerebral hemodynamics. However, nei-
ther index provides meaningful information about the cause 
of the change; for example, an increase in PI can be caused by 
cerebral vasoconstriction (intrinsic, as in hyperventilation) or 
vasodilatation at low CPP, when vessels dilate because of the 
autoregulatory response.17 Furthermore, PI is very sensitive to 
changes in heart rate and its values are best compared when 
measured during periods of similar heart rates. The advantage 
of PI is that it is dimensionless and, therefore, is not affected by 
the angle of insonation because the equation used to calculate 
PI has the cosine of the angle of incidence in both the numer-
ator and the denominator. A PI value above 1.5 with normal 
or increased mean arterial pressure (MAP) in a normocapnic 
patient with normal pulsatility of blood pressure, may indi-
cate elevated ICP. Also, asymmetry in PI values greater than 
0.5 between the left and right hemispheres may give rise to 
concern about clinically relevant asymmetry of cerebral he-
modynamics (unilateral carotid artery stenosis, acute subdu-
ral hematoma, brain contusion with a midline shift, etc.). PI is 
only superficially simple. It depends on numerous interrelated 
factors: ABP pulsatility, heart rate, PaCO2, CPP, hematocrit, 
body temperature, CVR, compliance of the proximal cerebral 
vessels, ICP, and compliance of the cerebrospinal space.

DESCRIBING CEREBRAL 
HAEMODYNAMICS: TESTING  
AND MONITORING

All CBF-regulatory relationships—between CBF and CPP 
(autoregulation), CBF and PaCO2 and PO2 (chemoregula-
tion), probably CBF and brain metabolism (flow-metabolism 
coupling) and autonomic activity (neuroregulation)—have 
non-linear characteristics. Most frequently tested is cerebral 
pressure autoregulation, with the static CBF–CPP relationship 
described as Lassen’s curve.18

Almost all cerebrovascular reactivity testing methods rely 
on comparing changes in CBF velocity to changes (provoked 
or spontaneous) in controlling variables: CPP, PaCO2, PaO2 or 
other (breath holding, Valsalva maneuver, etc., make quantifi-
cation more difficult).

However, cerebral vessels’ reactivity responses have their 
own time inertia (from 6 to 12 seconds). Therefore, changes 
in CBF provoked by changes in CPP that are slower than  
6 seconds will contain information about cerebral autoregula-
tion, and changes provoked by CPP variations faster than that 
will describe the mechanoelastic properties of the cerebro-
vascular bed, like cerebrovascular resistance and compliance. 
Domain demarcation frequency is around 0.05 Hz, which 
means that slower waves of CPP and CBF carry information 
about cerebral autoregulation, while faster waves carry infor-
mation about the mechanoelastic properties of the cerebrovas-
cular system.19

Cerebrovascular Reactivity to CO2

Cerebrovascular reactivity to CO2 describes the relationship 
between arterial CO2 tension and CBF. Within the limits of 
mild hypocapnia to mild hypercapnia, a slow change in PaCO2 
produces almost proportional change in CBF and FV. In deep 
hypocapnia and hypercapnia, this linear relationship saturates. 
The reactivity can be tested by observation of the change in 
CBF in response to a change in PaCO2. If we accept that the 
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negligible degree by changes in arterial CO2 tension, then TCD 
is particularly suitable for such investigations because multi-
ple paired measurements are taken and regression lines can 
be constructed more accurately than with a limited number 
of conventional blood flow measurements.4 The percentage 
change in FV with a change in PaCO2 shows a low dependence 
on the baseline value and is, therefore, a valid indicator of CO2 
reactivity and a more appropriate variable for use in compar-
ing clinical conditions.

In normal individuals CBF (or FV) changes by approxi-
mately 2.5–3% for every mmHg change in PaCO2. TCD can, 
therefore, be used in many clinical situations to assess cere-
brovascular reserve, such as for patients with carotid artery 
stenosis and after head injury. The effect of anesthetics and 
vasoactive drugs on cerebral vasoreactivity to CO2 can also be 
easily examined using TCD.4,9 An induced change in PaCO2 
usually provokes a change in ABP. In such cases CO2 reactivity 
values should be adjusted accordingly (Fig. 7.2).20 Increasing 
and decreasing CO2 tension test both the vasodilatory and va-
soconstrictive capabilities of the cerebral circulation.

Cerebral Pressure Autoregulation
Cerebral autoregulation, a sensitive mechanism that can be 
impaired by pathologic processes and inhalational anesthesia, 
minimizes deviations in CBF when CPP changes between 50 
and 170 mmHg.21 Cerebral autoregulation has been tradition-
ally assessed by repeated static measurements of CBF during a 
period of hypotension or hypertension. Before the TCD era, in 
addition to the bulky equipment or radioactive material nec-
essary for these measurements, the process was labor intensive 
and assumed that cerebral autoregulation was a uniform and 

slow-acting process. Furthermore, the drugs used to induce 
hypertension or hypotension may have influenced cerebrovas-
cular tone.

Cerebral autoregulation is a complex process composed of 
several physiologic mechanisms operating possibly at differ-
ent rates. TCD studies have estimated the time constant of fast 
autoregulatory responses; FVMCA as an index of CBF was fully 
restored to the baseline value as early as 6–12 seconds after 
a step decrease in blood pressure.22 TCD allows noninvasive 
measurement of the autoregulatory response and can provide 
insight into both rapid and delayed components of cerebral 
autoregulatory mechanisms. Other continuous techniques, 
such as laser Doppler flowmetry and thermal methods, are in-
vasive. Near-infrared spectroscopy seems to be the only com-
petitor of TCD in this implementation,23 but its clinical use 
needs more validation.

Although many methods for the assessment of cerebral 
autoregulation have been described, only the methods most 
commonly employed are discussed here. Examples of testing 
dynamic and static autoregulation are shown in Fig. 7.3.

Leg-Cuff Test
Dynamic autoregulation is tested by the measurement of the 
recovery in FV after a rapid transient decrease in mean blood 
pressure that has been induced by the deflation of large thigh 
cuffs. These large blood pressure cuffs that have been modi-
fied with larger tubes are placed around one or both thighs, 
and inflated to 50 mmHg above systolic pressure for 3 min-
utes. Deflation of cuffs usually produces an approximately 
20-mmHg drop in ABP. Through the use of an algorithm 
previously validated,22,24 the FV response to the drop in blood 
pressure is fitted to a series of curves to determine the rate 
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Fig. 7.2  CO2 reactivity test performed in patient with right side common carotid artery stenosis (90%). Right side reactivity was 27%/kPa, and left 
side reactivity 14%/kPa. After corrections for change in arterial pressure, reactivity at left was 19%/kPa and right 9%/kPa, indicating that right side 
reactivity was severely depleted. ABP, arterial blood pressure, FVl, blood flow velocity in left middle cerebral artery (MCA); FVr, blood flow velocity in 
right MCA; EtCO2, end-tidal CO2 pressure.
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of dynamic cerebral autoregulation (dRoR) or autoregulation 
index (ARI). These curves are generated by a computer model 
of cerebral autoregulation that predicts the autoregulatory re-
sponse on the basis of the continuous blood pressure record 
and compares its predictions with the measured response. The 
threshold for good and disturbed autoregulation is at an ARI 
value of around 5. The dRoR describes the rate of restoration 
of FV (percentage per second) with respect to the drop in 
MBP. The normal dRoR is 20%/sec (i.e., the process is com-
plete within approximately 5 seconds).24

The time for autoregulation to normalize FV occurs well 
within the period of hypotension achieved with cuff deflation 
before the mean ABP returns to baseline (10–20 seconds).24 
Collection of autoregulation data in the first 10 seconds avoids 
the influence of the introduction of CO2-rich blood from the 
legs after thigh cuff deflation. Figs. 7.3A and B show examples 
of leg cuff tests with intact (A) and defective (B) autoregulation.

Static Autoregulation
Static autoregulation can be tested by the induction of an ap-
proximately 20-mmHg increase in MBP through a 0.01% phen-
ylephrine infusion with simultaneous recording of the FV. The 
FV and MBP recorded are then used for the subsequent calcula-
tion of the estimated CVR (CVRe; CVRe = ABP/FV). The static 

rate of autoregulation (SRoR) is the ratio of percentage change 
in estimated CVRe to percentage change in CPP, or if ICP is not 
measured, percentage change in MBP. Theoretically, no change 
in the FV would occur if the percentage change in CVRe was 
equal to the percentage change in MBP. Thus an SRoR of 100% 
implies perfect autoregulation, and an SRoR of 0% implies a 
complete disruption of autoregulation. Measurement of SRoR 
with MBP instead of CPP may cause an error called “false au-
toregulation.” It happens in a nonautoregulating brain when 
a change in MBP produces a 1:1 increase in ICP, leaving CPP 
constant. This obviously does not produce any change in CBF, 
giving a false SRoR value equal to 1. Fig. 7.3C shows an exam-
ple of static testing when autoregulation is fully functional.

Transient Hyperemic Response Test
The transient hyperemic response test is performed by com-
pressing the common carotid artery for 5–8 seconds and ob-
serving the change in FV after the compression is ceased.25 
When the carotid artery is compressed, the distal cerebrovas-
cular bed dilates in response to the drop in perfusion pressure. 
When the compression is ceased, an increase in FVMCA is ob-
served as a result of this dilation that persists until the dis-
tal cerebrovascular bed constricts to its former diameter. The 
compression results in this “transient hyperemia” only when 

A
B

P
 (m

m
H

g)
FV

 (c
m

/s
)

A
B

P
 (m

m
H

g)
FV

 (c
m

/s
)

70

65

60

55

50

45

40

98
96
94
92
90
88
86
84
82
80
78
76
74
56
55
54
53
52
51
50
49
48
47
46
45

42
41
40
39
38
37
36
35
34
33
32
31

114
112
110
108
106
104
102
100
98
96
94
92
90

50
48
46
44
42
40
38
36
34
32
30

A

C

B
14:35:10 14:35:15 14:35:20 14:35:25 14:35:30 14:35:35 17:02:52

17:25 17:30 17:35 17:40 17:45 17:50 17:55 18:00 18:05

17:02:56 17:03:00 17:03:04 17:03:08 17:03:12

Time (h:m:s) Time (h:m:s)

M
B

P
 (m

m
H

g)
FV

 (c
m

/s
)

Time (h:m)

Fig. 7.3  A, The recovery in blood flow velocity (FV) after thigh cuff deflation (arrows point to start of decrease in arterial blood pressure [ABP] 
after deflation) is “steeper” in patients with intact dynamic autoregulation than the increase in ABP. B, In contrast, FV remains depressed after cuff 
deflation in patients with impaired autoregulation. C, Testing of static autoregulation during propofol anesthesia. Top trace represents mean blood 
pressure (MBP) in mmHg; bottom trace represents middle cerebral artery blood flow velocity. There is virtually no change in FV despite the increase 
in MBP as a result of dopamine infusion.
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autoregulation is intact. When autoregulation is impaired, no 
dilation of the distal cerebrovascular beds occurs in response 
to the compression, and hence no transient hyperemia is de-
tected (Fig. 7.4).

Although the transient hyperemic response test is repro-
ducible, easy-to-perform, and can be used to assess cerebral 
autoregulation in the neurologically injured patient, the results 
depend heavily on the compression technique.26 Furthermore, 
it is contraindicated in patients with carotid disease, in whom 
there are theoretical risks associated with the maneuver, in-
cluding the possibility of dislodging atheroma. Nevertheless, 
results indicate that the test may be useful in the assessment 
of outcome after head injury26 or in the management of sub-
arachnoid hemorrhage (SAH).27

Continuous Monitoring of Cerebral Autoregulation
Phase Shift between the Superimposed Respiratory 
and Arterial Blood Pressure Waves
An interesting noninvasive method of deriving autoregulatory 
status from natural fluctuations in MCA FV involves the as-
sessment of the angle of the phase shift between the super-
imposed respiratory and ABP waves during slow and deep 
breathing. A 0-degree phase shift angle indicates absence of 
autoregulation, whereas a positive phase shift angle (>30 de-
grees) indicates intact autoregulation.28

Autoregulation Index-Transfer Function Analysis
For the assessment of dynamic cerebral autoregulation based on 
spontaneous fluctuations of ABP, more reliable values of the ARI 
are obtained by fitting the models proposed by Tiecks and col-
leagues29 to the FV step response to a change in ABP. These re-
searchers used transfer function analysis to quantify the dynamic 
relationship between mean ABP (input) and mean FV (output). 
This method has been further mastered and popularised by 
Panerai.30 A fast Fourier transform (FFT) algorithm was applied 
to the time-series of beat-to-beat changes in mean ABP and mean 
FV, and the auto- and cross-spectra were calculated. The inverse 
Fourier transform was used to obtain the FV impulse response 
in the time domain, which was integrated to yield an estimate of 
the FV response to a hypothetical step change in ABP. Each of the 
10 models proposed by Tiecks and colleagues,29 corresponding to 
ARI values from 0 (absence of autoregulation) to 9 (best autoreg-
ulation), was fitted to the first 10 seconds of the FV step response, 
and the best fit, as selected by the minimum squared error, was 
selected as the representative value of ARI. Values of ARI are av-
eraged for patients with more than one segment of data.

Time Correlation Method
Continuous monitoring over consecutive time-averaged 
samples of FV and CPP (thirty 10-second averages are 
usually taken) enables a correlation coefficient between 
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mean CPP and mean FV to be calculated. This coefficient 
has been termed the mean index (Mx index).31 A positive 
coefficient signifies a positive association between FV and 
CPP, that is, disturbed autoregulation. A zero or negative 
correlation coefficient signifies an absent or negative asso-
ciation, implying intact autoregulation. The calculation may 
be repeated with a moving time window, so the Mx index 
may form new variables, indicating changes in cerebral au-
toregulation with time.

This index seems to be ideal for the monitoring of tran-
sient changes in autoregulation that occur in response to a 
cerebral intrinsic phenomenon. Group analysis has demon-
strated that the autoregulation index averaged daily was re-
lated to clinical outcome after head injury; a positive Mx 
value (disturbed autoregulation) was associated with worse 
outcome.32 The method has been positively cross-validated 
with the “gold standard,” static rate of autoregulation, as 
well as with the leg-cuff test, ARI, phase shift analysis, and 
the transient hyperemic response test. Continuous moni-
toring of autoregulation is possible (however, probe posi-
tioning over a longer period is still a technical challenge). 
Following head injury, autoregulation fluctuates in time in 
response to changing clinical conditions. “Optimization” 
of CPP—that is, choosing a CPP value at which conditions 
for regulation of CBF are the best—is possible (Fig.  7.5). 
Similar techniques based on optimization of pressure reac-
tivity (index based on changes in ICP and ABP) are already 
used in clinical practice.33

Noninvasive Assessment of Cerebral 
Perfusion Pressure and Intracranial 
Pressure
As ICP increases and CPP correspondingly decreases, a highly 
pulsatile FV pattern is seen. In deep intracranial hypertension, 
a progressive loss of diastolic flow to systolic spike and eventu-
ally to an oscillating flow pattern is observed. This oscillating 
flow pattern signifies the onset of intracranial circulatory ar-
rest and, if not reversed, is terminal.34

The pulsatility index is inversely proportional to reductions 
in CPP.16,35 This inverse relationship between CPP and PI has 
been proposed as a method of estimating CPP noninvasively. 
By relating the first harmonic component of the ABP pulse 
waveform to SPI, Aaslid and coworkers36 demonstrated the 
ability to estimate CPP with a 95% confidence limit for predic-
tion of around ± 25 mmHg. An improved method of estimat-
ing CPP using MAP and diastolic and mean blood velocities 
has also been reported;37 this method was able to estimate CPP 
noninvasively with errors less than 10 mmHg in more than 
85% of the measurements. Furthermore, when it was used as a 
continuous monitor it was able to detect real-time changes in 
“true” CPP. Bilateral monitoring may also provide useful infor-
mation about side-to-side variations in perfusion that, in turn, 
may allow clinical decisions to be made earlier.38 An example 
of noninvasive estimation of CPP is illustrated in Fig. 7.6.

The ability to estimate CPP noninvasively has obvious ad-
vantages. This form of monitoring is particularly useful in 
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centers where ICP monitoring is not routinely used or in the 
patient for whom ICP monitoring is not indicated but who 
may have decreased intracranial compliance (e.g., after a con-
cussion or mild closed-head injury). The role of TCD in non-
invasive estimation of cerebral perfusion is promising.

A more complex method aimed at the noninvasive assess-
ment of ICP has been introduced and tested by Schmidt and 
associates.39 The method is based on the presumed transfor-
mation between ABP and ICP waveforms. Coefficients of 
these transformations are derived from the database of real 
ABP and ICP recordings. Similar linear transformation is 
built, using the same database between FV and ABP. Then, the 
model assumes a linear relationship between ABP and FV, and 
ABP to ICP transformations. Multiple regression coefficients 
are calculated. Finally, for each prospective study, ICP is calcu-
lated using ABP to ICP transformation, formed from ABP to 
FV transformation transposed using precalculated regression 
coefficients (see Fig. 7.6).

Critical Closing Pressure
Critical closing pressure (CrCP) was first described by means 
of a mathematical model showing that small vessels can col-
lapse when the ABP approaches the given low value, defined 
as the critical closing pressure.40 In cerebrovascular circulation 
this value was postulated to be the sum of ICP and a com-
ponent proportional to the active tension of vascular smooth 
muscle.

For prediction of CrCP, arterial pressure should be first de-
creased below the lower limit of autoregulation with parallel 
measurements of CBF. A linear relationship between CBF and 
ABP can be then extrapolated to the value of pressure at which 
flow reaches zero. Aaslid and colleagues41 and Panerai and as-
sociates42 proposed methods for the calculation of CrCP using 

TCD. In this method the intercept point of a regression line 
between the single pulse pressure plotted along the x-axis and 
FV in the middle cerebral artery plotted along the y-axis can 
be used for the estimation of CCP. Alternative methods have 
been suggested that use ratios of first harmonics of FV pulse 
and ABP pulse. Arbitrary “geometrical” evaluation of the re-
lationship between the pulses of FV and ABP sometimes pro-
duces negative values of CrCP, which cannot be interpreted 
physiologically. New methodology, based on model cerebro-
vascular impedance, has been recently proposed which does 
not produce negative values.43 These methods are attractive 
from a clinical point of view because they make a continuous, 
noninvasive prediction of CrCP possible at the current “work-
ing point,” without the need to decrease arterial pressure. 
CrCP is useful for the detection of changes in ICP (however, 
accuracy is worse than for noninvasive ICP; see the previous 
section) and cerebrovascular resistance. Interesting concept of 
“diastolic closing margin” associated with CrCP has been pro-
posed. This is a difference between disatoloc ABP and CrCP. 
Theoretically, if this value reaches 0, diastolic FV disappears, 
as vessels in this phase collapse.44

Transcranial Doppler Ultrasonography in 
Multimodality Monitoring
TCD can be counted as an integral component of multi-
modality monitoring. However, the unsolved problems of 
long-term accurate fixation of the probes on MCA remain. 
Therefore, TCD has never been a good component of long-
term multimodality monitoring. The longest recordings—8 to 
12 hours—are still too short to explain the changes occurring 
over a few weeks. A possible strategy is daily monitoring over a 
1–4-hour period and using intermittent information in order 
to understand the long-lasting pathophysiological processes.
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Fig. 7.6  Representative traces of cerebral perfusion pressure (CPP), intracranial pressure (ICP), and noninvasive CPP (nCPP) during an episode of 
intracranial hypertension (plateau waves) in a head-injured patient.
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Together with ICP measurement, jugular venous bulb 
oximetry (SjO2), near-infrared spectroscopy, brain tissue 
oximetry, and brain microdialysis, TCD enables important 
minute-by-minute information to be obtained in the neuro-
logically injured patient. Multimodal data are captured and 
examined at the bedside. The effect of interventions or patho-
logic processes on cerebral hemodynamics can be viewed 
from several angles. The main factor controlling the ability 
to process such information is data acquisition. Up to 30% of 
data collected are often discarded because of poor quality.

Nevertheless, dynamic and static relationships between sig-
nals like ICP, ABP, brain tissue oxygenation, TCD, and near-
infrared spectroscopy 45 bring us one step closer to observing 
the “whole picture” of secondary ischemic brain insults.

“New Generation” of Model-Based 
Transcranial Doppler Parameters
Apart from cerebral autoregulation, which met with a great 
deal of interest with regard to its use in many clinical applica-
tions, “high frequency” components derived from TCD have 
only recently received attention. These are cerebrovascular 
impedance, compliance/resistance of cerebral arterial bed, and 
cerebrovascular time constant.

The concept of impedance is well characterized: dividing 
spectral components of ABP by FV for frequency greater than 
0.05 Hz theoretically produces valid cerebrovascular imped-
ance. A problem is that power in both signals is transmit-
ted in selective frequencies: respiratory and pulse plus their 
higher harmonics. Calculating impedance modulus outside 
these frequencies is pointless: dividing zero by zero gives 
any number. Using respiratory and heart frequencies jointly 
is also questionable, as these two components have different 
input points into the cerebrovascular system: respiration 
affects venous outflow and heart rate is more reflective of 
arterial inflow. Impedance has two main physiologically in-
terpretable components: cerebrovascular resistance and com-
pliance. Both may be monitored with TCD. Obviously both 
are dependent on frequency; most reliable measurements are 
at a frequency equal to the heart rate (signal-to-noise ratio 
for both ABP and FV waveforms is highest). To calculate 
compliance, the FV waveform should be converted to cere-
bral arterial blood volume. The transformation used is time-
integral of the current value of FV minus the mean value of 
FV averaged over one or a few heart cycles.46 Since cerebral 
arterial blood volume has a pulsatile character, the amplitude 
of blood volume changes divided by the amplitude of arte-
rial pulsation can estimate compliance of the cerebrovascular 
system (Ca).47 Moreover, if ICP is monitored, the pulse am-
plitude of blood volume is divided by the pulse amplitude of 
ICP, and so compliance of the cerebrospinal space (Ci) can 
thus be calculated. Ca increases with the vasodilatation pro-
duced by hyperventilation in volunteers, with carotid artery 
stenosis, and during deep intracranial hypertension caused 
by plateau waves of ICP.48

The difficulty with interpretation of cerebrovascular com-
pliance and resistance is that both variables depend on the un-
known cross-sectional area of the insonated vessel; therefore, 
comparison between patients is impossible. The product of Ca 
and CVR is scaled in seconds; it is independent of the vessel’s 
diameter, and represents the time-constant of the cerebrovas-
cular bed. It theoretically describes how fast arterial blood 
arrives at a hypothetical demarcation zone between cerebral 
arterioles and capillaries. The time constant shortens with hy-
percarbia, in patients with carotid artery stenosis and during 
vasospasm after subarachnoid hemorrhage.47,49

TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY IN  
CLINICAL PRACTICE

Carotid Artery Disease
Stroke is both the principal indication for and the major com-
plication of carotid endarterectomy. The majority of perioper-
ative strokes are embolic, but hypoperfusion, hyperperfusion, 
or both may be responsible for more than 40% of periopera-
tive strokes.50 Therefore, the maximum benefit of this proce-
dure can be realized only if perioperative cerebral perfusion 
is optimized and embolic phenomena are minimized.52 TCD 
is an attractive technique for the detection of cerebral isch-
emia during cross-clamping of the carotid artery, because it 
is continuous and noninvasive and the transducer probes can 
be used successfully without impinging on the surgical field. 
It is also an important tool in the preoperative assessment and 
postoperative care of patients with carotid disease.50,51 In addi-
tion to providing the means for the preoperative assessment 
of cerebrovascular reserve and, possibly, for determining the 
need for shunting by examination of CO2 reactivity, TCD is 
being increasingly used for the detection of preoperative and 
postoperative embolic phenomena and for testing the integ-
rity of cerebral autoregulation.53 Also, pressure autoregulation 
can be assessed; it is commonly impaired in any state in which 
collateral blood supply is poor54 and improves gradually after 
surgery or stenting.55

Cerebral ischemia following clamping of the ICA is consid-
ered severe if FVMCA is 15% or less of the preclamping value, 
mild if FVMCA is 16–40% of the preclamping value, and absent 
if FVMCA is greater than 40% of the preclamping value.94 This 
criterion correlates well with subsequent ischemic electroen-
cephalographic changes and hence can be used as an indi-
cation for shunt placement. An intravascular shunt used to 
bypass the clamped ICA is effective in restoring blood flow 
but has its own inherent problems, namely, potential dislodg-
ment of embolus from the distal ICA, traumatic dissection of 
the vessel wall resulting in an occluding intimal flap, and a 
technically more difficult endarterectomy. Furthermore, in a 
nonrandomized multicenter study involving more than 1400 
patients, Halsey52 showed that the placement of shunts in pa-
tients with post-ICA clamping velocities greater than 40% of 
the preclamping value is associated with a higher risk of stroke 
(presumably embolic). Although there is no universal consen-
sus on the magnitude of FVMCA change that necessitates shunt 
placement, a reduction in FVMCA to less than 40% of baseline 
before clamping is the most commonly accepted indication. 
Unnecessary shunting is best avoided. TCD can also instantly 
detect shunt malfunction caused by kinking or thrombosis.

Emboli are detected on TCD as short-duration, high-
intensity “chirps,” and waveform analysis can help differentiate 
air from particulate emboli.56 Emboli can occur throughout 
the procedure but are more common during dissection of the 
carotid arteries, on release of ICA cross-clamping, and during 
wound closure.57

At operation, emboli are clearly audible,56 and, interestingly, 
surgeons tend to adapt their operative technique to minimize 
embolus generation. After the introduction of intraoperative 
TCD monitoring, some centers have reported a reduction in 
operative stroke rates.87,93 Although it is tempting to attribute 
this reduction to the introduction of TCD monitoring, many 
other factors have also changed during the same period.

After closure of the arteriotomy and release of carotid 
clamps, FV typically rises immediately to levels above the 
baseline (preclamping) value and gradually corrects back to 
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response is to be expected as the dilated vascular bed vaso-
constricts in an autoregulatory response to an increased per-
fusion pressure. However, approximately 10% of patients are at 
greater risk of cerebral edema or hemorrhage because of gross 
hyperemia, with FV at values 230% of baseline value lasting 
from several hours to days.58 (Fig. 7.7) shows an example of 
monitoring of FV during carotid endarterectomy.

Intracranial Vascular Disease
Subarachnoid Hemorrhage
Cerebral vasospasm is the leading cause of morbidity and 
mortality in patients who survive a SAH. Although radiologic 
evidence of vasospasm has been reported in up to 70% of angio-
grams performed within the first week of aneurysmal rupture, 
the incidence of clinically significant vasospasm approximates 
20%.59 The cause still remains uncertain but appears to be re-
lated to the amount and distribution of blood in the subarach-
noid space. In the patient with SAH, the appearance of new 
focal neurologic signs or a decrease in the level of consciousness 
may be an early sign of vasospasm. This finding is normally 
confirmed by computed tomography and angiography.

A constant vessel diameter is one of the main assumptions 
that govern the use of TCD as an indirect measure of CBF. 
Therefore, although TCD is unreliable as a measure of CBF 
in patients with SAH because of changes in vessel diameter, it 
has become valuable for diagnosing vasospasm noninvasively 
before the onset of clinical symptoms. As the vessel diameter 
is reduced for the same blood flow, the FV increases. Hence 
cerebral vasospasm is generally considered to present if the 

FVMCA is greater than 120 cm/sec or the ratio between FVMCA 
and FV in the ICA (FVICA) exceeds 3.60 In the sedated patient, 
the diagnosis of cerebral vasospasm relies on gross neurologic 
signs as well as findings on computed tomography, cerebral 
angiography, and TCD. Cerebral angiography and computed 
tomography can be performed only intermittently, leaving 
TCD as the only way of diagnosing and judging the severity 
and efficacy of treatment of cerebral vasospasm. The ratio 
of FVMCA to FVICA should decrease with effective treatment. 
Needless to say, to rule out cerebral vasospasm with TCD, one 
must perform a thorough examination of the basal arteries. 
Unfortunately, detection of small vessel spasm is not possi-
ble. Our policy is to perform daily TCD examinations in all 
patients with SAH. Initial impressions suggest that the inci-
dence of TCD-diagnosed vasospasm is much higher than 
that of clinically significant vasospasm, and therefore therapy 
is not usually escalated on the basis of TCD findings alone. 
Cerebral autoregulation dysfunction that is overlapped by or 
precedes cerebral vasospasm correlates with neurologic dete-
rioration.61,62 Administration of statins in the acute phase after 
SAH improves autoregulation and decreases the incidence of 
vasospasm; however, it does not improve outcome after SAH.63 
The transient hyperemic response test is particularly useful for 
testing cerebral autoregulation in patients with SAH.62

In addition to the detection and treatment of vasospasm, 
TCD has been successfully used in the perioperative man-
agement of patients with cerebral aneurysms in a variety of 
other situations. Eng and coworkers64 reported the advan-
tages of TCD monitoring for the perioperative management 
of a patient in whom the aneurysm ruptured before dural 
incision.
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Fig. 7.7  Monitoring during carotid endarterectomy. At time of carotid cross-clamping (A), there was a rapid fall in blood velocity (FV), which was 
accompanied by a sustained fall in the cerebral oxygenation (HbO2 monitoring using near-infrared spectroscopy). These changes were independent 
of any change in mean blood pressure (MBP). Signals recovered with the insertion of an intravascular shunt, with a second fall seen during shunt 
removal (B). Hyperemia occurred at the end of the procedure (C).
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Arteriovenous Malformations
Arteries leading to an arteriovenous malformation (AVM), 
a developmental anomaly with abnormal embryonic vascu-
lar network, shunt blood to the venous side with flow rates 
out of proportion to the low metabolism within the AVM. 
These “feeder” vessels are characterized by high blood ve-
locity, low pulsatility, low perfusion pressure, and decreased 
CO2 reactivity.65 Embolization or resection of AVMs results in  
normalization of FV, pulsatility, and CO2 reactivity.66 The po-
tential use of intraoperative TCD with AVM resection lies 
with estimating the completeness of resection and the diagno-
sis and treatment of the hyperperfusion syndrome,67 provided 
that the feeding vessel can be monitored. With simultaneous 
monitoring of both the feeding vessel and the contralateral 
nonfeeding vessel, theoretically, the preoperative difference in 
velocity and in pulsatility between the two sides should pro-
gressively disappear.

Closed-Head Injury
Although many factors affect outcome after head injury, ep-
isodes of hypoxemia, hypotension, and reduced cerebral 
perfusion caused by high ICP are predictive of poor out-
come.68 Because these episodes may only last a few minutes, 
their reliable detection and quantification requires real-time 
measurement. The greater availability of multimodal mon-
itoring—simultaneous monitoring of ICP, CPP, jugular bulb 
oxygen saturation (SjO2), and TCD—has made the detection 
of such pathophysiologic episodes possible. Furthermore, as 
more of the “picture” is seen with several monitors reflect-
ing the changes at the same time, appropriate therapeutic 

interventions are made early. For example, Kirkpatrick and 
colleagues69 demonstrated that it is possible to distinguish be-
tween rises in ICP due to low CPP and those due to hyperemia 
through the use of TCD as part of a multimodality setup. An 
example of multimodal monitoring in head injury is shown in 
Fig. 7.8.

TCD monitoring can be used to observe changes in FV, 
waveform pulsatility, critical closing pressure and diastolic 
closing margin (difference between diastolic blood pressure 
and critical closing pressure; when this margin becomes  
zero, diastolic blood flow as seen with TCD, ceases44), as well 
as for testing cerebrovascular reserve. Cerebral autoregula
tion is often impaired after head injury with an increased 
susceptibility to secondary ischemic insults and possible 
correlation with poor outcome.70,71 The transient hyperemic 
response test,65 cuff deflation–induced drops in MBP (both 
dynamic tests), and vasopressor-induced increases in MBP 
(static test) have all been used to test autoregulation after  
head injury. However, the most noninvasive and continu-
ous assessment of autoregulation relies on correlation of the 
spontaneous fluctuations in FVMCA waveform and CPP (Mx 
index).72 When autoregulation is present, little change is ob-
served in FVMCA during changes in CPP. Conversely, in the 
patient with impaired autoregulation, a positive linear cor-
relation between FVMCA and CPP is observed. In addition, 
continuous recording of the FVMCA enables easy detection of 
the autoregulatory “threshold” or “breakpoint,” the CPP at 
which autoregulation fails, thus providing a target CPP value 
for treatment.

Cerebral vasospasm causing ischemia or noncontusion-
related infarction remains an important cause of morbidity 
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Y and mortality after head injury.73,74 The appearance of  
new focal neurologic signs or a decrease in the level of 
consciousness after head injury may be an early sign of va-
sospasm. TCD can be used to diagnose and treat cerebral va-
sospasm with the use of the same criteria as for patients with 
SAH. Increased FV in combination with high SjO2 and a ratio 
of FVMCA to FVICA less than 2 indicates hyperemia, whereas 
high FV in the presence of low or normal SjO2 values and 
a ratio of FVMCA to FVICA greater than 3 suggests cerebral 
vasospasm.75,76

Although clinical decisions on outcome after head injury 
cannot be based solely on TCD findings, the information ob-
tained may provide guidance for further therapy and likely 
outcome. Cerebral autoregulation and CO2 vasoreactivity 
can be repeatedly tested in the intensive care unit. The loss 
of these hallmarks of a normal cerebral vasculature suggests 
poor prognosis.72 Similarly, the oscillating FV pattern typically 
seen before complete circulatory arrest can be used to confirm 
the diagnosis of brain death.77 A low value of diastolic flow ve-
locity, suggesting a low diastolic closing margin, has been re-
ported as an indicator of acute cerebral hemodynamic failure 
at admission to neuro-intensive care unit, mandating prompt 
use of aggressive monitoring and therapeutic protocol.78,79 The 
use of TCD for noninvasive estimation of CPP, which is very 
useful in patients where invasive ICP monitoring cannot be 
used, has already been addressed.

Stroke
The development of fibrinolytic agents such as streptokinase 
and recombinant tissue-type plasminogen activator (rTPA) 
has raised the need for more precise knowledge of the patho-
physiology of acute ischemic stroke. TCD can be used to iden-
tify cerebral arterial occlusion80 and recanalization,81 as well 
as to help determine the risk of hemorrhagic transformations 
of large-volume ischemic lesions.82 Repeated TCD examina-
tions within 6, 24, and 48 hours after admission with acute 
stroke can help identify both those patients at risk for fur-
ther ischemic episodes and the sources of emboli.83 Unilateral 
emboli most commonly originate from the carotid arteries, 
whereas bilateral emboli most commonly arise from cardiac 
sites. The effect of anticoagulation on reperfusion, recanali-
zation, and outcome after acute stroke can also be evaluated 
with TCD.84 In patients with stroke and poor status, in whom 
the possibility of brain edema and rise in ICP increases, non-
invasive assessment of CPP and ICP using TCD seems to be 
useful. Also, assessment of cerebral autoregulation with TCD 
is promising,85 although this area requires intensive clinical 
studies.

Miscellaneous Non-neurosurgical 
Applications
Because of its noninvasive nature, TCD has found many appli-
cations in fields other than neurosurgery and neurointensive 
care, mainly in patients at risk for neurologic injury secondary 
to primary pathologic conditions outside the central nervous 
system.

Cardiac Surgery
Detection of microemboli and the estimation of cerebral per-
fusion during cardiac surgery are probably the most important 
applications of TCD outside neurosurgery and neurointensive 
care. Although the incidence of stroke after cardiac surgery 
is estimated at 5%, subtler cognitive dysfunction has been re-
ported in more than 60% of patients.86

Although changes in FV do not always accurately reflect 
changes in CBF during cardiopulmonary bypass,87 there is 
little doubt about the benefits that TCD offers in detecting 
emboli both during and after cardiopulmonary bypass,88 in 
testing cerebral autoregulation and CO2 reactivity,89 in com-
paring the effects of different techniques of blood gas man-
agement during cardiopulmonary bypass,90 and in detecting 
hyperperfusion during cardiac surgery.91 Furthermore, with 
the increase in minimally invasive cardiac surgery, TCD has 
been used to ensure correct positioning of endovascular aor-
tic balloon clamps.92 Recently “optimization” of arterial blood 
pressure according to state of cerebral autoregulation93 has 
gained interest.

Orthoptic Liver Transplantation
Portal-systemic encephalopathy, a major complication of 
acute and chronic liver disease, has clinical and subclinical 
manifestations.94 Alterations in CBF are implicated in the 
etiology of portosystemic encephalopathy, with possible 
cerebral vasodilation resulting in cerebral edema and re-
duced CPP.

TCD has been used successfully in patients with hepatic 
failure to assess CO2 reactivity and cerebral autoregulation. 
Although cerebral autoregulation is often impaired in acute 
liver failure and may be restored by mechanical hyperventi-
lation, CO2 reactivity seems to be less affected.95 TCD may 
also provide the means to noninvasively estimate CPP in pa-
tients with liver failure with the use of methods similar to 
those described for head-injured patients. The advantages of 
not inserting ICP measuring devices in patients with liver 
failure, who are often coagulopathic, are self-evident. An ex-
ample of TCD monitoring during liver transplantation with 
continuous assessment CPP by means of noninvasive CPP 
monitoring and of autoregulation using the Mx index is pre-
sented in Fig. 7.9.

Pregnancy and Eclampsia
Abnormal pregnancies are usually associated with impair-
ment of the maternal cerebral circulation. TCD has been used 
in two studies to measure FV in normal pregnancies and in 
mothers with preeclampsia. Up to 70% of abnormal pregnan-
cies were found to be associated with higher FV than those 
in normal pregnancies.96 Furthermore, the extent of toxemia 
was significantly correlated to the increase in FV, with pro-
gressive increases in FV often preceding neurologic symp-
toms. Although the significance of cerebral vasospasm in 
preeclampsia remains controversial, the cause of this increase 
in FV requires further investigation. Noninvasive assessments 
of ICP, CPP, and autoregulatory reserve remain to be rediscov-
ered in this pathology.

SUMMARY

TCD is a useful noninvasive means of monitoring cerebral 
hemodynamics, for which benefits have been demonstrated 
in many specific instances. This “window” on the brain has 
been severely disadvantaged by the lack of means for fixing 
the probe in position.

Indirect measurement of CBF using TCD is extremely 
useful. It is not absolute values but the dynamic changes in 
blood flow velocity values that contain enormous amounts 
of information about cerebrovascular reactivity, autoregula-
tion, abnormalities within the circle of Willis and also small 
vessel behavior, critical closing pressure, closing margin, 
and ICP.
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INTRODUCTION

Monitoring systemic and central nervous system physiology 
is fundamental to the perioperative and critical care man-
agement of patients with neurologic disease. The clinical 
neurologic examination remains the cornerstone of neuro-
monitoring. In addition, several techniques are available for 
global or regional monitoring of cerebral hemodynamics, oxy-
genation, metabolism, and electrophysiology. The pathophys-
iology of acute brain injury (ABI) is complex, and involves 
changes in cerebral blood flow (CBF), oxygen and glucose de-
livery and utilization, and electrophysiological derangements 
(see Chapter  1). It is, therefore, not surprising that a single 
monitor is unable to detect all instances of cerebral compro-
mise. Multi-modality monitoring, the measurement of multi-
ple variables simultaneously, provides a more complete picture 
of the (patho) physiology of the injured brain and its response 
to treatment (Fig.  8.1). Multimodal monitoring has allowed 
a move away from rigid physiological target setting towards 
an individually tailored approach to the management of ABI. 
Some monitoring modalities are well established, whereas 
others are relatively new to the clinical arena and their indica-
tions still being evaluated; all have advantages and disadvan-
tages (Table 8.1). The general indications for neuromonitoring 
are summarized in Box 8.1.

This chapter will review the brain monitoring techniques 
applicable to the perioperative and critical care management of 
patients with neurologic disease. The use of evoked potential 

monitoring during spine surgery is covered elsewhere in this 
book (Chapter 6) and will not be considered here.

CLINICAL ASSESSMENT

Fundamental to neuromonitoring is serial clinical assessment 
of neurologic status. The Glasgow Coma Scale (GCS) is an 
easy to use and standardized method for evaluating a patient’s 
global neurologic status by recording best eye opening, and 
verbal and motor responses to physical and verbal stimuli. In 
combination with the identification and documentation of lo-
calizing signs such as pupil responses and limb weakness, the 
GCS has remained the mainstay of clinical assessment in the 
40 years since its first description.1 The main limitations of the 
GCS are that verbal responses are not assessable in intubated 
patients, and brainstem function is not directly considered. 
The Full Outline of UnResponsiveness (FOUR) score, which 
provides a more complete assessment of brainstem function, 
has been designed and validated to overcome these issues. The 
FOUR score measures ocular (as well as limb) responses to 
command and pain, along with pupillary responses and respi-
ratory pattern, and can be used to differentiate further patients 
with a GCS of 3.2 There is limited evidence that the FOUR 
score has greater prognostic value than the GCS alone.

Clinical assessment is limited in sedated patients or those with 
a decreased level of consciousness, and one or more neuromon-
itoring techniques can be used to identify or predict secondary 
brain insults and guide therapeutic interventions in such patients.

8Multi-modality Neurologic Monitoring

Hemodynamics Oxygenation Metabolism

Pathophysiology

Monitoring

Intracranial hypertension
Reduced cerebral perfusion
Impaired pressure
autoregulation
Cerebral edema

Hypoxia/ischemia
Impaired oxygen autoregulation
Microcirculatory
disturbances

Hyperglycolysis
Reduced glucose delivery
Mitochondrial failure

Seizures
Nonconvulsive seizures
Spreading depolarizations

Secondary
brain injury

Arterial blood pressure
Intracranial pressure
Cerebral perfusion pressure
Cerebral blood flow
Autoregulatory indices

Arterial oxygen saturation
Jugular venous oxygen
saturation
Brain tissue oxygen tension
Near infrared spectroscopy
Cerebral microdialysis

Cerebral
microdialysis

Electroencephalography
Electrocorticography

Multimodal monitoring

Fig. 8.1  Overview of the major pathophysiological processes underlying acute brain injury and the role of monitoring in the detection of secondary 
brain injury.
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INTRACRANIAL AND CEREBRAL 
PERFUSION PRESSURES

Intracranial pressure (ICP) is the pressure inside the skull and 
thus in the brain tissue; it is synonymous with the cerebrospi-
nal fluid (CSF) pressure in the lateral ventricles. In addition 
to the measurement of absolute ICP, ICP monitoring allows 

calculation of cerebral perfusion pressure (CPP), identifica-
tion and analysis of pathologic ICP waveforms, and derivation 
of indices of cerebrovascular pressure reactivity.

Intracranial Pressure
The first clinical measurements of ICP were made in 1951 
using an electronic transducer to measure ventricular fluid 

Table 8.1  Advantages and Disadvantages of Bedside Neuromonitoring Techniques

Technique Monitored variable(s) Advantages Disadvantages

Intracranial Pressure

Intraparenchymal 
microsensor

•	 ICP
•	 CPP
•	 Indices of autoregulation

•	 Easy to insert
•	 Intraparenchymal/subdural 

placement
•	 Low procedural complication rate
•	 Low infection risk

•	 In vivo calibration not possible
•	 Measures localized pressure
•	 Small zero-drift with time

Ventricular catheter •	 As above •	 Measures global ICP
•	 Therapeutic drainage of CSF
•	 In vivo calibration

•	 Placement technically difficult
•	 Risk of procedure-related hemorrhage
•	 Risk of catheter-related ventriculitis

Cerebral Blood Flow

Transcranial Doppler 
ultrasonography

•	 Blood flow velocity
•	 Pulsatility index
•	 Indices of autoregulation

•	 Noninvasive
•	 Intermittent or continuous
•	 Good temporal resolution

•	 Measures relative CBF
•	 Operator dependent
•	 Failure rate in 5–10% of patients (absent 

acoustic window)

Thermal diffusion 
flowmetry

•	 Regional CBF •	 Measures absolute CBF in 
mL/100 g/min

•	 Limited clinical experience
•	 Some concerns over accuracy and reliability
•	 Minimally invasive

Cerebral Oxygenation

Jugular venous oximetry •	 Jugular venous oxygen 
saturation

•	 Arteriovenous oxygen 
content difference

•	 Global assessment of balance 
between CBF and metabolism

•	 Non-quantitative assessment of cerebral 
perfusion

•	 Insensitive to regional ischemia
•	 Risk of extracranial contamination of samples

Brain tissue pO2 •	 Brain tissue oxygen partial 
pressure

•	 Oxygen reactivity

•	 Regional assessment of balance 
between CBF and metabolism

•	 Continuous
•	 Ischemic “thresholds” defined

•	 Minimally invasive
•	 Measures oxygenation within a small 

region of interest
•	 One hour “run-in” period limits 

intraoperative applications

Near infrared 
spectroscopy (cerebral 
oximetry)

•	 Regional cerebral oxygen 
saturation

•	 Indices of autoregulation

•	 Noninvasive
•	 Real time
•	 Multisite measurement

•	 Lack of standardization between 
commercial oximeters

•	 “Contamination” of signals by extracerebral 
tissue

•	 rScO2-derived “ischemic” threshold not 
defined

Cerebral 
Microdialysis

•	 Glucose
•	 Lactate, pyruvate and LPR
•	 Glycerol
•	 Glutamate
•	 Multiple biomarkers for 

research purposes

•	 Assessment of cerebral glucose 
metabolism

•	 Detection of hypoxia/ischemia
•	 Assessment of nonischemic 

causes of cellular bioenergetic 
dysfunction

•	 Focal measure
•	 Thresholds for abnormality unclear
•	 Not continuous
•	 Labor-intensive

Electrophysiology

Electroencephalography •	 Seizures
•	 Diagnosis-specific EEG 

patterns

•	 Noninvasive
•	 Detection of nonconvulsive 

seizures
•	 Correlates with cerebral ischemic 

and metabolic changes
•	 Prognostication after ABI

•	 Skilled interpretation required
•	 Affected by anesthetic/sedative agents

Electrocorticography •	 Cortical EEG
•	 Cortical SDs

•	 Seizure localization during surgery
•	 Only method to identify SDs 

currently

•	 Highly invasive
•	 No evidence that treatment of SDs 

improves outcome

Processed EEG •	 Cortical EEG using limited 
electrode montage

•	 Depth of anesthesia monitoring
•	 Automated seizure detection 

software
•	 Prognostication after cardiac 

arrest

•	 No established indications for sedation 
titration on the ICU

ABI, acute brain injury; CBF, cerebral blood flow; CPP, cerebral perfusion pressure; EEG, electroencephalography; ICP, intracranial pressure; 
ICU, intensive care unit; LPR, lactate to pyruvate ratio; rScO2, regional cerebral oxygen saturation; SD, spreading depolarization.
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pressure signals. Refinements in technique, a low adverse ef-
fect profile, and the introduction of microtransducer technol-
ogy have combined to facilitate the widespread adoption of 
ICP monitoring into clinical practice.3

Technical Aspects
There are two main methods of monitoring ICP—an intra-
ventricular catheter or parenchymal microtransducer device. 
Other techniques, such as subarachnoid or epidural devices, 
are less accurate and now rarely used.

Ventricular catheters measure global ICP (CSF pressure in the 
lateral ventricles) in one of two ways: using a standard catheter 
connected via a fluid-filled system to an external pressure trans-
ducer, or a catheter incorporating microstrain gauge or fiberop-
tic technology. In vivo calibration is possible with both methods. 
ICP monitoring via a ventricular catheter is the technique of 
choice in patients with established or incipient hydrocephalus as 
it allows therapeutic drainage of CSF.4 Ventricular catheter in-
sertion can be difficult, and there is a risk of placement-related 
hemorrhage and catheter-associated ventriculitis. The risk of 
ventriculitis increases with the length of time since catheter 
insertion, and can be reduced but not abolished by the use of 
antibiotic-impregnated or silver-coated catheters.

Parenchymal microtransducer ICP monitoring systems 
are of two types. Solid-state piezoelectric strain gauge de-
vices incorporate pressure-sensitive resistors which translate 
pressure generated changes in resistance to an ICP value. 
Fiberoptic devices transmit light via a fiberoptic cable to-
wards a displaceable mirror at the catheter tip. Changes in 
ICP distort the mirror and the difference in intensity of re-
flected light is converted into an ICP value. Both systems are 
easy to insert and are usually placed about 2 cm into brain 
parenchyma through a cranial access device or at craniotomy 
when they can also be sited in the subdural space. While in-
traventricular catheters have historically been considered the  
“gold standard” for ICP monitoring, intraparenchymal de-
vices provide equivalent pressure measurement and are safer. 
In particular, the risk of hematoma and infection is low. 
Microtransducer systems are considered reliable, but zero 
drift can result in measurement error over several days and 
in vivo calibration is not possible.

Several noninvasive ICP monitoring techniques, which 
would be applicable in broader patient groups than inva-
sive monitoring, have been described.5 Transcranial Doppler 
(TCD) ultrasonography-derived pulsatility index is an impre-
cise assessment of ICP compared with invasively measured 
pressure, and there is large intra- and interoperator variability. 
Optic nerve sheath diameter (ONSD) can be measured using 
ultrasound or computed tomography (CT), and is able to pre-
dict intracranial hypertension. Although lacking the risks of 
invasive methods, noninvasive ICP monitoring techniques 
currently fail to measure ICP sufficiently accurately for rou-
tine clinical use.6 They are also unable to monitor intracranial 
dynamics continuously.

Indications
Despite the absence of high-quality evidence demonstrating 
outcome benefits of ICP-guided management, ICP monitor-
ing has become a standard of care after traumatic brain in-
jury (TBI).4 It can also provide valuable information in other 
brain injury types, as well as in patients with hydrocephalus (it 
can also be useful for chronic monitoring in normal pressure 
hydrocephalus), and those undergoing craniotomy for lesions 
producing mass effect.

The Brain Trauma Foundation (BTF) recommends ICP 
monitoring to guide ICP- and CPP-directed therapy after 
severe TBI in all salvageable patients with an abnormal cra-
nial CT scan, as well as in those with a normal scan and two 
or more of: age >40 years, unilateral or bilateral motor pos-
turing, and/or systolic blood pressure <90 mmHg.7 A recent 
expert statement provides more detailed and updated guid-
ance.8 It recommends ICP monitoring in comatose TBI pa-
tients with cerebral contusions when interruption of sedation 
to check neurologic status is dangerous, or when the clinical 
examination is unreliable. ICP monitoring is also recom-
mended following a secondary decompressive craniectomy 
and should be considered after evacuation of an acute su-
pratentorial intracranial hematoma in salvageable patients at 
increased risk of intracranial hypertension, including those 
with a GCS motor score ≤5, pupillary abnormalities, pro-
longed/severe hypoxia and/or hypotension, cranial CT find-
ings suggestive of raised ICP, or intraoperative brain swelling. 
The expert group recommended that ICP monitoring should 
also be considered in TBI patients with extracranial injuries 
requiring multiple surgical procedures and/or prolonged an-
algesia and sedation.

ICP monitoring is increasingly being incorporated into 
protocols for the critical care management of subarachnoid 
(SAH)9 and intracerebral hemorrhage (ICH),10 although these 
indications are not as well-defined or well-studied compared 
with TBI.

Thresholds for Treatment and Evidence
Normal ICP varies with age and body position; in healthy, 
resting supine adults, normal mean ICP is 5–10 mmHg. ICP 
greater than 20–25 mmHg is widely considered to require 
treatment after TBI,7 although higher and lower thresholds are 
described.4 The presence of intracranial hypertension is det-
rimental and the time spent above a defined ICP threshold, 
as well as absolute ICP, is an important determinant of poor  
outcome. Changes in the ICP waveform occur as ICP in-
creases, and waveform analysis has been used to predict the 
development of intracranial hypertension.11 While indication 
of critical reductions in intracranial compliance, before intra-
cranial compensatory mechanisms have become exhausted, 
would allow more timely clinical intervention, clinical transla-
tion of this technique remains elusive.

BOX 8.1  Indications for Neuromonitoring

•	 Monitoring the healthy but “at risk” brain:
-	 carotid surgery
-	 cardiac surgery
-	 surgery in the beach chair position

•	 Early detection of secondary adverse events after acute brain 
injury:
-	 intracranial hypertension
-	 reduced cerebral perfusion
-	 impaired cerebral glucose delivery/utilization
-	 cerebral hypoxia/ischemia
-	 cellular energy failure
-	 nonconvulsive seizures
-	 cortical spreading depolarizations

•	 Guiding individualized, patient-specific therapy after acute brain 
injury:
-	 optimization of ICP and CPP
-	 optimization of brain tissue PO2

-	 optimization of cerebral glucose delivery/utilization
-	 monitoring cerebral vasospasm after subarachnoid 

hemorrhage
-	 prognostication
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A meta-analysis of 14 studies and 24,792 patients with se-
vere TBI found that ICP monitoring-guided management of 
intracranial hypertension had no significant mortality benefit 
overall compared with treatment in the absence of ICP mon-
itoring, although mortality was lower in patients who under-
went ICP monitoring in studies published after 2012.12 The 
only randomized controlled trial of ICP-guided management 
after TBI found no difference in 3- or 6-month outcomes in 
324 patients in whom treatment was guided by ICP moni-
toring compared with imaging and clinical examination in 
the absence of ICP monitoring.13 The non-ICP monitoring 
group in this study received protocol-specified but empiri-
cal treatment on a fixed schedule basis, and the wider appli-
cability of such an approach is questionable given evidence 
that one of the interventions (mannitol) has a more beneficial 
effect when directed by monitored rises in ICP. In contrast 
to previous studies,14 those undergoing ICP monitoring re-
ceived significantly fewer days of ICP-directed treatment (hy-
perventilation, hypertonic saline/mannitol and barbiturates) 
than those in the ICP monitored group, although the length 
of intensive care unit (ICU) stay was similar. It remains to be 
seen whether the findings of this study, conducted in Bolivia 
and Ecuador, are applicable to populations with access to su-
perior pre-hospital care and rehabilitation services. When 
interpreting this study it is also important to note that eval-
uation and diagnosis of intracranial hypertension, either by 
monitoring ICP or assessment of clinical and imaging vari-
ables, was fundamental to the management of all patients. It 
therefore reinforces the widely held view that assessment of 
ICP is an integral part of the monitoring and management of 
severe TBI.

Multimodal monitoring incorporating ICP, brain tissue 
partial pressure of oxygen (PbtO2) and cerebral microdialysis 
(CMD) is significantly more accurate in predicting cerebral 
hypoperfusion than ICP monitoring alone,15 and ICP moni-
toring is, therefore, best regarded as one part of a multimodal 
monitoring strategy rather than as a monitoring modality in 
isolation.16

Cerebral Perfusion Pressure
CPP and ICP monitoring are synonymous, as ICP must be 
measured to allow calculation of CPP.

Technical Aspects
CPP is calculated as the difference between mean arterial pres-
sure (MAP) and ICP, and modifiable through this relationship. 
For the calculation of CPP to be accurate the arterial pressure 
transducer must be referenced at the level of the foramen of 
Monro (tragus of the ear), and the implications of failing to 
do this are profound. When the head of the bed is elevated, 
measuring arterial blood pressure (ABP) at the level of the 
heart results in a calculated CPP that is erroneously high; for 
example, a measured CPP reading of 60 mmHg may actually 
represent a “true” CPP of <45 mmHg.16 Such measurement 
discrepancies are exacerbated in tall patients, with varying el-
evations of the head of the bed, and different sites of arterial 
cannulation.

Indications
The main indications for CPP monitoring are similar to those 
for ICP.16 Although CPP-guided management is primarily ap-
plied in patients with TBI there is emerging evidence for a role 
in other brain injury types.4 Postoperative ICP monitoring is 
indicated if there is a risk of intracranial hypertension, such as 
after surgery for large brain tumors with mass effect.

Thresholds for Treatment and Evidence
Recommendations for a CPP threshold have changed over 
time. Current BTF guidelines recommend that CPP be 
maintained between 50 and 70 mmHg after TBI, with evi-
dence of adverse outcomes if CPP is lower or higher.7 While 
lower CPP risks cerebral ischemia, higher CPP does not nec-
essarily achieve a favorable outcome, and the administration 
of large fluid volumes and inotropes/vasopressors to maintain 
CPP carries a substantial risk of acute lung injury.16 Rather 
than a single threshold for CPP, multimodal monitoring can 
be used to identify an “optimal” value for an individual, which 
aims to reduce the risks of an excessive CPP while minimizing 
the risks of cerebral hypoperfusion and worsening secondary 
brain injury.4 Optimal CPP (CPPopt) can be determined us-
ing autoregulatory indices, which are discussed in the next 
section.

CEREBROVASCULAR REACTIVITY

Cerebrovascular reactivity is a key component of cerebral au-
toregulation (CA), and it is disturbed or abolished by intra-
cranial pathology and some anesthetic and sedative agents. 
This may lead to derangements of the relationships between 
regional CBF and metabolic demand, and render the brain 
more susceptible to secondary ischemic insults. The ability 
to monitor cerebrovascular reactivity in the perioperative 
period or on the ICU is, therefore, an attractive proposition. 
Methods of testing static and dynamic CA are well established 
but most are interventional and intermittent, and may not be 
applicable in anesthetized or critically ill patients. Several 
continuous monitors of cerebrovascular reactivity have been 
described.
Technical Aspects
The ICP response to changes in ABP depends on the pres-
sure reactivity of cerebral vessels, and disturbed reactivity 
implies disturbed pressure autoregulation. Continuous mon-
itoring and analysis of slow waves in ABP allow derivation of 
a pressure reactivity index (PRx) as a surrogate and contin-
uous marker of global CA. Under normal circumstances, an 
increase in ABP leads to cerebral vasoconstriction within 5–15 
seconds and a secondary reduction in cerebral blood volume 
(CBV) and ICP. When cerebrovascular reactivity is impaired, 
CBV and ICP increase passively with ABP with opposite ef-
fects occurring during reduced ABP. PRx is calculated as the 
moving correlation coefficient of consecutive time averaged 
data points of ICP and ABP recorded over a 4-minute period.17 
A negative value for PRx, when ABP is inversely correlated 
with ICP, indicates a normal cerebrovascular reactivity, and 
a positive value a nonreactive cerebrovascular circulation. In 
the injured brain, cerebral vasoreactivity varies with CPP and 
optimizes within a narrow CPP range that is specific to an in-
dividual patient—referred to as CPPopt. The continuous mon-
itoring of PRx allows management of CPP levels according to 
an individual’s pathophysiological requirements, rather than 
at a generic predetermined target.

An oxygen reactivity index (ORx) has similarly been de-
scribed as the moving correlation between PbtO2 and CPP. 
Cerebrovascular reactivity can also be assessed noninvasively 
using the correlation between ABP and TCD-derived mean 
and systolic blood flow velocity, and several near-infrared 
spectroscopy (NIRS)-derived variables.

Indications
Measurement of cerebrovascular reactivity using PRx and 
ORx has gained popularity in the management of TBI and, 
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cerebrovascular reactivity have been used to guide brain pro-
tection protocols during cardiac surgery.

Thresholds for Treatment and Evidence
Abnormal autoregulatory responses, as indicated by positive 
PRx and ORx values, are associated with poor outcome, and 
PRx-guided optimization of CPP is associated with improved 
outcome after TBI.18 Unlike PRx, which is a global measure of 
autoregulatory status, ORx represents regional autoregulation 
because of the focal nature of PbtO2. Thus, deranged ORx but 
normal PRx after ICH strongly suggests the presence of focal 
but not global autoregulatory failure.19 The duration and mag-
nitude of blood pressure below the lower limit of CA, as de-
termined by NIRS-derived autoregulatory indices, have been 
shown to be independently associated with major morbidity 
and mortality after cardiac surgery.20

The incorporation of cerebrovascular reactivity into a mul-
timodal monitoring strategy was the subject of a systematic 
review in 2014.21 Monitoring cerebrovascular reactivity was 
found not only to be important for the optimization of CPP, 
but also to inform interpretation of, and interventions targeted 
to, other monitored variables, specifically the assessment of 
the relationships between CBF, oxygen delivery and demand, 
and cellular metabolism.

CEREBRAL BLOOD FLOW 
MONITORING

Under normal physiologic conditions cerebral pressure au-
toregulation maintains CBF constant over a wide range of 
CPP. However, as noted above, CA is often impaired in the 
acutely injured brain, and CBF becomes increasingly CPP-
dependent as autoregulatory capacity is reduced. Kety and 
Schmidt described the first practical method for measuring 
CBF in 1945 using a technique incorporating the Fick princi-
ple. This method forms the basis of many CBF measurement 
techniques in use today and remains the gold standard against 
which new methods of measurement are validated.

Modern neuroimaging techniques such as positron emis-
sion tomography and magnetic resonance imaging provide 
detailed hemodynamic (including CBF) and metabolic infor-
mation over multiple regions of interest. However, they only 
provide “snapshots” at a particular moment in time, and re-
quire transfer of (critically ill) patients to remote imaging fa-
cilities. Two bedside methods for assessing CBF continuously 
are available.

Transcranial Doppler Ultrasonography
Introduced in 1982, TCD is a noninvasive technique for as-
sessing cerebral hemodynamics in real time. It measures rela-
tive changes rather than actual CBF. TCD is widely used in the 
diagnosis and management of cerebral vasospasm after SAH, 
and to monitor the adequacy of cerebral perfusion during 
carotid surgery. The TCD technique and its applications are 
described in detail in Chapter  7 and will not be considered 
further here.

Thermal Diffusion Flowmetry
Thermal diffusion flowmetry (TDF) is an invasive and contin-
uous monitor of regional CBF. A commercially available TDF 
catheter consists of a thermistor heated to a few degrees above 
tissue temperature and a proximally located temperature 
probe. Temperature differences between the two reflect heat 

transfer and are translated into quantitative measurements of 
regional CBF in mL/100 g/min. TDF has been used to diag-
nose and monitor delayed cerebral ischemia after SAH, but 
clinical data in other disease states are limited and there have 
been concerns about accuracy and reliability.6

CEREBRAL OXYGENATION 
MONITORING

While ICP and CPP are crucially important and are routinely 
monitored variables, they do not provide an assessment of 
the adequacy of cerebral perfusion. Several studies confirm 
that brain hypoxia/ischemia can occur when ICP and CPP 
are within established thresholds for normality.22 Cerebral 
oxygenation monitoring assesses the balance between cere-
bral oxygen delivery and utilization, and, therefore, the ade-
quacy of both cerebral perfusion and oxygen delivery. Several 
methods are available to assess global and regional cerebral 
oxygenation.

Jugular Venous Oxygen Saturation
Jugular venous oxygen saturation (SvjO2) monitoring was the 
first bedside method for the measurement of cerebral oxygen-
ation, and formed the basis of our understanding of cerebral 
oxygenation changes after ABI.

Technical Aspects
SvjO2 monitoring is performed through intermittent sampling 
of blood from a catheter in the jugular venous bulb, or contin-
uously via a fiberoptic catheter. It provides a nonquantitative 
estimate of the adequacy of cerebral perfusion. The assess-
ment of changes in SvjO2 is based on the concept that the brain 
extracts more oxygen from hemoglobin when cerebral oxygen 
supply is insufficient to meet demand, resulting in a decreased 
oxygen saturation of blood draining from the brain.23 Derived 
variables, such as the arterial to jugular venous oxygen con-
centration difference, have also been extensively studied in the 
assessment of CBF.

SjvO2 is a flow-weighted measure that reflects global cere-
bral oxygenation only if sampling is from the dominant jug-
ular bulb, although in practice the right side is often chosen. 
Contamination of samples from the extracranial circulation 
must be avoided and is minimal when the catheter tip lies 
above the lower border of the first cervical vertebra on a lateral 
cervical spine radiograph. Overly rapid aspiration of blood 
samples (>2 mL/min) can result in extracranial contamina-
tion from the facial vein even when the catheter is correctly 
positioned.

Indications
SvjO2 monitoring has been used in a variety of intraoperative 
applications, most notably during cardiac surgery and crani-
otomy. Its primary role is in the ICU where it can be used to 
detect impaired cerebral perfusion, and guide optimization of 
CPP and other interventions after ABI.23

Thresholds for Treatment and Evidence
The range of normal SvjO2 values is 55–75% and interpreta-
tion of changes is relatively straightforward. Jugular venous 
desaturation may indicate relative cerebral hypoperfusion 
secondary to decreased CPP or increased metabolic rate in 
the absence of a coupled increase in substrate supply, whereas 
SjvO2 > 85% indicates relative hyperemia or arteriovenous 
shunting. Multiple or prolonged episodes of jugular venous  
desaturations <50%, and SvjO2 values >85%, are associated 
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with poor outcome. Although cerebral ischemia is presumed 
when SjvO2 is <50%, it cannot reliably be assumed to be ab-
sent at higher values since regional ischemia may be missed. 
The BTF cites level 3 evidence to support the maintenance of 
SvjO2 > 50% after TBI,7 but no interventional trials have con-
firmed a direct benefit of SvjO2-directed therapy on outcome. 
SjvO2 has been widely used for decades but is being super-
seded by newer oxygenation monitoring modalities.

Brain Tissue Oxygen Tension
PbtO2 monitoring is increasingly being incorporated into 
neuromonitoring strategies wherever ICP monitoring is 
indicated.
Technical Aspects
Commercially available PbtO2 monitoring probes incorporate 
a Clark-type cell with reversible electrochemical electrodes. 
Oxygen diffusing from brain tissue crosses a semipermeable 
membrane and is reduced by a gold polarographic cathode 
which produces a flow of electrical current that is directly pro-
portional to the tissue oxygen tension.24 To measure oxygen-
ation in the most vulnerable areas of brain, PbtO2 probes are 
often placed in tissue immediately surrounding a hematoma/
contusion, or in appropriate vascular territories in cases of 
aneurysmal SAH. Such precise placement can be technically 
challenging and sometimes impossible. Another approach 
favors routine placement in normal-appearing frontal sub-
cortical white matter on the nondominant side despite hetero-
geneity of brain oxygenation being well-recognized after ABI, 
even in “undamaged” brain regions. Correct probe placement 
should be confirmed with a cranial CT scan. A “run-in” pe-
riod of around 1 hour is required because PbtO2 readings are 
unreliable early after insertion, limiting elective intraoperative 
applications. An “oxygen challenge” (FiO2 increased to 1.0 for 
approximately 20 minutes) should be performed post inser-
tion and thereafter on a daily basis to confirm probe function 
and responsiveness.

PbtO2 is a complex and dynamic variable resulting from the 
interaction of all factors affecting cerebral oxygen delivery and 
demand (oxygen metabolism), the relative proportion of arte-
rial or venous vessels in the region of interest, and tissue oxy-
gen diffusion gradients. PbtO2 is, therefore, best considered a 
biomarker of cellular function rather than simply a monitor of 
hypoxia/ischemia.

Indications
PbtO2 monitoring is recommended in the management of se-
vere TBI4,7 and, despite conflicting evidence, as a complement 
to TCD and radiological monitoring for the detection of vaso-
spasm in comatose SAH patients.25 It may also identify targets 
for optimal cerebral oxygenation in comatose patients with 
ICH,10 and selection of patients with refractory intracranial 
hypertension who may benefit from surgical decompression. 
It is also used in some centers during surgery for intracranial 
aneurysms and arteriovenous malformations.

Thresholds for Treatment and Evidence
Normal brain PbtO2 lies between 20 and 35 mmHg (2.66 to 
4.66 kPa), and the ischemic threshold is usually defined as 
10 to 15 mmHg (1.33 and 2.0 kPa).24 The BTF recommends 
the institution of brain resuscitation measures when PbtO2 is 
<15 mmHg (2 kPa),7 but other authorities recommend inter-
vention when PbtO2 is <20 mmHg (2.66 kPa) since this value 
represents compromised brain oxygenation.4,26 In addition 
to low PbtO2 values, duration of hypoxia and chronological 
trends are important determinants of poor outcome after ABI. 

After TBI, outcome is influenced by brain tissue hypoxia in-
dependently of ICP and CPP.22 Observational studies suggest 
a potential benefit when standard ICP/CPP-guided manage-
ment is supplemented by PbtO2-guided therapy after TBI.26 
There is limited evidence for any benefit being gained from 
PbtO2-directed management in other brain injury types or 
during intracranial surgery, and there are conflicting data for 
an association between low PbtO2 and outcome following SAH.

There is currently no consensus on how brain tissue hy-
poxia should be treated. Although strongly influenced by sys-
temic blood pressure, PbtO2 is also affected by several other 
factors including PaO2, PaCO2, and hemoglobin concentra-
tion.27 Which intervention or combination of interventions to 
reverse brain hypoxia is most effective in improving outcome 
remains unclear. In fact it appears that the responsiveness of 
brain tissue hypoxia to a given intervention is the prognostic 
factor, with reversal of hypoxia being associated with reduced 
mortality.26

Near-Infrared Spectroscopy
NIRS-based cerebral oximetry monitors regional cerebral 
oxygen saturation (rScO2) as a continuous assessment of the 
balance between cerebral oxygen delivery and utilization. It 
is noninvasive, has high temporal and spatial resolution, and 
offers simultaneous measurement over multiple regions of in-
terest.28,29 Although there has been interest in the use of NIRS 
to detect cerebral hypoxia/ischemia since its first description in 
1977, the extensive use of the technology in the research setting 
has not been matched by widespread translation into the clinic.

Technical Aspects
NIRS is based on two key principles. Light in the near-
infrared (NIR) spectrum (700–950 nm) can traverse biolog-
ical tissue because of its relative transparency to light in this 
wavelength range, and several biological molecules, termed 
chromophores, have distinct absorption spectra in the NIR. 
NIRS systems are based on the transmission of NIR light 
and its differential absorption by different chromophores 
(most commonly oxyhemoglobin and deoxyhemoglobin) as 
it passes through brain tissue. NIR light cannot pass across 
the whole adult head so reflectance spectroscopy, in which 
the light source and detecting devices are placed a few centi-
meters apart on the same side of the head, is performed. This 
allows examination of the superficial cerebral cortex. NIRS 
interrogates arterial, venous, and capillary blood within the 
field of view so the derived saturation represents a weighted 
value from these three compartments. Commercial oximeters 
incorporate fixed arterial:venous (a:v) ratios into their algo-
rithms, usually 30:70 or 40:60. In addition to cerebral a:v ra-
tio, rScO2 is also influenced by other physiological variables, 
including arterial oxygen saturation, PaCO2, systemic blood 
pressure, hematocrit, and CBV.

Many commercial devices incorporate spatially resolved 
spectroscopy to derive a scaled absolute hemoglobin concen-
tration (i.e., the relative proportions of oxy- and deoxyhemo-
globin within the field of view), and display calculated rScO2 
as a simple percentage value. The algorithms incorporated into 
commercial devices vary (and are often unpublished), making 
comparisons between different manufacturers’ devices diffi-
cult. Claims for rScO2 thresholds for the identification of isch-
emia usually lack any form of validation so cerebral oximetry 
is currently best considered a trend monitor.29

The potential for “contamination” of the NIRS signals by 
extracranial tissue is a major concern for the clinical appli-
cation of NIRS.28 SRS has high sensitivity and specificity for 
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chosen, but is still prone to some degree of extracerebral con-
tamination.30Advances in NIRS technology will increase the 
intracranial specificity of signals and also allow measurement 
of additional chromophores, such as cytochrome c oxidase 
(CCO).

CCO is the final electron acceptor in the mitochondrial elec-
tron transport chain and responsible for over 95% of oxygen 
metabolism. Its oxidation status reflects the balance between 
cerebral energy supply and demand, which, in association with 
measures of cerebral oxygenation, may assist in the determina-
tion of ischemic thresholds.29 The NIRS-measured CCO sig-
nal is also highly specific for intracerebral changes, potentially 
making it a superior brain biomarker to hemoglobin-based 
NIRS variables. Technical advances, including the use of su-
percontinuum light sources and combined time-resolved and 
broadband spectroscopy, are likely to allow the introduction of 
a single NIRS-based device that will monitor absolute cerebral 
oxygenation, hemodynamics, and metabolic status, and pro-
vide optical “imaging” at the bedside.31

Indications
NIRS-based cerebral oximetry is used to monitor the brain 
and guide brain-protective strategies during cardiac surgery, 
particularly in pediatric cases.32 During carotid surgery, NIRS 
has similar accuracy and reproducibility in the detection of 
cerebral ischemia compared with other monitoring modali-
ties, and some advantages in terms of simplicity and tempo-
ral resolution.33 The potential to monitor cerebral well-being 
continuously and noninvasively during routine surgical proce-
dures under general anesthesia is an attractive proposition, but 
evidence that early detection of cerebral desaturation and tar-
geted intervention might improve perioperative outcome has 
thus far proved elusive.34 Hypotension-associated decreases in 
rScO2 in anesthetized patients in the beach chair position are 
not associated with a higher incidence of postoperative cogni-
tive dysfunction or serum biomarkers of brain injury,35 so the 
clinical relevance of such “desaturations” is unclear.

The role of NIRS in the ICU management of ABI is unde-
fined and there are no outcome studies of NIRS-guided treat-
ment. The presence of intraparenchymal hematoma, cerebral 
edema, and SAH may invalidate some of the assumptions 
upon which NIRS algorithms are based, but technological ad-
vances are likely to overcome these difficulties.28

Thresholds for Treatment and Evidence
The “normal” range of rScO2 is usually stated to lie between 
60% and 75%, but there is substantial intra- and inter-
individual variability. Despite early retrospective studies 
suggesting an association between intraoperative cerebral 
desaturation and increased risk of perioperative cognitive de-
cline after cardiac surgery, a 2013 systematic review concluded 
that only low-level evidence links low intraoperative rScO2 to 
postoperative neurologic complications.32 There was also in-
sufficient evidence to conclude that interventions to prevent or 
treat reductions in rScO2 are effective in preventing stroke or 
postoperative cognitive dysfunction. It is impossible to specify 
an rScO2 threshold that can be widely applied to guide shunt 
placement and other neuroprotective interventions during 
carotid surgery; reductions in rScO2 varying between 5% and 
25% from baseline have been reported as potential ischemic 
thresholds.29

Worsening of NIRS-monitored cerebral oxygenation has 
been associated with increased mortality, intracranial hyper-
tension and compromised CPP after TBI, and with vasospasm 
after SAH, including in patients where TCD was not diagnostic. 

While rScO2 may be able to provide a noninvasive estimate of 
cerebral oxygenation after TBI,36 there is currently no evidence 
that NIRS-guided treatment protocols are beneficial.

CEREBRAL MICRODIALYSIS

Well-established as a laboratory research tool, CMD was in-
troduced into the clinic in 1995 for the bedside analysis of 
brain tissue biochemistry. CMD monitors both the supply of 
substrate and its cellular metabolism and is, therefore, a mon-
itor not solely of cerebral ischemia but also of nonischemic 
causes of cellular energy dysfunction and the ensuing meta-
bolic crisis.37

Technical Aspects
The microdialysis (MD) catheter is a small probe comprising 
two concentric tubes with a semipermeable MD membrane at 
the tip. A precision pump delivers perfusion fluid at a slow rate 
(usually 0.3 μL/min) via the outer tube to the dialysis membrane 
across which bidirectional diffusion of molecules between 
brain extracellular fluid (ECF) and perfusion fluid takes place. 
The concentration gradient driving this diffusion is maintained 
by the continuous flow of perfusion fluid (which lacks the sub-
stance of interest in the ECF) along the inner side of the dialysis 
membrane. The perfusion fluid, now termed the microdialy-
sate because it contains substances that have diffused from the 
brain ECF, is returned via the inner tube of the MD catheter 
and collected in a small vial that is typically changed hourly.

Each sampled substance is a marker of a particular cellular 
process associated with glucose metabolism, hypoxia/isch-
emia, and cellular energy failure. In clinical practice, glucose, 
lactate, pyruvate, glycerol, and glutamate are the variables 
most commonly measured.38 However, any molecule that can 
pass through the semipermeable dialysis membrane can in 
theory be sampled, allowing off-line analysis of the dialysate 
for multiple biomarkers, including macromolecules such as 
cytokines, for research purposes.

One of the main advantages of CMD is its ability to assess 
glucose metabolism.39 Cerebral glucose utilization may in-
crease dramatically after ABI (cerebral hyperglycolysis), lead-
ing to critical reductions in cerebral glucose levels even in the 
presence of adequate supply. Glucose is metabolized via gly-
colysis to pyruvate which, under normal oxidative conditions, 
enters the highly efficient energy-producing tricarboxylic acid 
(TCA) cycle. Under hypoxic conditions, or if mitochondrial 
function is compromised, pyruvate is metabolized to lactate 
outside the TCA cycle with consequent low energy yield. The 
ECF lactate to pyruvate ratio (LPR), in association with ECF 
glucose levels, provides useful clinical information after ABI. 
Two types of elevated LPR, related to the mechanism of the 
physiological perturbations, are described. Type 1 changes 
are associated with reduced ECF pyruvate and elevated lac-
tate concentrations secondary to classic ischemia, whereas the 
type 2 pattern occurs when reduced pyruvate is the predom-
inant metabolic perturbation, a situation that reflects impair-
ment of the glycolytic pathway in the presence of adequate 
(or reduced) glucose supply.40 CMD monitored glutamate is a 
marker of hypoxia/ischemia and excitotoxicity, and glycerol a 
marker of hypoxia/ischemia and cell membrane breakdown.38

CMD is a focal technique so the monitored variables must 
be interpreted with knowledge of catheter location. This can 
be confirmed by CT visualization of a gold marker at the MD 
catheter tip. It is generally recommended that the MD catheter 
be placed in “at risk” tissue to allow assessment of biochemi-
cal changes in the area of brain most susceptible to secondary 
injury.41
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Indications
CMD monitoring can be considered in patients at risk of ce-
rebral hypoxia/ischemia, cellular energy failure and glucose 
deprivation.4 It is most commonly used in the critical care 
management of TBI and SAH, but may also have utility after 
ICH and acute ischemic stroke. Since CMD measures change 
at the cellular level, there is evidence that it may identify cere-
bral compromise before it is detectable clinically or by other 
monitored variables.42 Early detection of impending hypoxia/
ischemia would also be of significant benefit in the intraop-
erative setting, but a 2013 systematic review found limited 
and only low-quality evidence to support the use of CMD as 
a diagnostic tool during neurosurgery.43 The current hourly 
sampling rate used in the critical care management of ABI is 
in any case unlikely to be sufficient for intraoperative moni-
toring. A continuous rapid-sampling cerebral MD technique 
has been described for research use, but such systems are not 
currently available for clinical applications.

Thresholds for Treatment and Evidence
Elevated LPR in combination with low brain glucose is a sign 
of severe hypoxia/ischemia and associated with poor outcome 
after TBI. Thresholds for abnormality often used clinically are 
LPR >40 and glucose <0.7–1 mmol/L.44 However, there is no 
established value above which the LPR is definitively indica-
tive of tissue hypoxia, and a lower threshold of abnormality 
(>25) is recommended by some investigators.38 LPR has been 
used to guide optimization of CPP after TBI, but some studies 
have found that LPR may be abnormal despite CPP values that 
are customarily considered to be adequate.45 This is perhaps 
unsurprising given the several nonhypoxic/ischemic causes of 
elevated LPR,40 and highlights the importance of using phys-
iological data from multiple sources to guide individualized 
patient management.

CMD has contributed to our understanding of the patho-
physiology of brain injury but its clinical utility is still debated. 
The sensitivity and specificity of MD markers of ischemia and 
bioenergetic failure are not well characterized, and there are 
no data to confirm whether MD-guided therapy can influence 
outcome. Its use is, therefore, limited to a few research centers.

ELECTROENCEPHALOGRAPHY 
AND ELECTROCORTICOGRAPHY

The value of monitoring cerebral electrophysiological activity 
in patients with primary neurological disease is well estab-
lished, and its role in critically ill patients generally is increas-
ing with greater awareness that systemic illnesses, such as 
sepsis, have major impact on the brain.

Electroencephalography
Intermittent EEG monitoring is adequate for the diagnosis of 
seizures and some other neurological conditions, but continu-
ous EEG (cEEG) monitoring is required for the reliable detec-
tion and management of nonconvulsive seizures (NCSz) and 
nonconvulsive status epilepticus (NCSE).46

Technical Aspects
A 21-electrode montage is the standard for EEG monitoring, 
but a simplified set-up using seven (or fewer) electrodes has 
high sensitivity for the detection of seizures and may facilitate 
wider application outside specialist centers. The usefulness of 
cEEG is limited by its attenuation by anesthetic and sedative 
agents. It is also a resource-intensive technique requiring in-
terpretation by skilled personnel. Technological advances have 

led to the introduction of user-friendly processed EEG (pEEG) 
techniques, including automated seizure detection software. 
Telemedicine, which allows interpretation away from the bed-
side, may also increase the wider adoption of cEEG monitor-
ing outside specialist centers.

The bispectral index (BIS) monitor is a pEEG device that 
was developed to monitor the depth of anesthesia. It uses a 
proprietary algorithm to process frontal EEG signals and 
derive a number between 0 and 98. Values above 90 reflect 
a preponderance of higher frequency beta waves suggesting 
wakefulness. With progressive EEG suppression, BIS value ap-
proaches 0.

Indications
Depth of anesthesia monitoring with BIS or other pEEG-based 
techniques may reduce the risk of awareness, facilitate earlier 
recovery and reduce the risk of postoperative delirium. A de-
tailed discussion of the pros and cons of depth of anesthesia 
monitoring is beyond the scope of this chapter and the reader 
is referred elsewhere for further information.47

There is no evidence to support the use of BIS monitoring 
to guide sedation or other interventions on the ICU. Its raw 
EEG display in association with the BIS value has been used 
to titrate anesthetic agents during the management of status 
epilepticus (SE) prior to definitive EEG monitoring, but it 
should be emphasized that BIS does not replace formal EEG 
monitoring in these circumstances. There is some preliminary 
evidence that BIS values might have prognostic significance 
in determining which patients will not recover from cardiac 
arrest-associated brain anoxia.48

EEG monitoring is indicated to detect intraoperative cere-
bral ischemia in a variety of circumstances, most commonly 
to identify cerebral hypoperfusion necessitating shunt place-
ment during carotid surgery. In the ICU, EEG monitoring pro-
vides dynamic information about brain function and allows 
early detection of changes in neurologic status, which is par-
ticularly useful when clinical examination is limited. cEEG is 
recommended over intermittent monitoring in refractory SE, 
and to rule out NCSz in brain-injured patients and comatose 
critically ill patients without primary brain injury with unex-
plained or persistent altered consciousness.46 The EEG can 
also be used to detect and monitor cerebral ischemia in coma-
tose SAH patients, and to improve prognostication of coma 
after cardiac arrest.

Thresholds for Treatment and Evidence
The value of EEG and cEEG monitoring in the diagnosis 
and management of seizures and SE is well established since 
prompt and aggressive seizure management improves out-
come. The wider role of cEEG monitoring, though, is less 
clear. Integrating cEEG into multi-modal neuromonitoring 
strategies identifies associations between seizures, intracranial 
hypertension and metabolic derangements,49 but the impact of 
cEEG-guided treatment of NCSz is not established.

Electrocorticography
Spreading cortical depolarizations (SDs) are pathological 
events characterized by near-complete, sustained depolariza-
tion of neurons and astrocytes that results in secondary injury 
related to mitochondrial damage, accumulation of intracellu-
lar calcium, and excitotoxicity. SDs can currently be detected 
only by electrocorticography (ECoG) which involves the 
placement of an electrode strip directly onto the cortical sur-
face. Advances in scalp EEG and NIRS technology are likely 
to result in the development of noninvasive methods for the 
detection of SDs.
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Episodes of SD are detected in the majority of patients with 
malignant stroke, in over 70% of those with SAH, 50–60% 
with TBI and 60% of those with ICH.50 ECoG monitoring is, 
therefore, theoretically indicated in all brain injury types but, 
given its invasiveness, currently remains a research tool on 
the ICU. It is, however, used routinely during the resection of 
brain lesions that are associated with, or increase the risk of, 
seizures, and during epilepsy surgery (see Chapter 17).
Thresholds for Treatment and Evidence
SDs may represent potential targets for therapy, but a definite 
cause-and-effect relationship has not been proven. Only after 
TBI have SDs been shown to be independently associated with 
worse outcome, but treatment does not appear to modulate 
this. Until further evidence emerges, management should fo-
cus on controlling variables such as pyrexia, hypoxia, hypogly-
cemia and systemic hypotension, which are known to increase 
the incidence and duration of SDs.50

CHALLENGES OF MULTI-
MODALITY NEUROMONITORING

Multi-modality neuromonitoring allows cross validation 
between monitored variables and gives greater confidence 
when making treatment decisions, but how clinicians should 
approach derangements in one physiological variable in the 
presence of normal values in another is not always obvious. 
Different neuromonitoring tools measure different physiolog-
ical variables and their derangement, and the relative impor-
tance of each is dependent on the underlying pathophysiology 
and time since injury. It is for this reason that a “one size fits 
all” approach to monitoring and management after ABI is 
inappropriate.

Multimodal neuromonitoring produces large and complex 
datasets and, to maximize clinical relevance, systems have 
been developed to analyze and present these in a user-friendly 
and timely manner at the bedside.4 Another approach to mul-
timodal data interpretation is the use of computational mod-
els of cerebral oxygenation, hemodynamics and metabolism.29 
As well as interpreting complex datasets and providing timely 
summary outputs that can guide clinical decisions, computa-
tional models can also produce patient-specific simulations of 
clinically important but unmeasured physiological variables 
such as cerebral metabolism. Modelling approaches also have 
potential to provide clinicians with information about the un-
derlying processes that are driving the (patho) physiological 
state of the brain, rather than simply the endpoints of the in-
jurious processes.

SUMMARY

Given the physiological complexity of the human brain it 
is not surprising that a single variable or device is unable to 
adequately monitor all aspects of cerebral physiology and 
pathophysiology. Monitoring strategies on the ICU usually in-
corporate measurement of multiple variables simultaneously. 
The assessment of ICP, cerebral perfusion, oxygenation, met-
abolic status, and electrophysiology provides early detection 
of impending cerebral ischemia, hypoxia and metabolic crises, 
and identifies extended windows for monitoring-guided, in-
dividualized treatment strategies. Currently many neuromon-
itoring modalities are invasive but there is an expectation that 
reliable noninvasive monitors will emerge. This will broaden 
the application of neuromonitoring, including into the periop-
erative period. High-quality outcome studies are required to 

demonstrate the value of monitoring-guided therapy and 
which modalities, or combination of modalities, are most 
likely to lead to improved outcomes for patients.
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The intraoperative fluid management of neurosurgical pa-
tients presents special challenges for the anesthesiologist. 
Neurosurgical patients often experience rapid changes in 
intravascular volume caused by hemorrhage, the adminis-
tration of potent diuretics, or the onset of diabetes insipidus. 
The administration of volatile anesthetics and potent vaso-
dilators during surgery may contribute to decreased cardiac 
filling pressures without causing actual changes in intravascu-
lar volume. In the midst of this dynamic situation, the anes-
thesiologist often faces the additional concern of minimizing 
increases in cerebral water content and, thus, intracranial 
pressure. Intracranial hypertension secondary to cerebral 
edema is now known to be one of the most common causes 
of morbidity and mortality in the intraoperative and postop-
erative periods.

In this chapter, we examine some of the physical determi-
nants of water movement between the intravascular space and 
the central nervous system. Then we address specific clinical 
situations and make suggestions for the types and volumes of 
fluids to be administered.

OSMOLALITY, ONCOTIC 
PRESSURE, AND INTRAVASCULAR 
VOLUME

Osmolality
Osmolality is one of the four colligative properties of a solu-
tion. (The other three are vapor pressure, freezing point 
depression, and boiling point elevation.) The addition of 
1 osmole of any solute to 1 kg of water causes the vapor 
pressure to fall by 0.3 mmHg, the freezing point to drop by 
1.85° C, and the boiling point to rise by 0.52° C.1 The colli-
gative properties are determined solely by the number of 
particles in solution and are independent of the chemical 
structure of the solute. The solute may exist in either an ion-
ized or a nonionized state, and the size (molecular weight) of 
the solute is of no importance. Although it may seem coun-
terintuitive, equimolar concentrations of glucose, urea, and 
mannitol have the same effect on the colligative properties of 
a solution. Osmolality is strictly a function of the number of 
particles in solution.

For physiologic solutions, osmolality is commonly ex-
pressed as milliosmoles (mOsm) per kilogram of solvent, 
whereas the units of measure for osmolarity are milliosmoles 
per liter of solution. For dilute solutions (including most of 
those of physiologic importance), the two terms may be used 
interchangeably. Osmolarity can be calculated if the mo-
lecular weight of the solute and its tendency to disassociate 
in solution are known (Boxes 9.1 and 9.2). The osmolari-
ties of some commonly used intravenous fluids are listed in 
Table 9.1.

Osmolarity is important in determining fluid movement 
between various physiologic compartments because of the 

osmotic pressure that is generated when solutions of unequal 
osmolarity are separated by a membrane permeable to water 
but not to solutes. According to the second law of thermody-
namics, which states that all systems spontaneously change 
to maximize entropy, water has a tendency to move from the 
solution of lower osmolality, across the membrane, and into 
the solution of higher osmolality (Fig. 9.1).

This process continues until the solutions are of equal os-
molality or the hydrostatic pressure is sufficient to preclude 
any further net flow of water across the membrane. The hy-
drostatic pressure that can be generated by osmolar differ-
ences is formidable and may be calculated by the following 
equation:

		  (9.1)

where π is osmotic pressure in atmospheres, C is concentra-
tion of all osmotically active solutes in the solution (in moles 
per liter), R is gas constant (0.08206 liter-atm/mole-degree), 
and T is temperature in degrees Kelvin (° K).

p = CRT

BOX 9.1  �Calculate the Osmolarity of a 0.9% Solution  
of Saline

Fact: The molecular weight of NaCl is 58.43 g/mol.
Fact: A 0.9% solution of NaCl contains 9 g of NaCl per  

1000 mL of solution.
The first step is to calculate the molarity of the 0.9% solution. To 

do this, we divide 9 g/L by 58.43 g/mol, which equals 0.154 mol/L 
or a 154 mmol/L solution of NaCl. Because each molecule of NaCl 
disassociates in water into a Na+ and a Cl− ion, we multiply the 
molar value by two to get an osmolarity of 308 mOsm/L. This value 
corresponds to the osmolarity listed on any container of 0.9% 
saline.

BOX 9.2  Calculation of Osmotic Pressure

Calculate the osmotic pressure generated by a 1 mOsm difference 
in osmolarity at body temperature and express the results in 
millimeters of mercury.

Formula for calculation of osmotic pressure is as follows:

p=CRT

where:
C = 0.001 mol/L (ie, 1 mOsm/L)
R = 0.08206
T = 273° K + 36° K = 309° K (body temperature)
Therefore:

p = ´ ´ °=0 001 0 08206 309 0 02535. . . atm

or mmHg19 27.
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On the basis of this formula, a pressure of more than 
19 mmHg is generated for each milliosmole difference across a 
semipermeable membrane (see Box 9.2). Thus, osmolar differ-
ences can provide a potent driving force for the movement of 
water between the intracellular and extracellular spaces and, 
as seen later, across the blood–brain barrier. Although osmo-
lar gradients can be produced by administering hypo-osmolar 
or hyperosmolar fluids, these gradients are fleeting; and water 
moves from one compartment to another so that all body flu-
ids are again of equal osmolarity.

Oncotic Pressure
Oncotic pressure is the osmotic pressure generated by solutes 
larger than an arbitrary limit (usually 30,000 molecular weight 
[MW]). Albumin (69,000 approximate MW), hetastarch 
(480,000 mean MW), dextran 40 (40,000 mean MW), and 
dextran 70 (70,000 mean MW) are compounds of clinical 

interest that are capable of exerting oncotic pressure. Reported 
values for the oncotic pressures of plasma, mannitol, albumin, 
and hetastarch are listed in Table 9.1.2,3 The oncotic pressure 
produced by all plasma proteins (eg, albumin, globulins, fi-
brinogen) accounts for less than 0.5% of total plasma osmotic 
pressure. The oncotic pressure of various solutions can be 
easily measured with an electronic pressure transducer and a 
membrane that is freely permeable to low-molecular-weight 
(LMW) solutes but that prevents the passage of particles 
greater than 30,000 MW (Fig. 9.2).

Determinants of Fluid Movement between 
Vasculature and Tissues
Nearly 100 years ago, Ernest Starling described the forces that 
determine the movement of water between tissues and the in-
travascular space.4 This description was subsequently formal-
ized in what is now known as the Starling equation, as follows:5

		  (9.2)

where Qf is the net amount of fluid that moves between the 
capillary lumen and the surrounding extracellular space 
(interstitium), Kf is the filtration coefficient for the mem-
brane, S is the surface area of the capillary membrane, Pc is the 
hydrostatic pressure in the capillary lumen, Pt is the hydrostatic 
pressure (usually negative) in the extracellular space of the sur-
rounding tissue, σ is the coefficient of reflection—this number, 
which can range from 1 (no movement of the solute across the 
membrane) to 0 (free diffusion of the solute across the mem-
brane), quantitates the “leakiness” of the capillary and is dif-
ferent for vessels in the brain and those in peripheral tissues, 
πc is the oncotic pressure of the plasma, and πt is the oncotic 
pressure of the fluid in the extracellular space.5

Capillary pressure, tissue pressure (negative in noned-
ematous tissues), and tissue oncotic pressure all act to draw 
fluid from the capillaries and into the extracellular space of 
the tissue (Fig. 9.3). In peripheral tissues, the only factor that 
serves to maintain intravascular volume is the plasma oncotic 
pressure, which is produced predominantly by albumin and 
to a lesser extent by immunoglobulins, fibrinogen, and other 
high-molecular-weight (HMW) plasma proteins (see Fig. 9.3).

Q K S Pc Ptf f c t= -( ) - -( )éë ùûs p p

Fluid
Osmolarity 
(mOsm/L)

Oncotic Pressure 
(mmHg)

Lactated Ringer’s solution >273 0

D5 lactated Ringer’s 
solution

525 0

0.9% saline 308 0

D5 0.45% saline 406 0

0.45% saline 154 0

20% mannitol 1098 0

Hetastarch (6%) 310 312

Dextran 40 (10%) ≈300 1693

Dextran 70 (6%) ≈300 693

Albumin (5%) 290 19

Plasma 295 26

Table 9.1  �Osmolarity of Commonly Used  
Intravenous Fluids

Osmotic
pressure

High osmolalityLow osmolality

Semipermeable
membrane

Water

Water

Water

Fig. 9.1  When solutions of unequal osmolality are separated by a 
semipermeable membrane, water moves from the solution of lower 
osmolality through the membrane and into the more concentrated 
solution. This process continues until the solutions are of equal 
osmolality or the osmotic pressure reaches the point that no further net 
flux of water across the membrane is possible.

Semipermeable
membrane

Saline reference

Colloid sample

Pressure
transducer

To digital readout

Fig. 9.2  Oncotic pressure of various fluids can be measured with 
the use of a simple device constructed from a pressure transducer 
and semipermeable membrane. The chamber containing a saline 
reference is positioned above the pressure transducer and is separated 
from the sample well by a semipermeable membrane. The colloidal 
fluid being tested is placed in the sample well. Oncotic pressure of the 
colloidal fluid draws a small volume of saline across the semipermeable 
membrane, thereby creating a negative pressure above the pressure 
transducer. This pressure, which is digitally displayed, represents the 
oncotic pressure of the colloidal sample.
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Under most circumstances, the sum of the forces results in 
a Qf value that is slightly greater than zero, indicating a net 
outward flux of fluid from the vessels into the tissue extracel-
lular space. This fluid is cleared from the tissue by the lym-
phatic system, thereby preventing the development of edema 
(Fig. 9.4).

The clinical effects of altering one or more of the variables 
in the Starling equation may frequently be observed in the op-
erating room. Many patients who have been resuscitated from 
hemorrhagic hypovolemia with large volumes of crystalloid 
solutions demonstrate pitting edema, caused by a dilution of 
plasma proteins. This results in a decrease in intravascular 
oncotic pressure (πc). In the presence of relatively unchanged 
capillary hydrostatic pressure, an increased movement of fluid 
from the vasculature into the tissues occurs. When this fluid 
flux exceeds the drainage capacity of the lymphatics, clinically 
apparent edema results.

Another example of the Starling equation in action is the 
facial edema that is often seen in patients who have been 

placed in the Trendelenburg position for prolonged periods. 
In this case, the edema is due not to a decrease in plasma on-
cotic pressure but rather to an increase in the capillary hydro-
static pressure (Pc), favoring an increased transudation of fluid 
into the tissue.

Fluid Movement between Capillaries  
and the Brain
The Starling equation describes the factors that govern fluid 
movement between the intravascular and peripheral extracel-
lular spaces (eg, the interstitium of lung, bowel, and muscle). 
However, the brain and spinal cord are unlike most other  
tissues in the body in that they are isolated from the intravascu-
lar compartment by the blood–brain barrier. Morphologically, 
this barrier is now thought to be composed of endothelial cells 
that form tight junctions in the capillaries supplying the brain 
and spinal cord. Endothelial cells are surrounded by the layer 
of pericytes delineated by the foot processes of glial cells. In 
the normal brain, these tight junctions severely limit the dif-
fusion of molecules between the intravascular space and the 
brain. By measuring the movement of water out of the cen-
tral nervous system after abrupt changes in plasma osmolality, 
Fenstermacher and Johnson6 calculated the effective pore radius 
for the blood–brain barrier to be only 7 to 9 Å. This small pore 
size of the blood–brain barrier prevents movement not only of 
plasma proteins but also of sodium, chloride, and potassium 
ions between the intravascular compartment and the brain’s 
extracellular space (Fig. 9.5). In effect, the blood–brain barrier 
acts like the semipermeable membrane of an osmometer, and 
movement of water across this membrane is determined by the 
relative concentrations of impermeable solutes.

This situation is markedly different in peripheral tissues, 
where endothelial cells do not form tight junctions and pore 
sizes in the capillaries may be as much as several orders of mag-
nitude greater. Although these pores are small enough to pre-
clude the movement of most protein components of plasma, 
electrolytes pass freely from the capillary lumen into the extra-
cellular space. Thus, in peripheral tissues, movement of water 
between the intravascular space and the extravascular space 
is governed by the plasma concentration of large macromole-
cules (oncotic gradient) as defined by the Starling equation. In 

Capillary pressure
Interstitial fluid pressure

Interstitial oncotic pressure

H2O

Plasma oncotic
pressure

H2O

Fig. 9.3  In peripheral tissues, four forces act on intravascular water: 
capillary hydrostatic pressure, interstitial fluid pressure (negative in 
most tissues), and interstitial oncotic pressure (exerted by proteins in 
the interstitial space) act to draw water from the intravascular space 
into the interstitium. The only force that acts to maintain intravascular 
volume is plasma oncotic pressure. This last force is produced by the 
presence in plasma of high-molecular-weight proteins that cannot cross 
the capillary wall.

Interstitial space

Capillary lumen

Red blood cell

HMW particles
(eg, albumin, dextran)

LMW particles
(eg, Na+, Cl−, glucose)

Fig. 9.4  In peripheral capillaries, free movement of most low-
molecular-weight (LMW) particles (including sodium and chloride ions, 
glucose, and mannitol) occurs between the capillary lumen and the 
interstitial space. Intravenous administration of LMW solutes cannot 
affect the movement of water between the interstitium and vasculature 
because no osmotic gradient can be established. In contrast, a rise 
in plasma oncotic pressure from the administration of concentrated 
albumin, hetastarch, or dextran may draw water from the interstitium 
into the vessels because these high-molecular-weight (HMW) particles 
are precluded from passing through the capillary wall. Hypertonic saline 
solutions create an osmotic gradient across cell membranes and thus 
transfer fluid from the intracellular to the extracellular compartment, 
including the intravascular space. Interstitial space Blood–brain barrier

Capillary lumen

Red blood cell

Tissue

Plasma

HMW particles
(eg, albumin, dextran)

LMW particles
(eg, Na+, Cl−, glucose)

Fig. 9.5  In cerebral capillaries, the blood–brain barrier (estimated 
pore size of 7–9 Å) prevents movement of even very small particles 
between the capillary lumen and the brain’s interstitial space. Increasing 
plasma osmolality by intravenous infusion of mannitol or hypertonic 
saline can, therefore, establish an osmotic gradient between the brain 
and intravascular space that acts to move water from the brain into 
capillaries. HMW, high-molecular-weight; LMW, low-molecular-weight.
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contrast, fluid moves in and out of the central nervous system 
according to the osmolar gradient (determined by relative con-
centrations of all osmotically active particles, including most 
electrolytes) between the plasma and the extracellular fluid. 
This difference in the determinants of fluid flux explains why 
the administration of large volumes of iso-osmolar crystalloid 
results in peripheral edema caused by dilutional reduction of 
plasma protein content, but does not increase brain water con-
tent or intracranial pressure (ICP).

There can be little doubt that osmolarity is the primary de-
terminant of water movement across the intact blood–brain 
barrier.7 The administration of excess free water (either iatro-
genically or as a result of psychogenic polydipsia) can result 
in an increased ICP and an edematous brain.8 Conversely, the 
intravenous administration of markedly hyperosmolar crys-
talloids (eg, mannitol) to increase plasma osmolarity results 
in a decrease in brain water content and ICP. Hyperosmolar 
solutions are used as standard therapeutic agents to treat in-
tracranial hypertension.

In the presence of an intact blood–brain barrier, plasma 
osmolarity is the key determinant of water movement  
between the central nervous system and the intravascular 
space. However, what occurs when the brain is injured with 
disruption of the barrier? If the blood–brain barrier is partially 
disrupted, will blood vessels in the brain start to act more like 
peripheral capillaries? Experimental evidence is not conclu-
sive, but if the injury is of sufficient severity to allow extravasa-
tion of plasma proteins into the interstitial space (ie, capillaries 
have become “leaky”), plasma oncotic pressure does not  
affect water movement, because no oncotic gradient between 
the plasma and the brain interstitial space can be produced 
(ie, the proteins leak out of the capillaries and into the brain 
tissue) (Fig. 9.6). In an animal study using a cryogenic lesion 
as a model of acute brain injury, a 50% decrease in plasma 
oncotic pressure had no effect on regional water content or 
ICP.9 These results were confirmed in a subsequent study that 
demonstrated that reducing the plasma oncotic pressure from 
approximately 21 mmHg to 10 mmHg for 8 hours had no ef-
fect on ICP or brain water content in animals with a cryogenic 
brain injury despite the fact that the anticipated increase in 
water content was documented in peripheral tissues (muscle 
and jejunum).10

Despite a lack of convincing experimental evidence that 
iso-osmolar crystalloids are detrimental, the neurosurgical lit-
erature is filled with admonitions to restrict the use of crystal-
loids in patients at risk for intracranial hypertension.11 In the 
case of the intact blood–brain barrier, neither theoretical nor 
experimental evidence suggests that colloids are more bene-
ficial than crystalloids for either brain water content or ICP. 
The crystalloid-colloid question has been addressed in animal 
models of cerebral injury, with varying and sometimes con-
flicting results. Warner and Boehland12 studied the effects of 
hemodilution with either saline or 6% hetastarch in rats sub-
jected to 10 minutes of severe forebrain ischemia. Despite an 
approximately 50% reduction in plasma oncotic pressure in 
the saline group (from 17.2 ± 0.8 to 9 ± 0.6 mmHg), no benefi-
cial effect in terms of decreased edema formation was demon-
strated in the hetastarch group. Similarly, in a study that used 
a cryogenic lesion as a model of cerebral injury, Zornow and 
colleagues9 found no differences in regional water content or 
ICP between animals that received saline, those that received 
6% hetastarch, and those that received albumin.

In contrast, Korosue and associates13 found a smaller in-
farct volume and better neurologic status in dogs undergoing 
hemodilution with a colloid (LMW dextran) than in animals 
undergoing hemodilution with lactated Ringer’s solution after 
ligation of the middle cerebral artery. The researchers specu-
lated (but did not provide evidence) that this beneficial effect 
was due to decreased edema formation in the ischemic zone. 
They further speculated that, in this model of moderate isch-
emic injury, the blood–brain barrier may become selectively 
permeable to ions with preservation of its impermeability to 
HMW compounds (eg, dextran and proteins). If this is the 
case, then the brain tissue in the ischemic region may act very 
much like tissues in the periphery (ie, decreases in plasma on-
cotic pressure result in increased water movement into the tis-
sue). A study by Drummond and coworkers14 suggests that a 
similar situation may occur after traumatic brain injury (TBI). 
They subjected anesthetized rats to a 2.7 atm fluid percussion 
injury and then hemodilution with normal saline or a colloid. 
Brain water content was increased in the animals that received 
the normal saline. Thus, although the osmolality of the in-
fused solution is the primary determinant of water movement 
between the vasculature and brain tissue in the noninjured 
state, apparently in cases of ischemic or traumatic injury, col-
loids may or may not be beneficial, depending on the severity 
and extent of the injury as well as the time at which brain water 
content is measured.

Beneficial effects of hypertonic solutions in cases of local-
ized brain injury with disruption of the blood–brain barrier 
appear to be derived primarily from the ability of hypertonic 
solutions to cause a fluid flux out of brain tissue where the 
blood–brain barrier remains intact. In effect, the normal brain 
is dehydrated to compensate for the edema that forms in the 
vicinity of the lesion.15 The most likely mechanism for this 
beneficial effect is a decrease in brain water content in regions 
remote from the lesion.

SOLUTIONS FOR INTRAVENOUS 
USE

The anesthesiologist may choose from among a variety of flu-
ids suitable for intravenous administration. These fluids may 
be categorized conveniently on the basis of osmolality, oncotic 
pressure, and dextrose content. The term crystalloid is com-
monly applied to solutions that do not contain HMW com-
pounds and thus have an oncotic pressure of zero. Crystalloids 

Interstitial space

Capillary lumen

Red blood cell

HMW particles
(eg, albumin, dextran)

LMW particles
(eg, Na+, Cl−, glucose)

Fig. 9.6  After a variety of brain injuries (eg, ischemia, contusion), 
breakdown of the blood–brain barrier may occur, allowing both low-
molecular-weight (LMW) and high-molecular-weight (HMW) particles to 
escape from the capillary lumen (ie, the capillaries become “leaky”). In 
severe cases, extravasation of red blood cells into the interstitium may 
even occur. In this situation, neither hyperosmolar nor hyperoncotic 
solutions will help reduce edema formation in the area of the injury. 
Hyperosmolar solutions may still be beneficial in areas remote from the 
injury, where the blood–brain barrier remains intact.
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y may be hyperosmolar, hypo-osmolar, or iso-osmolar and may 
or may not contain dextrose. Some commonly used crystal-
loid solutions are listed in Table 9.1. Crystalloids may be made 
hyperosmolar by the inclusion of electrolytes (eg, Na+ and 
Cl−, as in hypertonic saline) or LMW solutes, such as manni-
tol (182 MW), glycerol (92 MW), glucose (180 MW), or urea 
(60 MW). Urea and glycerol are now rarely used because over 
time they penetrate the blood–brain barrier and may cause 
worsening of intracranial hypertension hours after their initial 
beneficial effect.16 Intravenous administration of mannitol has 
also been associated with the leakage into white matter near 
gliomas possibly due to the changes in blood–brain barrier 
permeability near tumors. Mannitol leak may exacerbate peri-
tumoral edema and lead to ICP rebound.17

The term colloid denotes solutions containing insoluble mac-
romolecules, which do not pass through semipermeable mem-
branes or capillary walls under normal conditions. Some colloid 
solutions have oncotic pressure similar to that of plasma (see 
Table 9.1). The examples of colloids are 6% hetastarch (Hespan), 
5% and 25% albumin, the dextrans (40 and 70), and plasma. 
Dextran and hetastarch are dissolved in normal saline, so the 
osmolarity of the solution is approximately 290 to 310 mOsm/L 
with a sodium and chloride ion content of about 145 mEq/L.

Hyperosmolar Solutions
Hyperosmotic fluids have been successfully used as a resus-
citation fluid in hemorrhagic hypovolemia as well as an os-
motherapeutic agent reducing brain edema or elevated ICP. 
The reputed advantages of such solutions include a more rapid 
resuscitation with smaller infused volumes, improved cardiac 
output, decreased peripheral resistance, and lower ICP.18 The 
benefits of using a variety of hypertonic solutions in lowering 
ICP and improving cerebral blood flow have been demon-
strated in a number of animal models.15,19–22 Clearly, these 
solutions exert at least part of their beneficial effects by os-
motically shifting water from the interstitial and intracellular 
spaces of the central nervous system to the intravascular space. 
Additional benefit may be derived from a reported reduction 
in cerebrospinal fluid production.23

Although an acute beneficial effect has been demonstrated, 
the longer-term (24–48 hours) effect of such hyperosmotic 
fluid therapy remains unknown. One primary area of con-
cern is the hypernatremia that results from many of these 
solutions. Although survival has been reported with serum 
sodium levels as high as 202 mEq/L, acute increases to values 
that exceed 170 mEq/L are likely to result in a depressed level 
of consciousness or seizures.24 Even with the administration 
of relatively small volumes (4.5 L) of moderately hypertonic 
saline (Na, 250 mEq/L; osmolarity, 514 mOsm/L), Shackford 
and coworkers25,26 reported that serum sodium levels peaked 
at over 155 mEq/L in the postoperative period.

Several studies have reported a beneficial effect of hyper-
tonic saline solutions in patients with intracranial hyper-
tension. In one report, the administration of small volumes 
of markedly hypertonic saline in two patients resulted in a 
striking and sustained diminution in ICP. Both patients had 
suffered closed-head injuries with ICPs in the range of 30 to 
50 mmHg. After conventional therapy with repeated doses of 
mannitol and hyperventilation had failed, 100 to 250 mmol 
of hypertonic saline was administered, resulting in prompt 
control of the intracranial hypertension.27 In a second study 
involving eight patients with a total of 20 episodes of intracra-
nial hypertension that was resistant to standard forms of man-
agement (including hyperventilation and mannitol), 30 mL of 
23.4% saline brought prompt and sustained decreases in ICP.28 

In 80% of the cases, ICP dropped by more than 50% of the 
pretreatment value within 21 ± 10 minutes. Associated with 
this decrease in ICP was a significant rise in cerebral perfu-
sion pressure from 64 ± 19 to 85 ± 18 mmHg 1 hour after hy-
pertonic saline administration. In a controlled animal study 
designed to directly compare the cerebral effects of mannitol 
(20%) and hypertonic saline (3.2%), rabbits were randomly 
allocated to receive an equiosmolar load of one of these two 
solutions (10 mL/kg). Plasma osmolality increased to a similar 
extent in both groups, and no differences in ICP reduction or 
regional water content were identified (Fig. 9.7).29

Hypertonic saline can be administered as a bolus30–32 or 
continuous infusion and the dose can be titrated according 
to serum sodium levels and/or serum osmolality.33,34 Frequent  
serum sodium checks every 4–6 hours are recommended 
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Fig. 9.7  A, Changes in plasma osmolality after intravenous 
administration of 0.9% saline or 11 mOsm/kg of either 20% mannitol 
or 3.2% (hypertonic) saline (Hypertonic). Note the prompt and equal 
increase (approximately 29 mOsm/kg) in plasma osmolality after 
administration of either of these two osmotic agents. No differences 
in plasma osmolality were noted between the hypertonic saline and 
mannitol groups at any time during the study. B, Effect of hypertonic 
saline and mannitol on intracranial pressure. Both of these osmotic 
agents produced transient decreases in intracranial pressure when 
compared with an equal volume of 0.9% saline. ∆ ICP, change in 
ICP from PF value; ∆ OSM, change in OSM from PF value; EI, end of 
infusion of 0.9% saline, mannitol, or hypertonic saline; PF, 45 minutes 
after induction of a cryogenic brain lesion; *, p < 0.05 mannitol and 
hypertonic saline groups vs. 0.9% saline group.) (From Scheller MS, 
Zornow MH, Oh YS: A comparison of the cerebral and hemodynamic 
effects of mannitol and hypertonic saline in a rabbit model of acute 
cryogenic brain injury. J Neurosurg Anesth 1991;3:291-296.)
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when hypertonic saline is used as a continuous infusion or 
with repeated boluses. Another concern is the route of admin-
istration. Hypertonic saline infused via peripheral vein may 
lead to phlebitis. Alternatively central venous catheter place-
ment may be required.

The possible benefit of adding furosemide to treatment 
with hypertonic solutions is controversial. In rats subjected to 
a closed-head injury, Mayzler and colleagues35 demonstrated 
an additional decrease in brain water content when furo-
semide was added to treatment with 3% hypertonic saline. 
However, this additional benefit was not seen when furose-
mide was added to treatment with mannitol.36 Although the 
protocols for these two studies differed in both the timing and 
the type of osmotic solutions administered, the findings sug-
gest that the benefit of furosemide for a given patient is likely 
to be small, if it exists at all.

In a prospective controlled trial in children with head 
trauma, patients received a bolus (approximately 10 mL/kg) 
of either 0.9% or 3% saline. Baseline ICP values were similar 
in both groups (20 mmHg). No significant change in ICP was 
demonstrated in patients who received 0.9% saline. However, 
after a bolus of 3% saline, ICP decreased significantly and 
averaged 15.8 mmHg for the next 2 hours. In patients who 
received 3% saline, serum sodium concentrations increased 
from a mean of 147 mEq/L to 151 mEq/L.37

Most recent clinical studies suggest that, compared to 
mannitol, hypertonic saline may achieve similar if not better 
brain relaxation conditions in patients undergoing craniot-
omy. Rozet and associates38 compared the effect of 5 mL/kg 
of 20% mannitol (1 g/kg) with that of an equiosmolar volume 
of 5 mL/kg of 3% hypertonic saline on brain relaxation in pa-
tients undergoing elective or urgent craniotomy for various 
neurosurgical procedures including tumor resection and cere-
bral aneurysm clipping. Both mannitol and hypertonic saline 
resulted in a similar increase in serum and CSF osmolalities 
and achieved a comparable degree of brain relaxation as as-
sessed by the surgeon. Compared with 3% hypertonic saline, 
mannitol caused more diuresis (P < .03) with less pronounced 
positive fluid balance at 3 hours (hypertonic saline group, 
3230 ± 1543 mL; mannitol group, 1638 ± 1620 mL; P < .004); 
however, fluid balance values were not statistically different at 
6 hours.

In a prospective randomized study, Dostal and associates 
compared the effects of intravenous mannitol and hypertonic 
saline on brain relaxation and postoperative complications 
in patients undergoing elective intracranial tumor surgery.39 
Patients who received 3.75 mL/kg of 3.2% hypertonic saline 
had better brain relaxation conditions than those receiving 
3.75 mL/kg equiosmolar 20% mannitol. Mannitol resulted in 
more pronounced diuresis, lower central venous pressures and 
natremia levels at the end of surgery. The authors did not find 
any significant differences in postoperative complications or 
lengths of hospital stay between the groups.

The studies by Rozet and Dostal suggest that hypertonic sa-
line may be considered as an alternative to mannitol for brain 
relaxation in patients undergoing craniotomy, especially those 
who are hypovolemic or hemodynamically unstable.38 It must 
be noted, however, that both of these studies may have been 
insufficiently powered to allow direct comparison of adverse 
events, which are infrequent.40 Extensive review of Mortazavi 
and associates suggested that hypertonic saline offers better 
control of ICP than mannitol.41 The sodium load and conse-
quent hypernatremia may be a concern in patients with neu-
rologic injury who are at risk for seizures and who may have 
altered mental status due to an underlying injury.

In summary, hypertonic saline can exert a beneficial effect 
on intracranial hypertension while providing rapid volume re-
suscitation. It appears to be equivalent to mannitol. Whether 
it provides significant advantages over mannitol awaits further 
investigation.

Dextrose Solutions and Hyperglycemia
It is now fairly well established that hyperglycemia before or 
during ischemia worsens neurologic outcome. Several inde-
pendent investigators using a variety of animal models have 
reached this conclusion. Worsened neurologic outcome has 
been repeatedly demonstrated after global ischemia of either 
the brain or the spinal cord. Elevations in plasma glucose do 
not have to be marked to produce a significant worsening of 
neurologic outcome. In an early study using a primate model, 
Lanier and associates42 showed that dextrose infusions (50 mL 
of 5% dextrose in 0.45% saline) markedly worsened the neu-
rologic score after 17 minutes of global cerebral ischemia. 
Although plasma glucose levels were slightly higher in animals 
that received the dextrose infusion (181 ± 19 vs. 140 ± 6 mg/
dL), this elevation did not even reach statistical significance. 
Drummond and Moore43 demonstrated a similar detrimental 
effect of hyperglycemia on spinal cord function after transient 
ischemia.

Although the apparent consensus is that hyperglycemia 
during transient global ischemia is detrimental, both beneficial 
and adverse effects of glucose have been shown in models of 
focal ischemia. Ginsberg and colleagues44 have demonstrated a 
decrease in infarct volume in rats made hyperglycemic before 
the ischemic event. Even greater beneficial effects (approxi-
mately 50% reduction in ischemic area) have been reported 
in a short-term study of hyperglycemia in cats after ligation of 
the middle cerebral artery.45 The significance of these findings 
is uncertain because in a long-term cat study (survival time of 
14 days), the hyperglycemic animals sustained infarcts twice 
the size of normoglycemic controls.46

The mechanism by which hyperglycemia worsens neuro-
logic outcome is not clear. One hypothesis is that the glucose 
loading that occurs in central nervous system tissue during 
periods of hyperglycemia provides additional substrate for 
the production of lactic acid during the ischemic period. This 
increase in intracellular lactate is postulated to have a neu-
rotoxic effect resulting in neuronal death. Although there is 
little doubt that lactate production increases in brains of hy-
perglycemic animals, the neurotoxic effect is less firmly es-
tablished. Indeed, in neuronal cell cultures, lactic acidosis has 
been shown to be neuroprotective.47,48 Another mechanism by 
which hyperglycemia may exacerbate neuronal injury is by en-
hancing glutamate release in the neocortex, but probably not 
in the hippocampus.49,50

In clinical studies, hyperglycemia has been associated with 
worsened neurologic outcome and/or mortality after TBI,51 
acute ischemic stroke (AIS),52–54 subarachnoid hemorrhage 
(SAH)55 and intracerebral hemorrhage (ICH).56,57

Whether hyperglycemia directly causes worsened neuro-
logic outcome or rather reflects the severity of tissue injury 
and its parallel stress response has been the subject of de-
bate.58,59 More recently, Schlenk showed that blood glucose 
levels >140 mg/dL independently predicted unfavorable out-
come and mortality at 12 months in patients with SAH besides 
age, Fisher and WFNS (World Federation of Neurosurgical 
Societies) grades.57 After adding a logistic regression model, 
authors stated that hyperglycemia >140 mg/dL was inde-
pendently predicting delayed ischemic neurological deficit. 
Cerebral glucose measured by microdialysis increased only 
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y at blood glucose levels higher than 140 mg/dL. The metabolic 
derangements, measured as lactate concentration and lactate/
pyruvate ratio, were slightly elevated compared to patients 
with lower glucose levels but the difference was not statisti-
cally significant.

A post hoc analysis of data from the IHAST study showed 
that patients with glucose levels > 129 mg/dL at the time of an-
eurysm clipping had more cognitive impairment defined by 
neuropsychological function composite scoring at 3  months 
compared to normoglycemic patients. Patients with glu-
cose > 152 mg/dL had significantly greater neurologic impair-
ment defined by NIHSS (National Institute of Health Stroke 
Scale).60

A recent retrospective observational study of Kurtz and 
associates evaluated the role of serum glucose variability in 
predicting cerebral metabolic distress and mortality.61 Plasma 
glucose variability was expressed daily as standard deviation 
(SD) of all serum glucose measurements per total monitoring 
period. Increased serum glucose variability SD of greater than 
1.4 mmol/L (25.2 mg/dL) per day was associated with an in-
creased risk of developing metabolic distress (lactate/pyruvate 
ration > 40) independently of GCS and brain glucose. Daily 
glucose SD greater than 1.4 mmol/L was also independently 
associated with hospital mortality. Davis and associates stud-
ied the effect of preoperative hyperglycemia on the risk of 
complications and length of ICU and hospital stay.62 Authors 
studied 918 craniotomy and spine-related neurosurgical cases 
and concluded that even mild preoperative hyperglycemia 
(>120 mg/dL) was associated with an increased risk of a wide 
range of postoperative complications and prolonged length  
of stay.

The previously discussed studies show that hyperglycemia 
and glucose variability are associated with worse neurologic 
outcome, mortality, complication rate and increased hospital/
ICU stay depending on the patient population studied. So, does 
treating hyperglycemia indeed make a difference in morbidity 
and mortality? A frequently cited study by Van den Berghe,63 
demonstrating reduced morbidity and mortality in postop-
erative patients managed with “tight” (80–110 mg/dL) versus 
conventional (180–200 mg/dL) glucose control, stimulated in-
terest in a more aggressive approach to treating hyperglycemia 
in the perioperative period. However, several subsequent stud-
ies examining intensive glucose control in broader ICU patient 
population raised concerns about the efficacy and safety of 
such an approach.64–67 In the NICE-SUGAR trial,67 6104 ICU 
patients were randomized to undergo either intensive glucose 
control (target blood glucose levels 81–108 mg/dL) or conven-
tional glucose control (target blood glucose levels ≤180 mg/
dL). Mortality at 90 days was higher in the intensive-control 
group (27.5%) compared to the conventional-control group 
(24.9), and the treatment effect did not differ between medical 
and surgical patients. The incidence of severe hypoglycemia 
(glucose ≤40 mg/dL) was also higher in patients assigned to 
intensive glucose control. New single or multiple organ failure 
and hospital or ICU lengths of stay were no different between 
the groups. It is important to note that the median glucose level 
for intensive glucose control was 107 mg/dL vs. 142 mg/dL in 
conventional control, and the mean time-weighted blood glu-
cose level 115 ± 18 vs. 144 ± 23 mg/dL, respectively.67

Tight glucose control may carry a significant risk of hypo-
glycemic events and reduced survival, at least in the critically 
ill; and the question becomes how to minimize the very real 
risks associated with the treatment of hyperglycemia while 
maximizing the potential benefits. In many cases, the answer 
to this question is institution-specific and depends on the 

staffing and resources available to provide safe and effective 
care. Krinsely68 compared outcomes in 800 patients with in-
tensive glucose management (target plasma glucose <140 mg/
dL) who were consecutively admitted to a medical-surgical 
ICU to outcomes in a historical control group of 800 ICU pa-
tients without standardized glycemic control. The incidence 
of hypoglycemia was similar in the two groups of patients. 
However, hospital mortality decreased 29.3% in the protocol 
group. Although the study was not adequately powered to al-
low a robust subgroup analysis, the decrease in mortality was 
especially marked in the neurologic patients.68 The weaknesses 
of this study are all those associated with nonrandomized clin-
ical trials using historical controls.

Ooi and associates conducted a meta-analysis of studies re-
porting outcomes in neurological and neurosurgical patients 
and the role of glucose levels and insulin protocols.69 The au-
thors compared intensive vs. conventional insulin therapy. 
Intensive insulin therapy involved intravenous administration 
of insulin via infusion pump for glucose target 80–110 mg/dL 
or looser; conventional therapy referred to subcutaneous in-
sulin per sliding scale targeting glucose 180–220 mg/dL. The 
review showed that neurological and neurosurgical patients 
who received intensive insulin therapy had better neurological 
outcome and lower risk of infections than conventional ther-
apy; mortality was not different.69 In contrast, Cinotti in his 
recent subgroup analysis of a randomized controlled CGAO-
REA (Contrôle Glycémique Assisté par Ordinateur) study did 
not find that tight glycemic control improved 28-day mortality 
or neurologic recovery of patients with severe brain injury.70 
It is important to note that the study evaluated neurological 
outcomes of patients with a variety of pathological states and 
mechanisms including TBI, SAH, ICH, cardiac arrest, brain 
tumor, brain abscess, and central nervous system infection.70

Multiple studies have addressed glycemic control in an-
eurysmal SAH patients. Hyperglycemia on admission as well 
as during hospitalization has been associated with poor out-
come.57 Some studies suggest that patients with SAH may 
benefit from stricter glycemic control than concluded by the 
NICE-SUGAR trial (<180 mg/dL). Study of Latorre, which 
included 332 SAH patients from a prospective intensive care 
unit database, demonstrated that patients with good glycemic 
control managed by an aggressive hyperglycemia protocol tar-
geting glucose levels 80–140 mg/dL resulted in reduction of 
poor neurological outcome at 3 and 6 months.71 Furthermore, 
a randomized prospective pilot trial on the effect of intensive 
insulin therapy in patients after intracranial aneurysm clip-
ping with acute SAH showed reduced infection rates (27% 
vs. 42%, resp.) when glucose was maintained in a range of 80 
to 120 mg/dL than a range of 80–220 mg/dL.72 However, the 
study was not intended to be sufficiently powered to address 
questions about the incidence of vasospasm, overall mortality, 
and neurologic outcome.

Treatment of hyperglycemia did not lead to improved out-
come in a large multicenter randomized control trial of pa-
tients with acute stroke. In the GIST-UK trial, stroke patients 
who presented within 24 hours of symptoms onset and with 
initial plasma glucose 6–17 mmol/L (108–306 mg/dL) were 
randomized to either receive continuous infusion of variable 
dose insulin and potassium (GKI) to aim for capillary glucose 
level 4–7 mmol/L (72–126 mg/dL) or to receive normal saline 
infusion with no glycemic control for 24 hours. Excluded pa-
tient categories comprised those with SAH and insulin treated 
diabetes mellitus. The level of hyperglycemia on admission 
was moderate in the majority of patients, with mean level of 
8.43 mmol/L (159 mg/mL). The study was stopped due to slow 
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enrollment after entering 933 patients instead of the planned 
2355 and hence was underpowered. The authors did not find 
difference in 90  day mortality or neurologic outcome be-
tween the study groups; however, a post hoc safety analysis 
showed increased mortality in those patients treated with GKI 
who had the greatest reductions in glucose levels (decrease of 
>2 mmol/L).73

In summary, hyperglycemia should be avoided in patients 
who are at risk for an ischemic event. Dextrose solutions 
should not be infused in the patient undergoing a neurosur-
gical procedure unless they are needed for the treatment or 
prevention of hypoglycemia. A more complex question is how 
to proceed when a patient enters the operating room with 
hyperglycemia. Although normalizing this patient’s plasma 
glucose level with insulin infusion is tempting, the effect of 
this intervention in reducing the risk of adverse outcome in a 
patient with neurologic injury is not clear.

The preceding evidence suggests that intensive glucose 
control (target <110 mg/dL) carries a definite risk of hypo-
glycemia and may be harmful in the critically ill patient. The 
NICE-SUGAR trial set a reasonable glucose goal <180 mg/dL 
in the general ICU patient population, with the caveat that the 
median glucose level in patients managed with conventional 
protocol was <142 mg/dL.72 Bilotta’s review, focusing on glu-
cose management in neurosurgical patients, leans toward the 
recommendation of moderate glucose management with the 
goal of 140–180 mg/dL.74 Evidence is accumulating, however, 
that tighter glucose control may improve neurologic out-
come and lower risk of infections, especially in patients with 
SAH.69,71 More prospective studies are needed to address op-
timal glucose management targets for patients with a specific 
type of neurologic injury or neurosurgical procedures.

FLUID ADMINISTRATION DURING 
CRANIOTOMY

Preoperative Deficits
The preoperative intravascular volume deficit of neurosurgi-
cal patients may be estimated in a manner similar to that used 
for patients undergoing other types of surgical procedures. For 
the nonfebrile adult patient, daily water loss averages approx-
imately 100 mL/h (Table 9.2) and occurs by evaporation from 
the skin and airways (insensible losses) and in urine, sweat, 
and feces.75

In addition to these obligatory losses, fluid loss caused by 
nasogastric suction, diarrhea, emesis, and phlebotomy must 
be considered. Patients who have undergone angiographic 
studies with intravenous contrast agents have excessive uri-
nary losses from the diuresis produced by these hyperosmotic 

agents. Respiratory and insensible losses are higher in patients 
who are febrile from any cause in the preoperative period. To 
determine the net deficit, one must add whatever fluids have 
been administered to the patient. These usually consist of in-
travenous intake or intake by mouth. Consideration of these 
values, in combination with physical examination, gives an es-
timate of the net volume deficit for a given patient.

Intraoperative Fluids
Crystalloids
Intraoperative maintenance fluid administration usually con-
sists of normal saline and lactated Ringer’s solution. As stated 
previously, these fluids are crystalloids and are approximately 
equiosmolar to normal plasma (see Table  9.1). Iso-osmolar 
crystalloids are given at a rate sufficient to replace the patient’s 
urine output and insensible losses milliliter for milliliter. As a 
general rule, alternating between normal saline and lactated 
Ringer’s solutions is advised to avoid hyperchloremic meta-
bolic acidosis with larger volumes of the former and a rela-
tive hypo-osmolar state with the latter, especially in patients 
who have received osmotherapy. Hypo-osmolar solutions 
and dextrose-containing solutions should be avoided. Blood 
loss is replaced at about a 3:1 ratio (crystalloid/blood) down 
to a hematocrit value of approximately 25–30%, depending 
on the rate of hemorrhage and the patient’s physical status. 
During procedures in which marked brain swelling is present, 
requests are often made to keep the patient “dry” in the un-
substantiated belief that fluid restriction lessens brain edema 
formation. Complete water restriction in dogs for 72 hours, 
however, results in an 8% loss of body weight but only a 1% 
decrease in brain water content.76 Such severe water restriction 
imposes severe physiologic stress, and the benefit of the min-
imal decrease in brain water content is unwarranted. Under 
no circumstances should iso-osmolar fluids be withheld to 
the point that the patient manifests hemodynamic instability 
caused by hypovolemia. Furthermore, patients with SAH are 
more likely to suffer from cerebral infarction if their intravas-
cular volume and sodium are not adequately replaced, osten-
sibly for the mistaken belief that hyponatremia attendant with 
SAH is due to SIADH only, while discounting the contributory 
effect of cerebral salt wasting.77,78

Ideally, sufficient intravenous fluids should be admin-
istered to maintain an adequate cardiac output but should 
avoid excessive fluid resuscitation. A great deal of evidence 
has accumulated in the critical care literature showing that 
the “dynamic” hemodynamic parameters (eg, changes in 
stroke volume, arterial pulse pressure [Fig.  9.8], and delta 
down [Fig. 9.9] during positive-pressure ventilation) provide 
a more accurate picture of volume status and responsiveness 
to fluid expansion than static hemodynamic parameters (eg, 
right atrial pressure or pulmonary artery occlusion pressure, 
right-ventricular end-diastolic volume, and left ventricular 
end-diastolic area).79–82

Furthermore, evidence suggests using thresholds of 13% 
for arterial pulse pressure variation (or delta pulse pressure) 
and 5 mmHg for delta down during positive-pressure ventila-
tion for the administration of additional volume.80–83

Whether perioperative goal-directed hemodynamic op-
timization, which fluid therapy is part of, will ultimately im-
prove outcome awaits further investigation. Multiple studies, 
summarized in a recent review by Navarro, have shown fewer 
postoperative complications and shorter hospital length of stay 
in a variety of surgical patient populations.84 However, a recent 
large prospective randomized POEMAS trial (PeriOperative 

Type/Location Amount (mL/day)

Insensible losses:  

  Skin 350

  Lungs 350

Urine 1400

Sweat 100

Feces 200

TOTAL 2400

Table 9.2  Daily Water Loss for an Adult
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goal-directed thErapy in Major Abdominal Surgery) did not 
find a difference in overall complications rate or length of stay 
between patients treated with hemodynamic protocol guided 
by a noninvasive cardiac output monitor compared to the in-
stitutional standard practice.85

Mannitol
Mannitol, a six-carbon sugar alcohol derived from flowering 
ash plant with an MW of 182, is the most commonly admin-
istered hyperosmolar solution. It is available in 20% and 25% 
solutions with osmolalities of 1098 and 1372, respectively. 
Mannitol is often administered when significant brain swelling 
occurs or when it becomes necessary to decrease brain volume  
to facilitate exposure and thereby reduce brain retractor isch-
emia. It should be given only after other potential causes of 
increased brain volume have been considered (eg, hypercap-
nia, vasodilators, obstruction to venous outflow). Mannitol 
is commonly administered as a rapid intravenous infusion in 
doses of 0.25 to 1 g/kg. Manninen and coworkers86 examined 
the effects of 1- and 2-g/kg doses on serum electrolytes and 

plasma osmolality in neurosurgical patients. In addition to the 
anticipated transient increase in plasma osmolality, these re-
searchers observed an associated decrease in serum sodium 
and bicarbonate concentrations, probably due to osmotically 
induced expansion of the extracellular volume. Patients who 
received the high dose of mannitol (ie, 2 g/kg) also mani-
fested a marked increase in serum potassium concentration 
(maximum mean increase of 1.5 mmol/L). Possible explana-
tions include solvent drag (ie, as water leaves the intracellular 
compartment, potassium is carried with it) and hemolysis of 
red cells near the tip of the infusion catheter caused by the 
locally high concentration of mannitol. Although transient, 
the hyperkalemia is reportedly associated with characteristic 
electrocardiographic changes.87 The use of mannitol is con-
traindicated in patients with end-stage renal disease or severe 
congestive heart failure patients. Mannitol may have a bipha-
sic effect on ICP. Concomitant with the infusion, ICP may 
transiently increase, presumably because of vasodilation of 
cerebral vessels in response to the sudden increase in plasma 
osmolality.16 A subsequent reduction in ICP is achieved by the 
movement of water from the brain’s interstitial and intracellu-
lar spaces into the vasculature.

The effect of a single bolus of 20% mannitol on hemo-
dynamic parameters in neurosurgical patients undergoing 
elective supratentorial craniotomy was recently evaluated 
by Chatterjee with the use of transesophageal echocardiog-
raphy.88 The authors observed that 1 g/kg of 20% mannitol 
infused over 15 minutes caused a significant rise in left ven-
tricular preload (at 5 minutes) and cardiac output (at 5 and 
15 minutes), with a decline in systemic vascular resistance (at 
5 and 15 minutes) but without concomitant changes in mean 
arterial pressure and heart rate.

Results of studies comparing the effects of 20% mannitol 
to equiosmolar amount of hypertonic saline on surgical brain 
relaxation suggest that hypertonic saline may provide equiv-
alent, if not superior, brain relaxation to mannitol.38,39 See 
above, the section on hyperosmolar solutions in “Solutions for 
Intravenous Use” for more detail (p. 156).

Colloids
Hetastarch
The non-blood-derived colloids available for infusion are  
hetastarch, dextran 40, and dextran 70. Hetastarch (Hespan) is 
a 6% solution of hydroxyethyl starch (HES) in normal (0.9%) 
saline. HES is an enzymatically hydrolyzed amylopectin, 
which is chemically modified by hydroxyethylation of glucose 
subunits at carbon positions C2, C3 or C6. The metabolism 
and plasma clearance of HES is determined by the molecu-
lar weight (MW), degree of molar hydroxyethyl substitution 
(number of moles of hydroxyethyl groups present per mole 
of glucose subunits) and the pattern of this substitution (C2/
C6 ratio). HES with lower MW, molar substitution, and C2/
C6 ratio are degraded faster, resulting in faster renal elimi-
nation, shorter volume effect, and fewer adverse effects on 
coagulation.89

Recently published data from several randomized trials 
have raised serious concerns about the adverse effects of HES 
products on renal function90–92 and ICU patient survival.93,94 
An extensive review of randomized controlled trials by 
Zarychanski concluded that hydroxyethyl starch significantly 
increased the risk of mortality and acute renal injury in the 
critically ill.95 In contrast, a recent large randomized clinical 
trial, the CRISTAL, evaluated the effect of colloid compared to 
crystalloid fluid resuscitation in critically ill patients in hypo-
volemic shock. The authors found no significant difference in 
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Fig. 9.9  Illustration of delta down measurement from arterial blood 
pressure tracing during positive-pressure ventilation. Delta down is 
the difference between baseline apneic systolic blood pressure and 
minimum systolic blood pressure. Delta up, the difference between 
baseline apneic systolic blood pressure and maximal systolic blood 
pressure during one mechanical respiratory cycle. (Illustration from 
Deflandre E, Bonhomme V, Hans P: Delta down compared with delta 
pulse pressure as an indicator of volaemia during intracranial surgery. 
Br J Anaesth 2008;100:245-250. By permission of Oxford University 
Press/British Journal of Anaesthesia.)
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Fig. 9.8  Illustration of delta pulse pressure measurement from arterial 
blood pressure tracing during positive-pressure ventilation. Delta pulse 
pressure (DPP) is the difference between the maximal (PPmax) and 
minimal (PPmin) pulse pressures during one breath cycle, divided 
by the mean. (From Deflandre E, Bonhomme V, Hans P: Delta down 
compared with delta pulse pressure as an indicator of volaemia during 
intracranial surgery.  
Br J Anaesth 2008;100:245-250. By permission of Oxford University 
Press/British Journal of Anaesthesia.)
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28 day mortality or in renal replacement therapy.96 However, 
various colloid and crystalloid fluids were combined in the 
trial.

As a result of this accumulating evidence, the European 
Medicines Agency decided in 2013 that: “HES solutions must 
no longer be used to treat patients with sepsis (bacterial infec-
tion in the blood) or burn injuries or critically ill patients be-
cause of an increased risk of kidney injury and mortality.” HES 
solutions may still be used for fluid resuscitation in addition to 
crystalloids in patients with acute blood loss; their use should 
be limited to 24 hours with renal function monitoring.97 The 
United States Food and Drug Administration (FDA) added 
a boxed warning to the use of HES regarding mortality and 
renal replacement therapy risks and recommended that HES 
products not be used in critically ill patients or in patients with 
pre-existing renal dysfunction.98

In summary, based on the evidence presented above, the 
use of hydroxyethyl starch solutions cannot be recommended 
until it is clearly demonstrated that such products provide 
benefit in the neurosurgical patient and do not cause harm 
when infused in limited volumes.

Dextrans
Dextran solutions are colloids composed of glucose poly-
mers with predominantly 1–6 glycosidic linkages. Although  
dextran 70 has an oncotic pressure about twice that of plasma, 
the oncotic pressure of dextran 40 is significantly greater; thus, 
infusion of dextran 40 can actually draw water from the inter-
stitial space into the intravascular compartment.99

Dextrans are associated with a variety of adverse effects 
that have limited their clinical use. In a manner analogous to 
the effect of hetastarch, dextrans interfere with normal blood 
coagulation, and are associated with allergic and pseudoaller-
gic reactions.100

Dextran may also interfere with blood typing and 
cross-matching101 and with a number of clinical laboratory 
tests, including blood glucose, bilirubin, and protein measure-
ments. Finally, acute renal failure was reported following the 
overzealous administration of dextran 40 that resulted in a hy-
peroncotic state (plasma oncotic pressure 33.1 mmHg).102

Albumin
Human albumin is available for infusion in 5% and 25% 
solutions. These solutions do not contain any of the clotting 
factors found in fresh whole blood or fresh plasma. Because 
all of the isoagglutinins are also removed in the processing, 
albumin may be given without regard to the patient’s blood 
type. The albumin is derived from the plasma of volunteer 
donors, pooled, heat-treated at 60° C for 10 hours to inacti-
vate possible viral contamination, and finally sterilized by 
ultrafiltration. Albumin has an MW of approximately 69,000 
and constitutes 50% of the total plasma proteins by weight. 
Intravenously infused albumin has a plasma half-life of 16 
hours in nonedematous patients.

The use of albumin compared to normal saline was evalu-
ated by SAFE trial multicenter randomized controlled study.103 
6997 critically ill patients were randomized to receive 4% albu-
min or 0.9% normal saline as a resuscitation fluid for 28 days. 
Studied subgroups were trauma, severe sepsis and ARDS pa-
tients. 28-day all-cause mortality was no different in the study 
groups, with the exception of higher mortality seen with al-
bumin in the TBI subgroup. Post hoc follow-up analysis of 
TBI patients showed that only patients with severe TBI (GCS 
3–8) accounted for increased mortality and that elevated ICP 
within the first week of injury may play a role.104

Reduced infarction size with albumin has been demon-
strated in animal models of global and focal cerebral 
ischemia.105,106 The neuroprotective effect of albumin is mul-
tifactorial.106 Albumin has been shown to improve perfusion 
to the ischemic penumbra,107 augment collateral perfusion,108 
and have a positive effect on microvascular hemodynamics.109

The potentially neuroprotective properties of albumin in 
animal studies have been investigated by several controlled 
studies in patients with ischemic stroke and SAH. ALIAS, a 
multicenter randomized controlled trial, was designed to eval-
uate the effect of 25% albumin on outcome in AIS patients 5 
hours within symptom onset.110 The infused volume of albu-
min was 8 mL/kg with maximum dose of 750 mL. The trial was 
stopped early for futility due to a higher risk of hemorrhagic 
conversion and more medical complications in the albumin 
group. A pilot clinical trial ALISAH investigated the thera-
peutic effect and safety of different doses of 25% albumin ad-
ministered for 7 days to patients with SAH.111 Results showed 
a dose-dependent reduction in vasospasm, delayed cerebral 
ischemia and infarction. However, the study was halted early 
due to severe cardiovascular side effects associated with higher 
albumin doses (1.875 g/kg/d).

Based on the evidence presented above, the utility of albu-
min in patients with neurological injury remains questionable. 
The ALISAH trial, albeit terminated early, showed reduced in-
cidence of vasospasm and infarction in SAH patients receiving 
25% albumin at 1.25/kg/d x 7 days—a dosage that the authors 
stated was well tolerated.111 Whether 25% albumin will prove 
to be indeed neuroprotective in a patient with SAH awaits fur-
ther investigation.

Plasma and Red Blood Cells
Greater professional and public awareness of the hazards  
associated with infusing blood products has markedly cur-
tailed their use. Currently, red blood cells (RBCs) should be 
given only to keep hematocrit at a “safe” level. This level varies 
from patient to patient; and even in a specific circumstance, it 
may be difficult to objectively define what constitutes “safe.” 
In vitro studies have shown that oxygen delivery to the tissues 
is maximal at a hematocrit of approximately 30%. At higher 
hematocrits, oxygen delivery is compromised by increased 
viscosity of the blood, whereas at hematocrits much below 
25%, delivery decreases because of reduced oxygen carrying 
capacity of the blood.

Healthy individuals show signs of cognitive impair-
ment with hemoglobin below 7 g/dL112,113 and may tolerate 
low levels of hematocrit (20–25%) without complications 
when undergoing elective surgery. Evidence from studies 
of patients who are critically ill but without serious car-
diac disease, supports a restrictive transfusion strategy 
(hemoglobin ~ 7 g/dL).114,115

As of now transfusion thresholds have not been well es-
tablished for patients with acute brain injury or when oxygen 
delivery is impaired. There is a large variability in transfusion 
triggers for patients with TBI, AIS, ICH and SAH.113,116–118 
Studies show that both anemia and RBC transfusion may 
negatively influence outcome,113 even though leukoreduction 
of RBC products has made RBC transfusion safer with fewer 
adverse effects.119 Most of the developed nations adopted the 
practice of using leukoreduced blood products as of 2008 or 
earlier; however, such practice has not been universally ac-
cepted in the United States.120

Studies of patients with spontaneous ICH demonstrated 
that anemia has been an independent predictor of hematoma 
size121 and was associated with poor outcomes.122 Anemia in 
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outcome.123 Prospective study of 1176 AIS patients showed 
that admission anemia was an independent predictor of 
mortality.124

Several studies have examined the effect of anemia on the 
outcome of patients with SAH. Anemia has been associated 
with a worse outcome regardless of WFNS, modified Fisher 
score or vasospasm.125 In a prospective study of high-grade 
SAH patients, hemoglobin <9 g/dL carried a risk of increased 
brain hypoxia, cell energy dysfunction and impaired auto-
regulation.116 Multiple studies show a relationship between 
higher hemoglobin levels and a decreased risk of cerebral 
infarction and improved functional outcome in SAH pa-
tients.126,127 Patients with higher mean hemoglobin (11.7 ± 1.5 
vs. 10.9 ± 1.2, p < 0.001) and nadir (9.9 ± 2.1 vs. 8.6 ± 1.8, 
p < 0.001) had improved neurological outcome at discharge 
and at 14 days.127

Anemia is a known deleterious factor but the effect of RBC 
transfusion is still not fully elucidated. RBC transfusion has 
been linked with worse outcome in multiple studies of SAH 
patients.128–130 However, in a prospective study of eight SAH 
patients that compared the effect of fluid bolus, induced hy-
pertension and RBC transfusion, Dhar and associates showed 
a significant improvement in global CBF and oxygen delivery 
after RBC transfusion (general threshold hemoglobin <7, va-
sospasm patients hemoglobin <10 g/dL).131

Large randomized clinical trials of TBI patients have found 
that admission anemia predicted worse outcome (hemoglo-
bin 14.3 vs. 10.8 g/dL),132,133 but the effects of RBC transfusion 
and transfusion thresholds in this patient population remain 
unclear. Duanes’ study of isolated TBI patients showed that 
anemia and administration of total RBC products were associ-
ated with increased mortality. They noticed that the effect was 
stronger with hemoglobin <8 g/dL.134

In conclusion, anemia is associated with a worse outcome 
in patients with neurologic injury; however, whether trans-
fusing RBCs improves outcome is not clear. Results of recent 
studies suggest that patients with acute brain injury do better 
with higher hemoglobin levels but solid evidence for optimal 
transfusion triggers is lacking. The individual practitioner 
has to use his/her clinical judgment and guidance from any 
institution-specific protocols.

Plasma should be administered only in an attempt to 
correct a coagulation defect caused by a deficiency of one 
or more of the coagulation factors. Volume expansion is no 
longer considered an appropriate use of this blood product. 
Coagulation defects may arise in neurosurgical patients for a 
variety of reasons. In one study, an abnormality in the pro-
thrombin time, partial thromboplastin time, or platelet count 
at admission was present in 55% of patients with head injuries 
and computed tomography evidence of new or progressive  
lesions.135 Victims of traumatic injury may require massive 
fluid resuscitation because of hemorrhagic hypovolemia. If 
this initial fluid resuscitation is achieved with asanguinous 
fluids, a dilutional coagulopathy may aggravate a preexisting 
clotting disorder.

SUMMARY

The movement of water between the vasculature and the brain’s 
extracellular space is driven primarily by the presence of os-
motic gradients. Clinically, these gradients can be established 
by administration of either hyperosmolar (eg, mannitol) or 
hypo-osmolar (eg, 5% dextrose in water) solutions. In the brain 
(unlike peripheral tissues), plasma oncotic pressure has little 

impact on cerebral edema formation. Attempts to minimize 
cerebral edema formation by fluid restriction are unlikely to 
be successful and, if overzealously pursued, may lead to hemo-
dynamic instability. Although no single intravenous solution 
is best suited for the neurosurgical patient who is at risk for 
intracranial hypertension, the use of iso-osmolar crystalloids is 
widely accepted and can be justified on a scientific basis.
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Most neurologic emergencies that require the intervention of 
an anesthesiologist are caused by head and spine trauma, lead-
ing to traumatic brain injury (TBI) and traumatic spinal cord 
injury (SCI). NonTBIs which can cause acute patient instabil-
ity include nontraumatic intracranial hemorrhage, ruptured 
cerebral aneurysms or arteriovenous malformations, acute ar-
terial hypertension, or chronic anticoagulation therapy; acute 
hydrocephalus; intracranial tumors with impending brain 
herniation; and ischemic stroke. Likewise, tumors or hemato-
mas compressing the spinal cord may cause acute spinal cord 
injury.

The aims of the acute care of patients with either brain in-
jury or SCI are stabilization of the patient and prevention of 
secondary neurologic injury. Secondary insults to other or-
gans and systems as a result of the primary neurologic injury 
and coexisting injuries in patients with trauma contribute to 
development of the secondary injury of the neurologic system, 
adversely affecting outcome.

This chapter focuses on the acute care of the neurologically 
unstable patient with brain and spinal cord injuries, regardless 
of the cause. We discuss the initial neurologic evaluation, the 
evaluation of other organ systems, and the goals of the acute 
care of the unstable patient.

BRAIN INJURY

Initial Evaluation
Every patient with trauma should be approached in accor-
dance with the basic Advanced Trauma Life Support (ATLS) 
principles that prioritize systems assessment in an order of  
ABCD: A—airway, B—breathing, C—circulation, D—disability/ 
neurologic assessment, E—exposure.

A basic neurological assessment, known by the mnemonic 
AVPU (Alert, Verbal stimuli response, Painful stimuli re-
sponse, or Unresponsive), should be performed with the pri-
mary survey of patients’ assessment.

A more detailed neurological evaluation is performed at 
the end of the primary survey and involves assessment of level 
of consciousness, pupil size and reaction, lateralizing signs, 
and spinal cord injury level.

The Glasgow Coma Scale (GCS) is a quick method to de-
termine the level of consciousness. An altered level of con-
sciousness requires an immediate re-evaluation of the patient’s 
oxygenation, ventilation, and perfusion. If factors such as 
drugs, including alcohol and hypoglycemia, are excluded, a 
decrease in the level of consciousness should be considered to 
be due to TBI until proven otherwise.

Every patient with an acute onset of focal neurological defi-
cit, on the other hand, should be considered to have a cerebral 
vascular accident, until proven otherwise.1

Assessment of breathing and circulation with basic vital 
signs measures should be done concomitantly with the initial 
assessment of consciousness.

Detailed Neurologic Evaluation
The Glasgow Coma Scale (GCS)2 score (Box 10.1) comprises 
the best verbal response, the best motor response, and the 
presence of eye opening, using a scale from 3 to 15. The scaling 
system is effective because it is easy to use, has good interob-
server reliability, helps guide diagnosis and therapy, and has 
prognostic significance. Morbidity and mortality are closely 
related to the initial GCS score, with lower scores predicting a 
worse outcome, irrespective of the cause of the brain injury.3 
Another factor that predicts the prognosis of the brain injury 
is age, with a better prognosis noted among pediatric patients, 
and worse prognosis in adults older than 40 years. Pupillary 
responses and gag reflexes should be evaluated in the initial 
neurologic examination. In the acute setting, examination of 
the size and reactivity of the pupils is particularly important 
(Box 10.2). A dilated, unresponsive (“blown”) pupil may be 
a sign of ipsilateral uncal herniation, in which the medial 
aspect of the temporal lobe (uncus) herniates through the 
tentorium, thereby compressing the midbrain and nucleus of 
the third cranial nerve.4 Bilateral pupillary dilation may be 
due to bilateral uncal herniation or injury (eg, ischemic or 
metabolic) to the midbrain. Local eye trauma or third nerve 
compression may cause a dilated, nonreactive pupil in the ab-
sence of a brain injury. In head-injured patients with systolic 
blood pressure (SBP) greater than 60 mmHg, clinical signs of 
tentorial herniation or upper brainstem dysfunction are valid 

10Care of the Acutely Unstable Patient

BOX 10.1  �Neurologic Evaluation of the Brain-Injured 
Patient

Glasgow Coma scale score (points):
Eye opening:

Spontaneous (4)
To speech (3)
To pain (2)
None (1)

Best verbal response:
Oriented (5)
Confused (4)
Inappropriate (3)
Incomprehensible (2)
None (1)

Best motor response:
Obeys commands (6)
Localizes pain (5)
Withdraws (4)
Flexion to pain (3)
Extension to pain (2)
None (1)

Pupillary size and reactivity
CT scan:

Mass lesion
Cerebral edema
Midline shift/absent basal cisterns
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indicators of possible mechanical compression.5 However, 
in patients with SBP less than 60 mmHg or with cardiac ar-
rest, pupillary signs are unreliable indicators of mechanical 
compression.5

If the patient is comatose (eg, no eye opening, verbal re-
sponse, or ability to follow commands), after an initial ra-
diologic evaluation is completed, evaluation of midbrain and 
brainstem reflexes (eg, pupillary response, corneal reflexes, 
oculomotor movements, and gag reflex) may aid in localiza-
tion of the injury.

Neuroimaging
After clinical neurologic evaluation and initial stabilization, 
radiologic evaluation with computed tomography (CT) is 
performed to diagnose the underlying disease process. If the 
patient is hemodynamically unstable with intra-abdominal or 
intrathoracic bleeding, the head CT scan is delayed until the 
life-threatening surgical bleeding is controlled. If the physical 
examination indicates a high likelihood of a brain injury, an 
intracranial pressure (ICP) monitor may be placed concur-
rently with the laparotomy or thoracotomy. Intracranial mass 
lesions that require rapid surgical treatment, such as epidural, 
subdural, or large intracerebral hemorrhages, are readily iden-
tified on CT scan (Figs. 10.1 and 10.2). Nonsurgical lesions, 
such as cerebral edema and hemorrhagic contusion, are also 
identified (Fig.  10.3). Diffuse cerebral swelling may develop 
after head trauma, especially in children. The severity of the 

BOX 10.2  �Pupillary Assessment in the Patient with  
Brain Injury

1.	 The pupil is considered “dilated” if pupillary diameter is >4 mm.
2.	 The pupil is considered “fixed” in the absence of constrictor 

response to bright light.
3.	 Bilateral pupillary light reflex should be assessed and used as a 

prognostic factor.
4.	 The duration of pupillary dilation and fixation should be documented.
5.	 Any asymmetry of pupils should be documented.
6.	 Hypotension and hypoxia should be corrected before pupillary 

assessment.
7.	 Orbital trauma should be excluded.
8.	 Pupils should be reassessed after surgical intervention  

(eg, evacuation of hematoma).

Modified from The Brain Trauma Foundation, The American Association of 
Neurological Surgeons, The Joint Section on Neurotrauma and Critical Care: 
Pupillary diameter and light reflex. J Neurotrauma 2000;17:583–590.

BA

Fig. 10.1  Computed tomography (CT) of 
epidural hematoma. A, Plain CT scan shows 
parietal epidural hematoma. B, Contrast-
enhanced CT scan shows enhancing dural 
rim (arrow). (From Haaga JR, Alfidi RJ [eds]: 
Computed Tomography of the Whole Body, 
Vol 1. St. Louis, Mosby, 1983, p 185.)

BA

Fig. 10.2  Computed tomography of 
subdural hematoma. A, Acute subdural 
hematoma can be seen (arrow). B, Note 
the marked midline shift, with displacement 
of lateral ventricles toward the left. (From 
Haaga JR, Alfidi RJ [eds]: Computed 
Tomography of the Whole Body, Vol 1.  
St. Louis, Mosby, 1983, p 187.)
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brain injury can be correlated with the magnitude of the mid-
line shift (see Fig. 10.2) and compression of the basal cisterns 
(see Fig. 10.3).6 In one study, patients with GCS scores of 6 to 
8 in whom initial CT scan showed compression of the basal 
cisterns had a fourfold higher risk of poor outcome than those 
with normal cisterns.6 Because patients may often have de-
layed neurologic deterioration, a repeat CT scan is indicated 
after any deterioration in neurologic status. Of patients whose 
conditions deteriorated after a mild head injury, 80% had a 
mass lesion that potentially required surgery.6 In contrast, ce-
rebral swelling is more likely to be the cause of deterioration in 
patients with severe head injury. Occasionally, manifestation 
of an intracerebral hematoma after TBI is delayed.

Patients with stroke might require an emergency brain MRI 
to differentiate brain ischemia from bleeding, and subsequent 
CT angiography, contrast-enhanced CT or MRI to identify 
brain lesions.1

Evaluation of Other Organ Systems
In addition to the neurologic evaluation, an evaluation of 
other organ systems should be performed (Box 10.3).

Respiratory System
Following assessment of the pattern of breathing and auscul-
tation of the lungs, chest radiography should be performed 
soon after the trauma patient arrives in the emergency de-
partment and in patients with hypoxemia. Many patients with 
brain injuries are hypoxemic regardless of the mechanism of 
injury, and an increased degree of pulmonary shunting is as-
sociated with a worsened neurologic outcome.7 Hypoxemia 
may be due to airway obstruction, hypoventilation, atelec-
tasis, aspiration, and associated lung injuries in trauma pa-
tients such as pneumothorax, or pulmonary contusion. On 
rare occasions, neurogenic pulmonary edema may occur, of-
ten in the more devastating injuries. Neurogenic pulmonary 
edema has been reported after a variety of central nervous 
system insults, including subarachnoid hemorrhage (SAH), 
intracranial hemorrhage (ICH), TBI, spinal cord trauma, 
acute hydrocephalus, colloid cyst of the third ventricle, sei-
zures, and hypothalamic lesions. An acute rise in ICP often, 
but not always, accompanies the development of pulmonary 
edema. Increases in ICP may elicit only the sympathetic acti-
vation and cardiopulmonary responses that are essential for  
the development of edema. The mechanism of neurogenic 
pulmonary edema is not completely understood.8 Marked 

sympathetic activation at the time of the injury may dam-
age the pulmonary capillary endothelium by both hydro-
static and increased permeability mechanisms.8 Increased 
pulmonary shunting may also be observed in patients with 
head trauma in the absence of distinct pulmonary edema 
or pathologic condition.9 The increased alveolar-arterial 
oxygen tension gradient in these patients may be related to 
airway closure caused by a decreased functional residual ca-
pacity in a comatose patient or by neurogenic alterations in 
ventilation–perfusion matching.10

Cardiovascular System
Severe brain injury activates the autonomic nervous system 
and causes a hyperdynamic cardiovascular response consist-
ing of hypertension, tachycardia, increased cardiac output, 
and electrocardiogram changes that may mimic myocardial 
ischemia.11

A Cushing response, in which bradycardia accompanies the 
hypertension, may occur.12 This response is thought to occur 

A B

Fig. 10.3  Computed tomography scans 
showing compressed basal cisterns (A) 
and normal basal cisterns (B, arrow). The 
presence of compressed basal cisterns 
after head trauma increases the risk of poor 
outcome. (From Toutant SM, Klauber MR, 
Marshall LF, et al: Absent or compressed 
basal cisterns on first CT scan: Ominous 
predictors of outcome in severe head injury. 
J Neurosurg 1984;61:691-694.)

BOX 10.3  Brain Injury: Effects on Other Organ Systems

1.	 Respiratory system:
a.	 Upper airway obstruction, inability to protect airway.
b.	 Increased pulmonary shunting.
c.	 Neurogenic pulmonary edema.
d.	 Associated pulmonary injuries: atelectasis, aspiration, 

pneumothorax, hemothorax, flail chest, pulmonary contusion.
2.	 Cardiovascular system:

a.	 Sympathetic nervous system overactivity.
b.	 Hemorrhagic shock.
c.	 Cushing response (hypertension, bradycardia).
d.	 Hypotension (another cause should be sought).

3.	 Musculoskeletal system:
a.	 Cervical spine injury in 10% of cases.
b.	 Long bone or pelvic fractures.

4.	 Gastrointestinal system:
a.	 “Full stomach.”
b.	 Blood alcohol levels.
c.	 Possible intra-abdominal injury.

5.	 Other systems:
a.	 Disseminated intravascular coagulation.
b.	 Hypokalemia.
c.	 Hyperglycemia.
d.	 Diabetes insipidus.
e.	 Hyponatremia.
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because marked intracranial hypertension causes medullary 
ischemia as a result of decreased cerebral perfusion pres-
sure (CPP) and brainstem distortion, resulting in activation 
of medullary sympathetic and vagal centers.12 Although bra-
dycardia accompanies the hypertension in a classic Cushing 
response, the presence of a relative tachycardia in a patient 
with a “blown” pupil may indicate that the patient is hypovo-
lemic. If the patient has outright hypotension, other sources of 
blood loss (eg, pelvic, thoracic, abdominal) should be sought. 
An isolated, mild-to-moderate TBI is not generally associated 
with hypotension because the blood loss from the head wound 
is usually insufficient to cause hypotension in adults.

Acute brain injury may lead to development of a Takotsubo 
stress cardiomyopathy (stunned myocardium) characterized 
by an acute transient ST-elevation left ventricle dysfunction, 
not related to coronary artery disease, and may be easily 
confused with an acute myocardial infarction. Transthoracic 
echocardiography (TTE) should be urgently performed to 
differentiate from coronary artery disease as it demonstrates 
classical left ventricular dysfunction with akynesis of apex 
(ballooning) and hypokynesis of other left ventricle segments. 
Although the pathophysiology of the phenomenon is not ex-
actly clear, it is believed that dramatic catecholamine release 
with stress, pain or intracranial bleeding lead to so-called 
“catecholamine cardiac toxicity,” and, possibly, transient cor-
onary spasm, leading subsequently to global, but transient, 
heart dysfunction. Most frequently (in about 90% of cases) 
Takotsubo cardiomyopathy is observed in middle-aged female 
patients with SAH. On occasion, it can also develop in a va-
riety of CNS injuries such as TBI, ICH, ischemic stroke, and 
epilepsy. Awake patients may present with classic chest pain 
and shortness of breath, cardiac enzyme elevation, and ST-
segment elevations and negative T waves in anterolateral wall 
on the EKG. Takotsubo cardiomyopathy can be complicated 
by profound hypotension, arrhythmias including torsade de 
pointes, heart failure and ventricular rupture and should be 
treated symptomatically.13 Usually, an acute cardiomyopathy 
resolves within a few weeks, echocardiogram normalizes in 
6 weeks and ECG in 10 weeks.14

Musculoskeletal System
Lateral cervical spine (C-spine) radiography should be per-
formed immediately because approximately 10% of patients 
with head injuries have associated cervical spine injuries. The 
lateral cervical spine film picks up approximately 80% of cer-
vical spine fractures15 and can display lethal injuries such as 
atlanto-occipital separation. The remainder of the spine series 
that is required to “clear the neck” (confirm absence of verte-
bral injuries) should be performed later, after complete evalu-
ation of the head injury. Many patients with head trauma also 
have long-bone or pelvic fractures that may cause significant 
blood loss or fat emboli.

Gastrointestinal System
Every patient with a neurosurgical emergency should be 
assumed to have a full stomach and to be at risk for aspira-
tion. Patients with acute head trauma may also have intra-
abdominal injuries. Delayed gastric emptying may persist for 
several weeks after severe head injury.16 Significant blood alco-
hol levels have been found in more than 50% of head-injured 
patients.17

Coagulation
Patients with head trauma may also have disseminated in-
travascular coagulation, possibly caused by release of brain 
thromboplastin into the systemic circulation.18 Outcome 

is poorer in patients in whom the condition develops.18 
An increase in fibrin split products may identify patients 
with head injury who are at high risk for adult respira-
tory distress syndrome.19 Coagulation factor levels should 
be checked in the emergency department, and aggressive 
replacement of platelets and clotting factors may be re-
quired. Use of recombinant factor VII has been advocated 
in patients with polytrauma that includes TBI20,21 and with 
spontaneous intracranial hemorrhages.22 However, data 
are inconsistent regarding mortality benefit, reduction in 
transfusion requirements, and associated complications 
from the use of this agent.23–25 Given the serious risk of 
thromboembolic events, recombinant factor VII cannot 
be recommended as prophylactic therapy in patients with-
out acute bleeding.26 Prothrombin complex concentrate 
(PCC), consisting of factors II, VII, IX, and X, and proteins 
C and S, is a newer agent that has demonstrated superiority 
to FFP in the rapid reversal of warfarin-associated coag-
ulopathy.27,28 Its use has been expanded beyond warfarin 
reversal and has been shown to be effective in treating both 
acquired and induced coagulopathy in patients with TBI.29 
Additionally, PCC offers significant cost savings over re-
combinant factor VII27,29 and should be considered as a vi-
able alternative for the treatment of coagulopathy in the 
setting of TBI.

According to the recently issued by ASA/AHA Guidelines 
for the Management of Spontaneous Intracerebral 
Hemorrhage (ICH), patients with severe anticoagulation fac-
tor deficiency or thrombocytopenia should receive appropri-
ate replacements of factors or platelets.1 An effect on outcome 
of platelet transfusion in patients receiving anti-platelet med-
ications, particularly dual antiplatelet medications combining 
aspirin with P2Y12-ADP inhibitors (clopidogrel, prasugrel, ti-
cagrelor), is not clear and considered a Class IIB recommen-
dation. In cases of oral anticoagulant-associated intracranial 
hemorrhage, normalization of coagulation by reversing anti-
coagulant should be performed as soon as possible. In patients 
receiving warfarin, intravenous vitamin K (5–10 mg) should 
be given along with FFP (20 mL/kg) or PCC (20–40 IU/kg) to 
normalize prothrombin time. Administration of PCC (either 
3 or 4 factors) may be advantageous in patients in whom fluid 
overload should be avoided (eg, patients with heart failure) 
as about 1 liter of FFP is required to normalize coagulation  
(10–15 mL/kg of FFP raises level of factors by 10–20%).1 
Patients receiving direct thrombin inhibitor dabigatran or 
factor Xa inhibitors (rivaroxaban and apixaban) may be 
treated similarly to patients on warfarin with FFP or PCC30 as 
there are no reversal agents available. An antibody fragment 
idarucizumab has been recently advocated for the effective 
reversal of dabigatran;31 its safety in neurosurgical patients, 
however, needs to be proven.

Electrolyte Imbalance
The patient may demonstrate hypokalemia and hyperglyce-
mia in response to stress and trauma.32 β-Adrenergic receptor 
stimulation from epinephrine (adrenaline) causes a decrease 
in serum potassium by driving potassium into the cells. 
Similarly, when pH is elevated, as is common in the brain-
injured patient in whom hyperventilation is used to reduce 
ICP, potassium is driven into cells as hydrogen ions are re-
leased. Decreases in serum potassium values associated with 
acute hyperventilation and stress do not need to be treated, 
because total body potassium is unchanged. However, 
diuretic-induced renal losses of potassium do require replace-
ment to avoid complications of acute intracellular potassium 
depletion, including potentiation of neuromuscular blockade  
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injured patient, the cause of hypokalemia is multifactorial. 
Initiation of treatment depends on the predominant clinical 
circumstances.

Diabetes insipidus may occur in the patient with basilar 
skull fracture or severe head injury involving the hypothal-
amus or posterior pituitary. Antidiuretic hormone (ADH) is 
synthesized in the hypothalamus and secreted by the poste-
rior pituitary. ADH enhances the permeability of free H2O in 
the distal convoluted tubule and collecting duct of the kidney. 
Patients with diabetes insipidus can lose large volumes (25 L/day) 
of dilute urine, resulting in marked increases in serum sodium 
and osmolality.

Diabetes insipidus should be considered in the differential 
diagnosis of polyuria in any patient with head trauma or pitu-
itary and hypothalamic lesions. The differential diagnosis of 
intraoperative polyuria includes excessive fluid administra-
tion, osmotic agents (eg, hyperglycemia with serum glucose 
level greater than 180 mg/dL, mannitol), diuretics, paradoxic 
diuresis in patients with brain tumor,33 and nephrogenic 
and central diabetes insipidus. Diabetes insipidus is diag-
nosed intraoperatively by the ruling out of iatrogenic causes  
and hyperglycemia, and through a demonstration of marked 
increases in serum sodium and osmolality with low urine 
osmolality.

Treatment of diabetes insipidus involves adequate fluid 
replacement with half-normal (0.45%) saline and admin-
istration of ADH. Five percent dextrose in water may al-
ternatively be used; however, caution should be applied to 
avoid hyperglycemia. Aqueous vasopressin may be given 
subcutaneously or intramuscularly (5 to 10 U) every 6 hours 
or as a slow intravenous infusion (up to 0.01 U/kg/h) for 
rapid control of intraoperative or postoperative diabetes 
insipidus.34 Larger doses may cause hypertension. For less 
frequent dosage, desmopressin (DDAVP) 1 to 4 μg intrave-
nously or subcutaneously every 12 hours may be adminis-
tered. Desmopressin may be given more frequently if the 
diabetes insipidus is not controlled. This agent has less vaso-
pressor activity than aqueous vasopressin and is preferable 
to vasopressin in patients with coronary artery disease and 
hypertension.

Hyponatremia may also occur in the acutely brain-injured 
patient. Hyponatremia may be associated with diminished 
(eg, diuretic usage, adrenal insufficiency, salt-losing nephri-
tis), expanded (eg, congestive heart failure, renal failure), 
or normal (eg, hypothyroidism, syndrome of inappropriate 
ADH secretion) extracellular fluid volumes. Rapid reduc-
tion of the serum sodium value to less than 125 to 130 mEq/L 
may cause changes in mental status and seizures. The first 
step in diagnosis is to establish the category to which the 
patient belongs. Although many clinicians are quick to sug-
gest syndrome of inappropriate ADH secretion in patients 
with brain injury, this diagnosis should be made only after 
exclusion of other possible causes. In neurosurgical patients, 
hyponatremia is most commonly associated with intravascu-
lar volume depletion caused by diuretic administration or a 
loss of sodium via the kidney. After SAH, patients may have 
a primary natriuresis (“cerebral salt wasting”), which, unlike 
syndrome of inappropriate ADH secretion, is associated with 
a decreased intravascular volume.35 Aggressive fluid therapy 
is required in patients with SAH to maintain a normal intra-
vascular volume.

Blood toxicology screen is indicated in patients with im-
paired neurological status as alcohol, cocaine and other 
sympathomimetic drugs are associated with both TBI and 

spontaneous ICH. Pregnancy test should be performed in 
women of childbearing age.

Management of the Brain-Injured Patient
Airway
Patients with a GCS score of 8 or less or uncooperative pa-
tients who require sedation for neuroimaging require intuba-
tion, because patients with suspected head injury should not 
be sedated without an endotracheal tube in place and control 
of ventilation ensured. Trauma patients should be assumed to 
have a cervical spine injury until proven otherwise. Nasal in-
tubation should be avoided in patients with suspected basilar 
skull fractures and sinus injuries.

The patient’s airway and hemodynamic status should be 
quickly assessed before a plan for endotracheal intubation 
is chosen (Fig.  10.4). Rapid sequence induction with cri-
coid pressure is a standard technique for establishing a de-
finitive airway in the neurologically compromised patient. 
Comatose patients may not require sedation or paralysis for 
direct laryngoscopy and endotracheal intubation. In trauma 
patients, in-line stabilization of the neck should be utilized. 
Newer airway equipment, such as optical and video laryngo-
scopes (eg, AirTraq, GlideScope®, McGrath®) and stylets 
(Shikani Seeing Stylet), may be utilized to improve visual-
ization of the glottic opening. However, fiberoptic laryngos-
copy is still considered the “gold standard” for management 
of the difficult airway, especially if concomitant cervical 
spine injury is suspected. In some cases, a cricothyroidot-
omy may be required.

If the airway appears normal, a muscle relaxant should 
be given to facilitate glottic exposure and reduce coughing. 
The prevention of the cough by the prior administration of 
a muscle relaxant appears to be most important in prevent-
ing significant increases in ICP with endotracheal intuba-
tion. Nondepolarizing neuromuscular blockers have been 
shown to prevent increases in ICP during tracheal stimu-
lation.36 Additionally, White and colleagues37 found that 
succinylcholine, but not thiopental, fentanyl, or lidocaine, 
prevented marked rises in ICP with endotracheal suctioning 
in comatose head-injured patients, because of the greater 
reduction in coughing after administration of succinylcho-
line. However, barbiturates and lidocaine were effective in 
attenuating the increase in ICP due to tracheal stimulation 
in patients who also received a muscle relaxant.38,39 These 
drugs and narcotics may also be necessary to prevent in-
creases in mean arterial pressure and ICP with endotracheal 
intubation.

One should assess the patient’s hemodynamic status to 
choose an anesthesia induction agent that reduces the increase 
in ICP that accompanies endotracheal intubation. The pri-
mary goal is to maintain adequate cerebral perfusion pressure 
(CPP) by ensuring hemodynamic stability while reducing ICP. 
Severe hypotension from the inappropriate administration of 
a large dose of propofol in a hypovolemic patient may be worse 
for the patient than the transient rise in ICP that accompanies 
endotracheal intubation. If the patient is hypertensive or he-
modynamically stable, a rapid-sequence induction with head 
and neck stabilization, defasciculation, cricoid pressure, and 
administration of propofol, lidocaine, and succinylcholine 
can be used. To avoid hypoxemia and excessive increases in 
PaCO2, the patient may be manually hyperventilated while 
cricoid pressure is maintained before intubation. If the patient 
is hypertensive, administration of narcotics (such as fentanyl), 
antihypertensive agents, or both may be necessary to prevent 
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severe hypertension and increases in ICP with endotracheal 
intubation, but extreme caution is required to prevent untow-
ard reductions in CPP in this setting. Esmolol and labetalol 
have less potential to raise ICP than sodium nitroprusside, 
which is a marked cerebrovasodilator.40 Calcium channel 
blockers nicardipine and clivedipine are potent and safe anti-
hypertensive medications which are widely used, particularly 
in patients with ICH.41,42 If the patient is somewhat hypovo-
lemic (as is common in the patient with multiple injuries), 
etomidate (0.2–0.4 mg/kg) may be used as an alternative to 
propofol because it is effective in reducing cerebral blood flow 
(CBF) and ICP.42

There is a renewed interest in ketamine as an induction 
agent in patients with brain injury. A recent randomized con-
trolled trial proved safety of ketamine (2 mg/kg) while pro-
viding similar intubating conditions compared to etomidate 
in 655 patients with brain injury requiring emergency intu-
bation.43 If hypertension and tachycardia are of concern, an-
other option would be a mixture of ketamine 0.75 mg/kg and 
propofol, which provides more stable hemodynamics com-
pared to induction with propofol only.44 Ketamine (1 mg/kg) 
was shown to decrease intracranial pressure in adults during 
anesthesia45 and recently in ICU children with increased ICP 
(ketamine 1–1.5 mg/kg).46

Although succinylcholine may transiently increase ICP be-
cause of greater CO2 production or cerebral stimulation from 
the fasciculations,47 succinylcholine is the muscle relaxant of 
choice in emergent endotracheal intubation because of its 
fast onset of action, short duration, and excellent intubating 
conditions, unless it is contraindicated. Whether pretreat-
ment with a “defasciculating” dose of nondepolarizing mus-
cle relaxant is effective preventing succinylcholine-induced 
increase in ICP is not clear.48 The benefits of rapid intubation 
and hyperventilation, if required, outweigh the disadvantages 
of brisk ICP increase during intubation in the acutely injured 

patient. Succinylcholine can potentially cause hyperkalemia. 
Rocuronium (0.6–1.2 mg/kg) should be chosen in this circum-
stance, assuming that the airway is not difficult.

Goals in the Acute Care of the Brain-Injured 
Patient
The principal aim in the acute medical management of the 
brain-injured patient is to prevent secondary neurologic in-
jury. Over the last 30  years, an understanding of the patho-
physiology and goals of an early treatment of the potential 
causes of secondary neurologic injury led to a significant de-
crease in mortality of patients with severe TBI, from 50% to 
25–30%.49

Secondary brain injury is an important determinant of 
outcome from severe TBI. Factors contributing to the de-
velopment of secondary neurologic injury include hypoxia, 
hypercapnia, hypotension, intracranial hypertension, and 
transtentorial or cerebellar herniation. Durations of systemic 
hypotension with systolic blood pressure (SBP) 90 mmHg 
or lower, hypoxia with arterial O2 saturation (SaO2) 90% or 
lower, and pyrexia with core temperature 38° C or higher 
have been found to be strongly associated with mortality af-
ter TBI.50 Many of these factors are potentially treatable. Both 
CPP greater than 90 mmHg and higher GCS scores correlated 
with better neurologic outcome,51 whereas CPP lower than 
50 mmHg is independently associated with poor outcome af-
ter TBI.50 Box 10.4 summarizes the aims in the acute care of 
patients with TBI injuries.

High-dose steroids do not reduce ICP in TBI52 and do not 
affect outcome from severe head injury.53 They are therefore 
not recommended for the treatment of acute TBI. Steroids 
may be useful in reducing edema in the rare patient who pres-
ents with impending brain herniation from a brain tumor.54 In 
such a patient, clinical improvement occurs within hours of 
the initiation of steroid therapy.
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Normal airway
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not clear

Normal airway
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intubation

Hemo-
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Possibly
hypovolemic
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Direct
laryngo-
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Blind
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“normal airway”
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3. Prevent severe
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    Usually with
      anesthetic drugs
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    Many need anti-
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Fig. 10.4  Airway management of the brain-injured patient. ICP, intracranial pressure.
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Prevention of Hypoxemia
Prompt and aggressive treatment of hypoxemia in TBI pa-
tients is imperative because hypoxemia is associated with the 
development of secondary brain injury, worsening neurologic 
outcome,7 and increasing mortality, especially when associ-
ated with systemic hypotension.55 According to a study of 717 
cases in the Traumatic Coma Data Bank, hypoxemia was iden-
tified in 22.4% patients with severe TBI and was associated 
with increases in morbidity and mortality.55

Every patient with brain injury should be assessed ac-
cording to general “ABC” principles of trauma management 
(airway, breathing, circulation), which is initiated with provi-
sion of an adequate airway and breathing/ventilation. Every 
brain-injured patient should receive supplemental oxygen 
regardless of initial GCS score. Oxygenation should be mon-
itored whenever possible with pulse oximeter or by mea-
surement of arterial blood gas levels. The minimum goal of 
oxygenation in patients with brain injury should be to main-
tain SaO2 at 90% or higher or PaO2 at 60 mmHg or higher.56 
Patients with severe brain injury should be intubated and 
ventilated with 100% oxygen until adequate oxygenation is 
verified.

The possibility has been raised that positive end-expiratory 
pressure (PEEP) may increase ICP in the brain-injured patient 
because it may increase cerebral venous volume by reducing 
cerebral venous outflow. However, 10 cm H2O PEEP improves 
oxygenation and usually results in clinically inconsequential 
increases in ICP in patients with severe head trauma.57 PEEP 
may affect ICP less in patients with the stiffest lungs, who are 
presumably the ones who need PEEP the most.

Maintenance of Hemodynamic Stability
Hypotension
When systemic hypotension is defined as SBP less than 
90 mmHg, even a single recorded prehospital episode has 
been shown to correlate with higher morbidity and mortality 
in patients with TBI.55 While patients are in the intensive care 
unit, the duration of hypotension (SBP < 90 mmHg) strongly 
correlates with worsening of neurologic outcome as assessed 

by the GCS and with an increase in mortality.50 Blood pres-
sure should be monitored and SBP should be kept higher than 
90 mmHg.56

The most common hemodynamic problem in the patient 
with head trauma and multiple injuries is hypovolemia caused 
by blood loss, profound diuresis from mannitol, and inappro-
priate attempts to restrict fluid intake. Because the damaged 
brain tolerates hypotension poorly, intravenous fluids should 
be administered in sufficient quantities to rapidly restore in-
travascular volume and CBF. Intraoperative blood loss may be 
severe in vascular injuries and skull fractures. Massive volume 
replacement may be required intraoperatively if a dural sinus 
is injured. In addition, blood loss may be difficult to quantify 
because it spills on the drapes and on the floor. Patients with 
large intracranial hemorrhages, with normal blood pressures 
in the lower range (SBP 100–120 mmHg), or with relative 
tachycardia (heartbeat >100 beats/min), should be considered 
to be hypovolemic unless proven otherwise. The hypovolemia 
may manifest as severe hypotension when the brain is decom-
pressed. With the acute reduction of ICP, sympathetic tone 
and systemic vascular resistance are diminished, unmasking 
profound intravascular volume depletion. Vasopressors may 
be helpful in restoring blood pressure while fluid is being 
given to restore intravascular volume. However, overzealous 
fluid administration that elevates cerebral venous pressure 
may exacerbate brain edema.

The presence of hypovolemia is best assessed from clin-
ical signs such as hypotension, tachycardia, an inability to 
tolerate anesthetic agents, and SBP variations with positive-
pressure ventilation. A drop in SBP greater than 10 mmHg 
with positive-pressure ventilation is a sensitive indicator of a 
10% reduction in blood volume (Fig. 10.5).58 This decrease in 
SBP is a significantly better indicator than the central venous 
pressure.

BOX 10.4  �Major Goals in the Acute Care of the  
Brain-Injured Patient

A.	Prevention of hypoxemia—maintain PaO2 > 60 mmHg or 
SaO2 > 90%:
1.	 Increase inspired oxygen tension.
2.	 Treat pulmonary pathologic condition.
3.	 Consider positive end-expiratory pressure (10 cm H2O or less).

B.	Maintenance of blood pressure:
1.	 Prevent hypotension—maintain systolic blood pressure (SBP) 

>90 mmHg:
a.	Avoid glucose-containing solutions.
b.	Maintain intravascular volume status—aim for euvolemia.

2.	 Treat hypertension:
a.	Sympathetic nervous system overactivity.
b.	Increased intracranial pressure.
c.	Light anesthesia.

C.	Reduction in intracranial pressure:
1.	 Head position.
2.	 Brief periods of hyperventilation.
3.	 Hyperosmolar therapy.
4.	 Sedation.
5.	 Hypothermia.
6.	 Surgical procedures: drainage of cerebrospinal fluid and 

evacuation of hematoma.

Pleural
pressure
(cm H2O)

0

210

20

0

160

5 sec

∆Up ∆Down

80

Systemic
arterial
pressure
(mmHg)

Pulmonary
artery
pressure
(mmHg)

Fig. 10.5  Continuous record from mechanically ventilated dog after 
hemorrhage of 10% of blood volume. Pleural, pulmonary arterial, and 
systemic pressures are shown. Note the fluctuation in systolic blood 
pressure with positive-pressure ventilation. The difference between 
maximum and minimum systolic blood pressure is divided into delta up 
(ΔUp) and delta down (ΔDown) components. The delta up component 
is the difference between maximum systolic and end-expiratory systolic 
blood pressure during a 5-second period of apnea; the delta down 
component is the difference between end-expiratory and minimum 
systolic blood pressures. The systolic blood pressure variation and 
delta up and delta down components correlate with the severity of 
hypovolemia better than central venous pressure. (From Perel A, Pizov 
R, Cotev S: Systolic blood pressure variation is a sensitive indicator 
of hypovolemia in ventilated dogs subjected to graded hemorrhage. 
Anesthesiology 1987;67:498-502.)
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The variation in SBP correlates well with the degree of 
hemorrhage in dogs and humans. However, placement of a 
central venous line may be helpful in the acute setting, espe-
cially to prevent overhydration, and should ultimately be per-
formed to help guide fluid replacement. Timely evacuation of 
the brain mass must be accomplished first, with placement of 
central line later, after surgery has begun and the patient has 
been stabilized.

Hypertension
Patients are often hypertensive after an isolated brain injury, 
because of an increase in catecholamines from stress-induced 
activation of the sympathetic nervous system.11 Because au-
toregulation may be impaired after head trauma,59 hyperten-
sion may cause brain hyperemia, promote the development of 
vasogenic edema, and further increase ICP. However, before 
immediate treatment of the blood pressure elevation with an 
antihypertensive agent, other causes of hypertension (such 
as increased ICP and inadequate anesthesia) should be first 
eliminated. Ensuring adequate oxygenation and ventilation, 
placing the head up slightly in neutral position, preventing 
coughing, or administering propofol alone or together with 
narcotics may help reduce ICP and provide greater anesthe-
sia. Usually these measures are effective to control blood pres-
sure in the acute management of the brain-injured patient. 
However, in the patient with preexisting hypertension or the 
severely hyperdynamic patient, control of hypertension with 
β-adrenergic antagonists (eg, metoprolol, labetalol, esmolol) 
may also be indicated. These drugs specifically treat the cause 
of hypertension (eg, sympathetic overactivity), and they are 
not cerebral vasodilators. Prophylactic β-adrenergic recep-
tor blockade may also be useful in reducing supraventricular 
tachycardia, ST-segment and T-wave changes, and myocardial 
necrosis associated with severe head injury. Calcium channel 
blockers such as nicardipine and clevidipine are also suitable 
to control hypertension. Systemic vasodilators, such as so-
dium nitroprusside, nitroglycerin, and hydralazine, may in-
crease ICP and should be avoided.40,60,61

In nontrauma patients, vomiting, hypertension of systolic 
blood pressure >200 mmHg, along with severe headache and 
fast progression of neurological deficit, are highly suspicious 
for ICH. Arterial hypertension in patients with ICH con-
tributes to enlargement of hematoma, rebleeding and brain 
edema. Rapid diagnostic neuroimaging and aggressive grad-
ual control of blood pressure with continuous intravenous 
antihypertensive medication is required, while maintaining 
cerebral perfusion pressure not less than 60 mmHg.1 Recently, 
a rapid, within 1 hour, decrease in blood pressure lower than 
140 mmHg was shown to be safe;42 however, whether it is 
beneficial to outcome is not clear yet. There is currently an 
on-going multicenter study which might clarify this question 
(http://atach2.com/). Calcium channel blockers nicardipine 
and clivedipine,62 along with alpha- and beta-blockers and 
other medications, can be safely used for blood pressure con-
trol utilized.

Fluid Management (see Chapter 9)
Iso-osmolar crystalloid solutions should be used to replace in-
travascular volume. These include Plasma-Lyte, Normosol-R, 
and 0.9% normal saline. Although use of any of these solu-
tions may considerably raise ICP after resuscitation from 
shock,63 ICP would be higher after inadequate resuscitation 
because of the development of cytotoxic edema from cerebral 
ischemia. The blood–brain barrier may be damaged by head 
trauma, allowing all fluids to cross the blood–brain barrier. 

Overhydration, causing increases in central venous pressure, 
should be avoided. Therefore, the aim of fluid management is 
to maintain a euvolemic patient. Less urgent procedures (eg, 
orthopedic surgeries) that entail significant blood loss should 
be delayed as long as the brain injury has stabilized (eg, ICP 
is within normal limits). Lactated Ringer’s solution should be 
avoided because of its hypo-osmolarity.

The choice between colloid and crystalloid solutions for fluid 
replacement remains controversial. Water movement across 
the blood–brain barrier depends primarily on the difference 
in osmolality between plasma and brain. Decreases in oncotic 
pressure may not affect brain water content much because on-
cotic pressure makes only a small contribution to total plasma 
osmolality. Most experimental studies suggest that brain wa-
ter content and ICP are no different whether isotonic colloid 
or crystalloid solutions are administered. Although there is 
experimental evidence that colloids may result in less brain 
edema in a model of head trauma,64 this finding has not been 
supported by human studies. Investigators of the SAFE (Saline 
versus Albumin Fluid Evaluation) trial65 analyzed results from 
a subgroup of 460 patients with TBI who were randomized to 
receive albumin or 0.9% saline for the initial fluid resuscita-
tion.66 The authors demonstrated a strong association of albu-
min administration with poor neurologic outcome (52.7% in 
albumin versus 39.4% in saline group) and death (33.2% in al-
bumin versus 20.4% in saline group) at 24 months after TBI.66 
Significantly higher morbidity and mortality with albumin 
than with saline was found for patients with severe TBI, with 
GCS score 3 to 8 at admission, but not with moderate TBI. The 
mechanism of such a dramatic influence of albumin on the 
outcome after TBI is not clear; however, aggravation of brain 
edema following movement of albumin across the disrupted 
blood–brain barrier has been hypothesized.66 This theory is 
also supported by another randomized clinical trial,67 in which 
90 patients with TBI were randomly assigned to receive initial 
fluid resuscitation with either fresh frozen plasma or 0.9% sa-
line, which demonstrated a higher incidence of intracerebral 
hematoma formation and an increased 1-month mortality af-
ter the use of fresh frozen plasma.67

Hydroxyethyl starch (HES) was once the most commonly 
administered colloid in the treatment of critically ill patients.68 
However, practitioners are now shying away from the use of 
HES due to its association with severe complications, includ-
ing coagulopathy and renal failure. HES prolongs the partial 
thromboplastin time (PTT) through a decrease in factor VIII 
coagulant activity and von Willebrand factor level, and vol-
umes in excess of 500 mL may put the patient at increased risk 
for an intracranial hematoma.69 Several studies have examined 
the use of 6% HES in critically ill patients and found a sig-
nificant increase in the incidence of kidney injury, the need 
for renal replacement therapy, and the incidence of adverse 
events compared to 0.9% saline.68,70–72 The impact on mortality 
is less clear. The European Society of Intensive Care Medicine 
released a consensus statement in 2012 recommending against 
the use of HES in organ donors and in patients with severe sep-
sis, head injury, or at risk for acute kidney injury.73 In 2013, the 
United States Food and Drug Administration recommended 
that HES solutions not be used in critically ill adult patients 
and mandated that a boxed warning regarding the increased 
risk of mortality, severe renal injury, and excessive bleeding 
be included in the package insert for HES products.74 Based 
on this evidence, it is prudent to avoid the use of HES in the 
management of patients with acute brain injury.

Hypertonic saline (HS) solutions have a potential advan-
tage over other solutions in the resuscitation of hypotensive 
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water content and ICP63,75 and to stabilize blood pressure. 
Small-volume (bolus of 250 mL) resuscitation with 7.5% HS in 
hypotensive patients with multiple trauma and TBI has been 
shown to be safe76 and tends to better stabilize blood pressure 
and to improve in-hospital survival in patients with severe TBI 
(GCS score <8) than lactated Ringer’s solution.77,78 However, 
when the same regimens of fluid resuscitation were compared 
in patients with GCS scores less than 9 and SBP lower than 
100 mmHg, the neurologic outcome at 6 months after injury 
in patients who received HS did not differ from that in the 
patients who received lactated Ringer’s solution.79

There are no current data about an optimal concentration 
and volume of HS that can be recommended for fluid resusci-
tation. However, with safety and potential benefits taken into 
account, use of HS for fluid resuscitation in a hemodynami-
cally unstable patient with brain injury represents one of the 
reasonable options. Other concentrations of HS—1.6%80 or 
3%81 —may be used as well. Because the osmolality values of 
3% HS and 20% mannitol are close, 5 mL/kg of 3% HS will 
provide the same osmolar load as 1 g/kg of 20% mannitol. To 
date, there are very few clinical situations in which the use of 
HS is of major concern. Although rapid correction of sodium 
in a patient with chronic hyponatremia may potentially pre-
dispose to the development of central pontine myelinolysis,82 
the latest literature does not reveal any cases of central pontine 
myelinolysis after resuscitation with HS, even after repeated 
boluses. On the other hand, continuous administration of HS 
in patients with a syndrome of inappropriate ADH secretion 
may potentially aggravate hyponatremia owing to accumula-
tion of fluid, so HS should not be used as a first-line drug; 
it should be given only after water restriction and a diuretic 
regimen have been initiated.

In summary, iso-osmotic solutions (eg, Plasma-Lyte and 
0.9% saline) are recommended for initial fluid resuscitation 
after brain injury. Choice of fluid should be adjusted to lev-
els of blood electrolytes. Prophylactic administration of fresh 
frozen plasma is not recommended and should be used judi-
ciously in patients with signs of coagulopathy.

Blood Glucose Control
In critically ill neurologic patients stress-induced hyper-
glycemia is common, and has been strongly associated with 
increased morbidity and mortality after stroke,83,84 SAH,85 
TBI,86,87 and cardiac arrest.88 In these human studies, whether 
the hyperglycemia was the cause or the result of the increased 
severity of the neurologic damage is unclear.

Although cellular mechanisms of hyperglycemia, such as 
an impaired immunity and an increased risk of infection, mi-
tochondrial damage, intracellular acidosis, endothelial injury, 
and inflammation, have been described, the exact mecha-
nisms for the enhanced neurologic damage are unclear. How 
glucose administration affects outcome after brain injury also 
is not known. In a rat model of head trauma, glucose admin-
istration did not alter neurologic outcome or the formation of 
brain edema.89

The exact threshold level of blood glucose value above 
which ischemic neurologic damage is increased is also not 
known; however, it appears to be less than 200 mg/dL. On the 
other hand, tight glycemic control (maintenance of a blood 
glucose level at 80–100 mg/dL) using intensive insulin therapy, 
which has been broadly advocated in the surgical critically ill 
population,90 has been recently shown to be detrimental.91 
Tight glycemic control may be particularly dangerous in pa-
tients who had experienced some degree of brain injury, such 

as after cardiac arrest92 or SAH,93 because of high incidence 
of hypoglycemia, lack of benefit, or worsening of outcome. 
Glucose is the main energy source of the brain, and due to 
its limited capacity for glycogen storage, the brain has limited 
compensatory capacity against hypoglycemia. Additionally, 
the acutely injured brain has a higher metabolic demand than 
under physiologic conditions and is thus prone to glucose 
shortage.94

Glucose-containing solutions should not be administered 
acutely to the brain-injured patient because they may exac-
erbate neurologic damage. Numerous animal studies provide 
convincing evidence that glucose administration, with or 
without marked hyperglycemia, enlarges infarct size and aug-
ments neurologic damage from global and regional cerebral 
ischemia.95

Part of the difficulty in determining a “safe” level of blood 
glucose in patients is that blood glucose levels may not accu-
rately reflect brain glucose levels during periods of transient 
hyperglycemia. Brain glucose values remain elevated after 
glucose infusion, whereas blood glucose values decrease in re-
sponse to insulin. Meta-analysis of 16 randomized controlled 
studies (1248 patients) of the last decade demonstrated that, 
although tight glycemic control of blood glucose between 70 
and 140 mg/dL had no impact on mortality in patients with 
an acute neurologic injury (TBI, stroke, CNS infections and 
SCI) compared to conventional glycemic control maintaining 
blood glucose between 144 and 300 mg/dL, it worsened neuro-
logical outcome.96 These data suggest that maintaining blood 
glucose between 140 and 180 mg/dL would be an appropriate 
strategy of glycemic control in patients with acute CNS injury. 
However, the actual benefits and risks of acute reductions of 
blood glucose in patients with acute and chronic hyperglyce-
mia are unclear.

Temperature Control
Hyperthermia (temperature >38° C) is known to be detrimen-
tal for patients with brain injury and is strongly associated 
with worsening neurologic outcome and increasing mortal-
ity in patients with TBI,50 SAH,97 and stroke.98 Undoubtedly, 
hyperpyrexia in patients with brain injury should be avoided 
and treated. Aggressive warming up of patients with traumatic 
brain injury who were hypothermic at arrival has been shown 
to be detrimental;99 therefore, fast infusion of warmed fluids 
should be performed cautiously, especially in the operating 
room setting in cases of hypovolemia and hemorrhage, with 
the danger of hyperpyrexia in mind.

Treatment options to reduce temperature in patients with 
acute brain injury include (1) antipyretic medications (aspirin, 
acetaminophen, ibuprofen, diclofenac), which can be used in 
patients with stroke but not in those with TBI because of po-
tential worsening of coagulation, (2) external devices such as 
cooling blankets, which are the most safe and useful tools, and 
(3) internal cooling such as an intravenous infusion of cold 
saline and, in resistant hyperpyrexia, endovascular cooling. 
Currently, there are no data available demonstrating the opti-
mal treatment of the febrile patient with acute neurologic in-
jury, so the treatment approach should be specifically chosen 
for each patient.

From the physiologic point of view, induction of hypother-
mia in the patient with brain injury offers the potential benefit 
of reducing the cerebral metabolic rate of oxygen. Currently 
there are not sufficient data for a strong recommendation of 
inducing mild hypothermia in brain-injured patients. Based 
on the analysis of six randomized control trials99–104 performed 
during the last 15 years (target cooling temperature between 
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32° and 35° C), Brain Trauma Foundation 2007 guidelines sug-
gested that moderate hypothermia may potentially improve 
outcome after TBI, suggesting that initiation of hypothermia 
targeted to 32° to 33° C should be induced and maintained for 
at least 48 hours after injury to decrease the mortality rate.105 
However, concomitant use of barbiturates and hypothermia 
can significantly raise the incidence of pneumonia, and, there-
fore, in patients with increased ICP, the conventional treat-
ment including barbiturates should be applied first, before 
hypothermia is considered.

Monitoring and Treatment of Intracranial 
Hypertension
A major goal in the acute treatment of the brain-injured pa-
tient is to reduce ICP, which may be accomplished through 
head position, hyperventilation, hyperosmotic solutions and 
diuretics, barbiturates and other IV anesthetics such as propo-
fol, and surgical treatment. Monitoring of ICP, CPP, oxygen 
saturation in the jugular bulb (SjO2), and brain tissue oxygen 
(PbO2) are useful tools for the bedside assessment of patients 
with brain injury.

Head Position
A slightly head-up position (up to 30-degree head-up tilt) 
with the neck in neutral position promotes cerebral venous 
drainage and reduces ICP if the cerebrospinal fluid pathways 
are still patent.106 Lateral turning of the head, tight endotra-
cheal or tracheostomy tube ties around the neck, and the 
Trendelenburg position may dramatically raise ICP because 
they restrict venous return from the brain. The patient’s respi-
ratory muscles should be paralyzed to prevent coughing and 
bucking on the endotracheal tube, which also increases ICP. 
On the other hand, marked elevation of the head in a hypo-
volemic patient, if it diminishes mean arterial pressure, may 
cause decreased brain perfusion and cerebral ischemia.

Hyperventilation
Hyperventilation-induced hypocapnia is a powerful therapeu-
tic tool in treatment of intracranial hypertension. Although 
hypocapnia may acutely lower ICP by causing an extracellular 
alkalosis and cerebral vasoconstriction, it may increase cere-
bral ischemia.107 Excessive hyperventilation causes profound 
cerebral vasoconstriction and a decrease in CBF, which may 
be detrimental if CBF was already impaired as a result of brain 
injury. Taking into account that a majority of brain-injured 
patients suffer a dramatic decrease in CBF to less than 50% of 
normal in the first 24 to 48 hours after injury,108,109 the Brain 
Trauma Foundation’s 2007 guidelines recommend avoiding 
hyperventilation in the first 24 hours after brain injury and 
avoiding prophylactic hyperventilation.110

A randomized, controlled trial of prophylactic hyperven-
tilation therapy for 5  days after severe TBI also found that 
outcome was worse in the hyperventilated group, but only in 
patients with relatively intact motor function.111 This result 
may reflect the ability of hypocapnic vasoconstriction to exac-
erbate cerebral ischemia in the injured brain. Global CBF and 
regional CBF are severely reduced and metabolism is increased 
during the first few hours and days after brain injury. Focal 
cerebral ischemia is common after TBI.112 Hyperventilation 
causes a further drop in CBF, often without a decrease in ICP, 
which may further exacerbate cerebral ischemia.

Hyperventilation may have significant adverse cardio-
pulmonary effects. It may lower systemic blood pressure by 
reducing venous return, sympathetic stimulation, and car-
diac output. It results in a leftward shift of the oxyhemo-
globin dissociation curve, causing lower mixed venous and 

arterial oxygen tension values for any given oxygen saturation. 
Hypocapnia inhibits hypoxic pulmonary vasoconstriction and 
causes bronchoconstriction. Increases in pulmonary shunt 
may occur in hyperventilated patients.113

Because of these concerns, PaCO2 generally should be 
kept at normocapnic levels in the patient with TBI. Brief pe-
riods of hypocapnia may be useful and have not been shown 
to be harmful in the acutely decompensating patient until 
definitive surgical treatment takes place. According to the 
Brain Injury Foundation’s guidelines for the management of 
severe traumatic brain injury,110 if hyperventilation is con-
sidered for treatment, a jugular venous bulb catheter should 
be inserted for monitoring of SjO2. Jugular desaturation is 
common after head injury and traumatic intracranial hema-
toma, and it may be exacerbated by hyperventilation.112 High 
interpersonal variability in normal levels of SjO2 (55–75%) 
may make interpretation of the parameter difficult in the 
brain-injured patient. However, the majority of experts be-
lieve that a decrease in SjO2 to less than 50% reflects a de-
crease in CBF, which could potentially lead to brain ischemia 
and should be avoided.

Hyperosmolar Therapy
Mannitol decreases brain water content and ICP primarily 
by increasing plasma osmolality, thereby creating an osmotic 
gradient across the intact blood–brain barrier. The amount of 
water that can be withdrawn from the brain depends on the 
magnitude of the osmotic gradient, the total time the gradient 
exists, and the integrity of the blood–brain barrier. Mannitol 
is less effective with larger lesions because with damaged 
blood–brain barriers, mannitol moves down its concentra-
tion gradient into the brain. This movement may account for 
a rebound increase in ICP occasionally seen after mannitol 
infusion.

Administration of mannitol may cause a triphasic hemody-
namic response. Transient (1 to 2 minutes) hypotension may 
occur after rapid administration of mannitol. Mannitol then 
increases blood volume, cardiac index, and pulmonary cap-
illary wedge pressure, with a maximum increase shortly after 
termination of the infusion.114 ICP may rise transiently be-
cause of increases in cerebral blood volume and CBF.115 ICP in-
creases are attenuated by slow infusion of mannitol. Transient 
rises in ICP are uncommon in the patient with elevated ICP.116 
At 30 minutes after mannitol administration, blood volume 
returns to normal, and pulmonary capillary wedge pressure 
and cardiac index drop to below normal levels because of pe-
ripheral vascular pooling.114

Mannitol reduces blood viscosity and red blood cell rigid-
ity, which may enhance perfusion of the brain microcircula-
tion. This agent transiently reduces hematocrit and increases 
serum osmolality. It also causes hyponatremia, hyperkalemia, 
and decreases in pH caused by HCO3 dilution. Prolonged and 
marked hyperosmolality with hyponatremia can occur in pa-
tients with acute or chronic renal failure.117

Doses of mannitol from 0.25 to 2 g/kg are usually admin-
istered; a typical dose is 1 g/kg. Lower doses are effective in 
reducing ICP acutely and cause fewer electrolyte abnormali-
ties; however, they must be given more frequently. Rapid ad-
ministration of mannitol causes a more profound reduction in 
ICP but may transiently cause hypotension and more marked 
increases in intravascular and cerebral blood volumes. The 
benefits and disadvantages of a particular dose and speed 
of administration must be weighed carefully in any patient. 
Giving more mannitol when the patient’s serum osmolality 
value is higher than 330 mOsm/L is seldom effective.
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physiology resemble those of mannitol. Equiosmolar boluses 
of HS and mannitol have been shown to have similar effects on 
brain shrinkage in patients undergoing craniotomy with and 
without SAH81 as well as on the decrease in ICP in patients 
with TBI.118 However, HS does not cause as profound a diure-
sis or as negative a fluid balance as mannitol does. Therefore, 
administration of HS can be beneficial and should be consid-
ered in hemodynamically unstable or hypovolemic patients or 
patients with heart disease. Boluses of HS may be administered 
intravenously over 15 to 20 minutes. No exact bolus volume or 
concentration of HS solution can be strongly recommended. 
A wide range of HS solution concentrations, between 1.6% 
and 7.5%, have been successfully administered peripherally 
without significant complications. Administration of 5 mL/kg 
of 3% HS will provide the same osmolar load as 1 g/kg of 20% 
mannitol.

Diuretics
Furosemide has been reported to lower ICP and brain wa-
ter content when used alone in large (1 mg/kg) doses119 or in 
combination with mannitol in smaller doses.120 In contrast to 
mannitol, furosemide alone did not reduce ICP. Clinical im-
pressions are that mannitol produces a better reduction of 
brain bulk than furosemide. Furosemide may be advantageous 
to patients with heart and renal diseases because, unlike man-
nitol, it does not increase blood volume or ICP.

The mechanism of furosemide’s action on reducing ICP 
is unknown. It is not related to the agent’s diuretic effect. 
Furosemide may reduce cerebrospinal fluid formation and 
water and ion penetration across the blood–brain barrier. It 
also potentiates mannitol by sustaining the increase in serum 
osmolality induced by mannitol. Therefore, reductions in ICP 
and brain shrinkage are consistently greater and longer in du-
ration with mannitol and furosemide than with either agent 
alone.120 However, hyponatremia, hypokalemia, hypochlore-
mia, hyperosmolality, and a significantly greater rate of water 
and electrolyte excretion occur with this combination of diuret-
ics. Water excretions of up to 42 mL/min have been reported 
with the combination of drugs, compared with 17 mL/min  
with mannitol alone.

Low doses of furosemide (5–20 mg) added to mannitol 
(0.25–1 g/kg) are very effective in reducing brain bulk. Larger 
doses of furosemide may be required to produce the same 
effect in the patient who had been undergoing long-term di-
uretic therapy. Mannitol-induced increases in blood volume 
and ICP may also be attenuated when furosemide is adminis-
tered before mannitol. However, with administration of com-
bined diuretics, vigorous intravascular fluid and electrolyte 
replacement are required. A urine loss of 2–3 L over 2 hours is 
common with combined diuretic therapy.

Barbiturates and Other Sedatives and Analgesics
Barbiturates reduce cerebral metabolism, CBF, cerebral blood 
volume, and ICP. Due to a lack of availability of short-acting 
barbiturates in the United States, barbiturate administration 
is infrequent and primarily reserved for treatment in the in-
tensive care unit. High-dose barbiturates have been used 
successfully to reduce ICP in patients with TBI refractory to 
other treatments and are considered the gold standard for se-
dation in patients with refractory intracranial hypertension.121 
However, barbiturate therapy probably does not affect long-
term outcome after TBI.122

Although barbiturates may aid in the acute control of ICP, 
their use is limited by the fact that they may cause cardiac 

depression as well as reduce arterial blood pressure and CPP. 
Because hypotension is a definite risk factor for worsened neu-
rologic outcome in the brain-injured patient, maintaining a 
normal blood pressure is particularly important. Thus barbitu-
rates should be carefully titrated, and blood pressure supported 
with vasopressors or inotropic agents as necessary. Barbiturates 
should not be administered to hypovolemic or hypotensive 
patients. High doses of barbiturates should be administered 
with caution before the surgical evacuation of an intracranial 
mass, because blood pressure may decrease with the reduction 
in sympathetic tone that accompanies brain decompression. 
Pentobarbital is the most useful barbiturate for the control of 
ICP. The classic regimen, which was recommended for induc-
ing barbiturate coma, consisted of a loading dose of pentobar-
bital, 10 mg/kg over 30 minutes, followed by 5 mg/kg/hour for  
3 hours, followed by a maintenance infusion of 1 mg/kg/hour.123 
However, other regimens may be successfully used, especially if 
burst suppression is controlled by EEG. Given the instability of 
the acutely injured patient, high doses of barbiturates are best 
reserved for use in the intensive care unit.

Propofol is useful for sedation and control of ICP.121 Like 
barbiturates, propofol may cause a decrease in blood pres-
sure; however, the major advantage of propofol is the fast re-
covery from its effect, which provides favorable conditions 
for neurologic examination. The dose of propofol required 
for the burst suppression is high (about 200 μg/kg/min) and 
therefore provides a high lipid load to the patient. Long-
term high-dose (>5 mg/kg/hour for >48 hours) propofol 
sedation has the potential for the development of the fatal 
propofol-infusion syndrome. This condition is character-
ized by lactic acidosis, rhabdomyolysis, renal failure, lipid-
emia, fatty infiltration of liver, and fatal cardiac failure.124–126 
Propofol infusion syndrome has been more commonly re-
ported in children, and its use is not advised for long-term 
infusion for children in the intensive care unit. It has been 
shown to have a strong association with neurologic disease, 
particularly TBI. The onset of propofol-infusion syndrome 
may be short—less than 24 hours—so when a patient is in 
the intensive care unit, the choice of sedative agent should be 
reconsidered daily.

Midazolam reduces cerebral metabolism, blood flow and 
blood volume, but preserves cerebral autoregulation and can 
be successfully used for sedation. Usually, continuous infusion 
of midazolam (2–4 mg/hour) is combined with opioids (mor-
phine sulfate 4 mg/hour, fentanyl 2–5 μg/kg/h, or sufentanil 
0.05–2 μg/kg/h). Because opioids generally do not affect cere-
bral metabolism and blood flow and do provide hemodynamic 
stability, these regimens are well tolerated. However, slow re-
covery after cessation of infusion makes midazolam-opioid 
sedation less desirable for patients with brain injury. Reversal 
of benzodiazepine effects with flumazenil can lead to increases 
in ICP and seizure activity.127

Surgical Treatment
Surgical treatment may be required to lower ICP acutely. 
Placement of a ventriculostomy catheter may be difficult be-
cause the extent of brain swelling may prevent localization of 
the ventricles.

Prompt removal of an acute subdural, epidural, or large 
solitary intracerebral hematoma is indicated. Mortality and 
morbidity are reduced by prompt diagnosis and surgical treat-
ment of an epidural hematoma, especially if performed before 
signs of tentorial herniation occur. In addition, mortality from 
an acute subdural hematoma is reduced by rapid diagnosis 
and surgical treatment. Seelig and colleagues128 reported that 
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patients who underwent surgery within 4 hours of injury had 
a 30% mortality rate, compared with 90% mortality for those 
who had surgery after 4 hours.

SPINAL CORD INJURY

Spinal injuries occur in 5–10% of major trauma cases. The 
National Emergency X-Radiography Utilization Study 
(NEXUS) group, which prospectively enrolled 34,069 patients 
with blunt trauma who underwent cervical spine radiography 
at admission in 21 institutions, found an incidence of cervical 
spine injuries of 2.4%.129 Risk factors for cervical spine injury 
included (1) male gender, (2) age older than 65 years, and (3) 
ethnicity (white, and “other” ethnicity, non-Hispanic, non-
black).130 Motor vehicle accidents are the most common cause 
of injury, followed by falls, sports injuries, and gunshot or stab 
wounds. People experiencing head-first falls and unrestrained 
(by seatbelts) drivers or passengers in high-speed, front-end 
motor vehicle accidents are at particularly high risk (6– 10%) 
for cervical spine injury.131 At moderate risk (1–3%) are driv-
ers or passengers (unrestrained by seatbelts) in lower-speed 
motor vehicle accidents and people with blunt head trauma or 
with side-first or foot-first falls. Totally alert patients without 
any neck pain or tenderness are generally not at risk for spinal 
injury,132 because a significant association is found between 
neck pain or tenderness and cervical injury. However, if a pa-
tient has even minimal spinal tenderness, has other painful 
injuries, or is intoxicated, the cervical spine should be consid-
ered unstable and should be fully evaluated.

Only about 5% of all spinal cord injuries are observed in 
children. In childhood, fractures are less common because 
spine mobility is greater than that in adulthood as a result of 
ligamentous laxity and incompletely ossified wedge-shaped 
vertebrae.133 However, these anatomic features make children 
prone to extremely high cervical lesions and increase the inci-
dence of SCI without radiographic abnormality.134

Neurologic Evaluation
Evaluation of the Extent of Spinal Cord Injury
A convenient way to visualize the structure of the vertebral 
column uses the three-column concept.135 The anterior col-
umn contains the anterior longitudinal ligament and the an-
terior two-thirds of the vertebral body and annulus fibrosus. 
The middle column contains the posterior one-third of the 
vertebral body, annulus fibrosus, and posterior longitudinal 
ligament. The posterior column consists of the posterior neu-
ral arch, spinous processes, articular facet processes, and their 
corresponding posterior ligamentous column. The three-
column concept is useful in localizing spinal injury, depending 
on the mechanism of injury.

Injuries to the spine may be classified as extension, flexion, 
compression, rotation, or some combination of these four basic 
mechanisms (Fig. 10.6). Extension injuries, such as those from 
blows under the chin or whiplash, mostly disrupt the posterior 
column. Flexion injuries, such as a diving injury, mostly dis-
rupt the anterior column. The stability of the injured spine is 
variable and ranges from stable (eg, burst fracture or wedge of 
a vertebral body) to very unstable (eg, hangman’s fracture). The 
primary factor that determines the stability of the injury is the 
integrity of the ligaments, intervertebral disks, and osseous ar-
ticulators.136 In addition, the spinal cord may or may not be in-
jured. With a complete SCI, there is loss of all motor or sensory 
function below the level of the injury. With incomplete inju-
ries, there is some preservation of function. Incomplete lesions 

may result in several syndromes (Table 10.1). Of patients with 
significant SCI, 30–70% have neurologic deficits.137 About 70% 
of cervical spine injuries are considered potentially unstable or 
to be associated with clinically significant SCI.129 Vertebrae C5 
to C7 constitute the most vulnerable segment of cervical spine, 
and fractures, dislocations, or bony injuries in this segment are 
most likely to result in SCI. However, the degree of SCI cannot 
be correlated with the stability of the spine.

Extension injuries are twice as common as flexion inju-
ries.136 One-third of extension injuries involve the atlantoaxial 
joint. Hyperextension with compression may cause fracture–
dislocation disruption of both anterior and posterior columns 
and is highly unstable. A hangman’s fracture, which occurs 
with violent hyperextension, fractures the pedicles of C2, 
causes anterior subluxation of C2 or C3, and is also highly un-
stable, with a variable severity of spinal cord damage. Flexion 
injuries may result in wedge fractures of the vertebral body 
without ligamentous injuries. These are often stable, except in 
severe injuries, in which greater disruption of the anterior and 
posterior columns may occur. The most severe flexion injury 
is a teardrop fracture, which is highly unstable. Compression 
injuries may cause burst fractures, and posterior displacement 
of vertebral body fragments may cause SCI despite the relative 
stability of the fracture.

Spine Immobilization
Because patients with high-speed multiple trauma and head 
injury are at increased risk for SCI, their cervical spines 
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Fig. 10.6  Mechanisms of spinal cord injury: axial compression, 
antehyperflexion (flexion injury), retrohyperflexion (extension injury), 
and rotation. The arrows show the direction of compression, flexion, 
or rotation injury to the spinal cord. a, Anterior spinal ligament; b, 
vertebral body; c, intervertebral disk; d, posterior spinal ligament; e, 
spinal cord; f, ligamentum flavum; g, spinal process; h, interspinous 
ligaments; i, intervertebral facet joint. Note compression of the anterior 
elements in flexion injury and compression of the posterior elements 
in extension injuries. (From Fraser A, Edmonds-Seal J: Spinal cord 
injuries: A review of the problems facing the anaesthetist. Anesthesia 
1982;37:1084-1098.)
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should be immobilized, and they should be moved using the 
logroll technique until evaluation reveals no injury. The best 
way to immobilize the neck in the acute setting is with use of 
a rigid collar, sandbags on either side of the neck, and tape 
across the forehead.138 Soft collars do not effectively limit neck 
motion; they actually permit 96% of normal flexion and 73% 
of normal extension, and they do not restrict motion in the 
lateral or rotational directions.139 Thus soft collars serve only 
as a reminder of the possibility of cervical spine injury. Rigid 
collars (eg, Philadelphia collar, extrication collar) still allow 
about 30% of neck extension and flexion, and about 45% of 
normal rotation or lateral movement. The Philadelphia col-
lar is preferred because it is a two-piece collar that is easy to 
place without significantly moving the patient. In contrast, 
lateral sandbags and forehead tape effectively prevent flex-
ion, reducing lateral and rotary motions to 5% of normal and 
extension to 35% of normal. After the initial diagnosis and 
work-up are completed, tong or halo fixation devices can be 
applied. These devices dramatically reduce neck motion, al-
lowing only 4% of flexion or extension and 1% of normal 
rotation.138

Radiologic Evaluation
The standard radiologic evaluation of the cervical spine 
involves obtaining cross-table lateral, anteroposterior, and 
odontoid (open-mouth) radiographs of the cervical spine. 
Because 20% of all spinal fractures occur at C7,129 all seven 
cervical vertebrae must be evident on the lateral spine 
film.15,139 The cross-table lateral film (Fig. 10.7) allows eval-
uation of the alignment of the vertebrae, the bony structure 
of each vertebra, and the width of the prevertebral and in-
tervertebral spaces.139 A lordotic alignment should be pres-
ent on each of the four anatomic lines on the cervical spine 
(ie, along the anterior and posterior margins of the verte-
bral border, the spinolaminar line, and the posterior mar-
gins of the spinous process; Fig. 10.8). The bony structure of 
each vertebra is examined for the structure of the vertebral 
body and spinous processes, the size of the intervertebral 

Syndrome Signs

Complete neurologic injury Loss of all motor and sensory 
function below the level of injury

Incomplete neurologic 
injury:

 

Central cord Motor loss (arms greater than legs)
 Bladder dysfunction
 Variable sensory loss

Brown-Séquard syndrome Ipsilateral paralysis
 Ipsilateral loss of proprioception, 

touch, and vibration
 Contralateral loss of pain and 

temperature

Anterior cord syndrome Bilateral motor loss
 Bilateral loss of pain and temperature
 Preservation of proprioception, touch, 

and vibration

Posterior cord syndrome Loss of touch and temperature
 Motor function intact
 Proprioception and vibration intact

Table 10.1  Spinal Cord Injury Syndromes
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Fig. 10.7  Cross-table radiograph of normal cervical spine. a, Anterior 
arch of C1; d, posterior arch of C1; i, inferior articulating facet of C5; l, 
lamina of C3; s, superior articulating facet of C5; sp, spinous process 
of C7; t, transverse process of C4; v, vertebral body of C3. (From 
Ovassapian A: Fiberoptic Airway Endoscopy in Anesthesia and Critical 
Care. New York, Raven Press, 1990.)

C3

C1

C2

1 2 3 4

C4

C5

C6

C7

Fig. 10.8  Diagram of the lateral view of the cervical spine 
demonstrating normal alignment. The “ABCs” of interpretation involve 
alignment, bones, cartilage, and soft tissue spaces. Four smooth, 
lordotic curves are drawn along the anterior margins of the vertebral 
border (1), the posterior margins (2), the junction between the lamina 
and the spinous processes (3), and the tips of the spinous process (4). 
Lines 2 and 3 are the approximate borders of the spinal canal. (From 
Williams CF, Bernstein TW, Jalenko C: Essentiality of the lateral cervical 
spine radiograph. Ann Emerg Med 1981;10:198.)
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disk space, the relationship of the articular facet and joints, 
and the interspinous process distance.139 Widening of the 
prevertebral space may indicate the presence of a severe and 
unstable spine injury, even on an otherwise normal C-spine 
radiograph, or it may be associated with airway obstruction 
(Fig.  10.9).140,141 About 15–20% of cervical spine fractures 
are not identified on the cross-table lateral radiograph.139 
Therefore, if a lateral film alone has been taken in a high-risk 
patient, the neck should continue to be treated as injured and 
potentially unstable. The sensitivity of the radiographs can 
be increased to 93% by adding an anteroposterior view and 
an odontoid view.139 The anteroposterior view (Fig.  10.10) 
demonstrates the vertical alignment of the spinous and ar-
ticular process and abnormalities in disk and joint spaces, 
such as disk space enlargement, which may indicate a severe 
ligamentous injury.136 The open-mouth or odontoid view 
(Fig. 10.11) visualizes the atlanto-occipital and atlantoaxial 
joints and the odontoid process. Supplemental films, such 
as oblique and flexion-extension views, may be required for 
further detail.

CT may be used to rule out cervical spine injury when the 
plain radiograph findings are suspicious, equivocal, or nega-
tive in the patient with clinical signs of SCI. This modality is 
also used to evaluate the cervical spine in patients who cannot 
open their mouths (such as intubated patients). It is superior 
to the plain radiographs in diagnosing cervical spine trauma, 
especially at C1 or C2; however, ligamentous injuries may be 
missed on a CT scan.137 In rare cases, magnetic resonance im-
aging or myelography may be required to determine the extent 
of spine injury.

It is important to identify and to differentiate cervical 
spine injuries that are not associated with clinical insta-
bility. Two large multicenter studies, performed by the 
National Emergency X-Radiography Utilization Study 
(NEXUS) group and the Canadian CT Head and Cervical 
Spine Study group, have identified the radiographic 
signs of clinically insignificant cervical spine injuries 
(Table 10.2).129,142

Evaluation of Other Organ Systems
Respiratory System
Respiratory complications represent the most common (80% 
in some studies) and serious complications in patients with 
SCI, significantly contributing to morbidity and mortality. 
The pathophysiologic changes of the breathing process and 

BA

Fig. 10.9  Example of severe prevertebral soft tissue swelling secondary to a whiplash injury. A, Radiograph illustrates lateral cervical spine in a 
normal patient. Arrow points to the prevertebral plane, which has a width of 3.2 mm at C2. B, Radiograph illustrates a patient with marked widening 
of the prevertebral plane (arrow), which measures 11 mm at C2. This patient presented with airway obstruction requiring endotracheal intubation with 
a fiberoptic technique. (From Biby L., Santora AH: Prevertebral hematoma secondary to whiplash injury necessitating emergency intubation. Anesth 
Analg 1990;70:112.)
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Fig. 10.10  Anteroposterior radiograph of the normal cervical spine. 
i, Intervertebral foramen of C3–C4; p, pedicle of C6; s, spinous process 
of C7; t, trachea (arrows); tc, thyroid cartilage; u, uncinate process of 
C4; v, vertebral body of C5. (From Ovassapian A: Fiberoptic Airway 
Endoscopy in Anesthesia and Critical Care. New York, Raven Press, 
1990, p 37.)
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lung injury secondary to SCI occur early after SCI. Forced 
vital capacity and functional residual capacity are reduced in 
patients with SCIs, with the greatest respiratory impairment 
observed with cervical lesions (Box 10.5 and Table 10.3).144 
The diaphragm, which contributes 60% to normal vital ca-
pacity, is innervated by the phrenic nerve (C3 to C5). Lesions 
above this level cause total diaphragmatic paralysis and in-
ability to ventilate (see Table 10.3). The patient with a lesion 
below C6 has an intact diaphragm but variable loss of in-
tercostal and abdominal muscle function. Patients with C6 
lesions have a significant decrease in vital capacity to 30% of 
predicted, associated with a reduction in functional residual 
capacity, caused primarily by loss of expiratory reserve vol-
ume. Paradoxical ventilation (chest retraction on inspiration 

and chest expansion during expiration), relaxation of the 
abdominal wall that interferes with the normal position and 
movement of the diaphragm, loss of cough, reduced ability 
to handle secretions, and associated chest injuries also con-
tribute to respiratory compromise. Vital capacity is higher 
in the supine than in the head-up or prone position because 
of diaphragmatic mechanics. In addition to impaired ven-
tilation, other pulmonary injuries, such as atelectasis, aspi-
ration, pulmonary contusion, hemothorax, pneumothorax, 
and neurogenic or non-neurogenic pulmonary edema, may 
contribute to respiratory failure in the acute setting. Like pa-
tients with head injury, patients with spinal cord trauma are 
at a particular risk for the development of neurogenic pul-
monary edema.

Although a patient’s ventilation may be adequate on ini-
tial presentation, progressive atelectasis and pneumonia 
caused by inability to cough and clear secretions, sedative and 

d

c2

c1

t

Fig. 10.11  Open-mouth or odontoid radiograph of normal cervical 
spine. c1, Anterior arch of C1; c2, body of C2; D, Dens axis (C2); t, 
teeth. (From Ovassapian A: Fiberoptic Airway Endoscopy in Anesthesia 
and Critical Care. New York, Raven Press, 1990, p 37.)

BOX 10.5  �Spinal Cord Injury: Effects on Other Organ 
Systems

1.	 Respiratory system:
a.	 Decreased ability to ventilate, depending on level of injury.
b.	 Associated pulmonary injuries: atelectasis, aspiration, 

pulmonary contusion, pneumothorax, neurogenic or non-
neurogenic pulmonary edema.

2.	 Cardiovascular system:
a.	 Initial sympathetic nervous system overactivity.
b.	 Spinal shock: hypotension, bradycardia.
c.	 Severe bradycardia (or asystole) with airway instrumentation.

3.	 Temperature control: poikilothermia.
4.	 Other systems: possible orthopedic, intrathoracic, intra-abdominal, 

or head injuries.

From the National 
Emergency X-Radiography 
Utilization Study (NEXUS) (21 
hospitals; 34,069 patients)134

Spinous process fracture
Wedge compression fractures with 
loss of ≤25% of vertebral body 
height

 Isolated osteophyte fractures
 Isolated transverse process 

fractures
 End-plate fractures
 Type 1 odontoid fracture
 Trabecular fractures
 Isolated avulsion fractures without 

ligament injury

From the Canadian CT Head 
and Cervical Spine Study 
(CCTHCSS) (10 hospitals; 
8,924 patients)143

Spinous process fracture
Compression fractures with loss of 
≤25% of vertebral body height

 Simple osteophyte fractures
 Isolated transverse process 

fractures

TABLE 10.2  �Radiologic Signs of Clinically Insignificant 
Cervical Spine Injuries

Damaged  
Cord Segment Severity of Respiratory Compromise

C3–C5 Decrease in vital capacity to 20–25% of 
normal or lower

 Paradoxical respiration

 Use of accessory muscles

 Variable loss of phrenic nerve function and 
paralysis of diaphragm

 Loss of intercostal and abdominal muscles

 Ventilatory support required

C5–C8 Decrease in vital capacity to 30% of normal

 Paradoxical respiration

 Use of accessory muscles

 No cough

 Ventilation improved in supine position

 Loss of intercostal and abdominal muscles

T1–T6 Variable intercostal muscle functions

 Partial loss of diaphragm effectiveness

 Weak cough

T6–T12 Weak cough

 Variable abdominal muscle strength

Table 10.3  �Effects of Spinal Cord Injury on  
Respiratory Function
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narcotic administration, gastric atony and dilation, and spinal 
cord edema may contribute to the subsequent development of 
respiratory failure. Ledsome and Sharp144 found that patients 
with an injury at the C4 to C5 level had a vital capacity of 
25% of predicted on admission, and required ventilatory sup-
port 1 to 5 days after injury. Loss of sympathetic control may 
contribute to hypersecretion of bronchial mucus, which can 
occur just 1 hour after acute SCI with tetraplegia,145 and also 
contributes to formation of plugs, atelectasis, and pneumo-
nia. In the acute phase of SCI, neurogenic pulmonary edema 
can occur owing to systemic and pulmonary vasoconstriction 
with subsequent ventilation–perfusion mismatch and left 
heart failure.

Cardiovascular System
At the time of primary spinal cord injury, intense sympathetic 
nervous system activation causes a brief period of severe hy-
pertension.146 The excessive sympathetic discharge may cause 
ST-segment and T-wave changes that may mimic myocardial 
ischemia or dysrhythmias or may result in neurogenic pulmo-
nary edema.

Currently a four-phase model of the spinal shock develop-
ment has been proposed.147 Phase 1, called “hyporeflexive,” 
usually manifests during the first 24 hours after injury. It is 
characterized by areflexia or hyporeflexia due to loss of the 
descending pathways, causing flaccid paralysis, loss of deep 
tendon reflexes below the level of the lesion and autonomic 
dysfunction. This is followed by phase 2, which is character-
ized by some return of the initial reflexes and denervation su-
persensitivity. One week later, phase 2 transforms into phase 
3, with the symptoms of the “initial” hyperreflexia, which is 
explained by the axon-related growth of synapses. Synaptic 
endings from axotomized neurons below the injury degener-
ate over days after initial insult, followed by slow replacement 
by terminal sprouting from other neurons, which takes weeks 
to months. Phase 3 usually takes a month and is followed by 
phase 4, or “final hyperreflexia,” with the underlying process 
of the soma-related growth of synapses.

If phase 1 of spinal shock is associated with profound 
peripheral vasodilatation and systemic hypotension, it is 
called neurogenic shock. The loss of sympathetic tone results 
in a decrease in systemic vascular resistance, an increase in 
venous capacitance with venous pooling, a reduced ability 
for vasoconstriction in response to changes in position and 
hypovolemia, and a poor hemodynamic response to surgi-
cal stimulation. Unopposed vagal tone with loss of cardio-
accelerator fibers (T1 to T4) contributes to the bradycardia. 
Severe reflex bradycardia and asystole may occur in response 
to airway instrumentation and may be prevented by prophy-
lactic administration of atropine. Patients with high cervical 
injuries (C1–C5) or patients with complete motor deficit be-
low the injury tend to have lower systolic blood pressure at 
admission than patients with C6–C7 injury or with mild or 
moderate motor deficit. When neurogenic shock is defined 
as systolic blood pressure lower than 90 mmHg, there is an 
association between neurogenic shock and a delay in surgical 
intervention.143

Treatment of neurogenic shock involves the careful admin-
istration of isotonic fluids and possibly the administration 
of vasopressors to maintain spinal cord perfusion pressure. 
Some writers suggest using pulmonary artery catheters to 
gauge fluid requirements in all quadriplegic patients be-
cause even previously healthy patients may be susceptible to 
pulmonary edema and myocardial dysfunction.148 In most 
patients, judicious fluid replacement alone is enough to raise 
blood pressure moderately in order to improve spinal cord 

perfusion. A pulmonary artery catheter may be placed in the 
patient who requires large volumes of fluid or vasopressors. 
Ephedrine, phenylephrine, and dopamine are commonly used 
as vasopressors, with the choice of drug depending on heart 
rate, cardiac output, and vascular resistance.

Temperature Control
There is a loss of thermoregulatory ability below the level of 
the lesion. Patients with injury above T6 tend to become poi-
kilothermic, assuming the temperature of their surroundings. 
Careful monitoring of temperature and warming efforts are 
required.

Associated Injuries
As with head trauma, multiple organ systems (eg, orthopedic, 
intrathoracic, intra-abdominal, head) may be affected by the 
injury. Patients are assumed to have a full stomach (ie, to be at 
risk for aspiration). Intravenous access should be established, 
and Foley catheters and a nasal gastric tube should be placed. 
Long-bone fractures should be immobilized.

Airway Management of the Patient with 
Suspected Cervical Spine Injury
The goal of the anesthesiologist is to establish endotracheal 
intubation without causing further injury to the spinal cord. 
Unfortunately, there are few data on the safety of the various 
airway maneuvers and intubation techniques.149 Overall in-
cidence of the development of secondary neurologic injury 
after cervical spine injury ranges between 2% and 10%.149,150 
Direct laryngoscopy (DL) without neck stabilization can re-
sult in quadriplegia or death.137,151 However, no studies have 
elucidated the actual risk of airway management techniques 
in patients with cervical spine injuries when standard cervical 
spine precautions, including in-line stabilization, are used.151 
Because of the lack of outcome data, no consensus has been 
reached regarding which technique for endotracheal intuba-
tion is safest in patients with suspected cervical spine injuries. 
Therefore, the optimal technique must be chosen by the an-
esthesiologist, depending on the particular patient’s medical 
condition, the urgency with which the airway must be se-
cured, the patient’s level of cooperation, and the anesthesiol-
ogist’s skills.

Effects of Various Airway Maneuvers on Cervical 
Spine Mobility
Basic Airway Maneuvers
Many airway maneuvers may increase distraction and sub-
luxation at the site of a cervical spine injury.149 However, no 
outcome studies are available to determine whether these ma-
neuvers are, in fact, dangerous to living patients.149 Chin lift 
and jaw thrust in a cadaver model with an unstable C5 to C6 
ligamentous injury causes a greater than 5-mm widening of 
the disk space,152 which is not prevented by a Philadelphia col-
lar. Single-handed cricoid pressure, with “manual in-line sta-
bilization” of the neck but without posterior neck support, also 
caused a vertical displacement of the neck between 4.6 and 
5 mm (range of 0 to 9 mm).153 It is not known whether support 
to the posterior part of the neck with a hard collar or a second 
hand would also allow this posterior displacement. Head tilt, 
insertion of an oral airway, or insertion of a nasopharyngeal 
airway resulted in a minimal change in the disk space.152 Both 
the intubating laryngeal mask airway (LMA) and the regular 
LMA exert greater pressures against the cervical vertebrae 
than other intubation techniques and may produce posterior 
displacement of the cervical spine.154 The rigid intubating 
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resulted in severe pharyngeal edema in patients undergoing 
anterior cervical spine fixation.155 However, outcome data are 
not available.

“Manual in-line traction” to stabilize the neck, depending 
on the force of the traction and integrity of the surrounding 
tissues, may by itself cause significant subluxation and distrac-
tion of the disk space.156 Whether traction may cause neuro-
logic damage is not clear; however, deterioration of neurologic 
function has been reported in association with excessive trac-
tion during cervical spine stabilization procedures. Therefore, 
only “manual in-line stabilization” should be used, and trac-
tion should not be performed.

Techniques for Urgent Airway Control
Direct Laryngoscopy
To secure the airway quickly, a rapid-sequence induction with 
direct laryngoscopy (DL) may be required. Unfortunately, DL 
is associated with cervical spine movement in normal anes-
thetized volunteers157–159 as well as in cadavers with unsta-
ble spines.152,156 Regardless of the curve of the blade (either a 
straight or curved blade), DL caused a 3- to 4-mm widening 
of the C5 to C6 disk space in the cadaver model of an unstable 
C5 to C6 injury.152 Extension of the cervical spine movement 
was not prevented by a Philadelphia collar; however, it was re-
duced by 60% when in-line stabilization was provided by an 
assistant.152,157

Although DL does result in motion of the cervical spine, 
the actual risk of exacerbating neurologic damage associated 
with DL is not known. The available evidence suggests that 
neurologic deterioration after oral intubation with neck sta-
bilization is very rare.137,138,149,160–165 The widespread use of DL 
with in-line stabilization in the trauma setting suggests that 
the 95% confidence interval for neurologic deterioration is 
small (2% or less). In case reports, neurologic deterioration 
with DL has occurred in the absence of precautions taken for 
spine injury.166,167

Immobilization of the cervical spine also may make visu-
alization of the larynx more difficult.168,169 A poor view is ob-
tained on laryngoscopy (grade 3 or 4) in 22% of patients with 
manual in-line stabilization169 and in 64% of patients with a 
rigid neck collar with tape across the forehead or sandbags on 
either side of the neck. Because the main limitation to laryn-
goscopy with a rigid collar is a reduction in mouth opening, 
the front portion of the cervical collar may be removed before 
laryngoscopy. The posterior portion should remain in place 
to provide neck support for cricoid pressure. The view at la-
ryngoscopy can often be improved by application of backward 
pressure on the thyroid cartilage and by the addition of up-
ward and slightly rightward pressure on the thyroid cartilage 
(BURP maneuver).170

Bullard laryngoscope, McCoy laryngoscope blade 
(Macintosh blade with hinged tip) light wand stylet and 
GlideScope® have been advocated for use in the cervical 
spine-injured patient.171–173

Cricothyroidotomy
Cricothyroidotomy has been suggested as an alternative to 
direct laryngoscopy for rapidly securing the airway. In the-
ory, cricothyroidotomy might avoid neck motion. In real-
ity, lack of spinal motion has not been documented because 
radiographic studies on the risk of cervical spine motion 
during cricothyroidotomy and neurologic outcome studies 
have not been performed. In addition, the complication rate 
for cricothyroidotomy is fairly high. When performed in 
the field or the emergency department, cricothyroidotomy 

has been shown to have a very high immediate complica-
tion rate (32%),174 including a longer execution time (13%), 
incidences of unsuccessful tracheostomy tube placement 
(8% to 25%), and significant hemorrhage (5%). Long-term 
complications, such as infection and damage to the larynx, 
may also occur (2%). Cricothyroidotomy may also make de-
finitive repair of the cervical spine by an anterior approach 
difficult because of the presence of the contaminated wound 
in the surgical field. Many of the complications can be at-
tributed to the inexperience of the physician performing 
the procedure. However, the lack of documentation of any 
beneficial effect on neurologic outcome; the relative inex-
perience of most anesthesiologists, emergency department 
physicians, and surgeons in using the technique; and the 
often high complication rate suggest that use of cricothyroi-
dotomy should be reserved to secure the airway quickly in 
selected patients in whom direct laryngoscopy has failed or 
is anticipated to fail.
Transtracheal Jet Ventilation
Transtracheal jet ventilation may be used to temporarily oxy-
genate the patient during difficult direct laryngoscopy, crico-
thyroidotomy, or fiberoptic laryngoscopy. Use of a 14-gauge 
catheter placed through the cricothyroid membrane and 
connected to a high-pressure source of oxygen may provide 
adequate oxygenation and ventilation; however, it does not 
protect against aspiration, and it may be associated with baro-
trauma (10%) and catheter dislodgment.

Techniques for Elective Airway Control
The following sections discuss techniques for elective airway 
control.
Awake Intubation (Blind Nasal, Light Wand, or Fiberoptic 
Laryngoscopy)
Awake nasotracheal or orotracheal intubation has been advo-
cated as a safer technique for endotracheal intubation in the 
patient with an unstable cervical spine.136,149 Meschino and 
coworkers175 reported that using awake tracheal intubation in 
patients with cervical spine injuries did not change neurologic 
outcomes in the 136 patients who required endotracheal in-
tubation from those in 233 patients who did not require intu-
bation. However, the report did not supply details of how the 
intubations were performed, how the neurologic examination 
was assessed, and the location and degree of instability of the 
injury.

Although awake intubation is often appropriate, it may 
not secure the airway quickly enough if rapid intubation is 
required, as in the hypoxemic, hemodynamically unstable, or 
head-injured patient. Nasal intubation should be avoided in 
the patient with a midface or basilar skull fracture, in whom 
it might allow entry of bacteria and foreign materials into 
the cranial cavity.176 It also may induce epistaxis, which is 
aggravated in the multiple-trauma victim by dilutional coag-
ulopathy and which, with long-term intubation, may cause 
paranasal sinusitis and sepsis.177 In uncooperative, inebri-
ated, or head-injured patients neck motion may be greater, 
with potential cervical spine damage, than if direct laryn-
goscopy were performed with the use of general anesthesia. 
Ovassapian and colleagues178 found that blind nasotracheal 
intubation required multiple attempts in 70–90% of patients.

Fiberoptic laryngoscopy has often been recommended for 
intubation in the patient with an unstable cervical spine because 
it allows intubation under direct vision without much neck 
motion. Fiberoptic laryngoscopy may be difficult in the acutely 
injured patient because of excessive salivation, airway bleeding, 
and edema in the pharyngeal space. It requires a cooperative 
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patient and adequate topical anesthesia of the supraglottic and 
infraglottic regions to prevent gagging. Anesthetizing the area 
below the vocal cords is controversial. Although this step may 
prevent severe coughing and bucking (which potentially may 
exacerbate neurologic damage), it might increase the likeli-
hood of aspiration. Ovassapian and colleagues,178 however, 
found no evidence of aspiration 24 hours after fiberoptic in-
tubation performed with laryngeal anesthesia in 105 patients 
at risk for aspiration. There is also no evidence that coughing 
raises the neurologic risk to the spinal cord.
Retrograde Tracheal Intubation
Retrograde tracheal intubation is a technique of tracheal intuba-
tion over a guide wire which is passed through the cricothyroid 
membrane retrogradely to the mouth, and is a technique that is 
advocated to minimize neck motion in the patient with trauma.179 
A large-scale assessment of the reliability and safety of this tech-
nique as the primary means to secure the airway is not available.

Management of Endotracheal Intubation
No consensus has been reached regarding the relative safety of 
the various techniques to achieve endotracheal intubation.149 
The specific choice of technique often depends on the partic-
ular anesthesiologist’s skills. The possible risk of secondary 
damage to the spinal cord with laryngoscopy (which varies 
with stability of the injuries) must be balanced by other con-
siderations, such as the degree of urgency for achieving intu-
bation, associated medical conditions (TBI, airway trauma or 
pathologic condition, hypoxemia, and cardiovascular instabil-
ity), and level of patient cooperation.

The first step of the airway management plan involves de-
termination of the degree of urgency for securing the airway 
(Fig.  10.12). Immediate endotracheal intubation is required 

in patients with cardiovascular instability, hypoxemia, or ele-
vated ICP. Oxygenation and ventilation are initially provided 
with bag and mask, with an airway or jaw thrust, as required, 
to open the airway. If the patient has an anatomically normal 
airway (ie, one in which endotracheal intubation is expected 
to be easily achieved with the head and neck secured in neu-
tral position), a modified rapid-sequence induction should 
be performed. The front half of the Philadelphia collar may 
be removed before laryngoscopy because it interferes with 
mouth opening. To prevent aspiration, cricoid pressure may 
be applied, although this pressure may cause a posterior sub-
luxation of the cervical cord.153 Succinylcholine is the muscle 
relaxant of choice if the injury is less than 48 hours old, be-
cause hyperkalemia does not occur until later.180 Ventilation 
should continue with cricoid pressure in place until the intu-
bation is complete. During laryngoscopy, an assistant should 
stabilize the head in a neutral position without applying trac-
tion. Neck flexion should be avoided, and the minimum of 
neck extension necessary to visualize the glottis should be 
used. If conventional methods to place the endotracheal tube 
fail, an intubating LMA can be inserted and an endotracheal 
tube passed with or without fiberoptic guidance through the 
airway.181

Ventilation using a supraglottic device may be required 
as a temporary measure if ventilation by bag and mask is 
difficult. If immediate control of the airway is required 
and the airway is anatomically abnormal, a cricothyroi-
dotomy may be performed to secure the airway. Patients 
with severe facial fractures, soft tissue swelling or injuries, 
marked obesity, or airway obstruction due to massive pre-
vertebral hematoma, in whom endotracheal intubation 
appears to be, or is, impossible, should be managed with 
cricothyroidotomy.

Emergent
Hypoxemia
Cardiovascular instability
Increased ICP Urgent Non-urgent

or elective

Full cervical
spine work-up

Known cervical
spine injury
Immobilize head/
neck with traction
device

Awake
fiberoptic or

blind intubation
technique

Uncooperative
patient
Intoxicated
Possible head
injury

Cooperative
patient

Awake
fiberoptic
intubation

Retrograde
intubation

Blind
technique
No nasal or
basilar skull
fractures

Failure

Induction—direct
laryngoscopy

Anatomically
abnormal

airway

Anatomically
normal
airway

Cricothyroidotomy Rapid-sequence
induction
Head/neck stabilization
No traction
Direct laryngoscopy

Failure

Failure

Fig. 10.12  Endotracheal intubation in the patient with suspected cervical spine injury. ICP, intracranial pressure.
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the other techniques for endotracheal intubation may be use-
ful. The key point in the decision for urgent endotracheal in-
tubation is whether the patient is cooperative (see Fig. 10.12). 
If the patient is uncooperative or inebriated or has a possible 
significant TBI, the steps listed for emergent intubation should 
be performed. In a cooperative patient, awake fiberoptic intu-
bation or blind technique may be chosen.

In the non-urgent elective setting, such as requiring anes-
thesia for the repair of orthopedic or facial injuries, the patient 
should first undergo a full evaluation of the cervical spine.

Goals in the Acute Care of the Spinal  
Cord-Injured Patient
As for patients with head trauma, the primary aim in the man-
agement of patients with SCI is to prevent secondary cord 
injury (Box 10.6). The principal way to prevent additional in-
jury is immobilization of the spine. Treatment, therefore, has 
consisted of anatomic realignment and stabilization with or 
without surgery for decompression and stabilization.

Prevention of secondary neurologic damage by treating hy-
poxemia and maintaining spinal cord perfusion is important 
in the acute management of these patients. Spinal cord blood 
flow is autoregulated in a fashion similar to blood flow in the 
brain,182 and autoregulation may be impaired several hours 
after injury.183 Maintenance of spinal cord perfusion pressure 
at greater than 60 mmHg is advised to improve spinal cord 
blood flow after injury; this, however, is a vague recommenda-
tion because the pressure around injured segment of the spinal 
cord is not measured, unlike ICP in head injury. Current rec-
ommendations of the American Association of Neurosurgeons 
include maintaining mean arterial pressure at 85–90 mmHg, 
while there are no clear treatment recommendations.184,185 In 
an experimental model of spinal injury, spinal cord blood 
flow was increased by infusion of phenylephrine but not of 
mannitol or hetastarch, although neurologic function was not 
improved.186 However, the control of blood pressure was at 
80 mmHg, suggesting that elevation of blood pressure beyond 
a minimum of 60 mmHg is not helpful. In addition, hyper-
tension may cause hemorrhage and increase edema formation. 
Recently, Werndle and colleagues187 reported on a novel tech-
nique for the successful measurement of intraspinal pressure 
via dural hole at the level of injury in adult patients with trau-
matic SCI. This promising technique may permit the calcula-
tion of an actual spinal cord perfusion pressure.

No evidence has shown that hyperventilation to reduce 
PaCO2 or hyperosmolar fluids (and theoretically to decom-
press the spinal cord) improve outcome in patients with SCI. 
Hyperglycemia should be avoided immediately after SCI. 
Drummond and Moore188 found that minimally increased 
blood glucose levels (177 mg/dL), associated with intravenous 
infusions of glucose before experimentally induced spinal 
cord ischemia, worsened neurologic outcome.189 Reduction 
of blood glucose by insulin has also been found to improve 
recovery of electrophysiologic function after experimentally 
induced spinal cord ischemia.189 These results suggest that 

infusion of glucose-containing solutions within the first 24 
hours of injury should be avoided. In addition, hyperglycemia 
should be treated; the glucose level at which treatment should 
be initiated and the targeted glucose level have not yet been 
defined. Most practitioners, however, begin treatment if blood 
glucose levels increase beyond the range of 140–180 mg/gl.

The effectiveness of previously reported large doses of 
methylprednisolone (30 mg/kg followed by a continuous in-
fusion of 5.4 mg/kg/h for 23 hours) to improve neurologic 
outcome in patients with complete and incomplete lesions,190 
however, has been recently questioned.191–193 Subsequently, 
the number of surgeons who report using high-dose steroids 
in the treatment of acute spinal cord injuries has signifi-
cantly decreased since 2006.194 Currently, the use of steroids 
in the acute SCI may be considered as optional, but not stan-
dard care.

SUMMARY

The care of the acutely unstable patient involves neurologic 
and radiologic examination, evaluation of other organ sys-
tems, appropriate airway management, and treatment of as-
sociated problems. Brain and spinal cord injuries are both 
accompanied by physiologic derangements in other bodily 
functions, challenges in airway control, and the primary man-
agement goal of prevention of secondary injury and further 
neurologic damage.
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EPIDEMIOLOGY

According to the Central Brain Tumor Registry of the United 
States (CBTRUS) for the years 2007–2011, the incidence of 
primary brain and central nervous system (CNS) tumors 
is 21.42/100,000 per year. For children and adolescents 
0–19  years of age, the incidence is 5.42/100,000. The inci-
dence is 27.85/100,000 for adults (>20 years). For the year 
2015, the estimate is 68,470 primary brain and CNS new cases. 
The overall mortality rate is 4.26/100,000. Approximately 
34% of the tumors are malignant. The most common tumor 
is meningioma (36%) followed by glioblastoma (15%). The 
broad category glioma represents 28% of all tumors. The 
5-years survival rate for malignant brain and CNS tumors is 
34%, but only 5% for glioblastoma.1 The majority of tumors 
(>80%) are supratentorial. For all primary brain tumors, the 
median age of diagnosis is 59 years. From 1985 to 1999, the 
incidence of primary brain tumors rose modestly (1.1% per 
year).2 The exact incidence of brain metastases is unknown 
but certainly underestimated. In about 25% of patients who 
die from cancer, central nervous system metastases are de-
tected at autopsy. For the five most common sources of brain 
metastases (breast, colorectal, kidney, lung, and melanoma), 
6% of the patients suffer this complication within 1 year of 
diagnosis of the primary cancer.3 Thus, these five cancers 
probably cause approximately 37,000 cases of brain metas-
tases per year in the United States. Conversely, about 10% 
of patients with lung cancer present to the physician with 
symptoms from a brain metastasis.

General Considerations
For patients the problems associated with supratentorial tu-
mors result from local and generalized pressure, whereas for 
surgeons the difficulties arise during surgical exposure be-
cause the brain is particularly susceptible to damage from 
retraction and mobilization. Anesthesia for supratentorial tu-
mors thus requires an understanding of the pathophysiology 
of localized or generalized rising intracranial pressure (ICP); 
the regulation and maintenance of intracerebral perfusion; 
how to avoid secondary systemic insults to the brain4,5 (Box 
11.1); the effects of anesthesia on ICP, perfusion, and metab-
olism; and the therapeutic options available for decreasing 
ICP, brain bulk, and tension perioperatively. Specific prob-
lems include massive intraoperative hemorrhage, seizures, 
and air embolism in the head-elevated or sitting position or 
if venous sinuses are traversed. Further questions are how to 
monitor the brain’s function and environment, and whether 
to aim for rapid anesthesia emergence or for prolonged post-
operative sedation and ventilation. Finally, the concurrence 
of various intracranial and extracranial pathologic conditions 
should not be forgotten, such as the presence of cardiovascu-
lar or pulmonary disease or—in the case of metastases—the 

existence of paraneoplastic phenomena and the effects of 
chemotherapy or radiotherapy. This concept can be summa-
rized as follows:

Pathophysiology of Rising Intracranial Pressure
The main normal intracranial components of the brain (tis-
sue, intravascular blood, cerebrospinal fluid [CSF]) are con-
tained in an unyielding skull. Hence any increase in their 
volume—or the addition of an abnormal mass—must be 
compensated by a concurrent reduction in volume of one or 
more of these components, mainly CSF or blood (the brain 
is largely incompressible) (Fig.  11.1). The ability of these 
homeostatic mechanisms to compensate depends not only 
on the volume of the mass but also on the speed at which it 
arises: for rapidly expanding masses, the ICP volume curve 
shifts markedly to the left. Early but limited homeostasis 
is provided by extracranial shifts of intracranial blood, fol-
lowed by larger-capacity displacement of CSF—which is in-
effective if CSF flow is obstructed. Once these compensatory 
mechanisms are exhausted, ICP rises rapidly, which is fol-
lowed by impairment of cerebral circulation6 and, ultimately, 
by brain herniation; generally subfalcine (“midline shift”) or 

11Supratentorial Masses: Anesthetic 
Considerations

The anesthetic goal: To preserve brain from secondary 
insult

The anesthetic risk factors: Hypoxemia, hypercapnia, anemia, 
hypotension

The anesthetic actions: Conserve cerebral autoregulation 
and CO2 responsiveness
Maximize brain elastance to 
decrease retractor pressure

BOX 11.1  Secondary Insults to the Already Injured Brain

Intracranial
Increased intracranial pressure
Midline shift: tearing of the cerebral vessels
Herniation: falx, transtentorial, trans-foramen magnum, 

transcraniotomy
Epilepsy
Vasospasm

Systemic
Hypercapnia
Hypoxemia
Hypotension or hypertension
Hypo-osmolality or hyperosmolality
Hypoglycemia
Hyperglycemia
Low cardiac output
Hyperthermia
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transtentorial, the end stage of compensation. This concept 
can be summarized as follows:

Volume Effects of Intracranial Tumors
The intracranial volume effects of tumors are due not only to 
the mass of the tumor itself but also to the surrounding va-
sogenic brain edema.7,8 Such edema, commonly seen on pre-
operative computed tomography (CT) or magnetic resonance 
imaging, apparently results from secretory factors that increase 
vascular permeability in the nearby brain.8 Peritumoral edema 
is particularly marked around fast-growing tumors, generally 
responds well to corticosteroid therapy, and can persist or 
even rebound after surgery for excision of the tumor. Thus the 
areas surrounding large tumors suffer from ischemia resulting 
from compression (cerebral blood flow [CBF]) in peritumoral 
tissue may be decreased by up to one-third compared with 
normal tissue).9 Treatment with steroids such as dexameth-
asone usually results in dramatic decreases in surrounding 
brain edema. The emergency and preoperative treatment of 
peritumoral vasogenic edema is the only good indication for 
steroid therapy in this context.

The Blood–Brain Barrier and Edema
The blood–brain barrier is also affected by intracranial patho-
logic conditions. Normally the blood–brain barrier is imper-
meable to large or polar molecules and variably permeable to 
ions and small hydrophilic nonelectrolytes. Thus any disrup-
tion of the blood–brain barrier permits water, electrolytes, and 
large hydrophilic molecules to enter perivascular brain tissues, 
leading to vasogenic brain edema. In this case, leakage—and 
the resulting brain edema—is directly proportional to the ce-

rebral perfusion pressure (CPP). Vasogenic edema should be 
differentiated from osmotic edema (caused by a drop in serum 
osmolality) and cytotoxic edema (secondary to ischemia). 
Blood osmolality is a critical determinant of cerebral edema 
because a 19-mmHg pressure gradient across the blood–brain 
barrier is generated for every milliosmole. In contrast, oncotic 
pressure plays a minor role. Neuroimaging shows disruption 
of the blood–brain barrier in many tumors. New strategies are 
being investigated to improve drug delivery to brain tumors. 
In the future, it is possible that new treatments to augment 
blood–brain barrier permeability (osmotic blood–brain bar-
rier disruption, intra-arterial chemotherapy) will interfere 
with perioperative management.10

Intracerebral Perfusion and Cerebral Blood Flow
CBF is regulated at the level of the cerebral arteriole. It de-
pends on the pressure gradient across the vessel wall (which 
in turn is the result of CPP) and PaCO2 value (which depends 
on ventilation) (Fig. 11.2). CBF autoregulation, dominant to 
ICP homeostasis, keeps CBF constant in the face of changes 
in CPP or mean arterial pressure (MAP). It does this through 
alterations in cerebral vasomotor tone (i.e., cerebrovascular 
resistance [CVR]). Autoregulation is normally functional for 
CPP values of 50 to 150 mmHg and is impaired by many intra-
cranial (e.g., blood in CSF, trauma, tumors) and extracranial 
(e.g., chronic systemic hypertension) pathologic conditions. It 
is also affected by drugs used in anesthesia.

If CPP is inadequate, tissue perfusion will decrease when 
the lower limit of autoregulation is less than 50 mmHg (if au-
toregulation is intact). Ischemia results at levels of CBF below 
20 mL/100 g/min unless CPP is restored (by increasing MAP 
or decreasing ICP) or cerebral metabolic demand is reduced 
(through deepened anesthesia or hypothermia). Increased ICP 
resulting in reduced CPP is met by cerebral arteriolar relax-
ation; in parallel, MAP is increased via the systemic autonomic 
response. As a result, a vicious cycle can be established, par-
ticularly in the presence of impaired intracranial homeostasis, 
as cerebral vessel relaxation increases cerebral blood volume 
(CBV), thus further raising ICP. In addition, an acute reduction 
in CPP or MAP tends to acutely increase ICP (the so-called 
vasodilatory cascade11). Reductions in PaCO2 induce vaso-
constriction,12 reducing CBF, CBV, and thus ICP. Conversely, 
hypercapnia increases ICP and should be prevented in the 
perioperative period. This makes hyperventilation a useful 
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Fig. 11.1  Idealized hyperbolic intracranial pressure–volume curve. 
A, high intracranial compliance: a change in volume produces minimal 
change in pressure; B, low intracranial compliance: a same change in 
volume as that in A produces a large change in intracranial pressure; 
ΔP, change in pressure; ΔV, change in volume.

The cornerstone of 
neuroanesthesia:

Intracranial pressure–volume relationship

The main goal of 
neuroanesthesia:

Avoiding intracranial compartment 
volume increase, especially for cerebral 
blood volume (anesthetics, mean arterial 
pressure autoregulation, CO2)

Anesthetic risk factor: Administration of hypotonic fluids
Medications that affect cerebral 
autoregulation
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Fig. 11.2  Cerebral blood flow (CBF) autoregulation: for a cerebral 
perfusion pressure (CPP) value between 50 and 150 mmHg, CBF is 
maintained at 50 mL/100 g/min (__ MAP). There is a linear relationship 
between PaCO2 (20–80 mmHg) and CBF (--- PaCO2). Hypoxemia 
increases CBF and hyperoxia decreases CBF (…. PaO2). If arterial 
pressure remains constant, CBF decreases when ICP increases (_ - _ - 
ICP). MAP mean arterial (blood) pressure.
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tool for the acute control of intracerebral hyperemia and ele-
vated ICP (Fig. 11.3), as summarized here:

Anesthesia and Intracerebral Pressure,  
Perfusion, and Metabolism
Anesthesia exerts major effects on the intracranial environ-
ment through a variety of drug and nondrug effects. These 
effects are sensitive to the state of the intracranial and extra-
cranial environment (e.g., cerebral compliance, presence or 
absence of intracranial pathologic condition, general volemic 
state).

Intravenous Anesthetics
Intravenous anesthetics include barbiturates, propofol, eto-
midate and ketamine. Apart from anesthesia induction, 
propofol is being increasingly used for maintenance as a 
continuous intravenous infusion (often computer con-
trolled).13 All the intravenous drugs mentioned are cerebral 
vasoconstrictors that act by depression of cerebral metabolic 
rate (CMR), except ketamine.14–19 Ketamine increases whole 
brain CBF without changing CMR in healthy volunteers.20 
At subanesthetic doses, ketamine increases regional glucose 
metabolic rate and CBF.21 The other agents decrease CBF, 
CBV, and ICP while leaving autoregulation and vessel reac-
tivity to PaCO2 intact (see Fig. 11.3).17,22–25 CMR reduction 
reflects brain activity26 and is mediated through the elec-
trical but not the basal metabolic activity of the neurons. 
Hence there is a ceiling effect for CMR reduction at elec-
troencephalogram (EEG) burst suppression (Fig.  11.4). In 
contrast to volatile anesthetics, propofol has been shown 
capable of suppressing the cerebrostimulatory effects of ni-
trous oxide.22 Etomidate directly inhibits adrenal cortisol 
secretion for 24 to 48 hours even after a single injection,27 
and its use is often associated with myoclonic (not epileptic) 
movements.

Volatile Anesthetics
All volatile anesthetics are cerebral vasodilators,28,29 but iso-
flurane, sevoflurane, and desflurane also reduce CMR. A flat 
EEG is obtained with these three agents at around 2 min-
imum alveolar concentrations (2 MAC), a concentration 
at which maximum metabolic depression is achieved. The 
response of cerebral metabolism to rising concentrations 
of volatile anesthetics is not linear. The decrease in CMR 
is steep from 0 to 0.5 MAC and then more gradual up to 2 
MAC.30 The effect of volatile anesthetics on CBF is the result 
of their vasodilatory properties and flow-metabolism cou-
pling. At low concentrations (<1 MAC), CBF is lower than 
in the awake person.31 But CBV is unchanged with isoflurane 
and decreased with propofol at comparable concentrations.15 
Among the volatile anesthetics, sevoflurane is the least va-
sodilating and desflurane the most.32,33 The effects of xenon 
are more complex. This agent decreases CBF in gray mat-
ter, particularly in specific brain areas such as the thalamus, 
the cerebellum, the cingulated gyrus, and the hippocampus, 
and increases CBF in white matter.34 It does not impair flow-
metabolism coupling.

For the normal brain and volatile concentrations below 1 
MAC, PaCO2 reactivity remains intact, permitting control of 
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Fig. 11.3  Beneficial effect of voluntary hyperventilation on 
intracranial pressure before anesthesia induction. The upper 
trace is the ICP trend. The bottom trace shows the stability of 
the mean arterial pressure. (Courtesy R Chiolero, MD)

The anesthetic goal: Hemodynamic stability

The reason: Autoregulation takes 30 to 120 seconds 
to be established; thus sharp MAP 
fluctuations entrain undesirable CBF, CBV, 
and ICP changes

The formulas:
 
 

CBF = CPP/CVR
CPP = MAP − ICP
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Fig. 11.4  Parallel decrease in cerebral blood flow (CBF) and cerebral 
metabolic rate of O2 (CMRO2) produced by an intravenous agent. 
Change is dose dependent until the electroencephalogram (EEG) 
becomes isoelectric (flat).
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 vasodilation by hypocapnia.22,25,35 (However, the presence of 

a pathologic brain condition or use of a high-MAC volatile 
anesthetic may impair or even abolish PaCO2 reactivity and 
autoregulation.)36,37

Nitrous Oxide
Nitrous oxide is cerebrostimulatory, increasing CBF, CMR, 
and sometimes ICP. Its effect is not uniform throughout 
the brain but is limited to selected brain regions (basal gan-
glia, thalamus, insula), changing the regional distribution of 
CBF.38,39 If substituted for an equipotent concentration of a 
volatile anesthetic agent, nitrous oxide increases CBF.40,41 For 
the normal brain, the resulting cerebral vasodilation can be 
controlled by hypocapnia or the addition of an intravenous 
anesthetic. However, volatile agents have no such attenuating 
effect;42 CMR and CBF are higher during 1 MAC anesthe-
sia produced by a nitrous oxide-volatile anesthetic combi-
nation than that produced only by a volatile anesthetic.42,43 
This effect is especially deleterious in the actual or potential 
presence of brain ischemia. Particularly for repeat craniot-
omy, the potential of nitrous oxide, which is poorly soluble, 
to diffuse into and hence expand hollow spaces must be 
remembered as it could cause tension pneumocephalus in 
patients with intracranial air (repeat neurosurgery or head 
trauma).44–46

Opioids
Opioids have been associated with short-term increases in 
ICP,47–50 particularly sufentanil or alfentanil. Reflex cerebral 
vasodilation after decreases in MAP and hence in CPP is the 
underlying mechanism for the transient increases in ICP,42,51–54 
although a direct modest cerebral vasodilator effect has been 
demonstrated.48 This effect demonstrates the sensitivity of in-
tracerebral drug effects to the intracranial and extracranial en-
vironment and the importance of maintaining normovolemia 
for ICP stability. Generally, opioids modestly reduce CMR and 
do not affect flow-metabolism coupling, autoregulation, or the 
carbon dioxide sensitivity of the cerebral vessels. Remifentanil 
has been extensively studied. Its cerebral effects are compara-
ble to those of other opioids, and its use in neuroanesthesia 
has been validated in clinical trials.11,55–58

Other Drugs
Vasodilating antihypertensive agents such as nitroglycerine, 
nitroprusside, and nicardipine increase ICP and should be 
avoided.59,60 Cerebral vasodilation may result from a nor-
mal autoregulation response or direct arterial vasodilation. 
For example, sodium nitroprusside increases ICP,61 but in-
tracarotid injection of nitroprusside does not change CBF.62 
Conversely, verapamil decreases cerebrovascular resis-
tance in humans by inducing direct cerebral vasodilation.63 
Theophylline constricts cerebral vessels but increases CSF 
production and is a potent central nervous system (CNS) 
stimulant, raising the risk of convulsions. Most β-adrenergic 
blockers, especially esmolol, do not interfere with cerebral 
blood flow or metabolism.64

Reducing Intracranial Pressure, Brain Bulk,  
and Tension
The anesthesiologist possesses a number of instruments 
to achieve ICP reduction and brain relaxation (Box 11.2), 
and thus to improve the quality of surgical exposure and 
to reduce retractor pressure. The effectiveness of these 
instruments depends on intact intracerebral homeostatic 
mechanisms.

Intravenous Anesthetics
Intravenous anesthetics reduce CMR, CBF, and hence CBV 
and ICP, leading to a diminution of brain bulk, as discussed 
previously. Cerebral vasoconstriction depends on intact flow-
metabolism coupling (Figs. 11.4 and 11.5) and is dose related 
up to neuronal electrical silence (EEG burst suppression). Like 
autoregulation, flow-metabolism coupling is impaired by brain 
contusion and other intracerebral pathologic conditions.

Hyperventilation
Hyperventilation results in hypocapnia and subsequent ce-
rebral vasoconstriction. In the context of intact autoregula-
tion, CBF is roughly linearly related to PaCO2 between 20 and 

BOX 11.2  �Management of Intracranial Hypertension  
and Brain Bulging

Prevention
Euvolemia
Sedation, analgesia, anxiolysis
No noxious stimulus applied without sedation and local anesthesia
Head-up position, no compression of the jugular veins,  

head straight
Osmotic agents: mannitol, hypertonic saline
β-Blockers or clonidine or lidocaine
Steroids, if a tumor is present
Adequate hemodynamics: mean arterial blood pressure,  

central venous pressure, pulmonary capillary wedge pressure, 
heart rate

Adequate ventilation: PaO2 > 100 mmHg, PaCO2 35 mmHg
Intrathoracic pressure as low as possible
Hyperventilation on demand before induction
Use of intravenous anesthetic agents for induction and 

maintenance in case of tensed brain

Treatment
Cerebrospinal fluid drainage if ventricular or lumbar catheter  

in situ
Osmotic agents
Hyperventilation
Augmentation of anesthesia with intravenous anesthetic agents: 

propofol, thiopentone, etomidate
Muscle relaxants
Venous drainage: head up, no positive end-expiratory pressure, 

reduction of inspiratory time
Mild controlled hypertension if autoregulation present
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Fig. 11.5  Coupling between cerebral blood flow (CBF) and cerebral 
metabolic rate of O2 production (CMRO2) coupling (flow-metabolism 
coupling). Normally, a CMRO2 of 4 mL/100 g/min is coupled to a CBF 
of 50 mL/100 g/min.
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70 mmHg.12 However, the carbon dioxide reactivity of cerebral 
vessels may be impaired or abolished in the presence of head 
injury or other intracerebral pathologic conditions, by high 
inspired concentrations of volatile anesthetics, or, particularly 
if the vessels are already dilated, by nitrous oxide. The CBF-, 
CBV-, and ICP-reducing effects of hypocapnia are acute and 
apparent for less than 24 hours.65 A typical value to aim for is 
a PaCO2 of 30 to 35 mmHg; arterial blood gas analysis rather 
than end-tidal CO2 (etco2) should be used as a controlling 
variable because of the possibility of large arterioalveolar CO2 
gradients in neurosurgical patients. The effectiveness of hy-
perventilation (PaCO2 at 25 ± 2 mmHg) for controlling brain 
bulk in the patient under either isoflurane or propofol anes-
thesia has been demonstrated.66

The main complication associated with hyperventilation 
is reduction of CBF, which gives rise to cerebral ischemia.67 
Thus, the anesthesiologist must balance the benefit of brain re-
laxation against the risk of cerebral hypoperfusion. Other side 
effects are linear reduction in coronary artery flow, reduced 
cardiac venous return, hypokalemia, and potentiation of the 
brain’s response to opioids.68

Diuretics and Osmotic agents
Osmotic diuretics such as mannitol and hyperosmotic saline in-
crease blood osmolality acutely, thus reducing brain water con-
tent (mainly in healthy brain tissue with an intact blood–brain 
barrier) and hence brain bulk and ICP.69 This response improves 
brain deformability and thereby facilitates surgical exposure. 
A further beneficial effect is improvement in blood rheology70 
as a result of the reduction in edema of vascular endothelium 
and erythrocytes (increasing erythrocyte deformability)—the 
basis of mannitol’s classic “antisludge” effect.71 A typical regimen 
is to give 0.5 to 1 g/kg mannitol (150–400 mL 20% mannitol) 
intravenously, split between a more rapid pre-craniotomy dose 
and a slower infusion, until brain dissection is complete. The 
ICP effect is prompt,72 removes about 90 mL of brain water at 
peak effect,73 and lasts for 2 to 3 hours. Theoretically, equios-
molar infusions of hypertonic saline or mannitol should have 
the same effect for reducing brain water content. One study 
showed slightly better results with hypertonic saline than man-
nitol on intraoperative brain relaxation.74 Normally the aim is to 
keep osmolality at less than 320 mOsm/kg. Problems with the 
use of osmotic diuretics include hypernatremia, hypokalemia, 
and acute hypervolemia, which could be deleterious in patients 
with congestive heart failure. There is no additional benefit to 
using loop diuretics such as furosemide, which induces hypo-
volemia and does not reduce brain water content except that it 
may limit rebound edema formation.75 On the contrary, serum 
saline should be infused to replace urinary losses in order to 
avoid hypovolemia and maintain blood pressure.
Cerebrospinal Fluid Drainage
CSF drainage is achieved either by intraoperative direct punc-
ture of the lateral ventricle or through a lumbar spinal catheter 
placed preoperatively. The latter is effective only if there is no 
caudal block to CSF outflow. Because of the risk of causing 
acute brain herniation, lumbar CSF drainage should be used 
cautiously and only when the dura is open. The patient should 
receive at least mild hyperventilation when CSF is drained. 
Normally removal of 10–20 mL of CSF is very effective in re-
ducing brain tension. Up to 50 mL can be drained if necessary.
Other Factors
Other factors causing cerebral vasodilation and that can be 
corrected by the anesthesiologist include hypovolemia and 
hypoxia. The position of the patient (head down, extreme 

turning of the neck) also influences brain volume because of 
impaired venous drainage of the brain.76 This should be kept 
in mind when brain swelling is observed without any obvious 
reason after the dura is opened. Repositioning of the head to 
avoid excessive rotation and compression of the jugular vein 
may be the solution.

Vasoconstrictive Cascade
Finally, the anesthesiologist can use the vasoconstrictive cas-
cade77 by mildly increasing MAP, thus increasing CPP and de-
creasing CBV and ICP (Fig. 11.6).

General Anesthetic Management
Preoperative Assessment
Determination of anesthetic strategy for a given neurosurgical 
intervention depends on thorough knowledge of the neuro-
logic and general state of the patient, the planned intervention, 
and holistic integration of these factors. The patient and the 
planned intervention should be discussed with the neurosur-
geon involved.

Neurologic State of Patient
A major aim in evaluating neurologic status is to estimate how 
much ICP is raised, the extent of impairment of intracranial 
compliance and autoregulation, the localization of the tumor 
and how much homeostatic reserve for ICP and CBF remains 
before brain ischemia and neurologic impairment occur. 
The goal is also to assess how much permanent and revers-
ible neurologic damage is already present. Typical pointers to 
these elements in the patient history, physical examination, 
and technical examinations are listed in Box 11.3. The min-
imum examination should involve a neurologic mini-mental 
status assessment, comprising the patient’s ability to follow 
commands, the patient’s degree of orientation, the presence or 

  Vasodilation  ICP

  CPP

  CBV

Vasodilation cascade model

  Vasoconstriction  ICP

  CPP

  CBV

Vasoconstriction cascade model

Fig. 11.6  Vasodilatory cascade model proposes that a decrease (↓) 
in cerebral perfusion pressure (CPP) can lead to cerebral vasodilation 
with subsequent increases (↑) in cerebral blood volume (CBV) and 
intracranial pressure (ICP). In contrast, the vasoconstriction cascade 
model suggests that an increase in CPP can reduce CBV and thus ICP. 
(Modified from Rosner MJ, Daughton S: Cerebral perfusion pressure 
management in head injury. J Trauma 1990;30:933–940.).
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absence of speech deficit, the pupil symmetry and the Glasgow 
Coma Scale score. Elucidating what medication the patient is 
receiving and for how long is important because this medica-
tion may also affect intracranial compliance, perfusion, and 
reserves, as well as modify the pharmacokinetics and dynam-
ics of anesthetic drugs.

The patient’s CT scan or magnetic resonance image should 
be examined for the size and localization of the tumor and for 
signs of increased ICP. The latter include effacement of the lat-
eral ventricle by tumor mass, lateral ventricle extension result-
ing from obstructive hydrocephalus, and midline shift (midline 
shift > 5 mm).78,79 The presence of such signs warns that the ICP-
volume curve is close to decompensation (the “knee” of the hy-
perbolic ICP-volume curve; see Fig. 11.1), with small increases 
in intracranial volume leading to disproportionate ICP increases 
and brain swelling. The preoperative treatment of brain edema 
with steroids should not mislead the neuroanesthetist into 
thinking that the patient is no longer at risk for perioperative 
intracranial hypertension. Any patient who has presented with 
symptoms and signs of elevated ICP should be regarded as being 
at risk for perioperative intracranial hypertension even if the pre-
senting clinical tableau is no longer present.

General State of Patient
Cardiovascular and respiratory functions are important because 
brain perfusion and oxygenation ultimately depend on them; 
their function should therefore be optimized preoperatively. 

Some intracranial pathologic conditions alter cardiovascu-
lar function (e.g., effects of raised ICP on cardiac conduc-
tion). Supratentorial surgery (particularly for meningiomas, 
metastasis) can be associated with significant blood loss, and 
hypovolemia and hypotension have detrimental effects in the 
neurosurgical context. The neuroanesthetist should note that 
both hyperventilation—often used to control ICP, CBF, CBV, 
and brain tension—and the operative position make additional 
demands on the respiratory and cardiovascular systems. Finally, 
especially in neurosurgery for metastases, the primary tumor 
can itself impair cardiorespiratory function (e.g., 40% of brain 
metastases originate from the lung80) as can anticancer che-
motherapy or radiotherapy. Examples are cardiomyopathy and 
doxorubicin (Adriamycin) or cyclophosphamide (Cytoxan) 
therapy and inhibition of plasma cholinesterase activity.81

Further problems associated with malignant tumors in-
clude coagulation disorders, which are associated with an in-
creased risk of thromboembolism, as high as 21% in the first 
year after surgery.82 Thus, despite the risk of bleeding, low-
molecular-weight heparin may be indicated after craniotomy 
to prevent venous thromboembolism in high-risk patients.83

Other systems interacting with neuroanesthesia are the re-
nal system (e.g., diuretics and subsequent changes in plasma 
electrolytes, diabetes insipidus, decreased fluid intake), the 
endocrine system (altered by the intracranial disease process, 
such as pituitary adenoma, or by therapeutic drugs, such as 
the effect of glucocorticosteroids on hyperglycemia and cere-
bral ischemia), and the gastrointestinal tract (e.g., mucosal ef-
fects of steroids, motility effects of raised ICP). Hypercalcemia 
should be ruled out when brain tumors are associated with 
bone metastasis. A thorough history, supplemented by appro-
priate physical and technical examinations, is important for the 
elucidation and definition of these problems. It is important to 
remember that elderly patients (especially those with impaired 
cardiac and pulmonary function) pose particular challenges 
for anesthetic and perioperative management in this context.

Planned Operative Intervention
For a planned operative intervention, the important points to 
clarify include the size and position of the tumor, the tissue di-
agnosis, the surgical approach, the structures in proximity and 
the likelihood of their involvement by surgery, and whether 
the tumor is to be removed radically. Knowing whether the 
mass to be resected is a tumor, a hematoma (acute or chronic), 
an abscess, a metastasis, or something else is useful informa-
tion. The surgical approach determines the positioning of the 
patient; common approaches to supratentorial masses are ei-
ther pterional or temporal and frontal craniotomies. In a bi-
frontal approach, the sagittal venous sinus is traversed, thereby 
raising the risk of bleeding and venous air embolism.

When the tissue diagnosis is meningioma, the anesthesi-
ologist should anticipate an operation with the goal of com-
plete excision, which is generally curative.84 Meningiomas can 
grow quite large, particularly in neurologically silent areas 
such as the frontal region, because they often grow slowly. 
They are often in difficult locations because of either sur-
rounding structures or problematic access (e.g., sagittal sinus, 
optic nerve sheath, clivus, tentorial notch, ventricles, bone in-
vasion). The combination of large size, difficult location, and 
the desire for radical excision makes for long and technically 
demanding operations. Such procedures are often accompa-
nied by significant bleeding (from surrounding structures 
and because meningiomas are often highly vascular) and re-
quire maximal reduction of brain tension to facilitate surgical 
access. Preoperative embolization may reduce intraoperative 

BOX 11.3  Preoperative Neurologic Evaluation

History
Seizure (type, frequency, treatment)
Increased intracranial pressure (ICP): headache, nausea, 

vomiting, blurred vision
Decreased level of consciousness, somnolence
Focal neurologic signs: hemiparesis, sensory deficits, cranial 

nerve deficits, etc.
Paraneoplastic syndromes, including presence of thrombosis

Physical Evaluation
Mental status
Papilledema (increased ICP)
Signs of Cushing’s response: hypertensive bradycardia
Pupil size, speech deficit, Glasgow Coma Scale score, focal signs

Medication
Steroids
Antiepileptic drugs

Technical Examination (Computed Tomography or Magnetic 
Resonance Imaging)

Size and location of the tumor: silent or eloquent area, near a 
major vessel, etc.

Intracranial mass effect: midline shift, decreased size of the 
ventricles, temporal lobe hernia

Intracranial mass effect: hydrocephalus, cerebrospinal fluid  
space around brainstem

Others: edema, brainstem involvement, pneumocephalus  
(repeat craniotomy)

Evaluation of Hydration Status
Fever; infection
Duration of bed rest
Fluid intake
Diuretics
Inappropriate secretion of antidiuretic hormone

Neurologic Working Diagnosis
Tissue type of tumor
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bleeding during meningioma resection. Intraoperative blood 
salvage and autotransfusion may limit homologous transfu-
sion in about 15% of patients.85 In contrast, glioma resections 
are often easy debulking operations, of simple surgical access 
and low propensity to stimulate bleeding.

Colloid cysts of the third ventricle and epidermoid tumors 
arising in the basal cisterns are the most common nonpitu-
itary supratentorial lesions. Colloid cysts of the third ventricle 
may be accompanied by obstructive hydrocephalus and thus 
high ICP at anesthesia induction. The relatively deep location 
of colloid cysts, epidermoid tumors of the basal cisterns, and 
pituitary tumors (if operated transcranially) make the provi-
sion of excellent brain relaxation for their exposure at the skull 
base the major anesthesiologic challenge during resection. 
Transsphenoidal resection of a pituitary adenoma is an essen-
tially extracranial operation.

Determination of Anesthetic Strategy
After consideration of the preceding factors, the following is-
sues are addressed:

Vascular access: Consider risk of bleeding and venous 
air embolism, need for hemodynamic and metabolic 
monitoring, and requirements for infusion of anesthesia 
(TCI), vasoactive and other substances.

Fluid therapy: Aim for normovolemia and normotension, 
avoid hypo-osmolar fluids (lactated Ringer’s solution), 
and avoid glucose-containing solutions in order to prevent 
hyperglycemia, which exacerbates ischemic brain injury.

Anesthetic regimen: Use (1) volatile agent-based anesthesia 
for “simple” procedures with low risk of ICP problems, 
ischemia, and need for brain relaxation and (2) total 
intravenous anesthesia for more complex procedures with 
anticipation of ICP problems, significant risk of cerebral 
ischemia, and need for excellent brain relaxation.

Ventilatory regimen: Aim for normocapnia or mild 
hypocapnia, mild hyperoxia, and low intrathoracic 
pressures (to improve cerebral venous return).

Extracranial monitoring: Assess cardiovascular and renal 
function (anticipate the management of venous air 
embolism). Monitor bleeding with point-of-care devices 
such as ROTEM®. TEG® and Multiplate®.

Intracranial monitoring: Check general intracranial 
environment versus specific functions or pathways, for 
example, neurophysiologic (EEG, evoked potentials), 
metabolic (jugular venous bulb oxygenation, transcranial 
oximetry), and functional (transcranial Doppler 
ultrasonography).

Special techniques: Take into account surgical needs that may 
modify anesthetic management (brain stimulation and use 
of muscle relaxants, for example).

Preoperative Preparation
Premedication
Sedation carries the risk of hypercapnia, hypoxemia, and par-
tial upper airway obstruction, all of which are detrimental in 
the context of increased ICP. However, avoiding stress (in-
creased CMR, CBF) and hypertension (increased CBF, pos-
sibly vasogenic edema with impaired autoregulation) is also 
desirable.86 Thus analgesia and sedation (e.g., midazolam 0.5 
to 2 mg or other benzodiazepines and/or fentanyl 25 to 100 μg 
or sufentanil 5 to 20 μg) may be provided during the place-
ment of preoperative vascular access and monitoring devices 
by small, titrated, and intravenous increments under the di-
rect and continuing control and observation of the anesthe-
siologist. The patient must never be left unsupervised in this 

context; respiratory support should be provided as necessary. 
However, in patients with tumors with no clinical or other 
signs of increased ICP (no shift, etc.), a small dose of benzo-
diazepine can help decrease the level of anxiety while keep-
ing in mind to use medications allowing proper postoperative 
assessment. Small doses of benzodiazepines or narcotics can 
unmask or worsen a preexisting compensated neurologic defi-
cit.87,88 This event may be difficult to distinguish from rapid 
worsening of mass effect and intracranial hypertension.

Steroids should be continued on the morning of the op-
eration (methylprednisolone or dexamethasone). Histamine 
(H2) blockers and gastric prokinetic agents should be consid-
ered to counteract the reduced gastric emptying and greater 
acid secretion associated with increased ICP and steroid 
therapy, particularly in patients with cranial nerve (IX, X) 
palsies (impairment or absence of gag reflexes). Other reg-
ular medication, particularly anticonvulsants,89–91 as well as 
antihypertensive and other cardiac medications, should be 
continued, although drug interactions may occur with phe-
nytoin. Perioperative fluctuations in antiepileptic medications 
may occur, contributing to perioperative development of sei-
zures.90,91 Monitoring of plasma levels or temporary augmen-
tation of dosage of such medications may be necessary.

Vascular Access
Two large-bore peripheral intravenous lines are usually placed 
for a full craniotomy; one line should suffice for stereotactic 
biopsy. Central venous access, currently less systematically in-
serted, is indicated if a clinically significant risk of venous air 
embolism exists, if substantial bleeding is anticipated (e.g., 
a large vascular tumor, proximity to major arteries or venous 
sinuses, or extensive bone resection), if major cardiovascular 
compromise is evident or suspected, and if vasoactive drugs are 
to be infused continuously. We recommend the internal jugular 
approach with a meticulous cannulation technique and mini-
mization of head-down positioning and neck rotation. Such 
positioning and neck rotation, together with the inevitable el-
ement of patient discomfort, can increase ICP. Thus in a stable 
patient, consideration can be given to putting these lines in once 
the patient is asleep. If the central line is placed for the man-
agement of venous air embolism, its position must be carefully 
controlled radiographically (tip at transition between vena cava 
and right atrium) or with the use of an electrocardiography lead.

Neuroanesthesia for full craniotomy with arterial cannulation 
is recommended, because of the need for very tight monitoring 
and control of CPP (obtainable by transducing arterial pressure 
at the mid-ear level of the circle of Willis and using the formula 
CPP = MAP − ICP). After the dura is opened, ICP equals the at-
mospheric pressure, so CPP equals MAP. In addition, frequent 
blood sampling is necessary for measurements of PaCO2, partic-
ularly if the patient is hyperventilated, is elderly, or has chronic 
obstructive pulmonary disease,92,93 and for plasma glucose, 
potassium, osmolality, and other measurements. Monitoring 
of etco2 is no substitute for PaCO2 measurement because the 
two often correlate poorly, especially with impaired ventilation–
perfusion matching as occurs in chronic obstructive pulmonary 
disease, in elderly patients, or with long procedures.

The monitoring of jugular venous bulb oxygen saturation 
via a catheter placed by retrograde cannulation of the internal 
jugular vein, permits continuous monitoring of cerebral oxy-
gen extraction and hemoglobin oxygen saturation in jugular 
venous bulb blood (SjvO2). Under the assumption that CMR 
is constant, or through observation of its alteration by EEG 
monitoring, conclusions can be drawn about the global ade-
quacy of cerebral perfusion (Fig. 11.7).94
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Monitoring
As already noted, close hemodynamic monitoring is funda-
mental during neurosurgery. This includes beat-to-beat moni-
toring of arterial blood pressure and the electrocardiogram for 
the diagnosis of myocardial ischemia and arrhythmias. Pulse 
oximetry (for the detection of systemic hypoxia), etco2 (as a 
trend monitor for PaCO2 and to help in the detection of venous 
air metabolism), and temperature monitoring (eg, esophageal 
or urinary bladder) represent standard monitoring. A urinary 
catheter is placed to monitor urine output.

The occurrence of air embolism95 is best detected by 
transesophageal echocardiography or precordial Doppler 
ultrasonography, the most sensitive monitor (together with 
transesophageal echocardiography) for air bubbles in the ve-
nous circulation. If myorelaxants are necessary during the op-
eration, neuromuscular block should be monitored. However, 
neuromuscular transmission should not be monitored on 
hemiplegic extremities because the greater acetylcholine re-
ceptor density of lower motor neuron units innervated by 
dysfunctional or nonfunctional upper motor neurons leads 
to resistance to nondepolarizing myorelaxants. If myorelaxant 
dosing is based on peripheral nerve stimulation of a hemiple-
gic extremity, overdosing of normal neuromuscular units will 
result.96 In this context hemiparesis is probably not associated 
with hyperkalemia as appears in paraplegic or burn patients, 
and the use of succinylcholine is therefore not contraindicated 
from this point of view.97 Because general anesthesia and ste-
roid therapy both raise blood glucose levels and because brain 
retraction is often associated with at least some focal cerebral 
ischemia,98 blood glucose levels should be monitored regu-
larly; hyperglycemia worsens neuronal damage during isch-
emia.99–102 In this context, monitoring plasma electrolytes 
(particularly potassium) and osmolality (particularly if man-
nitol or hypertonic saline is used) would also appear to be pru-
dent, as would hemoglobin and hematocrit determinations in 
the context of bleeding.

Particular attention must be paid to the monitoring of coag-
ulation and hemostasis disorders. Primary or metastatic brain 
tumors may result in vascular perturbations that are thought 
to contribute to the progression of underlying diseases, such 
as thrombosis and hemorrhage.103 Endothelial injury, ischemia 
and secondary inflammatory reactions trigger the release of 
brain thromboplastins, thrombin, and iron while degrada-
tion products of lysed red blood cells will lead to hemostatic 
perturbations.

Increased expression of tissue factor, for example, may be 
related to astrocytic tumors,104 while specific brain tumors 

have a direct effect on fibrinolysis105,106 or enhance plasmatic 
coagulation.107 Moreover, the use of antiepileptic drugs has 
been related to hemostatic disorders, such as platelet dysfunc-
tion,108 hypofibrinogenemia109 or lowered factor XIII.110

In addition to the routine coagulation parameters, point-of 
care (POC) viscoelastic assays (ROTEM® or TEG®) or whole-
blood impedance aggregometry (Multiplate®) can provide an 
overall understanding of the coagulation status and platelet 
function.111 They are performed in whole blood and provide 
clinically relevant data, such as the speed and quality of clot 
formation, clot firmness, the presence of hyperfibrinolysis 
or the effect of aspirin, clopidrogel and GP IIb/IIIA receptor 
blockers.112 First reports of their use in neurosurgical cases are 
published.113,114 The availability of rapid POC tests can guide in-
traoperative therapeutic management and allow goal-directed 
hemostatic therapy in neurosurgical patients.

Monitoring of the intracranial environment or cerebral 
function is increasingly practiced during neurosurgery. For 
some operations, monitoring of evoked potentials is helpful 
in observing the intactness of specific central nervous path-
ways. The surgical treatment of tumors located near eloquent 
brain areas carries a high risk of worsening neurologic deficits. 
Intraoperative electrostimulation (IES) has been developed to 
optimize the benefit–risk ratio of surgery. Motor mapping with 
the patient under general anesthesia or conscious sedation is 
being increasingly used to localize motor cortex adequately 
and improve the quality of surgical tumor or of an epileptic 
zone removal (see Chapter 17). Compared with general anes-
thesia, conscious sedation improved the chance of achieving 
successful stimulation.115

Preoperative ICP monitoring for elective supratentorial 
tumor surgery is rarely used today because of the impact of 
corticosteroids on preoperative ICP reduction and the ability 
of modern anesthetic techniques to control ICP during in-
duction. This does not apply to neurotraumatology, in which 
ICP monitoring is vital for therapy from the patient’s entry in 
the emergency department onward. With the advent of rel-
atively safe and simple-to-use catheter-tip ICP monitoring, 
there is, however, a trend toward more use of postoperative 
ICP monitoring, particularly for patients at risk (especially for 
removal of large tumors with extensive surrounding edema 
or for emergency surgery in patients with intracranial hyper-
tension and altered consciousness). Intracranial hypertension 
develops in up to 20% of patients in the immediate postoper-
ative period from brain swelling or hematoma formation, and 
such patients benefit from prompt therapeutic intervention.116 
Postoperative ICP monitoring may also help with the differen-
tial diagnosis in patients who do not emerge from anesthesia 
after operation. For all of these uses, looking at the shape of the 
ICP curve is important to ensure that the pressures displayed 
are reliable.

In some specific cases, if lumbar CSF drainage is used, it 
can provide a reflection of ICP as long as the CSF pathways 
are not blocked. This approach can be tested by determining 
whether compression of the jugular veins increases lumbar 
CSF pressure (Queckenstedt maneuver). The lumbar CSF 
pressure can then be used to provide information to the sur-
geon and anesthesiologist about the influence of positioning, 
anesthesia, and surgery on potential brain perfusion pressure.

Transcranial Doppler ultrasonography (TCD) is being 
increasingly used in anesthesia and intensive care for moni-
toring blood flow velocity (FV) (see Chapter 7). TCD allows 
estimation of pressure autoregulation and CO2 reactivity.117 
In addition, TCD is the only convenient noninvasive method 
both to detect intracranial complications that lead to in-
creased ICP and to assess cerebral perfusion in anesthetized 

65

55

45

35

25
30 40 50 60 70 80

S
jO

2

CPP (mmHg)

Fig. 11.7  Jugular venous bulb oxygen saturation (SjO2) versus 
cerebral perfusion pressure (CPP) during administration of a 
methoxamine bolus for hypotension. SjO2 starts to decline. (Courtesy 
Andrews PJD, Wang FC, Miller JD, unpublished data.)
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patients (Fig.  11.8).118 During emergence from anesthesia, 
FV monitoring can detect cerebral hyperemia.119 Although 
the implications of this physiologic change are not clear, ce-
rebral hemorrhage after severe cerebral hyperemia has been 
reported.120 Intraoperative Doppler monitoring in the surgical 
field, by means of a microvascular ultrasonic flow probe, has 
been used mostly in aneurysm surgery.121 It may be used in tu-
mor surgery to assess vessel patency during difficult dissection 
from the tumor.

Induction of Anesthesia
Goals and Drugs
The major factors to be considered for anesthesia induction 
for elective supratentorial neurosurgery are avoidance of sec-
ondary brain injuries. Therefore, ventilatory control (avoid-
ance of hypercapnia and hypoxemia), sympathetic and thus 
blood pressure control (ie, adequate depth of anesthesia and 
antinociception to prevent CNS arousal), and prevention of 
cranial venous outflow obstruction (head positioning) are es-
sential. Attention to these details improves the patient’s intra-
cranial pressure–volume curve status, ensures the adequacy of 
cerebral perfusion, helps prevent untoward increases in ICP, 
and decreases brain perfusion pressure. A typical scheme for 
achieving these goals is detailed in Box 11.4, with propofol or 
thiopental given as a “starter,” and an opioid, together with 
gentle hyperventilation, administered before intubation. For 
induction in more frail or elderly patients, etomidate (0.2 to 
0.4 mg/kg) may be used instead of propofol.

Fentanyl may be replaced by alfentanil (5 to 10 μg/kg 
followed by infusion at 5 to 10 μg/kg/h), by sufentanil (0.5 
to 1.5 μg/kg followed by infusion at 0.1 to 0.3 μg/kg/h) for 
smoother hemodynamic control, or by remifentanil (0.25 to 
0.5 μg/kg followed by infusion at 0.1 to 0.2 μg/kg/h) for rapid 
awakening and early neurologic assessment independent of 
the duration of anesthesia.58,122,123

Muscle Relaxants
Modern nondepolarizing myorelaxants have minimal effects 
on intracerebral hemodynamics. It is thought that the use of 
succinylcholine should be reserved for patients with possible 
intubation difficulties or when rapid-sequence induction is 
absolutely unavoidable. Succinylcholine can cause transient 
increases in CMR, CBF, and ICP, although such increases 
usually can be controlled by hyperventilation or deepened an-
esthesia and are of consequence mainly in patients who have 
precariously elevated ICP.

We strongly recommend avoiding longer-acting myorelax-
ants, such as pancuronium, and prefer the use of middle- to 
short-acting myorelaxants, such as vecuronium, cisatracu-
rium, mivacurium, and rocuronium. Our recommendation is 
based on the fact that neurosurgical patients are particularly 
susceptible to the effects of myorelaxant hangover (difficult to 
detect with manual assessment of peripheral nerve stimula-
tion). In this context, the interaction (need for up to 50% to 
60% higher doses) between long-term phenytoin89,124 or car-
bamazepine treatment125 (>7 days) and pancuronium, vecuro-
nium, atracurium, or cisatracurium126,127 should be noted, as 
should the need to monitor neuromuscular transmission on 
nonhemiplegic extremities (as discussed previously). The an-
esthesiologist should keep in mind, however, that immobility 
of the patient must be guaranteed during the procedure.

Patient Positioning
Pin holder application is a maximal nociceptive stimulus. It 
must be adequately blocked by deepening of analgesia (bolus 
of remifentanil 0.25 to 1 μg/kg) or anesthesia (e.g., intravenous 
bolus of propofol 0.5 mg/kg), preferably in conjunction with lo-
cal anesthetic infiltration of the pin site to prevent undesirable 
CNS arousal and hemodynamic activation.128 Alternatively, 
hemodynamic control can be achieved with antihypertensive 
agents such as esmolol (1 mg/kg) and labetalol (0.5 to 1 mg/kg). 
Scalp blockade, ideally before pinning, improves intraoper-
ative hemodynamic stability and provides some degree of 
postoperative analgesia.129 Pin insertion can be associated in 
very rare cases with venous air embolism in head-up positioned 
patients.

Patient positioning must be closely surveyed by both the 
anesthesiologist and the surgeon, with extreme positioning 
being avoided. Careful attention should be paid to padding or 
fixing of regions susceptible to injury by pressure, abrasion, 
or movement, such as falling extremities. A mild head-up 
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Fig. 11.8  Changes seen on transcranial Doppler ultrasonography with decreasing cerebral perfusion pressure (CPP). Cerebral diastolic velocities 
decrease to zero when intracranial pressure (ICP) reaches diastolic arterial pressure (DAP). Ultimately, a reverse flow pattern with upward flow during 
systole and downward flow during diastole indicates cerebral circulatory arrest. PI, xx.

BOX 11.4  �Suggested Anesthesia Induction Sequence 
for Intracranial Surgery

1.	 Adequate anxiolysis in the anesthetic room. Adequate fluid 
loading (5 to 7 mL/kg of NaCl 0.9%). Electrocardiogram leads 
in place; capnometer, pulse oximeter, and noninvasive blood 
pressure monitors. Insertion of intravenous and arterial lines 
under local anesthesia.

2.	 Induction of general anesthesia. Fentanyl 1 to 2 μg/kg or 
sufentanil or remifentanil. Preoxygenation and voluntary 
hyperventilation propofol 1.25 to 2.5 mg/kg or thiopentone 
3 to 6 mg/kg for induction. Nondepolarizing muscle relaxant: 
vecuronium, rocuronium, or cisatracurium. Controlled 
ventilation at PaCO2 of 35 mmHg propofol 50 to 150 μg/kg/
min or isoflurane 0.5% to 1.5% (or sevoflurane or desflurane) 
for maintenance and fentanyl (or alfentanil, sufentanil, or 
remifentanil) 1 to 2 μg/kg/h (or bolus) for analgesia.

3.	 Intubation.
4.	 Local anesthesia or intravenous remifentanil 0.5 to 1 μg/kg for 

skull-pin head-holder placement and skin incision.
5.	 Adequate head-up positioning; no compression of the jugular 

veins.
6.	 Brain relaxation. Mannitol 0.5 to 0.75 g/kg if needed. Insertion 

of a lumbar drain if needed. Normovolemia with the use of NaCl 
0.9% or starch 6%—no lactated Ringer’s solution.
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 position helps venous drainage. Severe lateral extension or 

flexion of the head on the neck should be prevented (there 
should be at least two fingers’ space between chin and near-
est bone) to avoid endotracheal tube kinking, postoperative 
airway swelling and compromise, and impairment of cerebral 
venous drainage (brain swelling). The knees should be mildly 
flexed to avoid lumbosacral injury. If the head is turned lat-
erally (e.g., for pterional or frontotemporal craniotomy), the 
contralateral shoulder should be elevated (with a wedge or 
roll) to prevent brachial plexus stretch injury. The lateral and 
sitting positions have their own specific positioning precau-
tions. The endotracheal tube must be fixed and packed se-
curely to prevent accidental extubation or abrasions resulting 
from movement and must be accessible intraoperatively (note: 
there is increased dead space if extension tubing is used distal 
to the Y-piece). Finally, the eyes should be taped closed to pre-
vent corneal damage from exposure or irrigation with antisep-
tic or other fluids.

Maintenance of Anesthesia
Goals
The main anesthetic aims during supratentorial surgery are 
(1) control of brain tension via control of CBF and CMR (the 
so-called chemical brain retractor concept [Box  11.5]) and 
(2) neuroprotection through maintenance of an optimal intra-
cranial environment. The first goal depends on the prevention 
of CNS arousal; it is achieved through good depth of anesthe-
sia and antinociception (Fig. 11.9), antiepileptic prophylaxis, 
as well as control of the consequences of CNS arousal should 
it occur (with antihypertensives, sympatholytics). The second 
goal depends on maintaining a good match between cerebral 
substrate demand and supply, as well as attempts at specific 
neuroprotection if mismatch occurs (note: ischemia occurs 
under the retractor in 5% to 10% of patients).98 Some anesthe-
siologists use modest passive hypothermia (35 °C) to provide 
neuroprotection, on the basis of the abundant experimental lit-
erature demonstrating its efficacy after brain injury. However, 
clinical studies have not demonstrated any beneficial effect of 
hypothermia in neurosurgical patients.130 In addition, hypo-
thermia impairs platelet function and the coagulation cascade. 
Consequently, even mild hypothermia (<1 °C) may increase 
blood loss and the risk for transfusion.131 Although a higher 
risk of cerebral bleeding due to hypothermia has not been 
demonstrated during neurosurgery, this theoretical effect 
should be considered in the risk–benefit analysis of inducing 

hypothermia. Other complications of hypothermia are surgi-
cal wound infection,132 adverse myocardial outcomes,133 pro-
longed recovery, and shivering.134 Thus, normothermia should 
be a major goal of neuroanesthetic management. Hypothermia 
should be considered only in cases with a major risk of cere-
bral ischemic injury.

Choice of Technique
There has been long-standing controversy surrounding the 
use of intravenous versus volatile anesthetics for intracranial 
procedures. So far, no study comparing intravenous with vola-
tile agent-based neuroanesthesia has been able to demonstrate 
major outcome differences.79,135

At present, the major argument for the still extensive and 
successful use of volatile agent-based techniques remains 
controllability, predictability, and the attainability of early 
awakening.136 However, volatile anesthetics are otherwise far 
from ideal agents for neuroanesthesia because of their abil-
ity to increase CBF, ICP, and brain bulk.15,16 In a prospective 
randomized study comparing propofol-fentanyl, isoflurane-
fentanyl, and sevoflurane-fentanyl anesthesia in normocapnic 
patients, the rate of ICP and cerebral swelling was lower in 
the propofol-fentanyl group.135 However, in a study of patients 

BOX 11.5  Chemical Brain Retractor Concept

Mild hyperosmolality (use NaCl 0.9% [304 mOsm/kg] as baseline 
infusion; give 20% mannitol [1245 mOsm/kg] 0.5 to 0.75 g/kg  
or hypertonic saline [7.5%, 2498 mOsm/kg] 2 to 4 mL/kg 
before bone flap removal)

Intravenous anesthetic agent (propofol), adequate depth of 
anesthesia

Mild hyperventilation, mild hyperoxygenation
Mild controlled hypertension: mean arterial blood pressure 

maintained around 100 mmHg in order to decrease cerebral 
blood volume and intracranial pressure

Normovolemia; no vasodilators
Mild hyperoxia

Together with:
•	 Head-up positioning with unimpeded cerebral venous drainage; 

no compression of the jugular veins
•	 Minimal positive end-expiratory pressure
•	 Adequate anesthetic depth or muscle relaxant to prevent 

bucking on ventilator
•	 Lumbar drainage
•	 Avoidance of brain retractors

Pain

Chloroform

2 percent
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1 percent

0.5 percent

DOSAGE OF CHLOROFORM REQUISITE DURING OPERATION

Skin, bone, dura

Incision

Brain exploration
and treatment

Skin
suture

Dressing

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

Minutes

Fig. 11.9  Nociception and depth of 
anesthesia as illustrated by this graph of 
chloroform requirements during various 
levels of operative nociception. (From 
Horsley V: On the technique of operations 
on the central nervous system: Address 
in surgery. Lancet 1906; ii; 484.)

Anesthesia Books 

http://surgerybook.net/anesthesia


1
1

 
• 

S
u

pra


te
n

to
ria


l M

ass



e

s
: A

n
e

s
th

e
tic

 C
o

nsi


d
e

ra
tio

ns


199

with no evidence of midline shift on a preoperative CT scan, 
neither isoflurane nor desflurane was shown to have induced 
a significant variation in ICP.137 Similarly, there was no dif-
ference in the surgeon’s assessment of brain swelling between 
patients anesthetized with isoflurane and those anesthetized 
with propofol.66 Thus, despite evidence that ICP is lower with 
total intravenous techniques, the clinical impact of this tech-
nique in patients with elevated ICP has yet to be evaluated.138 
Although intravenous agents offer good control of CBF, ICP, 
and brain bulk,16,135,138 prolonged or unpredictable awaken-
ing remains the main concern with intravenous techniques, 
with possible resulting difficulties in the differential diagno-
sis of delayed awakening and the need for emergency CT to 
rule out surgical complications. This problem is increasingly 
mitigated by the use of computer-controlled infusion schemes 
(target-controlled infusion pumps) and the availability of 
short-acting or infusion duration-insensitive drugs, such as 
propofol and remifentanil.

At this time, we would consider intravenous techniques to 
be most clearly indicated for the problem neurosurgical pa-
tient (high risk of ICP problems and brain swelling), whereas 
volatile techniques are best used for the uncomplicated neu-
rosurgical case. The concurrent use of nitrous oxide and vola-
tile anesthetics is best avoided in the problem patient because 
of their synergistic effects in increasing cerebral metabolism 
and blood flow, as discussed previously.15,22,41–43,139 Clearly, if 
measures to control brain bulk (hyperventilation, osmotic di-
uretics, blood pressure control, positioning, lumbar drainage) 
are unsuccessful during anesthesia with volatile agents, con-
sideration should be given to converting to a total intravenous 
anesthetic technique (see Box 11.2).

If undesirable CNS arousal and hemodynamic activation 
occur despite an adequate depth of anesthesia and analgesia, 
these problems may be controlled by an antisympathetic drug 
such as esmolol (initial dose of 1 mg/kg), labetalol (initial dose 
of 0.5 to 1 mg/kg), or clonidine (initial dose of 0.5 to 1 μg/kg).

Management of Increases in Intracranial Pressure  
and Brain Bulk
Details of prevention and treatment of increases in ICP and 
brain bulk are shown in Box  11.2. The occurrence of brain 
protrusion requires immediate intervention, which should in-
clude deepening anesthesia with intravenous agents (the cap-
nogram curve should be checked to rule out “fighting” against 
the ventilator), increasing hyperventilation, performing CSF 
drainage, and changing to head-up positioning without delay.

Intraoperative ventilation
Lung-protective ventilation including low tidal volumes and 
positive end-expiratory pressure (PEEP) have been associ-
ated with improved outcome in patients at intermediate or 
high risk of pulmonary complications after major surgery.140 
Patients with intracranial disease are at high risk of pulmo-
nary complication141 and may benefit from lung-protective 
ventilation. Unfortunately, neurosurgical patients were not in-
cluded in the trials on intraoperative ventilation, making the 
risk–benefit ratio difficult to assess. However, several studies 
have demonstrated minimal effects on CBF or ICP for levels 
of PEEP less than 10 cm H2O in neurosurgical patients.142 A 
German observational study showed that intraoperative tidal 
volume nearly halved from years 1995 to 2010, demonstrat-
ing that neurosurgical anesthesiologists take into account lung 
protective strategies.143 During intracranial surgery, the effect 
of increasing PEEP on the brain can be observed directly. In 
all instances, the effect of ventilation changes on PaCO2 has to 
be monitored.

Fluid Therapy
The practice of maintaining normovolemia and normoten-
sion during intracranial surgery is now well-established. 
Hyperglycemia (glycemia >10 mmol/L), which worsens the 
consequences of cerebral ischemia,99,100 and hypo-osmolality 
(target osmolality, 290 to 320 mOsm/kg), which can increase 
brain edema, should be avoided. Colloid oncotic pressure 
plays an unclear role in brain edema. Glucose-containing 
or hypo-osmolar solutions (e.g., lactated Ringer’s solution, 
254 mOsm/kg) should be avoided. Suitable choices for in-
fusion liquids during intracranial surgery include isotonic 
crystalloids and colloids to replace blood losses. In one ret-
rospective study, flurbiprofen and perioperative hypertension, 
but not the intraoperative infusion of hydroxyethyl starch, 
were associated with post-craniotomy hemorrhage.144 The he-
matocrit should be kept above 28%. Fluids should be warmed 
at the end of the procedure to ensure normothermia for emer-
gence from anesthesia.

Emergence from Anesthesia
Emergence from anesthesia has respiratory, cardiovascular, 
metabolic-endocrine, and neurologic consequences.145,146 
In the early postoperative period after elective craniot-
omy, autoregulation is often impaired, with 20% of patients 
demonstrating raised ICP.116 Particularly in the neurosur-
gical context, extubation criteria must be strictly observed: 
respiratory drive and airway protection are likely to be im-
paired after brain surgery, and both hypercapnia and hypoxia 
carry the risk of causing additional systemic secondary brain 
damage (see Box 11.1). Awakening and extubation after an-
esthesia are associated with hemodynamic arousal lasting 
10 to 25 minutes145 and only weakly correlating to rises in 
oxygen consumption (Fig. 11.10). This activation is partially 
mediated by elevations in catecholamine levels and partially 
by nociceptive stimuli. A link between perioperative hyper-
tension and intracranial hemorrhage after craniotomy has 
been demonstrated.144,147 In the study, patients with postop-
erative intracranial hemorrhage were 3.6 times more likely to 
be hypertensive than their matched controls. The very strong 
association of intracranial hemorrhage with the pattern of 
blood pressure remaining in the normal range intraopera-
tively but hypertension occurring during emergence from 
anesthesia suggested that loose surgical hemostasis achieved 
at a low blood pressure may result in bleeding at a higher one.  
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Fig. 11.10  Relationship between body oxygen consumption and 
cerebral hemodynamic activation assessed by transcranial cerebral 
blood flow velocity (CBFV) at extubation (N Bruder, P Ravussin, 
unpublished data).
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 Changes in the cerebral circulation may also contribute 

to postoperative cerebral complications (hemorrhage or 
edema). Tracheal extubation is associated with a 60–80% 
increase in cerebral blood flow velocity from preinduction 
baseline value with an increase in SjvO2.119 It seems clear 
that the association of arterial hypertension and postoper-
ative cerebral hyperemia may be dangerous for the patients. 
Analgesia, the prevention of hypothermia and shivering, and 
timely tracheal extubation to avoid fighting of the patient 
against the tube are required to limit catecholamine release 
and hemodynamic changes. β-Adrenergic blocking agents 
improve hemodynamic stability during emergence and mit-
igate CBF changes.148 Esmolol, a short-acting beta-blocker 
(half-life 9 minutes), may be used as a bolus (1 mg/kg) fol-
lowed by a continuous infusion (100 to 300 μg/kg/min) for 
15 to 30 minutes after tracheal extubation.

Extubation under a continuous low dose of remifentanil 
has been shown to blunt the hemodynamic responses due to 
tube withdrawal149,150 but attention should be paid to avoid re-
spiratory depression and hypercapnia.

Aims of Emergence After Neurosurgery
The main aim during emergence from anesthesia after neu-
rosurgery is maintenance of intracranial and extracranial 
homeostasis, particularly of the following parameters: MAP, 
CBF, ICP, PaCO2, PaO2, CMR, and temperature (Box 11.6). 
Factors likely to cause intracranial bleeding or to affect CBF 
or ICP, such as coughing, fighting against the ventilator, hy-
pertension, and airway overpressure, should be avoided. The 
patient should be responsive to verbal commands, calm, and 
cooperative soon after emergence. The most common signs 
of deterioration after intracranial surgery are a decrease in 

the level of consciousness and clinical signs of focal neu-
rologic deficit. The most feared postoperative complica-
tion, cerebral hemorrhage, occurs most often in the first 6 
hours after surgery, justifying close clinical monitoring in 
the first postoperative hours.151 In a retrospective analysis, 
factors associated with postoperative complications were 
tumor severity score (combining tumor location, mass ef-
fect, and midline shift), estimated blood loss and intraoper-
ative fluids volume, duration of surgery more than 7 hours, 
and postoperative ventilation. The shortage in intensive 
care unit resources may justify a prolonged stay in a post-
anesthesia care unit and return to the neurosurgical ward by 
bypassing the intensive care unit only for patients at low risk 
of cerebral complications. But one postoperative catastro-
phe may far outweigh the potential cost saving needing to 
establish clear postoperative protocols in case of neurologic 
worsening.152

Early versus Late Emergence
Ideally, patients recovering from neurosurgery should emerge 
rapidly from anesthesia to permit immediate assessment of 
the results of surgery and to provide a baseline for continuing 
postoperative neurologic follow-up. However, there are still 
some categories of patients for whom early emergence is not 
appropriate. Advantages and disadvantages of early versus late 
emergence are summarized in Table 11.1.

Indications for Late Emergence
If the patient had obtunded consciousness or inadequate 
airway control preoperatively, the problem is not likely to 
improve postoperatively, making successful early extuba-
tion unlikely. If there is a high postoperative risk of brain 
edema, raised ICP, or deranged intracerebral hemostasis or 
homeostasis, early awakening is not appropriate. Such a risk 
is increased after long (>6 hours) and extensive surgery (par-
ticularly if associated with bleeding), repeat surgery, major 
glioblastoma surgery, surgery involving or close to vital brain 
areas, and surgery associated with significant brain ischemia 
(e.g., long vascular clipping times, extensive retractor pres-
sure). If delayed emergence is chosen, adequate sedation and 
analgesia should be ensured, preferably with short-acting 
drugs.

Preconditions for Early Emergence
Early emergence from anesthesia necessitates planning. It en-
tails an anesthetic technique pharmacologically adequate to 
permit early awakening and requires meticulous attention to 
the detail of intraoperative systemic and brain homeostasis 

BOX 11.6  Neurosurgical Awakening

Neurosurgical awakening should maintain:
•	 Stable arterial blood pressure and thus cerebral blood flow  

and intracranial pressure
•	 Stable oxygenation and carbon dioxide tension
•	 Stable CMRO2

•	 Normothermia
Neurosurgical awakening should avoid:
•	 Coughing
•	 Tracheal suctioning
•	 Airway overpressure during extubation
•	 Patient-ventilator dyssynchrony

 Early Awakening Delayed Awakening

Advantages Earlier neurologic examination and reintervention if necessary Less risk of hypoxemia or hypercapnia
 Easier transfer to intensive care unit (ICU) Better late hemostasis
 Earlier indications for further investigations

Setting of neurologic scene for following hours (baseline for  
further clinical assessment)

Stabilization period in same position  
as during surgery

 Less hypertension, less catecholamine burst  
 Performed by anesthetist who knows patient: brain tightness, 

bleeding, surgery, etc.
 

 Potential lower costs  

Disadvantage(s) Greater risk of hypoxemia, hypercapnia Less neurologic monitoring
 Larger hemodynamic changes  
 Difficult respiratory monitoring during transfer to ICU  

Table 11.1  Pros and Cons: Early versus Delayed Awakening
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(preservation of normal oxygenation, temperature, intravas-
cular volume, blood pressure, cardiovascular function, and 
CNS metabolism) (Box 11.7). To avoid the trauma of mechan-
ical brain retraction, ICP and brain bulk should be controlled 
pharmacologically during the operation (see Box  11.5). The 
neurosurgeon contributes by minimizing blood loss via obses-
sive hemostasis and reduction of surgical invasiveness with the 
use of microsurgery and small operative fields. If these con-
ditions are fulfilled, early emergence can be associated with 
less metabolic, hemodynamic, and endocrine activation than 
delayed emergence (Fig. 11.11).145

Conduct of Early Emergence
The essentials of conducting a patient’s early emergence from 
anesthesia are listed in Box 11.8. The cardinal prerequisite for 
a “soft landing” is careful titration of anesthetics and analge-
sics at the end of the procedure. This goal is achieved with 
the use of small “top-up” doses of intravenous anesthetics or 

analgesics (opioids, lidocaine) or, alternatively, a short burst 
of volatile agents, or both. The judicious use of sympatho-
lytic agents may be indicated. Prevention of postoperative 
pain is mandatory, especially after remifentanil analgesia. 
The infusion of a single non-narcotic analgesic does not pro-
vide adequate analgesia in all patients. A combination of two 
non-narcotic analgesics, associated with small doses of mor-
phine after extubation as needed, is recommended.153 A scalp 
nerve block or bupivacaine infiltration of the wound provides 
adequate analgesia in the early postoperative period and 
should be considered.154 Adequate antiepileptic prophylaxis 
relies mostly on a phenytoin (or fosphenytoin) loading dose 
during surgery, but other intravenous antiepileptic agents 
(valproate, levetiracetam, etc.) may be used. Prospective trials 
comparing various antiepileptic agents for early postoperative 
prophylaxis are lacking.

Differential Diagnosis of Unplanned  
Delayed Emergence
If the patient is not awake enough to obey simple verbal 
commands 20 to 30 minutes after pharmacologically ad-
equate cessation of anesthesia, nonanesthetic causes of de-
layed emergence must be considered and ruled out (with CT 
or magnetic resonance imaging) or treated. The differential 
diagnosis includes seizure, cerebral edema, intracranial he-
matoma, pneumocephalus, vessel occlusion, and ischemia 
as well as metabolic or electrolyte disturbances. If opioid 
overdose is suspected, it is not unreasonable to try care-
fully titrated antagonization with small doses of naloxone or 
naltrexone.

BOX 11.7  �Preconditions for Early Emergence from 
Anesthesia: Homeostasis

Systemic Homeostasis
Normovolemia, normothermia
Normotension (mean arterial blood pressure 80 mmHg)
Mild hypocapnia (PaCO2 35 mmHg)
Normoglycemia (serum glucose 4 to 6 mmol/L)
Mild hyperosmolality (285 ± 5 mOsm/kg)
Hematocrit approximately 30%

Brain Homeostasis
Normal cerebral metabolic rate, cerebral blood flow,  

and intracranial pressure
Antiepileptic prophylaxis
Adequate head-up position

150

175

200

225

250

275

300

anesthesia extubation extubation+30 min
50

100

150

200

250

300

350

400
VO2 anesth1
VO2 anesth2
Norepinephrine1
Norepinephrine2
MAP1
MAP2

V
O

2 
(m

L/
m

in
)

N
or

ep
in

ep
hr

in
e

(p
g/

m
L)

M
A

P
 (m

m
H

g)

Fig. 11.11  Early versus delayed recovery after neurosurgery: 
differences in body oxygen consumption (VO2, squares left axis), 
norepinephrine blood concentration (circles right axis), and mean 
arterial pressure (MAP, triangles right axis). The measures were 
recorded during anesthesia, at extubation and 30 minutes after 
extubation (x-axis). In this study, patients were divided into two groups, 
those extubated in the operating room (group 1) and those extubated 
more than 2 hours later in the intensive care unit (group 2). Despite 
similar changes in blood pressure, patients in group 2 had higher VO2 
and catecholamine blood level at extubation. (Modified from Bruder N, 
Stordeur JM, Ravussin P: Metabolic and hemodynamic changes during 
recovery and tracheal extubation in neurosurgical patients: immediate 
versus delayed recovery. Anesth Analg 1999; 89:674-678)

BOX 11.8  �Conduct of Early Emergence from Anesthesia 
after Intracranial Surgery

Checklist before Attempting an Early “Landing”
Adequate preoperative state of consciousness
Limited brain surgery, no major brain laceration
No extensive posterior fossa surgery involving cranial nerves  

IX to XII
No major arteriovenous malformation resection, which may  

give rise to malignant postoperative edema
Normal body temperature and oxygenation; cardiovascular 

stability

Suggested Awakening Sequence
1.	 Discontinue long-lasting opioids (fentanyl or sufentanil) 

approximately 60 minutes before planned emergence or 
remifentanil at the end of skin closure

2.	 Allow progressive rise of PaCO2 to normoventilation
3.	 Let neuromuscular block decrease to two twitches (TOF) if 

myorelaxation is used
4.	 Treat blood pressure bursts resulting from nociception with 

boluses of intravenous agents or high-concentration volatile 
bursts; if hypertension persists, consider sympatholytics

5.	 Stop anesthetic administration during skin closure (syringe of 
intravenous agent ready or hand on vaporizer)

6.	 Remove head pins as early as possible—esmolol or lidocaine 
1.5 mg/kg for short-term hemodynamic control

7.	 Stop nitrous oxide if used (antagonize myorelaxants if 
necessary—should be avoided if possible)

8.	 Try for spontaneous ventilation as soon as possible. Remove 
packing, perform adequate suctioning before extubation

9.	 Keep blood pressure in the preoperative range by quickly 
treating arterial hypertension

10.	 Perform brief, targeted neurologic status examination.
11.	 Transfer patient to postanesthetic care unit or intensive care unit.
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 Postoperative Care After  

Uncomplicated Surgery
Complications are frequent after neurosurgery. A large surgi-
cal database for the years 2006–2011 found complications in 
23.6% of cranial procedures.155 The 30-day mortality rate after 
surgery for intracranial tumor is around 2.2% .156,157 This is the 
rationale for routine postoperative admission to the intensive 
care unit. However, ICU resources are scarce and direct admis-
sion to the ward in low risk patients has been proposed.158,159 
Risk factors for postoperative complications are Karnofsky 
performance scale score < 80 (meaning unable to carry on 
normal activity or work), lateral positioning of the patient 
during surgery, duration of surgery of more than 4 hours, 
failure to extubate the trachea in the operating room, and in-
traoperative blood loss >350 mL.159,160 Routine admission to 
the ward in low-risk patients depends on adequate nurse and 
physician staffing, available monitoring, and the presence of a 
rapid response team in cases of neurological worsening.

Pain and Postoperative Nausea and Vomiting
Postcraniotomy pain is often moderate or severe and fre-
quently undertreated.161 The increasing use of remifentanil 
during anesthesia also requires an effective postoperative 
analgesic strategy. Scalp nerve blocks or wound infiltrations 
with local anesthetics provide some postoperative analgesia 
but the effect may be too short when the injection takes place 
before the surgical incision. Paracetamol alone does not pro-
vide pain relief.153 The association with tramadol is effective, 
with no effect on ICP or CPP, but may give rise to nausea and 
vomiting.162 Nefopam has antishivering and analgesic effects, 
but has been associated with a few cases of convulsions.163 
Opioid patient-controlled analgesia is safe, but the risk of 
somnolence, retention of CO2 and increased intracranial pres-
sure needs adequate postoperative monitoring. Nonsteroidal 
anti-inflammatory drugs (NSAID) are rarely used because 
they inhibit platelet aggregation and patients frequently re-
ceive corticosteroids. However, the risk of bleeding due to 
NSAID is probably very low and has not been demonstrated 
after neurosurgery.164

The frequency of nausea is 50% after craniotomy and 
vomiting occurs in approximately 40% of the patients.165,166 
Prophylaxis for postoperative nausea and vomiting is often 
indicated. Ondansetron is safe and has few side effects but is 
only partially effective.167,168 Droperidol is more effective than 
ondansetron for preventing vomiting and does not induce se-
dation if the dose is less than 1 mg. Corticosteroids are also 
effective to prevent PONV.

Corticosteroids
Corticosteroids are very effective in decreasing vasogenic 
brain edema surrounding malignant tumors.169 The most 
frequent complication related to their use in the postoper-
ative period is hyperglycemia, but psychiatric disorders re-
lated to corticosteroid treatment are often overlooked. High 
postoperative corticosteroid doses should be tapered rap-
idly over a few days. Dexamethasone is the most commonly 
prescribed corticosteroid for the management of cerebral 
edema. However, other corticosteroids, for example methyl-
prednisolone, may be used. Dexamethasone is approximately 
six times more potent than methylprednisolone suggesting a 
multiplication of doses by six from dexamethasone to meth-
ylprednisolone. The initial dexamethasone regimen is a bo-
lus dose of 10 mg followed by 4 mg every 6 hours.170 Much 
larger doses may be used immediately after surgery for a 
short time period.

Prevention of Seizures
Prophylactic use of antiepileptic drugs (phenytoin or leveti-
racetam) after intracerebral surgery is controversial because 
its effect on the prevalence of seizures is unclear and they have 
important side effects.171,172 In 2000, a consensus statement 
from the Quality Standards Subcommittee of the American 
Academy of Neurology recommended not to use antiepileptic 
drugs routinely as prophylaxis in patients with brain tumors, 
and to withdraw these drugs in the first week after surgery if 
patients never present a seizure.173 Although the current best 
available evidence is against the anticonvulsant prophylaxis 
after craniotomy,174 a practice survey revealed that more than 
70% of neurosurgeons routinely used prophylactic antiepi-
leptic drugs in patients undergoing brain tumor resection.175 
Phenytoin is frequently used for seizure prophylaxis but leveti-
racetam is as effective with fewer side effects.176,177 Preoperative 
antiepileptic treatments should not be interrupted in the 
perioperative period because it may give rise to breakthrough 
seizures.

Thromboprophylaxis
The risk of deep vein thrombosis (DVT) is high after intra-
cranial surgery. Without prophylaxis, the frequency of DVT, 
diagnosed using ultrasonography or venography, is 20–35% 
and 2.3–6% for symptomatic events.178 The intermittent pneu-
matic compression of the legs is recommended in all craniot-
omy patients, during, or as soon as possible after, surgery. In 
very high-risk patients (malignant tumor, prolonged surgery, 
hemiparesis and advanced age) unfractionated heparin or 
low molecular weight heparin should be added to mechanical 
thromboprophylaxis once adequate hemostasis is established 
(24–48 hours after surgery).179

Other treatments
Antibiotic prophylaxis is recommended for intracranial sur-
gery. It reduces by half the rates of postoperative infections.180 
Its optimal duration is unknown but it has to be shorter than 
24 hours in order to avoid the selection of antibiotic-resistant 
microorganisms. A first generation cephalosporin (cefazoline) 
is usually recommended.

Hormonal treatments may be necessary after pituitary 
or craniopharyngioma surgery. Cortisol replacement may 
be needed after treatment of Cushing’s disease and is man-
datory in patients with preoperative adrenal insufficiency. 
Hydrocortisone 50 mg q 6 hours is enough to prevent relative 
adrenal insufficiency in the first 24 hours. Diabetes insipidus 
(DI) is characterized by sudden polyuria and polydipsia but 
the polydipsia is often not seen in sedated postoperative pa-
tients. Monitoring of urine output and density is needed to 
avoid dehydration and hypernatremia. Increased diuresis 
from intraoperative fluids or residual effects of mannitol can 
occur but is usually limited to the early postoperative period. 
Urine output above 250 mL/hour for more than 2 hours with 
a density less than 1.005 (urine osmolality < 300 mOsm/kg) 
is an indication to give desmopressin (DDAVP). DDAVP can 
be given by oral, nasal, intravenous or subcutaneous route. In 
postoperative patients, parenteral administration is preferred 
(1–4 μg q 8–24 hours). Intravenous hypotonic fluid replace-
ment may be necessary to limit hypernatremia.

Specific Anesthetic Management
Difficult Airway
The avoidance of hypoxia is more important than the prevention 
of ICP increases. The advances in technology and equipment, 
videolaryngoscopy and fiberoptic intubation techniques may 
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allow intubation in anesthetized patients with difficult airways 
where awake intubation was previously the preferred choice 
before brain tumor surgery. By allowing better visualization of 
the airway anatomy and endotracheal intubation, videolaryn-
goscopes have made their way in numerous difficult airway 
algorithms and reflect a better understanding of the science 
of airway management.181 However, proper assessment of 
each situation must be performed, including the setting, the 
equipment and the competencies of the anesthetic team.182,183 
The choice of the device and technique (channeled device vs. 
stylet-assisted videolaryngoscopy), spontaneously breathing 
sedated patient (sevoflurane or remifentanil assisted), the phy-
sicians’ preference or the patients’ situation must be carefully 
weighted, taking into account advantages and contraindica-
tions. Videolaryngoscopy may allow intubation under general 
anesthesia for suspected difficult airway management, avoid-
ing hypercapnia by quicker and easier tracheal intubation,184 
reducing sympathetic stimulation and hemodynamic instabil-
ity by necessitating less force to expose the laryngeal inlet.185

Awake fiberoptic intubation must be carefully prepared. 
It begins with a good explanation of the procedure to the pa-
tient, continues with meticulous local anesthesia of the naso-
pharynx and airways, and is supplemented by judicious use of 
small doses of sedatives (midazolam, fentanyl or remifentanil 
or the use of a low-dose infusion of propofol). The cerebral 
consequences of deep sedation and hypercapnia should be 
kept in mind during this procedure. Hemodynamic activation 
should be treated promptly by antihypertensive agents (e.g., 
labetalol or esmolol).

Infectious Tumors (Abscess)
Brain abscesses form part of the differential diagnosis of su-
pratentorial mass lesions, and their effects on the brain and 
ICP pressure are similar. Risk factors include contiguous 
infections (sinus, ear), right-to-left cardiac shunt, immuno-
suppression (extraneous or intrinsic), and intravenous drug 
abuse.186 Brain abscess is often accompanied by a low-grade 
fever. If its presence is suspected, initial treatment includes 
antibiotics to control the infection and corticosteroids to try 
to control brain edema—sometimes in conjunction with di-
uretics. Definitive diagnosis and treatment are achieved with 
craniotomy or stereotaxy and aspiration of the abscess. The 
surgical and anesthetic management is similar to that for 
supratentorial neoplasms. If the patient is immunocompro-
mised (e.g., acquired immunodeficiency syndrome [AIDS]), 
sterile technique and aseptic precautions must be adhered to 
with particular vigor. It is notable that human immunodefi-
ciency virus (HIV) infection is associated with non-Hodgkin’s 
lymphoma of the brain.

Craniofacial and Skull Base Surgery
Craniofacial and skull base surgery is an approach that is in-
creasingly used for tumors near the posterior wall of the nasal 
sinuses, the orbits, and so on. These are complex operations 
requiring a multidisciplinary surgical approach and often in-
volving sensory and motor neurophysiologic monitoring of 
cranial nerves. Because of the transfacial surgical approach, 
oral intubation or tracheostomy is often required. The exten-
sive bony involvement of the procedure carries the potential 
for significant blood loss, hemorrhagic diathesis, and venous 
air embolism, particularly if the head is elevated. If cranial 
nerve monitoring (particularly of motor nerves) is performed, 
neuromuscular blockade should be avoided. For a second pro-
cedure of this type, skull base exposures involve extensive tem-
poralis muscle mobilization and often result in mandibular 

pseudoankylosis with subsequent limitation of mouth open-
ing and difficult intubation.187–189

Awake Craniotomy or Stereotactic Procedures
The most common indications for awake neurosurgery are 
stereotactic biopsies or procedures and the surgery of small 
lesions in close proximity to speech or motor areas (including 
epilepsy surgery). Retrospective studies have shown that in-
traoperative electrical stimulation reduced by approximately 
twofold the incidence of severe permanent neurologic deficits 
and markedly improved the completeness of surgical resec-
tion.190 Motor mapping may be performed in a patient under 
general anesthesia, although the results of stimulation are bet-
ter in conscious patients.115 However, surgery of a tumor in-
volving speech areas needs the intraoperative cooperation of a 
fully awake patient (see Chapter 17).

ANESTHESIA FOR INTRACRANIAL 
HEMATOMAS

General Considerations
Even more than with supratentorial tumors, the effects of in-
tracranial hematomas on neurologic status and ICP depend 
on the speed with which they arise. At one end of the time 
spectrum, patients with chronic subdural hematomas show 
only subtle neurologic signs with small increases in ICP and 
can thus be anesthetized with a technique similar to that for 
supratentorial tumors. At the other extreme, acute epidural or 
subdural hematomas arise much more rapidly than tumors, 
with massive neurologic impairment and potentially acutely 
life-threatening ICP elevations.191,192 In these patients, anes-
thetic management must entail aggressive reduction of ICP 
together with measures to preserve brain oxygenation and 
perfusion, followed by urgent surgical decompression.

Anesthetic Management of Acute 
Intracranial Hematoma
Induction
Ensuring oxygenation is paramount during induction of the 
patient with acute intracranial hematoma. It begins with se-
curing of the airway and is followed by mild hyperventilation 
with 100% oxygen. In the context of head trauma, cervical 
spine fracture should be ruled out with preoperative CT if 
the patient’s ventilatory state permits it. Intubation follow-
ing hyperventilation by mask ideally should be swift, atrau-
matic, and associated with minimal ICP rise. Anesthesia must 
be deep enough to avoid coughing or arterial hypertension. 
However, compromises as to the depth of anesthesia are inev-
itable in the polytraumatized, hypovolemic, and possibly co-
matose patient with a full stomach (rapid-sequence induction 
with cricoid pressure). In the case of severe arterial hyperten-
sion due to intracranial hypertension (Cushing’s response), 
thiopental 3 to 5 mg/kg is probably a good choice to decrease 
both arterial pressure and ICP, thus maintaining CPP before 
intubation. Judicious use of a sedative (e.g., etomidate 0.2 to 
0.5 mg/kg, propofol 0.5 to 1 mg/kg) together with a myorelax-
ant is necessary for a semiconscious, struggling patient. The 
choice as to which myorelaxant procedure to use to achieve 
rapid-sequence induction in this context is still controversial. 
A modified rapid-sequence induction, where the patient is 
bag-mask ventilated during the time necessary for the suxa-
methonium to reach its peak effect, might help in keeping CO2 
in acceptable ranges.193 A large dose of rocuronium, which 
permits intubation 1 minute later, may be a choice only if an 
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 appropriate dosage of suggamadex (16 mg/kg) is immediately 

available.194 In all of these cases, consideration should be given 
to aspiration prophylaxis in conscious patients (e.g., 50 mg 
ranitidine IV, if possible, 20 minutes before induction or, if the 
patient is cooperative, sodium citrate PO).

Once ventilation and the airway are controlled, thought 
should be given to early and continuing control of ICP and 
brain swelling. Typically, osmotic diuretics such as mannitol 
are given at this stage. Corticosteroids have not been shown 
to be effective for improving outcome for intracranial hema-
tomas, either traumatic or primary, and they raise mortality 
risk in head-injured patients.195,196 The use of myorelaxants is 
indicated even in comatose patients because increased mus-
cle tone and shivering increase CO2 production, complicating 
ICP control through hyperventilation.

Anesthesia Maintenance
The main aim of anesthesia for acute intracranial hematoma is 
to control ICP and brain swelling while maintaining adequate 
cerebral perfusion and oxygenation (i.e., matching CMR and 
CBF). Particular attention is required upon hematoma evacu-
ation, which may result in rapid and severe hypotension (loss 
of Cushing’s response). Vasopressors should be ready to use at 
this time. An epinephrine bolus (0.1 mg) may be necessary in 
some patients.

Monitoring
Patients with acute intracranial hematoma are often hemo-
dynamically unstable (hypertension, hypovolemia). Invasive 
arterial pressure monitoring is used to permit close hemo-
dynamic control and for repeated laboratory determinations 
(blood gas analysis, hematocrit, etc.). Arterial cannulation 
is commenced, preferably before induction, particularly in 
polytraumatized patients, except in case of impending brain 
herniation, when every minute counts. If a hematoma is to be 
evacuated, ICP monitoring is generally installed once evacu-
ation has been performed. Electrocardiographic monitoring 
is particularly important in patients with multiple trauma 
because electrocardiogram changes can result from cerebral 
(e.g., blood in the CSF causing T-wave inversion) and car-
diac (e.g., ST-segment change in cardiac contusion) causes. 
Blood gas analysis forms the basis for various interventions in 
acid–base balance, ventilation, and metabolic dysregulation. 
Blood glucose levels should be followed closely, and any hy-
perglycemia should be corrected, because it has been shown 
to worsen the effects of brain ischemia. Also of note is that 
brain tissue damage releases large quantities of thromboplas-
tin into the circulation, adversely affecting blood coagulation, 
which should be checked regularly (coagulation status, acti-
vated partial thromboplastin time). If osmotic diuretics have 
been started (mannitol), their further use should be guided by 
determinations of blood osmolality (maximum, 320 mOsm/
kg). More detail on the management and monitoring of head 
injury patients is given in Chapters, 10, 18 and 22.

Anesthetic Technique
Intravenous anesthetics that increase CVR, decrease CBF and 
CBV (brain relaxation), and reduce CMR are the mainstays of 
anesthesia for acute intracranial hematoma. The use of volatile 
anesthetics is not recommended because they can cause unac-
ceptable rises in ICP and brain tension to the point of acute 
transtentorial or transcraniotomy herniation, even in the con-
text of preexisting hypocapnia.

Arterial hypotension subsequent to the use of intrave-
nous anesthetics or opioids must be avoided to prevent ce-
rebral ischemia and because reductions in CPP can cause 

reflex cerebral vasodilation and consequent ICP increases 
not controlled by hypocapnia (see earlier). The management 
of controlled arterial hypertension in the context of acute in-
tracranial hematoma is controversial and must carefully bal-
ance the maintenance of adequate CPP to areas of the brain 
ischemia caused by hematoma compression against the risks 
of producing more vasogenic brain edema and resuming hem-
orrhage. TCD just before or just after induction of anesthesia 
may help assess cerebral perfusion and determine the optimal 
blood pressure level. SjvO2 monitoring may help in providing 
a global assessment of the adequacy of CPP;197 however, glob-
ally adequate CPP does not rule out regional CPP inadequa-
cies and thus regional brain ischemia. If a reduction in arterial 
hypertension is indicated, the first line of management should 
be improved analgesia (i.e., opioids) followed by an increased 
depth of anesthesia (propofol, barbiturates, etomidate).

Emergence from Anesthesia
In general, patients suffering from acute cerebral hematomas 
have suffered significant brain injury with significant actual 
and potential brain swelling. They should thus undergo slow 
weaning and delayed extubation in a neurointensive care unit 
(see Chapter  22) with all of the monitoring and therapeutic 
facilities it provides. Patients with chronic subdural hemato-
mas often have minimal neurologic signs and impairment of 
consciousness preoperatively and can, therefore, usually be ex-
tubated immediately after surgery.

SUMMARY

The basis of neuroanesthesia for surgery of supratentorial 
masses is an understanding of the following:

•	 Pathophysiology of raised ICP
•	 Regulation and maintenance of cerebral perfusion
•	 Effects of anesthesia and surgery on ICP, cerebral 

perfusion, and intracerebral homeostasis
•	 Differences between the pathophysiology and management 

of rapidly expanding masses, such as acute hematomas, 
and slowly growing masses, such as brain tumors.

The main objectives of anesthesia for excision of a cerebral 
tumor are as follows:

1.	 The preservation during the procedure of the uninjured 
cerebral territories by global maintenance of cerebral 
homeostasis and protection by:
•	 normovolemia and normotension
•	 normoglycemia
•	 mild hyperoxia
•	 mild hyperosmolality.

2.	 The preservation of CBF autoregulation vs. MAP, as well 
as cerebral vasoreactivity to PaCO2.

3.	 The minimization of the need for surgical retraction 
through the use of “chemical brain retraction,” which 
consists of:
•	 the control of CMRO2, CBF, and CBV
•	 moderate hyperventilation
•	 strict maintenance of CPP
•	 osmotherapy
•	 CSF drainage
•	 the use of intravenous anesthetics for tight brain.

4.	 The provision of early neurosurgical awakening, thus 
permitting:
•	 adequate immediate postoperative neurologic 

assessment
•	 continuing further postoperative evaluation
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•	 diagnosis of complications by the neurologic team 
without delay

•	 immediate CT scanning or surgery if necessary.
5.	 Management of anesthesia and surgical recovery consists of:

•	 adequate pain relief
•	 prevention of postoperative nausea and vomiting
•	 hemodynamic control.

The main objectives of anesthesia for acute cerebral hema-
toma are as follows:

•	 Aggressive control of ICP and brain swelling
•	 Adequate blood pressure to maintain CPP and limit 

cerebral hemorrhage or edema
•	 Time management in the context of impending brain 

herniation.
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The confines of the posterior fossa and the myriad of neuro-
nal and vascular structures that traverse it create a challenge 
for the anesthesiologist, whose intraoperative goals are to 
facilitate surgical access, minimize nervous tissue trauma, 
and maintain respiratory and cardiovascular stability. This 
discussion focuses on the anesthetic considerations for pos-
terior fossa surgery in adult patients; preoperative evaluation 
and preparation; general monitoring considerations; choice 
of surgical position; anesthetic considerations including the 
risks, prevention, detection, treatment, and complications of 
air embolism; and special monitoring issues.

PREOPERATIVE EVALUATION  
AND PREPARATION

Patient physical status, particularly in reference to cardio-
vascular and pulmonary stability and airway manageability, 
is a determinant of the choice of patient position for poste-
rior fossa surgery. The efforts to obtain optimal operating 
conditions and maintain a stable perioperative course may 
sometimes be at cross-purposes. For example, patients with 
previous cerebrospinal fluid shunting procedures may be at 
greater risk for subdural pneumocephalus with surgery in the 
head-up position. Thus a thorough evaluation of previous op-
erations and cardiopulmonary problems, current cardiac and 
respiratory status, evidence of cerebrovascular compromise, 
and suitability of vascular access for right atrial catheter place-
ment are of particular importance in the patient undergoing 
posterior fossa surgery.

In patients with altered limits of cerebral autoregulation, 
impaired cerebral perfusion, or abnormal baroreceptor func-
tion resulting from hypertension, cardiovascular disease, cere-
brovascular insufficiency, or prior carotid endarterectomy, the 
occurrence of hypotension during anesthesia in the head-up 
position may be especially detrimental.

Assessment of vascular access for right atrial catheter 
placement helps determine the most promising route. Patients 
who are obese, have poor vasculature due to disease or chronic 
intravenous cannulation, or have short, thick necks should 
be identified early so that necessary time may be allotted for 
catheter placement. Some authorities have advocated echocar-
diography to detect patent foramen ovale (PFO) in patients 
scheduled for surgery in the head-up position; the use of an 
alternative position for those who have PFO might reduce 
the occurrence of paradoxical air embolism (PAE).1,2 A de-
tection rate of 10% to 30% with use of echocardiography is 
comparable with the 20% to 30% incidence reported in au-
topsy findings.3 The noninvasive nature of echocardiography  
makes it attractive for screening purposes; its specificity is re-
ported to be 64% to 100%.4–6 However, preoperative screen-
ing echocardiography lacks sensitivity (ie, nondetection  
of PFO does not guarantee its absence).7,8 Transesophageal 
echocardiography (TEE) is used after induction of anesthesia 

in some institutions,9 but it is not 100% sensitive for detec-
tion of PFO.10 More recently, Feigl and associates11 described 
their experience in 200 patients scheduled for posterior fossa 
surgery in the sitting position. After induction of anesthesia, 
transesophageal echocardiography was performed to check 
for PFO. Fifty-two patients (26%) had a detectable PFO with a 
venous air embolism (VAE) rate of 54%. Only one patient had 
significant clinical manifestations but was without neurologic 
sequelae.

GENERAL MONITORING ISSUES

The goals of monitoring are to ensure adequate central ner-
vous system perfusion, maintain cardiorespiratory stability, 
and detect and treat air embolism. Box 12.1 lists the monitors 
used regardless of patient position; monitors not in routine 
use but that provide specialized information during certain 
procedures are noted with an asterisk. Not every “routine” 
monitor listed in the box is always used for every posterior 
fossa procedure.

For surgery on the head or neck, many clinicians prefer 
placement of central venous catheters in the forearm or the an-
tecubital fossa, preferably via the basilic vein after induction of 
anesthesia. In patients with small veins, a modified Seldinger 
technique can be used for specialized right atrial catheters. 
Prolonged head-down position and head rotation for jugular 
vein catheter placement should be minimized because these 
maneuvers may reduce cerebral blood perfusion. Doppler 
ultrasound can be used to localize the jugular or subclavian 
vein before needle insertion.12 Whenever catheters are placed 
via the neck or subclavian routes, the insertion sites should be 
sealed with bacteriostatic ointment and dressing to minimize 
air entrainment, especially for patients in head-up positions. 
Another precaution is to place and remove these central lines 

12Anesthetic Management for Posterior 
Fossa Surgery

BOX 12.1  Monitors for Posterior Fossa Surgery

Preinduction and Induction
Five-lead electrocardiogram
Blood pressure monitoring
Pulse oximetry
Precordial stethoscope
ETCO2 monitoring
Electrophysiologic monitoring*

Postinduction
Central venous (right atrial, pulmonary artery) catheter
Precordial Doppler ultrasound probe
Esophageal stethoscope
Esophageal or nasopharyngeal temperature probe
ETCO2

Transesophageal echocardiogram*

*Not routine but provides specialized information during certain procedures.
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y while the patient is flat, never in the head-up position, because 
air embolism has been reported with central line removal 
when a patient’s head is elevated above the heart.

CHOICE OF PATIENT POSITION

Surgical access to the posterior fossa can be obtained through 
various patient positions, such as the sitting position and vari-
ants of the horizontal position, which include supine retro-
sigmoid, prone, three-quarter prone, and park bench lateral 
positions.

Sitting Position
To establish the sitting position, the patient’s skull is most 
often secured in a three-pin head holder.13 The arterial 
pressure transducer is zeroed at the skull base during posi-
tioning and throughout the procedure to make maintenance 
of adequate cerebral perfusion pressure (CPP) easier. Bony 
prominences should be well padded, the elbows supported 
by padding to avoid contact with the table or stretch on the 
brachial plexus, and the legs freed of pressure at the level of 
the common peroneal nerve just distal and lateral to the head 
of the fibula. Efforts to prevent cervical cord stretching and 
obstruction of venous drainage from the face and tongue 
include maintenance of at least a 2.5 cm space between chin 
and chest, avoidance of large oral airways or bite blocks in the 
pharynx, and avoidance of excessive neck rotation, especially 
in elderly patients. Abdominal compression, lower extremity 
ischemia, and sciatic nerve injury are prevented by avoidance 
of excessive flexion of the knees toward the chest.

A “lounge chair” modification of the sitting position, with 
the thoracic cage raised 30 to 45 degrees, may be used for 
lateral lesions. Access to more midline structures may be im-
peded by the degree of neck flexion required. Another mod-
ification, the lateral park bench, allows rapid head lowering 
to the left lateral decubitus position and continuation of the 
operation in the event of hypotension or persistent VAE.

For the anesthesiologist, the advantages of the sitting po-
sition include lower airway pressures, ease of diaphragmatic 
excursion and improved ability for hyperventilation; better ac-
cess to the endotracheal tube and thorax for monitoring; im-
proved access to the extremities for monitoring, fluid or blood 
administration and blood sampling; and better visualization 
of the face for observation of motor responses during cranial 
nerve stimulation.

Improved postoperative cranial nerve function has been 
reported in patients undergoing acoustic neuroma resection 
in the sitting position than in those operated on in horizontal 
positions.14 Relative contraindications to the sitting position 
are known intracardiac septal defects, known pulmonary 
arteriovenous malformations, severe hypovolemia, cachexia, 
or severe hydrocephalus.

Physiologic Changes that occur with the  
Sitting Position
Head elevation above the right atrium reduces dural sinus 
pressure, which decreases venous bleeding, but raises the risk 
of VAE. Head elevation to the 90-degree sitting position pro-
duces decreases in dural sinus pressure of up to 10 mmHg.

Cardiovascular effects include increases in pulmonary and 
systemic vascular resistance and decreases in cardiac output, 
venous return, and CPP.15,16 For each 1.25-cm movement of 
the head above the level of the heart, local arterial pressure is 
reduced by approximately 1 mmHg.17 Dysrhythmias, such as 
bradycardia, tachycardia, premature ventricular contractions, 

and asystole, may result from manipulation or retraction of cra-
nial nerves or the brainstem regardless of patient position.18–20 
The negative effects of dysrhythmias on cardiac output may be 
more pronounced for patients in the sitting position than in a 
horizontal position. Pulmonary vital capacity and functional 
residual capacity are improved in the sitting position, but hy-
povolemia may decrease perfusion of the upper lung, leading 
to ventilation or perfusion abnormalities. Nitrous oxide may 
increase the likelihood of transpulmonary passage of air in a 
dose-dependent manner,21 a feature that influences the choice 
of anesthetic in the sitting position, as this should not be in-
creased with inhaled ethers or intravenous anesthetics.

The use of nitrous oxide in the sitting position continues 
to be controversial. Nitrous oxide increases the size of intra-
vascular air bubbles if air embolism occurs.22 However, N2O 
has not been determined to be a factor in perioperative mor-
bidity in several series of patients undergoing posterior fossa 
surgery at different institutions, regardless of patient position 
and occurrence of VAE.23,24

Because N2O raises pressure in a closed air space, some cli-
nicians recommend discontinuation of its use before the dura 
is completely closed to prevent the buildup of gas pressure and 
possible neurologic deficit from tension pneumocephalus.25,26 
Others have demonstrated that continued use of N2O until 
the end of the procedure actually promotes removal of the gas 
after the N2O is discontinued, because of the gradient created 
between the gas space and blood, provided that circulation to 
that area is intact.27 Discontinuation of N2O has not been ef-
fective in preventing pneumocephalus.28

The incidence of pneumocephalus was reported to be 100% 
for intracranial procedures performed with patients in the sit-
ting position, 72% for those in the “park-bench” (semiprone 
lateral) position, and 57% for those in the prone position.29,30 
Pneumocephalus is usually asymptomatic and resolves spon-
taneously. However, tension pneumocephalus may produce 
postoperative neurologic deficits.31–33 It may be diagnosed 
intraoperatively from decreases in somatosensory evoked 
potentials (SSEPs) (if monitored)34,35 and postoperatively on 
computed tomography. Treatment is supportive, consisting of 
100% O2 administration and, in severe cases, removal of gas by 
aspiration or reopening of the dura.

Prone Position
The prone position is associated with a lower incidence of 
VAE.14,23 However, the patient’s head is usually elevated above 
the heart to decrease venous bleeding, so the risk of VAE is not 
eliminated. Access to superior posterior fossa structures and 
ease of head manipulation is not as favorable as in the sitting 
position; the sitting position may also offer better operating 
conditions for high cervical decompression, in which neck 
flexion and weight-bearing on the head are detrimental.36

When the patient is in the head-elevated position, place-
ment of the shoulders at or above the edge of the operating 
table back prevents the face from becoming compressed 
against the cephalad edge of the table when it is inclined. 
Eye compression can produce blindness from retinal artery 
thrombosis; this risk is greater for prone and lateral patient 
positions, particularly when a padded facial headrest is used.  
Conjunctival edema is a benign consequence of the prone 
position that resolves quickly. Visual loss from a variety of 
mechanisms, usually perioperative ischemic optic neuropathy, 
is a rare but catastrophic outcome of operative intervention 
and may be of particular relevance in spinal fusion procedures. 
Venous pooling sufficient to impair venous return can occur 
in the lower extremities when they lie below the right atrium. 
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Elderly, debilitated patients may not tolerate even a brief dis-
continuation of monitoring during the turn to the prone po-
sition without suffering severe hypotension. In these patients, 
monitoring cables and transducers should be oriented to allow 
uninterrupted electrocardiogram (ECG) and arterial blood 
pressure monitoring throughout the turn to the prone posi-
tion and positioning adjustments.

Lateral, Three-Quarter Prone, and  
Park-Bench Positions
The lateral position is used for unilateral neurosurgical pro-
cedures in the upper posterior fossa. The three-quarter prone 
position, a modification of the prone and lateral positions, and 
the park-bench position are used for similar procedures to per-
mit greater head rotation and access to more axial structures. 
The supine retrosigmoid position is often easier and quicker 
to perform. Although it provides inferior surgical exposure, 
it may be preferred because the time required for placing a 
patient in this position is less.

Risk–Benefit Analysis of Sitting Position 
Compared with Other Positions
The usefulness or appropriateness of the sitting surgical posi-
tion for access to the posterior fossa is still a matter of debate 

among neurosurgeons and neuroanesthesiologists, because 
alternative positions can be used for posterior fossa access and 
the occurrence of VAE is more common and severe in poste-
rior fossa procedures performed in the sitting position than in 
alternative positions. Investigators from different institutions 
have reported their experience with the sitting position, with 
particular emphasis placed on complications and outcome 
(Table  12.1).18,24 Some of the reported complications might 
have been prevented or reduced if the sitting position had not 
been used (Table 12.2).

ANESTHETIC CONSIDERATIONS

The practical significance of theoretic considerations regard-
ing the choice of anesthetic drugs for patients who undergo 
posterior fossa surgery remains to be determined. First is the 
question of the effects of inhalational versus intravenous an-
esthetic drugs on the lungs’ ability to retain air that enters the 
venous circulation, thus preventing its passage to the arterial 
circulation. Transpulmonary air passage occurs in humans and 
is supported by reports of cerebral air emboli in the absence of 
an intracardiac defect,37 as well as detection of left-sided heart 
air on echocardiogram without demonstration of an intracar-
diac defect.5 The intravenous anesthetics thiopental, fentanyl, 
and ketamine maintain a higher threshold for trapping air 

Complication(s) Sitting Position Prone Position
Lateral, Three-Quarter 
Prone Position

Park-Bench,  
“Lounge” Position

Nervous System 

Cerebral ischemia ++ + 0 +

Cervical spine ischemia ++ + 0 +

Palsies

Cranial nerve + ++ ++  

Brachial plexus + ++ ++  

Sciatic nerve + 0 0 0

Peroneal nerve + 0 ?  

Airway 

Edema of face, tongue, neck 
(postoperative obstruction)

++ ++ + 0

Endotrachael tube migration ++ ++ + +

Pulmonary 

Ventilation/perfusion 
abnormalities

+ + + +

Increased airway pressures 0 ++ 0-+ 0

Tension pneumocephalus + + 0 0

Cardiovascular 

Hypotension ++ ++ 0 +

Dysrhythmias ++ ++ ± ++

Need for blood transfusion + ++ ± +

Miscellaneous 

Eye compression 0 +++ ++ +

“Compartment syndrome” + 0 0 0

Venous air embolism +++ ++ + ++

Paradoxical air embolism ++ + ? ?

Table 12.1  Complications Associated with Surgical Position in Posterior Fossa Surgery

0, +, ++, ++ indicate relative probability from no risk to high risk.
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bubbles in the pulmonary circulation than inhaled agents.21 
Thus such agents may decrease the risk and severity of air em-
boli if they occur.

A second consideration is the maintenance of adequate 
CPP. Before surgical incision, administration of intravenous 
anesthetic drugs has been demonstrated to have less effect on 
cardiovascular function than inhalational anesthetics in pa-
tients placed in the sitting position.38 Whether the relationship 
continues after the start of surgery has not been investigated.

A third issue is the potential benefit of preserving cardio-
vascular responsiveness to surgical manipulation of brainstem 
structures. In such instances, the avoidance of anticholinergic 
drugs or long-acting β-adrenergic blockers that would mask 
cardiovascular response may provide useful information to 
the surgeon and anesthesiologist.

An additional consideration surrounds the use of N2O in 
cases in which the risk of VAE is increased. A prospective, 
randomized study of patients requiring posterior fossa explo-
ration or cervical spine surgery demonstrated that 50% N2O 
had no significant effect on the incidence or severity of VAE if 
the N2O was discontinued when air was detected by Doppler 
ultrasonography. Its analgesic effect, rapid elimination and 
emergence characteristics, and facilitation of the postopera-
tive neurologic assessment continue to make it a popular ad-
junct. However, fentanyl-based anesthesia with supplemental 
isoflurane has been administered with no difference in time 
to emergence from anesthesia between patients who received 
50% N2O and those who did not.9

Induction of Anesthesia
Direct arterial blood pressure monitoring established before 
induction of anesthesia allows tighter control of blood 
pressure and CPP during induction and intubation, especially 
in patients at risk for increased ICP. The use of a low-dose, 
narcotic-based (4 to 6 μg/kg fentanyl), muscle relaxant 
technique with 0.5 to 1.0 MAC volatile inhalational anesthetic 
after intravenous induction with thiopental or propofol 

affords adequate analgesia and amnesia, preservation of au-
tonomic nervous system activity, and rapid awakening after 
discontinuation of the inhalational anesthetics, allowing an 
early postoperative neurologic examination if desired. Some 
anesthesiologists continue to use nitrous oxide in oxygen 
(typically 50%) unless air embolism occurs, but with agents 
such as desflurane, propofol, dexmedetomidine, remifentanil, 
and sufentanil there appears to be little advantage to nitrous 
oxide. A propofol infusion (50–100 μg/kg/min) often pro-
vides better surgical access than inhalational anesthetic alone. 
Remifentanil and sufentanil infusions have a MAC sparing 
effect on both propofol and inhaled agents. Moreover, they 
are effective as akinetic agents for unparalyzed patients (eg, 
cranial nerve monitoring). β-Adrenergic blocking drugs and 
direct-acting vasodilators may be used alone or in combi-
nation to treat increases in blood pressure (instead of anes-
thetics). Use of long-acting antihypertensive drugs is avoided 
until the patient has been placed in the operating position. 
The need for vasopressor administration may arise after in-
duction of anesthesia or positioning, especially in chronically 
hypertensive or debilitated patients. Short-acting drugs, such 
as small boluses of ephedrine or phenylephrine, are usually 
effective. Rarely, after all correctable derangements such as 
hypovolemia have been ruled out, inotrope infusions may be 
required throughout the surgical procedure, but a cause for an 
underlying mechanism should be sought.

Verification of appropriate placement of the endotracheal 
tube after final positioning, but before surgical incision, is 
of utmost importance, regardless of the position employed. 
Intraoperative access to the airway is limited by virtue of the 
proximity of the operative site, and neck flexion or extension 
can produce caudad or cephalad displacement of the endo-
tracheal tube, respectively, by as much as 2 cm. Palpation of 
the endotracheal tube cuff above the sternal notch is a useful 
maneuver to ensure that the tip of the endotracheal tube rises 
above the carina, though this is not possible with many types 
of endotracheal tubes.

Problem Sitting Position* Horizontal Position*

Total number of patients 333 246

Hypotension:   

  With positioning 63 (19%) 60 (24%)

  During procedure 86 (26%) 54 (22%)

  Entire anesthetic 121 (36%) 94 (38%)

  Without cardiac disease 101/297 (34%) 130/197 (34%)

  With cardiac disease 30/36 (56%) 27/49 (55%)

Transfusion of > 2 units of blood 3% 13%†

Average blood replacement 359 mL 507 mL‡

Postoperative cranial nerve function:   

  Improved 41 (12) 50 (20)§

  Unchanged 218 (65) 112 (45)

  Deteriorated 74 (22) 84 (34)

Table 12.2  Posterior Fossa Craniotomy: Intraoperative Surgical Problems by Patient Position

*Unless otherwise indicated, the first number is the number of patients affected, and the number in parentheses is the percentage of total patients.
†P < .01 (chi-square test).
‡P < .05 (Student t test).
§26% of patients in horizontal position had decompression for tic douloureux.
Adapted from Black S, Ockert DB, Oliver WC, et al: Outcome following posterior fossa craniotomy in patients in the sitting or horizontal positions. 
Anesthesiology 1988;69:49–56.

Anesthesia Books 

http://surgerybook.net/anesthesia


1
2

 
• 

A
n

e
s

th
e

tic
 M

a
n

a
g

e
m

e
n

t fo
r

 P
o

s
te

r
io

r
 Fo

ssa



 S

u
r

g
e

r
y

213

Maintenance of Anesthesia
Controlled positive-pressure ventilation with paralysis has the 
following advantages:

•	 Maintenance of lighter levels of anesthesia
•	 Hyperventilation, which diminishes PaCO2, thereby 

decreasing both sympathetic stimulation and blood 
pressure at any given depth of anesthesia

•	 Cerebral vasoconstriction
•	 Less bleeding
•	 Lower ICP
•	 Less cardiovascular depression because of decreased 

anesthetic depth
•	 Less likelihood of patient movement.

The MAC for desflurane (and presumably other anesthetic 
drugs) is not altered by the sitting position.39 Excessive de-
creases in inhaled agent concentration as a strategy to combat 
hypotension may allow awareness. Intravenous anesthesia has 
been associated with smaller increases in CBF, and ICP, and 
less brain swelling, possibly improving surgical conditions.40 
Intraoperative hypothermia should be avoided. Glucose-
containing solutions are not used because of the possible det-
rimental effects of hyperglycemia on areas of the brain at risk 
for cerebral ischemia.41

The administration of osmotic and loop diuretics for tumor 
resection and vascular procedures may predispose sitting pa-
tients to electrolyte disturbances or cardiovascular instability 
caused by hypovolemia.42 Also, the size of the pneumocepha-
lus may be increased.30

Emergence from Anesthesia
The anesthetic goals during emergence from anesthesia are to 
prevent abrupt rises in blood pressure, allow rapid awakening, 
return of motor strength, and minimize coughing and strain-
ing on the endotracheal tube. The feasibility of immediate 

postoperative extubation is determined by the nature and 
extent of surgery (eg, extensive brainstem manipulation with 
a greater likelihood of postoperative brainstem edema or 
brainstem injury caused by a difficult tumor resection) and 
the patient’s preoperative neurologic condition.43,44 If exten-
sive manipulation of the medullary structures or significant 
edema is a factor, a secured airway should be maintained until 
the patient is awake, following commands, and demonstrating 
return of protective airway reflexes. Additional sedation may 
be required until this point of recovery is reached. Persistent 
postoperative hypertension and bradycardia in a previously 
normotensive patient should alert the anesthesiologist to pos-
sible brainstem compression, ischemia, or hematoma.

Postoperative nausea and vomiting (PONV) is a side effect 
of both anesthesia and surgery. Retching and vomiting can in-
crease ICP and the risk of postoperative bleeding. The nonse-
dating antiemetics dexamethasone and ondansetron have 
been shown to reduce PONV by 25% each. Propofol has also 
been shown to reduce the incidence another 25%.45

VENOUS AIR EMBOLISM

Documentation of venous air embolism has existed for more 
than 100 years (Table 12.3). VAE is associated most often with 
posterior fossa procedures in the sitting position because of fa-
cilitation of air entry by subatmospheric pressure in an opened 
vein and the presence of noncollapsible venous channels such 
as diploic veins and dural sinuses. Cases in which air entered 
the venous circulation via burr holes or wounds from the skull 
head holder have also been reported, particularly when the 
head was elevated.24,46,47 Often unappreciated is the potential 
for venous air embolism originating from the sites of central 
venous access. Air can be entrained around the site of catheter 
entry. Air embolism may also occur when central catheters are 
removed with the patient’s head up.

Compiled from Bedford RF: Semin Anesth 2:169-176, 1983; Lesky E: German Med Monthly 6:159-161, 1961; Senn N: Ann Surg 3:197-302, 1885 
and Whitby JD: Anaesthesia 19:579-584, 1964.

Table 12.3  Early Historical Perspective on Air Embolism

Year(s) Finding Discoverer

1667 Death in animals when air enters vein Redi

1681 Characteristic noise of air entrainment Hardner

1683–1686 Right-heart dilation from air insufflation; mortality is rate- and dose-dependent Camerarius, de Heyde

1800 First recorded case of air embolism during excision of a neck tumor (not realized  
until 30 years later)

Barlow

1811 Small air dose well tolerated; right ventricular distention is cause of death Nysten

1818 Sudden death associated with hissing noise in young patient having clavicular  
tumor resection in sitting position

Bauchene

1821 Development of experimental surgery to investigate clinical findings Magendie

1823 Treatment of air embolism during tumor resection by closing vein wound when  
hissing noise occurred

Wattmann

1832 Treatment for traumatic air embolism published (but overlooked) Wattmann

1839 Establishment of conditions, treatment for venous air embolism in humans,  
including air aspiration

Amussat

1843 Approximately 40 cases of air embolism described Various scientists

1845 Wattmann’s work recognized  

1846 Concept and term “embolism” created Virchow

1877 Paradoxical embolism associated with patent foramen ovale Cohnheim

1885 Importance of head position in air entrainment Senn
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VAE in the medical population. Several reviews addressing 
this issue have been published.48,49

Pathophysiology
Review of the pathophysiologic effects of gas bubbles on the 
vascular endothelium suggests that a form of ischemia/reper-
fusion injury occurs that is common to all organs involved. 
During slow, continuous air entrainment, air is dissipated into 
the peripheral pulmonary circulation. The mechanical ob-
struction or local hypoxemia produced creates sympathetic 
reflex vasoconstriction. Microvascular bubbles can activate 
the endothelium, resulting in complement activation, cytokine 
release, and production of reactive O2 molecules. Pulmonary 
manifestations include pulmonary hypertension, impairment 
of gas exchange and hypoxemia, CO2 retention, increased pul-
monary dead space, and decreased end-tidal CO2 (ETCO2).50 
Bronchoconstriction results in increased airway pressure. 
Reduced venous return leads to decreases in cardiac output 
and systemic arterial blood pressure.51 Myocardial and cere-
bral ischemia may result from severe, persistent hypoxemia or 
hypotension.

A rapidly entrained air bolus may result in an air lock 
within the right side of the heart or a cumulative gas volume 
that exceeds pulmonary arterial capacity (estimated to be 
5 mL/kg), blockage of the right ventricular outflow tract, air 
or blood layer formation with obstructed venous return, de-
creased cardiac output, acute right ventricular dilation and 
failure, myocardial and cerebral ischemia, dysrhythmias, and 
cardiovascular collapse.51

Morbidity and mortality are directly related to the amount 
and rate of air entry. The “symptomatic dose” of venous air is 
not well documented in humans, but in a review of the clinical 
manifestations of VAE,52 more than 50 mL have been retrieved 
in patients manifesting clinical changes such as decreases in 
blood pressure, dysrhythmia, and ECG changes. This same re-
view summarized a collection of 93 early case reports in which 
37 of 40 (93%) untreated patients died, and the lethal dose of 
intravascular air in humans has been estimated to be greater 
than 300 mL. Factors contributing to the occurrence and se-
verity of VAE include the surgical site, such as the posterior 
fossa, where venous channels are stented open by surround-
ing structures, and the extent of head elevation and negative 
pressure between the right atrium and the surgical site. VAE is 
more common and severe in posterior fossa craniotomies than 
in laminectomies.24,53,54 The incidence is decreased by careful 
surgical dissection, hemostasis, and liberal use of bone wax. 
Hypovolemia lowers central venous pressure and increases the 
negative pressure gradient between the elevated head and the 
right side of the heart.

Incidence
A 1988 study reported the incidence of VAE to range from 
as low as 25% to as high as 60% in patients when the head is 
higher than the heart (Table 12.4).55 Several later series have 
not changed this incidence but suggest that a higher incidence 
is detected when Doppler monitoring is used (43%) than with 
ETCO2 monitoring (9–28%).56–59 TEE is still the most sensitive 
(54%) detector of venous air.11

Investigator(s) Year Reported Surgical Position Incidence
Percentage of 
Patients with VAE Method of Detection

Michenfelder et al.60 1969 Sitting 37/751 5 Right-atrial catheter, 
aspiration

Michenfelder et al.61 1972 Sitting 26/69 42 Right-atrial catheter, 
Doppler

Albin et al.23 1987 Sitting 100/400 25 Right-atrial catheter, 
Doppler

  Horizontal 13/118 11 Right-atrial catheter, 
Doppler

Marshall & Bedford62 1980 Sitting 20/52 38 Doppler only

   13/52 25 Doppler, ↑PAP, ↓ETCO2

Voorhies et al.63 1983 Sitting 41/81 50 Doppler, PEEP (no right-
atrial catheter)

Standefer et al.64 1984 Sitting 22/382 6 Right-atrial catheter, 
Doppler

Matjasko et al.53 1985 Sitting 130/554 23.5 Right-atrial catheter, 
Doppler (ETCO2 in 94 pts)

Young et al.54 1986 Sitting 70/255 30 Right-atrial catheter, 
Doppler

Black et al.14* 1988 Sitting 150/333 45 Right-atrial catheter, 
Doppler

  Horizontal 30/246 12 Right-atrial catheter (33%), 
Doppler (30%)

Von Gösseln et al.65 1991 30- to 45-degree 
head elevation

46/704 6.5 Right-atrial catheter, 
Doppler, ETCO2

Table 12.4  Incidence of Venous Air Embolism in Posterior Fossa Surgery

*Mass spectroscopy after 1982.
Doppler, precordial Doppler ultrasonography; PAP, pulmonary artery pressure; PEEP, positive end-expiratory pressure; VAE, venous air embolism; ↑, 
increase; ↓, decrease.
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Risks of Air Embolism
The greater the pressure gradient between cerebral veins and 
the right atrium and the lower the central venous pressures, 
the greater is the tendency for air to enter venous openings 
at the craniotomy site. The risk of catastrophic air embolism 
has been reduced dramatically by improved detection and 
prompt treatment of VAE.60,66,67 More attention has been di-
rected toward recognition and treatment of paradoxical air 
embolism (PAE).

Risks of Paradoxical Air Embolism
Clinical evidence of PAE in the perioperative period is less fre-
quent than calculated estimates based on the incidence of VAE 
and the prevalence of PFO.68 However, complications, such as 
myocardial or cerebral ischemia resulting from PAE, may be 
devastating.

The most likely mechanism of PAE in humans is right-
to-left shunting through an intracardiac defect. A PFO is 
reported to exist in 20% to 30% of the population.3 The likeli-
hood of right-to-left shunt may be increased if the right atrial 
pressure exceeds left atrial pressure, and up to 50% of patients 
may experience reversal of an existing left-to-right atrial pres-
sure gradient with the potential for PAE after 1 hour in the 
sitting position.

Although echocardiographic studies and numerous case 
reports describe its occurrence, the conditions under which 
PAE can occur through the pulmonary vascular bed in hu-
mans have not been well defined.43,69,70 PAE to the cerebral 
circulation should be suspected in any patient who manifests 
an unexpected neurologic deficit after a surgical procedure 
known to be associated with a risk of air embolism, regardless 
of the intraoperative patient position.

Hypovolemia has been proposed as a predisposing factor 
to the occurrence of PAE as well as of VAE.71 Intravenous fluid 

loading has been recommended to decrease the likelihood of 
right-to-left shunting and PAE in patients undergoing surgery 
in the sitting position.72

Use of Positive End-Expiratory Pressure
VAE and positive end-expiratory pressure (PEEP) may both 
increase right atrial pressure, and PEEP may raise cerebral 
venous pressure. PEEP has been proposed as a prophylac-
tic measure against VAE.73 However, it may impair surgical 
conditions, decrease venous return, and increase the chance 
that right atrial pressure will exceed left atrial pressure, thus 
predisposing an at-risk patient to PAE. Giebler and col-
leagues74 found no reduction in the incidence of air embo-
lism when they compared 10 cm PEEP with no PEEP in a 
prospective randomized study of patients operated on in the 
sitting position; these researchers suggested that the use of 
PEEP in sitting cases be abandoned. Jugular venous com-
pression has been demonstrated to be effective in reducing 
air entry.75,76

Monitoring for Venous Air Embolism
Table  12.5 summarizes the monitors that may be used to 
detect VAE.

Doppler Ultrasound Transducer
The precordial Doppler ultrasound transducer is the most 
cost-effective sensitive device commonly available for the de-
tection of air in the right atrium77–79 (transesophageal echocar-
diography is more sensitive but also more invasive). Patient 
position influences air detection and retrieval.80 Correct 
positioning of the Doppler probe over the right side of the 
heart may be difficult, especially in the morbidly obese.

The Doppler probe generates a 2.5-MHz continuous ul-
trasonic signal that is reflected by moving blood and cardiac 

Monitor Advantages Disadvantages

Doppler Most sensitive noninvasive monitor Not quantitative
 Earliest detector (before air enters pulmonary circulation) May be difficult to place in obese patients, patients with 

chest wall deformity, or those in the prone/lateral positions
  False-negative result if air does not pass beneath ultrasonic 

beam (about 10% of cases); useless during electrocautery
  IV mannitol may mimic intravascular air

PA catheter Quantitative, slightly more sensitive than ETCO2 Small lumen, less air aspirated than with right-atrial catheter

 Widely available
Placed with minimal difficulty in experienced hands

Placement for optimal air aspiration may not allow pulmonary 
capillary wedge pressure measurement

 Can detect right-atrial pressure greater than pulmonary 
capillary wedge pressure

Nonspecific for air

ETCO2 Noninvasive Nonspecific for air
 Sensitive

Quantitative
Less sensitive than Doppler ultra,  
PA catheter

 Widely available Accuracy affected by tachypnea, low cardiac output, chronic 
obstructive pulmonary disease

TEE Most sensitive detector of air Invasive, cumbersome
 Can detect air in left heart, aorta Expensive
  Must be observed continuously
  Not quantitative
  May interfere with Doppler ultrasonography

Table 12.5  Monitors for Detection of Venous Air Embolism

Doppler, precordial Doppler ultrasonography; PA, pulmonary artery; TEE, transesophageal echocardiography.
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ted and reflected signal is electronically converted into a 
readily detectable audible sound. Small volumes of air are 
detected easily with the probe because air is a good acoustic 
reflector. The precordial probe is placed just to the right of 
the sternum and a few inches above the xiphoid, where max-
imal signal is detected. Position of the probe is confirmed 
by injection 5 mL of aerated saline81,82 through a right atrial 
catheter and listening for the characteristic change in the 
Doppler tones.

Right Atrial Catheter
The right atrial catheter (RAC) is used to aspirate air entering 
the right side of the heart; air aspiration is therapeutic during 
episodes of VAE. This procedure is also useful in confirming 
the diagnosis of air embolism, particularly during electrocau-
tery use, when the Doppler signal is obscured.51,83 Optimal 
catheter placement requires that the orifice(s) be placed in or 
near the air–blood interface.80,84,85

The RAC is placed with a minimum of difficulty. Large-
diameter catheters can retrieve large quantities of air, and as-
piration of air has been demonstrated to be therapeutic when 
larger quantities have been entrained.86 Disadvantages are that 
the catheter’s position can change (especially after patient re-
positioning)87 and that it may not retrieve all intravascular air. 
Multiple-orifice RACs are more effective than single-orifice 
catheters in aspirating air from the circulation.23 There is 
greater air recovery with the tip at or 2 cm below the sinoatrial 
node. On the basis of modeling studies, with the RAC at an 
80-degree atrial tilt, the proximal port should be located 1 to 
3 cm above the sinoatrial node.80

Factors that influence air retrieval include catheter length 
and diameter, extent of patient inclination (retrieval is most 
efficient at 80%; retrieval at 60% is equal to that at 90%), num-
ber and size of orifices, and distance between orifices.88–90 RAC 
positioning for optimal air aspiration can be accomplished 
with intravascular electrocardiography.69,88 A method for 
ECG-guided catheter placement is performed as follows:

1.	 For the arm or neck, perform a venipuncture aseptically 
using a modified Seldinger technique.

2.	 Advance the catheter at least 20 cm via the arm or 15 cm 
via the neck.

3.	 Place a specially adapted conductive connector for 
ECG attachment (Arrow-Johans ECG adapter, Arrow 
International, Inc., Reading, PA) in the right atrial line 
next to the standard stopcock. Flushing the catheter with 
NaHCO3 will reduce electrical impedance and improve 
the signal.

4.	 Set the ECG monitor for lead II and attach the right arm 
lead to the conductive connector. Some centers use lead V, 
which results in deflection of the P wave in the opposite 
direction.

5.	 Observe the ECG trace and pressure waveform on the 
monitor, and manipulate the catheter until the tip is in the 
right ventricle, and then withdraw it into the mid-right 
atrium to detect a biphasic P wave.

6.	 Withdraw the catheter until the P wave is approximately 
the height of the QRS complex (Fig. 12.1). Withdraw an 
additional centimeter, at which point the P wave should 
be slightly smaller than the QRS complex, and then secure 
the catheter.

The intracardiac ECG should be rechecked after the pa-
tient has been placed in the final position because sitting, as 
well as movement of the neck or the catheterized arm, may 
move the catheter.87,88 Although a high incidence of cathe-
ter migration has been reported, the conductive connector 
should be removed after the patient is sitting and the catheter 
position has been reconfirmed in order to eliminate its elec-
trical microshock hazard. The catheter tip should be with-
drawn from the right atrium at the end of surgery to prevent 
atrial perforation.

Observation of the ECG configuration to confirm proper 
catheter placement in the right atrium is more precise than 
chest radiography. However, changes in the venous pressure 
waveform during pressure-wave transduction for catheter 
placement are reportedly as accurate as changes in the ECG 
waveform.91 Pressure waveforms may be of greatest benefit 
in rechecking catheter position periodically throughout sur-
gery. Schummer and colleagues92 have questioned the accu-
racy of ECG configuration changes as a guide to central-line 

Biphasic P

P

A

Biphasic P

P

B
Fig. 12.1  Positioning a right atrial catheter. A, P wave changes seen with lead II as the sensing lead. B, P wave changes seen with lead V as the 
sensing lead. P represents the origin of the P wave vector at the sinoatrial node.
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placement when the left internal jugular vein is used and sug-
gested that the transesophageal echocardiograph or chest ra-
diograph should be the final determinant of placement.

Pulmonary Artery Catheter
The PA catheter detects the pulmonary hypertension resulting 
from mechanical obstruction and reflex vasoconstriction from 
local hypoxemia caused by transpulmonary air.93 PA pressure 
measurement is slightly more sensitive than capnography for 
detection of VAE; however, it is more invasive, and the PA 
catheter’s lumen makes air aspiration more difficult than with 
larger catheters.

Capnography
Capnography (ETCO2 monitoring) has a specific role in air 
embolism detection. Falls in ETCO2 may suggest an increased 
arterial–to–end-tidal CO2 gradient that occurs with the 
presence of intravascular air. Factors that may influence the 
capnograph’s accuracy include rapid respiratory rate, low car-
diac output, and chronic obstructive pulmonary disease.

Transesophageal Echocardiography
TEE detects air bubbles with a 3.5- to 5-MHz echocardio-
graphic probe placed behind the heart; a visual image is 
produced with two-dimensional TEE94,95 and, like Doppler ul-
trasonography, TEE detects air when it is still in the right side 
of the heart. A major advantage of TEE over other monitors 
currently available is that it can detect air in the left side of the 
heart and in the aorta. However, its detection of air bubbles 
is qualitative, not quantitative; and microbubbles can generate 
a dramatic image that may not be physiologically significant. 
The use of TEE in screening of anesthetized sitting patients for 
PFOs has been described.10,11,96

Complications Resulting from Venous  
Air Embolism
Table 12.6 summarizes the complications of venous air embo-
lism in posterior fossa surgery.

Intraoperative Complications
Cardiovascular instability due to VAE may manifest in a num-
ber of ways. The most common dysrhythmia is premature 
ventricular contraction, but murmurs, tachycardia, bradycar-
dia, and ventricular tachycardia may occur.51,60,83 Hypertension 
and tachycardia may occur initially in response to air entry 

into the pulmonary microcirculation. Marked alterations 
in blood pressure and the characteristic changes in heart 
sounds usually do not appear until large emboli are present. 
Hypotension is most likely due to decreases in cardiac output 
associated with larger volumes of intravascular air.51 However, 
the duration of changes in heart tones97 may be brief (ie, < 5 
minutes), although air is still present. ECG changes are gener-
ally too late to be useful diagnostically; however, evidence of 
transmural myocardial ischemia may indicate airflow into the 
coronary arteries.98

The extent of pulmonary dysfunction depends on the 
amount of air that reaches the pulmonary circulation.99 
Hypercapnia, hypoxemia, and pulmonary hypertension may 
be mild, moderate, or severe.

Pulmonary edema may follow both small and large air em-
boli. Its development is believed to involve mechanisms similar 
to those of clot emboli rather than neurogenic pulmonary edema. 
The association of pulmonary edema with elevations in pulmo-
nary capillary wedge pressure can be used to distinguish it from 
neurogenic pulmonary edema, which after the acute sympa-
thetic response is associated with a normal wedge pressure.100,101 
Damage to the pulmonary vascular endothelium may result from 
repeated bouts of pulmonary hypertension.102 Perfusion defects 
similar to those found in instances of pulmonary clot emboli have 
been described after pulmonary air embolism.103 Their distin-
guishing feature is the more rapid resolution of the defect.

Postoperative Complications
Complications arising from air embolism primarily involve 
the central nervous, cardiovascular, and pulmonary systems. 
Neurologic deficits, stroke, and coma may result from surgical 
manipulation, hypoxic or ischemic injury, or cerebral air em-
bolism. Dose and rate of air entrainment appear to influence 
the clinical findings. Increases in ICP appear to be associated 
with more severe injury.

Available studies in humans have been unable to correlate 
morbidity and mortality with the volume of cerebral arterial 
air introduced. However, clear laboratory findings and clini-
cal evidence have shown that cerebral air can produce brain 
injury.104,105 Other studies have reported altered sensorium, 
seizures, hemiplegia, monoplegia, hemianesthesia, hemian-
opsia, nystagmus, strabismus, and respiratory disturbances. 
A case report described suspected arterial air embolism from 
an indeterminate volume of air flushed retrograde through a 
radial artery catheter.106

Location Intraoperative Complications Postoperative Complications

Cardiovascular Dysrhythmias Myocardial ischemia

 Hypotension/hypertension Right-ventricular failure

 Changes in heart sounds, murmurs  

 Electrocardiographic evidence of ischemia  

 Acute right-ventricular failure  

 Cardiac arrest  

Pulmonary Hypercarbia Perfusion defects

 Hypoxemia  

 Pulmonary hypertension  

 Pulmonary edema  

Central nervous system Hyperemia
Brain swelling

Neurologic deficits, stroke, coma

Table 12.6  Complications of Venous Air Embolism
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sulting from VAE include right ventricular failure (from 
pulmonary hypertension) and myocardial ischemia (from cor-
onary air embolism or right-sided heart strain). Postoperative 
pulmonary edema may produce chest radiograph abnormal-
ities and perfusion defects, but it is usually self-limited and 
responsive to conservative therapy, such as supplemental O2 
or small doses of furosemide.103,107

Prevention of Air Embolism
No maneuver is 100% effective in preventing the occurrence 
of VAE if a gradient exists between the operative site and the 
right atrium, regardless of patient position. However, the inci-
dence and severity can be decreased by the use of controlled 
positive-pressure ventilation, adequate hydration, positioning 
so that head elevation is the lowest possible while still provid-
ing good surgical exposure, meticulous surgical technique with 
careful dissection and liberal use of bone wax, avoidance of N2O 
in patients with known intracardiac defects, and avoidance of 
drugs that may increase venous capacitance (eg, nitroglycerin).

Treatment of Venous Air Embolism
Box 12.2 summarizes the treatment of VAE.

Intraoperative Period
The intraoperative goals in the treatment of VAE are to stop 
further air entry, remove air already present, and correct hypo-
tension, hypoxemia, and hypercapnia. If Doppler ultrasonog-
raphy changes occur or ETCO2 decreases more than 2 mmHg, 
the surgeon should be informed immediately.

Jugular compression has been shown to be effective in rais-
ing dural sinus pressure in patients in both the supine and sit-
ting positions.75 However, there is concern that the technique 
of jugular venous compression may cause the following:

•	 Cerebral venous outflow obstruction with a resulting 
decrease in cerebral blood flow

•	 Carotid artery compression or dislodgment of 
atherosclerotic plaques

•	 Venous engorgement, leading to brain swelling and 
cerebral edema

•	 Carotid sinus compression and bradycardia. Maintenance 
of CPP greater than 50 mmHg in normotensive patients 
should minimize the risk of cerebral hypoperfusion. 
Higher perfusion pressures should be maintained in 
patients with chronic hypertension.

Aspiration of the RAC should be initiated as quickly as 
possible after Doppler ultrasonography or TEE detection of 
intravascular air. This maneuver has been demonstrated as ef-
fective in reducing morbidity from VAE.51,60,83,86

Patient position should be changed to lower the head to 
heart level when feasible. Other measures include increasing 
intravenous fluid administration, vasopressors if hypotension 
occurs, antidysrhythmics, and modification of the anesthetic 
technique in the absence of N2O with more anesthetic drugs. 
Intravenous anesthesia will not be affected by the V/Q mis-
match. External cardiac massage has been shown to be effec-
tive in disrupting a large air lock in the event of cardiovascular 
collapse.108 Changing the patient’s position to left lateral de-
cubitus to limit airflow through the pulmonary outflow tract 
is of limited benefit in the presence of a continuous stream of 
air. The surgeon should flood the field with saline. PEEP or 
Valsalva maneuver may increase the likelihood of PAE after 
VAE has occurred and should, therefore, be avoided.1,5,6,74 On 
the basis of data from a porcine model of cerebral air embo-
lism, hyperventilation is not helpful.109,110

Postoperative Period
Postoperative goals in the treatment of VAE include preven-
tion of hypoxemia or other respiratory compromise, detection 
and treatment of myocardial ischemia, and treatment of clin-
ical evidence of PAE. Air bubbles in the retinal vessels, seen 
through funduscopic examination, have been described as 
a diagnostic sign for cerebral air embolism. In patients with 
suspected cerebral air embolism, a CT scan may aid in the di-
agnosis. However, radiographic evidence of cerebral air may 
vary among patients, initial CT scans may be normal, and the 
findings may change over time.111,112 The role of magnetic res-
onance imaging in the diagnosis of air embolism remains to be 
determined. Magnetic resonance imaging has been described 
as more sensitive than CT in detecting ischemic cerebral and 
diving-related spinal injuries.113

Annane and coworkers114 demonstrated that experimental 
cerebral air embolism in beagles is cleared faster when the an-
imals undergo mechanical ventilation with 100% oxygen than 
for spontaneous ventilation on room air. Because patients un-
dergoing posterior fossa surgery are already intubated, this 
finding would not change practice; however, patients with sus-
pected, neurologically significant cerebral air detected after 
extubation might benefit from reintubation.

Hyperbaric oxygen (HBO) therapy for the treatment of 
suspected cerebral air embolism is used when appropriate 
equipment is available. Rapid application of very high pres-
sure reduces air bubble volume, which should speed elimina-
tion of dissolved gas and reduce cerebral edema.115 Numerous 
reports, some dramatic, describe the benefits of HBO ther-
apy for decompression sickness and arterial gas embolism.116 
In a review of 86 patients treated for iatrogenic air embolism 
between 1980 and 1999, Blanc and colleagues117 found bet-
ter neurologic outcome when therapy was started less than 6 
hours from the time of insult. Thus, if HBO is to be used, treat-
ment should be started as soon as possible.

Electrophysiologic Monitoring
Various forms of monitoring, such as raw or processed electro-
encephalogram (EEG), brainstem auditory evoked potentials 
(BAEPs), and somatosensory and motor nerve stimulation, 
are being used with increasing frequency to determine the 
integrity of cerebral function during posterior fossa surgery. 
Such monitoring is used in selected intracranial, spinal, and 
cerebrovascular procedures and is generally handled by ex-
perienced electrophysiologists. Bimodal or multimodal 

BOX 12.2  Treatment of Venous Air Embolism

Intraoperative Goals
1.	 Inform surgeon immediately
2.	 Discontinue N2O, increase O2 flows
3.	 Modify the anesthetic
4.	 Have the surgeon flood the surgical field with fluids
5.	 Provide jugular vein compression
6.	 Aspirate the right atrial catheter
7.	 Provide cardiovascular support
8.	 Change the patient’s position.

Postoperative Goals
1.	 Provide supplemental O2

2.	 Perform electrocardiography, chest radiographs
3.	 Measure serial arterial blood gas levels
4.	 If arterial air emboli are suspected, provide hyperbaric oxygen 

compression if available.
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measurements of EEG, BAEPs, SSEPs, and cranial nerves 
(CN) have been advocated as a more effective means of moni-
toring central nervous system function for posterior fossa sur-
gery than single-modality monitoring.118

Brainstem Auditory Evoked Potentials
BAEPs are robust signals that are minimally influenced by 
the type or depth of anesthesia. Cranial nerve VIII monitor-
ing during acoustic neuroma resection or microvascular de-
compression has been advocated to help preserve nerve VIII 
function.119–121 Bilateral changes in BAEPs are indicative of 
brainstem compromise.122,123 Normalization of BAEPs during 
emergency posterior fossa decompression has been used to 
guide postoperative management and timing of extubation.

Somatosensory Evoked Potentials
SSEPs may be of use in detecting morbidity from cerebral air 
embolism,124 spinal cord ischemia caused by hypotension, 
stretch of the cord due to excessive neck flexion, and pneumo-
cephalus.125 Monitoring of short-latency SSEPs, which monitor 
subcortical components of central sensory pathways, has been 
advocated for surgery on the cervical cord and posterior fossa.64 
Long-latency components of SSEPs may be difficult to evaluate 
because of greater variability in both latency and amplitude. 
SSEPs have also been shown to help detect peripheral neuronal 
injury for long cases in the positions described earlier.126

Electroencephalogram
EEG signals provide information regarding depth of anesthe-
sia because they are sensitive to both inhalational and intra-
venous anesthetics. Intraoperative EEG monitoring during 
posterior fossa surgery can detect decreased cortical responses 
resulting from deep anesthesia or ischemia. The information 
from the cortical components of SSEPs is similar to that from 
EEG signals.
Cranial Nerve Monitoring
Monitoring of cranial nerves (VII, IX, X and XII) may help 
reduce complications of surgical dissection and manipulation 
for resection of acoustic neuromas and microvascular decom-
pression.119 Muscle paralysis, which can interfere with the sig-
nal, should be significantly reduced or avoided when muscle 
stimulation is required. In the unparalyzed patient, CN mon-
itoring may be useful in gauging the depth of anesthesia, pre-
venting premature emergence, self-extubation, or movement 
in surgical frames resulting in serious injury.127

SUMMARY

The patient undergoing posterior fossa surgery poses 
challenges to the anesthesiologist in terms of preoperative 
evaluation, positioning, choice of anesthetic agents, and 
monitoring, particularly for prevention of air embolism and 
preservation of neurologic function. The goals of monitoring 
are maintenance of hemodynamic stability and early detection 
of air embolism. Active clinical and basic science investiga-
tions continue to improve the means by which these challenges 
may be met in optimal fashion.
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13Anesthetic Management of Cerebral 
Aneurysm Surgery

R.P. Pong  •  A.M. Lam

Although it is simplistic, the statement by the British neu-
rosurgeon J. Gillingham that “in the early years anesthetists 
spent their time pushing the brain out of the skull while in 
recent times they have been sucking it back in”1 underscores 
the importance and contribution of neuroanesthesia to the im-
proved results of the surgical treatment of cerebral aneurysms. 
Other advances are the improvements in microsurgical instru-
mentation such as the operating microscope, neuroradiology, 
neurophysiologic monitoring, and the development of special-
ized centers with surgeons and anesthesiologists dedicated to 
the treatment of patients with cerebral aneurysms. However, 
data published from the International Cooperative Study on 
the Timing of Aneurysm Surgery (Cooperative Study) in 1990 
indicated that overall surgical mortality was high, at approx-
imately 20%.2,3 To a certain extent these results might have 
been biased because of the trend toward early operative inter-
vention in high-risk patients who were previously considered 
unsuitable for surgery. Nonetheless, even patients admitted in 
good condition with a level of consciousness score equivalent 
to Hunt and Hess grades I and II (see later discussion) have a 
“good” recovery rate of only 58% and a mortality rate of 26%.2 
Thus, much room exists for improvement in all aspects of ce-
rebral aneurysm treatment. Efforts at improving outcome and 
mortality seem to be making some progress: in 2002 mortality 
rates were about 8%; however, the rates for those with a good 
outcome remained about the same at 64–75%.4 Considerable 
variations in mortality and morbidity exist among centers of 
the Cooperative Study, the reasons for which are not apparent. 
The leading causes of death and disability were, in descending 
order, vasospasm, the direct effects of the initial bleed (massive 
subarachnoid, subdural, or intracerebral hematoma, perma-
nent ischemic effects of increased intracranial pressure [ICP]), 
rebleeding, and surgical complications.2 Successful anesthetic 
management of patients with cerebral aneurysms requires a 
thorough understanding of the natural history, pathophysiol-
ogy, and surgical requirements of the procedures.

Endovascular treatment using thrombogenic coils is an al-
ternative to surgical treatment. The results of the International 
Subarachnoid Trial (ISAT) showed that when an aneurysm is 
amenable to either endovascular coiling or surgical clipping, 
outcomes favor the coiling.4,5 Longer term follow-up studies 
have questioned this result and have raised questions as to 
which modality is superior,6,7and there is interest in establish-
ing in which cohort one treatment is favored over the other. 
Multiple factors must be evaluated, including aneurysm fac-
tors such as location and anatomy, and patient factors such as 
age, comorbidities, and patient wishes.6

PREOPERATIVE CONSIDERATIONS

The main steps in preoperative evaluation are as follows:

1.	 Assessment of the patient’s neurologic condition and 
clinical grading of the subarachnoid hemorrhage (SAH)

2.	 A review of the patient’s intracranial pathologic condition, 
including the performing of computed tomography (CT) 
and angiograms

3.	 Monitoring of ICP and transcranial Doppler 
ultrasonography (TCD) if available

4.	 Evaluation of other systemic functions, premorbid as well 
as current condition, with emphasis on systems affected 
by SAH

5.	 Communication with the neurosurgeon regarding 
positioning, anticipated difficulty/technique to clip and 
special monitoring requirements

6.	 Optimization of the patient’s condition by correcting any 
existing biochemical and physiologic disturbances.

The preoperative assessment allows appropriate planning 
of an anesthetic regimen with consideration of the pathophys-
iology of all organ systems as well as the surgical and mon-
itoring requirements. This approach facilitates the goals of 
smooth anesthesia for an uncomplicated aneurysm and en-
sures a heightened level of preparedness for a complicated one.

The Central Nervous System
To allow better assessment of surgical risk and prognosis, 
Botterell and colleagues in 1956 first proposed the grading 
of subarachnoid hemorrhage,8 which was later modified by 
Hunt and Hess (Table  13.1).9 In the 1980s a grading scale 
based on the Glasgow Coma Scale was introduced by the 
World Federation of Neurological Surgeons (Table 13.2).10 In 
the World Federation classification, the most important cor-
relate with outcome is the preoperative level of consciousness.2 
These clinical grading schemes allow evaluation of operative 
risk, communication among physicians about a patient’s con-
dition, and conduct of comparative studies of therapy on out-
come. The modified Hunt and Hess grading scale is still the 
most commonly used, because of both familiarity and ease of 
application.

Despite successful surgical treatment, delayed ischemic 
neurologic deficits (DIND) resulting in permanent neurologic 
injury or death can occur in patients in whom the complica-
tion vasospasm develops. Because the incidence and severity 
of vasospasm is related to the amount of subarachnoid blood 
present, computed tomography (CT) findings are often graded 
according to the Fisher’s grading system (Table 13.3a and b).11 
Despite criticisms of Fisher grading12 and proposed modifica-
tions,13 it remains the primary method of describing the CT 
findings with regard to clot burden and the risk of vasospasm 
in aneurysmal SAH.

Although the surgical mortality and morbidity vary with 
different institutions, patients in good preoperative condition 
(assigned to clinical grades I and II) can be expected to do 
well; patients with grade V status have a high mortality and 
morbidity, but aggressive management has resulted in sub-
stantial improvement (Table  13.4).14 The clinical grade also 
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indicates the severity of associated cerebral pathophysiology. 
The higher the clinical grade, the more likely the occurrence 
of vasospasm, elevated ICP,15,16 impairment of cerebral auto-
regulation,17,18 and a disordered cerebrovascular response to 
hypocapnia.17 A worse clinical grade is also associated with 
a higher incidence of cardiac arrhythmia and myocardial 
dysfunction.19,20

Patients with worse clinical grades have a tendency to be-
come hypovolemic and hyponatremic.21,22 Thus, understanding 

the grading scale allows the anesthesiologist to communicate 
effectively with other physicians and facilitates assessment of 
pathophysiologic derangements and the planning of perioper-
ative anesthetic management.

Intracranial Pressure
ICP increases rapidly after an SAH and may approach the lev-
els of the systemic blood pressure. This phase lasts minutes 
and is thought to limit the amount of blood leakage through 
the ruptured aneurysm. With recurrent rupture of the aneu-
rysm, ICP increases further from mass effect (clot), cerebral 
edema, or hydrocephalus due to a blocked aqueduct. ICP that 
reaches at least 20 mmHg is present in 36–67% of patients.23,24

Grade (Hunt and Hess) Mortality (%) Morbidity (%)

0 0–2 0–2

I 2–5 0–2

II 5–10 7

III 5–10 25

IV 20–30 25

V 30–40 35–40

Table 13.4  �Surgical Mortality and Major Morbidity of 
Subarachnoid Hemorrhage According to 
Clinical Grades∗

∗Pooled from the literature and experience in the author’s (A.M.L.) 
institution.

Grades Criteria

0 Unruptured aneurysm

I Asymptomatic or minimal headache and slight  
nuchal rigidity

II Moderate to severe headache, nuchal rigidity, but no 
neurologic deficit other than cranial nerve palsy

III Drowsiness, confusion, or mild focal deficit

IV Stupor, mild or severe hemiparesis, possible early 
decerebrate rigidity, vegetative disturbance

V Deep coma, decerebrate rigidity, moribund appearance

Table 13.1  �Modified Hunt and Hess Clinical Grades for 
Patients with Subarachnoid Hemorrhage∗

∗Serious systemic disease such as hypertension, diabetes, severe 
arteriosclerosis, chronic pulmonary disease, and severe vasospasm 
seen on arteriography result in assignment of the patient to the next 
less favorable category.

Grade Glasgow Coma Scale Score Motor Deficit

I 15 Absent

II 14–13 Absent

III 14–13 Present

IV 12–7 Present or absent

V 6–3 Present or absent

Table 13.2  �World Federation of Neurological Surgeons’ 
Grades for Patients with Subarachnoid 
Hemorrhage

(Data from Report of World Federation of Neurological Surgeons 
Committee on a Universal Subarachnoid Hemorrhage Grading Scale.  
J Neurosurg 1988;68:985–986.)

Grade CT Finding(s)

1 No blood detected

2 Diffuse thin layer of subarachnoid blood (vertical 
layers < 1 mm thick)

3 Localized clot or thick layer of subarachnoid blood 
(vertical layers ≥ 1 mm thick)

4 Intracerebral or intraventricular blood with diffuse or no 
subarachnoid blood

Table 13.3a  �Fisher Grades for Computed Tomography 
Findings in Subarachnoid Hemorrhage

CT, computed tomography.
(Data from Fisher CM, Kistler JP, Davis JM: Relation of cerebral 
vasospasm to subarachnoid hemorrhage visualized by computerized 
tomographic scanning. Neurosurgery 6:1–9, 1980.)

 No SAH

Focal or 
diffuse 
thin SAH

Focal or 
diffuse 
thick SAH IVH

0 + - - - No subarachnoid 
hemorrhage (SAH); 
no intraventricular 
blood

1 - + - - Thin diffuse or 
focal subarachnoid 
blood but no 
intraventricular 
blood

2 - + - + Thin diffuse or 
local subarachnoid 
blood with 
intraventricular 
blood

3 - - + - Thick focal 
or diffuse 
subarachnoid 
blood but no 
intraventricular 
blood

4 - - + + Thick local 
or diffuse 
subarachnoid 
blood with 
intraventricular 
blood

Table 13.3b  �Modified Fisher Grades for CT Findings in 
Subarachnoid Hemorrhage

(From Frontera JA, Claasen J, Schmidt JM, et al. Prediction of 
symptomatic vasospasm after subarachnoid hemorrhage: the modified 
Fisher scale. Neurosurgery 58: 21–27, 2006.)
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ICP correlates well with clinical grade. It is generally normal 
in patients with grade I and II status but is elevated in those 
with grade IV and V status (Fig. 13.1). However, a normal ICP 
does not necessarily imply normal intracranial compliance 
(elastance). It is important not to normalize the ICP too rap-
idly, because doing so may increase the transmural pressure 
(TMP) gradient across the aneurysm wall and cause further 
hemorrhage. A cerebral perfusion pressure (CPP) value of 60 
to 80 mmHg is a reasonable goal.25

A communicating hydrocephalus may later develop be-
cause of arachnoidal adhesions from the extravascular blood 
that interferes with reabsorption of cerebrospinal fluid (CSF). 
In several large studies the incidence of hydrocephalus ranged 
from 15%2 to 41%.23 Clinically, hydrocephalus is characterized 
by progressive obtundation and nonreactive small pupils. The 
clinical features are present in only about 50% of cases, and 
therefore radiologic diagnosis is essential. Elevated ICP with 
hypovolemia may increase the likelihood of delayed cerebral 
ischemia and infarction.26 Patients with SAH generally have 
decreased cerebral blood flow (CBF) and cerebral metabolic 
rate.27,28 The development of vasospasm can also exacerbate a 
rise in ICP because the reduction in CBF resulting from va-
soconstriction of large conductance vessels is accompanied 
by vasodilation in the distal vessels, leading to an increase in 
cerebral blood volume (CBV) and a subsequent rise in ICP. 
Another factor that would contribute to increases in ICP is an 
intracerebral (17%) or intraventricular (17%) hematoma.2 It is 
possible that there is a causal relationship between acute hy-
drocephalus29 and delayed cerebral ischemia, but this remains 
to be established.26

Impairment of Autoregulation and Carbon  
Dioxide Reactivity
Patients with SAH have both an impairment of autoregu-
latory capacity30 and a rightward shift in the lower limit of 
autoregulation. The severity of autoregulatory impairment 
correlates directly with the clinical grade.17,18,30 Nornes and 
colleagues31 observed that the lower limit of autoregulation 
was significantly higher in patients with clinical grade III 
than in those with clinical grade I and II during intracranial 
surgery. The development of impaired autoregulation closely 
correlates with the occurrence of vasospasm.32 This impaired 
autoregulation in the presence of vasospasm predicts delayed 
ischemic deficits33–35 and is associated with an unfavorable 
outcome.36

If neurologic deterioration occurs, it is vital to review the 
hemodynamic measurements for any associated relationship. 
Many well-documented cases describe patients with SAH in 
whom a new neurologic deficit developed in association with 
a decrease in blood pressure and a subsequent reversal of the 
deficit with a pharmacologically induced increase in blood 
pressure.37 Thus, the anesthesiologist must not allow the perfu-
sion pressure to decrease below this lower limit perioperatively. 
This situation represents a relative contraindication to induced 
hypotension during surgery, as discussed later. One study 
looked at outcome in relation to the incidence and magnitude 
of decrease in blood pressure and failed to find any difference 
in poor outcomes.38 While seemingly tolerated, induced hypo-
tension may predispose to inadequate CPP values as well as ex-
acerbate elevated ICP, and so is best avoided.

The cerebrovascular response to hyperventilation is gener-
ally preserved after SAH.17,18 Although impairment of autoreg-
ulation may occur in patients assigned relatively good clinical 
grades, a decline in CO2 reactivity does not occur until there 
is severe damage.18 Thus, hyperventilation remains effective in 
reducing CBF and CBV during perioperative management for 
most patients and potentially could improve autoregulation in 
those compromised by the SAH.39

Systemic Effects
Intravascular Volume Status and Hyponatremia
The intravascular volume status has been found to be ab-
normally low in 36% to 100% of patients with SAH, and the 
level of hypovolemia correlates with the clinical grade.22,40 
Moreover, patients with signs of increased ICP on CT scan 
have a greater likelihood of systemic hypovolemia.22 The rea-
sons are multifactorial and probably include bed rest, supine 
diuresis, negative nitrogen balance, decreased erythropoiesis, 
and iatrogenic blood loss. Hypovolemia may exacerbate the 
clinical effects of vasospasm and is associated with cerebral 
ischemia and infarction.22,40,41

Paradoxically, hypovolemia has often been observed to be 
associated with hyponatremia, which occurs in approximately 
30–57%41–43 of cases of SAH. The etiology of hyponatremia is 
still a matter of debate.44 The syndrome of inappropriate an-
tidiuretic hormone (SIADH) secretion has been implicated,43 
treatment for which consists of fluid restriction. An alternative 
etiology is cerebral salt wasting syndrome (CSWS),45 which 
involves natriuretic peptides being released from the walls of 
the myocardium46 or from the hypothalamus in response to 
hydrocephalus, which causes distention of the cerebral ven-
tricles.21 The release of brain natriuretic peptide has been cor-
related with cerebral vasospasm and hyponatremia47,48 as well 
as cerebral infarction independent of vasospasm.49 What dis-
tinguishes CSWS from SIADH is the difference in intravascu-
lar volume, which is relatively low with the former and high 
in the latter. As hypovolemia can aggravate vasospasm, it is 
probably safer to err on the hypervolemic side, although nor-
movolemia should be the goal. Hypertonic saline is the treat-
ment of choice for both conditions.

Other significant electrolyte abnormalities are hypokale-
mia and hypocalcemia. In a series of 406 patients with SAH, 
both hypokalemia (serum K+ value < 3.4 mmol/L) and hypo-
calcemia (serum Ca2+ value 2.2 mmol/L) were noted (in 41% 
and 74% of cases, respectively).50

Cardiac Effects
The effects of SAH on the myocardium can range from 
alterations in the electrocardiogram, to leakage of car-
diac troponins, to wall motion abnormalities evident on 
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echocardiography. Preexisting coronary artery disease in the 
setting of the profound stress induced by SAH may result in 
myocardial ischemia. However, the majority of patients with 
cardiac dysfunction secondary to SAH have normal coro-
nary artery anatomy and suffer from a neurogenic stressed 
myocardium.51

Electrocardiographic Changes
Electrocardiographic (ECG) abnormalities occur in 
40–100% of patients with SAH.52 These abnormalities in-
clude sinus bradycardia, sinus tachycardia, atrioventricular 
dissociation, and bradycardia-tachycardia, in addition to 
more serious and potentially life-threatening rhythms such 
as ventricular tachycardia and fibrillation. Morphologic 
changes in the ECG tracing include T-wave inversion, de-
pression of the ST segment, the appearance of U waves, pro-
longed QT interval, and, rarely, Q waves.53 A prolonged QT 
interval may occur in 20–41% of patients predisposing them 
to dangerous ventricular arrhythmias. Atrial arrhythmias 
including fibrillation and flutter occur in 4% of patients and 
have been found to be associated with a higher risk of se-
vere disability and death.54 The incidence of ECG changes 
correlates with the amount of intracranial blood, and pa-
tients with Fisher grades 3 and 4 CT findings having more 
abnormalities.55 Potassium and calcium abnormalities may 
contribute to the ECG changes.

Myocardial Function
After SAH, damage to the myocardium can be indicated by an 
increase in circulating levels of cardiac troponin I (cTi) found 
in 17% to 68% of patients.56,57 This cTi elevation following 
SAH-induced myocardial insult is much less than that related 
to myocardial infarction.58 Elevation of cTi has been found to 
be associated with regional wall motion abnormalities and left 
ventricular dysfunction,57 as well as hypotension, delayed ce-
rebral ischemia from vasospasm, and death and disability at 
90 days.57,59

Echocardiography of patients with SAH has shown de-
pressed left ventricular function and regional wall motion 
abnormalities in 13–18% of cases.20,60 Predictors of ventricu-
lar dysfunction include elevated cTi,20,57,58 poor clinical grade 
(Hunt and Hess III to V),20,60 and female gender.60

The mechanism of myocardial dysfunction has garnered 
much attention lately, leading to the proposal of several 
mechanisms.51 The arterial supply to the heart has been 
implicated. Multivessel coronary artery spasm seems un-
likely, given that the available coronary angiographic stud-
ies demonstrate normal coronary structure even in the 
presence of ongoing ECG and echocardiographic evidence 
of myocardial dysfunction.61,62 Currently the favored mech-
anism is increased release of localized catecholamines in 
the myocardium.63 This intense stimulation leads to con-
traction band necrosis and subsequent myocardial dys-
function. The fact that regional wall motion abnormalities 
span the myocardium in a pattern outside the territories of 
known coronary artery distributions lends credence to this 
theory.64

Takotsubo cardiomyopathy (TTC) has been reported in an-
eurysmal subarachnoid hemorrhage,65 but typically, ventricular 
dysfunction secondary to SAH is associated with apical spar-
ing.64 In a multicenter study on patients with SAH, neurogenic 
stress cardiomyopathy consistent with TTC was observed in 
10% of the cases.66 Although the prognosis of SAH-induced 
ventricular dysfunction is good and generally considered re-
versible,67 it is associated with increased risk for delayed cerebral 
ischemia and poor outcome in this study.

Anesthetic Implications
Patients with prolonged QT interval, T-wave abnormalities, 
and Q waves should undergo prompt correction of electro-
lyte disturbances. Experimentally, pharmacologic or surgical 
blockade of the sympathetic nervous system prevents or abol-
ishes these ECG changes. However, no evidence exists that 
the prophylactic administration of a β-adrenergic or other 
autonomic antagonist significantly alters the outcome in such 
patients, and the use of these agents for this purpose is proba-
bly not warranted.68

Q waves and other ECG evidence of ischemia are always 
worrisome and, when observed in a patient with SAH, pose 
a diagnostic dilemma. Although most ECG abnormalities 
after SAH appear to be neurogenic rather than cardiogenic 
in nature, diagnostic difficulty has on occasion led to a de-
lay in surgery. Moreover, microscopic hemorrhages and 
myocytolysis have been observed in a postmortem study, 
although other studies have reported no signs of myocar-
dial damage.

The three possibilities for ECG abnormalities consistent 
with infarction are: (1) coincidental acute myocardial infarc-
tion, (2) SAH-induced myocardial infarction, and (3) ECG 
changes without infarction. Cardiac enzyme measurements 
and echocardiography should be obtained in suspicious cases. 
As with any surgical procedure, the decision to proceed with 
surgery should be based on a risk–benefit analysis and, there-
fore, depends on the urgency of the situation. Because of the 
risk of rebleeding, surgical therapy of a ruptured aneurysm is 
almost always considered urgent.

In summary, ECG changes are prevalent after SAH and 
likely represent hyperactivity of the sympathetic system with 
increased levels of norepinephrine. Although in some patients 
there is no myocardial pathologic condition, in others there 
may be ventricular dysfunction, and in rare cases necrosis and 
other myopathology can occur. In suspicious cases, serial cTi 
measurements should be obtained. Because the electrocardio-
graphic changes reflect the severity of neurologic damage and 
have not been shown to materially contribute to perioperative 
mortality or morbidity,69 the decision to operate should not be 
influenced by these ECG changes. These considerations, how-
ever, may influence the decision about the choice of invasive 
monitoring. The various ECG changes and their potential cor-
relation with ventricular dysfunction and pathology are sum-
marized in Table 13.5.

Respiratory System
Pulmonary edema has been observed to accompany SAH in 
8% to 28% of cases70,71 leading to an acute lung injury (PaO2-
FiO2 ration <300) in 27%.72 This may be due to pulmonary 
congestion from myocardial dysfunction or directly mediated 
at the lung via a sympathetic mechanism, and an inflammatory 
component has also been implicated.73 Parallel to myocardial 
dysfunction, the incidence of pulmonary edema is correlated 
closely with clinical grade.70 Aspiration and hydrostatic pneu-
monia are other potential complications.

Other Major Medical Problems
On the basis of the findings of the Cooperative Study, other ma-
jor medical problems associated with SAH are systemic hyper-
tension (21%), heart disease (3%), and diabetes mellitus (2%).2

Concurrent Medical Treatments
Patients receiving diuretic therapy for chronic hyperten-
sion may have preexisting fluid and electrolyte problems 
before SAH.
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Anticonvulsant medications such as phenytoin and carba-
mazepine antagonize the actions of nondepolarizing agents 
such as pancuronium and vecuronium (and atracurium to 
a lesser extent) as well as fentanyl requirements. A higher 
dose requirement and shortened duration of action for these 
drugs might be anticipated if the anticonvulsant therapy has 
been greater than 7 days in duration. The effect of the newer 
anticonvulsants lamotrigine and levetiracetam on nonde-
polarizing agents has not been rigorously studied. However, 
preliminary data indicate that higher doses are not needed 
and shortened duration of neuromuscular blockade does not 
occur.74

Antifibrinolytic agents such as ε-aminocaproic acid and 
tranexamic acid to prevent rebleeding while the patient is 
waiting for surgery have been evaluated. Although these 
agents have been found to decrease the risk of rebleeding, 
they are associated with an increased risk of cerebral isch-
emia, and no overall benefit has been shown for their use.75 
The anesthesiologist should be aware that patients on an-
tifibrinolytics may have a greater incidence of vasospasm 
and hydrocephalus, and have a higher incidence of venous 
thrombosis and pulmonary embolism. Thus, the usage of an-
tifibrinolytics cannot be recommended.76 Use of recombinant 
factor VII (rFVIIIa) to decrease the incidence of rebleeding 
has been deterred by the occurrence of critical thrombosis in 
an early trial.77

Calcium channel antagonists (usually oral nimodipine) 
should be routinely administered for vasospasm prophylaxis. 
This therapy has specific anesthetic implications that are dis-
cussed later in the chapter.

Timing of Surgery
The two major complications contributing to significant 
morbidity and mortality after SAH are rebleeding and va-
sospasm, with each accounting for about 7% of mortality.2 
Because the brain is acutely swollen with fresh clots following 
SAH, it was generally believed that early operation increases 
the incidence of postoperative vasospasm. The Cooperative 
Study data influenced most surgeons to wait 7–10 days for 
the acute inflammatory process to subside before any op-
erative intervention. Indeed, results from the Cooperative 

Study indicate that the brain was considered “tight” in 50% 
of cases with early surgery (same day as SAH), but in only 
20% of cases undergoing operation after 10 days (Fig. 13.2).3 
Although delaying surgery does allow brain swelling to de-
crease, both rebleeding and vasospasm can occur during this 
waiting period. When surgery was delayed, antifibrinolytic 
agents were usually given to prevent lysis of the clot and re-
bleeding from the rent of the aneurysm. However, random-
ized clinical trials showed that, although these agents are 
effective in reducing the incidence of rebleeding, the inci-
dence of vasospasm increases, leaving the overall morbidity 
and mortality unchanged.

Outcome studies to guide practice in timing of surgery are 
lacking.78 While observational studies favor earlier surgery—
with poor grade patients seemingly having the most benefit 
from early surgery79,80 there is variation in when patients with 
poor clinical grade are taken to surgery. In an attempt to im-
prove the overall outcome, there is a growing trend toward 
early operation, so that the risk of rebleeding can be elimi-
nated and any vasospasm more aggressively treated. However, 
the results from the Cooperative Study showed that the overall 
management results for early (3 days or sooner) and late (after 
10 days) surgery are not significantly different, although the 
results were the worst when surgery was performed between 
7 and 10  days.2 A subsequent analysis of data derived from 
only North American centers varied from the overall findings 
and indicated that the best results were achieved when surgery 
was planned within 3 days of SAH, therefore arguing strongly 
in favor of early surgery.81 Although they should never be the 
primary consideration, substantial economic savings are also 
realized with early surgery. The trend toward early operation 
will probably continue, and patients in less-than-ideal condi-
tion for surgery will be coming to the operating room.

Rebleeding
Previous studies suggest that rebleeding following the initial 
SAH peaks at the end of the first week. The Cooperative Study 
data indicate that rebleeding peaks at 4% during the first 24 
hours and then levels off at 1.5% per day on subsequent days. 
The overall incidence is 11%,6,81 which accounts for 8% of the 
mortality and disability.2 The incidence is lower in patients 
receiving antifibrinolytic agents.2 Rebleeding remains a major 
threat in hospitals where delayed surgery is the standard prac-
tice. With the trend toward early operation, the risk of rebleeding 
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Fig. 13.2  The percentage of patients with a “tight” brain during 
surgical exposure correlated with the number of day(s) after 
subarachnoid hemorrhage that the operation was performed. (From 
Kassell NF, Torner JC, Haley EC Jr, et al: The International Cooperative 
Study on the Timing of Aneurysm Surgery. Part 1: Overall management 
results. J Neurosurg 1990;73:18–36.)

Benign changes Sinus bradycardia
 Sinus tachycardia
 Atrioventricular dissociation
 Premature ventricular contractions
 Nonspecific ST segment depression
 T wave inversion
 U wave

Possible and actual wall 
motion abnormalities

Symmetrical T wave inversion217,218

Prolonged QT interval > 500 msec218

 ST segment elevation219

 Left ventricular dysfunction with  
apical sparing49

 Regional wall motion abnormalities19

Possible and actual 
myocardial injury

Q wave
ST segment elevation

 Elevated myocardial enzyme values
 Elevated troponin I value

Table 13.5  �Electrocardiography and Myocardial 
Dysfunctions seen in Subarachnoid 
Hemorrhage∗

∗Superscript numbers are chapter references.
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is reduced but not eliminated.82 A combination of antifibrino-
lytic therapy for rebleeding and a calcium channel blocker for 
vasospasm has been suggested as a possible remedy.83

Vasospasm
Incidence
In patients who initially survive a SAH, cerebral vasospasm 
causing ischemia or infarction remains an important cause of 
morbidity and mortality. In the Cooperative Study, vasospasm 
accounted for 13.5% of the overall mortality and major mor-
bidity.2 Not all patients with SAH have vasospasm, and the 
severity, time course, and prognosis of vasospasm are largely 
unpredictable. The incidence and severity of delayed cerebral 
vasospasm have been shown to correlate with the amount and 
location of blood in the basal cisterns. The frequency of occur-
rence as determined by angiography is estimated to be 40–60%. 
However, clinically significant and symptomatic vasospasm 
occurs at a lower frequency (20–30%). The difference may be 
explained by the varying severity of vasospasm. Significant 
narrowing of the major blood vessels can occur without an 
overall reduction in distal perfusion. Furthermore, CBF can 
be reduced significantly by 20–25% without compromising 
normal brain function. Thus, considerable reduction in CBF 
can occur from vasospasm without clinical symptoms. Of the 
patients in whom symptomatic vasospasm develops, approx-
imately 50% die or are left with a serious residual neurologic 
deficit. Typically, angiographically detectable vasospasm is not 
seen until 72 hours after SAH, the incidence peaks 7 days after 
SAH, and the problem is seldom seen after 2  weeks. When 
comparing endovascular aneurysm therapy and surgical clip-
ping of the aneurysm with regards to vasospasm—endovas-
cular therapy appears to have either the same84 or reduced85 
incidence of vasospasm.

Pathogenesis
The vasospastic artery has structural and pathologic changes 
within the vessel wall, such as swelling and necrosis of the 
smooth muscle cells. Although the exact mechanism and 
cause of spasm have not been completely elucidated, a rea-
sonable hypothesis is that one or more vasoactive substances 
contained in the blood in the basal cisterns induce inflam-
matory changes in the cerebral arteries to cause severe con-
striction.86 The component in the blood implicated in the 
pathogenesis of vasospasm is currently thought to be oxy-
hemoglobin.87 The normal cerebrovascular tone is regulated 
by a balance between vasodilating and vasoconstricting 
factors. The suppressive interaction of oxyhemoglobin with 
endothelium-derived relaxing factor or nitric oxide (potent 
vasodilator) coupled with stimulated production of endothe-
lin (potent vasoconstrictor) is the postulated cause of cerebral 
vasospasm. In experimental vasospasm, the rise in perivascu-
lar concentrations of oxyhemoglobin and deoxyhemoglobin 
parallel the time course of vasospasm.88 The presence of he-
moglobin in the extravascular space incites an inflammatory 
reaction including such molecules as free radicals, haptoglo-
bin, cell-adhesion molecules, cytokines which act to recruit 
macrophages and leukocytes into the extravascular areas con-
taining blood.89

Clinical Manifestations
Delayed cerebral ischemia from vasospasm after SAH is a 
multivascular or diffuse process in most patients. The clinical 
manifestations of vasospasm include a decrease in the level of 
consciousness, new onset of focal signs, and mutism. In a pro-
spective study, Hijdra and associates90 found that the majority 
of patients with delayed cerebral ischemia from vasospasm 

had a decrease in level of consciousness that was sometimes 
accompanied, but never preceded, by focal signs. Clinical 
manifestations most commonly appear gradually but may also 
occur abruptly.

Diagnosis
After the appearance of new focal signs or a decrease in 
level of consciousness, the diagnosis of cerebral vaso-
spasm is confirmed by angiography. A CT scan may show 
hypodense lesions in brain areas that are consistent with  
the clinical signs; however, these have been found to be not 
sensitive and potentially unreliable.91 The diagnosis of va-
sospasm may also be predicted or made before the onset 
of clinical vasospasm with the use of transcranial Doppler 
ultrasonography (TCD). With vasospasm and narrowing 
of the conductance arteries of the circle of Willis, cerebral 
artery flow velocities increase,92 although confirmation 
with angiography is definitive. The noninvasive technol-
ogy of TCD also allows continual evaluation of the patient 
in vasospasm without resorting to frequent angiographic 
investigations. However, in patients treated with hyper-
tensive therapy, increase in flow velocity may represent 
increase in local cerebral blood flow instead of worsening 
vasospasm.93,94 Radiologic confirmation with angiography, 
single-photon emission CT (SPECT), CT perfusion, or MR 
perfusion studies may be necessary. CT angiography and 
MR angiography have also been used to diagnose vaso-
spasm, but the sensitivity and specificity have not been es-
tablished. Digital subtraction angiography remains the gold 
standard for diagnosis of vasospasm.

Treatment
Pharmacologic
Numerous drugs have been investigated for the prevention 
or treatment of vasospasm, but most are ineffective. Calcium 
channel blockers, of which nimodipine has been most exten-
sively studied, are the only class of drugs that have been shown 
to consistently reduce the morbidity and mortality from va-
sospasm. Depending on the study, the incidence of poor out-
come is reduced by 40–70%.95 Interestingly, none of these 
studies with favorable results for calcium channel blocker pro-
phylaxis was able to demonstrate any significant change in the 
incidence or severity of vasospasm, suggesting that the bene-
ficial effects of nimodipine may be occurring at either a distal 
vessel site or a cellular level. The only study that demonstrated 
a significant improvement in angiographic vasospasm with a 
calcium channel blocker used fasudil hydrochloride (not ap-
proved for use in the United States). Its use has yielded clinical 
outcomes similar to those for nimodipine.96 High-dose intra-
venous nicardipine has been investigated for the prevention 
of vasospasm. Although the incidence of symptomatic vaso-
spasm was reduced from 38% to 25%, there was no difference 
in outcome at 3  months, presumably because hypervolemic 
hypertensive therapy is effective in ameliorating the ischemic 
deficits from vasospasm.97

Because cerebral vasospasm is frequently the cause of poor 
outcomes after successful surgical or endovascular treatment, 
there are many investigations looking for new pharmaco-
logic therapies. Magnesium sulfate is thought to be a cerebral 
vasodilator by way of blocking voltage-dependent calcium 
channels. This property, paired with its ability to antagonize 
N-methyl-d-aspartate receptors, thereby limiting the damag-
ing excitatory glutamate stimulation, has led to many prelim-
inary studies. So far, magnesium sulfate has shown a similar 
efficacy in replacing nimodipine,98 and use of these two agents 
in conjunction has led to positive results in decreasing 
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ever, must be tempered by the concern for hypotension and 
hypocalcemia that accompany its use100 and studies have not 
supported its use.101 The endothelin receptor antagonists 
clazosentan has been shown to be effective in the prevention 
as well as he treatment of established vasospasm. However, a  
multicenter clinical trial failed to demonstrate a significant 
effect on mortality or morbidity, mainly secondary to an in-
crease in lung complications, anemia and hypotension.102 The 
use of statins to increase endothelial nitric oxide and thus treat 
vasospasm has received interest. A meta-analysis of trials to 
date103 suggests that statins may reduce the incidence of de-
layed ischemic deficits but does not seem to have an effect on 
long-term outcome.

Several other medications have shown early promise but 
subsequently failed to be adopted into clinical use. Of these, 
tirilazad, a potent lipid peroxidation inhibitor, initially showed 
promise, but further studies and a meta-analysis failed to show 
benefit.104 Nicaraven, a hydroxyl radical scavenger, afforded a 
35% reduction in the incidence of delayed ischemic deficits 
at 1 month; however, the results were no longer favorable at 
3 months.105

Nonpharmacologic
Surgical.  The presence of subarachnoid blood is related to 
the occurrence of vasospasm both qualitatively and quantita-
tively. By operating on patients with SAH within 48 hours of 
hemorrhage, Taneda reduced the incidence of delayed isch-
emic deficits from 25% (11 of 44 patients who underwent 
surgery 10 days or more after the hemorrhage) to 11% (11 of 
101 patients).106 Thus, early operation with extensive irrigation 
of the cisterns may have lowered the incidence or severity of 
vasospasm.

Reduction of Intracranial Pressure.  If the patient has elevated 
ICP, cerebral perfusion may be improved by lowering of the 
ICP. Improvement in neurologic status with this treatment 
alone has been reported.

Hypervolemic, Hypertensive, and Hemodilution Therapy.  
Historically the most consistently effective regimen available 
to treat ischemic neurologic deficits due to cerebral vasospasm 
uses hypervolemia, hypertension, and hemodilution (triple-H 
therapy). The rationale behind induced hypervolemia and hy-
pertension is that in SAH the ischemic areas of the brain have 
impaired autoregulation and thus CBF depends on perfusion 
pressure, which partly depends on the intravascular volume 
and mean arterial blood pressure.107,108 Although the triple 
H therapy may still be practiced in some centers, the latest 
guideline essentially focuses solely on the hypertensive ther-
apy as repeated studies suggest that hypervolemia provides no 
additional benefit and might increase the risk of pulmonary 
dysfunction.109

This classic triple H-therapy or, currently, hypertensive ther-
apy, is most successful if instituted early, when the neurologic 
deficits are mild and before the onset of infarction.37 However, 
prophylactic treatment initiated before aneurysm clipping is 
associated with a significant risk of rebleeding (19% in one se-
ries). Other concerns are worsening of cerebral edema, increas-
ing ICP, and hemorrhage into an infarcted area. With early 
surgery there is less likelihood of rebleeding from the hyper-
volemic, hypertensive therapy.110 Other systemic complications 
are pulmonary edema (7–17%), myocardial infarction (2%), 
dilutional hyponatremia (3–35%), and coagulopathy (3%).37

To optimize therapy and minimize the potential cardiovas-
cular and pulmonary complications, the use of invasive blood 
pressure monitoring is essential. Central venous pressure 

(CVP) or pulmonary artery catheter (PAC) was once com-
monplace but is increasingly being replaced by less invasive 
equivalents, including transpulmonary thermodilution mon-
itoring111 as well as algorithmic-based derivations of stroke 
volume variation and cardiac output.112 Because a growing 
number of studies have implicated PACs as increasing com-
plication rates with no improvement in outcome,113 it is rare 
to place a PAC to guide triple-H therapy. Select cases where 
neurogenic cardiac stunning may complicate triple-H therapy 
may warrant the addition of a PAC to guide fluid therapy, al-
though hypervolemia is no longer the goal.

Hypervolemia or, more appropriately, normovolemia 
is generally achieved with infusions of crystalloids or col-
loids when indicated (e.g., 5% albumin). Hetastarch and 
dextran solutions probably should not be used because of 
the potential complication of coagulopathy through in-
terference with platelets and factor VIII.114,115 Trumble and 
colleagues116 examined the use of hetastarch for hypervole-
mic treatment of vasospasm and reported the occurrence 
of coagulation abnormalities in all patients. Thus they were 
unable to formulate any dose guideline for its safe use. The 
lower-molecular-weight (LMW) dextran (pentastarch) ap-
pears to be associated with fewer coagulation problems.117 
Although intravenous fluid loading alone is often effective, 
it is at times insufficient to raise the blood pressure or re-
verse ischemic symptoms; vasopressors are then initiated to 
induce hypertension. The most widely used vasopressors are 
dopamine, dobutamine, norepinephrine (noradrenaline), 
and phenylephrine. The hypertensive therapy may induce a 
vagal response as well as a profound diuresis, requiring ad-
ministration of large amounts of intravenous fluids. Atropine 
(1 mg intramuscularly every 3 to 4 hours) may be given to 
maintain the heart rate between 80 and 120 beats/min, and 
aqueous vasopressin (Pitressin) (5 units intramuscularly) 
may be administered to maintain the urine output at less 
than 200 mL/h. With this regimen, often only small amounts 
of vasopressor drugs are required.37 The blood pressure is ti-
trated to a level necessary to reverse the signs and symptoms 
of vasospasm or to a maximum of 160 to 200 mmHg systolic 
in the patient whose aneurysm has been clipped.37 If the an-
eurysm has not been clipped, the systolic blood pressure is 
increased to only 120 to 160 mmHg. Blood pressure man-
agement should not be affected by the presence of incidental 
unruptured aneurysms, as the risk of hemorrhage from unse-
cured, unruptured aneurysms during hypertensive therapy is 
very low.118 The elevated blood pressure must be maintained 
until the vasospasm resolves, usually in 3 to 7 days. Response 
to therapy can now be monitored noninvasively with TCD. 
Improvement in vasospasm is generally clinically evident, 
and may or may not be associated with a decrease in flow 
velocity and, more importantly, a decrease in the Lindegaard 
ratio (MCA to extracranial ICA flow velocity ratio). 
Hemodilution, the last component of the traditional triple-H 
therapy, is based on the correlation of hematocrit and whole 
blood viscosity. As the hematocrit and viscosity diminish, 
the cerebrovascular resistance correspondingly decreases 
and CBF increases. One argument against hemodilution is 
that oxygen-carrying capacity is also reduced. Experimental 
studies have suggested that a hematocrit of 33% provides an 
optimal balance between viscosity and oxygen-carrying ca-
pacity, and this value has been applied clinically. With the 
growing concern about increased morbidity and mortality 
related to blood transfusion, this value is now often revised 
downwards to between 25% and 30%. Active hemodilution 
is currently seldom used, as most patients are at the target 
concentration at the onset of vasospasm.
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Transluminal Angioplasty.  In all major vessels that are acces-
sible, transluminal angioplasty has been used in patients with 
vasospasm refractory to conventional treatment,119 with rever-
sal of deficits being achieved in 65% of the patients treated.120 
The time frame within which to institute angioplastic therapy 
has not yet been established, but prophylaxis is not warranted 
because of the small but inherent risk of rupture. In distal 
vessels that are not accessible for angioplasty, the adminis-
tration of vasodilators (nicardipine, verapamil, papaverine, 
milrinone) via superselective intra-arterial infusion has been 
shown to be effective.121–124

Improvement in cerebral venous oxygen saturation and 
metabolic profile with this treatment has been demon-
strated.125 However, studies have failed to show a definitive 
difference between angioplasty and papaverine injection.126 
Although rare, complications from intra-arterial papaver-
ine infusion include severe thrombocytopenia,127 increase in 
ICP,128 and transient brainstem dysfunction (when infused 
into the posterior circulation).124 Intraoperative cisternal in-
jection of papaverine to reduce the risk of vasospasm has also 
been reported to cause transient pupillary dysfunction, which 
may interfere with neurologic assessment.129 The newer vaso-
dilators used for intra-arterial injection seem to decrease these 
side effects, with nicardipine showing better results than ve-
rapamil.126 A reduction in systemic blood pressure has been 
reported with the use of nicardipine, milrinone,121 and ver-
apamil130 Intraventricular use of nicardipine131 and intrathecal 
nimodipine132 in initial studies has shown some benefit in the 
treatment of vasospasm. Intraventricular administration of 
sodium nitroprusside has also been reported to reverse vaso-
spasm refractory to conventional triple-H therapy.133 However, 
none of this is currently considered to be accepted therapy.

Anesthetic Considerations
Hypertensive Therapy
The anesthetic management of patients who have or are at risk 
for vasospasm requires an understanding of the natural course 
of vasospasm, concurrent therapy, the importance of intravas-
cular volume status, the changes in electrolyte concentration 
that occur with the treatment of vasospasm, and which hemo-
dynamic variables are associated with vasospasm. Although it 
is generally believed that early surgery raises the risk of vaso-
spasm, there are no substantiating data, and some data suggest 
otherwise.2,110 Further investigations suggest that the interplay 
of vasospasm and surgical timing might account for the sever-
ity of the bleeding.134

Asymptomatic patients at risk for vasospasm include all 
patients who undergo surgery before the onset of vasospasm. 
Although it is not possible to predict the occurrence of post-
operative vasospasm, patients with good SAH grades and low 
Fisher grade tend to have a lower incidence. These patients 
should be kept in a normovolemic state, with volume loading 
initiated toward the end of the operation, after the aneurysm 
has been clipped. Intraoperatively, controlled hypotension can 
be provided safely, if so requested by the surgeon.135 Treatment 
of postoperative hypertension should not be too aggressive.

Some physicians consider patients who are symptomatic 
of vasospasm as being at high risk and not eligible for sur-
gery. Many other surgeons, however, believe the most ef-
fective treatment of vasospasm is immediate clipping of the 
aneurysm so that aggressive hypertensive and hypervolemic 
therapy can be implemented. Symptomatic patients present-
ing for emergency clipping of aneurysms should be treated 
aggressively, and normovolemia should be maintained and 
guided with invasive or noninvasive monitoring. For patients 
who have already been treated with hypertensive therapy, the 

threshold blood pressure below which the patient becomes 
symptomatic must be noted, and the blood pressure should 
not be allowed to fall below this value. Buckland and cowork-
ers136 have advocated intraoperative induced hypertension as 
a prophylactic measure. This approach, however, must be bal-
anced against the risk of re-rupture of the aneurysm as well 
as increased brain swelling and difficulty with intraoperative 
brain retraction. Because the main aim must be to maintain 
adequate CPP, induced hypotension is contraindicated in 
these patients.

With respect to asymptomatic patients who undergo oper-
ation on a delayed basis, vasospasm seldom occurs more than 
12 days after SAH. Therefore patients who have surgery later 
than 10 to 12 days after SAH have a low risk of vasospasm and 
can be managed in a normal fashion.
Calcium Channel Antagonists
Calcium channel antagonists have a proven efficacy in reduc-
ing the neurologic complications of vasospasm. In most in-
stitutions, all patients with SAH are prophylactically treated 
with nimodipine. Clinical experience suggests that these 
drugs do not present any difficulty for anesthetic manage-
ment, although 5% of the patients who receive nimodipine 
and 23% of the patients who receive intravenous nicardipine 
demonstrate mild hypotension as a result of systemic vaso-
dilation. A similar tendency toward lower systemic blood 
pressure was also observed intraoperatively, and there was a 
reduced demand for hypotensive agents when controlled hy-
potension was used.

Premedication
To allow accurate assessment of the patient’s immediate pre-
operative neurologic condition and clinical grade, preopera-
tive medications are best omitted. A proper preoperative visit 
by the anesthesiologist with a thorough explanation usually 
obviates any need for preoperative medication. However, 
an anxious patient may become hypertensive, with greater 
risk of rebleeding. On the other hand, premedications such 
as barbiturates and narcotics may cause respiratory de-
pression, resulting in an increase in CBF and CBV; there-
fore such medication must be used judiciously in patients 
with elevated ICP. Premedication should be individualized. 
Patients with a good clinical grade may receive fentanyl,  
50–150 μg or morphine, 1–5 mg, and/or midazolam, 1–5 mg, 
intravenously for sedation. In general, premedication should 
be conservative, and narcotics are preferable to benzodiaz-
epines. The best results are achieved when administration 
is titrated incrementally. Patients already treated with me-
chanical ventilation may receive higher doses (fentanyl 
250–500 μg or morphine, 10–20 mg; midazolam, 5–10 mg) if 
hemodynamic stability is maintained. Muscle relaxants may 
also be required for transport of intubated patients. Patients 
should continue to receive their regular doses of nimodipine 
and dexamethasone.

INTRAOPERATIVE 
CONSIDERATIONS AND 
INDUCTION OF ANESTHESIA

The incidence of aneurysm rupture during induction of an-
esthesia, although rare (reported to be 2% in one series but 
probably less than 1% with modern anesthetic techniques), is 
usually precipitated by a sudden rise in blood pressure during 
tracheal intubation and is associated with a high mortality. 
Therefore the goal during induction of anesthesia for aneu-
rysm surgery is to reduce the risk of aneurysm rupture by 
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minimizing the TMP while simultaneously maintaining an 
adequate CPP. As illustrated in Fig. 13.3, both TMP and CPP 
are determined by the same equation, mean arterial blood 
pressure (MAP) minus ICP (MAP − ICP). Therefore these 
goals represent opposite objectives. Ideally, the TMP or CPP 
should be kept at the preoperative value throughout the in-
duction period, particularly in patients with good SAH grades; 
however, this is not always possible.

As a general principle, the patient’s blood pressure 
should be reduced to 20–25% below the baseline value, and 
prophylaxis for the normal hypertensive response to intu-
bation should be instituted before tracheal intubation is at-
tempted. Another useful approach is to balance the risk of 
ischemia from a reduction in CPP against the benefit of a 
reduced chance of aneurysmal rupture from a decrease in 
TMP, taking into consideration the patient’s clinical grade. 
Patients with SAH grades 0, I, and II generally have normal 
ICP and are not experiencing acute ischemia.15 Therefore, 
these patients will tolerate a bigger transient decrease in 
blood pressure (30–35%, or systolic blood pressure at about 
100 mmHg). In contrast, patients with poor clinical grades 
frequently have increased ICP,15 low CPP, and ischemia. 
The elevated ICP decreases the TMP and partially pro-
tects the aneurysm from re-rupture. These patients may 
not tolerate transient hypotension as well, and the dura-
tion and magnitude of blood pressure decrease should be 
moderated. The same consideration applies to the use of 
hyperventilation. Patients with a good clinical grade should 
not be hyperventilated, because the reduction in CBF will 
lead to a reduction in ICP and, consequently, an increase in 
TMP. Conversely, patients with poor clinical grades should 
be managed with moderate hyperventilation to improve ce-
rebral perfusion. To reduce the risk of aneurysm rupture 
or ischemia, the change in TMP or CPP should always be 
gradual, not abrupt.

If these principles and objectives are adhered to, a variety 
of anesthetic agents and techniques can be used successfully. 
Irrespective of the technique used, vigilant monitoring of 
blood pressure is required, which may be achieved by direct 
intra-arterial blood pressure monitoring.

Conceptually, it is convenient to think of the induction 
phase as consisting of two parts: (1) induction to achieve loss 
of consciousness and (2) prophylaxis to prevent a rise in blood 
pressure in response to laryngoscopy and intubation.

Induction
Achieve Loss of Consciousness
Propofol (1.5–2 mg/kg) or thiopental (3–5 mg/kg) in combina-
tion with fentanyl (3–5 μg/kg) or sufentanil (0.3–0.5 μg/kg) is 
suitable. Propofol has superseded thiopental, which is no lon-
ger available in North America, and remifentanil or fentanyl 
are the preferred narcotics. Other alternatives are etomidate 
(0.3–0.4 mg/kg) and midazolam (0.1–0.2 mg/kg). Propofol is 
similar in action to thiopental. It reduces CBF and metabolic 
rate,137 and with careful titration (1.5–2.5 mg/kg) it can be used 
without compromising cerebral perfusion.

Regarding the use of narcotics, Marx and associates138 ob-
served that sufentanil may cause an increase in ICP in patients 
with supratentorial tumors and suggested that this increase 
may be secondary to cerebral vasodilation. However, both fen-
tanyl and sufentanil have been shown to raise ICP in patients 
with head trauma,139 and Trindle and colleagues140 reported 
that both agents increase CBF velocity. Other investigators, 
however, were unable to document either an increase in flow 
or a change in ICP with sufentanil.141,142 Similarly, Mayberg 
and coworkers did not observe an increase in flow velocity 
or ICP with alfentanil.143 In view of these studies, the mecha-
nism of the rise in ICP remains unclear and may be related to 
the simultaneous decrease in systemic blood pressure result-
ing in autoregulation-mediated compensatory vasodilation. 
The study by Werner and associates144 in patients with head 
injury supports this possibility; they observed an increase in 
ICP only in the patient group in whom systemic hypotension 
developed after sufentanil administration. This mechanism 
has been questioned by de Nadal and colleagues,145 who found 
that autoregulatory status was not predictive of ICP changes 
induced with opioids in head-injured patients.

These studies leave the mechanism of ICP change with opi-
oids in question, although the importance of maintaining nor-
motension with administration of synthetic narcotics cannot be 
neglected. When used in combination with a vasoconstrictive 
agent such as propofol, these narcotics should be safe for use in 
patients with SAH, although mild hyperventilation should be 
instituted in patients with elevated ICP. The action of the most 
recently introduced narcotic remifentanil appears to be similar 
to that of fentanyl,146–148 with the exception that the context-
sensitive half-life is very short at 3 minutes after a 3-hour infu-
sion.149 This ultra-short-acting narcotic facilitates the emergence 
of the patient from anesthesia and allows immediate assessment 
of neurologic function. It is often used in combination with 
propofol infusion as part of total intravenous anesthesia regimen.

Intubation
Prophylaxis against a Rise in Blood Pressure  
during Laryngoscopy
The aforementioned regimen deals only with the induction of 
unconsciousness, and other agents are required before tracheal 
intubation is attempted. Many anesthetic adjuncts have been 
used successfully to prevent the rise in blood pressure that oc-
curs with laryngoscopy and tracheal intubation. They include 
the use of high-dose narcotics (e.g., fentanyl, 5–10 μg/kg, sufen-
tanil, 0.5–1.0 μg/kg or remifentanil, 1–1.5 μg/kg), β-adrenergic 
antagonists (e.g., esmolol, 0.5 mg/kg), labetalol (10–20 mg), in-
travenous or topical lidocaine (1.5–2.0 mg/kg), a second dose 
of propofol (0.5–1 mg/kg), or a deep level of an inhalation an-
esthetic such as isoflurane or sevoflurane. Intravenous adjuncts 
are preferred in patients with poor SAH grade, whereas deep in-
halation anesthetics are appropriate for patients with good SAH 
grades, but should be avoided in patients with increased ICP.

ICP 5-20 mmHg

TMP = MAP − ICP = 95 − 20 mmHg
CCP = MAP − ICP = 95 − 20 mmHg

Fig. 13.3  Determinants of transmural pressure (TMP) and cerebral 
perfusion pressure (CPP). Both are determined by the difference 
between mean arterial pressure (MAP) and intracranial pressure (ICP) 
and are therefore numerically identical.
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Choice of Muscle Relaxant
Although succinylcholine has been reported to increase ICP,150 
it has been used successfully in many aneurysm patients with 
no known sequelae. Moreover, this increase in ICP is not seen 
when the patients are sedated, or have suffered neurologic in-
jury,151 or when succinylcholine is preceded by a defasciculat-
ing dose of a nondepolarizing agent. Another potential concern 
with succinylcholine is the possibility of potassium release. An 
early study reported potassium release to be a significant com-
plication, but this observation was not confirmed by a later in-
vestigation.152 In all likelihood, succinylcholine is probably safe 
to use in the patient with acute SAH but should be avoided in 
patients with motor deficits in the subacute stages.

In view of these potential complications, many anesthesi-
ologists prefer to use a nondepolarizing agent. Rocuronim or 
cisatracurium are both suitable agents that do not cause hyper-
tension or tachycardia. Vecuronium is also associated with he-
modynamic stability. Rocuronium, given at 1.2 mg/kg, is similar 
in onset time to succinylcholine and may be the nondepolarizing 
muscle relaxant of choice in neurosurgical anesthesia. Overall, 
the choice of muscle relaxant depends on the anesthesiologist’s 
preference as well as the nature of other drugs being adminis-
tered at the time of induction. For subsequent neuromuscular 
blockade, any of the nondepolarizing agents can be used. If neu-
rophysiologic monitoring (specifically motor evoked potential 
[MEP] monitoring) is employed, subsequent doses of muscle 
relaxants may interfere with optimal monitoring.153

To avoid coughing, the neuromuscular junction should be 
monitored, and tracheal intubation should be attempted only 
when muscle paralysis is complete. The blood pressure should 
also be watched closely during laryngoscopy. If the blood 
pressure begins to rise unexpectedly (above the preinduction 
value), the intubation attempt must cease, and additional an-
esthetic agents or adjuncts should be given.
The Patient with a Full Stomach
If the patient has a full stomach, the anesthesiologist must bal-
ance the risk of aneurysm rupture against the risk of aspiration. 
One approach is to treat the patient like any patient at risk of 
regurgitation and aspiration, using a rapid-sequence induction 
with cricoid pressure. To obtund the hypertensive response to 
tracheal intubation, fentanyl 5–10 μg/kg, sufentanil 0.1 μg/kg 
or remifentanil 1 μg/kg154 should be used in combination with 
propofol. Either succinylcholine (1.5–2.0 mg/kg, preceded by 
defasciculation) or rocuronium (1.0–1.2 mg/kg) can be used 
for muscle relaxation. Without the ability to titrate the drugs 
to response, this technique is associated with a risk of systemic 
hypotension. An alternative approach is to accept the small 
risk of regurgitation and to titrate in the appropriate amount 
of narcotics and hypnotics as indicated by the blood pressure 
response while maintaining oxygenation and ventilation with 
mask and cricoid pressure. With either approach, if the blood 
pressure starts to rise with laryngeal stimulation, the anesthe-
siologist should abort the laryngoscopy, maintain ventilation 
with cricoid pressure, and increase the depth of anesthesia be-
fore another attempt at tracheal intubation. Esmolol (0.5 mg/
kg) given intravenously may be a useful adjunct in this situa-
tion. Labetalol, 10–30 mg in 5-mg increments, is also effective.

The Patient with a Potentially Difficult Airway
The potential risk of aneurysm rupture is increased in patients 
with a difficult airway.

When a difficult airway is anticipated awake fiberoptic intu-
bation traditionally is the method of choice. Videolaryngoscopy, 
however, is increasingly displacing fiberoptic intubation as the 
preferred method, particularly if difficulty with ventilation is 

not anticipated and the patient can therefore be safely anes-
thetized. Because translaryngeal injection may cause coughing 
and hypertension, it is preferable in the patient with a difficult 
airway to provide topical anesthesia by inhalation of nebulized 
lidocaine (4%). Sufficient time (20 to 30 minutes), however, 
must be allowed for this method to be effective. Intravenous 
fentanyl and midazolam in 50-μg and 1-mg increments, re-
spectively, may be administered judiciously, provided that the 
patient does not have elevated ICP. Alternatively, after appro-
priate sedation as outlined previously, translaryngeal injection 
through the cricothyroid membrane of lidocaine (2.5–3.0 mL 
of 4% lidocaine) can be performed. After obtundation of the 
cough reflex with intravenous narcotics, the cough response to 
the translaryngeal injection should be brief and attenuated. To 
anesthetize the upper pharynx and laryngopharynx, nebulized 
lidocaine can be used. Other authorities advocate supplemen-
tation with bilateral superior laryngeal nerve block by inject-
ing 0.75 mL lidocaine (2%) subcutaneously on either side of 
the hyoid arch. We have found the combination of nebulized 
lidocaine and translaryngeal injection satisfactory.

If there is an unexpectedly difficult airway but ventilation is 
adequate and tracheal intubation is impossible, the patient 
should be kept anesthetized with either intravenous or inhala-
tion agents. The usual approach to a difficult intubation with 
adequate mask ventilation should be employed, utilizing adjunc-
tive measures such as a videolaryngoacope, a fiberoptic bron-
choscope or intubating laryngeal mask airway. Attention must 
simultaneously be directed to control of systemic blood pressure. 
If neither ventilation nor intubation is possible, transtracheal jet 
ventilation should be implemented and oxygenation maintained 
while fiberoptic intubation is attempted. Cricothyroidotomy or 
tracheostomy may be necessary. The availability of the laryngeal 
mask airway has improved safety under these conditions.

After Intubation
Monitoring Requirements
Following induction of anesthesia and tracheal intubation, 
additional monitors and catheters are placed. In addition to 
standard ASA monitors including ECG, noninvasive blood 
pressure, pulse oximetry, and end-tidal capnography, a neuro-
muscular blockade monitor, urinary catheter, and temperature 
monitor should be used. Monitoring for aneurysm surgery 
should also include direct intra-arterial blood pressure mea-
surement, preferably instituted before laryngoscopy or induc-
tion of anesthesia. Adequate intravenous access is important, 
and at least one 16-G or well running 18-G peripheral cathe-
ter should be inserted in addition to other venous access (see 
below). To accurately reflect the CPP, the arterial transducer 
should be placed at the level of the base of the skull and ad-
justed with any change in the patient’s position. Intermittent 
blood sampling for determination of hematocrit, blood gas, 
glucose, osmolarity, and electrolyte values is also important. 
Osmolarity measurement helps determine the efficacy of ad-
ditional mannitol when the brain is judged “tight”; if serum 
osmolarity exceeds 320 mOsm, additional mannitol may cause 
renal dysfunction. Patients placed in the seated position have 
other requirements, which are discussed in other chapters.

It has been well demonstrated that hyperglycemia can exac-
erbate cellular injury during cerebral ischemia.155,156 There has 
now been a movement toward tight glycemic control utilizing 
intensive insulin therapy to achieve this goal. Although avoiding 
very high levels of glucose is important, the rigidity with which 
such control is achieved may lead to hypoglycemic events and 
equally devastating neurologic injury.157 Blood glucose values 
exceeding 200 mg/dL should be judiciously treated with insulin.
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pins for the Mayfield or other pin fixation device can begin; 
this represents a very noxious stimulus and can raise the blood 
pressure dramatically if the patient is not pretreated. Infiltration 
with local anesthesia158 and administration of additional propo-
fol, or narcotics is an effective regimen. Alternatively, esmolol 
(0.5 mg/kg) or labetalol (10 to 20 mg) can be used.

Central Venous Pressure Catheter versus  
Pulmonary Artery Catheter
Consideration for central venous access in patients undergoing 
craniotomy for aneurysm surgery includes: (1) the prevalence 
of preexisting hypovolemia, (2) the large intraoperative fluid 
shift with the use of osmotic and loop diuretics, (3) the po-
tential risk of aneurysm rupture, necessitating blood and fluid 
resuscitation, and (4) the possible presence of myocardial dys-
function, (5) the need to administer vasoactive medication via 
a central route. There is a great deal of institutional variability 
concerning central line placement.159,160 A PAC can be consid-
ered when the patient (1) has known coronary artery disease 
or ventricular dysfunction, (2) has symptomatic vasospasm ne-
cessitating preoperative hypertensive therapy, or (3) has a poor 
clinical grade and is at high risk of postoperative vasospasm, 
and intravascular volume expansion is planned. Despite these 
considerations, it is seldom used in clinical practice because of 
its inherent risk and the availability of other noninvasive meth-
ods based on arterial waveform analysis or esophageal Doppler.

Site of Central Venous Catheter and Pulmonary  
Artery Catheter Placement
Central venous access can be established via the internal jug-
ular vein, the subclavian vein, or the antecubital vein. Each 
route has advantages and disadvantages. The internal jugular 
vein is readily accessible and easy to locate, but some neuro-
surgeons are concerned about potential venous obstruction. 
We have not found this possibility to be a problem, and it is 
our method of choice. For subtemporal incisions, as well as in 
procedures in which the extracranial internal carotid artery 
may be temporarily occluded, we place the catheter on the 
contralateral side to avoid interference with the surgical field. 
With the advent of the routine use of ultrasound, insertion of 
a central venous catheter into the internal jugular vein carries 
a very low risk of complications. However, the intraoperative 
monitoring of central venous pressure for patient manage-
ment remains a controversial issue.

The subclavian route does not interfere with cerebral ve-
nous drainage but is associated with a significant risk of pneu-
mothorax. The antecubital approach is the least invasive, but 
has a lower success rate, which can be improved, however, 
with ECG guidance.

Although it is customary to place the patient in 
Trendelenburg position to facilitate placement of the central 
venous catheter, this practice is potentially dangerous in pa-
tients with elevated ICP. We generally do not use more than a 
5–10% tilt, and for patients with known elevated ICP, we pre-
fer to attempt placement in the neutral supine position.

Because of the potential risk of intraoperative aneurysm rup-
ture, blood should have been typed and crossmatched for the 
patient and should be available at the time of surgical incision.

Other Monitoring
Other monitoring includes jugular bulb oxygen saturation, 
noninvasive cerebral oximetry, and TCD.

Placement of a catheter (continuous fiberoptic oximetry or 
intermittent sampling) in the jugular bulb allows monitoring 
of the cerebral venous oxygen saturation (SjvO2). Because the 

cerebral metabolic rate for oxygen is equal to the product of CBF 
and arteriovenous oxygen content difference—assuming 100% 
arterial oxygen saturation—SjvO2 reflects the balance between 
cerebral metabolic supply and demand. This approach is anal-
ogous to the monitoring of mixed venous oxygen saturation as 
an index of the balance between systemic metabolic requirement 
and cardiac output. The use of jugular venous oximetry in the in-
tensive care of head-injured patients is relatively well established. 
Its use in the intraoperative management of patients undergoing 
cerebral aneurysm surgery, however, remains investigative rather 
than routine. Matta and colleagues161 reported on the feasibility 
and safety of the use of retrograde catheters in a variety of neu-
rosurgical procedures. Although the outcome is not addressed 
in their report, they observed that venous oximetry monitoring 
in patients undergoing aneurysm surgery allows optimization of 
ventilation with fine-tuning of PaCO2 to avoid potential cerebral 
ischemia. Moss and colleagues162 determined that jugular venous 
oximetry may facilitate intraoperative blood pressure manage-
ment, whereas Clavier and associates163 observed that it can be 
used to diagnose hyperemia or luxury perfusion. Acute decrease 
in jugular venous oxygen saturation during intraoperative aneu-
rysm rupture has also been described.164

Regional cerebral oximetry uses optical spectroscopy to 
measure brain vascular hemoglobin saturation in a noninva-
sive manner to provide similar information. At present, how-
ever, it is not reliable enough to be used clinically. Continuous 
TCD monitoring may improve the safety of induced hypoten-
sion by correlating the blood velocity change with the decline 
in blood pressure. It has also been used perioperatively to con-
firm the diagnosis of aneurysmal rupture,165 but its routine use 
in this regard is impractical.

Positioning of the Patient
The location and the size of the aneurysm generally deter-
mine the position of the patient for the surgical procedure. 
Preoperative review of the angiogram and CT scan will facil-
itate proper positioning of the patient. Anterior circulation 
aneurysms are usually approached through a frontal temporal 
(pterional) incision with the patient in the supine position. 
Basilar tip aneurysms are approached through a subtemporal 
incision with the patient in the lateral position or an incision 
allowing the patient to remain supine. Vertebral and basilar 
trunk aneurysms are often approached through a suboccipital 
incision, with the patient either in the seated position or the 
“park-bench” (semiprone lateral) position. The risk of air em-
bolism is always present, although it is significantly higher in 
the seated position than in the supine position. As a general 
principle, because of the duration of these surgical procedures, 
all bony prominences must be well padded and all extremities 
well supported before the surgical procedure begins. Equally 
important before draping is a final inspection of the head and 
neck position in relationship to the body and palpation of the 
neck to ensure that jugular venous obstruction does not occur. 
Failure to make this inspection is a common cause of unex-
plained intraoperative cerebral swelling. Therefore, it is gen-
erally advisable to secure the tracheal tube with tapes rather 
than a tie because a tie may slip and tighten around the neck. 
Although not proven, partial venous obstruction may contrib-
ute to reported postoperative tongue swelling and airway ob-
struction in posterior fossa procedures.166,167 For this reason a 
soft bite block is preferable to an oropharyngeal airway.

After final positioning, the lung fields should be auscultated 
to rule out bronchial intubation. Flexion of the head tends to 
advance the endotracheal tube, whereas extension of the head 
has the opposite effect. Careful initial placement of the endo-
tracheal tube, ensuring that it measures between 20 and 24 cm 
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at the teeth (in the average-sized adult), will diminish but not 
eliminate the possibility of bronchial intubation with flexing 
of the patient’s head.

Maintenance of Anesthesia
The goals during maintenance of anesthesia are to (1) provide 
a relaxed or “slack” brain that will allow minimal retraction 
pressure, (2) maintain adequate perfusion to the brain, (3) 
reduce TMP if necessary during dissection of the aneurysm 
and final clipping, (4) provide adjunct therapy as needed (this 
may include induced hypothermia, metabolic suppression, 
induced hypotension, or adenosine-induced transient cardiac 
standstill), and (5) allow prompt awakening and assessment of 
patients with good SAH grades.

With early surgery, the anesthesiologist can expect to see 
more difficult conditions in which maximal brain “relaxation” 
therapy is required. Because no data exist about the influence of 
anesthetic drugs on the outcome of aneurysm surgery, the choice 
should be based on both the brain condition and the overall 
management plan, with the patient’s preoperative clinical grade 
taken into consideration. In general, a patient with SAH grades 
I, II, or III undergoing an uneventful aneurysm clipping should 
be allowed to awaken and should be extubated in the operating 
room. Either an intravenous or an inhalation anesthetic, or a 
combination of both, can be used to provide such conditions.

Nitrous oxide is a cerebral vasodilator when used in com-
bination with a potent inhaled anesthetic.168,169 It has also been 
reported to cause cerebral stimulation with an increase in ce-
rebral metabolic rate.169 Although no outcome studies suggest 
that nitrous oxide may have a detrimental effect170 there is 
little or no advantage in using it with a potent inhaled anes-
thetic. On the other hand, the vasodilatory properties of ni-
trous oxide are attenuated when it is used in combination with 
an intravenous anesthetic agent.137 Generally, nitrous oxide is 
omitted when isoflurane or sevoflurane is used, but it may be 
combined with propofol and fentanyl/remifentanil infusion.

With regard to narcotic agents, fentanyl or sufentanil given 
either in bolus (50–100 μg and 5–10 μg, respectively) in re-
sponse to hemodynamic changes or in continuous infusion 
(1–2 μg/kg/h or 0.1К0.2 μg/kg/h, respectively) or remifentanil 
as a continuous infusion (0.1–0.3 μg/kg/min), when com-
bined with isoflurane or sevoflurane (0.5–1.0 MAC) provides 
excellent surgical conditions for most patients in good con-
dition. Desflurane (4–6%), which appears to be similar in 
cerebrovascular effects to those of isoflurane, could be used 
as an alternative. Its low blood gas solubility is a theoretical 
advantage. However, in high concentration it can cause sym-
pathetic stimulation. Sevoflurane has a slightly higher blood-
gas solubility, but has a better hemodynamic profile. Although 
its cardiovascular and cerebrovascular properties appear to be 
similar to those of other inhaled anesthetics,171,172 it is unique 
in that autoregulation appears to be preserved at all concentra-
tions of sevoflurane, whereas other inhaled anesthetics impair 
the autoregulatory capacity in a dose-related manner.173,174

Fentanyl and sufentanil infusions should be discontin-
ued approximately 1 hour before the surgical dressing is ap-
plied. The ultra-short-acting remifentanil, used at a rate of 
0.1–0.3 μg/kg/min, can be infused until about 5 minutes be-
fore the end of dressing application. Systemic hypotension is 
a potential complication with remifentanil. For the other nar-
cotics, the total dosage should not exceed 10 μg/kg for fentanyl 
and 2 μg/kg for sufentanil, to allow awakening and immediate 
neurologic assessment.

No differences among the narcotic drugs have been found 
with respect to observed brain “tightness”175 or the amount of 
retractor pressure required for intraoperative brain retraction. 

Fentanyl and alfentanil exhibit no significant clinical differ-
ences with respect to emergence from anesthesia.176 Total 
intravenous anesthesia with propofol and alfentanil infusion 
has also been used successfully. High-dose narcotics (fentanyl 
20–50 μg/kg; sufentanil 2–5 μg/kg), however, will prolong re-
covery and are unsuitable if rapid awakening and assessment 
are desired. For patients with poor preoperative SAH grades, 
extubation of the trachea at the end of the surgical procedure 
is not planned, and an intravenous anesthetic-based tech-
nique may be more appropriate (fentanyl or sufentanil with 
propofol). In difficult cases in which the brain remains tight, 
continuous propofol infusion at 150–200 μg/kg/min should 
be considered. Irrespective of the anesthetic technique used, 
an important factor to recognize is that the surgical stimulus 
during cerebral aneurysm surgery varies at different times. 
Noxious stimuli begin with insertion of the pins of the head 
holder and intensify with the raising of the bone flap; once the 
dura is open there is little or no surgical stimulation. The an-
esthetic plan must, therefore, take this process into consider-
ation to avoid wide fluctuations in CPP or dangerous increases 
in blood pressure. Of note is the fact that retraction of cranial 
nerves and the brainstem (posterior fossa aneurysms) may be 
associated with sudden increases in blood pressure or heart 
rate. Thus a deeper level of anesthesia must be maintained 
with these circumstances.

Brain Relaxation
Various maneuvers and adjuncts are used to relax the brain. 
Although the details of practice vary, they are all directed at 
the components of the intracranial vault: brain tissue volume, 
CSF volume, and blood volume.

Patient position can have a profound impact on ICP and 
brain relaxation. Tankisi and associates177 found that 10 de-
grees of reverse Trendelenburg positioning had a favorable 
effect on ICP while maintaining CPP.

To reduce brain tissue volume, 20% mannitol (0.5–2 g/kg) 
is usually given over 30 minutes to effect osmotic free water 
movement from the brain and subsequent diuresis. The usual 
dose is 1 g/kg; an additional dose is given when indicated by 
the brain conditions. A total dose of 2 g/kg is frequently given 
when temporary artery occlusion is planned (also see the sec-
tion on temporary occlusion). Mannitol’s action begins within 
4 to 5 minutes and peaks in about 30 to 45 minutes. Although 
the classic mechanism is believed to be movement of intracel-
lular water into the intravascular volume along the osmotic 
gradient (the osmolarity of 20% mannitol is 1098 mOsm/L), 
some evidence exists that the rapid action of mannitol can be 
mediated by decreased production of CSF.178 The cardiovascular 
and cerebrovascular actions of mannitol can be considered to be 
triphasic: transient, delayed, and late. Because of mannitol’s high 
osmolarity, it transiently increases CBF, CBV, and ICP, which 
are followed by decreases in CBV and ICP.179 Systemically, an 
acute decrease in peripheral vascular resistance occurs, par-
ticularly when mannitol is given quickly (<10 minutes). This 
may result in transient hypotension, followed by a marked rise 
in CVP, PAWP, and cardiac output. Therefore, the full dose of 
mannitol should be given over 30 minutes. It also transiently 
reduces hematocrit, increases serum osmolarity, and causes hy-
ponatremia, hypochloremia, and at high doses, hyperkalemia.180 
Potential complications from the delayed effects therefore in-
clude fluid overload and pulmonary edema in patients with 
poor cardiac function. Within 45 minutes the cardiovascular 
effects have dissipated, and with the onset of full diuresis the 
intravascular volume may start to contract. Theoretically man-
nitol should not be given before the dura is open to minimize 
fluctuation in ICP. Shrinkage of the brain may also cause tearing 
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y of the bridging veins. In clinical practice, slow mannitol infu-
sion (100–200 mL/h) is frequently begun after final positioning 
of the patient, and the infusion rate increased after the bone 
flap has been raised (400–500 mL/hr). Some practitioners rou-
tinely use furosemide (0.1– 0.5 mg/kg) to augment the action of 
mannitol. Additional mannitol, to a total of 2 g/kg, because of 
its potential brain-protective effect, is often administered before 
temporary occlusion of major feeding arteries to reduce the risk 
of aneurysm rupture.180

Hypertonic saline is a reasonable alternative to mannitol 
for brain relaxation. An investigation comparing 20% man-
nitol with 3% hypertonic saline found no difference between 
them in the extent of brain relaxation.181 Volume shift and 
fluid requirement were lower in the hypertonic saline group.

Reducing the volume of the CSF compartment by drainage 
of CSF with a lumbar subarachnoid catheter facilitates surgical 
exposure; the average adult has approximately 150 mL of CSF. 
Extreme care should be exercised during insertion of the sub-
arachnoid drain to minimize CSF loss and a sudden decrease in 
ICP, so as to avoid an abrupt increase in TMP predisposing to 
a rebleed. Because of the risk of brainstem herniation, lumbar 
drainage of CSF is contraindicated in patients with intracerebral 
hematoma. In theory, free drainage of CSF should be allowed 
only after the dura is open to minimize the risk of rebleeding; in 
practice, however, 20–30 mL of CSF is usually drained just be-
fore dural opening to facilitate dural incision. Rapid drainage can 
cause sudden reflex hypertension, presumably from downward 
movement of the brainstem, not unlike herniation. Barker has 
suggested that the drainage rate should not exceed 5 mL/min.182 
The drain is usually left open during the procedure, until the an-
eurysm is clipped or until the beginning of dural closure.

The equipment used for subarachnoid lumbar drainage varies 
among different hospitals, and some neurosurgeons prefer not 
to use CSF drainage, relying on mannitol and hyperventilation 
instead. We use a standard commercially available kit (Lumbar 
Catheter Accessory Kit, Cordis Corporation, Miami, FL), which 
essentially consists of a 14-gauge Touhy needle and a soft flexible 
catheter having multiple orifices at the end. In essence the sub-
arachnoid drain differs from a subarachnoid catheter inserted 
for continuous spinal analgesia only in size. Regular lumbar 
epidural kits designed for epidural anesthesia are generally not 
satisfactory because the size of the catheter is too small with only 
one orifice on the distal tip. In patients with acute SAH, blood 
clots frequently block the drainage. Pediatric feeding catheters 
have also been used with success, but the stiffness of these cath-
eters increases the risk of potential spinal cord damage. On the 
other hand, caution must be exercised with the insertion and re-
moval of the soft, flexible catheters. Withdrawal of the catheter 
through the needle and the use of guidewires increase the risk 
of catheter shearing.183 Because the catheter is placed with the 
patient in the flexed position but often is removed with the pa-
tient in the extended or neutral position, the catheter has been 
known to break off at the site of compression between the ver-
tebral bodies.183 The patient should, therefore, be placed in the 
flexed position whenever difficulty with catheter removal is en-
countered. To avoid the difficulty with insertion and removal of 
these catheters, some hospitals use malleable spinal needles and 
simply bend the needle to the patient’s contour after placement. 
This approach is most suited to patients who have been placed in 
the lateral position for surgery.

CBV can be reduced. Within the physiologic range of PaCO2 
(20–70 mmHg) CBF bears an almost linear relationship to arte-
rial PaCO2, changing 2–3% for each 1 mmHg change in PaCO2. 
Controlled hyperventilation, therefore, can be used to de-
crease the CBV, which probably changes by about 1% for each 
1 mmHg change in PaCO2. Anesthetic agents may influence 

the response to CO2, but the changes are clinically insignificant 
and CO2 reactivity is generally well preserved. CO2 reactivity is 
normal in patients with good SAH grades, but may be impaired 
in those with poor SAH grades. Although it is generally safe to 
maintain PaCO2 in the range of 30–35 mmHg, it should be in-
dividualized according to the operating conditions. A reason-
able approach is to institute mild hypocapnia (30–35 mmHg) 
before the dura is open, moderate hypocapnia (25–30 mmHg) 
after the dura is open, and relative normocapnia during in-
duced hypotension (if used) and after the aneurysm is clipped. 
The advantages of extreme hypocapnia in reducing CBV 
should always be balanced against the risk of potential cerebral 
ischemia.184 Because the objective is to relax the brain without 
causing ischemia, the efficacy of hyperventilation should be 
continuously assessed by observing the intraoperative brain 
relaxation in order to achieve the optimal PaCO2.

In difficult situations, brain relaxation may remain unsat-
isfactory and refractory to the regimen just described. If this 
occurs, the anesthesiologist should:

1.	 make sure that there is no hypoxemia or systemic 
hypertension

2.	 check the patient’s head and neck position to rule out 
venous obstruction

3.	 inspect the subarachnoid drain to ensure patency and 
proper drainage of CSF

4.	 discontinue nitrous oxide, since nitrous oxide is a cerebral 
vasodilator when used in conjunction with an inhaled 
anesthetic168.

5.	 implement a head-up tilt to facilitate venous blood and 
CSF drainage, after communication with the surgeon177

6.	 give a test dose of propofol bolus (100 to 200 mg) and, 
if brain relaxation improves, start a continuous infusion 
(150–200 μg/kg/min). This will usually, but not always, 
produce a prolonged recovery from anesthesia.

Occasionally, uncontrolled intraoperative swelling may be 
due to an intracerebral hematoma.

Fluid and Electrolyte Balance
Fluid should be administered according to the patient’s need 
and guided by intraoperative blood loss, urine output, and 
CVP, if present, or other dynamic index of volume status such 
as pulse pressure variation.185 Intravenous fluid should not be 
withheld if induced hypotension is planned, because hypo-
volemic hypotension is detrimental to organ perfusion. The 
aim is to maintain normovolemia before aneurysm clipping 
and slight hypervolemia after clipping. Electrolytes should be 
replaced as needed. Glucose-containing solutions should not 
be given, because evidence exists that hyperglycemia may ag-
gravate both focal and global transient cerebral ischemia.155,156 
Because lactated Ringer’s solution is relatively hypo-osmolar, a 
more physiologic solution, such as Plasma-Lyte, Normo-sol, or 
normal saline, is preferred. Some practitioners use 5% albumin 
after clipping of the aneurysm, but the advantages of this proto-
col have not been documented. On the other hand, hetastarch 
probably should not be used or should be used sparingly (less 
than 500 mL) because of the risk of intracranial bleeding.114,115

Other Considerations
Controlled Hypotension versus  
Temporary Occlusion
Because of the enlargement of the aneurysmal sac, the wall 
stress increases proportionately to increases in blood pressure, 
as dictated by the law of Laplace, as follows:

(13.1)T R P= ´ /2
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where T is wall tension, P is mean blood pressure, and R is the 
radius of the aneurysm (Fig. 13.4); hence, large aneurysms are 
more likely to rupture than small ones. Therefore, the blood 
pressure is traditionally lowered during microscopic dissection 
of the aneurysm, particularly during clip placement, to reduce 
the risk of rupture. Hypotension also reduces bleeding, allow-
ing better visualization of the anatomy of the aneurysm and the 
perforating vessels. Although the risk of hypotension-induced 
global cerebral ischemia always exists, deliberate hypotension 
has been used successfully for many years without apparent ill 
effects. However, the demonstration of impairment of autoregu-
latory capacity after SAH,17,18 the unpredictable cerebrovascular 
response to induced hypotension, increased risk of vasospasm,135 
and reported poorer outcomes135,186 have rendered the use of de-
liberate hypotension an exceedingly rare event. Patients with 
vasospasm, as evidenced by angiography or symptoms, are par-
ticularly at risk of ischemia during hypotension.

To reduce the risk of aneurysm rupture without using hy-
potension, many surgeons are now using temporary occlusion 
of the major feeding artery187–190 (Fig.  13.5; modified from 
190). The potential risks of temporary occlusion include focal 

cerebral ischemia and subsequent infarction, as well as damage 
to the feeding artery from the occlusion. With the improved 
design of temporary clips, the latter complication is now of 
less concern. The risk of cerebral infarction remains, however, 
and is determined by the duration of the temporary occlusion 
as well as the state of the collateral circulation.

The anesthetic management of patients during induced 
hypotension clearly differs from their management during 
temporary occlusion. The major differences are summarized 
in Table 13.6.
Controlled Hypotension
The major concerns with controlled hypotension are avoid-
ance of cerebral ischemia and maintenance of organ perfusion. 
No ideal hypotensive agent exists, but many hypotensive drugs 
and techniques have been used successfully and are discussed 
in detail elsewhere in this book.
Temporary Occlusion
Because the tolerable duration of temporary occlusion varies 
with different arteries as well as among individuals, it is dif-
ficult to predict the upper time limit in any given situation. 
Occlusion for 5 to 7 minutes with prompt reperfusion is usually 
well tolerated, but this time period is generally insufficient for 
clipping difficult or giant aneurysms. Although no randomized  

Aneurysms

Cerebral
arteries

Mean arterial pressure
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si
on

Fig. 13.4  The relationship between wall tension and mean arterial 
pressure (intracranial pressure is 0 when the dura is open). For any 
given pressure, wall stress, and therefore the tendency to rupture, is 
higher in an aneurysmal sac than in a normal cerebral artery. (From 
Ferguson GG: The rationale for controlled hypotension. In Varkey GP 
[ed]: Anesthetic Considerations in the Surgical Repair of Intracranial 
Aneurysms. Boston, Little, Brown, 1982.)

Fig. 13.5  To reduce the risk of rupture of the aneurysm during surgical repair, temporary clips can be placed on the proximal artery as well as on 
the distal arteries to reduce the pressure inside the aneurysmal sac.

Temporary Occlusion Controlled Hypotension

Normotension or hypertension Systemic hypotension

Temporary cessation of flow Uninterrupted flow

Regional ischemia Global ischemia

Short duration (10–20 min) Longer duration

Dependent on collateral vessels Independent of collateral 
vessels

Potential vessel damage No vessel damage

Possibly complete control Lack of complete control

Table 13.6  �Temporary Arterial Occlusion versus 
Controlled Hypotension during Cerebral 
Aneurysm Surgery
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y clinical trials have been conducted, a number of regimens 
have been used to extend the occlusion duration. Suzuki191 
introduced the technique of high-dose mannitol (2 g/kg) for 
temporary arterial occlusion, and experimental studies have 
supported a brain-protective role for mannitol. Because neu-
ronal damage may be mediated by the production of free radi-
cals, Suzuki191 advocates a combination of mannitol (500 mL of 
a 20% solution, or 100 g), vitamin E (500 mg), and dexameth-
asone (50 mg), often referred to as the “Sendai cocktail,” for 
temporary arterial occlusion. Up to 60 minutes of temporary 
arterial occlusion has been obtained with use of this regimen 
without apparent postoperative neurologic deficits. In general, 
however, 15 to 20 minutes is considered to be the upper limit 
of safety192 with occlusion time of less than 20 minutes being 
associated with better chances of a good outcome.193

Other surgeons use pharmacologic metabolic suppression, 
theorizing that decreasing cerebral metabolic rate enables 
the tissues distal to the occlusion to tolerate a longer period 
of ischemia. Thiopental, etomidate, and propofol have been 
used for this purpose.194 Administration of any of these agents 
prior to temporary clipping generally aims to achieve the end-
point of burst suppression, as indicated by EEG monitoring, 
in 2 to 3 minutes. Additional doses may be given as indicated 
by EEG. However, the additional doses may not be effective if 
collateral circulation is inadequate for delivery of the agent. 
On the other hand, in this situation the agent that has been 
given would also stay in the ischemic area longer because of 
the diminished blood flow for washout. Although there have 
been no controlled clinical studies, good results have been re-
ported whether thiopental,195 etomidate,194 or mannitol192 was 
used for cerebral protection. Theoretically, because there is 
less associated systemic hypotension, etomidate may be pref-
erable to propofol. However, some studies suggest that eto-
midate, despite reducing global cerebral metabolic rate, may 
cause cerebral tissue hypoxia during temporary occlusion, as 
determined with brain oxygen tension measurements.196 On 
the other hand, Lavine and associates194 reported their results 
comparing patients who received intravenous brain-protective 
therapy (barbiturates or etomidate) with those who did not 
(inhalation anesthetics only) during temporary occlusion; 
they concluded that brain protective therapy can extend the 
occlusion duration from 12 minutes to 19 minutes without ce-
rebral infarction.

In general, if the temporary occlusion time is kept below 10 
minutes, the risk of infarction is low irrespective of anesthetic 
agents used. In an earlier series, Samson and colleagues197 re-
ported that patients older than 61 years and in poor condition 
(Hunt and Hess grades III to V) did not tolerate temporary 
occlusion as well as patients who were younger and in better  
neurologic condition. In this series all patients in whom oc-
clusion time exceeded 31 minutes had cerebral infarction. 
Traditionally, to use pharmacologic protection efficiently, it is 
necessary to monitor the EEG to define the endpoint, because 
no further metabolic benefits can be derived with doses greater 
than those needed to produce burst suppression or electrical 
silence. Warner and coworkers observed in experimental isch-
emia that maximal protection with barbiturates need not occur 
at burst suppression, and such findings have raised questions 
about this practice.198 In the absence of clinical data to support 
this observation, it remains prudent to use burst suppression 
as the endpoint. Although the data from IHAST trial suggests 
that metabolic suppression may improve outcome in patients 
undergoing temporary occlusion >20 min,199 currently pharma-
cologic neuroprotection does not have sufficient data to support 
its routine use, and in each situation the potential risks must be 
weighed against the sought benefit.200

Cardiac Standstill Using Adenosine  
(Transient Cardiac Pause)
To facilitate clipping of a large aneurysm with a broad neck 
and reduce the risk of rupture, transient cardiac arrest can be 
induced with a bolus of adenosine. There is some concern for 
hypotension and reduced cerebral perfusion; however, in one 
case series, those that received adenosine had no difference 
in neurological or cardiac outcome from a control group.201,202 
After a dose response has been established with the use of 
two to three incremental doses of adenosine between 6 and 
18 mg,203 a duration of approximately 30 seconds of asystole 
can be induced with an average dose of 30 to 36 mg of adenos-
ine. Recovery of cardiac rhythm is spontaneous and may be 
followed by rebound tachycardia and hypertension. This tech-
nique is contraindicated in patients with preexisting cardiac 
conduction abnormalities or severe asthma.

Electrophysiologic monitoring can also be used to deter-
mine the upper limit of occlusion duration, thus allowing the 
surgeon to proceed without haste as long as the monitoring 
suggests normal function. This approach allows the anesthe-
siologist to recognize the need for brief periods of reperfusion 
when the monitoring indicates deterioration. EEG or evoked 
potentials, including MEPs and SSEPs, are increasingly being 
used for such purposes. It is important to realize the limita-
tions of these modalities: the deep levels of anesthesia given 
to obtain burst suppression can affect signal quality for the 
monitoring modalities. Some surgeons use mild hypotension 
during dissection and then apply temporary arterial occlusion 
during actual placement of the clip. It is important to restore 
the blood pressure to normal before the placement of the tem-
porary clips to maximize collateral blood flow.

Moderate Hypothermia and Neuroprotection
Moderate hypothermia (28–32 °C) has also been used in the 
past to extend the duration of tolerable occlusion.191 Because ex-
perimental studies in cerebral ischemia have demonstrated that 
even mild hypothermia can exert significant cerebroprotective 
effects by suppressing release of excitotoxic amino acids,204,205 
the practice of maintaining the body temperature between 33° 
and 35 °C during the periods when the patient is considered to 
be at risk for cerebral ischemia was quite routine. Although it is 
clear that metabolic suppression is achieved, potential compli-
cations include ventricular arrhythmia, myocardial depression, 
coagulopathy, and postoperative shivering. The Intraoperative 
Hypothermia for Aneurysm Surgery Trial (IHAST) evaluated 
the effects of mild hypothermia (33.5 °C) and found no effect on 
neurologic outcome in patients with favorable clinical grade an-
eurysms.199 No significant complications were noted in the hypo-
thermia group and, specifically, no coagulopathy was observed. 
The protective effects of moderate hypothermia in patients with 
poor clinical grade and those with prolonged temporary occlu-
sion, however, have not been studied. Consequently, consider-
ing that the cerebroprotective effect of moderate hypothermia 
following global ischemia has been documented with respect to 
ventricular fibrillation,206,207 the intraoperative use of this maneu-
ver for aneurysm surgery in patients at high risk for infarction 
due to prolonged temporary occlusion needs further evaluation.

Improvements in cardiopulmonary bypass technology and 
coagulation management have led to a revival of interest in the 
use of profound hypothermia and circulatory arrest for com-
plex or giant aneurysms (Box 13.1).208

In corollary to hypothermia, any increase in body tem-
perature above normal must be vigorously treated. The site of 
temperature monitoring should reflect the temperature in the 
brain. Clearly, the temperatures at the surface and deeper part 
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of the brain may be different,209 but in general, nasopharyngeal 
and tympanic membrane temperature closely approximates 
that of the deep brain structures.210

Pharmacologic metabolic suppression or use of mannitol 
appears to provide some brain protection without the compli-
cations of hypothermia. In some centers the routine practice 
is to use additional mannitol to a total of 2 g/kg just before the 
proximal vessel occlusion. In patients in whom the collateral 
circulation has been demonstrated to be poor or nonexistent 
angiographically and yet temporary occlusion is deemed nec-
essary, we would induce burst suppression with propofol in 
addition to the use of mannitol. Prior communication be-
tween the neurosurgeon and the anesthesiologist is clearly 
needed for the successful management of these patients. The 
placement of EEG electrodes must not interfere with the 
surgical field and the electrodes must be well shielded and 
protected from both preparation solution and blood to allow 
proper intraoperative monitoring of EEG. Fortunately, a sim-
ple bihemispheric fronto-occipital montage suffices. It can be 
accomplished by placing surface gel electrodes with appropri-
ate occlusive dressing or needle electrodes over the forehead 
just above the eyes, which are then referenced to the respec-
tive electrodes placed over the ipsilateral mastoid processes.

Electrophysiologic Monitoring
Electrophysiologic monitoring such as EEG and evoked 
potentials may allow intraoperative detection of cerebral 

ischemia, leading to a change in surgical technique that im-
proves perfusion. Although there are no randomized clini-
cal trials on the efficacy of evoked potential monitoring, this 
technique is increasingly used as routine monitoring during 
aneurysm surgery. Optimal monitoring of SSEPs and MEPs 
usually necessitates the use of total intravenous anesthesia and 
the omission of muscle relaxants.

EEG has been used to determine the lowest blood pres-
sure tolerable during induced hypotension, but the results 
are inconsistent. This is not surprising because a significant 
decrease in EEG activity can be compatible with normal neu-
rologic recovery. EEG monitoring may be indicated when 
temporary occlusion is planned, either to determine the du-
ration of tolerance or for titration of anesthetic agents when 
pharmacologic metabolic suppression is desired.

SSEP monitoring has been investigated for use during 
procedures on both anterior and posterior circulation aneu-
rysms, whereas brainstem auditory evoked potential (BAEP) 
monitoring has been investigated primarily for use during 
procedures on vertebrobasilar aneurysms. Both monitors are 
probably most useful when temporary or permanent vessel 
occlusion is planned. Evoked potentials can be recorded even 
when the EEG signal is suppressed with high-dose barbitu-
rates or propofol and, therefore, represent the only electro-
physiologic monitoring technique available when maximal 
pharmacologic metabolic suppression is used. Similar to 
other types of electrophysiologic monitoring, even during 

BOX 13.1  Protocol for Circulatory Arrest

	 1.	 Place intra-arterial and large-bore intravenous catheters before induction of anesthesia. The usual precautions for induction of anesthesia in 
patients with a cerebral aneurysm apply.

	 2.	 Once anesthesia is induced and the trachea intubated, place the following devices:
•	 Either a central venous line or PAC
•	 A second intra-arterial catheter to allow phlebotomy
•	 A lumbar subarachnoid drain
•	 Electrophysiologic monitors (EEG and/or somatosensory evoked potentials)
•	 Both nasopharyngeal and esophageal temperature probes.
Anticipate periods of stimulation, such as during tracheal intubation, head pinning, and periosteal retraction, which can cause hypertension.

	 3.	 Begin surface cooling by using a cooling blanket and lowering the room temperature. The rate of decrease should proceed at approximately 
0.2 °C/min.

	 4.	 If barbiturates are to be used, administer a 3–5 mg/kg bolus of thiopental to induce either a burst suppression pattern at a 1:5 ratio (i.e., time 
period in burst relative to electrical silence, or a burst suppression ratio of 80%) or an isoelectric EEG. This can be followed by a continuous 
infusion of thiopental at 0.1–0.5 mg/kg/min. Once cooling begins, continue the infusion at this rate for the entire period of cardiopulmonary 
bypass.

	 5.	 Perform hemodilution to a hematocrit of 28– 30% by collecting blood into an anticoagulant solution kept at room temperature. Maintain 
intravascular volume with up to 4 L of cold intravenous saline containing potassium chloride (4–6 mEq/L).

	 6.	 After the aneurysm is dissected and hemostasis obtained, begin extracorporeal circulation via femoral artery–femoral vein bypass when the 
patient’s temperature reaches 34 °C. Just before initiation of bypass, ensure surgical hemostasis and then give heparin, 300 to 400 IU/kg, to 
maintain the ACT between 450 and 480 seconds.

	 7.	 Cool the patient to between 15° and 18 °C. Be aware of electrocardiographic changes; at 28 °C, the myocardium is extremely irritable and 
may fibrillate continuously. Fibrillation should be stopped with 40 to 80 mEq of potassium chloride, but if fibrillation is persistent, defibrillator 
should be used at 100 to 250 watts/sec. Administer additional doses of potassium chloride as needed.

	 8.	 Circulatory arrest occurs between 15° and 18 °C and should be limited to the period of clip application. The EEG should be isoelectric before 
arrest. If barbiturates were not used earlier, they may be added at this point to achieve a silent EEG. Elevate the patient’s head slightly to facilitate 
venous drainage, keeping in mind that this position increases the potential risk of air embolism and no-reflow phenomenon in small vessels.

	 9.	 The circulatory arrest time should be limited to less than 60 minutes for optimal results. This arrest time can be further minimized with 
intermittent perfusion with or dissection under low flow until the clip is ready to be placed.

10.	 Once the aneurysm is clipped, bypass is reestablished and the patient is rewarmed at a rate of 0.2° to 0.5 °C/min. Too-rapid rewarming can 
cause tissue acidosis and hypoxia. Sodium nitroprusside may be used to allow a more homogeneous rewarming.

11.	 With rewarming, the heart will fibrillate. Perform cardioversion with 200 to 400 joules through external defibrillating pads. Antiarrhythmic 
drugs may be required to restore a normal sinus rhythm. In addition, the patient may require inotropic support.

12.	 Discontinue extracorporeal circulation when the patient’s temperature is 34 °C and the heart can maintain a normal cardiac output and sinus 
rhythm. An after-drop in temperature can be expected, and it is important to use other ancillary devices, such as forced warm air, to keep 
the patient warm.

13.	 Correct the ACT to 100 and 150 seconds with protamine sulfate. Transfuse the autologous blood containing platelet-rich plasma. Other 
blood products may be necessary to restore hemostasis.

ACT, activated clotting time; EEG, electroencephalogram.
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y temporary occlusion, SSEP monitoring lacks specificity, and a 
significant false-alarm rate can be expected. The false-negative 
rate (SSEP unchanged but neurologic deficit occurs) is lower, 
but remains significant in most series. The implementation of 
MEP monitoring has improved both sensitivity and specific-
ity, and several case series have reported on positive predictive 
values on postoperative neurologic deficits. However, there are 
no studies on the impact of electrophysiologic monitoring on 
the overall outcome of aneurysm surgery. Table 13.7 summa-
rizes the reported series on the use of SSEPs during temporary 
arterial occlusion as well as later series on MEPs. Most stud-
ies report a high false-positive rate as well as a considerable 
false-negative rate for SSEPs.188,189,211–216 Despite these results, 
routine use of evoked potential monitoring is growing. In se-
lected cases for which permanent occlusion of a major vessel 
is anticipated, SSEP or BAEP monitoring may be useful. In a 
series examining the use of both SSEPs and BAEPs in poste-
rior circulation aneurysms, neither modality was superior in 
predicting neurologic deficits, but the combination reduced 
the false-positive and false-negative rates to 13% and 20%, 
respectively.211 These results are better than reported by most 
other studies.

Monitoring of MEPs has now been added to multimodal-
ity monitoring during intracranial aneurysm surgery. With 
the significant false-negative rate for SSEP monitoring, the 
addition of MEPs was sought to improve both the sensitivity 
and specificity for ischemia resulting in postoperative deficit, 
particularly that secondary to ischemia of subcortical struc-
tures.217 Several case series218–222 have shown promising re-
sults with better sensitivity than SSEP in both anterior222 and 
posterior circulation aneurysms.223 The proliferation of MEP 
monitoring for aneurysm surgery may dictate a change in an-
esthetic plan with regard to the use of inhaled anesthetics as 
well as neuromuscular blocking agents, both of which have 
been shown to preclude adequate MEP recording.224 One must 
also consider the profound depressive effects that pharmaco-
logic burst suppression has on MEP signal quality. The effect 
can be so pronounced that MEP signal may be lost completely 
(authors’ unpublished data).

Spontaneous breathing has been used in the past as an 
indicator of brainstem function, particularly when extreme 
hypotension is used. It is seldom used today, because optimal 
brain relaxation is difficult to achieve and extreme hypoten-
sion is no longer used. However, with aneurysms involving 
the low basilar artery and the vertebral arteries, where tem-
porary or permanent occlusion of the feeding vessel is con-
templated, spontaneous breathing may provide additional and 
more specific information than cardiovascular monitoring. 
Disturbances ranging from tachypnea to apnea have been ob-
served.211 Spontaneous ventilation has been compared with 
BAEP as a monitor of brainstem function during vertebrobasi-
lar aneurysm surgery, and its complementary efficacy demon-
strated.225 Fortunately, these situations are extremely rare.

Intraoperative Aneurysm Rupture
The incidence of aneurysm rupture varies with the size and 
the anatomic location of the aneurysm, larger arteries, pos-
teroinferior cerebellar arteries, and anterior and posterior 
communicating arteries being more likely to rupture.226 There 
also appear to be differences between institutions. In the 
Cooperative Study, an intraoperative aneurysm leak occurred 
in about 6% of patients, whereas frank rupture occurred in 
13%,2 for a combined incidence of 19%. In a later series, the 
rate of rupture was down to 3.8% for frank rupture and 7.9% 
for all ruptures, including leaks.226 These findings are similar 
to those reported by Batjer and Samson.227 In approximately 
8% of the cases reported by the Cooperative Study, the rupture 
resulted in frank hemorrhagic shock.2 In Batjer and Samson’s 
series,227 7% of the ruptures occurred before dissection of the 
aneurysm, 48% during dissection, and 45% during clip appli-
cation. Mortality and morbidity are higher with intraoperative 
aneurysm rupture. A multicenter study examining intrapro-
cedure rupture of aneurysms similarly reported an incidence 
of 19% with clipping, and 31% of these cases were associated 
with death or disability.228

Management of aneurysm rupture during surgery partially 
depends on the ability to maintain the blood volume during 
the rupture. If the leak is small and dissection is complete, 

Study∗ No. of Patients Temporary Occlusion False-Positive Results False-Negative Results

MEP monitoring:     

Takebayashi et al. (2014)218 50 ? 0% 13%

Yeon et al. (2010)219 98 98 0% 0%

Irie et al. (2010)220 110 0 67% 6%

Szelenyi et al. (2006)221 119 71 4% 7%

Horiuchi et al. (2005)222 53 ? 6% 0

SSEP monitoring:     

Manninen et al. (1994)211 70 52 11% 47

Mizoi et al. (1993)212 124 97 57% 25

Schramm et al. (1990)213 113 34 40% 34%

Manninen et al. (1990)214 157 97 43% 14%

Mooij et al. (1987)187 5 5 ? 0%

Momma et al. (1987)188 40 40 60% 5%

Kidooka et al. (1987)215 31 15 38% 22%

Symon et al. (1984)216 34 15 40% 7%

Table 13.7  Monitoring of SSEPs and MEPs in Temporary Arterial Occlusion for Cerebral Aneurysm Surgery

MEP, motor evoked potential; SSEP, somatosensory evoked potential.
∗Superscript numbers indicate chapter references.
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the surgeon can gain control with suction and then apply the 
permanent clip to the neck of the aneurysm. Alternatively, 
temporary clips can be applied proximally and distally to the 
aneurysm to gain control. The keys to anesthetic manage-
ment are good communication with the surgeon and close 
monitoring of the patient’s vital signs as well as the surgical 
conditions. Video monitors allowing the anesthesiologist to 
view the surgical field greatly facilitate patient care during this 
acute, rapidly changing situation. If temporary occlusion is 
not planned or not possible and blood loss is not significant, 
the MAP should be decreased transiently to 50 mmHg or even 
lower to facilitate surgical control. Proximal and distal tem-
porary occlusion, however, is the preferred method. Propofol 
or etomidate may be given to provide some protection before 
placement of the temporary clip. If frank hemorrhage occurs, 
aggressive fluid resuscitation and blood transfusion must be-
gin immediately. Administration of a cerebroprotective agent 
may not be possible because of its associated hemodynamic 
effects. Induced hypotension under these circumstances may 
not be possible, because the intravascular volume must be re-
stored first. During temporary occlusion, normotension must 
be maintained to maximize collateral perfusion. Excellent re-
sults have been achieved by Batjer and Samson227 with the use 
of temporary occlusion for intraoperative aneurysm rupture.
Intraoperative Catheter Angiography and 
Indocyanine Green Videoangiography
Many surgeons routinely perform intraoperative contrast angi-
ography to confirm the proper placement of the clip and patency 
of the vessels. This practice requires the use of special radiolu-
cent operating room table attachments and the prior placement 
of intra-arterial sheath for catheter angiography. Near-infrared 
indocyanine green (ICG) videoangiography has now been intro-
duced,229 and is routine in many institutions. Injection of 25 mg 
of ICG as the contrast agent and use of a microscope equipped 
with the special camera allows the anatomy of the aneurysm and 
the associated arteries to be visualized. While this is much sim-
pler, and it works efficiently for simple aneurysms, this might 
not hold true for complex aneurysms, as false-negatives may oc-
cur.230 For difficult aneurysms with complex anatomy intraoper-
ative catheter angiography remains the gold standard.231

Emergence and Recovery
Communication between the surgeon and the anesthesiolo-
gist is again essential for optimal management of the patient’s 
emergence from anesthesia. If the surgical procedure is un-
eventful, patients with preoperative SAH grade I or II should 
be allowed to awaken, and their tracheas may be extubated 
in the operating room. To minimize coughing, particularly 
during movement of the head when the surgical dressing is 
applied, intravenous lidocaine, 1.5 mg/kg, is effective, but its 
duration of action is only about 3 to 5 minutes. It can be safely 
repeated if necessary. Because hypertensive therapy is effective 
in reversing delayed cerebral ischemia from vasospasm, mod-
est levels of postoperative hypertension (<180 mmHg systolic) 
are not aggressively treated. Nonetheless, severe hypertension 
(>200 mmHg systolic) may cause increased swelling or cere-
bral hemorrhage. Labetalol and esmolol are both effective in 
controlling emergence hypertension. Labetalol is usually given 
in 5–10-mg increments, and esmolol in 0.1–0.5-mg/kg incre-
ments, until blood pressure is controlled. Other hypotensive 
drugs, including sodium nitroprusside, nitroglycerin, hydral-
azine, and nicardipine, can also be used. However, these drugs 
may cause cerebral vasodilation and increase ICP. In institu-
tions where ICP monitors are placed routinely at the end of 
the surgical procedure and ICP is monitored postoperatively, 

it is safe to use these vasodilators for control of blood pressure. 
They are equally safe in patients who are awake and whose neu-
rologic signs are being monitored continually.

Depending on preoperative ventilatory status and the dura-
tion and difficulty of the surgical procedure, the patient with 
preoperative SAH grade III may or may not undergo tracheal 
extubation in the operating room. In general, one should err 
on the side of caution. Only when the surgical procedure is 
uneventful, brain relaxation has not been a problem, and the 
patient can maintain adequate ventilation with intact laryn-
geal reflexes, should extubation of the trachea be considered. 
Patients with preoperative SAH grade IV or V usually require 
postoperative ventilatory support and continuous neurointen-
sive care. In patients with multiple aneurysms, systemic blood 
pressure must continue under strict control (within 20% of 
their normal blood pressure) to prevent rupture of unclipped 
aneurysms during emergence and recovery from anesthesia.

Patients who have experienced intraoperative aneurysm rup-
ture and patients with vertebrobasilar aneurysms must be consid-
ered individually irrespective of their preoperative clinical SAH 
grade. In both groups the recovery may be slow, and immediate 
tracheal extubation may not be possible. In the former group, 
intraoperative cerebral ischemia may have occurred, and in the 
latter, transient or permanent cranial nerve dysfunction may have 
resulted from perforator vessel occlusion or brainstem retraction.

POSTOPERATIVE 
CONSIDERATIONS

In the immediate postoperative period, the anesthesiologist 
should assess the patient who has undergone cerebral aneurysm 
surgery to ensure that the recovery is satisfactory and consistent 
with the anesthetic given. The time of recovery clearly depends 
on the type and dose of anesthetic given as well as the patient’s 
sensitivity to drugs given. The preoperative condition and intra-
operative events must also be taken into consideration. There 
is no hard-and-fast rule to discriminate between anesthetic ef-
fects and surgical complications. Nevertheless, distinguishing 
residual anesthesia from surgical complications, such as devel-
opment of subdural or epidural hematomas, is important. The 
following general guidelines are useful:

1.	 Anesthesia causes global depression, and any new focal 
neurologic deficit should be assumed to be a surgical 
cause, although sedatives and analgesics have been 
reported to exacerbate or unmask focal neurologic 
findings in patients with previous strokes.232

2.	 The effect of potent inhaled anesthetics should have 
largely dissipated after 30–60 minutes.

3.	 Patients whose pupils are mid-sized and reactive to light 
and whose respiration is not depressed are unlikely to be 
experiencing narcotic overdose.

4.	 The postoperative presence of unequal pupils in a patient 
without this sign before operation always suggests a 
surgical event.

5.	 The patient’s neurologic status should be assessed every 
15 minutes in the recovery room or intensive care unit, 
and in some patients an immediate CT scan or angiogram 
may be necessary.

GIANT ANEURYSMS

Giant cerebral aneurysms are defined as those greater than 
2.5 cm in diameter, representing a subset of cerebral aneu-
rysms that may present technical difficulty because of their 
size or lack of an anatomic neck. They often have perforating 
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y vessels originating in, or probably more typically, adherent to 
the wall of the aneurysm, as well as a high likelihood of ath-
eromatous changes. The incidence of giant aneurysm is 2% of 
all patients in the Cooperative Study.2 Most giant aneurysms 
manifest as symptoms of a mass lesion, such as headache, vi-
sual disturbance, and cranial nerve palsies.

The surgical treatment of these aneurysms is associated 
with significant perioperative morbidity and mortality. In a 
series of 174 patients with giant aneurysms who underwent 
standard surgical treatment, Drake233 reported that 71.5% of 
the patients had good outcomes, 13% were severely disabled, 
and 15.5% died. The series of 174 included 73 patients with 
giant basilar aneurysms that were associated with a complica-
tion rate of near 50% (23% had poor outcome and 25% died). 
A more recent series of 59 giant aneurysms by a single surgeon 
had approximately 18% poor outcome and 10% mortality.234 
Surgery for giant aneurysm remains a formidable challenge, 
and some neurosurgeons advise their patients against opera-
tive intervention unless immediate life-threatening risks are 
present.235 The introduction of new endovascular technique 
including pipeline embolization devices may obviate the need 
for surgical treatment of unruptured giant aneurysms.236

Two surgical techniques are used for the management of 
giant aneurysms considered otherwise inoperable: (1) the use 
of proximal and distal temporary occlusion to collapse the 
aneurysm and (2) the use of circulatory arrest with profound 
hypothermia.237 Although the former approach has been ad-
vocated by some surgeons,238 it is not considered uniformly 
applicable. The latter approach had been used as a general 
approach for all cerebral aneurysms, but fell into disfavor as 
improvements in microsurgical technique and neuroanesthe-
sia allowed conventional approaches to achieve better results. 
However, interest in using hypothermic circulatory arrest for 
giant aneurysms has been revived, with several groups report-
ing good results and a mortality ranging from 0% to 25%. The 
main advantages of hypothermic circulatory arrest for giant 
aneurysm are (1) decompression of the aneurysmal sac, (2) 
better visualization of the anatomy, (3) a totally bloodless field, 
and (4) greater ease in placement of the clip across a large or 
anatomically complicated aneurysm neck. Circulatory ar-
rest can be performed with use of closed-chest femoral vein-
femoral artery bypass or through an open chest with median 
sternotomy and ventricular venting. The closed-chest method 
is associated with lower morbidity and is preferred.

The anesthetic management of temporary occlusion has al-
ready been described; therefore only circulatory arrest under 
profound hypothermia is discussed here. The major issues 
concern brain protection and the complications of cardiopul-
monary bypass. For details on physiology and management of 
cardiopulmonary bypass, the reader should consult a standard 
textbook on cardiovascular anesthesia.

Brain Protection in Circulatory Arrest
Cerebral hypoxia and ischemia are the factors that limit 
the duration of the circulatory arrest. The metabolic ox-
ygen consumption of the brain may be divided into an 
active component, which can be regarded as any neuro-
nal activity, and a basal component, which is related to 
maintenance of cellular integrity. Pharmacologic and non-
pharmacologic methods that reduce metabolic oxygen 
consumption increase the duration of arrest tolerated. At 
present, these include the use of barbiturates or propofol 
and profound hypothermia. A number of investigators 
have reported good results with giant aneurysm surgery 
utilizing the combination of barbiturate therapy and pro-

found hypothermia during circulatory arrest.235,238–241 
High-dose propofol has also been used to achieve a similar 
purpose. However, similar results have also been obtained 
with profound hypothermia alone.242

Barbiturates
Barbiturates can reduce the cerebral metabolic rate for oxy-
gen (CMRO2) attributed to the active component to zero and, 
therefore, reduce the overall CMRO2 to a maximum of 50%. 
Additional barbiturate administration beyond what is required 
to cause electrical silence in the EEG will not decrease the 
metabolic rate further. However, barbiturates may have other 
actions, including free radical scavenging and membrane sta-
bilization.239 Therefore, barbiturates may provide additional 
cerebral protection even during profound hypothermia, al-
though this notion remains controversial. Barbiturate therapy 
is most effective in preventing cerebral injury secondary to 
temporary focal ischemia. It is less well established in the situ-
ation of temporary global ischemia.

Two modes of administering barbiturates (primarily, so-
dium thiopental) before cooling and arrest are used, a single 
bolus and a continuous infusion. In studies in which a single 
dose of thiopental was given, the amount ranged from 30 to 
40 mg/kg administered over 30 minutes.238,240,243 Thiopental 
is no longer available in North America, and must be substi-
tuted with pentobarbital or propofol. In most of the reported 
studies, however, EEG monitoring was not used to determine 
the endpoint. Monitoring the EEG allows the anesthesiolo-
gist to titrate the loading dose and the maintenance infusion 
to achieve EEG burst suppression throughout the proce-
dure.239,241 A simple bihemispheric two-channel EEG device 
will suffice. Burst suppression may be accomplished with an 
initial loading dose of thiopental, 3–5 mg/kg, followed by a 
continuous infusion varying from 0.1 to 0.5 mg/kg/min for 
the entire period of cardiopulmonary bypass. With profound 
hypothermia at temperatures below 18 °C, the EEG is ren-
dered isoelectric even without pharmacologic suppression 
(in contrast, evoked responses are abolished between 15° 
and 18 °C). It is recommended that the thiopental infusion 
rate established during normothermia be maintained during 
circulatory arrest.239 In patients with heart disease, thio-
pental loading may lead to severe myocardial dysfunction, 
preventing separation of the patient from cardiopulmonary 
bypass after the aneurysm is clipped. Several small studies 
examining the cardiac performance in patients undergo-
ing profound hypothermia for cerebral aneurysm surgery 
demonstrated that cardiac function was only minimally im-
paired. Similar observations were made with the use of high-
dose propofol.244

Hypothermia
Hypothermia (Table  13.8), a nonpharmacologic method of 
reducing the CMRO2, is different from barbiturates in that 
it reduces not only the active component but also the basal 
component of the CMRO2. Hypothermia causes a signifi-
cant reduction in cerebral oxygen consumption and has been 
demonstrated to protect the brain during anoxic conditions. 
The period of circulatory arrest tolerated at normothermia is 
only 4 to 5 minutes, but it doubles for every 8 °C in temperature 
reduction. Thus, the CMRO2 value drops to 50% of normal 
with hypothermia at 30 °C, to 25% of normal at 25 °C, 15% of 
normal at 20 °C, and to 10% of normal at 15 °C. At 15 °C, con-
tinuous circulatory arrest can be tolerated for 32 to 40 minutes. 
The maximum time of deep hypothermic arrest has not been 
definitively established, but in clinical practice the maneuver 
has been safely used for up to 60 minutes.242
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Because substantial gradients in temperature can develop 
between the brain and the periphery during cooling and re-
warming, it is important to monitor the brain temperature 
accurately before circulatory arrest. Williams and associates242 
reported close correlation of brain temperatures measured with 
esophageal, tympanic membrane, and nasopharyngeal sensors. 
In contrast, rectal temperatures were unreliable and bladder 
temperature reliability varied among studies.245 Direct brain 
temperature monitoring has also been advocated.209 To improve 
safety, at least two temperature monitoring sites should be used.

The depth of hypothermia and the duration of circulatory 
arrest reported in various studies for treatment of giant aneu-
rysms are summarized in Table 13.9. Note that the amount of 
time necessary for the clipping is usually less than the tolerable 
safe limit at the temperature used. Compared to early experi-
ence, the mortality and morbidity have declined substantially. 
The more recent series suggest that temperature should be 
decreased to 15°–18 °C, since the series with the highest mor-
tality (25%) was associated with circulatory arrest at 25 °C.246

Cardiovascular Effects of Profound Hypothermia
Hypothermia induces characteristic cardiovascular changes. 
As temperature decreases, systemic vascular resistance in-
creases while cardiac output decreases. To allow high pump 
flow to facilitate rapid cooling and subsequent rewarming, 
use of vasodilators such as sodium nitroprusside may be 
necessary. Progressive bradycardia occurs as the temperature 
approaches 30 °C, and the atrium frequently begins to de-
velop flutter or fibrillation below 30 °C. The ventricles usu-
ally fibrillate below 28 °C. Because continuous ventricular 
fibrillation may cause ischemic injury to the heart, electrical 
activity should be terminated with administration of 40 to 
80 mEq of potassium chloride to the pump or with cardiover-
sion (100 to 250 watts/sec).

Body 
Temperature (°C)

Percentage of 
Normal Cerebral 
Metabolic Rate

Period of Tolerated 
Circulatory Arrest 
(min)

38 100 4–5

30 50 8–10

25 25 16–20

20 15 32–40

10 10 64–80

Table 13.8  �Hypothermia for Treatment of Giant 
Cerebral Aneurysms

Study∗ No. of Cases
Body 
Temperature (°C)

Duration of Arrest (min)
Rate of Major 
Morbidity (%)

Rate of 
Mortality (%)Median Range

Schebesch et al. (2010)247 26 19.6 23.4 (mean) 3–102 15 11.5

Ponce et al. (2011)248 105 17.2 21.8 (mean) 2–72 18 14

Mack et al. (2007)208 66 17.6 26.2 6–77 31 12

Levati et al. (2007)241† 12 14.1 26.5 9–54 25 0

Lawton et al. (1998)249‡ 60 9–19 23 2–72 13.3 8.3

Greene et al. (1994)250§ 2 15–18 40,70 40–70 0 0

Ausman et al. (1993)251 9 17–18 20 12–37 22 33

Williams et al. (1991)242 10¶¶ 8.4–13.7 25 1.25–60 20 10

Solomon et al. (1991)235† 14 15–22.5 22 8-51 50 0

Thomas et al. (1990)240† 1 15.4 35 — 0 0

Spetzler et al. (1988)239† 7 17.5–21 11 7–53 29 14

Gonski et al. (1986)252† 40 25 10 0–35 23 25

Baumgartner et al. (1983)238† 15¶ 16–21.5 19 0–51 20 0

McMurtry et al. (1974)253 12∗∗ 28–29 9 1–28 50 8

Sundt et al. (1972)254 1 13 30 — 100 0

Drake et al. (1964)237 10 13–17 14 2–18 40 30

Michenfelder et al. (1964)255 15 13–16 17 0–39 40 20

Patterson & Ray (1962)246 7 14–17 25 9–43 0 30

Woodhall et al. (1960)256 1†† 12 30 — 100 0

Table 13.9  Reports of Circulatory Arrest for Treatment of Giant Cerebral Aneurysms

?, means unknown (not reported);—, information not available from the reference.
∗Superscript numbers indicate chapter references.
†Barbiturate therapy was also used.
‡Includes patients from previously published series.
§Pediatric cases.
¶¶Only 4 out of 10 are giant aneurysms. The patient who died had an arteriovenous malformation (AVM); the patients with morbidity included  
1 with AVM and 1 with aneurysm.
¶Two of 15 are patients with medullary hemangioblastoma.
∗∗One of 12 with AVM.
††Patient with metastatic bronchogenic carcinoma.
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The coagulation system is severely perturbed by hypothermia, 
and the problem is compounded by inadequate surgical hemo-
stasis or incomplete reversal of heparin with protamine.238,239,242 
Hypothermia-induced coagulopathy is caused by a multitude 
of factors, including (1) reduction of the platelet count, prob-
ably from splenic sequestration, (2) a reversible platelet dys-
function through a decrease in adhesiveness, (3) slowing down 
of the enzyme-mediated steps in the coagulation cascade, and 
(4) decrease in the metabolism of heparin. The dilutional ef-
fect of priming solutions with cardiopulmonary bypass on 
coagulation factors I, II, V, VII, and XIII also contributes to 
difficulty with hemostasis.

Hypothermia also causes an increase in viscosity, leading to 
sludging of the red blood cells. However, this problem can be ef-
fectively treated through a deliberate lowering of the hematocrit 
with phlebotomy and simultaneously, replacement of the blood 
volume with a crystalloid solution. The phlebotomy not only 
decreases the hematocrit but also preserves platelet-rich autol-
ogous blood for subsequent transfusion during the rewarming 
phase. The lower hematocrit reduces oxygen-carrying capacity, 
but this effect is partially compensated for by the greater amount 
of dissolved oxygen, which results from the higher oxygen sol-
ubility that occurs with hypothermia. The hemoglobin-oxygen 
dissociation curve, however, is also shifted to the left and may 
reduce unloading of oxygen in ischemic tissue.

Hyperglycemia
Hypothermia prevents proper utilization and metabolism of 
glucose and may cause hyperglycemia. As mentioned previ-
ously, hyperglycemia may exacerbate neuronal damage during 
ischemia141,142 and, therefore, should be treated with insulin. 
Frequent monitoring of serum glucose and electrolyte concen-
trations in addition to acid–base balance is, therefore, essential.
Anesthetic Considerations
In addition to the normal evaluation of the patient with SAH, 
preoperative consideration of patients scheduled for hypo-
thermic circulatory arrest must include special emphasis on 
coexisting cardiac, pulmonary, hematologic, or neurologic dis-
orders that may require modification of this form of therapy or 
exclude the patient from undergoing it. For example, patients 
with aortic valve insufficiency may require the open-chest 
method of cardiopulmonary bypass to prevent ventricular 
distention. On the other hand, patients with poor ventricular 
function, existing coagulopathy, or significant carotid artery 
disease may be considered unsuitable for the procedure.

Although induction of anesthesia is similar to what has 
been covered previously regarding monitors, blood pressure 
control, and intubation, several additional monitors should 
be considered. These include EEG, SSEP and BAEP monitor-
ing, transesophageal echocardiography, and TCD. The EEG 
monitors cortical activity and is necessary as an endpoint for 
barbiturate-induced burst suppression when barbiturates are 
used for added protection. SSEP monitoring, on the other 
hand, is a measure of the sensory conduction to the cortex 
and can be recorded even during a barbiturate-induced silent 
EEG. The BAEP reflects the function of the auditory pathway 
through the brainstem and so its monitoring may be useful 
during procedures on vertebrobasilar aneurysms.249 During 
profound hypothermia at 15° to 18 °C, all electrophysiologic 
activity is abolished; nevertheless, SSEP monitoring may allow 
assessment of neurologic function during cooling as well as 
rewarming and may have prognostic value. Transesophageal 
echocardiography allows visualization of the cardiac chambers 
and assessment of ventricular function and is useful in the 

management of patients with cardiac disease.235 In addition, 
TCD has been used during these procedures,235 presumably to 
monitor CBF velocity and emboli, although its value has not 
been established.

The overall management necessitates a team effort requiring 
effective communication from all participants. To administer 
anesthesia safely for hypothermic circulatory arrest, a thorough 
understanding of the cardiovascular and hematologic pertur-
bations in response to hypothermia must be appreciated. The 
technique also demands knowledge of the use of the various 
electrophysiologic monitors that guide efforts to provide ce-
rebral protection. Although the actual practice varies among 
different institutions, a suggested protocol is appended.

The major and most feared postoperative complication as-
sociated with hypothermic cardiac arrest for aneurysm sur-
gery is coagulopathy leading to cerebral hemorrhage. A small 
leak at the operative site can be disastrous. To reduce this risk, 
the surgeon should complete the dissection of the aneurysm 
and verify absolute hemostasis before initiating hypothermic 
circulatory arrest. Heparinization should be evaluated and 
followed with the activated clotting time, which should be 
maintained within 400 to 450 seconds. Once rewarming has 
occurred and the patient no longer requires bypass, prota-
mine sulfate is titrated to reverse the effect of heparin until 
the activated clotting time is between 100 and 150 seconds. 
The phlebotomized blood removed earlier is transfused back, 
and additional blood products, such as fresh frozen plasma, 
cryoprecipitate, and platelets, are often required. Meticulous 
achievement of surgical hemostasis is again necessary before 
dural closure begins.

The anesthesiologist must also watch for any cardiovascu-
lar complications associated with cardiopulmonary bypass, 
including hypotension, low cardiac output, and hypertension, 
and must correct any rhythm abnormalities during the cooling 
or rewarming phase. The patient may also require inotropic 
support during warming and the immediate postoperative 
course. With or without additional barbiturate protection, the 
patient is generally transferred directly to the intensive care 
unit for continued care. Extubation of the trachea and as-
sessment of neurologic function can usually be accomplished 
within 12 to 24 hours postoperatively.

SUMMARY

Because of the associated systemic effects and the surgical re-
quirements, patients with cerebral aneurysms present a unique 
challenge to the anesthesiologist. This chapter has highlighted 
the major considerations and suggested rational approaches. 
The important steps are the following:

1.	 A thorough understanding of the patient’s 
pathophysiology in relation to the subarachnoid 
hemorrhage as well as other related systemic effects

2.	 Communication with the neurosurgeon to clarify the 
surgical approach and the necessity for any specific 
monitoring

3.	 Outline of the anesthetic objectives
4.	 Formulation of anesthetic plan to meet the objectives, 

taking into consideration one’s knowledge of anesthetic 
drugs and clinical experience (this should also include 
planning for untoward events intraoperatively such as 
rupture of the aneurysm)

5.	 Implementation of the plan.

There will always be patients who, despite our best efforts, 
fail to benefit from the surgical procedure. It is hoped, however, 
that with proper planning, optimal results can be achieved.
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14Interventional Neuroradiology  
Anesthetic Management

P.O. Talke  •  C.F. Dowd  •  C.Z. Lee

Interventional neuroradiology (INR) is the discipline that 
uses endovascular procedures to treat vascular conditions 
of the central nervous system. Other names for the field are 
neurointerventional surgery, surgical neuroangiography, and 
endovascular neurosurgery. INR is firmly established in the 
management of cerebrovascular disease, a watershed event 
perhaps being the International Subarachnoid Aneurysm Trial, 
which provided level 1 evidence that aneurysm coiling has ad-
vantages over surgical clipping of intracranial aneurysms.1

The discussion in this chapter emphasizes perioperative 
and anesthetic management strategies to optimize conditions 
for therapeutic interventions, to prevent complications and 
to minimize their effects if they occur. We further assume 
that the primary imaging technology is catheter angiography, 
although magnetic resonance imaging may one day augment 
this practice.2 Planning of the anesthetic and perioperative 
management is predicated on an understanding of the goals 
of the therapeutic intervention and anticipation of potential 
problems.

The anesthetic concerns of particular importance for INR 
procedures are (1) maintaining the patient’s immobility during 
the procedure to facilitate imaging and to prevent intervention- 
related complications; (2) either enabling rapid recovery from 
anesthesia at the end of the operation to facilitate neurologic 
examination and monitoring or providing for intermittent 
evaluation of neurologic function during the procedure; (3) 
managing anticoagulation; (4) treating and managing sudden 
unexpected procedure-specific complications during the pro-
cedure, such as hemorrhage or vascular occlusion, which may 
involve manipulating systemic blood pressure; (5) guiding the 
medical management of critical care patients during trans-
port to and from radiology suites; and (6) recognizing self- 
protection issues related to radiation safety.3,4

PREOPERATIVE PLANNING AND 
PATIENT PREPARATION

Patients for NIR procedures range from healthy outpatients 
coming for diagnostic NIR procedures to the critically ill, 
unresponsive patients from the intensive care unit with dev-
astating intracranial bleeds. Procedures may be elective or 
emergent, such as treatment of acute ischemic strokes. Thus, 
the preoperative planning may vary significantly from patient 
to patient.

Baseline blood pressure and cardiovascular reserve should 
be assessed carefully. This almost axiomatic statement is 
particularly important for several reasons. Blood pressure 
manipulation is commonly required, and treatment-related 
perturbations should be anticipated. Therefore, a clear sense 
of the patient’s baseline blood pressure needs to be established. 
One must keep in mind that “autoregulation” as presented in 
the textbooks is a description of a population; individual pa-
tients are likely to vary considerably, a concept based on the 
historical observations that underlie our modern notions of 

autoregulatory behavior.5,6 To state the issue another way: when 
looking at the usual autoregulation curve, one should bear in 
mind that each point on that curve has a 95% confidence in-
terval (CI) associated with it in both x and y directions. For 
most procedures, beat-to-beat blood pressure monitoring is 
useful, considering the rapid time constants in this setting for 
changes in systemic or cerebral hemodynamics.

Preoperative administration of calcium channel blockers 
for prophylaxis for cerebral ischemia may be used and can 
affect hemodynamic management. In addition, these agents 
or transdermal nitroglycerin are sometimes used to lower the 
chance of catheter-induced vasospasm.

Radiologic contrast media are well known to cause allergic 
reactions.7 There seems to be no difference between the older 
and newer agents in their propensity to cause anaphylactoid 
reactions. However, newer agents provide a much lower os-
molar load and, therefore, preserve intravascular volume in 
the event of an allergic crisis. The newer agents are also less 
neurotoxic than the older, high osmolar contrast agents.

The patient’s previous experience with radiologic imag-
ing that may have included administration of contrast agents 
should be inquired about. As intraprocedural systemic hep-
arinization is commonly used in INR, protamine sulfate is 
also often used to reverse the anticoagulant effect of heparin. 
Protamine is also known to cause allergic reactions. In the 
history, items of interest include prior anticoagulation, coagu-
lation disorders, protamine allergy (related items include pro-
tamine insulin use, fish allergy, and prior vasectomy), recent 
steroid use, and contrast agent reactions (including general 
atopy and iodine/shellfish allergies).

Patients who give a history of significant contrast agent 
reactions can be treated with steroids, antihistamines and H2 
blockers prior to the procedure. The treatment of severe al-
lergic response is reviewed in general textbooks and promi-
nently features use of adrenergic agonists, such as epinephrine 
(adrenaline).

The patient’s renal function should be evaluated before the 
procedure due to nephrotoxicity of the contrast agents.

Patients coming from intensive care units may be intu-
bated, mechanically ventilated and have an intra-arterial 
catheter and/or an extra ventricular device (EVD) in place. 
Hemodynamic, ventilator and EVD management of these pa-
tients should be clearly discussed with the ICU team before 
the procedure.

A number of considerations regarding the anesthetizing 
location should be borne in mind. Both wall and tank oxy-
gen should be available. All the usual anesthetizing location 
considerations should be provided, including adequate light-
ing, electrical power, and ready access to a phone line (dedi-
cated if at all possible). The access to emergency equipment 
must be proximate and immediate. One configuration of a 
modern neuroradiology suite and associated images is shown 
in Fig.  14.1. Magnetic resonance imaging and conventional 
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angiography units are sometimes combined in one setting 
(Fig. 14.2).

A fundamental knowledge of radiation safety is essential 
for all staff members working in an INR suite as well as a crit-
ical part of preoperative planning. It is reasonable to assume 
that the X-ray machine is always on. There are three sources 
of radiation in the INR suite: direct radiation from the X-ray 
tube, leakage (through the collimators’ protective shielding), 
and scatter radiation (reflected from the patients and the area 
surrounding the body part to be imaged). The amount of ex-
posure decreases proportionally to the inverse of the square of 
the distance from the source of radiation (inverse square law). 
Digital subtraction angiography delivers considerably more 
radiation than fluoroscopy.

Optimal protection involves the use of lead aprons, thyroid 
shields, eye protection, and radiation exposure badges. The 

lead aprons should be periodically evaluated for any cracks in 
the lead lining that may allow accidental radiation exposure. 
Movable lead glass screens may provide additional protection 
for the anesthesia team. Clear communication between the 
INR and anesthesia teams is also crucial for limiting radia-
tion exposure. With proper precautions, the anesthesia team 
should be exposed to far less than the annual recommended 
limit for health care workers.

Anesthetic Technique
Choice of Anesthetic Technique
The choice of anesthetic technique varies among centers, with 
no clear superior method, and generally follows the dictates of 
the well-described considerations for operative neuroanesthe-
sia. At UCSF we typically provide monitored anesthesia care 
(MAC, sedation) to patients undergoing diagnostic angiog-
raphy as long as the patients are cooperative and can remain 
still during image acquisition. Patients receiving therapeutic 
intervention involving intracranial blood vessels and patients 
undergoing spinal angiography typically receive general anes-
thesia (GA).

Secure intravenous (IV) access should be available with 
adequate extension tubing to allow drug and fluid adminis-
tration at maximal distance from the image intensifier during 
fluoroscopy. Access to intravenous or arterial catheters and 
EVDs can be difficult when the patient is draped with the 
arms restrained at the sides. Primary anesthetic or vasoactive 
agent infusions should be given through proximal ports with 
minimal dead space.

Monitoring
In addition to the standard monitors specified by the American 
Society of Anesthesiologists, capnography sampling via the 
sampling port of the nasal cannula is used during IV sedation.

Fig. 14.1  State-of-the-art neuroangiography suite (top left) has the capability to perform computed tomography (top right), biplane angiography 
(bottom left and middle), and three-dimensional reconstructed rotational angiography (bottom right). These views show a small cerebellar 
arteriovenous malformation with recently ruptured feeding artery aneurysms (see Fig. 14.6).

Fig. 14.2  Photograph of an interventional radiology suite that 
combines rotational angiography with MRI capability, allowing 
immediate transfer of the patient from one modality to the other. The 
image intensifier for the angiography unit is seen in the foreground; 
the bore of the magnet and MR gantry is seen in the background. 
(Courtesy of Alastair Martin, PhD.)
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to-beat arterial pressure monitoring and blood sampling can 
be facilitated by the placement of an intra-arterial catheter.  
A side port of the femoral artery introducer sheath can also be 
used, but the sheath is usually removed immediately after the 
procedure. In a patient who requires continuous blood pres-
sure monitoring or frequent blood sampling postoperatively, 
it is convenient to have a separate radial arterial catheter. 
Electrophysiologic monitoring is not commonly used.

With a coaxial or triaxial catheter system, arterial pressure 
at the carotid artery, the vertebral artery, and the distal ce-
rebral circulation can be measured. Pressures in these distal 
catheters usually underestimate systolic and overestimate dia-
stolic pressure; however, mean pressures are reliable. Bladder 
catheters assist in fluid management as well as patient com-
fort; a significant volume of heparinized flush solution and 
radiographic contrast agent may be used. Sodium bicarbonate 
infusions are used to reduce potential renal injury, especially 
in patients with abnormal renal function. The infusion is typ-
ically started before the procedure, and continued till after the 
end of procedure.

EVDs should be monitored and drained as discussed with 
the primary care team.

General Anesthesia
The primary reasons for employing general anesthesia in 
INR are to minimize motion artifacts, to improve the quality 
of the image and to reduce catheter-induced complications. 
Normocapnia or modest hypocapnia consistent with the safe 
conduct of positive-pressure ventilation should be main-
tained, unless intracranial pressure is a concern. The specific 
choice of anesthesia may be guided primarily by other car-
diovascular and cerebrovascular considerations and typically 
follow general neuroanesthesia principles. There is no clear 
superiority of one modern anesthetic over another in terms of 
pharmacologic protection against neuronal injury. Total intra-
venous anesthetic techniques, or combinations of inhalational 
and intravenous methods, may optimize rapid emergence. An 
argument could be made for avoiding nitrous oxide because 
of the possibility of introducing air emboli into the cerebral 
circulation and also because of reports that this agent worsens 
outcome after experimental brain injury.

It is important to distinguish between the two general 
settings in which hyperventilation is used in anesthetic 
practice. First, it is used to treat intracranial hypertension. 
Hyperventilation is an important mainstay in the management 
of an intracranial catastrophe to acutely reduce cerebral blood 
volume (Box 14.1). PaCO2 management should aim at normo-
capnia or mild hypocapnia to the extent consistent with the 
safe conduct of positive-pressure ventilation. If a patient has 
increased intracranial pressure, prophylactic mild hypocap-
nia may be indicated during the induction and maintenance 
of anesthesia. Patients who have been hyperventilated in the 
ICU before the procedure, and patients who may be sponta-
neously hyperventilating secondary to cerebral injury should 
have their pCO2 maintained at or below pre-procedure levels.

Intravenous Sedation
For cases managed with an unsecured airway, routine evalua-
tion of the potential ease of laryngoscopy in an emergency sit-
uation should take into account that direct access to the airway 
may be limited by table or room logistics. Recent pterional 
craniotomy can sometimes result in impairment of temporo-
mandibular joint mobility.

For IV sedation cases, careful padding of pressure points 
and working with the patient to obtain a final comfortable po-

sitioning may assist in the patient’s ability to tolerate a long 
period of lying supine and motionless, decreasing the require-
ment for sedation, anxiolysis, and analgesia. The possibility 
of pregnancy in women and a history of adverse reactions to 
radiographic contrast agents should be explored.

Intravenous sedation in aneurysm management is used 
most often for patients coming for diagnostic angiography 
or interim follow-up angiography to assess the necessity for 
re-treatment after primary coiling. If further treatment is indi-
cated or the patient is not able to stay still during image acqui-
sition, the technique can be converted to general anesthesia. 
The goals of anesthetic choice for intravenous sedation are to 
alleviate pain, anxiety, and discomfort, and allow rapid recov-
ery. There may be some discomfort associated with injection 
of contrast media into the cerebral arteries (burning) and with 
distention or traction on them (headache). A long period of 
lying motionless can also cause significant discomfort.

A variety of sedation regimens is available, and specific 
choices are based on the experience of the practitioner and the 
goals of anesthetic management. Common to all intravenous 
sedation techniques is the potential for upper airway obstruc-
tion. However, light levels of sedation that provide anxiolysis 
are usually optimal as the patients need to stay still and hold 
their breath during image acquisition. At UCSF we frequently 
use small doses of midazolam and fentanyl for sedation during 
NIR procedures. Placement of a nasopharyngeal airway may 
cause troublesome bleeding in anticoagulated patients and is 
generally avoided.

Dexmedetomidine is a newer agent that may have ap-
plicability in the INR setting. It is a potent, selective alpha2 
adrenoceptor agonist with sedative, anxiolytic, and analge-
sic properties. Dexmedetomidine is especially noteworthy 
for its ability to produce a state of patient tranquility with-
out depressing respiration. However, like other sedatives,  
dexmedetomidine-induced sedation may cause upper airway 
obstruction. More importantly, there is a tendency for patients 
managed with dexmedetomidine to have relatively low blood 

BOX 14.1  Management of Intracranial Catastrophes[*]

Initial Resuscitation
Communicate with endovascular therapy team. Assess the need for 

assistance; call for assistance. Secure the airway and ventilate 
with 100% O2.

Determine whether the problem is hemorrhagic or occlusive:
Hemorrhagic: Immediate heparin reversal (1 mg protamine for 

each 100 units of heparin given) and low normal mean arterial 
pressure.

Occlusive: Deliberate hypertension, titrated to findings of 
neurologic examination, angiography, or physiologic imaging 
studies or to clinical context.

Further Resuscitation
PaCO2 manipulation consistent with clinical setting; otherwise 

normocapnia. Mannitol 0.5 g/kg, rapid IV infusion.
Titrate IV agent to electroencephalographic burst suppression.
Consider ventriculostomy for treatment or monitoring of increased 

intracranial pressure. Consider anticonvulsant.

*These are only general recommendations and drug doses. They must be 
adapted to specific clinical situations and in accordance with a patient’s 
preexisting medical condition. In some cases of asymptomatic or minor vessel 
puncture or occlusion, less aggressive management may be appropriate.

There are some special circumstances for which induced hypercapnia may 
be indicated, such as embolization of extracranial vascular malformations, 
which drain into the intracranial venous system. In these cases, induction 
of hypercapnia can promote high venous outflow from the cerebral venous 
system and help minimize the risk of inadvertent movement of embolic 
material into the intracranial compartment (discussed later).
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pressure in the postoperative recovery period.8 Because pa-
tients with aneurysmal subarachnoid hemorrhage (SAH) may 
be critically dependent on the adequacy of collateral perfusion 
pressure, regimens that may result in blood pressure decreases 
should be used with great caution.

Anticoagulation
Heparin
Careful management of coagulation is required to prevent 
thromboembolic complications during and after the pro-
cedure. Generally, after a baseline activated clotting time is 
obtained, intravenous heparin (approximately 70 units/kg) 
is given to a target prolongation of 2 to 3 times the baseline 
value. Then heparin can be given continuously or as an in-
termittent bolus with hourly monitoring of activated clotting 
time. For the occasional case of refractoriness, adequate anti-
coagulation, switching from bovine to porcine heparin, or vice 
versa, should be considered. If antithrombin III deficiency 
is suspected, administration of fresh frozen plasma may be 
necessary.

Direct Thrombin Inhibitors
Heparin-induced thrombocytopenia is a rare but important 
adverse event in heparin anticoagulation. Development of 
heparin-dependent antibodies after initial exposure leads to a 
prothrombotic syndrome. In high-risk patients, direct throm-
bin inhibitors can be applied, with the realization that adverse 
events are inherent to their use, such as anaphylaxis. Direct 
thrombin inhibitors inhibit free and clot-bound thrombin, 
and their effect can be monitored by either an activated par-
tial thromboplastin time or activated clotting time. Lepirudin 
and bivalirudin, a synthetic derivative, have half-lives of 40 to 
120 minutes and about 25 minutes, respectively. Because these 
drugs undergo renal elimination, dose adjustments may be 
needed in patients with renal dysfunction. Argatroban is an al-
ternative agent that undergoes primarily hepatic metabolism. 
One report has described bivalirudin as a potential alternative 
to heparin during INR procedures for intravenous anticoagu-
lation and intra-arterial thrombolysis.9

Antiplatelet Agents
Although still controversial in the acute setting,10 antiplatelet 
agents (aspirin, the glycoprotein IIb/IIIa receptor antagonists, 
and the thienopyridine derivatives) are increasingly being 
used for cerebrovascular disease management11 and may be of 
use for acute treatment of thromboembolic complications.12 
Abciximab (ReoPro) has been used to treat thromboembolic 
complications. Activation of the platelet membrane glycopro-
tein IIb/IIIa leads to fibrinogen binding and is a final common 
pathway for platelet aggregation. Abciximab, eptifibatide, and 
tirofiban are glycoprotein IIb/IIla receptor antagonists. The 
long duration and potent effect of abciximab also increase the 
likelihood of major bleeding. The smaller-molecule agents, 
eptifibatide and tirofiban, are competitive blockers with 
shorter half-lives of about 2 hours. Thienopyridine derivatives 
(ticlopidine and clopidogrel) bind to the platelet’s adenos-
ine diphosphate receptor, permanently altering the receptor; 
therefore, the duration of action is the lifespan of the platelet. 
Clopidogrel is commonly added to the antiplatelet regimen 
for procedures that require placement of devices (eg, stents, 
coiling or stent-assisted coiling) primarily in patients who 
have not had an acute event, such as those with unruptured 
aneurysms. Patients who are expected to receive stents, should 
be pretreated with antiplatelet agents, because of the potential 
risk of thrombus formation on the stent.

Reversal of Anticoagulation
At the end of the procedure or at occurrence of hemorrhagic 
complication, heparin anticoagulation may be reversed with 
protamine. Because there is no specific antidote for the direct 
thrombin inhibitors or the antiplatelet agents should reversal 
be indicated, biologic half-life is one of the major consider-
ations in drug choice, and platelet transfusion is a nonspecific 
therapy. There is no currently available accurate test to measure 
platelet function in patients taking the newer antiplatelet drugs. 
Desmopressin (DDAVP) has been reported to shorten the pro-
longed bleeding time of individuals taking antiplatelet agents, 
such as aspirin and ticlopidine. There are also increasingly 
more reports on the use of specific clotting factors, such as re-
combinant factor VIIa and factor IX complex, to rescue severe 
life-threatening bleeding, including intracranial hemorrhage 
uncontrolled by standard transfusion therapy. The safety and 
efficacy of these coagulation factors remain to be investigated.

DELIBERATE HYPERTENSION

During acute arterial occlusion or vasospasm, the only practi-
cal way to increase collateral blood flow may be an augmenta-
tion of the collateral perfusion pressure by raising the systemic 
blood pressure. The circle of Willis is a primary collateral 
pathway in cerebral circulation. However, in as many as 21% 
of otherwise normal subjects, the circle may not be complete. 
There are also secondary collateral channels that bridge adja-
cent major vascular territories, most importantly for the long 
circumferential arteries that supply the hemispheric convexi-
ties. These pathways are known as the pial-to-pial collateral or 
leptomeningeal pathways.

The extent to which the blood pressure has to be raised de-
pends on the condition of the patient and the nature of the dis-
ease. Typically, during deliberate hypertension, the systemic 
blood pressure is raised by 30% to 40% above baseline in the 
absence of some direct outcome measure, such as resolution of 
ischemic symptoms or imaging evidence of improved perfu-
sion. Phenylephrine, usually the first-line agent for deliberate 
hypertension, is titrated to achieve the desired level of blood 
pressure. Norepinephrine (noradrenaline) and vasopressin are 
used occasionally when phenylephrine is not sufficient to in-
crease blood pressure. The electrocardiogram and ST segment 
monitor should be carefully inspected for signs of myocardial 
ischemia. Intra-arterial blood pressure monitoring should be 
used during use of deliberate hypertension.

The risk of causing hemorrhage into an ischemic area must 
be weighed against the benefits of improving perfusion, but 
augmentation of blood pressure in the presence of acute ce-
rebral ischemia is probably protective in most settings. There 
is also a risk of rupturing an aneurysm or arteriovenous mal-
formation (AVM) with induction of hypertension. There are 
no data that deal with this risk directly, other than older case 
series that report rupture during anesthetic induction in the 
range of about 1% that was presumably due to acute hyper-
tension. For AVMs, cautious extrapolation of observations for 
head-frame application suggests the rarity of AVM rupture 
from acute blood pressure increases. Szabo and colleagues13 
measured blood pressure changes noninvasively in 56 con-
scious, unpremedicated patients undergoing local anesthetic 
injection and pin insertion; the maximum mean arterial pres-
sure was 118 ± 7 mmHg, representing an increase of 37% from 
baseline. These researchers concluded that since none of their 
56 patients, nor any of the more than 1000 patients treated 
in similar fashion, suffered a hemorrhage, moderate arterial 
hypertension does not cause spontaneous AVM hemorrhage.13
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The two primary indications for induced hypotension are (1) 
to test cerebrovascular reserve in patients undergoing carotid 
test occlusion and (2) to slow flow in a feeding artery of a brain 
AVM before injecting glue (sometimes termed “flow arrest”). 
The most important factor in choosing a hypotensive agent 
is the ability to safely and expeditiously achieve the desired 
reduction in blood pressure while keeping the patient physi-
ologically stable, and, if the patient is awake, not to interfere 
with neurologic assessment.

The choice of agent should be determined by the experi-
ence of the practitioner, the patient’s medical condition, and 
the goals of the blood pressure reduction in a particular clini-
cal setting. We typically use nicardipine or sodium nitroprus-
side infusions to induce hypotension. Intravenous adenosine 
has been used during aneurysm surgery to induce transient 
cardiac pause and may be a viable method of partial flow ar-
rest.14 Direct intra-arterial blood pressure monitoring should 
be used during deliberate hypotension.

MANAGEMENT OF NEUROLOGIC 
AND PROCEDURAL CRISES

A well thought-out plan, coupled with rapid and effective 
communication between the anesthesia and radiology teams, 
is critical for good outcomes in INR. The primary responsi-
bility of the anesthesia team is to preserve gas exchange and 
stable hemodynamics, and, if indicated, secure the airway. 
Simultaneous with airway management, the first branch in 
the decision-making algorithm is for the anesthesiologist to 
communicate with the INR team and determine whether the 
problem is hemorrhagic or occlusive.

In the setting of vascular occlusion, the goal is to increase 
distal perfusion by means of blood pressure augmentation with 
or without direct thrombolysis. If the problem is hemorrhagic, 
immediate cessation of heparin and reversal of anticoagulation 
with protamine is indicated. As an emergency reversal dose, 
1 mg protamine can be given for each 100 units of initial hep-
arin dosage that resulted in therapeutic anticoagulation. The 
activated clotting time can then be used to fine-tune the final 
protamine dose. Complications of protamine administration 
include hypotension, true anaphylaxis, and pulmonary hyper-
tension. With the advent of newer long-acting direct thrombin 
inhibitors, such as bivalirudin, new strategies for emergency 
reversal of anticoagulation need to be developed.

Bleeding catastrophes are usually heralded by headache, 
nausea, vomiting, and vascular pain related to the area of 
perforation. Sudden loss of consciousness is not always due 
to intracranial hemorrhage. Seizures, due to contrast media 
reaction or transient ischemia, and the resulting postictal 
state, can also result in an obtunded patient. In the anesthe-
tized or comatose patient, the sudden onset of bradycardia 
and hypertension (Cushing response) or the endovascular 
therapist’s diagnosis of extravasation of contrast agent may be 
the only clues to a developing hemorrhage. Most cases of vas-
cular rupture can be managed in the angiography suite. The 
INR team can attempt to seal the rupture site endovascularly 
and abort the procedure; a ventriculostomy catheter may be 
placed emergently in the angiography suite. Some authorities 
suggest that ventriculostomy catheters should be placed prior 
to the procedure in selected high-risk patients, for example, 
those with ventricomegaly.15 After the procedure, the patient 
with suspected rupture requires evaluation with computed to-
mography, but emergency craniotomy is usually not indicated. 

Some of the newer angiographic C-arm image acquisition sys-
tems are capable of producing CT images, although these are 
often of lesser quality than could be obtained by standard CT 
scanners.

SPECIFIC PROCEDURES

Table 14.1 summarizes representative procedures in INR.

Intracranial Aneurysm Ablation
Patients undergoing intracranial aneurysm ablation may have 
ruptured or unruptured aneurysms. They may have multiple 
aneurysms. Patients may come from home or from the ICU. 
They may be neurologically normal or devastated. Many pa-
tients have multiple comorbidities.

The two basic approaches for INR therapy of cerebral 
aneurysms are occlusion of proximal parent arteries and oblit-
eration of the aneurysmal sac. With the publication of the 
International Subarachnoid Aneurysm Trial,16 coil embolization  

Procedure
Possible Anesthetic 
Considerations

Therapeutic embolization of vascular malformation:

Intracranial AVM Deliberate hypotension, 
postprocedure NPPB

Dural arteriovenous fistula Existence of venous 
hypertension; deliberate 
hypercapnia

Extracranial AVM Deliberate hypercapnia

Carotid cavernous fistula Deliberate hypercapnia, 
postprocedure NPPB

Cerebral aneurysms Aneurysmal rupture, blood 
pressure control[*]

Ethanol sclerotherapy of 
arteriovenous or venous 
malformations

Brain swelling, airway swelling, 
hypoxemia, hypoglycemia, 
intoxication from ethanol, 
cardiorespiratory arrest

Balloon angioplasty and 
stenting of occlusive 
cerebrovascular disease

Cerebral ischemia, deliberate 
hypertension, concomitant 
coronary artery disease, 
bradycardia, hypotension

Balloon angioplasty of cerebral 
vasospasm secondary to 
aneurysmal subarachnoid 
hemorrhage

Cerebral ischemia, blood 
pressure control[*]

Therapeutic carotid occlusion 
for giant aneurysms and skull 
base tumors

Cerebral ischemia, blood 
pressure control[*]

Thrombolysis of acute 
thromboembolic stroke

Postprocedure intracranial 
hemorrhage (NPPB), 
concomitant coronary artery 
disease, blood pressure 
control[*]

Intra-arterial chemotherapy of 
head and neck tumors

Airway swelling, intracranial 
hypertension

Embolization for epistaxis Airway control

Table 14.1  �lnterventional Neuroradiologic Procedures 
and Primary Anesthetic Considerations

AVM, arteriovenous malformation; NPPB, normal perfusion pressure 
breakthrough.
*Blood pressure control refers to deliberate hypotension or 
hypertension.
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of intracranial aneurysms has become a routine first-choice 
therapy for many lesions (Fig. 14.3). Inflation of a temporary 
balloon catheter (balloon assisted coiling) or stents (stent 
assisted coiling) may be used to aid in placement of coils in 
selected cases (Fig.  14.4). Patients for whom stent place-
ment is contemplated may be started on antiplatelet agents 
preoperatively.

There is great interest in the development of stent-assisted 
coiling methods (Fig. 14.5). Placement of embolic coils within 
a target aneurysm may be difficult if the aneurysm has a wide 
neck. Stent-supported coiling is designed to provide a scaffold 
for the containment of the coils within the aneurysm sac and 
to provide continued patency of the parent artery. Aggressive 
antiplatelet therapy, currently using both aspirin and clopi-
dogrel, must accompany the performance of stent-assisted 
coiling procedures owing to the risk of thromboembolic 
complications. Stent placement requires more instrumenta-
tion and manipulation, probably increasing the ever-present 

intraprocedural risk of parent vessel occlusion, thromboem-
bolism, or vascular rupture.

Anesthetic management should proceed with the usual 
considerations employed in the care of a patient with an intra-
cranial aneurysm.17 Patients with aneurysmal SAH often have 
either increased intracranial pressure or decreased intracra-
nial compliance, secondary to the mass of SAH, parenchymal 
injury from ischemia or hydrocephalus.

The anesthesiologist should be prepared for aneurysmal 
rupture and acute SAH at all times, from spontaneous rup-
ture of a leaky sac to direct injury of the aneurysm wall by 
the vascular manipulation, perianeurysmal thrombus forma-
tion, or arterial branch occlusion. The morbidity and mor-
tality of intraprocedural rupture is high. One report found 
that, in the 5% of the studied coiling cases, 63% of patients 
with intraprocedural rupture had periprocedural death or 
disability compared with 15% of those without intraproce-
dural rupture.18

Fig. 14.3  Small ruptured posterior inferior cerebellar artery (PICA) aneurysm, before (left) and after (middle and right) successful endovascular 
treatment with detachable platinum coils, with preservation of the parent PICA. The left and right views show subtracted images. The middle view 
shows an unsubtracted image to demonstrate coil mass.

Fig. 14.4  Wide-necked supraclinoid internal carotid artery aneurysm (left) successfully treated using temporary placement of a balloon (arrow 
middle) to support placement of coils properly within the aneurysm sac (right). There are two catheters in the vascular lumen, one to deliver the coils 
and one to temporarily inflate the balloon.
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If a rupture occurs, anticoagulation must be immediately re-
versed, and cerebral perfusion pressure should be maintained 
at adequate levels. A Cushing response (hypertension and bra-
dycardia) may be one of the first signs of an aneurysm rupture. 
Sudden increases in blood pressure or decreases in heart rate 
should be immediately communicated with the interventional-
ists. Emergency placement of a ventriculostomy should be con-
sidered, and an emergency computed tomography scan should 
be obtained to assess for sequelae of the perforation or rupture.

Angioplasty of Cerebral Vasospasm from 
Aneurysmal Subarachnoid Hemorrhage
Roughly one out of four patients with SAH has symptomatic va-
sospasm. Angioplasty, either mechanical (balloon) or pharmaco-
logic (intra-arterial vasodilators), may be used as a treatment.19 
Angioplasty is ideally done in patients in whom the ruptured 
aneurysm has already been coiled or surgically clipped and for 
patients in the early course of symptomatic ischemia in order to 
prevent hemorrhagic transformation of an ischemic region.

Balloon angioplasty is a treatment option only for the more 
proximal cerebral arteries. It is also possible to perform a 
“pharmacologic” angioplasty by direct intra-arterial infusion 
of vasodilators. Historically, papaverine was the first widely 

used agent, but there has been growing appreciation that it may 
have serious toxic central nervous system effects.20,21 In few oc-
casions, selective cerebral intra-arterial papaverive injections 
have caused cerebral tissue damage (infarctions) resulting 
in serious brain injury.20 Calcium channel or entry blockers 
(CCB/CEBs), such as nicardipine and verapamil, are now 
being used.22–26 Use of intravenous nimodipine has also been 
reported.27,28 Intra-arterial vasodilators may have systemic 
effects (bradycardia and hypotension) that may be profound 
and may work at cross-purposes with the goals of maintaining 
adequate perfusion pressure.29,30 Because the CCB/CEBs also 
vasodilate the pulmonary circulation, a loss of hypoxic pulmo-
nary vasoconstriction may worsen oxygenation in susceptible 
patients.31,32 Seizure activity is a potential complication of the 
intra-arterial injection of CCB/CEBs.33

The topic of endovascular vasospasm and its treatment is 
reviewed in depth in Chapter 1.

Carotid Test Occlusion and Therapeutic 
Carotid Occlusion
Large fusiform aneurysms of the cavernous segment of the 
internal carotid artery (ICA) may be treated by proximal ves-
sel occlusion. Also, some aggressive skull-base tumors may  

A B C

D FE

Fig. 14.5  The patient is an elderly woman with a recent small subarachnoid hemorrhage. CT scans without (A) and with (B) contrast agent 
demonstrate blood layering in the occipital horn of the right lateral ventricle and a small, wide-necked aneurysm at the origin of the left posterior 
communicating (PComm) artery (arrow). C, Three-dimensional reconstruction of a rotational angiogram shows the aneurysm at the PComm origin 
(arrow). D, E, and F, Lateral views of a left internal carotid angiogram show successful treatment of the PComm aneurysm using stent-supported 
coiling. (Note that two contralateral internal carotid aneurysms had already been treated with endovascular coiling.) In E, the ends of the stent 
(arrows) are radiodense.
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encase the ICA, and preoperative intentional, controlled ICA 
occlusion may help the surgeon provide optimal resection. To 
assess the consequences of carotid occlusion in anticipation 
of surgery, the surgeon may schedule the patient for a carotid 
test occlusion, in which cerebrovascular reserve is evaluated 
in several ways. A multimodal combination of angiographic, 
clinical, and physiologic tests can be used to arrive at the saf-
est course of action for a given patient’s clinical circumstances. 
The judicious use of deliberate hypotension can improve the 
sensitivity of the test.34 The most important factor in choosing 
a hypotensive agent is the ability to safely and expeditiously 
achieve the desired reduction in blood pressure. The choice 
of agent should be determined by the experience of the prac-
titioner, the patient’s medical condition, and the goals of the 
blood pressure reduction in a particular clinical setting. To fa-
cilitate neurological testing during carotid test occlusion, only 
mild levels of sedation are used.

Brain Arteriovenous Malformations
Also called cerebral or pial AVMs, brain AVMs (BAVMs) oc-
cur in 0.02% of adults, and are typically large, complex lesions 
made up of a tangle of abnormal vessels (called the nidus) fre-
quently containing several discrete fistulas served by multiple 
feeding arteries and draining veins. The goal of therapeutic 
embolization is to obliterate as many of the fistulas and their 
respective feeding arteries as possible (Figs.  14.6 and 14.7). 

BAVM embolization is usually an adjunct to surgery or ra-
diotherapy. The primary reason to treat a BAVM is to pre-
vent future spontaneous hemorrhage. Those patients with 
BAVMs that have not previously ruptured may have a low 
risk of bleeding35,36 and may be at a higher risk for invasive 
treatment.37,38 A randomized controlled trial sponsored by the 
National Institute of Neurological Disorders and Stroke stud-
ied the long-term benefit of treating unruptured BAVMs. 39,40 
The Randomized Trial of Brain Unruptured AVMs (ARUBA) 
randomized patients with unruptured brain AVMs that were 
suitable for treatment to either medical management or in-
vasive therapy, which included embolization and/or surgery. 
The study was terminated early after a planned interim anal-
ysis found superiority for the medical arm of the study. The 
interim results showed an increased risk of major neurological 
deficits in the invasive therapy arm of the study. The study 
also provided valuable natural history data of unruptured 
brain AVMs.41

The cyanoacrylate glues offer relatively “permanent” clo-
sure of abnormal vessels. N-Butyl cyanoacrylate (NBCA) is a 
low-viscosity liquid monomer that polymerizes to a solid form 
upon contact with ionic solutions, including blood and saline, 
but not 5% dextrose in water. Passage of glue into a drain-
ing vein can result in acute hemorrhage; in smaller patients, 
pulmonary embolism of glue can be symptomatic. For these 
reasons, deliberate hypotension may increase safety of glue de-
livery. There is no compelling reason to choose any particular 

PRE-EMBO EMBO POST-EMBO

Fig. 14.6  Embolization of the cerebellar arteriovenous malformation shown in Fig. 14.1. Left, Pre-embolization angiography shows anteroposterior 
(top) and lateral (bottom) projections. Middle, Slightly magnified view of microcatheter placement through the left anterior inferior cerebellar artery into 
the proximal feeding artery aneurysm sac, with subsequent elimination of the aneurysm complex after placement of detachable platinum coils. Right, 
Postembolization views.
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method to achieve the hypotension. The flow through the fis-
tula is a pressure-dependent phenomenon.42

A major drawback to the use of N-butyl cyanoacrylate is 
that it is adhesive, with the potential to inadvertently glue the 
catheter to the injected polymer. Onyx Liquid Embolic System 
(ev3, Inc., Plymouth, MN), a new, nonadhesive liquid embolic 
agent consisting of ethylene-vinyl alcohol copolymer and tan-
talum powder in a dimethyl sulfoxide solvent, theoretically 
may reduce the overall complication rates for use of N-butyl 
cyanoacrylate,43,44 although aggressive therapy may have in-
trinsic risks. The agent or its vehicle, dimethyl sulfoxide, may 
have unusual adverse effects;45 dimethyl sulfoxide can cause a 
garlic-like taste and odor on the breath and skin that may last 
several hours and may be alarming to the patient.

Although less durable, polyvinyl alcohol microsphere em-
bolization is also commonly used. If surgery is planned within 
days after polyvinyl alcohol embolization, the rate of reca-
nalization is low. Because the BAVMs have high flow shunts, 
some of the embolic material may pass through the BAVMs 
and dislodge in the lungs increasing VQ mismatching. Ethanol 
has also been used as an agent but has many untoward effects, 
including induction of brain edema (see later).46

Even in the absence of clinically detectable deficits, sub-
clinical injury can result from BAVM embolization. There is 
a high incidence of abnormal findings that are detectable on 
postprocedure magnetic resonance imaging examination; for 
example, 22% of patients showed ischemic lesions on post-
procedure images in one series.47 Intraoperative management 
should take this trend into consideration.

For AVM evaluation, some centers use superselective Wada 
testing prior to therapeutic embolization to test the eloquence 
of regions adjacent to the lesion. It is important to consider us-
ing a sedation regimen for such cases that will minimally affect 

cognitive or motor findings. The purpose of such testing is to 
establish treatment risk in individual patients. Interestingly, 
Wada testing, functional imaging studies, and intrasurgical 
cortical mapping have shown redistribution of language and 
memory to unpredictable regions.48,49 Further, developmental 
cognitive history in these patients indicates that most will have 
had at least some learning problems during their school-age 
years with varying severity,50 reflecting a time when brain re-
organization may have been occurring.

Some centers may measure feeding artery or draining vein 
pressures to assist in evaluating the risk of future hemorrhage, 
if the lesion is not treated.3,51,52 High pressure is associated with 
hemorrhagic presentation. Delayed transit of contrast media 
might be a surrogate for high intranidal pressure.53,54

Dural Arteriovenous Fistulas
A dural arteriovenous fistula (DAVF) is an acquired arterio-
venous shunt in the wall of a dural venous sinus. The etiology 
of DAVFs is unclear, although some believe that many DAVFs 
result from venous dural sinus stenosis or occlusion, opening 
of potential arteriovenous shunts, and subsequent recanaliza-
tion. Intracranial DAVF accounts for about 10% to 15% of all 
intracranial vascular malformations. Symptoms vary accord-
ing to the sinus involved. Venous hypertension of pial veins is 
a risk factor for intracranial hemorrhage. DAVFs may be fed 
by multiple meningeal vessels, and, therefore, multistaged em-
bolization is often necessary. Dural arteriovenous fistulas can 
induce markedly raised venous pressure and diminished net 
cerebral perfusion pressure. Therefore, the presence of venous 
hypertension should be factored into management of systemic 
arterial and cerebral perfusion pressure. This is a critical aspect 
of DAVF perioperative management. It is often assumed that 
the venous hypertension induces the angiogenic phenotype  

PRE EMBO POST

Fig. 14.7  Endovascular treatment of a ruptured right parietal arteriovenous malformation (AVM). Left, CT scan shows acute parenchymal 
hemorrhage. Pre-embolization (PRE), mid-embolization (EMBO), and post-embolization (POST) angiographs show placement of a flow-directed 
microcatheter into the feeding artery and embolization using cyanoacrylate glue, with complete eradication of the AVM. Pre and post-embolization 
images are lateral (top) and anteroposterior (bottom) projections. Middle views show the microcatheter in the AVM during progressive occlusion; both 
are lateral projections.
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by acting through its cause, cerebral ischemia, but newer 
evidence suggests that venous hypertension may be a direct 
stimulus for angiogenesis,55 DAVFs are unique in that there 
are promising animal models of their pathogenesis,56,57 unlike 
for most other hemorrhagic brain diseases. DAVFs can be em-
bolized using detachable coils or liquid embolic agents such as 
Onyx. DAVFs may be extensive and require long procedures.

Vein of Galen Malformations
Vein of Galen malformation is a special case of an intracranial 
arteriovenous shunt that is beyond the scope of this review.58,59 
The malformations are relatively uncommon but complicated 
lesions that are present in infants and require a multidisci-
plinary approach. Patients may have intractable congestive 
heart failure, intractable seizures, hydrocephalus, and mental 
retardation. Several approaches have been attempted, both 
transarterial and transvenous. In infants with high-output fail-
ure, preexisting right-to-left shunts, and pulmonary hyperten-
sion, a relatively small pulmonary glue embolism can be fatal.

Craniofacial Venous Malformations
A craniofacial venous malformation is a congenital disorder 
of venous maldevelopment. In addition to causing significant 
cosmetic deformities, it may impinge on the upper airway 
and interfere with swallowing. Many of these lesions are re-
sistant to conventional surgery, cryosurgery, or laser surgery. 
In the INR procedure, sclerosing agents, such as USP grade 
95% ethanol opacified with contrast agent, is injected percu-
taneously into the lesion under fluoroscopic guidance, result-
ing in a chemical burn to the lesion and eventually shrinking 
it. Sclerotherapy alone may be adequate treatment or may be 
combined with surgery.60

This therapy has several inter-reactions with anesthetic 
management.3 Because marked swelling occurs immediately 
after ethanol injection, the ability of the patient to maintain a 
patent airway postoperatively must be carefully considered.60 
Desaturation is frequently noted on the pulse oximeter after 
the injection. Cardiopulmonary arrest has been reported46 
One theory is that ethanol induces severe pulmonary precapil-
lary vasospasm, but the relationship between this and the more 
common hypoxemic response is not clear. The predictable 
intoxication and other side effects of ethanol may be evident 
after emergence from anesthesia, particularly post-emergence 
agitation in children.

Venous malformations of the face or dural fistulas have 
the potential to drain into intracerebral veins or sinuses. If 
the PaCO2 is raised to 50–60 mmHg, cerebral venous out-
flow will greatly exceed extracranial venous outflow, and the 
pressure gradient will favor movement of a sclerosing agent, 
chemotherapeutic agent, or glue away from vital intracranial 
drainage pathways. Although actual pressure gradients have 
never been studied, increased intracranial outflow is readily 
demonstrable in clinical practice with angiography. Addition 
of CO2 gas to the inspired gas mixture is the easiest and saf-
est way to achieve hypercapnia. Airway collapse and atelec-
tasis are prevented by maintaining adequate tidal volume. 
However, hypoventilation may be employed if CO2 gas is not 
available.

Angioplasty and Stenting for 
Atherosclerotic Lesions
Angioplasty and stenting for treatment of atherosclerotic 
stenosis of the cervical, vertebral, and intracranial arteries 
represent alternatives to endarterectomy or other surgical 

management (Fig. 14.8).61,62 Risk of distal thromboembolism 
is a potential complication of this procedure. Intravascular 
filters and balloons, collectively called “distal protection de-
vices,” have been developed to theoretically prevent distal 
intracranial embolization of thrombus or plaque that may be-
come dislodged during deployment of the stent or angioplasty 
balloon at the carotid bifurcation. These distal protection 
devices have come into common use for carotid stenting, al-
though the procedure-related complications of the use of such 
protection devices (carotid dissection or occlusion, device-
induced arterial spasm, thrombus formation) have not been 
well studied. There are multiple ongoing trials to compare 
the utility of stenting with that of carotid endarterectomy for 
extracranial carotid disease. Well-defined criteria are used to 
determine which patients are eligible for carotid artery stent-
ing. These criteria are in part driven by CMS reimbursement 
guidelines.

Preparation for anesthetic management in the patient un-
dergoing angioplasty and stenting may include placement of 
transcutaneous pacing leads, in case of severe bradycardia or 
asystole from carotid body stimulation during angioplasty. 
Intravenous atropine or glycopyrrolate may also be used in 
an attempt to mitigate bradycardia, which almost invariably 
occurs to some extent with inflation of the balloon. This pow-
erful chronotropic response may be difficult or impossible to 
prevent or control by conventional means. Adverse effects of 
increasing myocardial oxygen demand need to be considered 
in antibradycardia interventions.

Potential complications of the procedure include vessel 
occlusion, perforation, dissection, spasm, thromboemboli, oc-
clusion of adjacent vessels, transient ischemic episodes, and 
stroke. As with carotid endarterectomy, there is about a 5% 
risk of symptomatic cerebral hemorrhage or brain swelling 
after carotid angioplasty.63 Although the etiology of this syn-
drome is unknown, it has been associated with cerebral hyper-
perfusion, and it may be related to poor postoperative blood 
pressure control.

Thrombolysis and Thrombectomy of Acute 
Thromboembolic Stroke
In acute occlusive stroke, it is possible to recanalize the oc-
cluded vessel by intra-arterial thrombectomy, chemical and/
or mechanical. Thrombolytic agents can be delivered in high 
concentrations through a microcatheter navigated close to 
the clot (Fig. 14.9). Neurologic deficits may be reversed with 
minimal risk of secondary hemorrhage if treatment is com-
pleted within several hours from the onset of ischemia in the 
carotid territory, and somewhat longer for ischemia in the ver-
tebrobasilar territory. Intra-arterial thrombolysis is currently 
an “off-label” use of these agents.

A newer and promising approach is the use of mechanical 
retrieval devices to physically remove the offending throm-
boembolic material from the intracranial vessel.64,65 Devices 
including corkscrew-shaped Merci retrievers, nondetachable 
stents (“stentrievers”), and suction/aspiration catheters appear 
to be efficacious in recanalizing occluded vessels, and early 
restoration of flow appears to reduce the volume of infarcted 
brain (Fig. 14.10). For additional discussion on treatments for 
cerebral ischemia, please read the section on “Reperfusion 
Strategies” in Chapter 1.

Both tissue plasminogen activator and mechanical retrieval 
have an inherent risk of promoting hemorrhagic transforma-
tion, just as in the case of IV thrombolysis. This is an important 
area for investigation because hemorrhagic transformation, or 
its threat, has great impact on clinical practice.
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A B C D

Fig. 14.8  Use of a carotid artery stent restores normal luminal diameter to an internal carotid artery origin narrowed by atherosclerosis.  
A, Stenosis at arrow. B, Stent before deployment on catheter system. C, Stent expanded in situ. D, Catheter removed; luminal diameter is now 
restored.

PRE INTRA POST

Fig. 14.9  Patient with an acute left middle cerebral artery occlusion (arrow in top left view) caused by an iatrogenic embolus during angiography. 
Left, Left internal carotid angiography is shown (PRE); top is anteroposterior projection, and bottom is lateral projection. Middle, Immediate 
microcatheter placement into the clot allowed successful thrombolysis using tissue plasminogen activator (TPA) (INTRA). Top image shows 
microcatheter in position; middle and bottom images show contrast injection during course of thrombolysis. Right, Corresponding left internal carotid 
artery after successful TPA thrombolysis and restoration of arterial flow to the left middle cerebral territory.
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Comprehensive details of anesthetic management of en-
dovascular treatment for acute ischemic stroke are reviewed 
elsewhere.66 Briefly, there are a number of challenges in care of 
a patient population that is generally elderly and has common 
medical comorbidities, especially if little knowledge of patient 
history is available prior to treatment. The choice of sedation 
or general anesthesia is controversial and often depends on 
local practices. It is clear that time is of the essence during en-
dovascular treatment of acute ischemic stroke to achieve the 
best possible outcome and endovascular procedures should 
be performed as soon as possible. Anesthesia-related delays 
should be minimized. Regardless of anesthetic techniques, 
good blood pressure control is pivotal to provide maximal col-
lateral blood flow. Three randomized, controlled studies have 
questioned the efficacy of endovascular treatment of acute 
ischemic stroke.67–69 Most recently, another randomized trial 
of patients with acute ischemic stroke concluded that intra- 
arterial treatment increased functional independence of the 
patients without increasing morbidity or mortality.30 Due to 
the ongoing development of new thrombectomy devices and 
techniques, future studies will need to verify the efficacy of 
these treatments.

POSTOPERATIVE MANAGEMENT

After endovascular procedures, patients may recover in the 
postanesthesia care unit or ICU depending on their condi-
tion and the procedure. Patients will be watched for signs of 

hemodynamic instability or neurologic deterioration. Some 
patients may remain intubated after the procedure. Control of 
blood pressure (eg, induced hypertension, if indicated) may 
be necessary during transport and postoperative recovery. In 
particular, patients who have received treatment of extracranial 
carotid disease are prone to postprocedural hemodynamic insta-
bility, like patients who have undergone carotid endartectomy.70

Abrupt restoration of normal systemic pressure to a chron-
ically hypotensive (ischemic) vascular bed may overwhelm 
autoregulatory capacity and result in hemorrhage or swelling, 
this is termed normal perfusion pressure breakthrough.63,71–74 
The pathogenetic mechanism is unclear, but it is probably not 
simply a hemodynamic effect, and the loss of neurovascular 
unit integrity is probably related to the pathways involved in 
post-reperfusion hemorrhage in the setting of acute stroke 
(described previously).

Nonetheless, cerebral hyperemia is probably exacerbated 
by uncontrolled increases in systemic arterial blood pressure. 
In the absence of collateral perfusion pressure inadequacy, 
fastidious attention to preventing hypertension is warranted. 
Patients with complicated situations may first be sent for com-
puted tomography or some other kind of tomographic imag-
ing; critical care management may have to be extended during 
transport and imaging. Symptomatic hyperemic complica-
tions are more uncommon than “silent” hyperemic states; with 
the greater use of more sensitive magnetic resonance imaging, 
ischemic events are probably more common than previously 
suspected.47

A B C

D E

Fig. 14.10  Acute basilar artery occlusion from an embolus caused by a traumatic dissection of the vertebral artery. A, Computed tomography 
scan demonstrates only a dense basilar artery, indicating its occlusion. B, The thrombus obstructs flow at the top of the basilar artery (arrow). C, 
Corkscrew-shaped clot retrieval device is seen in place on unsubtracted anteroposterior image. D, Clot was removed by means of this retrieval 
device. E, Flow is restored to the basilar artery, leaving the patient without neurologic deficit.
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For the overall management approach to the patient with 
cerebrovascular disease, there is accelerating interest in and 
discussion of the appropriate management of asymptomatic 
or unruptured lesions. Anesthesiologists are not traditionally 
caught on the horns of these management dilemmas—at least 
directly. However, optimal provision of perioperative care 
and effective resource allocation would benefit from active 
involvement of all practitioners involved in the management 
of patients with such conditions. The literature is practically 
silent on optimal anesthetic management strategies during 
endovascular neuroradiology procedures, providing future in-
vestigators with ample opportunities.

The indications for invasive therapy for unruptured 
AVMs39 and aneurysms75,76 are currently undergoing criti-
cal discussion. Although it is generally agreed that ruptured 
lesions need treatment, the aggregate risks for treating all 
patients with unruptured lesions may exceed the potential 
benefit from protecting against future hemorrhage. For exam-
ple, the previously described international multicenter ran-
domized controlled trial sponsored by the National Institute of 
Neurological Disorders and Stroke known as A Randomized 
Trial of Unruptured Brain Arteriovenous Malformations, was 
terminated early because medical therapy was found superior 
during interim analysis.41 Similarly, the International Study of 
Unruptured Intracranial Aneurysms (ISUIA) is a longstand-
ing effort to document the natural history and treatment out-
comes for unruptured lesions.75,77

Future research directions for vascular disease of the brain 
present opportunities for neuroanesthesia, perioperative 
management, and neurocritical care. Basic or translational 
questions include the effect of the interaction of angiogenesis 
and vascular remodeling on pathogenesis and clinical course. 
Growing evidence suggests that some of these lesions undergo 
active angiogenesis and vascular remodeling during the pa-
tient’s adult life. This new concept—active angiogenesis and 
vascular remodeling in intracranial vascular malformations—
may generate new clinical paradigms in which pharmacologic 
interventions are proposed to stabilize these abnormal blood 
vessels and prevent further growth or hemorrhage. Research 
on intracranial vascular malformations has been focusing on 
identifying the roles of angiogenic and anti-angiogenic factors 
in the pathophysiology.78

Abnormal vascular remodeling mediated by inflammatory 
cells has been identified as a key pathologic component of var-
ious vascular diseases, including abdominal aortic aneurysms, 
brain arteriovenous malformations and atherosclerosis.79–82 
This concept may provide a new treatment strategy utilizing 
agents to inhibit inflammation or cytokines produced by in-
flammatory cells such as matrix metalloproteinases. On the 
basis of findings of observational studies that analyzed human 
intracranial aneurysms and of experimental studies that uti-
lized animal models, an emerging concept suggests that a key 
component of the pathophysiology of intracranial aneurysms 
is sustained abnormal vascular remodeling coupled with 
inflammation.83–85

Consistent with a background contribution of a ubiquitous 
process, such as inflammation, aneurysmal disease may be 
better conceived of as a process, rather than an event. For ex-
ample, the long-term durability of aneurysm treatment is of-
ten assumed. There is a growing appreciation of the idea that 
our traditional notion of “disease treatment” should not nec-
essarily be construed as a “cure,” although it may be in many 
cases. Although treatment clearly reduces new rupture rates, 

there is a measurable rebleeding rate after treatment (surgery 
or coiling).1 The risk of further hemorrhage continues for up 
to 30 years after SAH.86 Taken together with observations that 
a significant fraction of aneurysms enlarge over time,86–88 this 
finding indicates that aneurysmal disease may be a process 
characterized by generalized vascular dysfunction rather than 
a sporadic focal event.

Pro-inflammatory influence on disease susceptibility89,90 
and clinical course91–93 appears to apply to AVMs as well. 
Tissue interleukin-6 (IL-6) expression is associated with IL-6-
174G > C genotype and linked to downstream targets involved 
in angiogenesis and vascular instability.94 Further, interleukin-6  
was found to induce MMP-3 and MMP-9 expression and 
activity in the mouse brain and to increase proliferation and 
migration of cerebral endothelial cells. Taken together, such 
observations are consistent with the hypothesis that inflam-
matory processes influence angiogenic and proteolytic ac-
tivity, thus contributing to the pathogenesis of intracranial 
hemorrhage.

In the future, identification of genetic risk factors has the 
potential to help predict new intracranial hemorrhage in the 
natural course after presentation,91,92 or to be used in risk strat-
ification for postoperative complications.95 Genetic variation 
can also potentially provide information related to the risk of 
development of post-intracranial hemorrhage complications, 
particularly vasospasm after SAH.96,97 Genetic variation or 
plasma biomarker assays98–100 have the developmental poten-
tial to affect multiple aspects of perioperative management.
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Surgical management of brain arteriovenous malformations 
(AVMs) is one of the most challenging in neurosurgery and, 
despite the relative rarity of the disease, the subject of a dispro-
portionally large fraction of the literature on surgical cerebro-
vascular disease. Perioperative and anesthetic management 
is optimal when the anesthesiologist has familiarity with the 
strategic goals of therapy and familiarity with AVM patho-
physiology. This chapter will summarize these topics and dis-
cuss specific neuroanesthetic issues regarding care of these 
patients. While the fundamentals of providing perioperative 
care are similar to other neurovascular conditions, there are 
some important considerations unique to AVMs.

CLINICAL BEHAVIOR

Brain AVMs are a relatively infrequent, but important source of 
neurological morbidity in young adults.1 The basic morphol-
ogy is of a vascular mass, called the nidus, that directly shunts 
blood between the arterial and venous circulations without a 
true capillary bed. Hemodynamic alterations include variable 
degrees of high flow through the feeding arteries, nidus and 
draining veins, as well as venous hypertension.2 The nidus is a 
complex tangle of abnormal, dilated channels, not clearly ar-
tery or vein, with intervening gliosis.

AVMs may exert a deleterious effect on brain function by 
several mechanisms, including mass effects (e.g., hematoma, 
edema or gradually expanding abnormal vascular structures 
such as venous aneurysms), metabolic depression (diaschi-
sis) and seizure activity. The most common presentation and 
source of morbidity, however, is spontaneous intracranial 
hemorrhage (ICH) from rupture, occurring in about one-half 
of all patients.

The risk of spontaneous ICH without treatment is com-
monly estimated to be approximately 2–4% per year for all pa-
tients,3 but the rate varies widely depending on what ICH risk 
factors are present. The best studied risk factors are a presen-
tation with ICH, deep location, and venous drainage pattern.4,5 
Factors such as small size of lesion and advanced age are less 
robust; others, such as presence of aneurysms, are harder to 
accurately define.6,7 High intranidal pressure, as measured 
with direct puncture of feeding arteries or during superselec-
tive angiography, is associated with hemorrhage presentation.8

Clinical presentation with ICH appears to be the stron-
gest risk factor for future hemorrhage.5 There are a number 
of reports concerning other risk factors,1,9–15 but few that have 
prospectively assessed future hemorrhage risk.4,5,16–19 The risk 
of spontaneous ICH has been estimated in retrospective and 
prospective observational studies to range from 2% to 4% per 
year.5 However, depending on a number of risk factors, the 
range of yearly bleeding risk varies widely, estimated to range 
from under 1% to over 30% per year.4

Approximately 10% of patients with AVMs also harbor in-
tracranial aneurysms. Note that the converse is not true; the 

detection rate of AVMs in aneurysm patients is closer to the 
detection rate of AVMs in the general population. Intracerebral 
hemorrhage from aneurysms is usually associated with sub-
arachnoid hemorrhage, whereas AVMs more commonly bleed 
into the ventricle or into parenchyma. This probably accounts 
for why the occurrence of vasospasm is uncommon in AVM 
cases. Spontaneous hemorrhage during the perioperative 
period as a result of variations in systemic blood pressure is 
probably less likely as well, due to a “buffering” capacity of the 
fistula on changes in systemic pressure.20

The morbidity of spontaneous AVM hemorrhage is con
troversial,21,22 but estimates run from very low to as high as 25–
50%.22–32 The most recent prospective, longitudinal study data 
suggest that earlier estimates may be overestimates, and that 
hemorrhage, either at initial presentation or during follow-up 
of untreated AVM patients, appears to carry a lower morbidity 
than ICH from other causes.33

Consistent with the risk factors described above, the pri-
mary reason to treat a patient with an AVM is to protect him 
or her against future spontaneous intracranial hemorrhage, 
although more rarely, treatment may be undertaken for con-
trol of progressive neurological deficits or intractable seizures. 
Lacking any specific medical therapies for this purpose, treat-
ment options are currently limited to three modes for treat-
ment of AVMs: endovascular embolization, radiosurgery, and 
microsurgical excision. Treatment strategies, especially for 
complex lesions, frequently involve more than one modality. 
In general, endovascular therapy is performed as a prepara-
tory adjunct to surgery. Using various glues or other embolic 
materials like Onyx, the blood supply to the fistula can be re-
duced, sometimes in several stages. This has the theoretical 
advantage of allowing surrounding brain regions to adapt to 
the circulatory changes. As a preoperative adjunct, emboliza-
tion is thought to facilitate operative removal with less bleed-
ing and seems to be associated with better surgical outcome. 
Embolization also can eliminate deep vascular pedicles that 
might be difficult to control surgically.

The risks of invasive therapy can be estimated using scales 
adapted for different treatment modalities, most importantly 
for surgery and radiotherapy.34,35 Neurosurgeons are confident 
in their recommendations for microsurgical resection with 
most low-grade AVMs (Spetzler-Martin grade I–III), based 
on numerous reports detailing excellent results.36 However, all 
treatment modalities—endovascular therapy, surgical and ra-
diosurgical—continue to be reported as carrying a substantial 
risk of disability.22,37–41

For example, a meta-analysis of 2,425 patients from 25 
sources undergoing invasive treatment40 described an aggre-
gate mortality of 3.3% with permanent morbidity of 8.6%, 
ranging from 1.5% to 18.7%.40 Protection from spontaneous 
ICH by partial, non-curative endovascular embolization 
therapy has been suggested42 but does not have rigorous 
support.18,43 Pre-surgical embolization, thought to enhance 
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varying from 4% to 9%.40,44 A recent multicenter overview 
on endovascular AVM therapy (commissioned by the 
2005 World Federation of Interventional and Therapeutic 
Neuroradiology meeting) revealed stable frequencies of 
self-reported treatment-related complications in numerous 
well-established international centers, in the range 9–12%,45–51 
but going as high as 22%.52

It is worthwhile noting that those risk factors that in-
crease the risk of leaving the lesion untreated (i.e., increase 
the risk of spontaneous hemorrhage) do overlap with those 
characteristics that increase risk of surgical intervention, 
but they are not the same. The most widely used surgical 
risk score is the Spetzler-Martin scheme.53 Any deep venous 
drainage increases surgical risk, but only exclusively deep 
venous drainage appears to influence rupture risk.11 Larger 
size is an important component of increased surgical risk,54 
but does not affect natural history risk or may even rep-
resent a protective effect owing to low intranidal pressure 
with high flow lesions. Eloquence, an important attribute of 
where the AVM is located, strongly influences surgical risk, 
but has no effect on natural history risk. The point here is 
that when one is discussing “high risk lesions,” it is import-
ant to specify whether one is talking about natural history 
or treatment risk.

Radiosurgical treatment offers a means to treat surgically 
inaccessible lesions and appears to be useful for smaller le-
sions. It is less efficacious for lesions >2–3 cm.55–58 Further, 
patients who have received radiosurgical treatment are still 
exposed to the risk of new bleeding until the AVM is oblit-
erated, usually after a course of 2–3  years, termed the la-
tency period.1 During the latency period, risk for ICH may 
decrease in patients who presented with hemorrhage, but 
not in those who were unruptured at presentation.59 The 
frequency of neurological complications from radiotherapy 
of brain AVMs is generally similar to the complication rate 
from surgical and endovascular treatment. The Randomized 
Trial of Brain Unruptured AVMs (ARUBA) investigators60 
performed a systematic review of the literature from 1990 
or later of prospective studies with at least 30 patients, and 
yielded 16 studies on 3,854 patients undergoing radiosurgery 
and a mean rate of treatment-related permanent neurologi-
cal deficits in the range of 6–7%; obliteration rates, complete-
ness and type of follow-up varied greatly.

The most controversial aspect of treatment is offering po-
tentially high-risk invasive therapy for those who have not yet 
ruptured. Patients with unruptured lesions are at the highest 
risk for postoperative deficits.54 The presenting hemorrhage 
may, in effect, perform some of the dissection, in that the hem-
orrhage cavity is an attractive approach to the lesion. Further, 
patients who are recovering from a hemorrhage-induced 
deficit may not have reached the final level of spontaneous 
recovery that may continue into the postoperative period, 
thus masking operative injury. One of the most important 
studies of recent times is the ARUBA trial,61 an international 
randomized controlled trial (RCT) to test whether it is best 
medical therapy or procedural intervention that results in su-
perior outcomes. The mean follow-up was 33.3 months in 223 
patients, including 114 assigned to interventional therapy and 
109 to medical management,62 to compare the risk of death 
and symptomatic stroke. The superiority of the medical man-
agement group was demonstrated based on the incidences of 
strokes or death in 11 (10.1%) of the medical management 
group compared with 35 (30.7%) of the interventional ther-
apy group. While the ARUBA trial suggests that medical 

management alone is superior for the prevention of death 
or stroke in patients with unruptured brain AVMs, there are 
ongoing debates about the applicability to all patients, given 
the heterogeneity of the disease and the small sample sizes, 
short follow-up, and poor participation of American centers 
in the trial.

ETIOLOGY AND PATHOGENESIS

The genesis of AVMs has been enigmatic. Unlike the asso-
ciation of antecedent head trauma or other injuries with the 
pathogenesis of dural arteriovenous fistulae (DAVF), envi-
ronmental risk factors for AVMs are lacking. There is remark-
ably little evidence for the common assertion that AVMs are 
congenital lesions as a result of embryonic maldevelopment 
during the 4th to 8th week, considering high utilization of 
prenatal ultrasound (vein of Galen lesions are not true AVMs). 
Further, there have been multiple reports of AVMs that grow 
or regress, including de novo AVM formation.63 Inciting 
event(s) might include the sequelae of even relatively modest 
injury from an otherwise unremarkable episode of trauma, 
infection, inflammation, irradiation, compression, or some 
underlying structural defect.64 In susceptible individuals, one 
might posit some degree of localized venous hypertension65 
from microvascular thrombosis, perhaps associated with a 
state of relative thrombophilia.66 All of these events may syn-
ergize and involve some underlying development defect that 
otherwise does not come to clinical attention. The scarce data 
available on longitudinal assessment of AVM growth suggest 
that approximately 50% of cases display interval growth.67 
Consistent with growth is the many-fold higher endothelial 
proliferation rate in AVM surgical specimens, compared to 
the control brain.67

Available evidence points towards an active angiogenic 
and inflammatory lesional phenotype rather than a static 
congenital anomaly. There are a host of abnormal signals 
present in the lesional tissue.68,69 A prominent feature of the 
AVM phenotype is relative overexpression of VEGF-A, at 
both the mRNA and protein level. VEGF may contribute to 
the hemorrhagic tendency of AVMs, extrapolating from an-
imal models.70 Other upstream factors that may contribute 
to AVM formation might include Homeobox genes, such as 
excess pro-angiogenic Hox D3 or deficient anti-angiogenic 
Hox A5.71 The vascular phenotype of AVM tissue may be 
explained, in part, by inadequate recruitment of perien-
dothelial support structure, which is mediated by angio-
poietins and Tie-2 signaling. For example, angiopoietin-2 
(Ang-2), which allows loosening of cell-to-cell contacts, is 
overexpressed in the perivascular region in AVM vascular 
channels.72

Vascular remodeling is facilitated by proteases and is nec-
essary to form the enlarged vascular elements in the nidus. 
A key downstream consequence of VEGF and other angio-
genic activity is MMP expression. MMP-9 is of particular 
interest and is an order of magnitude higher in AVM than 
control tissue.73,74 Inflammatory markers that are overex-
pressed include myeloperoxidase (MPO) and IL-6,75 as well 
as higher immunoglobulin levels than control the brain, per-
haps suggesting lymphocytic contributions.76 The presence of 
T-lymphocytes in BAVMs also suggest the possibility of an 
independent cell-mediated immunological mechanism in 
AVM pathogenesis.77

Brain AVMs are usually sporadic, but sometimes famil-
ial.78 The most promising candidate genes/pathways for 
brain AVM pathogenesis relate to hereditary hemorrhagic 
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265telangiectasia (HHT), an autosomal dominant disorder of 
mucocutaneous fragility and AVMs in various organs in-
cluding the brain. There are now at least five genes asso-
ciated with HHT,79–81 but the two main subtypes of HHT 
(HHT1 and 2) are caused by loss-of-function mutations in 
two genes originally implicated in TGF-β signaling path-
ways (Fig. 15.1).82 The first is endoglin (ENG), which codes 
for an accessory protein of TGF-β receptor complexes. The 
second is activin-like kinase 1 (ALK1, or ACVLR1), which 
codes for a transmembrane kinase also thought to partici-
pate in TGF-β signaling. Recent data suggest that ALK1 may 
also signal through BMP-9, and that ENG can potentiate the 
signal.83,84

As a class, the inherited AVMs in HHT have some dis-
tinguishing morphological features, such as smaller size, 
multiplicity and more superficial location, but are generally 
similar to the sporadic lesions and cannot be distinguished in-
dividually on the basis of their angioarchitecture.85,86 Together, 
about 10% of HHT1 and HHT2 patients display brain AVMs. 
This 10% figure is some 1000 times more frequent than the 
prevalence of brain AVM in the normal population (about 
10/100,000 or .01%).87 Therefore, one could view frank muta-
tions in ALK1 and ENG as “hyper-risk” factors for the brain 
AVM phenotype.

Such a greatly elevated risk of brain AVM development 
in the Mendelian disorders raises the possibility that germ-
line sequence variants of these and other genes may likewise 
pose a significant risk for sporadic brain AVM development. 
An intronic SNP in ALK1 has been associated with a two-
fold elevated risk of the developing sporadic brain AVM,88 
a finding replicated in an independent cohort.89,90 This SNP 
probably causes in-frame exon skipping, and may result in an 
ALK1 protein variant that lacks a transmembrane domain.  

An intriguing but unproven mechanism would be excess sol-
uble receptor in the extracellular matrix that binds ligand and 
prevents it from normal signaling.

It is highly unlikely that a single polymorphic gene is re-
sponsible for AVM formation. Rather, it is mostly likely some 
combination of (a) an inciting event or developmental de-
fect, (b) some genetic alteration in either ALK1 or ENG sig-
naling or a closely related pathway, and (c) a set of modifier 
genes or conditions. For example, there are multiple genetic 
loci that appear to control VEGF factor-induced angio-
genesis.91,92 Such a conspiracy of factors is suggested by the 
observation that ENG-deficient mice spontaneously form 
vascular dysplasia,93 and that the response can be amplified 
using viral transduction to overexpress VEGF in the mouse 
brain.94 Recent advances in genetic mutation, in combina-
tion with angiogenic stimulation, have made it possible to 
establish testable adult mouse brain AVM models. Mutation 
of ALK1 and ENG genes in different vascular cell types can 
mimic many phenotypes of human brain AVM and can thus 
be used for studying brain AVM pathogenesis and testing 
new therapies.95–97

CEREBRAL CIRCULATORY 
CHANGES IN PATIENTS 
WITH ARTERIOVENOUS 
MALFORMATIONS

There are two primary characteristics of the cerebral circu-
latory changes brought about by AVMs. Rapid shunt flow 
results in an increased total amount of bulk flow through 
the AVMs. This increased flow results in cerebral arte-
rial hypotension along the path of the shunt. Patients with 
AVMs have a progressive decrease in cerebral arterial pres-
sure that proceeds from the circle of Willis to AVMs nidus 
(Fig. 15.2).98 The corollary of this observation is that circula-
tory beds in parallel with the shunt system will be perfused at 
lower-than-normal pressures, even if flow remains relatively 
normal.

In patients with large, high flow AVMs, there may be nor-
mal brain regions in which cerebral arterial hypotension is 
below the range of normal autoregulation. Despite significant 
cerebral arterial hypotension, a majority of patients are free 
from ischemic symptoms. Hypotensive normal brain regions 
can be demonstrated to have normal rates of tissue perfu-
sion, implying some adaptive change in total cerebrovascular 
resistance.

This phenomenon may be explained by “adaptive au-
toregulatory displacement.”100 In vascular territories adja-
cent to AVMs, the lower limit of the autoregulation curve 
appears to be shifted to the left, which is opposite of the 
effect of chronic systemic (essential) arterial hypertension 
on the cerebral autoregulation curve.101 This adaptive shift 
to the left places the lower limit at a level considerably lower 
than the lower limit postulated for the normal brain (50 or 
60 mmHg).102,103 Therefore, the presence of chronic hypo-
tension does not necessarily result in vasoparalysis in the 
arteriolar resistance bed. There is generally a preserved re-
sponsiveness to CO2 pre- and post-surgical resection, which 
lends further support to the notion of intact autoregulatory 
capacity.101

Historically, it has been believed that it is not the AVM itself 
but rather decreased perfusion pressure in adjacent, functional 
tissue that is responsible for both pre-treatment ischemic and 
post-treatment hyperemic symptoms, namely “cerebral steal” 

BMP-9
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Fig. 15.1  Transforming growth factor-ß (TGF-ß) superfamily signaling 
may be an important aspect of sporadic arteriovenous malformation 
(AVM) pathogenesis. TGF-ß signals through a complex, tissue-specific 
set of receptors and intracellular signals. Loss-of-function mutations in 
at least two of these receptor proteins (endoglin and activing receptor-
like kinase-1 [ALK-1]) result in hereditary hemorrhagic telangiectasia, 
with a high prevalence of solid-organ AVMs, including those in the 
brain. The relative roles of bone morphogenetic protein (BMP-9) and 
TGF-ß, and their cell type specificity, are currently controversial. Smad, 
proteins that modulate the activity of TGFs; SMC, smooth muscle 
cell; TGF-ßR-II, TGF-ß receptor 2. (Adapted from Young WL: Clinical 
Neuroscience Lectures. Munster, IN, Cathenart Publishing, 2007.)

Anesthesia Books 

http://surgerybook.net/anesthesia


266

1
5

 
• 

A
N

E
S

TH
E

TI
C

 C
O

N
S

ID
E

R
AT

IO
N

S
 F

O
R

 A
V

M
 R

E
S

E
C

TI
O

N

and “normal perfusion pressure breakthrough” (NPPB). These 
widely discussed concepts have limited anecdotal evidence to 
support their existence.

Cerebral steal has been suggested as an explanation for focal 
neurologic deficits in AVM patients; “steal” is assumed to be 
attributable, by inference, to local hypotension and hypoperfu-
sion. It has been postulated that arteriolar vascular resistance 
in territories adjacent to AVMs is at or near a state of max-
imal vasodilation, and, therefore, “steal” ensues if perfusion 
pressure decreases. Although cerebral arterial hypotension 
in normal brain areas is common in AVM patients, clinical 
presentations with focal neurological deficits are rare (10%). 
Moreover, there is no relation between local hypotension and 
focal neurologic deficits.104 It is likely that local mass effects 
from the abnormal vessels of the AVMs are more important 
than local “hemodynamic failure” to account for symptomatic 

focal neurologic deficit unrelated to intracerebral hemorrhage 
or seizure activity.

The intraoperative appearance of diffuse bleeding from 
the operative site or brain swelling, and the postoperative oc-
currence of hemorrhage or swelling have been attributed to 
NPPB or “hyperemic” complications. There are difficulties in 
studying NPPB-type complications. First, there appear to be 
very heterogeneous sets of criteria used by different authors. 
Second, the incidence of this type of postoperative complica-
tion is probably lower than 5%.105 The increase in global CBF 
after AVM resection appears to be associated with NPPB-type 
complications, but there is no relationship with preoperative 
regional arterial hypotension.105 NPPB is attributed to cerebral 
hyperemia due to repressurization of previously hypotensive 
regions. This theory assumes that the chronic dilatation of 
vessels in the hypotensive/ischemic territory leads to a loss 
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our model for the medium arteriovenous malformation are close to the mean values of the experimental observations of Fogarty-Mack and 
colleagues.99 E, extracranial: systemic pressure at level of coaxial catheter in extracranial vertebral artery or internal carotid artery; I, intracranial: 
supraclinoid internal carotid artery or basilar artery; T, transcranial Doppler insonation site: A1, M1, or P1; H, halfway: arbitrarily “halfway” between 
T and the feeding artery; F, feeder in this model; Hc, contralateral distal arterial pressure. B, The continuous pressure tracing in a 40-year-old man 
who presented with seizures and had a left-sided, 3.5 x 2.5 x 7.0 cm temporal-occipital AVM fed by branches of the middle cerebral artery and the 
posterior cerebral artery (PCA). This tracing documents the pressure in the vertebral artery (E), basilar artery (I), P1 segment of the PCA (T), P2–P3 
segment (H), and P4–P5 segment (F). Note the gradual decline in pressure, which is accentuated at major branch points. Further, all areas distal 
to the P1 (zone T), which irrigates a large area of normal, eloquent tissue, are relatively hypotensive. (Adapted from Fogarty-Mack P, Pile-Spellman 
J, Hacein-Bey L, et al: The effect of arteriovenous malformations on the distribution of intracerebral arterial pressures. AJNR Am J Neuroradiol 
1996;17:1443–1449.)
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of autoregulation.102 However, there are several observations 
contradicting this theory. First, cerebral hyperemia after an 
AVM resection is global and not limited to the ipsilateral side 
of the AVM.105 Second, there is no relationship between CBF 
changes after resection and the degree of arterial hypotension 
induced by AVM shunts.105 Third, in hypotensive regions, au-
toregulatory response is not impaired, but intact and shifted to 
the left.101 Finally, cerebrovascular reactivity to carbon dioxide 
is preserved after AVM resection,106 suggesting that the vessels 
in previously hypotensive territories are not “paralyzed.” All 
of these considerations notwithstanding, postoperative brain 
swelling and hemorrhage will be favored by uncontrolled 
systemic blood pressure. Although the mechanisms are still 
unclear, it seems reasonable to hypothesize that barrier integ-
rity in the circulation is compromised by excessive protease 
activity or growth factor elaboration, as is probably the case 
in the setting of post-reperfusion hemorrhage after ischemic 
stroke.107

The states of “steal” and “normal perfusion pressure break-
through” probably do exist in some minority of cases, but 
if they exist, they are the exception rather than the rule. As 
regards perioperative management, the diagnosis of NPPB 
should be a diagnosis of exclusion after all other correctable 
causes for malignant brain swelling or bleeding have been ex-
cluded. In addition to other supportive and resuscitative mea-
sures, preventing postoperative hypertension may be useful in 
preventing and treating this syndrome.

PERIOPERATIVE ANESTHETIC 
MANAGEMENT

Patients with AVMs often undergo several diagnostic (CT, 
MRI, PET) and therapeutic (interventional neuroradiology, 
radiosurgery, neurosurgery) procedures that may require 
anesthesia. Anesthetic management of these patients follows 
general goals of neuroanesthesia to maintain adequate CPP 
and to prevent increases in ICP, and focuses on preventing 
and managing serious perioperative complications, such 
as intracranial bleeding and NPPB. The following discus-
sion of perioperative anesthetic management will concen-
trate on anesthesia for neuroradiologic and intraoperative 
procedures.

Preoperative Management
AVM resection is rarely emergent, unless there is a need for 
immediate surgical evacuation of an intracranial hematoma. 
Thus, a careful review of the patient’s preoperative status and 
assessment of potential intraoperative difficulties should be 
possible. Most patients present with intracranial hemorrhage, 
new seizures or neurological deficits. Preexisting medical con-
ditions should be optimized. The impact of any neurologic 
dysfunction, possible use of anti-seizure medications, the lo-
cation (eloquent areas) and size of the AVM (possibility for 
significant blood loss), and intraoperative neurophysiologic 
monitoring should be factored into the anesthetic manage-
ment plan regarding the choice of monitoring, vascular access, 
anesthetic agents, vasoactive drugs, muscle relaxants, and 
perioperative airway control.

Intraoperative Management
Monitoring
In addition to routine monitors—EKG, pulse oximeter, end-
tidal CO2 and temperature—central venous catheters may 

be considered for use during resection of large AVMs when 
there is a high risk for significant intraoperative blood loss. 
Intra-arterial catheters are routinely used during AVM resec-
tion for continuous, direct blood pressure monitoring and 
arterial blood sampling. Since hypertensive episodes are not 
commonly associated with AVM rupture, intra-arterial cath-
eters are often placed after induction of anesthesia.108 During 
AVM embolization, continuous intra-arterial blood pressure 
monitoring will help in the diagnosis and treatment of AVM 
rupture. Fortunately, these potentially devastating complica-
tions are rare (1–2%).109

Unfortunately, our ability to routinely monitor the central 
nervous system lags far behind our ability to monitor other 
systems, and the development of suitable technologies is still 
in its infancy. SSEP, MEP, and EEG monitoring may be used 
intraoperatively, and direct cerebral blood flow monitoring 
has been proposed by several groups. At present, this is an 
institution-specific endeavor and is not routinely performed. 
Jugular venous saturation monitoring has been proposed as 
index of throttling the shunt fraction through the fistula.110

Transduction of intravascular pressures in the operative 
field may aid the surgeon in differentiating arterial and ve-
nous structures. In certain cases, it may assist in the decision 
of whether a draining vein interfering with surgical access to 
the nidus can be sacrificed. Proximal arterial pressure is mea-
sured during a temporary occlusion of the vein; if the pres-
sure does not change, it implies that alternate venous pathways 
are sufficient to prevent distention of the nidus and rupture. 
Technically, direct puncture of feeding arteries and draining 
veins in the operative field using 26-g needles is a simple pro-
cedure with minimal risk.

Vascular Access
The likelihood for significant intraoperative blood loss should 
be discussed preoperatively with the neurosurgeon. Multiple 
large-bore intravenous access for rapid blood administration 
and the availability of appropriate blood products are man-
datory. Preoperative planning may include consideration of 
a central venous catheter if there is potential for significant 
intraoperative blood loss.

Anesthetic Technique
Choice of Agents
Scientific literature provides minimal guidance regarding 
anesthetic management of patients with AVMs. The choice 
of anesthetic agents varies widely among institutions and is 
made largely to follow basic neuroanesthesia principles and 
co-existing diseases. The most commonly used neuroanesthe-
sia techniques at UCSF can be found on our website at neuro-
anesthesia.ucsf.edu.

Intracranial pressure control, which is often discussed with 
regards to the anesthetic care of neurosurgical patients, is usu-
ally not an issue with the AVM patient coming for elective 
resection, as the lesion does not displace, but rather replaces 
normal brain structures. Nonetheless, these patients may have 
decreased intracranial compliance, especially if significant ve-
nous hypertension is present, so the usual caveat about avoid-
ing an anesthetic technique that results in significant cerebral 
vasodilation is a reasonable choice.

Patients having their AVM embolized at our institution 
routinely receive a general anesthetic. During embolization 
procedures, the anesthetic goals are to maintain an immo-
bile patient with adequate CPP and to plan for immediate 
post-procedure neurologic examination. In addition to these 
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minimize brain volume in order to reduce retractor-induced 
cerebral ischemia. For both procedures, there should also be a 
plan in place for the treatment of potential complications, such 
as intracerebral hemorrhage during embolization and signifi-
cant bleeding and/or brain swelling during and after surgery 
(see below).

Neurologically intact patients may be premedicated with 
benzodiazepines (midazolam). Propofol, thiopental or eto-
midate can be used to induce anesthesia, propofol being 
most commonly used. Maintenance of anesthesia can be 
achieved with varying combinations of propofol/narcotic/
inhalation anesthetic. Total intravenous anesthetic tech-
niques or combinations of inhalational and intravenous 
methods may optimize rapid emergence from anesthesia 
and allow for SSEP and MEP monitoring. There is no evi-
dence that the choice of an inhalation anesthetic, narcotic 
or muscle relaxant has an intrinsic, independent effect on 
outcome.

Some centers traditionally use barbiturate loading during 
the resection of AVM for metabolic suppression to afford 
additional protection against cerebral ischemia, resulting in, 
perhaps, a greater degree of brain relaxation and protection 
against acute hyperemia.111 Barbiturates can be titrated to an 
EEG-endpoint of burst-suppression. The main price to be paid 
for barbiturate use is delayed emergence and forgoing an early 
postoperative neurologic exam. There is no evidence that out-
come is affected. Other intravenous anesthetic agents, such as 
propofol and etomidate, can also be titrated to the effect of 
burst suppression.112,113

Nonpharmacologic Cerebral Protection
The goals of modern neuroanesthesia should optimize brain 
protective therapy. There are a number of basic considerations 
that will maximize nonpharmacologic cerebral protection 
(summarized in Table  15.1). There are two general types of 

damage towards which protective efforts are guided: neuro-
surgical (anatomic) and anesthetic (physiologic) trespass. 
Possible mechanisms of injury from the neurosurgeon include 
brain retraction, direct vascular injury (ischemia, thrombo-
sis, venous occlusion), and mechanical disruption of neuro-
nal tissue or white matter tracts. Anesthetic injury may result 
from systemic hypo- or hypertension, decreased O2 content, 
hypo-osmolarity or hyperglycemia. It must be stressed that 
mechanisms of damage are interactive. For example, modest 
amounts of brain retraction coupled with a modest reduction 
of systemic blood pressure may have synergistic effects on 
neurologic outcome.

Management goals should include provision for a relaxed 
brain (to reduce retractor-induced ischemia), controlled sys-
temic and cerebral hemodynamics, avoidance of hypotonicity, 
hyperglycemia and hyperthermia, and timely emergence from 
anesthesia without significant hypertension, tachycardia or 
coughing.

Brain Relaxation during Surgery
Interventions that reduce brain volume may help in reduc-
ing retractor-induced ischemia. Adequate brain relaxation 
begins with good head position to promote intracranial ve-
nous drainage. The least amount of flexion and rotation nec-
essary for the operative approach should be planned with 
the surgeon. A rule of thumb might be given as two-finger 
breadths between the mandible and clavicle (not the ster-
num) after the head is positioned in rigid pin fixation. The 
head of the table should be elevated slightly to prevent ve-
nous engorgement.

Cerebral spinal fluid removal is an effective means of brain 
relaxation, obtained by inserting a lumbar intrathecal catheter 
or ventricular drainage. Osmotic diuretic therapy with man-
nitol (0.5–1.0 gm/kg) with or without furosemide is widely 
applied. The most important consideration for anesthetic 
choice intraoperatively is the avoidance of cerebral vasodila-
tors (moderate to high dose inhalation anesthetics). Modest 
hypocapnia should be used sparingly as an adjunct to brain 
relaxation, and PaCO2 levels below 30 mmHg should have a 
specific indication.

Fluid Management and Glucose Control
There is a convincing body of evidence that serum osmolar-
ity strongly influences water movement into both the normal 
and damaged brain.114 Even mildly hypotonic fluids such as 
lactated Ringer’s solution (without mannitol), if given in suf-
ficient quantity, may aggravate brain swelling more than iso-
tonic crystalloids or colloids. Isotonic fluid replacement with 
blood, saline or hetastarch after forebrain ischemia in the rat 
appears to yield similar results in terms of cerebral edema for-
mation.115 In clinical practice, many authorities recommend 
isotonic fluid replacement during neurosurgical procedures. 
Although some anesthesiologists do use limited amounts of 
hetastarch, its use in neuroanesthesia is controversial due to 
its potential to induce coagulopathy. In 2013 the U.S. Food and 
Drug Administration (FDA) approved the warnings about the 
risk of mortality and renal injury, as well as advising other pre-
cautions, in the use of hydroethyl starch (http://www.fda.gov/
BiologicsBloodVaccines/SafetyAvailability). Serum osmolar-
ity can be easily monitored if large volumes of crystalloid are 
administered. The influence of colloid oncotic pressure on the 
formation of brain edema is still a controversial topic.116–118 A 
recent experimental study indicated that a reduction of colloid 
oncotic pressure without decreased osmolarity may exacerbate 

Relaxed Brain

Good head position

Cerebrospinal fluid drainage

Diuretics/osmotherapy

Avoidance of excessive cerebral vasodilators

Modest hypocapnia

Controlled Systemic and Cerebral Hemodynamics

Euvolemia

Optimal cerebral perfusion pressure

Fluid and Electrolyte Management

Isotonicity

Euglycemia

Temperature Management

Toleration of modest hypothermia intraoperatively

Postoperative prevention of hyperthermia

Controlled Emergence

Tailored awakening

Autonomic control

Table 15.1  Nonpharmacologic Brain Protection
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post-traumatic brain edema.116 Aggressive administration of 
isotonic crystalloids may worsen brain edema by decreasing 
colloid oncotic pressure.116 Although there are no periopera-
tive outcome data to support the use of one fluid over another, 
based on available data it is advisable to avoid perioperative 
hypo-osmolarity.

There is considerable evidence that glucose aggravates 
cerebral injury not only in animals but also in humans.119–122 
Perioperative stress and the use of steroids may contribute to 
intraoperative and postoperative hyperglycemia. In fact, ev-
idence for the use of steroids for cerebrovascular surgery is 
lacking, although many teams continue to use them.

In the absence of clear guidelines, the most rational ap-
proach is to avoid glucose-containing fluids, unless there is a 
specific indication. One such indication would be a diabetic 
patient receiving insulin therapy. In this case, “tight” rather 
than “loose” control of serum glucose seems reasonable. 
Despite the compelling animal data, the lack of specific clini-
cal outcome data would suggest that over-aggressive lowering 
of glucose is not worth risking hypoglycemia in an anesthe-
tized patient. A reasonable but arbitrary target might be to 
prevent renal spillage of glucose in the range of 180 mg per 
100 mL. This is supported by a large international randomized 
trial showing that a blood glucose target of 180 mg or less per 
deciliter resulted in lower mortality than did a target of 81 to 
108 mg per deciliter, suggesting intensive glucose control in-
creased mortality among adults in the ICU.123

Controlled Systemic and Cerebral Hemodynamics
Blood Pressure Control
Control of cerebral hemodynamics begins with control of 
systemic arterial pressure, which in turn is predicated on ade-
quate cardiac preload (euvolemia). The most important point 
is that fluid should never be withheld at the expense of a stable 
cardiovascular status. Indeed, in the setting where there is the 
potential for rapid, significant intraoperative hemorrhage, it is 
clearly deleterious. A large amount of shunting blood through 
the AVM reduces blood pressure of the feeding and adjacent 
arteries. Marginally perfused areas may be critically depen-
dent on collateral perfusion pressure. Maintenance of low 
blood pressure may be inadequate and result in infarction if 
unrecognized.

During manipulation of the intracranial contents or their 
vascular supply, the anesthesiologist should strive to main-
tain the “optimal CPP,” that is, the highest clinically accept-
able blood pressure for the particular clinical circumstance. 
We achieve this with a low-dose phenylephrine infusion when 
necessary. Brain relaxation is probably also served by main-
tenance of normal arterial pressure (cerebral blood volume is 
kept to a minimum by autoregulatory vasoconstriction).124

Anesthesiologists have a major role in preventing and/or 
treating retractor-related cerebral ischemia, cerebral ischemia 
secondary to poor cerebral perfusion, intraoperative hem-
orrhage and postoperative edema. There may be marginally 
perfused areas adjacent to an AVM that are critically depen-
dent on collateral perfusion pressure. Although this may be 
secondary to the hemodynamic effects of the shunt, they are 
more likely due to mass effect from the vascular structures of 
the nidus or the residua of a prior hemorrhage. The cause not-
withstanding, prolonged systemic hypotension might result in 
infarction, if unrecognized. Thus, CPP should be maintained 
at close to normal values unless there is an indication for in-
ducing hypotension to control hemorrhage.

Induced Hypotension
In contrast to the current trend for maintaining normotension 
during intracranial aneurysm clipping, induced hypotension 
may be useful during AVM resection in cases of significant 
intraoperative bleeding. This is especially pertinent to large 
AVMs that have a deep arterial supply. Bleeding from these 
small, deep-feeding vessels may be difficult to control and de-
creasing arterial pressure facilitates surgical hemostasis. The 
subject of induced hypotension is discussed extensively in the 
neuroanesthesia literature.

During uncontrolled bleeding the surgeons may be forced 
to place clips blindly in an attempt to stem hemorrhage. In 
this event, deepening the anesthesia plane with intravenous 
agents may be indicated and could be used as a means of, 
or as an adjunct to, inducing mild or moderate temporary 
arterial blood pressure reduction until bleeding is brought 
under control. Induction of systemic hypotension with a 
pure vasodilator has theoretical disadvantages. In the set-
ting of emergent intracranial vascular occlusion to control 
hemorrhage, the distal perfusion field of the occluded artery 
will have little or no opportunity to recruit collateral flow 
from neighboring (relatively vasodilated) normal arterial 
supply regions. However, the clinician should use whatever 
means indicated by the clinical situation that he or she is 
comfortable with and adept at to expeditiously reduce blood 
pressure.

Use of Hypothermia
Mild hypothermia (with core temperature decreases as 
little as 1.5–3 °C) has been shown to offer dramatic ce-
rebral protection against ischemic insult in animal mod-
els.125 This protective effect is greater than what would be 
expected from metabolic suppression alone, and may be 
related to a decrease in excitatory neurotransmitter re-
lease from ischemic cells.126 Although RCTs have shown 
favorable results from mild hypothermia in patients with 
severe traumatic brain injury and in in-hospital cardiac ar-
rest, the benefit was not certain in later targeted tempera-
ture controlled hypothermia trials on patients suffering 
out-of-hospital cardiac arrest.127–130 Similarly, the efficacy 
of prophylactic mild hypothermia during craniotomy has 
not been validated.131–133

Anesthetized patients can be easily cooled to 33–34 °C, al-
though complete intraoperative rewarming may be difficult to 
achieve.134 Even mild degrees of hypothermia are not without 
potential risk.135 Passive rewarming is associated with periph-
eral vasoconstriction, shivering, and subsequent increases in 
oxygen consumption and myocardial work. Drug metabo-
lism is decreased, prolonging the effect of even short-acting 
anesthetic drugs. Moderate hypothermia (<33 °C) has other 
well-documented potential effects, including increased sus-
ceptibility to infection, cardiac arrhythmias and ischemia, 
hypercoagulability, thrombocytopenia, impaired platelet  
aggregation, and activation of fibrinolysis, all of which reverse 
with rewarming.134,136 Most of these adverse effects have been 
observed in patients leaving the operating room while still hy-
pothermic. It is unclear whether the potential benefits of ce-
rebral protection gained from mild hypothermia and partial 
rewarming are offset by the hypothermia-induced systemic 
physiologic stress, particularly if shivering occurs upon emer-
gence. Postoperative shivering can be significantly attenuated 
by intraoperative administration of meperidine or alpha-2 ag-
onists (clonidine, dexmedetomidine).137

Anesthesia Books 

http://surgerybook.net/anesthesia


270

1
5

 
• 

A
N

E
S

TH
E

TI
C

 C
O

N
S

ID
E

R
AT

IO
N

S
 F

O
R

 A
V

M
 R

E
S

E
C

TI
O

N A conservative recommendation would be mild body 
temperature reduction (35–36 °C) until closure is imminent, 
followed by active rewarming. Careful temperature moni-
toring should continue throughout the perioperative period; 
hyperthermia must be avoided, as it potentiates ischemic 
damage.138

Emergence from Anesthesia and Initial Recovery
A particularly challenging aspect of perioperative care of pa-
tients with AVMs is emergence from anesthesia and initial 
recovery. A moderate phenylephrine-induced blood pres-
sure augmentation (20–30% above normal mean arterial 
pressure) may be needed during drying of the operative bed 
to inspect for hemostasis. After hemostasis is achieved and 
anesthetic agents are reduced/discontinued, antihypertensive 
agents such as labetolol can be used to ensure the patient’s 
blood pressure does not drop further than 10% below the 
patient’s baseline values. Control of systemic hemodynam-
ics is of critical importance during the emergence phase as 
the patient makes the transition from the anesthetized to the 
conscious state.139 Administration of alpha-2 agonists (cloni-
dine, dexmedetomidine) before the end of anesthesia can at-
tenuate an emergence-induced stress response (hypertension, 
tachycardia).140

We would emphasize that, without firm outcome data in-
dicating the superiority of one drug regimen over another, the 
choice of agent for manipulation of blood pressure must be 
placed in the context of the clinical situation (e.g., avoiding 
beta adrenergic blockers with bronchospastic airway disease 
or use of nitroglycerin with coronary artery disease) and the 
experience of the practitioner.

The most sensitive monitor of cerebral function remains 
the neurologic examination. A prompt emergence from an-
esthesia will ensure that drug residua will neither be con-
fused with nor obscure focal neurologic damage. Delayed 
emergence may require emergent CT examination to rule 
out brain swelling or bleeding. However, long procedures 
with massive fluid resuscitation, complicated intraopera-
tive courses, and situations where patients have pre-existing 
neurological deficits may be indications for postoperative 
sedation and mechanical ventilation. There is no ideal regi-
men to maintain postoperative sedation and blood pressure 
control. Use of dexmedetomidine has gained popularity 
due to its sympatholytic and sedative effects while the pa-
tient remains arousable to allow postoperative neurologic 
examination.

OPERATIVE CONSIDERATIONS 
FOR AVOIDING COMPLICATIONS

Intraoperative complications with AVMs challenge the neu-
rosurgeon like no other lesion in the brain. Bleeding can 
erupt quickly to fill the surgical field, obscure critical anat-
omy, and impede microdissection. Bleeding arteries can be 
difficult to control, particularly when they are thin, friable 
perforating arteries resisting coagulation with bipolar cautery. 
Hemorrhage into the brain can damage it and compromise pa-
tient outcomes. Worst of all, uncontrollable bleeding can force 
dangerous or hasty maneuvers. Bleeding demands reactions 
from the anesthesiologist to replace volume, transfuse blood, 
maintain blood pressure, and sometimes correct coagulation 
disturbances.

Surgical complications are best avoided with judicious pa-
tient selection. The combination of AVM size, deep venous 

drainage, and eloquence of the adjacent brain that comprises 
the Spetzler-Martin grading scale provides a preliminary as-
sessment of surgical risks,34 with low-grade AVMs (grade  
I–III) having acceptably low morbidity rates and high-grade 
AVMs (grade IV–V) having unacceptably high morbidity and 
mortality rates. As helpful as this simple grading scale is, it is 
crude at best and demands more thorough assessment of other 
factors: grade III subtype, patient presentation, age, deep per-
forating artery supply, diffuseness, and functional eloquence. 
The Lawton-Young AVM grading system, which combines 
age, hemorrhagic presentation, and nidal compactness in 
a numbering system analogous to the Spetzler-Martin sys-
tem, has been developed to supplement the well-established 
Spetzler-Martin grading system.141 This supplementary grad-
ing scale has shown high predictive accuracy on its own and 
stratifies surgical risk more evenly for better prediction of 
neurologic outcomes after AVM surgery.142 The sum of the 
Spetzler-Martin and Lawton-Young scores, otherwise referred 
to as the supplemented Spetzler-Martin score, is the best pre-
dictor of surgical morbidity and can be used to define limits of 
AVM operability, with a supplemented score less than or equal 
to 6 considered operable.

The dividing line between operability and nonoperability 
probably does not run cleanly between Spetzler-Martin grades 
III and IV, but rather between subtypes of the third grade.143 
Our experience has demonstrated that medium-sized AVMs 
(3–6 cm diameter) in eloquent locations have morbidity rates 
that resemble grade IV AVMs more than other grade III 
AVMs. In contrast, small-sized AVMs (less than 3 cm diam-
eter) with deep venous drainage and in eloquent locations, as 
well as other medium-sized AVMs away from eloquent loca-
tions, have morbidity rates that are expected for grade III le-
sions. Therefore, the surgeon must beware of grade III AVMs 
that are larger in size and eloquent, and perhaps manage them 
more conservatively.

Presentation with hemorrhage is an important factor 
because it not only indicates AVMs with high risk of re-
hemorrhage, but also facilitates surgery.54 Hematomas help 
separate an AVM from adjacent brain, completing some of 
the neurosurgeon’s dissection preoperatively. Evacuation of 
hematoma also creates working space around the AVM that 
can minimize transgression of the normal brain to reach 
the nidus, or access a deep nidus that might otherwise have 
been unreachable. Hemorrhage can also obliterate some of 
the AVM’s arterial supply, reducing its flow and the risk of 
bleeding during resection. Hemorrhage can be damaging 
to brain tissue, and young age and plasticity can enhance a 
patient’s ability to recover neurological function. Even with 
unruptured AVMs, youth can enhance recovery from defi-
cits caused by surgery.

Other anatomical features predict the likelihood of intra-
operative bleeding and neurological outcomes. For example, 
compact AVMs with tightly woven arteries and veins often 
have distinct borders that separate cleanly from the adjacent 
brain, whereas diffuse AVMs with ragged borders and inter-
mixed brain force the neurosurgeon to establish a dissection 
plane that can extend into the normal brain. Deep perforating 
arteries are thin, fragile, and difficult to occlude with cautery. 
Bleeding during surgery can escape into deep white matter 
tracts and cause significant deficits. These clues to intraoper-
ative bleeding can be found on angiography, and used during 
the selection process.

The Spetzler-Martin grading scale defines eloquence as 
anatomical locations whose injury would result in a discrete 
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neurological deficit, such as the motor and somatosensory 
strips, visual cortex, speech areas, thalamus, and brainstem. 
However, structural anatomy does not always indicate func-
tional anatomy with AVMs, because the brain often relocates 
functions if they lie too close to an AVM. For example, the 
presence of an AVM in the central sulcus may relocate motor 
function anteriorly from the precentral gyrus into premotor 
cortex. In more dramatic cases, left hemispheric functions 
such as speech can be moved to the opposite hemisphere or re-
arranged in the ipsilateral hemisphere.144,145 Therefore, we have 
found that preoperative imaging with functional MRI (fMRI) 
more precisely localizes neurological function, allowing us to 
replace anatomical eloquence with individualized functional 
eloquence. These radiological adjuncts better define the surgi-
cal risks and refine patient selection. An example is shown in 
Figs. 15.3–15.6.

Even in the most carefully selected patients, intraoperative 
complications and catastrophes occur. Stroke from occlusion 
of an artery to the normal brain is one that occurs silently, 
unless detected on intraoperative neurophysiological moni-
toring. This complication can happen when an artery feeding 
the nidus is occluded too early, compromising branches to 
the normal brain that originate between the point of occlu-
sion and the AVM. En passage arteries transmit branches 

to the AVM and distal branches to the brain downstream. 
These en passage arteries must be skeletonized or pruned to 
occlude only those that supply the AVM while preserving 
distal perfusion. Uninvolved arteries can also be mistaken 
for AVM feeding arteries. The neurosurgeon must rely on 
thorough analysis of the preoperative angiograms, thorough 
inspection of subtle anatomical features, and precise arterial 
occlusion at the point of entry into the nidus. Unexpected 
brain swelling during a long case may be an indication of an 
evolving stroke.

Bleeding is encountered most frequently along the deep 
plane of dissection, after the nidus has been dissected cir-
cumferentially. The deep penetrating arteries are typically 
encountered along this border and can resist coagulation 
with bipolar cautery. Visualization of these deep feeding 
arteries is often compromised by the overlying bulk of the 
nidus, and with stereotypical cone-shaped AVMs, this final 
plane is often deep below the cortical surface. The tip of the 
nidus can reach the ventricle, and bleeding from ventricular 
arteries can be difficult to identify, rapidly fill the ventricle, 
and cause the brain to herniate outward. With all these haz-
ards along this deep plane, the neurosurgeon must approach 
this last stage of the dissection with the utmost concentra-
tion. The nidus is dissected completely on all sides before 

A

D

B

E

C

F

Fig. 15.3  A–C, Preoperative magnetic resonance imaging (MRI) demonstrates an arteriovenous malformation (AVM) in the posterior insular 
and superior temporal cortex. A, T2-weighted axial MRI; B, T1-weighted coronal image with gadolinium enhancement; C,  
T1-weighted sagittal image. D–F, Preoperative angiography shows this Spetzler-Martin grade III AVM with feeding arteries originating from 
insular branches of the middle cerebral artery. Right internal carotid artery injection, anteroposterior view (D), anterior oblique view (E), and 
lateral view (F).
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proceeding to the deep plane; arteries resisting cautery are 
occluded with microclips; ventricular tips of AVMs are en-
circled to make sure that feeding arteries are effectively 
closed; and any bleeding is meticulously controlled before 
proceeding with the dissection.

In addition to bleeding along the deep plane, frank rup-
ture of the AVM can also occur. One of the tenets of AVM 
surgery is to dissect circumferentially, encircling the AVM 
but never violating it. AVM rupture can occur when the 
plane of dissection is too close. Bleeding is brisk, and the 
nidus cannot be cauterized like a feeding artery. The rup-
ture site is tamponaded with hemostatic agents to control the 
bleeding and enable the neurosurgeon to continue working. 
If the dissection plane is too tight, a portion of the nidus 
can be separated from the AVM as a remnant. These rem-
nants typically have arterial input but lack venous outflow, 
which predisposes them to rupturing either during surgery 
or shortly thereafter. An area that is unusually bloody may 
be a sign of retained AVM, and a wider path of dissection 
must be established around this area. Another tenet of AVM 
surgery is to occlude all the feeding arteries before occlud-
ing the draining vein. Occasionally, an arterialized draining 

vein may be mistaken for a feeding artery and occluded early, 
compromising venous outflow, pressuring the AVM, and 
precipitating rupture. The neurosurgeon must recognize this 
dangerous state and quickly remove the AVM. A ruptured, 
bleeding AVM is less tense and angry, and the neurosurgeon 
has a limited time window to continue working through 
the bleeding. The anesthesiologist must keep pace with this 
blood loss during these situations.

Significant intra- or postoperative brain swelling may occur 
after AVM resection, as discussed above. If there is no identi-
fiable cause, for example, undiagnosed rupture or obstructed 
venous drainage from thrombosis or occlusion, treatment is 
symptomatic with such maneuvers as hyperventilation, man-
nitol and tight blood pressure control.

The threat of bleeding and catastrophe is ever present in 
AVM surgery. Intraoperative excitement is rarely associ-
ated with good outcomes. The best AVM surgery is steady 
and meticulous for the neurosurgeon, and quiet and un-
exciting for the anesthesiologist. The neurosurgeon and 
the anesthesiologist must make preparations to deal with 
the worst of complications, while working continuously to 
avoid them.

A

C

B

D

Fig. 15.4  A and B, Functional magnetic resonance imaging (MRI) localizes left-hand motor function by acquiring images with the patient tapping 
the left fingers. Activated parts of the brain are shown in Axial (A) and three-dimensional reconstructed (B) images. C and D, Functional MRI 
localizes tongue motor function by acquiring images with the patient moving the tongue. Activated parts of the cortex are shown in Coronal (C) and 
sagittal (D) views. Even though this AVM was considered eloquent by its anatomical location, fMRI demonstrated some separation from these motor 
functions and facilitated the decision to resect it.
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D E F

Fig. 15.5  A, Intraoperative photograph shows that the arteriovenous malformation (AVM) does not reach the brain surface. Wide splitting of the 
distal Sylvian fissure revealed the feeding middle cerebral arteries (B), with the AVM located on the temporal side of the fissure (C, superior). Feeding 
arteries were branches from the middle cerebral artery (D), which was pruned or skeletonized to preserve distal blood flow to angular cortex (E). 
After devascularizing of the AVM, its deep plane was dissected (F) and the nidus was removed.

A B

Fig. 15.6  Postoperative angiography shows complete resection of the arteriovenous malformation, with preservation of en passage arteries. Right 
internal carotid artery injection, anteroposterior (A) and lateral (B) views.
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Carotid endarterectomy (CEA) was initially introduced in the 
early 1950s. An intuitively appealing procedure, the number 
of procedures rose steadily until 1985, when CEA was ranked 
the third most common operation performed in the United 
States.1 Its popularity shifted over the subsequent years as 
questions arose regarding its efficacy and the wide variation 
in reported morbidity and mortality associated with the pro-
cedure. However, several large, well-designed, randomized 
trials2–4 have confirmed the benefit of this procedure in se-
lected patients and current guidelines for CEA5–7 define an 
important role for this operation, combined with best medical 
therapy, in the prevention of stroke.

CEA remains the gold standard surgical procedure for the 
prevention of stroke. However, over the past two decades con-
siderable interest has accompanied the emergence of carotid 
angioplasty and stenting (CAS) procedures for treating extra-
cranial, as well as intracranial, occlusive vascular disease.8–10  
Based on the results of several well-designed, prospective tri-
als, current guidelines identify CAS as an alternative to CEA in 
appropriately selected patients.6,7,11a,11b,12a

Both CEA and CAS will remain important treatments for 
the prevention of stroke. Both these operations are directed at 
patients with advanced cerebrovascular disease and represent 
challenging procedures from the anesthesiologist’s perspective 
because many of the patients are elderly and have significant 
coexisting disease. This chapter reviews the anesthetic consid-
erations for, and management of, patients undergoing CEA 
and explores the roles for CEA and CAS procedures for the 
prevention of stroke.

PHYSIOLOGIC CONSIDERATIONS

Carotid revascularization procedures involve the manipula-
tion of the blood supply to the brain. As a consequence, the ra-
tionale and recommendations for the management of patients 
undergoing these procedures are founded on an understand-
ing of neurovascular anatomy and physiology.

The brain is highly active metabolically but is essentially 
devoid of oxygen and glucose reserves, making it depen-
dent on the continuous delivery of oxygen and glucose by 
the cerebral circulation. Cerebral blood flow (CBF) is pro-
vided by the internal carotid arteries (approximately 80%) 
and the vertebral arteries (approximately 20%). These major 
arteries anastomose at the base of the brain to form the cir-
cle of Willis, which provides the primary collateral vascular 
channel between the cerebral hemispheres. However, other 
collateral channels between the intracranial and extracranial 
circulations (e.g., through the orbit) may become well devel-
oped in patients with occlusive disease of the internal carotid 
artery.

CBF depends on cerebral perfusion pressure (CPP) and 
cerebral vascular resistance (CVR) according to the following 
equation:

(16.1)

where CPP represents the difference between mean arterial 
blood pressure and intracranial pressure or central venous 
pressure, whichever is greater, and CVR is a function of blood 
viscosity and the diameter of the cerebral vessels. Normally 
CBF is autoregulated in response to cerebral metabolic re-
quirements, a process common to many specialized vascular 
beds. During CEA, however, optimization of CBF is hampered 
by the fact that the only factors readily amenable to intraop-
erative manipulation are arterial blood pressure and arterial 
carbon dioxide tension (PaCO2), which affect CPP and CVR, 
respectively. Confounding this situation, our current under-
standing of the physiology of CBF is incomplete. For example, 
much of our understanding of cerebral hemodynamic changes 
during anesthesia is based on the assessment of changes that 
occur in larger vessels using techniques such as computed 
tomography (single-photon emission computed tomography 
[SPECT]) or transcranial Doppler ultrasonography (TCD) 
studies.12b–14 However, work using orthogonal polarization 
spectral imaging of the sublingual microcirculation15 suggests 
that the flow observed in larger vessels after the induction of 
anesthesia may not parallel changes in flow observed in the 
capillary network. These findings raise questions about our 
ability to predict microvascular perfusion consistently on the 
basis of the dynamic behavior of large vessels.

Carbon Dioxide Tension
CBF is exquisitely sensitive and directly related to PaCO2. 
CBF changes 1 to 2 mL/100 g/min for every 1-mmHg change 
in PaCO2 within the range of 20–80 mmHg. The most appro-
priate level of PaCO2 during CEA has not been definitively 
established. Hypocapnia has been advocated on the premise 
that vasoconstriction in areas of normal (CO2-responsive) 
brain will potentially divert blood flow toward ischemic re-
gions, the “Robin Hood” effect.16,17 Conversely, deliberate hy-
percapnia has been postulated to increase global CBF and as 
a consequence may improve perfusion to potentially ischemic 
regions.18 However, both concepts have been criticized on the 
grounds that studies of regional cerebral blood flow during ca-
rotid cross-clamping have demonstrated that the regional CBF 
response to changes in PaCO2 is not entirely predictable.19 
Cerebral autoregulation has been reported to be completely 
lost during carotid cross-clamping under hypercapnic con-
ditions and partially lost during hypocapnia, illustrating the 
relatively greater importance of blood pressure control during 
CEA. Furthermore, increasing PaCO2 causes vasodilation in 
normal brain and has been reported to result in a potential 
steal of blood flow from ischemic zones in up to 23% of pa-
tients.19 A similar steal phenomenon has also been reported 
during CEA in association with cerebral vasodilatation that 
accompanies the administration of volatile anesthetic drugs 
such as sevoflurane.20

CBF CPP CVR= /
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s A recent review of the scant clinical literature pertaining 
to the influence of carbon dioxide on cerebral autoregulation 
concluded that hypercapnia is likely to be associated with 
relative cerebral hyperperfusion but that there is insufficient 
published evidence to delineate the underlying cerebrovas-
cular response to this condition at the microvascular level. In 
contrast, hypocapnia is associated with a decrease in cerebral 
blood flow that is compounded by concommittant hypoten-
sion irrespective of whether it is produced by hemorrhage or 
anesthetic drugs. The authors caution that these conditions 
could be associated with ischemia and emphasize that wide 
inter-individual variability around the lower limit of autoregu-
lation compromises the reliability of this parameter to consis-
tently reflect the adequacy of cerebral perfusion in individual 
patients.21

Further confounding decisions regarding the appropriate 
management of PaCO2 during CEA is the fact that other dis-
ease processes also may alter the response to changes in arterial 
carbon dioxide tension. For example, patients with diabetes 
mellitus, a common condition among patients presenting for 
CEA, have been reported to display impairment of cerebro-
vascular responsiveness to hypercapnia during anesthesia with 
propofol, sevoflurane, or isoflurane.22,23 Although the level of 
impairment was observed to be related to the severity of the 
diabetes (i.e., glycosylated hemoglobin value and extent of ret-
inopathy), the level of impairment observed among individual 
patients was not consistently predictable.

In the absence of a clear clinical benefit associated with ei-
ther hypercapnia or hypocapnia, or a readily available means to 
titrate either to a cerebrovascular effect, the most prudent ap-
proach to the ventilatory management of patients undergoing 
CEA is maintenance of normocapnia. This is accomplished by 
reference to preoperative arterial blood gas measurements or, 
if these are not available, by ventilating to a PaCO2 value that 
produces a normal pH in a patient who does not have a coex-
isting metabolic acidosis. This approach attempts to achieve a 
balance between the optimization of CBF and the avoidance 
of cerebral steal.

Blood Pressure
Traditionally, many textbooks report that CBF is maintained 
relatively constant within the range of mean arterial blood 
pressure (MAP), from approximately 50 to 150 mmHg. 
Beyond this range the limit of vasomotor activity is exceeded 
and CBF becomes directly dependent on changes in CPP. 
In patients with preexisting chronic hypertension, both the 
upper and lower limits of autoregulation are shifted toward 
higher pressures. However, several investigators have noted 
that most available evidence suggests that, based on MAP, the 
lower limit of autoregulation in humans is substantially higher 
on average than 50 mmHg (at least 70 mmHg) and subject to 
large inter-individual variation.21,24 As a consequence, as noted 
previously, caution is advised when using these traditional val-
ues to guide blood pressure management at the lower limit of 
autoregulation.

A deliberate increase in intraoperative blood pressure has 
been advocated during CEA based on the premise that au-
toregulation will maintain normal CBF in areas of healthy 
brain while flow will be increased in areas of the brain that 
are hypoperfused owing to vasomotor paralysis or atheroscle-
rotic narrowing.18 The CBF response to changes in PaCO2 is 
depressed in patients with cerebrovascular disease as well as 
during carotid cross-clamping (as discussed previously), sug-
gesting that blood vessels distal to regions of atherosclerotic 
narrowing are operating near the limits of autoregulatory 

vasodilation.25 Under these conditions, improvement in CBF 
is likely to depend on increases in CPP. Higher stump pres-
sures and reversal of ischemic changes on the electroenceph-
alogram (EEG) have been reported in response to induced 
hypertension during cross-clamping.16,26 The use of deliber-
ate hypertension during carotid cross-clamping continues to 
be advocated by some investigators. Routine phenylephrine-
induced systolic hypertension to 200 mmHg (and selectively 
up to 240 mmHg for persistent cross-clamp intolerance) 
during the period of cross-clamp application has been re-
ported to reduce the need for intraoperative shunting during 
CEA performed under regional anesthesia in low-risk pa-
tients. While the incidence of cross-clamp intolerance was re-
ported to be reduced, the potential for cardiac ischemic events 
(a risk reported to accompany the use of pharmacologically 
induced hypertension during these procedures) was not spe-
cifically evaluated.27

Deliberate hypertension is not devoid of risk. Excessive in-
creases in CPP may cause cerebral hemorrhage or edema for-
mation in regions of the brain that have lost autoregulation 
ability. In addition, patients most at risk for the development 
of cerebral ischemia—those with inadequate collateral blood 
flow—have been shown to be the least responsive to induced 
hypertension.28 However, these patients are most in need of 
safe maneuvering, including judiciously induced hypertension 
that may increase flow to the ischemic region. In patients with 
ischemic heart disease, systemic vasoconstriction may lead to 
an adverse myocardial oxygen balance. The incidence of myo-
cardial ischemia has been reported to be higher among pa-
tients who receive phenylephrine infusions or metaraminol to 
increase blood pressure during CEA.29,30

On the basis of the available evidence, the routine intraop-
erative elevation of blood pressure above the patient’s normal 
level is not recommended. Instead, the extent and patency of 
the collateral circulation should be discussed prior to induc-
tion of anesthesia. In patients with patent collateral vessels, 
careful maintenance of blood pressure within the normal pre-
operative range is recommended. Spontaneous increases in 
systolic blood pressure of up to 20% above normal at the time 
of cross-clamping are acceptable. In patients with poor collat-
erals, blood pressure may be cautiously increased up to about 
20% to 30% above baseline, with consideration of the con-
cerns previously described. Excessive spontaneous increases 
may reflect cerebral ischemia, a possibility that should be 
considered before the increase in blood pressure is controlled 
pharmacologically.

PREOPERATIVE CONSIDERATIONS

Carotid endarterectomy and carotid stenting procedures are 
interventions designed to reduce the risk of stroke among pa-
tients with advanced cerebrovascular disease. Most patients 
presenting for these procedures are elderly with a variety of 
comorbidities including, coronary artery disease, arterial hy-
pertension, peripheral vascular disease, chronic obstructive 
pulmonary disease, diabetes mellitus, renal insufficiency, or a 
combination of such conditions Based on the medical char-
acteristics of the patients included in NASCET31 (1991) and 
the GALA study32 (2008), published 17 years apart, the bur-
den of these conditions remains substantial among patients 
presenting for CEA (Table  16.1). As a consequence of these 
conditions, it is not surprising that CEA and CAS procedures 
also carry a substantial risk of death or serious morbidity. The 
benefit of these procedures resides in the fact that for the ma-
jority of patients with advanced disease, the risk of stroke or 
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death without intervention is higher than the risk associated 
with the procedure. Hence, appropriate selection and optimi-
zation of candidates for these procedures represent important 
opportunities to mitigate perioperative risk.

Patient Selection
Overwhelming evidence supports the efficacy of CEA com-
bined with best medical therapy for the prevention of stroke 
among appropriately selected patients. Three large multi-
center randomized trials conducted in North America2,33 and 
Europe3 over two decades ago validated the role of CEA in the 
treatment of patients with symptomatic high-grade carotid 
disease. Current American Heart Association (AHA) guide-
lines recommend CEA in symptomatic patients with carotid 
stenosis of 50% to 99% if the risk of perioperative stroke or 
death is less than 6%.6,7 Pooled data from the major CEA trials 
involving symptomatic patients with stenosis greater than 50% 
support these recommendations and show that the number of 
patients needed to treat (NNT) to prevent one stroke over a 
2-year period is nine for men and 36 for women.34 Benefit is 
also greater in older rather than younger patients, particularly 
those older than 75 years, with an NNT value of 5.

For asymptomatic patients the data are less robust. The risk 
of stroke is lower in asymptomatic patients than in patients 
with symptomatic disease and, as a consequence, the benefit 
of surgical intervention is realized only if the procedure can be 
performed with a lower 30-day risk of stroke and death. AHA 
guidelines5,35 recommend CEA for asymptomatic patients 
with carotid stenosis of 60% to 99% if the perioperative risk of 
stroke or death is less than 3%.

It is noteworthy in relation to perioperative risk that 
many studies that support the preceeding recommendations 
included exclusion criteria that eliminated patients with 
significant comorbid conditions and many also required 
that participating surgeons performed a suitable volume of 
procedures. Consequently, current recommendations for CEA 
are also influenced by clinical factors that may modify the 

risk and the potential for benefit (stroke prevention), such as 
life expectancy, age, gender, the presence of coexisting medi-
cal conditions, and the outcome performance of the surgeon 
and surgical team who perform the procedure.36–38 It has been 
noted that published outcomes following CEA as well as CAS 
procedures, particularly the 30-day incidence of stroke, have 
been progressively improving over the past two decades,5,7 an 
observation that has been attributed to recognition of the im-
portant impact of surgical training and case volume on out-
come as well as to the evolution of medical therapy including 
better management of comorbid conditions such as hyperten-
sion, dyslipidemia and diabetes.

The Role for Carotid Angioplasty  
and Stenting
Over the past three decades there has been an exponential 
increase in interest in and use of endovascular approaches 
for the treatment of carotid artery stenosis. This increase has 
paralleled the growth in the use of these techniques in other 
vascular specialties, especially in the coronary and periph-
eral vascular beds. Further impetus has come from advances 
in catheter, balloon, stent, and endovascular emboli trapping 
device development and has been encouraged by recognition 
of the many potential advantages of endovascular approaches, 
particularly in high-risk patients (Table 16.2). The benefits of 
an endovascular approach include: it is “minimally invasive”; 
it avoids surgical wounds and their complications; and endo-
vascular procedures can generally be accomplished with local 
anesthesia and sedation.

The technique employs standard endovascular approaches 
from a transfemoral arterial approach. Patients are routinely 
pre-medicated with ASA 325 mg and clopidogrel 75 mg 
3–5 days prior to the procedure. A diagnostic catheter is ad-
vanced under fluoroscopic guidance and the vascular anatomy 
of the aorta, neck, and head are imaged. Once the vessel to 
be treated is fully defined, an 8.0 F guiding catheter or 6.0 F 
long sheath is placed from the femoral artery and proximal 
to the lesion in the mid-low cervical common carotid artery. 
After systemic heparinization is given (70–100 units/kg) and 
an activated clotting time (ACT) is confirmed to be increased 
by two times the baseline, a fine (e.g., 0.014") steerable guide 
wire, in combination with a distal filter protection device, is 
advanced across the stenosis and deployed 2–4 cm distal to the 
lesion to be treated. The distal filter devices are expandable 
umbrella-like devices that are deployed distal to the stenosis 

Proportion of Patients (%)

 NASCETa GALAb

Medical Condition (n = 2256) (n = 3526)

Angina 24  

Previous myocardial infarction 20  

Coronary artery disease  36

Hypertension 60 77

Peripheral vascular disease 14 25

Smoker (current or previous) 77 80

Diabetes mellitus 19 25

Table 16.1  �Comparative Medical Characteristics of 
Patients Eligible for Inclusion in NASCET 
(1991) and the GALA (2008) Trial

NASCET, North American Symptomatic Carotid Endarterectomy 
Trial;GALA, General Anaesthesia versus Local Anaesthesia for Carotid 
Surgery

(a. Adapted from North American Symptomatic Carotid 
Endarterectomy Trial Steering Committee. Methods, patient 
characteristics, and progress. Stroke 1991;22:711–720; b. Adapted 
from GALA Collaborative Group. General anaesthesia versus local 
anaesthesia for carotid surgery (GALA): a multicentre, randomised 
controlled trial. Lancet 2008;372:2132–42.)

Previous carotid endarterectomy

Contralateral carotid artery occlusion

Previous radical neck dissection or radiation therapy to neck region

Target lesion above C2 (level of jaw) or low cervical carotid lesions

Carotid dissection

Tandem lesions with ≥70% stenosis, intracranial stenosis,  
or occlusion

Significant cardiorespiratory comorbidity

Requires concurrent major cardiac or aortic surgery

Inability to extend neck

Contralateral laryngeal nerve palsy

At risk for wound infection (e.g., immunosuppressed, tracheostomy)

Table 16.2  �Potential Indications for Carotid 
Angioplasty-Stent
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s to trap emboli that may be released during the angioplasty 
and stent deployment. The appropriate size (e.g., 2.5–4 mm × 
20–40 mm) angioplasty balloon is then placed across the ste-
nosis, and once positioned it is inflated to high pressure (up to 
8–12 atm) for 60–120 seconds to pre-dilate the stenotic lesion. 
Aggressive balloon dilation may increase the risk of complica-
tions with vessel dissection and/or embolization of the plaque, 
and residual stenosis is mostly related to calcification, which 
does not resolve with repeated dilations. Thereafter a nitinol 
or stainless steel self-expanding stent of appropriate length 
(2–4 cm) and diameter (4–10 mm) is then deployed across the 
lesion to completely bridge and cover the plaque in both the 
cervical internal and/or common carotid arteries. Following 
stent deployment, a larger angioplasty balloon, which matches 
the normal luminal diameter of the cervical internal carotid 
and/or the common carotid arteries are then used to dilate the 
lesion to >80–100% of the normal lumen, to ensure maximal 
restoration to normal vessel size is achieved.

Following final balloon angioplasty across the stented lesion, 
the distal filter protection device is then recaptured, and with-
drawn. A post-stent angiogram is then performed to insure res-
toration of normal luminal diameter, full patency of the stent, 
and normal filling of the more distal intracranial blood vessels 
are maintained. The patient is then rechecked neurologically, 
and in most instances, a femoral arterial closure device is placed 
to ensure hemostasis. Patients are usually monitored in the neuro 
ICU or another high-dependency monitoring environment for 
24 hours and, if stable, discharged home on ASA 325 mg indefi-
nitely and clopidogrel 75 mg for at least 6–12 weeks post stenting.

Major Randomized Trials Comparing 
Carotid Artery Stenting versus Carotid 
Endarterectomy
The SAPPHIRE (Stenting and Angioplasty with Protection in 
Patients at High Risk for Endarterectomy) trial39 was a non-
inferiority randomized controlled clinical trial in which 334 
patients, judged to be at high risk for CEA, and who were ei-
ther symptomatic (transient ischemic attack (TIA) or stroke) 
with a >50% stenosis or asymptomatic with a >80% steno-
sis were randomized to CEA (n = 167) or CAS (n = 167). The 
primary endpoint was a composite of death, stroke, or myo-
cardial infarction (MI) within 30  days or ipsilateral stroke 
and/or death from 31 days to 1 year. There was no statistical 
difference between CAS versus CEA at 30  days (cumulative 
incidence 20.1%; absolute difference, −7.9%; p = 0.004 for non-
inferiority). At 1 year, carotid restenosis requiring treatment 
was less for CAS than CEA (cumulative incidence, 0.6% vs. 
4.3%; p = 0.04). In symptomatic patients at 1 year, the primary 
endpoint for CAS was 16.8% vs. CEA was 16.5% (p = 0.95). For 
asymptomatic patients at 1 year, the primary endpoint for CAS 
was 9.9% vs. CEA was 21.5% (p = 0.02).

The Stent-Supported Percutaneous Angioplasty of the 
Carotid Artery vs. Endarterectomy (SPACE) trial40–42 was a 
non-inferiority study comparing CAS vs. CEA in symptomatic 
patients. A total of 1200 patients, were randomly assigned to 
CAS (n = 605) versus CEA (n = 595) within 180 days of a TIA 
or stroke. The primary endpoint was ipsilateral ischemic stroke 
or death at 30 days post procedure. For CAS, the endpoint was 
6.84% vs. CEA of 6.34% (absolute difference, 0.51%; 95% confi-
dence interval; p = 0.09 for non-inferiority). Embolic protection 
devices were only used in a small percent of cases. At 30 days and 
2 years, the outcomes between the two groups were comparable.

The Endarterectomy versus Angioplasty in Patients with 
Symptomatic Severe Carotid Stenosis (EVA-3S) trial43 was 
a multicenter non-inferiority randomized controlled trial 

comparing CAS vs. CEA in asymptomatic patients with a ste-
nosis >60%. The primary endpoint was the incidence of any 
stroke or death within 30 days. At 6-month follow-up, the in-
cidence of any stroke or death for CAS was 11.7% vs. CEA 
6.1% (p = 0.02). The trial was stopped prematurely after 527 
of the 872 intended patients were enrolled, for safety and fu-
tility. Major criticisms of this study were that embolic protec-
tion devices were not required in the CAS arm, and that many 
of the CAS operators lacked adequate training. At the 4-year 
follow-up, the death or stroke rate still favored CEA, driven by 
the 30-day event rate. However, beyond 30 days, no difference 
in adverse outcomes between CAS and CEA was observed.

The largest randomized controlled trial to date was the 
Carotid Revascularization Endarterectomy versus Stenting 
Trial (CREST).44 A total of 2502 patients, both symptom-
atic and asymptomatic, with a >70% stenosis by ultrasound 
were randomized at 108 centers. Training standards, experi-
ence, and competency levels were established prior to enroll-
ment, and an embolic protection system was required in CAS 
cases.45 The primary endpoint was a composite of stroke, MI, 
or death of any cause up to 30 days post procedure, or any ip-
silateral stroke during the 4-year follow-up. The primary com-
posite endpoint over a median follow-up period of 2.5 years 
for CAS was 7.2% vs. CEA 6.8% (Hazard Ratio (HR) = 1.11; 
95% CI 0.81–1.51; p = 0.51) and demonstrated no difference. 
There was no significant difference in the frequency of the 
primary endpoint between symptomatic and asymptomatic 
patients. The periprocedure mortality rates were similar, but 
there were significantly different rates of stroke between CAS 
of 4.1% vs. CEA 2.3% (p = 0.01) and MI (CAS 1.1% vs. CEA 
2.3% [p = 0.03]). The 4-year rate of any ipsilateral stroke for 
CAS was 2.0% vs. CEA of 2.4% (p = 0.85). The 4-year rate of 
death alone was similar for CAS of 11.3% vs. CEA of 12.6% 
(p = 0.45). In terms of quality of life, major and minor strokes 
had a greater negative impact on quality of life scores (–15.8 
points) than did MI (–4.5 points). There was no difference 
in the primary endpoint rate between men and women with 
either treatment. Long-term (10-year) results for CREST12a 
have been published recently and reported no significant 
difference in risk between patients who underwent stenting 
versus endarterectomy in relation to the composite outcomes 
of peri-procedural stroke, myocardial infarction, or death and 
for subsequent ipsilateral stroke. Individually, consistent with 
the 4-year follow-up results, the rate of peri-procedural stroke 
remained higher among patients who underwent stenting and 
the rate of peri-procedural myocardial infarction was higher 
in patients who underwent CEA. The rate of postprocedural 
ipsilateral stroke did not differ between groups.

The International Carotid Stenting Study (ICSS)46 was a 
multicenter randomized controlled trial which enrolled 1713 
symptomatic patients with carotid stenosis. The primary end-
point was the long-term rate of any fatal or disabling stroke. 
An interim safety analysis showed the 120 day rate of stroke, 
death, or procedure MI for CAS was 8.5% versus CEA of 5.2% 
(HR: 1.69; 95% confidence intervals (CI) 1.16–2.45; p = 0.006). 
The incidence of disabling stroke or death at 120 days did not 
differ between CAS of 4.0% and CEA of 3.2%, but there was 
an excess of overall strokes in the CAS group (HR: 1.92, 95% 
CI 1.27–2.89; p = 0.002). The use of an embolic protection de-
vice was not mandated. The final results demonstrated that the 
5-year risk incidence of a fatal or disabling stroke did not dif-
fer between CAS of 6.4% and CEA of 6.5%.47 Beyond 30 days 
following carotid artery treatment, there was no difference in 
the rates of ipsilateral stroke for CAS, which was 4.7% vs. CEA 
of 3.4% (HR: 1.29, 95% CI 0.74–2.24). There was an excess 
number of strokes in the CAS patients that persisted, with a 
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5-year cumulative risk of 15.2% vs. CEA of 9.4% (HR: 1.71, 
95% CI 1.28–2.30; p < 0.001), although this did not translate 
into differences in functional disability and quality of life, as 
assessed by the modified Rankin scale and EQ-5D question-
naire. In this trial, various stents and protection devices were 
used for CAS patients at the discretion of the interventionist 
with only 72% of patients receiving distal protection during 
the index stent procedure. The study concluded that long-term 
functional outcome and the risk of fatal or disabling stroke are 
similar for CAS and CEA for symptomatic carotid stenosis.

A meta-analysis of randomized controlled trials which in-
cluded 3754 patients treated with CAS vs. 3723 patients un-
dergoing CEA showed that at 30  days, CAS was associated 
with a significant elevated risk of stroke (Odds Ratio (OR): 
1.53, 95% CI 1.23–1.91; p < 0.001), death or stroke (OR: 1.54, 
95% CI 1.25–1.89; p < 0.001), while MI (OR: 0.48, 95% CI 
0.29–0.78; p = 0.003) and cranial nerve injuries (OR: 0.09, 95% 
CI 0.05, 0.16; p < 0.001) were significantly reduced compared 
to CEA.48 Beyond 30 days, the efficacy of the CAS group vs. 
CEA for ipsilateral stroke prevention, restenosis rates and the 
need for repeat revascularization was comparable in all trials.

A retrospective study analyzed data on 22,516 Medicare 
patients with a mean age of 76.3 years from the Centers for 
Medicare & Medicaid Services (CMS) database who under-
went CAS with embolic protection between 2005 and 2009.49 
Approximately half of the patients were symptomatic, 91.2% 
were at high surgical risk, and 97.4% had carotid steno-
sis >70%. Overall, patients had high medical comorbidities 
which included ischemic heart disease, heart failure, diabe-
tes, and peripheral arterial disease. Approximately 25% had 
undergone coronary artery bypass graft (CABG) during the 
prior year, and 27.8% were admitted nonelectively for CAS. 
At 30 days the mortality was 1.7% with stroke or TIA in 3.3%. 
From 30 days to 4 years of follow-up, the mortality rate was 
32.0% and the stroke or TIA rate was 9.1%. Periprocedure 
mortality and stroke/TIA risks were highest for patients who 
were symptomatic, >80 years of age, treated nonelectively with 
CAS, and at high surgical risk with a symptomatic stenosis 
>50%. The mortality risk exceeded one-third for patients who 
were >80 years old, symptomatic, at high surgical risk with 
symptomatic carotid stenosis >50% and admitted nonelec-
tively. This paper suggested that the benefits of treatment seen 
in randomized controlled trials may not apply to the wider 
population, especially for patients who are older, >80 years of 
age, and with a high burden of comorbidities.

The ACT 1 clinical trial11b published in 2016, compared 
carotid artery stenting with embolic protection and carotid 
endarterectomy in patients <79 years of age who had severe 
carotid stenosis and were asymptomatic without a prior stroke, 
TIA, or amaurosis fugax in the 180 days before enrollment, and 
who were not considered to be at high risk for surgical com-
plications. The trial was designed to enroll 1658 patients but 
was halted early, after only 1453 patients underwent random-
ization, because of slow enrollment. Patients were followed up 
to 5 years. The primary composite end point of death, stroke, 
or myocardial infarction within 30 days after the procedure or 
ipsilateral stroke within 1 year was tested at a non-inferiority 
margin of 3%. Stenting was non-inferior to endarterectomy 
with regard to the primary composite end point (event rate, 
3.8% and 3.4% respectively; P = 0.01 for non-inferiority). The 
rate of stroke or death within 30 days was 2.9% in the stent 
group vs. 1.7% in the CEA group (P = 0.33). From 30 days 
to 5 years after the procedure, the rate of freedom from ip-
silateral stroke was 97.8% in the stent group vs. 97.3% in the 
CEA group. In conclusion, for asymptomatic patients with 
severe carotid stenosis who were not at high risk for surgical 

complications, stenting was non-inferior to CEA with regard 
to the rate of the primary composite end point at 1 year. At 5 
years of follow up, there were no significant differences be-
tween the study groups in the rates of non-procedure-related 
stroke, all stroke, and survival.

In summary, although carotid angioplasty and stenting 
has become integrated into many clinical practices, additional 
ongoing clinical trials will further define the most suitable pa-
tients, the long-term patency, and the benefits of embolic pro-
tection devices and other endovascular techniques such as flow 
reversal, proximal and distal balloon protection, proximal ce-
rebral protection, and direct puncture of the common carotid 
artery combined with carotid artery stenting.50 Current clinical 
trials11b,12a indicate that carotid stenting for both symptomatic 
patients and for patients with asymptomatic severe carotid ste-
nosis who were not at high risk for surgical complications is 
non-inferior to CEA both in the peri-procedure period and at 
long term follow up. Additional clinical trials are still on-going 
regarding randomizing asymptomatic patients with severe ca-
rotid stenosis to best medical treatment vs. stenting vs. CEA.

Preanesthesia Assessment
The aims of preoperative assessment of CEA include: (1) risk 
stratification, (2) evaluation of the benefits and risks of revas-
cularization to guide the decision to either proceed to CEA 
or alternative therapy such as carotid stenting, (3) optimiza-
tion of preexisting medical conditions, (4) identification of 
occult cardiac conditions or risk factors that warrant immedi-
ate and/or long-term management, and (5) formulation of an 
anesthetic plan, particularly in relation to the choice of anes-
thetic techniques and intraoperative neurological monitoring. 
However, achieving all these aims is challenging because cur-
rent evidence suggests that outcomes are improved by timely 
access to surgery. On the basis of a combined 5-year analysis 
of symptomatic patients in the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET) and European 
Carotid Surgery Trial (ECST), the benefit of CEA is highest 
(greatest risk reduction for perioperative stroke or death) 
when the procedure is performed within 2 weeks of the isch-
emic event.51 These investigators report that the NNT is 5 if 
patients were randomly assigned to therapy within 2 weeks of 
the index event and 125 if they were randomly assigned more 
than 12 weeks after the index event. Furthermore, the benefit 
from surgery declines more rapidly in women than in men.

Despite the clear benefit of timely surgery, many centers are 
challenged to perform surgeries within 2 weeks of the onset of 
symptoms.52,53 Current AHA guidelines for symptomatic patients 
suggest it is reasonable to proceed to revascularization (CEA or 
CAS) within 2 weeks of the index event when there are no con-
traindications to early intervention.7 Preoperative assessment, 
investigation and optimization should be conducted in an effi-
cient and timely manner with special consideration of the rapid 
decline of treatment benefits in symptomatic CEA patients.

The preoperative visit should include an assessment of the 
patient’s state of health based on history, pertinent physical 
examination, and chart review. The head and neck should be 
examined to identify potential airway problems or evidence 
of positional ischemia. Catheter angiography or magnetic res-
onance angiography should also be reviewed to identify pa-
tients at higher risk due to high-grade contralateral carotid 
disease or poor collateral circulation. Special attention should 
be directed toward the assessment of coexisting disease.

A variety of indices have been proposed over the years to 
identify patients at risk of perioperative stroke or death. The 
risk stratification scheme for patients undergoing CEA that 
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s was proposed and validated by Sundt and colleagues54,55 com-
bines medical, neurologic, and radiologic risk factors to de-
termine the risks of postoperative morbidity (neurologic and 
cardiac) and mortality (Tables  16.3 and 16.4). This scheme 
has been in widespread use in the neurosurgical field since 
the mid-1970s and continues to provide a helpful overview of 
some factors that contribute to perioperative complications.

Two relatively newer indices were developed from large 
population-based cohorts addressing the perioperative risks of 
stroke and death associated with CEA—the Halm index was 
proposed in 200556 and revisited in 200957 and the Tu index 
proposed in 200358 (Table 16.5). As expected, the performance 

of two these indices is heavily affected by the characteristics 
of the study population from which the cohorts were derived. 
The Tu index was derived from a study of Canadian patients 
with a substantially higher burden of symptomatic carotid 
disease (69% of study population) and lower incidence of 
coronary artery disease (CAD), whereas, the Halm index was 
derived from an American population that included more 
asymptomatic CEA patients (71% of study population) with 
a much higher incidence of underlying CAD. It is unclear 
whether the Tu index58 represents a more reliable predictor in 
circumstances in which the majority of patients presenting for 
CEA have symptomatic disease and the Halm index represents 
a better model for asymptomatic patients. Despite the fact 
that these two large cohorts were derived from two substan-
tially different populations, they share many common factors. 
The presence of significant heart disease (especially a history 
of coronary artery disease, congestive heart failure and atrial 
fibrillation), the presence of significant contralateral carotid 
occlusion, and a history of recent TIA or stroke as the indica-
tion of surgery are associated with higher risks of perioperative 
stroke or death. Similarly, consistent with the risk factors iden-
tified by Sundt and colleagues,54,55 Halm and coworkers found 
the patients presenting with acute stroke or unstable ischemic 
neurologic symptoms (e.g., crescendo TIAs and stroke-in-
evolution), face a particularly ominous prognosis in relation 
to CEA, with combined rates of death and stroke of 28.6% and 
57.1%, respectively, on the basis of this study experience.56

Type of Risk Risk Factors

Medical risk Angina

 Myocardial infarction (<6 months)

 Congestive heart failure

 Severe hypertension (>180/110 mmHg)

 Chronic obstructive lung disease

 Age >70 years

 Severe obesity

Neurologic risk Progressing deficit

 New deficit (<24 hours)

 Frequent daily transient ischemic attacks

 Multiple cerebral infarcts

Angiographic risk Contralateral carotid artery occlusion

 Internal carotid artery siphon stenosis

 Proximal or distal plaque extension

 High carotid bifurcation

 Presence of soft thrombus

Table 16.4  �Risk Factors Used in Risk Stratification for 
Patients Undergoing Carotid Endarterectomy

(Adapted from Sundt TM Jr, Sandok BA, Whisnant JP: Carotid 
endarterectomy: Complications and preoperative assessment of risk. 
Mayo Clinic Proc 1975;50:301–306.)

 

Odds Ratio for 
Death and Stroke 
(95% CI)*

Odds Ratio for 
Fatal and Nonfatal 
Stroke (95% CI)

Halm Index (n = 9308)

Stroke as indication 
for sugery

2.4 (1.74–3.31 2.54 (1.79–3.59)

Active coronary 
artery disease

1.51 (1.2–1.91) 1.38 (1.08–1.75)

Contralateral 
stenosis (>50%)

1.44 (1.15–1.79) 1.42 (1.11–1.80)

Tu Index (n = 6038)

History of stroke 
and transient 
ischemic attack(s) 
(<6 months)

1.75 (1.39–2.20) 1.84 (1.42–2.39)

Contralateral carotic 
occlusion

1.72 (1.25–2.38) Not applicable

History of atrial 
fibrillation

1.89 (1.29–2.76) 1.83 (1.18–2.83)

History of 
congestive heart 
failure

1.80 (1.15–2.81) 1.86 (1.12–3.08)

History of diabetes 1.28 (1.01–1.63) Not applicable

Table 16.5  �Multivariate Odds Ratios for Complications 
after Carotid Endarterectomy

CI, confidence interval; OR, odds ratio.
*“Death and stroke” indicates the rate of death and nonfatal stroke 
combined within 30 days.

(Data adapted from Halm EA, Tuhrim S, Wang JJ, et al. Risk factors 
for perioperative death and stroke after carotid endarterectomy: results 
of the New York Carotid Artery Surgery Study. Stroke 2009;40(1):221–
229 (with permission); and Tu JV, Wang H, Bowyer B, et al. Risk factors 
for death or stroke after carotid endarterectomy: Observations from the 
Ontario Carotid Endarterectomy Registry. Stroke 2003;34:2568–2573 
(with permission).)

Risk Group Characteristics
Total Morbidity 
and Mortality (%)

1 Neurologically stable, 
no major medical or 
angiographic risk

1

2 Neurologically stable, 
significant angiographic 
risk, no major medical risk

2

3 Neurologically stable, 
major medical risk, major 
angiographic risk

7

4 Neurologically unstable, 
major medical or 
angiographic risk

10

Table 16.3  �Preoperative Risk Stratification for Patients 
Undergoing Carotid Endarterectomy

(Adapted from Sundt TM Jr, Sandok BA, Whisnant JP: Carotid 
endarterectomy: Complications and preoperative assessment of risk. 
Mayo Clinic Proc 1975;50:301–306 (with permission).)
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Cardiac complications have been reported to be a primary 
source of mortality associated with CEA and CAS.30,49,59,60 
There are several widely used risk stratification schemes that 
have been developed over the past few decades to predict the 
perioperative risk of major cardiac events in patients under-
going noncardiac surgery (not specific to CEA), these include 
the American Society of Anesthesiologists Physical Status 
Classification system (ASA Classification),61 the index pro-
posed by Goldman and colleagues,62 the index proposed by 
Detsky and associates,63 and the Revised Cardiac Risk Index 
(RCRI) (Table  16.6).64 In addition, the American College of 
Surgeons (ACS) has recently developed two new risk assess-
ment tools that are based on prospective data derived from 
more than 1 million operations (not including CEA) across 
more than 525 hospitals in the United States.

The ACS National Surgical Quality Improvement Program 
(NSQIP) Myocardial Infarction and Cardiac Arrest (MICA) 
tool provides an estimate of the risk of perioperative myo-
cardial infarction or cardiac arrest based on an assessment 
of functional status, creatinine level, ASA Classification, age 
and surgical site. The authors65 report that the MICA tool 
has higher discriminative power for predicting major cardiac 
events than RCRI in non-cardiac vascular surgery (http://
www.surgicalriskcalculator.com/miorcardiacarrest).

The ACS NSQIP Surgical Risk Calculator66 uses 21 patient 
characteristics and comorbid disease factors to estimate pro-
cedure specific risk for 11 different perioperative outcomes 
including pneumonia, cardiac complications, surgical site in-
fection, venous thromboembolism, renal failure, reoperation, 
discharge to a high dependency facility and death. The risk 
stratification indices in current common clinical use (i.e., the 
ASA Physical Status Classification and the Goldman, Detsky 
and RCR indices) appear to perform similarly as predictors of 
postoperative cardiac complications in patients presenting for 
CEA with one comparative study, using patient data collected 
originally to derive the Halm index, reporting areas under 
the ROC curve ranging from 0.58 to 0.66.67 Each of the four 
indices also performed similarly as predictors of noncardiac 
medical complications. Multivariate odds ratios for predicting 
postoperative cardiac complications following CEA using the 
RCRI are presented in Table 16.6. The role of the ACS NSQIP 

MICA tool or Surgical Risk Calculator for risk stratification 
for patients presenting for CEA is yet to be evaluated.

The presence of extracranial cerebrovacular disease has 
been reported to be a strong predictor for CAD.68,69 As a con-
sequence, it is not surprising that patients undergoing CEA 
are known to have a high incidence of CAD. According to data 
from Halm’s study, 61% of patients were known to have CAD, 
9.4% of patients had a history of congestive heart failure and 
4% of patients had active coronary diseases. The incidence 
of coronary artery disease or previous MI among patients 
enrolled in the NASCET2 or the GALA trial32 was lower but 
still substantial at 44% and 36%, respectively (see Table 16.1). 
Some investigators have advocated routine coronary angi-
ography60 prior to CEA to screen for occult CAD; however, 
little evidence supports the premise that routine preoperative 
coronary angiography, and consequent prophylactic coronary 
revascularization, improves cardiac outcome in patients with 
stable CAD.70,71 It seems more reasonable to assume that all 
patients presenting for CEA have atherosclerotic heart disease 
and to evaluate perioperative risk in relation to each patient’s 
functional status. Current AHA guidelines support the con-
sideration of additional noninvasive testing, such as exercise 
stress testing, dobutamine stress echocardiography, and dipyr-
idamole myocardial perfusion imaging, in patients scheduled 
for CEA (elevated risk surgery) with poor or unknown func-
tional capacity.52,70 Testing should be directed toward patients 
for whom the results are likely to influence perioperative 
management in light of the time-sensitive nature of CEA in 
symptomatic patients. Patients with other coexisting cardiac 
conditions, such as congestive heart failure, arrhythmias and 
conduction disorders, valvular heart disease or adult congen-
ital heart disease, have significantly higher risks of perioper-
ative cardiac complications and require specific preoperative 
evaluation and treatment.52

Patients with concomitant carotid stenosis and severe CAD 
may be considered for staged or combined carotid revascular-
ization and CABG procedures. Since the patients with either 
symptomatic or asymptomatic carotid stenosis undergoing 
CABG have a significantly higher risk of perioperative stroke, 
the 2011 AHA guidelines7 on the management of patients 
with extracranial carotid and vertebral artery disease recom-
mends that preoperative carotid duplex ultrasound screening 
is reasonable if any of the following are present: carotid bruit, 
age >65 years, peripheral arterial disease, history of TIA or 
stroke, cigarette smoking, or left main coronary artery disease. 
Patients with severe carotid stenosis (greater than 80%) who 
have been symptomatic within the preceding 6 months could 
be considered for either a staged carotid revascularization pro-
cedure (CEA or CAS) prior to CABG or concomitant myo-
cardial and carotid revascularization. However, the benefit of 
carotid revascularization combined with myocardial revas-
cularization, whether staged or concurrent, for patients with 
asymptomatic carotid stenosis, including stenotic lesions clas-
sified as severe, is not convincing.7 CABG alone is reasonable 
for patients with severe asymptomatic carotid stenosis.

Available evidence remains inadequate, due to insufficient 
prospective data, to allow definitive conclusions to be drawn 
regarding the staging of CEA with CABG surgery. Some stud-
ies have found staged operations are associated with lower risk 
of perioperative stroke, but with higher risk of myocardial 
ischemia. In contrast, some case series have reported com-
bined operations are associated with lower risks of MI, stroke, 
and death than staged operations in patients with symptom-
atic carotid stenosis. If the procedures are to be staged, compli-
cation rates are lower when carotid revascularization precedes 

Revised Cardiac Risk Index
(n = 2893)

OR for Major Cardiac 
Complications (95% CI)*

1. High-risk type of surgery 2.8 (1.6–4.9)

2. Ischemic heart disease 2.4 (1.3–4.2)

3. History of congestive heart failure 1.9 (1.1–3.5)

4. �History of cerebrovascular 
disease

3.2 (1.8–6.0)

5. �Insulin therapy for diabetes 
mellitus

3.0 (1.3–7.1)

6. �Preoperative serum creatinine 
level (>2.0 mg/dL)

3.0 (1.4–6.8)

Table 16.6  �Multivariate Odds Ratios for Complications 
after Carotid Endarterectomy based on the 
Revised Cardiac Risk Index

CI, confidence interval; OR, odds ratio; RCRI, revised cardiac risk index.
(*Data from Lee TH, Marcantonio ER, Mangione CM, et al: 

Derivation and prospective validation of a simple index for prediction of 
cardiac risk of major noncardiac surgery. Circulation 1999;100: 
1043–1049 (with permission).)
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s CABG. Reviews of the national experiences with CABG alone 
and combined CEA and CABG operations from the United 
States72 and Canada73 found combined operations have a 
higher procedural risk of stroke (9.5% and 13%, respectively) 
compared to CABG surgery alone; however, the overall mor-
tality rates of combined operations in both studies were sim-
ilar to the rates for CABG alone. Reflecting the state of the 
literature, a Cochrane systematic review focused on outcome 
following prophylactic CEA combined with best medical care 
(versus best medical care alone) in patients undergoing CABG 
failed to identify any suitably constructed prospective, ran-
domized trials for inclusion and as a consequence was unable 
to draw any meaningful conclusion.74

Carotid angioplasty and stenting is an intuitively less in-
vasive, but unproven option for treating patients requiring 
carotid revascularization prior to coronary revascularization. 
In one nonrandomized cohort study,75 carotid stenting prior 
to CABG was found to be associated with a lower incidence 
of stroke (2.4% vs. 3.9%), but similar in-hospital mortality, 
compared to CEA prior to CABG. More patients with acute 
coronary syndrome, renal failure, chronic lung disease and hy-
pertension were selected to undergo CAS prior CABG in this 
cohort, which reflects a clinical preference to use CAS over 
CEA in patients with multiple comorbidities and the selection 
bias of this study. In contrast, two systematic reviews reported 
30-day outcomes for composite stroke or death following 
staged CAS and CABG procedures of 9.1% and 12.3% in study 
populations that were predominantly asymptomatic.76,77 As a 
consequence, similar to CEA, there is little rigorous published 
evidence supporting the use of CAS for revascularization prior 
to, or concomitant with, CABG particularly in neurologically 
asymptomatic patients.

In addition to the preceding considerations, CAS patients 
are treated with the platelet-inhibitor clopidogrel for at least 
1 month following the procedure to prevent stent thrombo-
sis and stroke but, if continued preoperatively, this treatment 
would significantly increase the bleeding risk during a subse-
quent CABG procedure. For patients who can defer CABG for 
4–5 weeks, awaiting the completion of antiplatelet therapy is a 
reasonable option. Alternatively, intravenous heparin therapy 
may be used to bridge the period between the CAS procedure 
and proceeding to coronary revascularization.7

Over the past decade, considerable interest has also focused 
on pharmacologic interventions that may reduce the risk of 
perioperative cardiac events in high-risk patient groups. The 
aim of therapy is to mitigate perioperative conditions that lead 
to myocardial supply–demand imbalances or to promote sta-
bilization of the coronary plaque and thereby reduce the inci-
dence of ischemic events. β-Blockers, statins, and aspirin are 
the most prominent drugs used in this manner.

β-Blockers have attracted widespread interest, with nu-
merous small studies reporting a reduction in the risk of 
perioperative myocardial infarction with their use. However, 
many were also heavily criticized for methodologic inade-
quacies including inadequate power and selection bias. The 
Perioperative Ischemic Evaluation (POISE)78,79 study was a 
large-scale multicenter trial designed to address these con-
cerns and reported that the perioperative administration of 
extended-release metoprolol (100 mg administered orally 
commencing 2–4 hours preoperatively) to high-risk patients 
undergoing noncardiac surgery (including major vascular 
procedures but excluding CEA) reduced the incidence of 
perioperative myocardial infarction, but was associated with 
a higher incidence of death, nonfatal stroke, and clinically sig-
nificant hypotension and bradycardia compared to patients 

receiving placebo therapy. The 2014 AHA guidelines for the 
perioperative cardiovascular evaluation and management of 
patients undergoing noncardiac surgery recommends the 
perioperative continuation of β-blockers for patients taking 
long-term β-blocker therapy for established indications, such 
as the treatment of myocardial infarction, because preoper-
ative discontinuation of established β-blocker treatment has 
been shown to be associated with increased risk.52,80,81 These 
guidelines52 also suggest that it may be appropriate to initi-
ate β-blocker therapy for patients undergoing surgery with 
elevated cardiac risk due to documented cardiac ischemia by 
preoperative testing and for those with three of more RCRI 
risk factors prior to surgery. When β-blocker therapy is initi-
ated preoperatively, it is preferable to commence treatment at 
least 2 to 7 days prior to surgery. β-Blocker treatment should 
not be initiated on the day of surgery. Notably, although pa-
tients undergoing CEA were not included in many previous 
studies, including the POISE study, the foregoing recommen-
dations regarding the initiation of β-blocker therapy would 
seem particularly prudent for patients scheduled for CEA, 
given the nature of the procedure and the attendant risk of 
stroke. Until further evidence is available to clarify the issue 
in this group of patients, β-blocker therapy should be only 
used very cautiously.

The use of statins in the perioperative period has garnered 
considerable interest over the past decade. While abundant 
evidence links statin use to primary and secondary preven-
tion of cardiovascular events and stroke in high-risk pop-
ulations, evidence demonstrating similar benefits in the 
perioperative setting, particularly among patients undergoing 
CEA, has been less robust. A recent Cochrane meta-analysis 
of perioperative statin use for CABG surgery82 reported a re-
duction in perioperative atrial fibrillation and length of ICU 
and total hospital stay as well as a trend toward a lower in-
cidence of myocardial infarction, but no differences in the 
incidence of death or stroke in this population. However, a 
similar meta-analysis involving studies that included patients 
undergoing vascular surgery,83 including CEA, was unable to 
draw conclusions due to inadequate evidence. This study re-
ported trends favoring statin use for all-cause mortality and 
perioperative nonfatal MI (within 30 days), but the trends did 
not achieve statistical significance. A very recent systematic 
review of statin use in patients undergoing vascular surgery 
or endovascular procedures84 (including CEA and CAS pro-
cedures) evaluated data from four randomized controlled 
trials (RCTs) and 20 observational cohort or case-control 
studies. The randomized studies contributed 675 patients, 
and the observational studies contributed 22,861 patients to 
the analysis. Statin therapy was associated with a lower risk 
of all-cause mortality, myocardial infarction, stroke, and the 
composite outcomes of myocardial infarction, stroke, and 
death. However, these benefits were not reflected in analyses 
that included only data from the RCTs.

The current AHA guideline for the perioperative cardio-
vascular evaluation and management of patients undergoing 
noncardiac surgery support the continuation of statin therapy 
in patients who are taking these medications prior to surgery.52 
The guidelines also recommend that preoperative initiation of 
statin therapy would be reasonable for patients undergoing 
vascular surgery or for patients with indications that support 
the use of statins who are undergoing an elevated-risk pro-
cedure. Perioperative cardiac benefits are believed to relate 
to plaque-stabilizing properties as well as antioxidant and 
anti-inflammatory effects. Similar effects have been reported 
in relation to carotid plaque.85
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Most patients who present for CEA are currently taking 
low-dose ASA as medical therapy for the prevention of stroke. 
Although data from observational studies suggest that preop-
erative ASA withdrawal increases the risk of adverse cardiac 
events and thrombotic complications,86 the POISE-2 trial,87 
which did not include CEA patients, failed to demonstrate any 
benefit from 200 mg of ASA compared to placebo for major 
cardiac events or death. In view of its well-established bene-
ficial effects in relation to stroke prevention, most surgeons 
performing CEA prefer that patients continue low-dose ASA 
throughout the perioperative period.

Several studies have reported that uncontrolled or inade-
quately controlled preoperative arterial hypertension (systolic 
blood pressure >150–170 mmHg) increases the risk of post-
operative hypertension and adverse neurologic outcome after 
CEA.88,89 Aggressive perioperative control of blood pressure 
in patients undergoing CEA, including adequate preoperative 
treatment of hypertension, has been associated with improved 
outcome.90 A review of the patient’s blood pressure record to 
establish a baseline blood pressure range often provides a use-
ful aid to intraoperative hemodynamic management.

For patients with diabetes mellitus, blood glucose levels 
should be carefully managed throughout the perioperative pe-
riod to avoid both hypo- and hyperglycemia. Following acute 
stroke, current clinical and experimental evidence suggests 
that hyperglycemia lowers the neuronal ischemic threshold, 
may increase ischemic volume, and is associated with higher 
morbidity and mortality.70,91,92 Similar findings have also been 
reported specifically in association with CEA; higher risks for 
stroke, myocardial infarction, and death have been associated 
with the presence of hyperglycemia—defined as a blood glu-
cose level greater than 200 mg/dL (11.1 mmol/L)—at the time 
of surgery.93

Hypoglycemia also represents a deleterious condition for 
the brain. It has also been noted that the development of 
hypoglycemia is a significant risk when aggressive glycemic 
control is adopted.94,95 In view of these concerns, periopera-
tive management of blood glucose levels in diabetic patients 
presenting for CEA should probably be more conservative, 
in keeping with the recommendations of the AHA guide-
lines for the management of acute stroke, with blood glu-
cose levels maintained in the range of 140 to 185 mg/dL 
(7.8–10.3 mmol/L).70

ANESTHETIC MANAGEMENT

Intraoperative Monitoring
In view of the high incidence of coronary artery disease in pa-
tients undergoing CEA, the electrocardiogram (ECG) is mon-
itored with an emphasis on the detection of ischemia. Use of a 
five-lead ECG with continuous monitoring of leads II and V5 
is common practice, and automated ST segment monitoring 
is a useful adjunct. A study of postoperative cardiac ischemic 
events among 185 patients who had vascular surgery reported 
that lead V3 or V4 detects ischemic changes more consistently 
than V5.96 These investigators suggest that the use of lead V4 
may be preferable for detecting perioperative ischemia because 
its signal is more commonly isoelectric on baseline recordings. 
Furthermore, they advocate the use of multiple-lead monitor-
ing in the perioperative period for patients at risk for cardiac 
ischemia, on the basis of the observation that monitoring two 
precordial leads (V3 and V4, V3 and V5, or V4 and V5) improved 
the sensitivity for detecting cardiac ischemia to more than 
90%, compared with 66% with the use of lead V5 alone.

An intra-arterial cannula placed with the use of local anal-
gesia before the induction of anesthesia (regional or general) 
permits continuous monitoring of blood pressure through-
out the perioperative period and facilitates sampling of ar-
terial blood for blood gas analyses. Alternatively, in low-risk 
patients, a rapidly cycling (1-minute intervals) noninvasive 
blood pressure device can be used during induction, and the 
arterial cannula can be placed before commencement of sur-
gery. Central venous pressure, pulmonary capillary wedge 
pressure, cardiac output, transesophageal echocardiography 
and urine output are not routinely monitored, but monitor-
ing can be considered for high-risk patients. Evidence from 
a small prospective trial suggests that pulse pressure vari-
ability and stroke volume variability, indices derived from 
arterial waveform analysis, are useful predictors of cardiac 
preload/fluid responsiveness during CEA.97 These indicies, 
increasingly popular as guides to fluid management in a va-
riety of procedures, may be well suited to CEA procedures in 
view of the high incidence of coexisting cardiac disease and 
the widespread use of perioperative arterial blood pressure 
measurement.

Oxygenation is monitored continuously with a pulse oxim-
eter. Placement of an esophageal stethoscope after induction of 
general anesthesia facilitates monitoring of core temperature 
as well as ventilation, because the chest is not readily accessi-
ble during surgery. End-tidal CO2 monitoring, validated rela-
tive to an arterial blood gas sample, facilitates the continuous 
maintenance of PaCO2 within the patient’s normal range. For 
patients who undergo CEA under regional anesthesia or local 
infiltration, the use of nasal prongs with a CO2 sampling port 
allows the provision of supplemental oxygen and the measure-
ment of expired CO2. The CO2 measurements obtained in this 
manner do not consistently correlate with end tidal CO2 val-
ues, but do provide a useful aid in monitoring respiratory rate 
and rhythm in situations in which the patient’s face and chest 
may be partially obscured by surgical drapes.

Choice of Anesthetic Technique
CEA can be performed safely with use of either general an-
esthesia or regional anesthesia (including local anesthetic 
infiltration). General anesthesia represents the most popular 
anesthetic technique for CEA.98–101

Advocates of general anesthesia cite patient comfort, air-
way security, and the more expedient management of ven-
tilation, autonomic reflexes, and potential intraoperative 
complications as prominent advantages. However, general 
anesthesia is typically more expensive in terms of anesthetic 
agents used than regional anesthesia, and its use forfeits the 
ability to monitor neurologic status in the awake patient. 
Regional anesthesia is popular in some centers, and exten-
sive experience has been reported with its use.102 Advocates 
of regional anesthesia endorse the superior neurologic mon-
itoring afforded by an awake patient as a major advantage. 
The technique is generally less expensive than general an-
esthesia, and some studies report shorter length of hospital 
stay and lower risk of complications in association with re-
gional anesthesia and awake monitoring. Performing major 
surgery with use of regional anesthesia requires the focus 
of the entire operating room team being committed to the 
needs of the awake patient; airway and ventilation are not 
readily controlled, and the management of intraoperative 
complications, such as stroke, seizure, airway obstruction, 
hypoventilation, and confusion or agitation, can be more 
challenging, including intraoperative conversion to general 
anesthesia.

Anesthesia Books 

http://surgerybook.net/anesthesia


286

1
6

 
• 

O
cc


lu

s
iv

e
 C

e
r

e
b

ro


va
s

c
u

lar


 D
is

e
a

s
e

: A
n

e
s

th
e

tic


 C
o

n
s

id
e

ratio



n

s Despite the relative merits of the two techniques and en-
thusiastic advocates for each, there is little evidence, from the 
results of the large randomized trials, to suggest that outcome 
following CEA is substantially affected by the choice of re-
gional versus general anesthesia. Subgroup analysis of patients 
enrolled in the NASCET98 and the ECST99 revealed no differ-
ence in outcome associated with the use of local or regional 
anesthesia, although the number of patients who underwent 
CEA under regional block was small in both studies (7% and 
3.4%, respectively).

The largest prospective trial evaluating the relative benefits 
of regional anesthesia compared to general anesthesia was the 
General Anesthesia versus Local Anesthesia for carotid sur-
gery (GALA) trial published in 2008.32 This study included 
3526 patients recruited by 95 centers across 24 countries and 
reported no difference in outcome for the composite primary 
events (stroke, myocardial infarction and death within 30 days 
of the procedure) with an incidence of 4.8% and 4.5% respec-
tively for the general anesthetic group versus the local anes-
thetic group (Table  16.7). Similarly, there was no difference 
in outcome for ipsilateral stroke, MI or death independently 
between the groups who had CEA performed under general 
anesthesia or local anesthesia. Ninety-three percent of the pa-
tients in the local anesthesia group received a cervical plexus 
block with or without supplemental local anesthetic infiltration 
by the anesthesiologist or surgeon. Secondary outcome evalu-
ation suggested that performing CEA under local anesthesia 
was less expensive and was associated with better neurocogni-
tive performance in the early postoperative period among pa-
tients who underwent CEA under local anesthesia compared to 
general anesthesia. A trend favoring local anesthesia was also 
noted in the subgroup of patients with contralateral carotid 
occlusion reflected in a lower incidence of neurologic events; 
however, the analysis failed to achieve statistical significance. 
The report concludes that there is no difference in primary out-
comes for stroke, myocardial infarction or death, for CEA per-
formed under general anesthesia or local anesthesia and that 
the decision regarding the most appropriate anesthetic choice 

should be made by the anesthesiologist and surgeon, in consul-
tation with the patient, on an individual basis.32

Similar results were reported by a recent Cochrane system-
atic review update that compared outcome for CEA performed 
under general or local anesthesia.102 The review pooled data 
from 14 randomized studies with 4596 patients and reported 
no difference in outcome for stroke or stroke and death at 
30 days following surgery. Many of the studies were noted to be 
small and the GALA study contributed a substantial portion of 
the patients included in the data pool (3526 of 4596 patients).

Given these results, it seems appropriate to conclude that 
outcome following CEA is likely more dependent on patient se-
lection, preoperative optimization of comorbid conditions, and 
an experienced and committed surgical team than on the choice 
of anesthetic technique. Supporting this premise, Calligaro and 
colleagues103 described their experience converting from gen-
eral to regional anesthesia for CEA. Reporting on the results of 
401 carotid endarterectomies (216 general anesthesia, 185 cer-
vical plexus block) performed over a 6-year period in which a 
conversion from general to regional anesthesia was performed; 
these investigators reported a similar stroke mortality rate 
(<2%) with each technique. Interestingly, they also commented 
that a satisfactory surgical environment for performing CEA 
with regional anesthesia was intimately dependent on a com-
mitted group of anesthesiologists who provided a consistent 
and standardized approach to managing the patient.

Regional Anesthesia
Superficial cervical plexus block is the most common re-
gional anesthetic technique for CEA. The superficial cervi-
cal plexus block is performed by injection of local anesthetic 
subcutaneously along the posterior border of the sternocleido-
mastoid muscle, where the cutaneous branches of the plexus 
fan out to innervate the skin of the lateral neck.

The deep cervical plexus block is a paravertebral block of 
the C2–C4 nerve roots that continues to be used by some an-
esthesiologists for CEA. The technique involves injecting local 
anesthetic at the vertebral foramina (transverse processes) of 
the C2, C3, and C4 vertebrae to block neck muscles, fascia, 
and the greater occipital nerve. A 2007 review of the published 
experience with deep and superficial cervical plexus blocks 
for CEA since 1974 reported that, although the absolute inci-
dence of block-related serious (life-threatening) complications 
is very low, essentially all serious complications were associ-
ated with the deep component of the block.104 In addition, 
conversion to general anesthesia as a consequence of inade-
quate block was five times more common when a deep cervi-
cal block technique was used. The investigators in this review 
suggest that the use of the superficial cervical block technique 
is safer and technically less challenging and should be the 
preferred regional anesthetic option for CEA, citing evidence 
from two randomized comparisons that the two techniques 
are equally effective.105,106 Similar findings were reported in a 
systematic review of complications associated with superficial 
versus deep cervical plexus blocks. The authors reviewed 69 
papers describing a total of 7558 deep blocks and 2533 super-
ficial blocks and report that deep cervical plexus blocks are 
associated with a higher incidence of serious complications 
and a higher incidence of conversion to general anesthesia.107

Some interest has been developing in relation to the use of 
ultrasound to guide placement of cervical plexus blocks.108,109 
Initial evidence would suggest that the technique does not 
contribute substantively to the safety or success rate for su-
perficial blocks compared to a landmark-based approach.110 

General 
Anesthesia Local Anesthesia

Outcome (n = 1752) (n = 1771)

All strokes 70 (4.0%) 66 (3.7%)

Ipsilateral stroke 54 (3.1%) 57 (3.2%)

Contralateral stroke 15 (0.9%)   7 (0.4%)

Myocardial 
infarction

  4 (0.2%)   9 (0.5%)

Death (any cause) 26 (1.5%) 19 (1.1%)

Stroke or death 81 (4.6%) 74 (4.2%)

Stroke, myocardial 
infarction or death

84 (4.8%) 80 (4.5%)

Table 16.7  �GALA Triala Outcomes Following Carotid 
Endarterectomy Performed Under General or 
Local Anesthesia (30 Days Following Surgery)

Number of patients and proportion (%).
None of the outcome measures were statistically significant 

between treatment groups.
(Adapted from GALA Collaborative Group. General anaesthesia 

versus local anaesthesia for carotid surgery (GALA): a multicentre, 
randomised controlled trial. Lancet 2008; 372:2132–2142 (with 
permission).)
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Insufficient experience is available to determine the potential 
contribution that ultrasound imaging may make to enhancing 
the safety and success rate associated with intermediate and 
deep cervical plexus blockade. Cervical plexus blocks have 
been described in detail111 and should be reviewed before they 
are performed.

Monitors during regional anesthesia should include con-
tinuous electrocardiography, pulse oximetry, capnography, 
and an arterial cannula placed with use of local anesthesia. 
Supplemental oxygen should be provided with a mask or nasal 
prongs positioned to avoid the site of surgery. Traditionally, 
carefully titrated sedation using small, repeated, intravenous 
doses of fentanyl (10–25 μg), midazolam (0.5–2 mg), or both 
represents a popular and well-established approach to ensur-
ing that the patient is comfortable and cooperative during the 
operation. Propofol, a reasonable alternative to midazolam, 
is typically administered as a low-dose continuous infusion 
(20–60 μg/kg/min). Provisions should be available to convert 
to general anesthesia if intraoperative conditions warrant.

The use of sedating central α2 receptor agonists, such as 
clonidine and dexmedetomidine, during CEA with regional 
anesthesia has also been reported. Both drugs provide effec-
tive sedation and modest analgesia with minimal respiratory 
depression. Limited published experience with these drugs in 
the context of CEA has generally been favorable, with marked 
attenuation of sympathetic stress responses and variably ben-
eficial effects on intraoperative hemodynamic control (e.g., 
reduced need for intervention for hypertension or tachycar-
dia).112–114 Based on a systematic review that identified four 
studies, dexmedetomidine has been reported to provide satis-
factory sedation with a lower risk of respiratory complications 
compared to sedation using remifentanil for CEA performed 
under regional anesthesia.115 However, a higher incidence of 
postoperative hypotension requiring intervention has been 
noted,112 and transient hypertension, hypotension, and brady-
cardia have been described in association with the infusion of 
dexmedetomidine in other settings.116,117

General Anesthesia
Traditionally, a variety of drugs has been used satisfactorily 
to induce general anesthesia for CEA, including thiopental, 
midazolam, propofol, and etomidate. As is the case in most 
other areas of anesthetic practice, propofol is likely the most 
popular induction drug at present. A supplemental opioid 
such as fentanyl (2–5 μg/kg) or sufentanil (0.5–1.0 μg/kg), ad-
ministered intravenously, is often included in the induction 
sequence. Remifentanil is also a suitable opioid to supplement 
anesthesia induction. Whether this agent is administered as a 
bolus (0.2–0.5 μg/kg) or as an infusion (0.05–0.2 μg/kg/min), 
its short half-life facilitates titration of anesthesia during the 
relatively unstimulating period of surgical preparation and 
draping that follows intubation.

Tracheal intubation is usually performed after the ad-
ministration of a nondepolarizing neuromuscular blocking 
drug. Because many of the currently popular neuromus-
cular blocking drugs possess favorable hemodynamic pro-
files, the choice of drug is rarely a clinically important issue. 
Succinylcholine is a reasonable alternative in most circum-
stances, although it is contraindicated in patients who have 
experienced a recent paretic cerebral infarct. The hemody-
namic response to tracheal intubation can be attenuated by 
the administration of intravenous lidocaine (1–1.5 mg/kg), 
additional opioid, or supplemental hypnotic drug, or the ad-
dition of a volatile anesthetic before intubation. An armored 

endotracheal tube, although not essential, may be of benefit 
because its flexibility facilitates its positioning without im-
pinging on the surgical field.

Anesthesia is typically maintained with a volatile anesthetic 
supplemented with an opioid. Alternatively, total intravenous 
anesthesia (TIVA) using a propofol infusion combined with 
a supplemental opioid such as remifentanil or fentanyl is also 
popular for maintenance anesthesia. Any of the currently 
available vapors, isoflurane, desflurane, or sevoflurane, may be 
used. The agents used and doses will be influenced by the use 
of electrophysiologic monitoring, because evoked potentials 
may become depressed as the hypnotic dose increases.

The limited literature available comparing anesthetic drugs 
that are used during CEA is composed largely of small clinical 
studies comparing combinations of these drugs in relatively 
small numbers of patients. At present there is no clear basis to 
support a strong preference among the drug options in terms 
of outcome. Intraoperative hemodynamic stability and cardiac 
status have been reported to be similar during isoflurane, des-
flurane, and sevoflurane anesthesia.118 The use of remifentanil 
and sevoflurane or desflurane is reported to be associated with 
earlier emergence from anesthesia than the use of fentanyl and 
isoflurane, but the difference extends only into the immediate 
postoperative period (e.g., 15–30 minutes).118,119 Remifentanil 
combined with propofol appears to be associated with fewer 
episodes of intraoperative hypertension than fentanyl com-
bined with propofol,120 but reviews of published experience 
with remifentanil suggest that, although patients receiving 
remifentanil have a lower incidence of intraoperative hyperten-
sion, they are more prone to hypotension and bradycardia.121,122 
Finally, the question has been raised whether the modest ben-
efits reported to favor remifentanil-propofol anesthesia over 
isoflurane-fentanyl anesthesia for CEA justify the substantially 
higher cost of anesthesia using the former agents.123

Nitrous oxide has been popular as a supplemental anes-
thetic for CEA for many years. The favorable hemodynamic 
profile associated with nitrous oxide permits a reduction in 
the dose of other anesthetic drugs with less favorable hemo-
dynamic characteristics, particularly during periods with 
minimal surgical stimulation, and its low solubility coefficient 
facilitates a prompt emergence at the conclusion of surgery. 
Nitrous oxide continues to be used by some anesthesiologists 
during CEA, although its popularity is declining as a conse-
quence of the availability of other short-acting anesthetic 
drugs such as sevoflurane, desflurane, and remifentanil as 
well as reports that its use during major surgical procedures 
is associated with a higher incidence of other postoperative 
complications, including postoperative fever, wound infec-
tion, pneumonia, pulmonary atelectasis, and severe nausea or 
vomiting124 and conflicting data, largely from animal model 
studies, that it may cause an increase in CBF and cerebral met-
abolic rate.125–127 However, a detrimental effect of nitrous ox-
ide on neurologic outcome in humans, particularly following 
CEA, has been difficult to establish. Later evidence suggests 
that nitrous oxide may be neuroprotective in the rat at low 
inspired concentrations (50%)128 and that it does not cause a 
significant increase in cerebral blood volume or global cere-
bral metabolic rate in human volunteers.129 In addition, the 
use of nitrous oxide during aneurysm surgery, in a population 
at high risk for ischemic sequelae, was not associated with a 
higher risk of ischemic complications.130,131

In relation to CEA, subgroup analysis of the GALA trial 
data included a comparison of primary outcome events among 
patients who received nitrous oxide during general anesthe-
sia for CEA versus those who were not administered nitrous 
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s oxide.132 The use of nitrous oxide was at the discretion of the 
attending anesthesiologist and 671 patients received nitrous 
oxide versus 944 patients who did not. The subgroup analysis 
reported no difference in outcome for stroke, myocardial in-
farction or death at 30 days with a composite incidence of 5.2% 
in the nitrous oxide group vs. 4.7% in the group who did not 
receive nitrous oxide. Comorbidities among the patients who 
received nitrous oxide were more likely to include coronary 
artery disease, peripheral vascular disease, and atrial fibrilla-
tion, suggesting that the use of nitrous oxide does not appear 
to adversely affect outcome for patients undergoing CEA.

Irrespective of the specific choice of anesthetic drugs, the 
anesthetic goal during CEA is to provide a relatively light 
level of general anesthesia because the procedure is typically 
not highly stimulating. Some surgeons routinely infiltrate the 
wound with local anesthetic at the beginning of the opera-
tion, further reducing the depth of general anesthesia needed. 
Neuromuscular blockade is often maintained throughout the 
procedure and, as discussed, mechanical ventilation is ad-
justed to maintain end tidal CO2 at normocapnic levels.

Hypertension most often arises in response to visceral pain 
associated with traction or distortion of the carotid artery or 
surrounding structures and typically responds to local anes-
thetic infiltration of the carotid sheath or deepening of the 
level of anesthesia. When this measure is inadequate, blood 
pressure should be controlled with an intravenous antihyper-
tensive drug, such as esmolol or labetalol.

Hypotension, bradycardia, or both may also accompany 
traction on the carotid artery during surgical dissection. These 
responses represent the parasympathetic output of the baro-
reflex, where the traction is “misinterpreted” as an increase 
in blood pressure. This response can usually be attenuated by 
local anesthetic blockade of the carotid sinus nerve. Episodes 
of hypotension during other phases of the operation are 
treated by reduction of the depth of anesthesia, infusion of in-
travenous fluid or, if necessary, administration of a vasopres-
sor such as phenylephrine (0.5–1.0 μg/kg) to maintain blood 
pressure. Ephedrine (5–10 mg IV) is a reasonable alternative 
to phenylephrine, particularly for hypotension associated with 
bradycardia.

Before carotid cross-clamping, heparin (75–100 units/
kg) is administered intravenously. Application of the carotid 
clamps is often associated with a rise in blood pressure, a baro-
reflex due to loss of stretch of the vessel wall. Mild increases 
in arterial pressure are acceptable (up to approximately 20% 
above preoperative levels), but excessive increases should be 
controlled. Excessive increases may also indicate inadequate 
cerebral perfusion.

Intravenous fluids are administered according to mainte-
nance requirements. Blood loss during CEA is typically min-
imal, although the potential for hemorrhage exists. Because 
temporary cerebral ischemia may be aggravated by hypergly-
cemia or hypoglycemia, as discussed previously, intraopera-
tive glycemic management should include the judicious use of 
glucose-containing solutions and intraoperative glucose mon-
itoring for patients at risk for these complications.

Carotid Angioplasty and Stenting 
Procedures
For CAS procedures, which are typically performed under 
light conscious sedation with monitored anesthesia care, 
maintenance of hemodynamic stability, continuing neuro-
logical assessment, management of procedural anticoagu-
lation (typically using unfractionated heparin to achieve a 
doubling of the activated clotting time (ACT) above baseline) 

and management of comorbid conditions that require intra-
procedural intervention are key considerations. Baroreceptor 
manipulation during CAS procedures can be associated with 
hemodynamic instability including hypotension, bradycardia 
and vasovagal reactions. Continuous ECG and blood pressure 
monitoring is routine. These barorecptor-mediated reflexes 
are reported to occur in 5–10% of patients,7 arise most com-
monly during angioplasty and stent deployment when the 
carotid sinus is distorted and are typically transient, although 
baroreceptor dysfunction frequently persists into the postop-
erative period133 (see later, Postoperative Care). A recent meta-
analysis134 reported that hemodynamic events associated with 
carotid sinus manipulation during CAS procedures (brady-
cardia and/or hypotension) occurred with a pooled incidence 
of of 39.4%. Bradycardia and hypotension independently or 
in combination occurred with an incidence of approximately 
12% each.

Persistent or profound bradycardia can be treated with at-
ropine 0.5–1.0 mg or glycopyrrolate 0.2–0.4 mg administered 
intravenously (sometimes given prophylactically in advance of 
balloon/stent deployment). Occasionally, a temporary trans-
venous or transthoracic pacemaker is used to treat refractory 
bradycardia.134 Hypotension alone or accompanied by brady-
cardia can be treated by infusion of intravenous fluid and/or 
the administration of phenylephrine or ephedrine, in a similar 
manner to the management of baroreceptor-mediated hypo-
tension arising during CEA. Hypertension develops occasion-
ally during CAS procedures7 and, similar to the considerations 
during CEA, is treated pharmacologically as needed to main-
tain systolic blood pressure below 180 mmHg to reduce the 
risk of hyperperfusion syndrome, intracranial hemorrhage or 
postoperative bleeding from the arterial access site.

Cerebral Protection
Interest in elucidating putative neuroprotective properties 
associated with many drugs used in anesthesia spans several 
decades. Most drugs used to induce anesthesia, including bar-
biturates, lidocaine, benzodiazepines, etomidate, propofol, 
ketamine, and the volatile agents, have been investigated in a 
variety of animal models and under a wide range of experi-
mental conditions of global and regional ischemia. All of these 
drugs have been reported to bestow a modest degree of protec-
tion under appropriate experimental conditions,135,136 but evi-
dence that these benefits translate to the clinical environment 
is scarce.

A recent systematic review137 of the literature identified 25 
methodologically appropriate, randomized, controlled trials 
(n = 3274 patients) assessing pharmacologic brain protection 
in the perioperative period. Eighty-eight percent of these stud-
ies were performed in patients undergoing cardiac surgery.  
A range of drugs were evaluated, but most were represented in 
the analysis by a single study. The authors concluded that, of 
the 17 drugs tested, evidence suggested that only atorvastatin 
(represented by 1 study in vascular surgery patients) and mag-
nesium sulfate (represented by two studies, vascular surgery 
and cardiac surgery) may be associated with a lower incidence 
of new postoperative neurological deficits. None of the drugs 
reduced the mortality rate.

Similarly, a recent review of the conceptual role of precon-
ditioning or postconditioning techniques for anesthetic neuro-
protection during CEA reported a paucity of clinical evidence 
of benefit, although the authors report that preclinical animal 
studies suggest the techniques have merit.138 Patients under-
going CEA are at risk for development of cerebral ischemia; 
hence, it is appealing to speculate that an additional margin 
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of safety may be achieved by administering anesthetic drugs 
that protect the brain from ischemic injury. Although some 
anesthesiologists prefer to administer additional intravenous 
anesthetic drugs, or to increase the depth of anesthesia, be-
fore carotid cross-clamping on the basis of the assumption 
that some degree of protection may be realized,139,140 there is 
no current evidence to suggest that this practice influences 
outcome in the context of CEA. A recent survey of anesthetic 
practices in the United States101 suggests that the most com-
mon anesthesia strategies used to protect the brain at the time 
of cross-clamping were increasing blood pressure (60.9% of 
respondents), administering 100% oxygen (34%) and no neu-
roprotection (32.6%). Among those who administered addi-
tional anesthetic drugs prior to cross-clamping, propofol was 
the most common choice (9.6%).

Neurologic Monitoring
A reliable means of monitoring the patient’s intraoperative 
neurologic status has long been considered to be a key facet of 
intraoperative care during CEA to enable the identification of 
intraoperative embolic complications and, more importantly, 
to evaluate neurologic tolerance to carotid cross-clamping. 
Neurologic monitoring during CEA is based on the following 
premises: (1) the monitor is able to accurately identify patients 
at risk for development of intraoperative cerebral ischemia 
and (2) with identification, interventions can be instituted 
(e.g., placement of an internal shunt, increase CPP to prevent 
irreversible neuronal injury or administer a neuroprotective 
substance and thereby improve outcome). Despite intense in-
terest, both premises remain controversial.141–143

There seems little doubt that an awake, cooperative patient 
provides a highly sensitive and specific means of monitoring 
intraoperative neurologic status. Many surgeons who prefer 
to perform CEA with local anesthesia cite the ability to vali-
date management decisions at the time of cross-clamping on 
the basis of the patient’s objective neurologic response as a 
key advantage associated with the technique. In contrast, the 
broad popularity of general anesthesia for CEA has generated 
enthusiasm for evaluating other monitoring techniques that 

can identify patients at risk of neurologic injury during gen-
eral anesthesia. Many primary studies over the decades have 
evaluated the accuracy of various neurological monitors and 
combinations of techniques for identifying conditions that 
will lead to cerebral injury. Such studies frequently rely on dif-
ferent cut-off values to predict postoperative neurological out-
come or compare results to awake neurological testing during 
carotid cross-clamping. As a result, the reported diagnostic 
accuracies are very heterogeneous. A recent meta-analysis 
reviewed studies comparing the diagnostic accuracy of indi-
vidual neurological monitoring techniques versus awake test-
ing during carotid cross-clamping (Table  16.8). The authors 
suggested that the combination of stump pressure combined 
with either TCD or EEG achieved the best post-test probabil-
ity of accurately predicting hemodynamic intolerance during 
carotid cross-clamping.144Traditionally, the EEG has been the 
most extensively used monitor of neurologic function during 
CEA,145,146 although recent evidence, based on a survey of US 
anesthesiologists suggests that, in the United States at least, 
EEG is now second in popularity (23.7% of respondents) after 
cerebral oximetry. Extensive evidence generated over several 
decades of clinical use during CEA supports a strong correla-
tion between EEG changes and critical alterations in CBF.147–149 
The EEG is sensitive to adverse hemodynamic and embolic 
complications associated with CEA, and most patients who 
experience an adverse neurologic event will be identified (low 
false-negative rate).150,151 However, the few prospective studies 
available in which intervention was not initiated in response 
to EEG changes152,153 suggest that many patients experience 
intraoperative EEG changes that do not correlate with neuro-
logic outcome, which is the clinically relevant endpoint (high 
false-positive rate). Nevertheless, EEG remains a popular 
technique for monitoring neurologic function during CEA, 
but its routine use requires expertise for technical support and 
real-time interpretation.

TCD is a well-established technology for assessing intra-
operative cerebral blood flow in large intracranial vessels (see 
Chapter  7). During CEA, changes in velocity are generally 
considered to reflect similar changes in blood flow, provided 
that the arterial PaCO2 remains constant.154,155 The unique 

Monitor No of studies

Sensitivity 
(95% CI; 
heterogeneity)

Specificity 
(95% CI; 
heterogeneity) AUC (SE;Q)

DOR (95% CI; 
heterogeneity) Cut-off values

TCD   8 0.88 (0.79–0.94; 
30%)

0.92 (0.9–0.94; 
80.4%)

0.945 (0.023; 
0.884)

73.9 (36.41–
149.85; 0%)

↓ 48–70%

EEG   5 0.7 (0.58–0.8; 
13.1%)

0.96 (0.94–0.97; 
85.8%)

0.864 (0.06; 
0.795)

65.27 (20.51–
207.71; 56.8%)

NA

NIRS   5 0.84 (0.7–0.93; 
63.7%)

0.89 (0.84–0.92; 
84%)

0.943 (0.075; 
0.881)

40.25 (6.46–
250.74; 69%)

↓ 15–20%

Stump pressure 15 0.76 (0.71–0.8; 
85.5%)

0.88 (0.87–0.9; 
89.5%)

0.935 (0.019; 
0.871)

37.14 (19.82–
69.57; 46%)

25–50 mmHg

Evoked potentials   3 0.85 (0.7–0.94; 
0%)

0.84 (0.77–0.9; 
93.3%)

0.907 (0.036; 
0.839)

35.14 (4.52–
273.1; 69.3%)

↓0–50% of 
amplitude of 
N20/P25

Jugular venous 
saturation

  2 0.82 (0.57–0.96; 
57.4%)

0.86 (0.71–0.91; 
0%)

NA 18.73 (4.63–
75.78; 0%)

≤55%

Table 16.8  �Diagnostic Accuracy of Different Types of Intraoperative Neuromonitoring Techniques for Predicting 
Hemodynamic Intolerance During Carotid Cross-clamping Compared with Awake Testing

AUC, area under the curve; CI, confidence interval; EEG, electroencephalography; DOR, diagnostic odds ratio; TCD, transcranial Doppler; NA,  
not available due to insufficient number of studies; NIRS, near infared spectroscopy.

(Adapted from Guay J, Kopp S. Cerebral monitors versus regional anesthesia to detect cerebral ischemia in patients undergoing carotid 
endarterectomy: a meta-analysis. Can J Anaesth. 2013;60(3):266–279 (with permission).)
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s perspective on the cerebral circulation made available nonin-
vasively with TCD makes it an appealing technique for mon-
itoring CBF during CEA. However, TCD does not directly 
measure cerebral function or ischemia, the equipment tends to 
be cumbersome, and the results are operator dependent. TCD 
has also been used to detect shunt malfunction during CEA.156

In addition to measuring flow velocity, TCD is a sensitive 
method for detecting cerebral emboli that may accompany 
carotid manipulation, cross-clamping, and shunt insertion 
and can aid in the etiologic distinction between hemodynamic 
and embolic causes of neurologic deterioration at the time of 
cross-clamping. In addition, prospective studies have reported 
a correlation between the number of emboli detected during 
carotid dissection and the risk of adverse neurologic outcome 
and radiologic evidence of cerebral injury.157,158 Several inves-
tigators have extended the application of TCD monitoring into 
the postoperative period and have reported a high incidence 
of microemboli originating in the ipsilateral carotid artery in 
the hours following CEA. Microemboli have been linked to a 
higher incidence of stroke among patients with symptomatic 
and asymptomatic carotid stenosis,159,160 and some evidence 
suggests that a high incidence of microemboli after CEA 
(more than 50 embolic signals per hour) is associated with in-
creased risk for subsequent stroke.161–163 The administration of 
antiplatelet agents (Dextran-40162,164,165 and, more recently, the 
selective platelet glycoprotein IIb/IIIa receptor antagonist such 
as tirofiban166,167 or clopidogrel168) in the perioperative period 
has been reported to substantially reduce the number of mi-
croembolic events identified with TCD in high-risk patients.

Carotid stump pressure (CSP) is the mean arterial pres-
sure measured in the carotid stump (the internal carotid 
artery cephalad to the common carotid cross-clamp) after 
cross-clamping of the common and external carotid arteries. 
This measurement reflects pressure transmitted in a retro-
grade fashion through the ipsilateral carotid artery and has 
been postulated to provide a useful indicator of the adequacy 
of collateral circulation. Moore and associates169,170 initially 
reported that CSP values less than 25 mmHg correlated with 
cross-clamp intolerance and suggested that this level of CSP 
represented the threshold for adequate cerebral perfusion. 
However, despite the conceptual appeal and technical sim-
plicity of the technique, CSP measurements are generally not 
popular as a sole index of the adequacy of cerebral perfusion, 
for the following reasons: (1) inadequate validation as a useful 
predictor of outcome, (2) controversy related to the level of 
stump pressure that reflects inadequate collateral circulation, 
and (3) evidence that the pressure measurements are influ-
enced by the choice of anesthetic.171–173

Investigators continue to study CSP as a means of assess-
ing the adequacy of cerebral perfusion after cross-clamping, 
but the studies continue to yield conflicting results. Moritz 
and colleagues,174 for example, found a CSP of 40 mmHg to 
have a sensitivity of 100% and a specificity of 75% for identify-
ing cross-clamp intolerance among patients undergoing CEA 
under regional anesthesia (awake neurologic assessment). In 
contrast, Hans and Jareunpoon175 reported a sensitivity of 57% 
and a specificity of 97% using a CSP value of 40 mmHg under 
similar clinical conditions (CEA performed with regional 
anesthesia) and concluded that CSP monitoring lacked ade-
quate sensitivity to reliably identify patients who require shunt 
placement. As a result of this continuing controversy, CSP 
monitoring is used in some centers, but primarily as an adju-
vant technique combined with another modality, such as EEG.

Cerebral near-infrared spectroscopy (NIRS) is a relatively 
new neurologic monitoring technique in relation to CEA that 

uses infrared spectrometry to estimate cerebral oxyhemo-
globin saturation. Although the technology for in vivo mea-
surement of cerebral oxygenation has been available for many 
years, its application during CEA has become popular more 
recently.101,176 Like the familiar pulse oximeter, the cerebral 
oximeter emits light in the near-infrared range that penetrates 
the scalp and cranium. Because oxyhemoglobin and deoxy-
hemoglobin have distinct infrared absorption spectra, their 
relative proportions can be measured. In contrast to pulse ox-
imeters, which use pulse-gated changes in optical density to 
measure arterial oxygen saturation, cerebral oximeters emit 
light continuously and measure the oxygen saturation of arte-
rial, venous, and capillary hemoglobin in the superficial cere-
bral cortex. Because 75% of cortical blood volume is venous, 
cerebral oximetry reflects predominantly venous hemoglobin 
saturation.176–178

NIRS provides a convenient, portable, noninvasive mea-
surement of regional cerebral venous oxyhemoglobin satura-
tion (rSO2) based on monitoring of a small sample of cortical 
vessels typically over the frontal lobe(s). However, it is unclear 
whether such regional measurements consistently reflect 
physiologic changes in other areas of the brain. Measurements 
are influenced by small changes in sensor placement, patient 
age, hemoglobin concentration, and some contribution 
from nonbrain sources; also, the technique is subject to high 
interpatient variability.179,180 In addition, an ischemic thresh-
old value for rSO2 monitoring has not been established to date 
in relation to CEA. To compensate for these limitations, the 
technique is typically used to monitor trends in rSO2, and sev-
eral investigators have reported that during CEA, a change in 
rSO2 value of 20% from baseline is associated with a negative 
predictive value of 97% and a positive predictive value of 35% 
for cerebral ischemic complications.181,182 These data suggest 
that the technique provides reassurance when cross-clamping 
is not accompanied by a significant change in regional oxy-
genation but does not consistently identify patients at risk of 
ischemic injury when measurements decline in excess of 20%. 
Despite these concerns, NIRS has been identified as the pre-
ferred neuromonitoring technique among anesthesiologists 
(28% of respondents) during CEA, followed by EEG (24%), 
and awake testing (23%) in a US-based survey of anesthesia 
practices during CEA.101

Evoked potentials, especially somatosensory evoked poten-
tials (SSEPs), have been used during CEA and some are now 
using motor evoked potentials as well. The measurement of 
SSEPs during CEA remains inadequately validated as a means 
of identifying patients at risk for adverse neurologic outcome, 
with many conflicting reports concerning its reliability for this 
application. However, a recent systematic review183 of 4577 
patients from 15 studies reported that intraoperative SSEP 
changes have a pooled mean sensitivity of 58% and pooled 
mean specificity of 91%. The study reported that the pooled 
diagnostic odds ratio for observing an SSEP change among 
those with neurologic deficits was 14 times higher than in 
individuals without a neurologic deficit. The authors conclude 
that intraoperative SSEP monitoring is a highly specific test for 
predicting neurological outcome following CEA and attribute 
the low sensitivity to interventions such as increasing blood 
pressure that improved CBF and prevented progression to 
neurologic injury. These considerations notwithstanding, the 
low pooled mean sensitivity associated with SSEP monitoring 
is concerning and suggests that this technique is unreliable 
for predicting neurologic outcome associated with carotid 
cross-clamping. In addition, compared with EEG moni-
toring, most evidence would suggest that SSEP monitoring 
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does not improve accuracy and is less robust during general 
anesthesia.184

Although each of these monitoring techniques can identify 
conditions that are associated with a higher risk of ischemic 
complications during CEA (ie, reductions in cerebral blood  
flow or oxygenation, disturbances in neuronal metabolic 
activity), a completely reliable method for accurately predicting 
neurologic outcome following CEA has yet to be identified. 
Since reliable pharmacological neuroprotection is not yet avail-
able (as discussed), the options that are available to intervene 
when the intraoperative neurological monitor(s) identifies 
evidence of hemodynamic cross-clamp intolerance include, (1) 
raising CPP by administering systemic vasopressor drugs such 
as phenylephrine, and (2) protecting the brain by restoring in-
ternal carotid blood flow through placement of a carotid shunt. 
However, most intraoperative strokes are thromboembolic in 
origin and can arise as a complication of intraluminal shunt 
insertion. In addition, only 1–5% of patients develop hemo-
dynamic intolerance during carotid cross-clamping. Although 
many surgeons continue to use selective, or routine, shunting 
during CEA, there is little adequately validated evidence that 
the use of shunting, with or without any type of intraopera-
tive neuromonitoring technique, improves outcome.185,186 As a 
consequence, the use of carotid artery shunting and the choice 
of intraoperative monitoring technique largely depends on the 
preference and experience of the individual surgeon and the 
expertise of the surgical team.

Emergence from Anesthesia
Heparin is often not reversed after closure of the arteriotomy. 
If hemostasis is inadequate at the time of wound closure, a 
small dose of protamine (0.5 mg/kg) may be given intrave-
nously. Depth of anesthesia is adjusted so that the patient 
can be promptly extubated at the end of surgery to avoid pro-
longed coughing and straining. A small dose of opioid (eg, 
fentanyl (0.5–1.0 μg/kg), remifentanil (0.2–0.5 μg/kg) or the 
continuation of a remifentanil infusion at very low dose), or 
lidocaine (1 to 1.5 mg/kg) given before emergence from anes-
thesia often attenuates coughing but temporarily deepens the 
level of anesthesia. Hemodynamic responses associated with 
emergence and extubation should be anticipated and treated. 
Drugs such as esmolol and nitroglycerine offer short durations 
of action, which can be useful for controlling hemodynamic 
changes during emergence and in the early postoperative 
period. Longer-acting antihypertensives such as labetalol, 
hydralazine, and metoprolol can be used effectively to control 
hypertension that persists in the postanesthesia care unit.

Postoperative Care
The intra-arterial cannula is maintained during the initial 
postoperative period to permit continuous blood pressure 
monitoring and blood sampling for arterial blood gas anal-
yses. All patients receive supplemental oxygen, and the ade-
quacy of oxygenation is monitored by pulse oximetry. Bilateral 
CEA, which is a high-neurologic-risk procedure not often per-
formed, is associated with changes in the chemical control of 
ventilation.187 Resting PaCO2 increases by about 5 mmHg, and 
the ventilatory and cardiovascular responses to hypoxemia are 
abolished. Provision of supplemental oxygen and close moni-
toring of ventilatory status is particularly important in patients 
undergoing this procedure.

Carotid sinus baroreceptor function has been reported 
to be impaired in patients with extracranial carotid steno-
sis. Short-term effects associated with CEA procedures are 

variable, probably reflecting a variety of competing factors 
such as changes in baroreceptor sensitivity associated with re-
moval of the plaque and enhanced exposure to intra-arterial 
pressure, mechanical injury to the receptors at the time of 
surgery or use of a technique that preserves or sacrifices in-
nervation to the sinus (surgical distruption or injection with 
local anesthetic).188,189 Evidence suggests that baroreceptor 
function is also disturbed by carotid stenting procedures 
which are postulated to potentially distort or alter pressure in 
the carotid sinus with stent deployment potentially triggering 
acute hypotension and/or severe bradycardia. These changes 
in receptor function persist into the early postoperative pe-
riod but appear to resolve eventually as evidence suggests that 
long-term (evaluation at 8–114 months following CAS) baro-
receptor dysfunction following carotid stenting procedures  
remains similar to patients with nonstented extracranial 
carotid atherosclerosis.133

Long-term changes in baroreceptor function following 
CEA are less clear. A study evaluating baroreceptor sensitiv-
ity at 4 months following surgery reported some improvement 
in baroreceptor function compared to preoperative perfor-
mance.190 However, other investigators, evaluating barorecep-
tor fuction at 6 months to 11 years following CAS procedures 
reported persistently attenuated reflex control of heart rate, 
but with no significant persistent effect on blood pressure 
lability.191

As a consequence of these changes, early postoperative 
hemodynamic instability is common after CEA. Determining 
the exact incidence is confounded by differing definitions 
used in the studies. Hypotension occurs in approximately 
10% and hypertension in up to 50% of patients who have 
undergone CEA.192 CEA performed with a technique that 
spares the carotid sinus nerve is associated with a higher in-
cidence of postoperative hypotension, postulated to be due to 
increased exposure of the carotid sinus to the higher arterial 
pressure following removal of the atheromatous plaque.193,194 
This hypotension is associated with a marked decrease in 
systemic vascular resistance and is treated with intravenous 
fluid administration or, if necessary, the administration of 
vasopressor drugs, such as phenylephrine.195 Intraoperative 
local anesthetic blockade of the carotid sinus nerve has been 
advocated to prevent, or attenuate, hypotension after CEA, but 
the effectiveness of this treatment is controversial.193,194,196

Hypertension after CEA is less well understood and has 
been reported to be more common in patients with preoper-
ative hypertension, particularly poorly controlled or uncon-
trolled hypertension, and to occur more often after procedures 
in which the carotid sinus is denervated (surgical division or 
local anesthetic blockade).89,188,196 Hypertension after sinus 
nerve-sparing CEA has been postulated to be caused by tem-
porary dysfunction of the baroreceptor or nerve due to intra-
operative trauma.188 Mild rises in postoperative blood pressure 
are acceptable (up to approximately 20% above preoperative 
normotensive levels), but marked increases should be treated 
with antihypertensive drugs.

Other causes of hemodynamic instability after CEA are 
myocardial ischemia or infarction, dysrhythmias such as atrial 
fibrillation, hypoxia, hypercarbia, pneumothorax, pain, confu-
sion, stroke, and distention of the urinary bladder.

Complications
Major postoperative complications after CEA are stroke, 
myocardial infarction (MI), death, and the hyperperfusion 
syndrome. The incidence of major complications, particu-
larly stroke and MI, following CEA and CAS procedures, is 
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s declining. While operator volume and training have been 
shown to influence outcome associated with CEA and CAS, it 
is likely that a significant proportion of the trend favoring out-
come is related to advances in medical management. Improved 
surgical outcome has been outstripped by medical treatment 
aimed at reducing the risk of stroke. More consistent manage-
ment of hypertension and diabetes combined with the intro-
duction and widespread use of statins and antiplatelet drugs 
and enhanced emphasis on modifying lifestyle factors that 
contribute to stroke risk (eg, smoking, obesity, diet, activity) 
have reduced the risk of stroke in medically managed patients 
to levels that approach, or exceed, the risk associated with sur-
gical intervention—especially for asymptomatic patients.5,197

Stroke
The majority of strokes complicating CEA have been reported 
to be related primarily to technical factors resulting in carotid 
occlusion (thrombosis or intimal flap) or emboli originating 
at the surgical site rather than to hemodynamic factors.198–200 
Most intraoperative strokes occur during carotid manipula-
tion or cross-clamping and are embolic in nature. For exam-
ple, a review of 2024 carotid endarterectomies201 found 13% of 
strokes manifesting within the first 24 hours to be related to 
clamping ischemia and 63% to be thromboembolic (in addi-
tion, intracerebral hemorrhage contributed to 13% of periop-
erative strokes, and 11% had no relationship to the operated 
artery). Similarly, other investigators202 reporting experience 
with 2365 patients undergoing CEA identified cross-clamp 
related ischemia as the cause of injury in 15% of patients who 
suffered a perioperative stroke. Of these events, only 3% were 
related to hemodynamic factors such as hypotension or hemo-
dynamically significant bradycardia during cross-clamping. 
Additionally, 42% of perioperative strokes in this series of 
patients were reported to arise as a consequence of thrombotic 
or embolic events and 18% were the consequence of intrace-
rebral hemorrhage. Thus, very few intraoperative strokes are 
hemodynamic in origin. Intraoperative neurologic function 
monitoring is directed toward the identification of the rela-
tively small group of patients in whom potentially reversible, 
hemodynamically induced ischemia develops.

Myocardial Infarction
Given the high incidence of concomitant coronary artery 
disease in patients undergoing CEA, it is not surprising 
that myocardial infarction represents an important cause 
of morbidity and mortality after CEA. The North America 
based CREST study44 prospectively studied 2502 symptom-
atic and asymptomatic patients undergoing CEA and CAS 
procedures and reported an incidence of perioperative 
myocardial infarction of 2.3% following CEA (1.1% fol-
lowing CAS procedures). In contrast, the European-based 
ICSS trial46 also evaluated outcome following CAS and CEA 
procedures, and reported a low incidence of myocardial in-
farction (within 30 days) at 0.4% for CAS and 0.6% for CEA 
procedures—an incidence that is substantially lower than the 
North American experience. A recent Cochrane systematic 
review update (2013)102 included data from 14 studies that 
compared outcome following CEA performed under general 
vs. local anesthesia. Eleven of 14 studies reported the inci-
dence of postoperative myocardial infarction (within 30 days 
of surgery). Based on a mixed cohort of symptomatic and 
asymptomatic patients drawn from 11 studies and 4357 CEA 
procedures, this review reported a perioperative rate of myo-
cardial infarction of 0.6% and 0.4% in the local and general 
anesthesia groups respectively. These data would suggest, 
like stroke, the incidence of perioperative MI is declining 

following CEA, perhaps as a consequence of improvements 
in assessment and management, as many of the medical ther-
apies directed at the prevention of stroke are also advocated 
for the perioperative management of patients with coronary 
artery disease.52 However, one should not be complacent,  
because a rise in cardiac troponin level of more than 0.5 ng/
mL has been found in 13% of patients undergoing CEA.203

Death
Stroke and myocardial infarction represent the major causes 
of perioperative mortality associated with CEA. As empha-
sized previously, operative risk is affected by patient selection, 
the experience of the surgeon, and the institution where the 
surgery is performed.37,38 Outcome is also influenced by con-
comitant best medical care. The American Heart Association 
guidelines for CEA recommend that the combined risk for 
death or stroke associated with CEA should not exceed 3% 
for asymptomatic patients and 6% for symptomatic patients.5–7 
These recommendations, with a durability spanning more 
than two decades of analysis and review, remain the gold stan-
dard against which other surgical interventions, such as CAS, 
are compared. However, as noted, many current studies of 
CEA and CAS report outcomes, including death and stroke, 
that are superior to these recommendations.44,46 Indeed, best 
medical care for patients with cerebrovascular disease is now 
also reported to achieve, or exceed, these recommendations, 
particularly for asymptomatic patients.197

Hyperperfusion Syndrome
An increase in CBF has been reported to occur frequently 
after CEA and has been reported after CAS procedures as 
well.204–206 Typically the magnitude of this increase is relatively 
small (less than 35%); however, in severe cases, rises in CBF 
can exceed 200% of preoperative levels and can be associated 
with greater morbidity and mortality.148,207–209 There is no 
accepted definition of what absolute level of CBF increase 
should be considered “hyperperfusion” as knowledge of the 
underlying metabolic rate would be necessary to understand 
relative “excess” flow states. However, many investigators de-
fine an increase of 100% above baseline (preoperative) CBF 
as hyperperfusion. Clinically, hyperperfusion syndrome (HS) 
would be diagnosed in patients with all or part of the clinical 
triad ipsilateral headache, seizures, and focal neurologic symp-
toms that arise in the absence of cerebral ischemia. Features of 
hyperperfusion syndrome include headache (usually unilateral), 
face and eye pain, cerebral edema, seizures, and intracerebral 
hemorrhage.207,208,210 A recent review of published experience 
with HS between 2003 and 2008 identified 13 studies (4689 
patients) and reported a pooled incidence of 1.9% (range 
0.4–14%) following CEA.210 The incidence of intracranial 
hemorrhage (ICH) associated with HS was 0.37% (range 0.2–
1%). A similar review210 following CAS procedures identified 
nine studies (4446 patients) over the same 5-year period 
and reported pooled incidences of 1.16% (range 0.44–11.7%) 
and 0.74% (range 0–11.7%) respectively for HS and ICH.

The syndrome is postulated to occur after perfusion is 
restored to an area of the brain that has lost its autoregulation 
ability because of chronically decreased CBF and is typically 
accompanied by postoperative hypertension. Patients at great-
est risk include those with reduced preoperative hemispheric  
CBF (eg, those with bilateral high-grade carotid stenoses, 
unilateral high-grade carotid stenosis with poor collateral 
cross-flow, or unilateral carotid occlusion with contralateral 
high-grade stenosis) and those with poorly controlled postop-
erative hypertension.210 A recent systematic review211 of stud-
ies reporting postoperative hypertension and HS following 
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CEA identified 36 papers (34,833 procedures) and reported 
an incidence of severe postoperative hypertension (systolic BP 
>180 mmHg) in 19% of patients. Hyperperfusion syndrome 
was reported with an incidence of 1%, ICH occurred with an 
incidence of 0.5% and mortality following ICH was 51%. The 
authors noted that 81% of patients at the time of presentation 
with HS had severe hypertension and that the risk of devel-
oping HS increased progressively with systolic blood pressure 
(SBP) measurements in excess of 140 mmHg. No cases of HS 
were identified in patients with SBP below 135 mmHg.

Histologically, the hyperperfusion syndrome has features 
very similar to those of hypertensive encephalopathy. Patients 
at risk for this syndrome should be monitored closely in the 
perioperative period, and blood pressure should be meticu-
lously controlled, at normal or slightly below normal levels, 
until autoregulation is reestablished, typically over a period of 
several days. Adhiyaman and Alexander207 have suggested that 
blood pressure should preferably be reduced using drugs such 
as labetalol and clonidine, which do not increase CBF, rather 
than angiotensin-converting enzyme inhibitors, calcium 
channel blockers, or direct vasodilators such as nitroprusside 
and nitroglycerine, but they acknowledge that there is no evi-
dence favoring any particular drug.

Other Complications
Other complications associated with CEA are hematoma for-
mation and cranial nerve palsies. Postoperatively, patients 
should be monitored carefully for evidence of wound he-
matoma (i.e., neck swelling), which may progress rapidly to 
airway obstruction and death. From analysis of NASCET 
surgical outcome data, the incidence of postoperative wound 
hematoma has been reported to be 7% (approximately 45% 
of hematomas are classified as moderate to severe, involving 
delayed discharge and/or reoperation), and the occurrence of 
wound hematoma has been reported to represent a significant 
risk factor for perioperative stroke and death.98 Evidence of an 
expanding wound hematoma should be managed as an emer-
gency with reintubation and surgical exploration. Experience 
with airway management among patients returning to the 
operating room for evacuation of a wound hematoma follow-
ing CEA was recently reported.212 The incidence of wound 
hematoma was 1.4%. Reintubation was performed prior to 
induction in 64% of patients and following induction of anes-
thesia in 36%. Awake fiberoptic intubation following topical-
ization (most common technique) was successful 75% of the 
time. Direct laryngoscopy as the primary technique was per-
formed awake following topicalization in 17% of patients and 
following induction of anesthesia in 36% with a success rate 
of 71% and 87% respectively. Awake tracheostomy was per-
formed in one patient and successful direct laryngoscopy and 
intubation followed hematoma decompression in three pa-
tients. These data suggest that successful airway management 
can be accomplished by several approaches and that none of 
the techniques were immune to failure. An appropriate ap-
proach to airway management must be made on the basis of 
the individual patient and in the context of the patient’s level 
of consciousness, degree of airway compromise and physiolog-
ical stability.

The incidence of cranial nerve palsies following CEA 
has been reported to be 5% to 12%.98,213,214 On the basis of 
NASCET98 and ECST99 results, the hypoglossal nerve, vagus 
nerve, and branches of the facial nerve are the most common 
cranial nerves injured during CEA, and their injury may man-
ifest as dysphagia. Most events are thought to be related to 
traction injury, and increasing duration of the surgical proce-
dure (>2 hours) has been reported to raise the risk of cranial 

nerve injury.213 The GALA trial reported no difference in the 
incidence of cranial nerve injuries during CEA procedures 
performed under general versus local anesthesia (10.5% vs. 
12.0%, respectively).32 The incidence of cranial nerve injury 
is reported to be higher following CEA procedures compared 
to CAS procedures. The International Carotid Stenting Study 
(ICSS) reported an incidence of cranial nerve injury of 5.3% 
with all injuries arising in the CEA group (actually one injury 
was attributed to the CAS group, but occurred in associa-
tion with CEA performed within 30 days of the endovascular 
procedure).46

Injuries to laryngeal nerves (recurrent or superior laryn-
geal nerves) have also been reported. When these deficits were 
specifically assessed with postoperative laryngoscopic exam-
ination, vocal cord dysfunction (reduction or absence of uni-
lateral vocal cord movement) was reported in 4% of patients 
after CEA; this complication typically manifests as hoarse-
ness.214 Although cranial nerve injuries rarely lead to airway 
compromise following CEA, anesthesiologists should be cog-
nizant that vocal cord dysfunction and swallowing difficulties 
are not uncommon after these procedures. Cranial nerve pal-
sies following CEA are typically temporary, resolving within 
several months. Of the cranial nerve injuries reported in the 
ECST, 92% resolved within 4 months of surgery and 8% were 
permanent (persisting beyond 2  years).213 Prolonged resolu-
tion of recurrent laryngeal nerve injuries has been reported, 
with recovery of full function occurring up to 36 months after 
surgery.214

SUMMARY

Evidence derived from several large prospective trials com-
pleted over the past 5–10  years has continued to refine our 
understanding of the roles of CEA and CAS for the prevention 
of stroke and the patients most likely to benefit from these 
procedures. CEA remains the gold standard for the surgical 
treatment of cerebrovascular occlusive disease, although CAS 
will continue to offer an alternative treatment option for some 
subgroups—particularly symptomatic high-risk patients.

Anesthesiologists will continue to be challenged to provide 
care for this elderly population of patients, who commonly 
present with multiple comorbid conditions. The preoperative 
assessment and optimization of comorbidities is increasingly 
recognized as the foundation for achieving best outcome. Best 
medical therapy directed at reducing the risk of stroke and 
myocardial infarction has contributed substantially to improv-
ing outcomes attributed to CEA and CAS procedures. The 
role of the anesthesiologist in the care of these patients will 
undoubtedly continue to expand as opportunities to mitigate 
perioperative risk evolve.
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17Awake Craniotomy, Epilepsy, Minimally 
Invasive and Robotic Surgery

L. Emory  •  A. Schubert

AWAKE CRANIOTOMY

Awake craniotomy refers to surgery that is performed on the 
brain while the patient is in a state of awareness and that al-
lows for cooperation with functional testing of the cortex. It is 
usually performed when eloquent cortical tissue—tissue that 
is involved in motor, visual, or language function—is located 
in close proximity to the area to be resected. This may include 
resection of tumor or ictal foci in patients with epilepsy. The 
patient’s awake state allows for the mapping of the brain near 
the area to be resected, which avoids morbidity related to re-
section of the eloquent tissue and can reduce anesthetic inter-
ference with brain mapping.

Awake craniotomy has been shown to reduce the size of 
the resection, surgery time, postoperative neurologic defi-
cits, early postoperative nausea and vomiting, and hospital 
stay.1 Vasopressor use and hypertension during head pinning 
are also decreased.2 Hospital stays have been reported to be 
as short as 1 day for patients with good functional status and 
uncomplicated tumors.3,4 Lower post-intensive care unit inpa-
tient costs were found in patients undergoing glioma resec-
tion under sedation versus general endotracheal anesthesia.5 
Awake craniotomy has even been studied as a potential out-
patient procedure with no reported adverse outcomes.6 This 
technique has been shown to have better patient acceptance.7 
Despite the most common complaints about pain from the 
head holder, inadequate local anesthesia, and uncomfortable 
position,8 patients report better postoperative pain scores and 
use less opioids in recovery.

The anesthetic technique for awake craniotomy varies. 
The common goal is to ensure the best possible resection by 
keeping patients comfortable and safe with sedation and anes-
thesia before and after the awake interval, and by monitoring 
and guiding patients through conscious mapping and testing. 
General anesthesia—using a laryngeal mask airway (LMA),9 
endotracheal intubation, or varying degrees of sedation—with 
discontinuation of anesthesia for the period of speech, mem-
ory, or motor testing, or a combination of these techniques, 
has been described10,11 and found to be safe.12

Approach to the Awake Craniotomy
Appropriate patient selection and preparation are the most 
important factors in the success of anesthesia for awake crani-
otomy. In the selection process, the following should be con-
sidered: age and maturity; anxiety, claustrophobia, or other 
psychiatric disorders; a patent airway; and a history of reflux 
or nausea and vomiting. Literature and experience suggest 
that hypertension, alcohol abuse, and lack of maturity may be 
risk factors for sedation failure.13 We recommend that chil-
dren younger than 14 years not be considered, although the 
developmental status of the individual should be assessed.14 
Furthermore, a patient with a potentially difficult airway or 
who demonstrates that there is a likelihood that they will  

obstruct under sedation is a poor candidate for awake craniot-
omy. Because the patient’s head will be in pins and positioned 
by the surgeon, sudden conversion to endotracheal intubation 
may be difficult. A plan must exist between the anesthesia and 
surgical teams for the management of the airway should pa-
tency be lost. Patients with a history of obstructive sleep ap-
nea (OSA), difficult ventilation, or difficult intubation may be 
considered as higher risk for adverse outcomes, although cur-
rent evidence does not support OSA as an independent risk 
factor for failure of awake craniotomy.

Preoperative consultation is essential. The anesthesiologist 
should clearly outline for the patient what to expect during 
the procedure, including the varying states of sedation and 
awareness, the positioning, the possible discomfort, and the 
testing process. A strong rapport between the patient and the 
anesthesiologist should be established prior to the procedure, 
and comfortable patient positioning, scalp block, proper an-
esthetic selection, and communication are paramount. The 
anesthesiologist must keep in mind the psychological state of 
the patient and attempt to alleviate anxiety and discomfort as 
much as possible to ensure the success of the technique and 
the surgery.

Positioning
Patient comfort and access during the awake period is import-
ant in a successful awake craniotomy. Lateral or semi-lateral 
positioning is commonly used to allow for patient comfort 
and to offer the anesthesia team ideal access to the patient. 
Adequate padding and pillows should be provided and pres-
sure points carefully checked. The patient should confirm an 
acceptable level of comfort prior to sedation, as he or she will 
be in pins upon emergence from sedation and must remain 
still during the period when repositioning is not feasible. The 
patient must also be positioned and draped for ideal access 
by the anesthesia team who need to speak with the patient to 
test motor and sensation. Tenting the drapes upward from the 
patient on the side of the anesthesia team provides an area of 
access and may also reduce the patient’s sense of claustropho-
bia. Fig. 17.1 shows a configuration for setup in the operating 
room. The patient’s position is stabilized with the use of a de-
flatable beanbag or a backrest fixed to the operating table, and 
the patient is taped to the table.

Scalp Block
Performance of a reliable blockade of the innervation of the 
scalp is essential to the successful performance of an awake 
craniotomy. The technique for local scalp block for craniot-
omy is well-described.15,16 Individually blocking the auriculo-
temporal, zygomaticotemporal, supraorbital, supratrochlear, 
lesser occipital, and greater occipital nerves is necessary to 
provide complete analgesia of the scalp. Ropivacaine and 
levobupivacaine can be safely used up to doses of 4.5 mg/kg17 
and 2.5 mg/kg, respectively.18 Mepivacaine may also be used 
adjunctively if a faster setup is required. These blocks achieve 
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peak plasma concentrations approximately 15 minutes af-
ter injection. Severe bradycardia after scalp block has been 
reported.19

If general anesthesia is performed for the initial asleep pe-
riod, necessary access, invasive monitors, and urinary cath-
eters may be placed after induction. However, if sedation is 
selected, it should be deep enough for the patient to com-
fortably tolerate these invasive measures with minimal recall. 
Scalp block may also be performed at this time. The success of 
the scalp block is likely not known until the placement of head 
pins begins. Obvious physical response in the sedated patient 
or an increase in heart rate and blood pressure in the general 
anesthesia patient would indicate block failure. Boluses of 
propofol may be necessary to temporarily rescue the inade-
quately sedated patient.

Anesthetic Options
A number of different anesthetic techniques may be useful for 
awake craniotomy. Some providers may choose varying levels 
of sedation as tolerated by the patient. Others may choose a 
general anesthetic, with or without endotracheal intubation, 
in what is referred to as the asleep-awake-asleep technique.

One may choose to perform a general anesthetic from in-
duction to completion of exposure and awaken the patient for 
neurocognitive and neurofunctional testing. If this method is 
chosen, it is important to remember that the patient will be 
emerging in head pins and bucking must be avoided to pre-
vent patient morbidity. Conversely, one may choose sedation 
during the exposure period, keeping in mind that airway re-
flexes should be preserved.

Propofol, dexmedetomidine, and opioid infusions have 
been safely and successfully used for awake craniotomy. Volatile 
anesthetics have been used for general anesthesia during the 
asleep portion of the procedure. While the patient is in head 
pins, the provider should be aware of the danger of laryngo-
spasm during emergence and extubation or LMA removal.

Total intravenous anesthesia (TIVA) is a viable choice for 
awake craniotomy.20 Propofol-only anesthesia with sponta-
neously breathing patients has been described as safe. Propofol 

is begun with a bolus of 0.5 mg/kg and continued at a rate of 
75–250 μg/kg/min.12 Practitioners have safely and success-
fully used a combination of propofol or dexmedetomidine 
with an opioid such as remifentanil, sufentanil, or boluses of 
fentanyl. The rapid clearance of remifentanil makes it an ap-
pealing choice for quickly achieving the awake state. However, 
remifentanil may cause hypopnea in the spontaneously venti-
lating patient. A dose range of 0.01–0.1 μg/kg/min21 has been 
described, although when used alone, we have found efficacy 
as high as 0.2 μg/kg/min. In Manninen and colleagues’ 2006 
study, propofol infusion combined with intermittent fentanyl 
yielded similar patient satisfaction, recall, and intraoperative 
complications to remifentanil, with a slightly higher rate of 
respiratory depression in the propofol and fentanyl group.22 
Emergence from remifentanil-propofol has been described 
as approximately 9 minutes.23 Sedation with remifentanil in-
fusion alone is performed in some centers, although no data 
have been published at this time. Alfentanil is known to in-
duce epileptiform discharges in the hippocampal area and 
should be used with caution in patients with complex partial 
epilepsy.24 For patient comfort, an opioid infusion may be con-
tinued at a low dose during testing, titrated to effective patient 
cooperation. Longer-acting analgesia may be necessary prior 
to emergence, although emergence on low-dose opioid infu-
sion continued to recovery may be used.

The alpha-2-agonist dexmedetomidine also may be used 
and has been recommended, due to its lack of interference 
with electrophysiologic testing, sedation with minimal re-
spiratory effects,25,26 and anxiolytic and analgesic qualities. A 
loading dose of 1 μg/kg is delivered over 10–15 minutes with 
an infusion rate of 0.1–0.6 μg/kg/h. Doses are higher in chil-
dren. Dexmedetomidine use as a lone sedating agent has been 
described, as well as a combined anesthetic with propofol or 
opioids, or both.27 The use of remifentanil combined with 
dexmedetomidine has also been reported.28 Like remifentanil, 
dexmedetomidine may be continued at low doses during brain 
mapping and functional testing if needed for patient comfort. 
Dexmedetomidine is known to have a significant synergistic 
effect when used in combination with other sedative agents.29

IV pole

A

S

S

N

Instrument table

Anesthesia
machine

Microscope

Surgical drapes

Fig. 17.1  Operating room setup for right-sided 
craniotomy performed for the awake patient. Note 
the arrangement of the surgical drapes, which 
ensures access to the patient’s face. The pin 
holder is not shown. A, anesthesiologist; N, nurse; 
S, surgeon. (From Schubert A: Epilepsy Surgery. 
Clinical Neuroanesthesia, 2nd ed. Cleveland, OH, 
Cleveland Clinic Press, 2006, p 66.)
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y Droperidol and fentanyl were commonly used in the past, 
but neuroleptanalgesia has given way to faster acting and more 
quickly eliminated regimens.

Brain Mapping and Cognitive Testing
As patients emerge from deep sedation or anesthesia, the an-
esthesiologist must take responsibility for safely re-orienting 
the patient, providing a calming influence, and guiding him 
or her through the brain mapping and cognitive testing phase. 
The use of bispectral-index monitoring to shorten emergence 
has been described and may be useful.30 The patient may be 
disoriented for a brief period after sedation. Again, preoper-
ative preparation becomes essential during this phase. As the 
patient is guided through the process, he or she must be reas-
sured that involuntary movements and speech patterns may 
occur as a result of cortical stimulation by the surgical team. 
The anesthesia team must be prepared to address any anxiety 
and discomfort that may occur. Motor, sensory, cognitive, and 
speech testing may be performed during this time. The pa-
tient may be asked to verbally identify objects or pictures, read 
passages aloud, perform specific motor tasks, or identify par-
esthesias or other sensations. Cortical evoked potentials and 
electrocorticography (ECoG) may be used to identify func-
tional tissue and seizure foci. The results of this testing will 
guide the surgeon in removing pathologic tissue with mini-
mal disruption to eloquent tissue in order to reduce patient 
morbidity. Surgical resection then proceeds while the patient 
completes verbal tasks (speech area assessment) or performs 
motor tasks (motor area assessment). Seizure activity is also 
possible during this phase, and the anesthesiologist must be 
prepared for prompt treatment, possible airway intervention, 
and conversion to general endotracheal anesthesia.

When brain mapping and functional testing are complete, 
the patient should be sedated once more for closure of the dura, 
calvarium, and scalp. This period can be very stimulating to 
the patient and adequate sedation can usually be achieved with 
remifentanil, propofol, dexmedetomidine, or a combination of 
these agents, as has been described.

Adverse Events and Management
Seizures, respiratory depression, nausea, vomiting, anxiety, 
discomfort, and agitation may occur during awake craniot-
omy. As is commonly the case with sedation, airway obstruc-
tion, hypercarbia, and hypoxemia are all possible, and careful 
preoperative assessment of the airway is vital. We have also 
experienced laryngospasm with LMA during the asleep por-
tion of the asleep-awake-asleep technique. An extensive review 
of anesthetic complications of awake craniotomies showed an 
18.4% rate of hypoxemic events for patients undergoing seda-
tion for the procedure compared to merely 1% in patients who 
received endotracheal intubation. Airway or ventilation compli-
cations occurred in just 2% when patients received propofol- 
only sedation.12 The rate of conversion to general anesthesia 
has been reported to be 2%.10 Dexmedetomidine appears sig-
nificantly better than propofol for rate of respiratory depres-
sion.10 Dexmedetomidine has been described for rescue of a 
patient unable to tolerate awake brain mapping after a propofol- 
remifentanil sedation regimen,31 and is now used more com-
monly as a primary sedative. Airway-assist maneuvers and the 
use of oral or nasal airways are common in patients undergoing 
sedation and should be expected to treat transient obstruction.

Vomiting and aspiration are possible in the sedated patient. 
As the airway will be unprotected using this technique, admin-
istration of prophylactic antiemetics is advisable, and rapid 
treatment should be provided if nausea occurs. The incidence 

of nausea and vomiting is 4% for mixed sedation techniques32 
and even less for the use of propofol.12 Once symptoms occur, 
they can be controlled with a hydroxytryptamine-3 receptor 
(HT-3) antagonist, such as metoclopramide 10 mg. Nausea 
can also result from inadequate analgesia of dural attachments 
and meningeal vessels. Additional local anesthetic should be 
administered by the surgeon and supplemental sedation ad-
ministered by anesthesia.

Sedation with spontaneous ventilation may pose the prob-
lem of brain swelling, particularly when mass-effect already 
exists, due to hypopnea or periods of apnea and concomitant 
increase in PaCO2. However, spontaneous ventilation also may 
assist in keeping the brain relaxed due to maintenance of neg-
ative intrathoracic pressure and promotion of cerebral venous 
outflow. Mannitol or furosemide administration may be neces-
sary to reduce swelling and improve the surgical field. Patient 
movement—with the head in pins or during craniotomy— 
can have morbid outcomes, including scalp and soft tissue 
injury, brain swelling from straining, and placing the cer-
vical spine at risk. It is critical to anticipate possible patient 
movement—during times like emergence from sedation or 
as a result of seizure initiated during mapping or delirium—
and control the movement quickly. Deepening sedation with 
propofol boluses may be effective, and conversion to general 
anesthesia must be considered if necessary. It is important to 
be aware that deepening sedation may result in hypopnea or 
apnea, and the anesthetic team must be prepared to take con-
trol of the airway.

Seizures may occur from electrical stimulation during brain 
mapping or from a patient’s underlying condition. Vigilance is 
critical because the untreated seizure while in head pins could 
be catastrophic. Seizure activity can be treated with propofol 
(0.75–1.25 mg/kg) or benzodiazepines, depending on the need 
for subsequent electroencephalograph (EEG) recording. A 
4.9% incidence of seizures was reported with cortical mapping 
in an unselected series of 610 awake craniotomies.3 At the end 
of the procedure, benzodiazepines and phenytoin may also be 
used more freely.

EPILEPSY SURGERY

Epilepsy is a disease of the brain characterized by: two unpro-
voked seizures greater than 24 hours apart; one unprovoked 
seizure; and a probability of seizures similar to the general 
recurrence risk after two unprovoked seizures occurring over 
the next 10 years, or diagnosis of an epilepsy syndrome.33 It 
is present in 0.5–2.2% of the general population.34 Because  
30–40% of epileptics do not respond adequately to pharmaco-
logic intervention,35 more than 400,000 people still have medi-
cally uncontrolled epilepsy in the United States. However, only 
10–30% of patients with seizures refractory to medical man-
agement are appropriate candidates for seizure surgery, and 
only 1% eventually undergo the procedure.

Epilepsy is classified as partial, generalized, or psychogenic 
nonepileptiform seizures (PNES). Partial seizures are charac-
terized by electrical disturbances localized to one area of one 
cerebral hemisphere. Simple partial seizures are not associated 
with a loss of consciousness, and generally last 1 minute or 
less. Complex partial seizures are characterized by a loss of 
consciousness or awareness and spread from their localized 
focus to other regions. Complex partial seizures may spread 
to become generalized. Generalized seizures have no demon-
strated focal onset, although they may evolve from focal 
seizures, affect both hemispheres of the brain, and are charac-
terized by a loss of consciousness. They are sub-categorized as  
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generalized tonic-clonic (grand mal), tonic, myoclonic, ab-
sence (petit mal), and atonic. PNES are psychogenic episodes 
that may be characterized by seizure-like physical manifesta-
tions but have no corresponding epileptiform activity on EEG 
and are considered conversion reactions.

Surgical management of epilepsy may be an option for 
patients with intractable epilepsy refractory to medical treat-
ment. With successful surgical intervention, lifestyle improves, 
although most patients continue anticonvulsant therapy. Chin 
et  al.36 reported that the rate of employment improved only 
modestly in their group of 375 patients, from 39.5% fully em-
ployed status preoperatively to 42.8% postoperatively; how-
ever, the rate of part-time employment nearly doubled, from 
6.9 to 12.4%.36

Anesthetic regimens have a significant effect on cortical 
mapping for epilepsy and may reduce or improve the effec-
tiveness of testing and surgery. While many anesthetic agents 
have anticonvulsant properties, many also have varying pro-
files of proconvulsant or pharmacoactivating properties that 
can be useful in intraoperative localization of epileptogenic 
foci. Alternately, other agents may confound ECoG testing 
and lead to poor localization and less effective outcomes. 
Pharmacologic interactions between anticonvulsant medica-
tions and anesthetic drugs must also be taken into account. 
Pharmacoactivation of interictal epileptiform activities (IEAs) 
can be necessary in patients who do not demonstrate spon-
taneous interictal discharges during ECoG. The goals of the 
anesthetic regimen should be discussed with the neurosur-
geon, neurologist, or neurophysiologist to determine if phar-
macoactivation will be required. This may change during the 
procedure if the patient fails to generate IEAs spontaneously 
or under electrical stimulation. A goal-oriented anesthetic 
plan in concert with the neurosurgical team and knowledge 
of the activating properties of various anesthetic agents are 
essential.

Pharmacology of Anesthetic Agents
Proper sedation can be achieved through the use of a variety 
of anesthetic plans. In many cases, a general endotracheal 
anesthetic is preferred. In others, an awake craniotomy is 
performed for better functional testing and identification of 
seizure activity. Visualization of seizure activity that is similar 
to the patient’s typical seizures can be very helpful in identify-
ing the true epileptogenic focus. Iatrogenic activation of IEAs 
may be achieved with administration of proconvulsant anes-
thetics and awareness of their anticonvulsant activities. EEG 
recordings support altering the activation and inhibition of the 
cerebral cortex with administration of anesthetic agents. For 
example, during light sedation, cortical activation with higher- 
frequency beta activity predominates, which progresses to 
slow-wave activity as sedative or anesthetic depth increases.37

Sedative-Hypnotic Agents
As a group, sedative-hypnotic agents have the greatest varia-
tion and most confusing profile regarding effects on epilepto-
genic activity. Most agents can generate neuroexcitatory effects 
when used at low doses and neurodepressive effects when used 
at higher doses. Several induction agents, such as propofol and 
thiopental, can induce myoclonic movements not associated 
with EEG excitatory activity; whereas others, such as etomi-
date and methohexital, have been shown to generate both 
myoclonus and EEG-documented epileptiform activity in 
patients.38,39 Motor stimulatory phenomena, such as myoclo-
nus, opisthotonus, and tonic-clonic activity, may occur with 
varying frequency in both epileptic and nonepileptic patients 

during induction with these agents, but only a few agents ac-
tually produce cortical electrical activity suggestive of seizures.

Barbiturates and benzodiazepines have substantiated anti- 
convulsive properties and are recommended for treatment of 
refractory status epilepticus.40

Propofol is among the most commonly used induction and 
maintenance agents in general anesthesia for epilepsy surgery 
and awake craniotomy. Propofol has been shown to depress 
ECoG recordings, decrease the frequency of spike activity, and 
produce a minimal effect on spontaneous IEAs. Propofol de-
creases the frequency of epileptogenic spikes and quiets exist-
ing seizure foci, particularly in the lateral and mesial temporal 
areas.41 One study demonstrated spike activation with low-
dose propofol.42 There have been reported cases of tonic-clonic 
seizures with propofol, and myoclonic activity not related to 
excitatory EEG activity may be seen. Propofol may obscure 
spike wave activity for up to 20 minutes after termination of 
infusion and should be discontinued prior to ECoG testing.

Etomidate has been shown to activate EEG seizure activity 
at induction doses in patients with a history of epilepsy and 
may also generate myoclonic activity. It has been shown to 
have a high activation rate and demonstrates successful spike 
activation during intracranial electrode testing. At higher 
doses, etomidate may produce burst suppression and break 
status epilepticus.43,44 To date, its use in intraoperative ECoG 
has not been studied.45

Methohexital has been shown to activate EEG seizure ac-
tivity in patients with epilepsy and may assist with activation 
of ictal foci during ECoG. It is associated with a high percent-
age of spike activation (50–85%),46 although with questionable 
specificity, showing up to 43% inappropriate activation in one 
study.47

Dexmedetomidine may be a favorable agent for awake 
craniotomy due to its effects of sedation, analgesia, and anx-
iolysis; the absence of motor stimulatory effects; and the lack 
of respiratory depression. Dexmedetomidine does not affect 
background ECoG activity or IEAs and may be the best alter-
native for awake craniotomy.28,48,27

Ketamine may induce nonspecific activation of IEAs, es-
pecially in the limbic structure, and can activate seizure ac-
tivity in patients with epilepsy.49,50 It has been used to assist 
with activation of ictal foci during intraoperative ECoG.51–54 
Ketamine appears to have a dose-dependent threshold for 
seizure generation, with most reported cases of clinical sei-
zure activity occurring when doses larger than 4 mg/kg are 
administered.55,56

Opioids
Synthetic opioids such as alfentanil, fentanyl, sufentanil, and 
remifentanil are commonly used in neurosurgical anesthe-
sia because of their short duration of action and their abil-
ity to minimize cortical effects through continuous infusion. 
High doses of synthetic opioids have proepileptic properties. 
Standard maintenance doses of these agents do not signifi-
cantly increase the risk of perioperative seizures or effects on 
ECoG. However, bolus doses of synthetic opioids, such as al-
fentanil and remifentanil, increase spike wave activity in the 
interictal foci of patients undergoing intraoperative ECoG.57,58 
Due to their high effectiveness and specificity, bolus doses of 
these agents are used to facilitate location of the ictal cortex 
through stimulation of spike wave phenomenon with con-
comitant depression of background EEG. Alfentanil has been 
shown to be the most effective and specific synthetic opioid 
for pharmacoactivation.59 Fentanyl has been associated with 
epileptiform electrical activity in subcortical nonictal cortical 
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y tissue and has been shown to be associated with contralateral 
activity.60 The clinical history of the use of synthetic opioids in 
large numbers of epileptic patients undergoing ablative proce-
dures suggests that synthetic opioids can be used safely in this 
patient population without a significant increase in the risk 
of perioperative seizures. Morphine and hydromorphone used 
at clinically relevant doses do not appear to have significant 
proconvulsant activity.61

Volatile Inhalational Agents and Nitrous Oxide
The epileptogenic potential of isoflurane, desflurane, and 
halothane appears low, and there have been no reported sei-
zures when used in isolation.62 However, there are rare reports 
of myoclonic activity with a normal EEG. Convulsions with 
spike and wave activity on EEG have been reported with com-
binations of isoflurane and nitrous oxide (N2O).63,64 Although 
N2O has been associated with seizure generation when used to 
supplement other agents, it appears to be fairly inert in both 
the development and the treatment of seizure activity in hu-
mans.61 Both N2O and isoflurane have been used for many 
years at multiple institutions with a good safety record in epi-
leptic patients.

Enflurane, used with or without N2O, has been the most 
common offender, with reports of intraoperative and post-
operative myoclonus and EEG-demonstrated epileptiform 
activity in both epileptic and nonepileptic patient popula
tions.16,46,50,51,61 The incidence of EEG spike wave production 
with enflurane appears to be dose dependent. The end-tidal 
concentration that triggers maximum epileptiform activity is 
reduced during hypocapnia. Enflurane has fallen out of favor 
as new inhalational agents have become available, and it is now 
rarely used clinically in the United States. Enflurane should be 
avoided in patients with epilepsy unless the desired effect is to 
trigger seizures during ECoG.

Sevoflurane (not desflurane)62 has been reported to gener-
ate convulsions as well as electrical spike waves in both ep-
ileptic and nonepileptic patients.65,66 The frequency of spike 
wave activity with sevoflurane increases with dose escalation 
and hyperventilation (Fig.  17.2).62,67 Hisada and colleagues68 
reported that widespread neuroexcitatory activity associated 
with sevoflurane did not facilitate seizure focus localization in 
patients with temporal lobe epilepsy.68 Hyperventilation de-
creases the prediction specificity of leads with ictal spikes and 
should be employed cautiously during ECoG.69

Muscle Relaxants
Long-term anticonvulsant therapy with phenytoin, carba-
mazepine, or both, is associated with resistance to the effect 
of nondepolarizing neuromuscular blockers, including pan-
curonium, vecuronium,70–72 metocurine, cisatracurium, and 
rocuronium, but less so with atracurium.73,74 The etiology 
of this phenomenon is likely both pharmacodynamic and 
pharmacokinetic.75,76

Anesthetic Management
Goals
Preoperative assessment of the patient’s neurologic condition, 
as well as comorbidities, is essential. Careful attention should 
be paid to anti-seizure medications. Intraoperative goals in-
clude maintenance of appropriate cerebral blood flood and 
perfusion, control of brain bulk, and rapid emergence from 
anesthesia for postoperative neurologic evaluation. In the 
event that seizure induction is desired, the goals of the anes-
thesiologist include selection of effective inducing agents and 
avoidance of patient injury. Careful postoperative monitoring 
of the patient’s neurologic status is required, and postoperative 
seizure control may be necessary.

Fig. 17.2  Effect of sevoflurane on electroencephalogram (EEG). At 0.5 minimum alveolar concentration (MAC) sevoflurane, EEG is comparable 
to preictal awake EEG. At 1.5 MAC sevoflurane, EEG is similar to interictal periods before anesthesia. (From Kurita N, Kawaguchi M, Hoshida 
T, et al: The effects of sevoflurane and hyperventilation on electrocorticogram spike activity in patients with refractory epilepsy. Anesth Analg 
2005;101:517–523.)
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Preoperative Evaluation
Neurologic History
The patient’s seizure history should be thoroughly understood 
prior to surgery. It may be difficult to discriminate seizure ac-
tivity in the perioperative period from prolonged emergence 
or emergence delirium. Knowledge of the patient’s known sei-
zure patterns may help to determine postoperative interven-
tion. Prolonged emergence, characteristic motor activity, and 
poor responsiveness should raise suspicion for perioperative 
seizure activity.

The anesthesiologist should be vigilant for a number of med-
ical conditions associated with epilepsy. Neurofibromatosis, 
also known as Von Recklinghausen’s disease, is an inherited 
condition that leads to tumor growth on nerve tissue. Variable 
expressivity means that the severity of this condition is wide 
ranging, from benign, asymptomatic tumors, to acoustic neu-
romas, significant intracranial lesions, and peripheral lesions. 
These tumors may involve cranial nerves or respiratory tract 
tumors leading to airway and respiratory compromise, includ-
ing chronic aspiration, pulmonary fibrosing alveolitis, pulmo-
nary hypertension, and cor pulmonale. Tuberous sclerosis is a 
disease causing widespread benign tumor growth in the brain, 
heart, lungs, kidneys, skin, and eyes. While it is less common 
than neurofibromatosis, tumors may lead to blockage of intra-
ventricular cerebrospinal fluid (CSF) flow with hydrocephalus, 
cardiac dysrhythmias, intracardiac tumors, cerebral emboliza-
tion, renal dysfunction, and arterial aneurysms. Intracardiac 
tumors, known as rhabdomyomas, are found in approximately 
32.8–48% of tuberous sclerosis patients on echocardiogra-
phy.77,78 These patients should undergo a full preoperative car-
diac evaluation. Down syndrome, Angelman syndrome, and 
Sturge–Weber syndrome are also associated with epileptiform 
activity. Open craniotomy is considered a moderate-risk pro-
cedure (indicating a less than 5% risk of cardiac events) with 
regard to its taxing effects on the cardiovascular system of the 
patient.79 Due to possible significant pneumocephalus up to 
1 month after craniotomy,80 N2O should be avoided in patients 
who have undergone recent intracranial electrode placement.

Medication History
Medications for patients with epilepsy may present significant 
anesthetic considerations. Certain anticonvulsants signifi-
cantly elevate dose requirements for both nondepolarizing 
muscle blockers75 and opioids.81 Both phenytoin and carba-
mazepine are associated with resistance to nondepolarizing 
neuromuscular blockade and elevated liver function param-
eters. The direct relationship between the number of anticon-
vulsants a patient receives and the dose of fentanyl required 
for intraoperative anesthetic maintenance81 further suggests 
that anticonvulsant therapy predisposes to opioid resistance. 
Elevated liver enzymes seen on liver function tests are com-
monly associated with anticonvulsant medications.82 Sedation 
and lethargy are common side effects of many antiepileptic 
agents, including newer agents such as lamotrigine and ox-
carbazepine, and may potentiate the central nervous system- 
depressant effects of anesthetics. Chronic topiramate intake 
has been associated with intraoperative metabolic acidosis.83 
Topiramate is associated with an asymptomatic non-anion-
gap acidosis.84 Carbamazepine may cause a severe depression 
of the hematopoietic system and cardiac toxicity in rare cases. 
This drug’s metabolism is materially slowed by erythromy-
cin and cimetidine, drugs that may be administered periop-
eratively. Likewise, a ketogenic diet, sometimes used as an 
adjunct anticonvulsant therapy, predisposes patients to met-
abolic acidosis. Valproic acid therapy results in dose-related 

thrombocytopenia and platelet dysfunction.85 However, ad-
ditional bleeding risk during surgery is likely to be low in a 
patient taking valproic acid.86

Patient Preparation
Regardless of the anesthetic approach selected, intraoperative 
awareness during ECoG is a possibility, due to reduced dosing 
of certain agents or the use of awake techniques. The patient 
should be reassured that this experience is usually described as 
a painless awareness. Careful explanation and reassurance to 
the patient and family of this and other risks, such as periop-
erative seizure, nausea, vomiting, and airway compromise, is 
essential. Neuropsychological impairment is commonly asso-
ciated with epilepsy and psychiatric disorders, and impaired 
cognition is increased in this population.87 The anesthesiolo-
gist must be aware of these issues when selecting and prepar-
ing a patient for an awake technique.

Diagnostic Surgical Procedures  
for Intractable Epilepsy
Subdural grid electrodes may be placed for identification of 
epileptogenic foci in preparation for resection. A craniotomy 
is performed and the grid electrodes are placed under general 
anesthesia. Usual anesthetic concerns for craniotomy should 
be observed. Hyperventilation to relax the brain during ex-
posure may be efficacious, but should be considered carefully 
against the risk of precipitating seizure activity in the epileptic 
patient. Hyperventilation may be less effective in patients with 
complex partial seizures, who may have lower CO2 reactivity of 
cerebral blood flow than normal patients.88 Arterial line place-
ment for blood gases and accurate blood pressure monitoring 
as well as adequate IV access are indicated. Since intraoperative 
testing is not performed, anesthetic techniques may be used 
without regard to their effect on EEG. As always, rapid emer-
gence from anesthesia for neurologic assessment is preferred.

Placement of epidural (“peg”) electrodes may be used to 
include recording from deeper structures. It requires multi-
ple burr holes and can be a lengthy procedure, depending on 
the number of electrodes to be placed. “Depth” electrodes for 
exploring subcortical regions of the brain require stereotactic 
placement. The procedure usually is uneventful and not asso-
ciated with significant bleeding. A general anesthetic is most 
frequently used. Unless further monitoring is indicated for a 
medical comorbidity, only routine noninvasive monitoring is 
employed.

Resection of Epileptogenic Brain Regions 
under General Anesthesia
Anesthetic planning for epileptogenic brain resection proce-
dures depends greatly on the need for intraoperative brain 
mapping for seizure foci localization. In some cases, resection 
of epileptogenic foci is performed without brain mapping un-
der general anesthesia. In such cases, the anesthetic goals are 
much like those of most open craniotomy procedures. If EEG 
is not planned, benzodiazepines may be given preoperatively 
for patient comfort. Monitoring should include direct arterial 
blood pressure monitoring and IV access should be adequate 
to replace rapid blood loss from dural sinuses. Brain relax-
ation is desirable to facilitate surgical exposure and resection. 
Maintenance of adequate cerebral perfusion without brain 
engorgement is an essential feature. As always, immobility 
is critical to the safety of the patient, as is adequate anesthe-
sia to avoid patient awareness and pain. The anesthesiologist 
should always be prepared to control intraoperative seizures. 
Neurological evaluation in the immediate postoperative  
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y period is highly desirable. Therefore, the plan should consider 
anesthetic management that will allow for rapid emergence. 
This may include the use of the ultra-short-acting narcotic 
remifentanil, which allows for rapid emergence and early 
neurologic examination when compared to other opioids.89–92 
However, addition of a longer acting opioid in the immediate 
postoperative period will be required. TIVA with propofol and 
remifentanil may be considered. Propofol’s property of better 
brain relaxation than isoflurane or sevoflurane at greater than 
half-monitored anesthesia care (MAC) in patients with mass 
lesions93 suggests its efficacy in craniotomies. However, these 
benefits may be less clinically significant when lower MAC 
doses of such volatile agents are used.94 Prospective studies have 
not been sufficiently powered to allow determination of the 
impact of anesthetic technique on neurologic and functional 
outcome after craniotomy as of this time. Antihistamines can 
activate seizure foci in patients with epilepsy and should be 
avoided as premedicants.

By contrast, when intraoperative brain mapping is antic-
ipated, additional anesthetic goals and planning need to be 
considered. As described above, many anesthetic agents may 
promote or suppress epileptiform activity. The anesthesiolo-
gist must take care that medications administered to the pa-
tient will not interfere with intraoperative monitoring and the 
mapping of ictal foci. Likewise, it may be desirable in some 
instances to administer agents that will promote epileptiform 
discharges and improve mapping.

Barbiturate and benzodiazepine premedication should be 
avoided because it may elevate the seizure threshold, making 
ECoG recording of epileptogenic activity more difficult. An 
intubation dose of short-acting barbiturate during anesthesia 
induction is not contraindicated, but barbiturates should be 
avoided later in the procedure, as should intravenous lido-
caine. Despite an isolated report of N2O-related diminution of 
epileptic foci during intraoperative ECoG,88 N2O can be used 
for these procedures. Ebrahim and colleagues95 recommended 
that propofol administration be stopped 20–30 minutes prior 
to ECoG, because it elicits high-frequency beta EEG activity 
(Fig. 17.3) for as long as 30 minutes after discontinuation, al-
though other investigators have reported that this type of EEG 
activity did not prevent ECoG interpretation.96 The use of low 
concentrations of isoflurane or desflurane is permissible when 
ECoG recording is planned, provided that these agents can be 

eliminated well before the start of corticography. Isoflurane 
may decrease the frequency and spatial distribution of epilep-
togenic spikes, although it is unclear whether this effect per-
sists at low concentrations.97 Low-dose sevoflurane would be 
preferred, given its mild proconvulsant properties and short 
duration of action. When no potent inhaled anesthetics are in 
use, scopolamine, droperidol, and increased opioid dosing can 
be substituted to prevent intraoperative recall with virtually 
no effect on the EEG. Mild-to-moderate hypocapnia (PaCO2 
30–35 mmHg), however, is often necessary to assist in brain 
volume control and brain relaxation. If hyperventilation must 
be initiated during sevoflurane anesthesia, the anesthesiolo-
gist should be aware that the specificity of ictal lead prediction 
may diminish.69

If cortical motor area stimulation is necessary for the sur-
geon to accomplish safe resection, particular attention must be 
paid to the management and dosage of neuromuscular block-
ing agents. As a general rule, neuromuscular blockade should 
be minimal to allow motor stimulation. If moderate residual 
neuromuscular block persists, a small dose of anticholinester-
ase can be administered to achieve its complete reversal.

Cortical stimulation for localization as well as light an-
esthesia and brain manipulation may lead to intraoperative 
seizures. Treatment of seizure activity during ongoing intra-
operative ECoG, therefore, requires the use of short-acting 
anticonvulsants (such as methohexital) as one weighs the 
therapeutic goals of gross seizure control against the potential 
for interference with critical electrocortical monitoring. An al-
ternative and highly effective means of suppressing seizures is 
irrigation of the cortical surface with cold saline.

When intraoperative EEG recordings fail to reveal seizure 
spikes, and in consultation with the surgeon and the electro-
encephalographer, the anesthesiologist administers anesthet-
ics known to promote epileptiform discharges. These include 
methohexital (25–50 mg),46,51 alfentanil (20 μg/kg),24,98 and 
etomidate (0.2 mg/kg),50 all of which may be administered to 
help activate dormant foci. Alfentanil is the most effective of 
these agents, provoking abnormal EEG spike activity in 83% 
of patients, compared with 50% for methohexital.24 However, 
controversy exists over the correlation of pharmacologically 
elicited seizure spikes with the patients’ native epileptogenic 
foci.47 Severe bradycardia has been reported during amygdala- 
hippocampectomy that is not seen during routine anterior 

Fig. 17.3  β-Electroencelographic activation 10 minutes after propofol injection (right temporal and central convexity). (From Ebrahim ZY, Schubert 
A, Van Ness P, et al: The effect of propofol on the electroencephalogram of patients with epilepsy. Anesth Analg 1994;78:275–279.)
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temporal lobe resection. This problem is thought to be the 
result of surgical limbic system stimulation resulting in en-
hanced neural vagal activity.99,100

Cerebral Hemispherectomy
On occasion, the seizure foci are so diffuse as to require resec-
tion of substantial portions of an entire cerebral hemisphere. 
Frequently, this procedure is performed in children and can 
be associated with significant morbidity and mortality re-
lated to massive blood loss, electrolyte and metabolic dis-
turbances, coagulopathy, cerebral hemorrhage, and seizures. 
Hemispherectomy requires a very large craniectomy, which 
increases the chance of bleeding and tearing of dural sinuses. 
Air embolism has also been reported and may lead to serious 
morbidity. Kofke and associates101 compared three different 
surgical techniques (anatomical, functional, and lateral) for 
hemispherectomy. Lateral hemispherectomy was associated 
with the lowest intraoperative blood loss, the shortest inten-
sive care stay, and the lowest complication rate. Functional 
hemispherectomy had the highest rate of reoperation, whereas 
patients undergoing anatomical hemispherectomy had the 
longest hospital stays, greatest requirement for CSF diversion, 
and highest postoperative fever. Patients with cortical dyspla-
sia had the largest intraoperative blood loss.101

Continuous monitoring of blood pressure by arterial cath-
eter is required, as is central venous access and monitoring 
of cardiac filling pressure. In addition, pressor and inotropic 
infusions should be readily available to combat low cardiac 
output states.84 Brian et  al.102 report a series of 10 patients, 
aged 3  months to 12  years, whose intraoperative blood re-
placement amounted to 1.5 blood volumes on average. In 
seven patients, a coagulopathy developed intraoperatively 
and required administration of platelets, fresh frozen plasma, 
or both. Progressive hypokalemia requiring replacement oc-
curred in four patients. Hypothermia and metabolic acidosis 
was observed in five patients. Urine output was a poor indica-
tor of volume status because of frequent massive glycosuria. 
Zuckerberg and colleagues103 report several children younger 
than 5 years in whom severe decreases in cardiac index, brady-
cardia, increased systemic vascular resistance, and an alveolar- 
to-arterial gradient suggestive of neurogenic pulmonary 
edema developed after hemispherectomy with extensive sub-
cortical resection. Removal of the endotracheal tube at the 
conclusion of procedures with large-volume resuscitation and 
with a high potential for postoperative complications would, 
therefore, seem unwise. Postoperative hemodynamic instabil-
ity is common, and the airway may be compromised by seizure 
activity. Early postoperative recovery is best accomplished 
in an intensive care environment. As has been reported in 
adults,104 children undergoing major brain resection become 
hypercoagulable as early as during dural closure.105 Although 
the clinical significance of this finding is debated, thrombotic 
complications should be anticipated.

Vagal Nerve Stimulator Placement
Vagal nerve stimulation is a nonpharmacological intervention 
for patients with refractory epilepsy. A device based on cardiac 
pacemakers, the vagal nerve stimulator (VNS) emits electrical 
pulses from a generator, through an implanted wire, to an elec-
trode wrapped around the left vagus nerve to modulate cere-
bral neuronal excitativity.106 It has been demonstrated to reduce 
seizure frequency. Proposed mechanisms of action include ac-
tivation of the limbic system, locus ceruleus, and amygdala.107

The VNS is placed on the left side to avoid the vagal fibers 
that affect the sinoatrial node associated with the right vagus 

nerve and to reduce the likelihood of clinically significant 
bradycardia. The patient is positioned supine with the head 
turned to the right. The left vagus nerve is exposed, taking 
care not to injure the left carotid and jugular that flank the 
nerve within the carotid sheath. The generator pocket is cre-
ated above the left pectoralis muscle. A tunnel is created, and 
the connecting wire from the generator is advanced through 
the tunnel to the nerve. The electrode array is attached to the 
nerve. The generator is connected, and the unit is tested before 
it is sewn into the pocket.

VNS placement is usually performed under general endotra-
cheal anesthesia. Standard American Society of Anesthesiologists 
(ASA) induction monitors are used. Additional monitoring 
should be based on the patient’s comorbid status. Perioperative 
complications may include seizures; bradycardia; vocal cord 
paralysis or hoarseness from recurrent and superior laryngeal 
nerve injury or activation; and hematoma. Unilateral vocal cord 
paralysis has been reported as well, as has a predisposition to 
chronic pulmonary aspiration.108 Complete atrioventricular 
block and ventricular asystole have also been reported.109 If car-
diac dysrhythmias occur, stimulation of the vagal nerve should 
be stopped immediately and additional rescue measures may 
be necessary.

Anesthetic management with regard to the patient’s seizure 
disorder is the same as has been described for other procedures 
under general anesthesia without mapping. It is recommended 
that patients take their seizure medications as scheduled prior 
to the procedure, and the anesthesiologist should be aware 
of interactions and effects with regard to anesthetic agents. 
Management of intraoperative and postoperative seizures may 
be necessary.

Emergence from Anesthesia and 
Postoperative Management
As with most intracranial procedures, rapid emergence from 
anesthesia is helpful for postoperative neurologic assessment. 
However, patients with seizure disorders and a long history 
of anticonvulsant use may experience lethargy and slower 
emergence from anesthesia. Intraoperative loading of phenyt-
oin for treatment of seizures may increase the risk of delayed 
emergence from general anesthesia. Coughing and bucking 
on emergence are undesirable as they may increase the risk 
of intracranial bleeding and CSF leak. Hypertension should 
be avoided. If short-acting narcotic agents were used, postop-
erative pain control with longer acting agents may be neces-
sary. The anesthesiologist should remain vigilant for changes 
in the patient’s mental status in the recovery phase that may 
indicate seizure activity, bleeding, or hematoma formation. 
Minor postoperative complications occur in 5.1–10.9% of 
patients undergoing surgical procedures for epilepsy.110 CSF 
leak was the most common minor complication. Neurologic 
complications involving speech, visual, motor, and memory 
deficits may occur. Cerebral edema may occur in patients 
with temporary subdural grid electrode implants. Nausea and 
vomiting occur in 38% of intracranial neurosurgical cases.111 
Prophylactic administration of antinauseants is effective112 
and advisable.

If patients have tapered or discontinued anticonvulsant 
medications prior to surgery, the anesthesiologist must be es-
pecially vigilant for postoperative seizures. Benzodiazepines 
and propofol may be administered to control seizure activity, 
and the airway may need to be secured. Administration of an-
ticonvulsants such as phenytoin also may be necessary and is 
begun at 50 mg/min to a total dose of 20 mg/kg, assuming the 
patient has not previously been treated with phenytoin.
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y MINIMALLY INVASIVE CRANIAL 
NEUROSURGERY

Background and Anesthetic Goals
The evolution of minimally invasive neurosurgery (MIN) has 
led to improved patient safety, decreased morbidity, decreased 
intraoperative blood loss, and shorter hospital stays compared 
to open procedures for certain conditions. Improvements in 
fiberoptic technology and digital imaging have allowed greater 
access to surgical sites with less disruption of nontarget tis-
sue. However, MIN comes with its own set of considerations 
and concerns that must be anticipated by the anesthesiologist. 
In step with technological advances in imaging, computing, 
and optics, the field of MIN has evolved rapidly with regard 
to indications and applications. The potential benefit of MIN 
results from enhanced patient safety, shorter hospital stay, re-
duced invasiveness, and lower postoperative morbidity com-
pared to open surgical procedures. Table  17.1 describes the 
most common indications for cranial disease. General goals 
for anesthetic management are to (1) keep the patient im-
mobile; (2) ensure safe, rapid emergence from anesthesia for 
prompt neurologic assessment; (3) minimize postoperative 

complications; (4) facilitate intraoperative neurophysiologic 
monitoring techniques; and (5) collaborate in the manage-
ment of intracranial pressure (ICP).

Whether the procedure requires general anesthesia or 
MAC, preoperative evaluation should be as thorough and 
comprehensive as for other surgical procedures. Immobility is 
crucial to the success of minimally invasive procedures. The 
choice of neuromuscular blocking drugs and the methods 
for monitoring their effects are critically important, because 
immobilization must be complete yet also rapidly reversible. 
Head fixation is required for some procedures, and move-
ment during use of head pins must be scrupulously avoided. 
Procedures are of variable duration, depending on the neuro-
pathology being treated. It is generally more difficult for the 
anesthesiologist to keep track of surgical progress in MIN pro-
cedures than during conventional craniotomy. The anesthesia 
team must maintain a dialogue with surgical team members 
about the progress of the procedure while also closely observ-
ing the surgical video screens, the surgical field, and neuro-
logic and anesthetic monitoring systems.

Neuroendoscopy
Neuroendoscopic surgical procedures may be indicated for the 
treatment of hydrocephalus and intraventricular or periven-
tricular pathologies, including tumors, hemorrhage, hemato-
mas, and cysts. Other uses include craniosynostosis, trigeminal 
nerve procedures, and CSF leaks. Visualization of the surgical 
site is achieved with only burr-hole access instead of open cra-
niotomy. The endoscope is passed through the burr hole and 
the frontal cortex to reach the ventricle, as shown in Fig. 17.4. 
However, the use of saline or lactated Ringer solution and the 
direct and indirect pressure of irrigation present their own 
challenges. Neuroendoscopy is most commonly used for treat-
ment of noncommunicating hydrocephalus in the form of en-
doscopic third ventriculostomy (ETV). During ETV, the floor 
of the third ventricle is fenestrated to create flow between the 
ventricle and the subarachnoid space (see Fig. 17.4). The surgi-
cal risk of ETV is approximately 5% for significant morbidity,148 
with an overall success rate of 60–90%.149,150 Intraoperative 
mortality is reported at 0–1% for neuroendoscopy in general. 
However, the incidence of intraoperative and postoperative 
complications ranges widely from 5% to 30%.151–153

Preoperative Issues
It is common to see patients presenting with signs of in-
creased intracranial pressure for neuroendoscopic procedures. 

Diagnosis Intervention

Hydrocephalus Third ventriculostomy for aqueductal 
stenosis,113 fourth ventricular outlet 
obstruction,114 or pineal neoplasm115

Septostomy116

Endoscopic ventriculoperitoneal 
shunts117,118

Colloid cysts Endoscopic removal119

Arachnoid cysts Fenestration120

Hematoma Endoscopic drainage for subdural,121 
intracerebral122

Brain abscess Endoscopic drainage123

Image-guided stereotactic 
drainage124

Pituitary tumor Endoscopic transnasal 
hypophysectomy125

Periventricular tumor Biopsy126

Cranial synostosis Endoscopic strip craniectomy127

Cerebral aneurysm Endoscope-assisted microsurgery128

Acoustic neuroma Endoscope-assisted microsurgery129

Arteriovenous malformation Endoscope-assisted surgery130,131

Parkinson’s disease,132

behavioral disorders,133,134 
essential tremor135

Deep brain stimulation
(uses stereotaxis)

Spinal disease
(syringomyelia, palmar 
hyperhidrosis, disk 
herniation, spine 
deformities, instability, 
tumors)

Syringostomy136

Transthoracic endoscopic 
sympathectomy137

Arthroscopic microdiskectomy138

Lumbar diskectomy139

Video-assisted thoracoscopic 
surgery140,141

Kyphoplasty142

Spinal fusion143

Tumor resection144–146

Spine trauma147

Table 17.1  �Indications for Minimally Invasive Surgery 
on the Central Nervous System*

*Superscript numbers refer to references in this chapter.

Ventriculostomy
opening

Lateral ventricle

Third ventricle

Fourth ventricle

MB MB

Fig. 17.4  Endoscopic third ventriculostomy and endoscopic view of 
the floor of the third ventricle. MB, mammillary body.

Anesthesia Books 

http://surgerybook.net/anesthesia


1
7

 
• 

A
w

a
k

e
 C

r
a

n
io

to
m

y, E
p

ile
p

s
y, M

in
im

all
y

 In
vas


iv

e
 a

n
d

 R
o

b
o

tic
 S

u
r

g
e

r
y

307

Depressed mental status, confusion, headache, nausea, and 
vomiting are all common in patients with hydrocephalus. 
Nausea and vomiting present obvious aspiration concerns, 
as well as regarding the possibility of metabolic derange-
ments. Preoperative investigation should include the taking of 
a history and a physical examination focusing on signs and 
symptoms of increased intracranial pressure or other neuro-
logic sequelae and chemistry for electrolyte abnormalities. 
Preoperative sedation should be carefully considered, as pa-
tients may already have an altered or depressed mental status. 
Ventricular shunt revision is commonly performed to relieve 
hydrocephalus in patients with prior shunt placements. If cen-
tral venous access is planned, knowledge of the location of 
these shunts and tubing is essential to avoid puncture during 
central line placement.

Intraoperative Concerns
Despite the minimally invasive nature of neuroendoscopy, 
general anesthesia remains strongly advocated to ensure im-
mobility, although local anesthetic with sedation has been de-
scribed.154 After induction, the patient may be positioned in 
neurosurgical head pins or a “horseshoe” headrest. A common 
operating room configuration is shown in Fig. 17.5. Invasive 
arterial pressure monitoring is strongly advised due to possi-
ble perturbations of hemodynamics during neuroendoscopy 
and potential rupture of the basilar or perforating artery.155–157 
Delayed emergence has been reported to occur in up to 15% of 
patients undergoing neuroendoscopy.152

The provider must be aware of the possibility of expansion 
pneumocephalus with the use of N2O and avoid its use unless 
absolutely necessary. Burr hole incision sites are small and are 
often injected with local anesthetic by the surgeon so postop-
erative pain is not a significant problem.

Despite the minimal brain penetration required with the 
use of an endoscope, a number of potentially serious compli-
cations are presented. The pressure generated by the contin-
uous irrigation system can create significant intraoperative 
events owing to intracranial circulatory insufficiency.158 Mean 
arterial pressure should be carefully monitored to ensure ad-
equate cerebral perfusion pressure. Measurement of intra-
cranial pressure through the endoscope or other methods is 
recommended as it has been shown to correlate with ICP and 
cerebral perfusion pressure.152,158 Hemodynamic effects of neu-
roendoscopy may range from mild, transient, dysrhythmias 
and hypotension to cardiac arrest. Cardiovascular instability, 
bradyarrhythmias, and ventricular irritability are most com-
monly reported, occurring in 28–32% of patients,152,153 with 
bradyarrhythmias occurring in as many as 41%.159 Significant 
increases in intracranial pressure and direct stimulation or 
damage to the hypothalamus by the irrigating jet may explain 
these phenomena. These events usually improve with the re-
lease of the increased intracranial pressure or temporary stop-
page of irrigation and drainage of the irrigant. However, severe 
bradycardia leading to cardiac arrest requiring cardiopulmo-
nary resuscitation has also been reported.160,161 Stimulation 
of the hypothalamus posteriorly causes an increase in heart 

IV pole

Camera

Arm support

Steriotactic
navigation

system

A

S S

N
Instrument table

Anesthesia
machine

Fig. 17.5  Operating room setup for functional neurosurgery procedures. A, Anesthesiologist; N, nurse; S, surgeon.
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optic area, which decreases heart rate and blood pressure. 
Posterior hypothalamic stimulation and traction, as well as 
significant increases in ICP, may be the cause of bradycardia 
during ETV.162 Hypothalamic injury can occur and may lead 
to syndrome of inappropriate antidiuretic hormone secretion 
(SIADH) or diabetes insipidus.

The type and volume of irrigating solution can have sig-
nificant effects on CSF composition. Warmed lactated Ringer 
solution has been most commonly used, although it has been 
shown to result in hyperkalemia.162 Warmed normal saline ir-
rigation has been advocated,163 but may cause CSF acidosis, 
with a pH reduction greater than 0.2, at volumes larger than 
500 mL.164 Hypothermia has been described in small chil-
dren due to the exchange of CSF and irrigating fluid as well 
as surface temperature loss due to wet drapes from drained 
irrigation.153 Intraoperative bleeding may occur and obfuscate 
the operative field, and basilar and perforating artery inju-
ries have resulted in intraoperative death.151,165 The anesthe-
siologist should always be prepared for conversion to open 
craniotomy. In two series, venous air embolism occurred in 
0.35–4% of patients. None of the earlier reported episodes of 
venous air embolism in the minimally invasive surgery cases 
resulted in hemodynamic compromise.157,166 Pneumocephalus 
and transient herniation syndromes due to CSF drainage and 
irrigation have also been reported.148 A preexisting patent 
ventriculoatrial shunt could theoretically predispose to ve-
nous air embolism if pneumocephalus were to develop after 
endoscopy.

Postoperative Concerns
Patients undergoing neuroendoscopic procedures should be 
monitored closely in the postoperative period for complica-
tions associated with increased intracranial pressure, hypotha-
lamic injury, and metabolic derangements. Delayed emergence 
is commonly seen. The most common postoperative compli-
cation is transient neurologic deficit, which occurs in 8–38% of 
patients.151,152 Hyperkalemia,162 confusion, transient pupillary 
dysfunction, transient hemiplegia, and memory loss151,152,167 
are also common complications. High pressure levels inside 
the endoscope are reportedly associated with delayed arousal 
and a higher rate of postoperative complications.152 Careful 
control of irrigating pressure may reduce postoperative risk 
and avoid delayed emergence. Respiratory arrest has been 
reported in infants during the first hours after neuroendos-
copy, necessitating the use of apnea monitors.168 Postoperative 
monitoring of serum electrolyte levels is warranted because 
diabetes insipidus and hypothalamic dysfunction have been 
reported in multiple series of patients undergoing endoscopic 
surgery.151,167,169 Late infectious complications, such as menin-
gitis and ventriculitis, have significantly contributed to mor-
bidity, so patients should be monitored for signs of central 
nervous system infection.151,153

Endoscopic Transsphenoidal Hypophysectomy
Anesthetic and surgical considerations for hypophysectomy 
are discussed in Chapter 28.

Endoscopic Strip Craniectomy
The development of endoscopic surgery has advanced mark-
edly, especially for the treatment of craniosynostosis in infants. 
The concept of using minimally invasive surgery to remold the 
skull is not new, and dates back to the early part of the twen-
tieth century, when neurosurgeons performed strip craniec-
tomies to remove abnormal, premature suture fusions. Today, 
the endoscopic cranial vault remodeling technique involves 

more than a simple strip craniectomy through a small endo-
scopic port. It is a wide sutural excision combined with lateral 
osteotomies and osteoectomies that allow for normalization of 
the cranial skeleton.

Endoscopic strip craniectomy is a minimally invasive 
method of remolding the cranial vault in children with cranio-
synostosis, a premature fusion of one or more cranial sutures. 
It is most commonly used to treat sagittal synostosis and per-
formed on children under 6 months of age, although other su-
ture fusions may also be treated. The stenotic suture is excised 
from within the cranial vault under endoscopic visualization, 
parietal “barrel stave” osteotomies are created, and incisions 
are closed. Postoperatively, an orthotic molding helmet is used 
to promote normal development of the calvarium.

Endoscopic cranial vault remodeling has several distinct 
advantages over conventional reconstruction techniques. The 
endoscopic approach reduces scarring and alopecia risks, op-
erative time, blood loss, and hospital stay. Mean operative time 
is less than 1 hour, compared with approximately 3 hours for 
the conventional open approach. Instead of a typical 5-day 
postoperative course with an intensive care admission, pa-
tients undergoing endoscopic surgery may be discharged on 
the first postoperative day.170 More than 90% of patients un-
dergoing open calvarial surgery require transfusion,171 com-
pared with 10% of those receiving endoscopic surgery.170 A 
shorter operative time and reduced hospital stay, in addition 
to the use of fewer blood products, and the elimination of in-
ternal plating systems all add up to a decrease in overall cost 
of the procedure.

One disadvantage of endoscopic procedures is that the sur-
gery needs to be performed at a young age, preferably before 
4 months. The reason is that the cranial bones in children this 
young are thin enough to allow osteotomies with endoscopic 
shears. In addition, there is less bleeding associated with the 
bone cutting owing to the underdevelopment of the cancel-
lous space between the two cortices of the skull. Lastly, endo-
scopic cranial vault remodeling involves the added expense of 
the cranial orthotic molding helmet as well as the prolonged 
and frequent postoperative follow-up (8–15 months) to ensure 
that cranial form is normalizing.

Preoperative Concerns
Patients presenting for endoscopic strip craniectomy are usu-
ally younger than 6  months. Ideally, the surgery should be 
scheduled past the physiologic nadir of the infant’s hemato-
crit value, which occurs between the second and third month 
of life, to reduce the need for transfusion. Some centers give 
recombinant erythropoietin at a dose of 600 IU/kg/wk for 
3 weeks prior to surgery to increase the preoperative hema-
tocrit.172 Preoperative laboratory analysis should include a  
baseline complete blood count. Although blood loss and blood 
transfusions are significantly decreased with endoscopic sur-
gery, there is always the risk of significant blood loss due to in-
jury of the sagittal sinus. A blood specimen for type and screen 
can be sent on the day of surgery after the placement of an in-
travenous cannula. If the patient has received previous blood 
transfusions and has potential antibody formation, a blood 
cross-match should be obtained before the start of surgery.

Craniofacial anomalies may be associated with cardiac 
and other congenital or chromosomal abnormalities, includ-
ing Apert syndrome, Crouzon syndrome, Pfeiffer syndrome, 
Saethre–Chotzen syndrome, and Muenke syndrome.173 
Awareness of coexisting congenital anomalies is important for 
appropriate intraoperative management. Patients may have a 
difficult airway, cervical spine abnormalities, cardiovascular 
problems, altered respiratory mechanics, gastroesophageal 
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reflux, and other organ involvement. Undiagnosed OSA 
syndrome might coexist and add to the perioperative mor-
bidity in these children.174 Butler and associates175 provide an 
excellent review of complications with recommended pre-
sedation evaluations and a checklist of potential problems 
for common and uncommon genetic disorders. Associated 
cervical spine abnormalities are of particular importance, as 
patients may be in the “sphinx” or “sea-lion” position for endo-
scopic strip craniectomies. This is a modified prone position 
(Fig.  17.6) with the neck extended and supported by an in-
flatable bag. This position may be contraindicated in patients 
with cervical spine anomalies. If a difficult airway is antici-
pated, fiberoptic intubation equipment and the LMA should 
be available. Pretreatment with glycopyrrolate (6–10 μg/kg) 
as an anti-sialagogue may be indicated. Patients receiving an-
ticonvulsants or other therapeutic agents should continue to 
take them during the perioperative period. Anticonvulsant 
levels should be checked for optimal dosing.
Intraoperative Concerns
Issues of greatest importance in strip craniectomy include 
airway control, patient positioning, venous air embolism, 
and possible rapid blood loss. Although minimal blood loss 
is expected in these procedures, injury to the dural sinus or 
emissary vein could lead to significant intraoperative bleed-
ing. Preoperative hemoglobin and hematocrit values, type 
and cross-match, and availability of packed red blood cells 
are, therefore, indicated. Inhalation induction is usually per-
formed and intravenous access is obtained. After endotracheal 
tube placement, it is important to be aware of possible tube 
repositioning with extension of the neck during positioning. 
Endobronchial intubation or accidental extubation during 
positioning are possible.176 One can advance the endotracheal 
tube into the right mainstem bronchus and then pull back 
until bilateral breath sounds are appreciated. Endotracheal 
tube depth and bilateral breath sounds should be noted prior 
to positioning and rechecked when the patient is in the final 
surgical position. Appropriate intravenous access should be 
achieved with the understanding that the anesthesiologist’s 
access to the patient is limited. Arterial line placement is at 
the discretion of the anesthesiologist due to the short dura-
tion and minimal hemodynamic changes anticipated in this 
procedure. Pressure points must be padded, and pressure 
must not be placed on bony prominences or vital structures 
such as the eyes. Owing to the small size of the infant, mini-
mal shifting of the position can cause significant changes in 
pressure points. In two series, venous air embolism occurred 
in 0.35–4% of patients. None of the earlier reported episodes 
of venous air embolism in the minimally invasive surgery 
cases resulted in hemodynamic compromise.157,166 Patients 
should be monitored with a precordial Doppler ultrasonog-
raphy probe throughout the case.

Postoperative Concerns
No infections, dural sinus tears, CSF leaks, or neurologic in-
juries were reported in a representative series of patients un-
dergoing endoscopic strip craniectomy.170 Although careful 
monitoring is needed in the immediate postoperative period, 
many patients are discharged within 24 hours.

Functional Neurosurgery and Deep  
Brain Stimulation
Surgical and anesthetic considerations for deep brain stimula-
tion are discussed in Chapter 18.

MINIMALLY INVASIVE SPINE 
SURGERY

Minimally invasive spine surgery encompasses a large group 
of procedures that offer an alternative to open reconstructive 
surgery, in an effort to reduce surgical trauma and improve 
outcomes. Continued advancements in microsurgery, en-
doscopy, and percutaneous techniques have diversified the 
possible approaches to the treatment of a number of spinal pa-
thologies with a goal to reduce treatment morbidity. Common 
indications are listed in Table 17.1. Transluminal, percutane-
ous, and “key-hole” approaches have continued to evolve, al-
lowing safer and less invasive access to surgical sites. Smaller 
incisions are possible through the extensive use of operating 
microscope, fluoroscopic guidance, stereotactic neuronaviga-
tion, and special instruments such as tubular retractors, disk 
space dilators, and special cage devices for structural sup-
port.143 Endoscopic approaches reduce the amount of muscle 
dissection required for access to the spine and thereby de-
crease postoperative pain, recovery time, and hospital stay.177

Neuraxial and general anesthesia are both commonly used 
and studied for spine surgery. Spinal anesthesia for lumbar 
spine surgery is virtually free of the risk of post-dural-puncture  
headache and reduces postprocedure pain, nausea, and 
bleeding.178 In one study,179 shorter operative times, less nausea 
and use of opioids, and less urinary retention were demon-
strated in patients undergoing lumbar spine surgery. Another 
study, published in 2012,180 demonstrated less use of opioids 
and less nausea in epidural and combined spinal epidural 
than with spinal anesthesia alone. However, motor examina-
tion cannot be readily or reliably performed with electro-
physiologic or gross monitoring under neuraxial anesthesia. 
Contraindications to neuraxial anesthesia would include co-
agulopathy, patient refusal, and lesion at the site. Currently, 
both regional and general anesthesia should be considered 
safe and effective for lumbar spine surgery and regional an-
esthesia may be a better choice in patients at higher risk for 
complications of general anesthesia.181

Prone position
with neck extension

Arm support

Fig. 17.6  Positioning for endoscopic strip craniectomy.
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Video-assisted thoracoscopic surgery (VATS) is used for in-
trathoracic procedures of the lung and surrounding tissue. In 
some centers it may also be applied for treatment of thoracic 
disc disease,182a spondylitis,182b,183 anterior thoracic spine re-
lease, fusion for scoliosis/kyphosis or spine trauma,182b,184 and 
for thoracic sympathetic ganglionectomy for hyperhidrosis.140 
The advantages of the minimally invasive approach to the 
spine are less surgical time,185 less acute postoperative pain, im-
proved postoperative respiratory function, and a faster func-
tional recovery compared with conventional procedures.186 
Table 17.2 compares VATS with open thoracotomy. Recently, 
robotic-assisted thoracic surgery (RATS) techniques have 
been introduced that may offer improved surgical precision.187

Preoperative Concerns
The term minimally invasive surgery does not inherently con-
fer low perioperative risk. Blood loss, perioperative physio-
logic stress, and postoperative complications vary significantly 
with the type of minimally invasive spinal surgery performed 
and with the patient’s comorbid status. Thoracoscopically and 
laparoscopically assisted scoliosis correction, multilevel spinal 
fusions, and thoracic corpectomies should still be considered 
intermediate- to high-risk procedures. Should VATS be selected 

for the surgical approach, patients must be evaluated and pre-
pared for one-lung ventilation. In patients with chronic ky-
phoscoliosis restrictive lung disease and associated congenital  
anomalies may be present and should be thoroughly evaluated. 
Some neuromuscular diseases predispose to a higher risk of 
malignant hyperthermia. Coagulation abnormalities, fibrotic 
lung disease, pulmonary hypertension, and cervical spine pa-
thology may be seen in patients with spine disorders related to 
connective tissue diseases.

Intraoperative Concerns
Patients are usually placed in the lateral position for trans-
thoracic spinal surgery. The operating room arrangement for 
VATS is shown in Fig. 17.7. Because the lower extremities are 
positioned below the level of the heart, venous return may be 
restricted, predisposing to hypotension. One-lung ventilation 
facilitates the surgeons’ view through the endoscope, which 
would otherwise be obliterated by the nondeflated lung. The 
possibility of prolonged one-lung ventilation should be an-
ticipated during anterior release and multiple level fusions. 
Nitrous oxide is avoided. Either a double-lumen endotracheal 
tube or a bronchial blocker can be used to isolate and deflate 
the nondependent lung. Double-lumen tubes may be difficult 
to place in patients with significant thoracic kyphosis because 
of tracheobronchial distortion.

Combined anterior–posterior fusions may require chang-
ing the double-lumen tube to a single-lumen tube prior 
to placing the patient in the prone position. This position 
change creates an inherent risk of loss of the secured airway. 
The alternative is to withdraw the bronchial portion of the 
double lumen tube into the trachea, but has the disadvan-
tage of potential tube malposition during prone ventilation. 
We, therefore, prefer to use a bronchial blocker or change to 
a single-lumen tube using a tube exchanger. Anesthetic and 
muscle relaxant restrictions required for somatosensory and 
motor evoked potential monitoring188,189 can make it difficult 
to avoid patient coughing from carinal stimulation due to the 
double-lumen tube. Remifentanil has been show to improve 
depth of anesthesia and tolerance of the endotracheal tube190 
and to prevent patient movement in the absence of neuromus-
cular blockade.191 The risk of patient movement during VATS 
or RATS must be balanced against the gain from neurophysi-
ologic monitoring; it may be possible to reduce risk of move-
ment by restricting avoidance of neuromuscular blockade 

 VATS Thoracotomy

Operating time (min) 205 (80–542) 268 (210–690)

Blood loss (mL) 327 (125–1500) 683 (250–1200)

Chest tube (days) 1.5 (0–6) 3.5 (2.8–9.1)

Narcotics (mg/day) 3.7 (1.5–15) 20.4 (5–60)

Hospital stay (days) 6.5 (2–24) 16.2 (5–34)

Pulmonary dysfunction 7% 33%

Neurological 
deterioration

16% 50%

Table 17.2  �Comparison of Video-Assisted 
Thoracoscopic Surgery with Open 
Thoracotomy

(From Rosenthal D, Dickman CA: Thoracoscopic microsurgical excision 
of herniated thoracic discs. J Neurosurg 1998;89:224–235.)

IV pole

A

S S

N
Instrument

table

Video
monitor

Anesthesia
machine

Fig. 17.7  Operating room setup for video-assisted thorascopic spine surgery. A, Anesthesiologist; N, nurse; S, surgeon.
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only for critical monitoring periods. The anesthetic and sur-
gical teams must be prepared for unintended surgical injury 
to large intrathoracic vessels. The prophylactic placement of 
arterial and venous access lines is advocated, and blood should 
be available. Risk of blood loss with various VATS procedures 
is described in Table 17.3.

An alternative procedure involves a combined posterior 
and lateral chest approach in the prone position.194 This tech-
nique entails surgical preparation of the right chest as well 
as the back for optimal surgical access. Lung isolation is not 
necessary because the lung falls away from the surgical endo-
scope, aided either by an atmospheric pneumothorax or by 
mild tension pneumothorax induced by low-pressure insuf-
flation with carbon dioxide. Insufflation should be performed 
slowly to avoid sudden decreases of venous return to the tho-
rax.187 Advantages include shorter procedure times, because 
placement of double-lumen tracheal tube and confirmatory 
bronchoscopy are avoided, as is the repositioning from the 
lateral to the prone position. Furthermore, a lower rate of pul-
monary complications has been observed.195

Postoperative Concerns
Intercostal neuralgia, pneumothorax, and Horner’s syn-
drome have been reported after thoracoscopic procedures.196 
Pulmonary complications such as atelectasis may be suffi-
ciently severe to prolong hospitalization.197 Proper attention 
should be directed to appropriate chest-tube management and 
assurance of good pulmonary toilet. Chylothorax, hemidia-
phragm and pericardial penetration, tension pneumothorax 
and long thoracic nerve injury have also been reported.182b

Kyphoplasty and Vertebroplasty
Kyphoplasty and vertebroplasty are similar minimally invasive 
percutaneous procedures that have shown short-term bene-
fits in pain relief198 in patients with osteoporotic and osteolytic 
fractures of the thoracic and lumbar vertebrae. The procedures 
reduce pain through cementing of the fractured vertebrae with 
polymethylmethacrylate cement to reduce movement of bony 
fragments. Kyphoplasty is slightly more invasive than verte-
broplasty in that it uses balloon tamps to reexpand the ver-
tebrae to their original height and to create a potential space 
prior to cement application.

Preoperative Concerns
While these procedures may present low surgical risks, signif-
icant comorbidities associated with these pathologies may still 
pose anesthetic risks. The elderly patient population often as-
sociated with these procedures may present with a broad spec-
trum of advanced illnesses as well as specifically associated 
pathologies such as metastatic cancer, steroid-dependent  

pulmonary or inflammatory diseases, and severe osteoporosis. 
Careful preoperative evaluation and preparation are, as al-
ways, recommended. In patients with pulmonary inflamma-
tory disease, pulmonary function should be optimized prior 
to surgery and stress-dose steroids may be required. Chronic 
pain is a common comorbidity in many of these patients and 
opioid tolerance should be considered and adequate intraop-
erative and postoperative pain-control measures planned.
Intraoperative Concerns
Kyphoplasty and vertebroplasty may be performed under 
MAC or general anesthesia. Considerations for the choice of 
anesthetic include the patient’s ability to tolerate the prone po-
sition for the duration of the procedure, tolerance of limb po-
sition in patients with osteoarthritis or rheumatoid arthritis, 
whether the patient is a good candidate for monitored seda-
tion, and access to the patient’s airway. Additionally, positive 
pressure ventilation may reduce cement leakage.199,200

Padding and gentle positioning are crucial in patients 
with severe osteoporosis. Skin lacerations and rib fractures 
have been reported in these patients during prone position-
ing.198 The procedures require only a minimal incision and 
are generally well tolerated despite the acute illness level 
of this patient population. Arterial oxygenation decreases 
during vertebroplasty under sedation; the decrement in par-
tial pressure of oxygen is related to the number of spinal 
segments treated.201 It is not clear whether this relationship 
is the result of higher sedative doses or a greater amount of 
cement used.

Rare occurrences of symptomatic pulmonary embolism 
and intraoperative death have been reported during verte-
broplasty.202,203 A light anesthesia regimen using short-acting 
anesthetic agents is appropriate, aiming at rapid recovery to 
facilitate same-day discharge.
Postoperative Concerns
Patients are commonly discharged on the day of surgery; 
however, those with end-stage pulmonary disease or severe 
perioperative pain may warrant closer monitoring and a hos-
pital stay of up to 24 hours.

Endoscopic Cervical Diskectomy  
and Foraminotomy
Anterior microforaminotomy has long been in use for radic-
ulopathic conditions, and has now been advocated to replace 
anterior vertebrectomy for removal of tumors located anterior 
to the spinal cord. Minimally invasive endoscopic cervical 
foraminotomy (MEF) is being increasingly used for cervical 
root decompression and results in less blood loss, shorter hos-
pitalizations, and a much lower postoperative pain medica-
tion requirement than open cervical laminoforaminotomy.204 
Postoperative pain is minimal. Neither bony fusion nor a cer-
vical brace are needed, and patients undergoing MEF are kept 
in the hospital only overnight.144

The prone or sitting position may be used for posterior 
cervical MEF. The sitting position decreases epidural venous 
engorgement and has been shown to entail less blood loss 
than MEF performed in the prone position,205 but obviously 
confers the potential risk of venous air embolism. Other po-
tential complications of MEF include the risk of dural punc-
ture or nerve root injury with guidewires.206 Injury to the 
sympathetic chain causing postoperative Horner’s syndrome 
can occur during anterior cervical foraminotomy. However, 
the intraoperative complication of most concern with this 
approach is injury to the vertebral artery during drilling of 
the uncovertebral joint.144 The risk of arterial injury is highest 

Author Blood Loss Indication

Singh et al183 418 +/- 191 mL Tubercular spondylitis

Liu et al192 50–200 mL Anterior spine release
(scoliosis)

Kapoor et al193 497 +/- 302 mL Tubercular spondylitis

Liu and Kit182b 258 mL Thoracic spine disease

Table 17.3  �Risk of Blood Loss in Video-Assisted 
Thoracoscopic Surgery*

*Superscript numbers refer to references in this chapter.
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y at the level of C6–C7. Vertebral artery injury requires intra-
operative control of bleeding and postoperative angiographic 
assessment to assess for dissection or pseudoaneurysm 
formation.206

Microdiskectomy and Percutaneous  
Disk Space Treatment
Both general anesthesia and neuraxial techniques may be used 
for open lumbar microdiskectomy.207 As noted above, spinal 
anesthesia for lumbar spine surgery has been studied and 
shown to have shorter operative times; less bleeding, postpro-
cedure pain, opioid use, and nausea; and no postdural punc-
ture headache risk. Less opioid use and nausea were also seen 
in epidural and combined spine epidural techniques than with 
just spinal anesthesia. Coagulopathy, a lesion at the intended 
site, or patient refusal are contraindications to a neuraxial 
technique. Motor examination cannot be reliably performed 
under neuraxial anesthesia. Isobaric bupivacaine (0.5%) with 
epinephrine and fentanyl has been used successfully with min-
imal cardiovascular effect.

Postoperative pain requirements after microdiskectomy 
depend significantly on preoperative pain severity.208 A com-
bination of anesthetic techniques, utilizing spinal anesthesia 
with supplemental epidural clonidine in combination with 
incision site subcutaneous bupivacaine,209 may be of further 
benefit through improving postoperative pain control in these 
patients.

Percutaneous hemonucleolysis with the use of papain as 
well as blind nucleotomy and laser disk decompression have 
largely fallen out of favor because of allergic complications, 
neurovascular injury, and transverse myelitis.210 Instead, 
arthroscopic technology, using instruments that can be vi-
sualized, and endoscopic fiberoptic techniques are being de-
veloped and show considerably greater promise.

Minimally Invasive Spinal Fusion
Minimally invasive techniques for spinal fusion include trans-
foraminal lumbar interbody fusion (TLIF), extreme lateral in-
terbody fusion (XLIF), and the less commonly used anterior 
lumbar interbody fusion (ALIF) and axial lumbar interbody 
fusion (AxiaLIF).

TLIF procedures are usually performed in the prone po-
sition. The incision is small, facilitated by microscopic tech-
nique, computer or precise fluoroscopic localization, and 
tubular retractors. The surgeon begins by performing a total 
facetectomy, after which annulotomy and diskectomy are ac-
complished. After the disk space is freed up, it is filled with 
morselized cancellous bone or a metal cage for structural sup-
port. Autologous bone from the iliac crest may be harvested. 
Stabilization may be augmented through the use of limited 
open or percutaneous pedicle screw fixation.143

Extreme lateral interbody fusion (XLIF) is performed in 
the lateral position with the operating table flexed at the inter-
space of interest. The surgical approach entails risk of injury 
to the peritoneal cavity, pleural cavity, great vessels, and lum-
bosacral plexus. To deal with the latter, intraoperative electro-
myographic monitoring may be used, which limits the use of 
neuromuscular blockade. If the interspace to be treated is tho-
racic, the potential for development of intraoperative pneu-
mothorax should be considered.

Transperitoneal or retroperitoneal laparoscopic ap-
proaches may still be used to access the lumbar spine.139 
They have been used successfully for both lumbar diskec-
tomy and ALIF. The laparoscopic approach to the lumbar 
spine requires steep head-down positioning and the use of 

shoulder braces, which can cause brachial neurapraxia if 
they are placed too medially. The patient’s arms may need 
to be crossed and placed on the anterior chest. The usual 
precautions for laparoscopic procedures must be followed, 
and potential problems anticipated, such as pulmonary baro-
trauma, CO2 embolism, hypercapnia, and right main-stem 
intubation. The bifurcation of the iliac vessels occurs around 
the level of the L4–L5 interspace; thus, an anterior laparo-
scopic approach to the lower lumbar disk spaces requires the 
mobilization of these vessels, raising the risk of laceration. 
Iatrogenic injury to bowel and superior hypogastric plexus 
has also been reported. Surgeons have reported prolonged 
surgical times, which has led some to prefer a mini-open 
procedure to laparoscopic assistance.211 These procedures 
have become less favorable.

Newer developments have made an axial approach to the 
lower lumbar spine possible. Axial approaches to spinal fusion 
are thought to have substantial biomechanical advantages.143 
This approach affords the surgeon access to the spine via the 
presacral space through a keyhole incision, avoiding the risks 
of body cavity, ligamentous, muscle, and neural plexus injury 
inherent in ALIF, TLIF, and XLIF. The patient is positioned 
prone, and extensive use of fluoroscopy and special instru-
mentation are required.

Robotic-Assisted Spine Surgery
Robotic-assisted surgery represents another major techno-
logical advancement that may significantly alter the field of 
neurosurgery. It has been employed for screw and rod inser-
tion in spinal surgery, vertebroplasty, tumor resection, and for 
anesthetic nerve blocks. The most important proposed feature 
of robotic-assisted neurosurgery is improved accuracy, which 
decreases the likelihood of collateral damage to structures ad-
jacent to the target site and less-than-optimal hardware place-
ment. In addition, shorter surgical times, reduced exposure to 
radiation, and a decrease in surgeon fatigue may be achieved. 
Faster workflow is also anticipated, but well-trained teams will 
have to develop to realize this goal. The development of more 
robotic-guided tools should allow for expansion of the prac-
tice. Robotic-assisted neurosurgery is a growing field, but one 
that lacks a clear consensus on efficacy.

SUMMARY

Awake craniotomy is a safe, effective technique for treatment 
of certain lesions that reduces morbidity and length of stay 
and may provide better overall patient outcomes when el-
oquent cortex is involved. Anesthetic techniques for awake 
craniotomy vary among institutions, but generally feature a 
period of sedation or general anesthesia followed by an awake 
phase for mapping and in some cases resection, after which 
the patient is sedated again for the remainder of the proce-
dure. Awake craniotomy may be used for tumor resection, 
epilepsy surgery, as well as DBS placement. In the case of DBS 
insertion, the patient is sedated only when absolutely neces-
sary so that awake testing for optimal lead-placement can be 
performed.

Minimally invasive techniques have continued to improve 
variables such as recovery periods, operative time, length of 
stay, and patient discomfort. Continuing advances in technol-
ogy and technique allow for a variety of procedures that may 
be performed with minimally invasive surgery. Anesthetic 
management will vary by procedure and patient, but the 
anesthesiologist contributes to the outcome for the patient 
through an awareness of the patient’s condition and comor-
bidities, an understanding of the procedure and its possible 
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complications, and a working knowledge of currently ac-
cepted techniques. Further technological advances in visual-
ization and tools will likely continue to advance and evolve 
this field in the coming years.
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INTRODUCTION

Stereotactic surgery is a minimally invasive surgical interven-
tion used for the treatment of functional disorders and in the 
diagnosis of intracranial lesions. The anesthesiologist plays a 
key role in the management of patients undergoing stereotac-
tic surgery. The techniques of anesthesia will vary depending 
on the patient and the traditions and requirements of each 
institution performing these procedures. The purpose of this 
chapter is to familiarize the anesthesiologist with the surgical 
techniques for the insertion of deep brain stimulation (DBS), 
the influences of anesthesia agents on this procedure, and the 
anesthetic management of these patients. New developments 
in this field, as well as in the management of patients for other 
stereotactic procedures such as brain biopsy and radiosurgery, 
will also be discussed.

STEREOTACTIC SURGERY

Stereotactic surgery requires a planning system with multi-
modality neurological imaging and calculation of coordinates 
of an intracranial location or lesion. This can be performed 
with either a frame-based or a frameless system. A stereotactic 
headframe system such as Cosman-Roberts-Wells or Leksell 
uses a three-dimensional coordinate’s frame and a multipur-
pose stereotactic arc that locates small targets inside the brain.1 
Computerized tomography (CT) or magnetic resonance im-
aging (MRI) with or without angiography is used to identify 
the targeted lesion in relation to the distance from the lesion 
to reference points on the external frame. Surgical apparatus 
such as an electrode guide or biopsy needle is attached to the 
headframe and adjusted according to the three-dimensional 
coordinates of the target. Frameless stereotactic surgery avoids 
the invasive placement of the headframe and uses external fi-
ducial scalp markers for reference. The relationship of the sur-
gical instrument is then displayed over a previously obtained 
image of the brain. After imaging and the calculation of co-
ordinates, the patient is transferred to the operating room for 
surgery.

DEEP BRAIN STIMULATION

Introduction
Deep brain stimulation is used for the treatment of patients 
with neurological disorders that have an alteration of func-
tion that is not usually accompanied by gross structural or 
anatomical changes, such as Parkinson’s disease.2 The aim of 
this procedure is to improve the quality of life of the patient. 
The overall procedure for the insertion of a DBS includes the 
placement of electrodes into deep brain structures for micro-
electrode recordings (MER) and macrostimulation for clinical 
testing of the patient and then the connection of the DBS to an 
implanted pulse generator.

History
Historically, surgical procedures for functional neurological 
disorders, such as Parkinson’s disease, consisted of making a 
lesion in deep brain structures with procedures such as thal-
amotomy, pallidotomy and cingulotomy.2,3 These procedures 
are irreversible and may be associated with permanent side 
effects. In 1987 the use of DBS was first described as an alter-
native treatment to ablative procedures to reduce the symp-
toms of patients with Parkinson’s disease.4 The DBS system has 
advantages over surgical ablation because it is nondestructive, 
reversible, and adjustable. The safety and long-term benefits 
of DBS are well documented. The DBS used today provides 
multiple programmable options, which allow for long-term 
control of symptoms.5

Indications
Following the initial success of DBS therapy in patients with 
Parkinson’s disease, the indications and applications have ex-
panded to include many other disorders. Movement disor-
ders treated with DBS include Parkinson’s disease, dystonia, 
essential tremor, and Tourette’s syndrome, and psychiatric 
disorders include depression, obsessive compulsive disorder, 
and anorexia. Other indications are chronic pain, epilepsy, 
Alzheimer’s disease, and dementia. With future advances in 
research in DBS, the list of indications will continue to be 
modified and extended.6

Mechanism and Targets
The exact mechanism of the DBS is not fully understood and 
may well differ depending on the site of stimulation.2 The pri-
mary target sites vary with the patient’s symptoms and include 
the subthalamic nuclei (STN), globus pallidus pars interna 
(GPi), and the ventralis intermedius nucleus of the thalamus 
(Vim). The effects of stimulation on the various nuclei differ. 
Stimulation of the STN causes hyperpolarization or “neuro-
nal jamming” and this action results in the inhibition of its 
activity.7 Stimulation of the GPi nuclei may result in activa-
tion of gamma amino butyric acid (GABA)ergic axons, which 
in turn inhibits GPi neurons. In contrast, stimulation of the 
Vim nucleus of the thalamus activates output to neurons in the 
reticular nucleus, which results in an inhibitory signal being 
sent to thalamic nuclei. The inhibition of these targeted nu-
clei will then result in improvements of the patient’s symptoms 
(Fig. 18.1).

The most common target for DBS in Parkinson’s disease is 
the STN, as this ameliorates the cardinal symptoms like brady-
kinesia, rigidity, and tremor.6 The effective target for stimula-
tion in patients with generalized dystonia and cervical dystonia 
is the GPi nuclei. Stimulation of the GPi is also used in patients 
with Parkinson’s disease with severe dyskinesia. Stimulation of 
the Vim nuclei is effective for essential tremors and tremor- 
dominant Parkinson's disease. Subcallosal cingulate gyrus 

18Stereotactic Surgery, Deep Brain 
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(Cg25), anterior limb of internal capsule (AIC), and the 
nucleus accumbens (NAcc) are the common target areas in 
patients with depression and obsessive compulsive disorders. 
Other targets for stimulation include anterior thalamus (epi-
lepsy), centromedian–parafascicular thalamic nuclei (Tourette 
syndrome), fornix, and hypothalamus (dementia).6

Deep Brain Stimulator Device
The DBS system consists of three components: the intracranial 
electrode, an extension cable and an implanted pulse generator. 
The electrode is a coiled wire insulated in polyurethane with 
four platinum iridium electrodes for implantation in the target 
neural tissue. The lead is connected by an extension cable to 
the implanted pulse generator which is a battery-powered pro-
grammable single- or dual-channel internal pulse generator 
(IPG) with a battery unit encased in a titanium housing that 
sends electrical pulses to stimulate the target site. It is placed 
subcutaneously below the clavicle or in the abdomen and can 
be programmed to optimize symptom suppression and con-
trol side effects.

Surgical Techniques
The therapeutic effectiveness of DBS depends on the place-
ment of the stimulating electrodes in close proximity to the 
target nuclei. The target nuclei are deep seated and small in 
size, requiring innovative methods to increase the accuracy 
of placement. This includes the use of imaging techniques 
to visualize and establish coordinates to the target nuclei, in-
traoperative electrophysiological guidance using MER, and 
macrostimulation testing of an awake patient to verify that 
the stimulation of the electrode improves the symptoms with 
minimal side effects. The procedure begins with placement 
of the headframe to the patient’s skull followed by imaging. 

Usually MRI is performed to identify target nuclei, although, 
alternatively, CT can be used if MRI is not possible or is con-
traindicated. The patient is transferred to the operating room 
and positioned in a sitting or semi-sitting position with the 
headframe fixed to the operating room table. The incision 
and burr hole(s) are made to allow for the placement of an 
electrode guide and then the DBS electrode(s) into the vicin-
ity of the planned target. Many centers utilize MER to further 
fine-tune localization of the target sites by detecting and am-
plifying the activity of individual neurons. The MER electrode 
is usually inserted 10–15 mm above the target site and then 
advanced in steps of 0.5–1 mm with a micro driver along the 
trajectory toward the target nuclei while spontaneous neu-
ronal discharges are recorded. Specific brain structures can 
be identified based on their unique patterns of firing. Using 
these variations in spontaneous firing rates between specific 
nuclei, as well as changes in the firing rates related to patient 
movement, the neurophysiology team is able to localize the 
specific brain target (Fig.  18.2). This allows feedback along 
the entire trajectory and fine adjustments of position before 
inserting the final electrode. Macrostimulation, which in-
volves the clinical testing of the patient’s movements, is used 
to verify that the stimulation of the electrode at this location 
will improve their symptoms and not cause any side effects. 
Radiological confirmation of the electrode placement is ob-
tained and then it is secured and the wound closed. Imaging 
techniques using 3 Tesla MRI will also improve the accuracy 
of target localization.8 Successful insertion of a MRI guided  
STN-DBS has been used in patients with Parkinson’s disease.9

Internalization of the Electrodes and Implantation 
of Pulse Generator
The second stage, the internalization, is performed by tun-
neling the electrode(s) and connecting extension cable 

Cortex

Striatum GPe STN

GPi/SNr
Thalamus

Brainstem

A

Cortex

Striatum GPe STN

GPi/SNr **

**

** Thalamus

Brainstem

B
Fig. 18.1  Basal ganglia motor circuitry and targets for deep brain stimulation (DBS) insertion. A simplified motor circuitry of basal ganglia in (A) the 
normal state and in (B) Parkinson’s disease. In Parkinson’s disease (PD), there is an increased activity in both the subthalamic nuclei (STN) and the globus 
pallidus pars interna (GPi). The output from STN is excitatory to GPi, substantia niagra (SNr) and the global pallidus pars external (GPe). The output from 
GPi is inhibitory to ventral thalamus and brainstem. This abnormal pathological activity in the STN and GPi and the transmission to the thalamocortical  
and to the brainstem motor systems are responsible for motor symptoms of Parkinson’s disease. Hence, the STN, GPi and the thalamus are the targets for 
the deep brain stimulation. Stimulation at these sites improves the motor functions in PD by blocking these pathological activities. ➔ (Blue arrows) 
Inhibitory gamma amino butyric acid (GABA)ergic pathways. ➔ (Black Arrows) Excitatory glutaminergic pathways. Pathways with increased activity 
are shown in bold and the pathways with decreased activity in PD are shown as dotted line. * * – Targets for DBS insertion. (Adapted from Lozano 
AM, Dostrovsky J, Chen R, Ashby P. Deep brain stimulation for Parkinson’s disease: disrupting the disruption. Lancet Neurol. 2002;1:225–231.)
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through the scalp and then subcutaneously tunneling down 
the side of the neck to where it is connected to the internal 
pulse generator and battery unit, which is usually implanted 
in the infraclavicular region of the chest. This procedure 
may be performed on the same day as insertion of the DBS 
or maybe delayed for 3 days up to 2 weeks post initial pro-
cedure. There is no evidence to favor the best timing of the 
second stage. The timing depends on the duration of the ini-
tial procedure and on patient cooperation. Another reason 
for delaying is the development of a “microlesion” effect due 
to edema around the freshly implanted electrode. This effect 
may cause improvement of the patient’s symptoms with-
out any stimulation, which impairs the ability to check for 
stimulation-induced benefits.10

The Effects of Anesthetic Agents on 
Neuromonitoring for Target Localization
Microelectrode Recordings
The MER are the direct measurements of both spontaneous 
and stimulus-evoked cellular activity. They help to distinguish 
the areas that are populated by neurons from the axonal tracts, 
which are devoid of any action potential activity. The MER are 
obtained as the microelectrode is passed along the trajectories 
to the target nuclei. Precise localization can be achieved with 
a single trajectory pass but multiple passes may be needed. 
Accurate localization of the target nuclei depends on the in-
dividual cellular activity as well as the background neuronal 
discharges. There are differences in the rate and the pattern of 
neuronal discharges among the various target cells. Anesthetic 
agents have been shown to affect both the background activity 
and the neuronal spike activity.11

The effect of anesthetic agents on the MER varies with 
both target nuclei and also within the same nuclei with dif-
ferent disease processes, such as Parkinson’s disease and 
dystonia.12 The ability to obtain MER from the STN nuclei 
during anesthesia has been more successful.13–15 The anes-
thetic techniques used have varied from conscious sedation 
with propofol and dexmedetomidine to general anesthesia 
with either intravenous or inhalation techniques. Propofol has 
been shown to affect the background neuronal discharges and 

both propofol and remifentanil have been shown to produce 
only minor alterations of STN discharge activity.11,16 Similarly, 
dexmedetomidine has been shown to have minimal effect on 
the MER from the STN. The degree of MER suppression is 
related to the level of sedation.17

The MER from the GPi is often difficult to obtain under 
general anesthesia. Anesthetic agents have minimal effect on 
MER from the GPi in patients with Parkinson’s disease.12,18 By 
contrast, the firing rates in the GPi are substantially decreased 
in patients with dystonia under general anesthesia with propo-
fol compared to patients with no sedation.12 The differences in 
the anesthetic effects on the various target nuclei (STN versus 
GPi) may be explained by the amount of their GABA input. 
Neurons from the GPi predominantly receive gamma-amino 
butyric acid (GABA) input from putamen and GPe and hence 
they are more suppressed by propofol. Successful target local-
ization in patients with dystonia is possible using balanced an-
esthesia with low-dose propofol in combination with low level 
of sevoflurane and/or desflurane.12,18

Macrostimulation Testing
Macrostimulation testing of the patient is another compli-
mentary technique for target localization, but requires an 
awake and cooperative patient. By stimulating the target areas, 
the clinical benefit of DBS can be assessed by observing the im-
provement in clinical symptoms such as tremors and rigidity. 
With stimulation of adjacent structures (internal capsule, me-
dial lemniscus), the patient can report subjective symptoms 
such as paresthesia or abnormal motor activity. The electrode 
position can be adjusted to minimize any side effects. When 
sedation is provided, short-acting agents should be used and 
all sedation stopped well before the testing. General anesthe-
sia interferes with the evaluation of clinical benefits of DBS 
by the suppression of clinical symptoms such as tremors and 
rigidity.19,20 Also, the patient cannot report subjective effects 
such as paresthesia or abnormal motor activity associated with 
stimulation of adjacent structures. Some centers that routinely 
perform DBS insertion under general anesthesia do not con-
duct any form of stimulation testing in the operating room but 
confirm the location of implanted DBS electrode with MRI.21 
Currently, there are no data to show the differences in adverse 
effects with this approach.

Anesthesia for Deep Brain Stimulation
Goals
The goals of anesthesia during insertion of DBS include pro-
viding optimal surgical conditions and patient comfort during 
the procedure, facilitating intraoperative monitoring and tar-
get localization, and rapid diagnoses and treatment of any 
complications. Considerations for the choice of anesthetic 
agents and techniques used for each patient include the spe-
cific patient population and the specific DBS target.19,20,22,23 
The anesthetic techniques vary according to the institutional 
practice and have included monitored anesthesia care or con-
scious sedation with local anesthesia, and general anesthesia. 
Currently, none of the anesthetic techniques has proven to be 
superior to others, although awake or sedation techniques are 
popular as they facilitate intraoperative neurophysiological 
monitoring.24,25

Preoperative Evaluation and Preparation
Successful treatment with DBS is dependent upon appropri-
ate patient selection and evaluation by a multidisciplinary 
team of neurologists, neurosurgeons, neurophysiologists, 
and psychiatrists. This includes assessment of the patient 

GPe-Slow frequency discharges

GPi-High frequency discharges

Border cells

Fig. 18.2  Microelectrode recording during localization of globus 
pallidus pars interna nuclei (GPi). Changes in neuronal firing are shown 
as the electrode travels from globus pallidus externa (GPe) through 
border cells into the GPi.
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with respect to diagnosis, cognitive and psychiatric status, 
access to care, and expectations by the patient, and the pa-
tient’s response to medical treatment.26,27 All patients should 
also be seen by the anesthesiology team prior to surgery. This 
includes the routine preoperative assessment and prepara-
tion of any patient for a neurosurgical procedure. The con-
siderations for the anesthetic management of patients are 
shown in Box  18.1. Many patients may have comorbidities 
related to the disease processes for which the DBS is indi-
cated (Box  18.2).19,20 Patients who will be awake need good 
psychological preparation and information on what to expect 
during the procedure. Instructions for the continuation of 
disease-specific drugs should be done in conjunction with 
the neurosurgical team, as some patients need to be in a 
“drug-off ” state to facilitate MER and clinical testing. If the 
patient’s symptoms, especially in Parkinson’s disease, worsen 
during the “drug-off ” state a reduced dose of their regular 
medication can be administered.

Remote Location
The initial part of this procedure, placement of the headframe, 
may be performed outside of the main operating room, such 
as in the radiology suite, depending on the institution’s prac-
tice. In most adults, local anesthesia is used for infiltration 
of pin sites or a regional scalp block. If anesthesia, general or 
sedation, is required and is administered in a remote site, all 
anesthesia equipment, monitors, and drugs should be read-
ily available at the site and for transporting of the patient. 
If sedation or general anesthesia is required during MRI all 
precautions and appropriate MRI compatible equipment 
need to be considered. After imaging the patient is trans-
ported to the operating room. Imaging may also be repeated 
after the procedure to confirm correct placement of the  
electrode(s).

Monitoring and Positioning
Standard monitors include an electrocardiogram, noninva-
sive blood pressure, oxygen saturation, and end-tidal CO2. 
In patients with severe movement disorders and spasticity, 
monitoring may be technically difficult. Invasive blood pres-
sure monitoring may be considered for patients with severe 
comorbidities and to guide administration of vasoactive 
drug in patients with labile blood pressure. Supplemental ox-
ygen is delivered via nasal prongs or a mask with an outlet 
for end-tidal CO2 and respiratory rate monitoring. Omission 
of the urinary catheter will be more comfortable for the 
awake patient. Vigilant monitoring of fluid administration is 
necessary to minimize bladder distention, but hypovolemia 
should also be avoided. The usefulness of depth of anesthesia 
monitors during DBS insertion is uncertain. Bispectral in-
dex monitoring may offer advantages with respect to arousal 
time, total propofol consumption, and cardiopulmonary 
stability.17,28

Proper positioning of patients on the operating table is im-
portant to ensure maximum comfort and cooperativeness for 
awake patients. The head and neck should be positioned with 

BOX 18.1  �Considerations for the Management  
of Anesthesia

	 1.	 Preoperative preparation and reassurance of patient
a.	 Appropriate patient selection for anesthesia technique 

(awake, general anesthesia)
b.	 Long procedure – positioning, neurological testing

	 2.	 Patient-related concerns
a.	 Primary disease (Parkinson’s, dystonia)
b.	 Comorbidities (cardiac, respiratory, diabetes)
c.	 Age (elderly, children)

	 3.	 Medications
a.	 Polypharmacy, altered pharmacokinetics and dynamics
b.	 Medication “off state” – worsening of symptoms
c.	 Continuation of medications

	 4.	 Procedure and intraoperative considerations
a.	 Multiple locations for procedure and transporting between 

(radiology, operating room)
	 5.	 Stereotactic frame

a.	 Airway considerations
	 6.	 Positioning

a.	 Sitting, semi-sitting
b.	 Complications (venous air embolism, hypovolemia)

	 7.	 Blood pressure control
a.	 Treatment of hypertension

	 8.	 Anesthetic effects on microelectrode recordings
	 9.	 Stimulation testing of patient

a.	 Need cooperative, alert patient
10.	 Postoperative considerations

a.	 Slow emergence
b.	 Postoperative cognitive problems

BOX 18.2  Disease-related Considerations

1.	 Parkinson’s disease:
a.	 Pharyngeal, laryngeal dysfunction with increased risk of 

aspiration pneumonia and of laryngospasm
b.	 Hemodynamic instability with autonomic dysfunction, 

orthostatic hypotension, hypovolemia
c.	 Difficulty with monitoring and positioning
d.	 Potential drug interactions and adverse effects with  

anti-Parkinson’s medications
e.	 Symptoms may get worse in the “off drug” state

2.	 Dystonia:
a.	 Constant movement and deformities may result in difficulties 

with positioning
b.	 Difficult airway with cervical dystonia (spasmodic torticollis)
c.	 Laryngeal dystonia increases the risk of laryngospasm and 

spasmodic dysphonia may lead to difficult communication
3.	 Essential tremors:

a.	 Difficulty in positioning and monitoring
b.	 Bradycardia and cardiac arrhythmias from treatment with 

beta blockers
4.	 Epilepsy:

a.	 Frequent seizures
b.	 May have developmental delay which compromises ability to 

cooperate
c.	 Antiepileptic medications may alter pharmacokinetics and 

dynamics, and result in drug interactions
5.	 Tourette’s syndrome:

a.	 Severe movements will make positioning and monitoring 
difficult

6.	 Psychiatric patients:
a.	 Present with behavioral problems such as severe anxiety, 

obsessive compulsive
b.	 Interactions between psychiatric medications and anesthetic 

agents
7.	 Chronic pain:

a.	 Opioid resistance
b.	 Difficult perioperative pain management

8.	 Dementia, Alzheimer’s:
a.	 Communication and cooperation for procedure will be difficult
b.	 Postoperative delirium and agitation

9.	 Anorexia;
a.	 Poor nutrition – electrolyte abnormalities and arrhythmias
b.	 Altered pharmacokinetics with low albumin
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some degree of flexion at the lower cervical spine and exten-
sion at the atlanto-occipital junction. This helps to make the 
patient’s airway patent and to make it possible to secure the 
airway in an emergency. The legs should be flexed and sup-
ported under the knees to maintain stability when the patient 
is elevated to a sitting position. Patients with obstructive sleep 
apnea may need continuous positive airway pressure therapy. 
Use of clear plastic drapes will make it easier to maintain ver-
bal and eye contact with the patient. Frequent communica-
tion with the patient is necessary, to provide reassurance and 
motivation.

Local Anesthesia
Local anesthesia (bupivacaine, ropivacaine, and lidocaine with 
and without epinephrine) is used for infiltration or for scalp 
blocks for the insertion of pins for the headframe and for the 
surgical incision in patients who will be awake for some part 
of the procedure. Additional infiltration may be required for 
closure with prolonged procedures.

Monitored Anesthesia Care
In some centers, and with specific patients, the choice of the 
surgeon and neurophysiologist may be to have no sedative 
drugs administered to the patient during the most of the pro-
cedure.24 This is to avoid any influence of sedative drugs on 
the MER and macrostimulation testing. After the completion 
of all testing, analgesic and sedative agents may be given to the 
patient for pain relief during the closure.

Conscious Sedation
Conscious sedation is the most commonly used anesthetic 
technique during DBS implantation. This allows for patient 
comfort during the opening and closure. Residual sedative ef-
fects can be minimized prior to MER and macrostimulation 
testing if short-acting agents are used and then stopped prior 
to any mapping.22 The use of conscious sedation is particu-
larly appropriate in patients with dystonia or essential tremor 
who may not be able to lie still for the procedure, but where 
MER and macrostimulation testing are needed to localize GPi 
and/or Vim nuclei.23 With the use of conscious sedation there 
may be less postoperative nausea and vomiting and therapeu-
tic drugs to treat disorders such as Parkinson’s disease can be 
resumed earlier.

An ideal sedative agent should have no effect or a reversible 
effect on subcortical activity for good MER and macrostimula-
tion testing. Subcortical areas are extremely sensitive to GABA 
receptor-mediated medications and will affect the quality of 
MER. Commonly used agents include propofol, opioids (fen-
tanyl or remifentanil), and dexmedetomidine.14,24,25 Generally 
benzodiazepines are avoided as these drugs can abolish the 
MER. Propofol infusion (50 mcg/kg/min) is commonly used 
either alone or in combination with opioids, especially for DBS 
insertion in the STN.19,25 Propofol is known to cause dyskine-
sia and abolish tremor, but the extent to which it interferes 
with MER localization is not fully understood.25 Short-acting 
opioids have minimal effect on MER, but with higher doses 
they may cause worsening of rigidity.16,25 Dexmedetomidine 
at low dose infusion rates (0.3–0.6 μg/kg/h) may be a better 
choice due to its nonGABA-mediated mechanism of action, 
which allows for MER and not the ameliorating clinical signs 
of Parkinson’s disease.14,17 Dexmedetomidine also attenuates 
the hemodynamic responses to anxiety and surgery, reducing 
the need for antihypertensive medication. This drug is now the 

sedative agent of choice in many centers. The effects of seda-
tion from any of the anesthetic agent may be more profound 
in patients undergoing DBS insertion. Delayed awakening in 
patients with dystonia may occur with propofol as the Gpi 
neurons receive higher GABA input than STN neurons and 
these patients have low baseline pallidal activity.21

General Anesthesia
Although general anesthesia provides the highest degree of 
patient comfort and greater control of physiologic parameters, 
many of the available intraoperative neurophysiological test-
ing procedures are difficult or impossible to perform during 
general anesthesia. A general anesthetic may provide a higher 
level of acceptance for DBS surgery by some patients, but it is 
also necessary in specific groups of patients, such as those who 
fear being awake, have chronic pain syndromes, have severe 
“off-medication” movements, have severe dystonia or choreo-
athetosis, and children.13 In patients with Parkinson’s disease, 
DBS for the STN can be done safely and effectively under gen-
eral anesthesia with or without MER.15,29–31 However, though 
many different anesthetic agents have been used, there is lim-
ited information as to the best agents for general anesthesia. 
These procedures are also performed under general anesthesia 
with direct image guidance using intraoperative real-time im-
aging, which eliminates the need for physiological recordings 
and patient cooperation.9,32

Anesthesia for Second Stage
Anesthesia for internalization of DBS electrodes and implan-
tation of the pulse generator is usually performed under gen-
eral anesthesia. Though the generator is often implanted in the 
pectoral area, similar to a cardiac pacemaker, the leads from 
the DBS system must be tunneled from the site of the burr 
hole through the neck, which is painful. At this time there 
are no specific anesthetic drug considerations. However, as  
head position is often manipulated during this procedure, the 
seal of a laryngeal mask airway might be unpredictable, thus, 
endotracheal intubation is usually preferred.

Battery Replacement
The life of the pulse generator battery is about 2 to 5 years. 
Thus, these patients will be returning for short surgical pro-
cedures to replace the battery. The DBS generator should be 
turned off prior to the procedure but can be restarted immedi-
ately after. The patient is positioned supine and infiltration of 
local anesthesia to the site can be used for intraoperative and 
postoperative pain. These procedures can be performed with 
conscious sedation or with general anesthesia using a laryn-
geal mask.

Complications
During the insertion of DBS with any technique of anesthesia 
there is the potential for perioperative complications, which 
demands vigilance in rapid recognition and treatment by the 
anesthesiologist. Overall, intraprocedure complications have 
been reported to occur in 12–16% of patients.24,25

Surgery-Related Complications
The rate of surgical complications associated with DBS sur-
gery has been decreasing.33 Intracranial hemorrhage, seizures, 
and venous air embolism (VAE) are the important periopera-
tive emergencies.34 Other complications include problems re-
lated to the hardware used. Early diagnosis and treatment are 
important determinants of successful outcome.
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The occurrence of an intracranial hemorrhage is rare but can 
be devastating. In an awake patient, this is suspected when 
there is a sudden change in mental status, occurrence of a fo-
cal neurological deficit, or sudden onset of hypertension. The 
diagnosis is usually confirmed by CT or MRI. The incidence 
of hemorrhage varies from 0.6% to 3.3%.25,35,36 The presence 
of hypertension is the only consistent factor associated with 
the occurrence of a hematoma.37 A sudden loss of conscious-
ness may require rapid treatment with securing the airway, 
control of blood pressure, and possible transfer of the patient 
for CT.

Seizures
Seizures occur in 0.8–4.5 % of patients during insertion of 
DBS.24,25 Most periprocedural seizures occur during macro-
stimulation testing, and are often self-limited and focal in 
nature. The role of perioperative anticonvulsant therapy in 
such cases is not clear. Occasionally a generalized tonic clonic 
seizure may occur and should be treated with small doses of 
propofol (20 mg). If seizures are controlled, the procedure 
may be continued as long the patient has recovered and is 
stable.

Postoperative Cognitive Problems
Postoperative behavioral and cognitive problems are com-
mon after DBS insertion.38 The management of these should 
include a multidisciplinary approach and assessment of po-
tential underlying causes, such as medications or hemorrhage. 
Restless or violent patients in the postoperative period may 
require urgent care. Selective dopamine blockers (clozapine, 
quetiapine) may be administered safely for the treatment 
of postoperative behavioral complications (hallucination/ 
delusions) though nonselective blockers (olanzapine, haloper-
idol) should be avoided.38

Anesthesia-Related Complications
Respiratory and Airway
Respiratory and airway complications occur in 1.6–2.2% of 
patients.24,25 In the awake patient respiratory depression or 
loss of airway may result from oversedation or intracranial 
events, such as seizures or hemorrhage with decreased level 
of consciousness. When general anesthesia is used, induction 
of anesthesia and intubation may take place prior to place-
ment of the headframe. But once in the operating room the 
patient’s head is further immobilized as the stereotactic head-
frame is fixed to the operating room table. If intubation of 
the trachea is required at any time after this, conventional 
laryngoscopy may be awkward or difficult as the headframe 
often restricts neck movement and may cover some or all of 
the patient’s mouth and nose. In an emergency situation the 
prompt insertion of a laryngeal mask airway may be the most 
appropriate option. Acute airway obstruction may also oc-
cur when a restless, awake patient moves the body but the 
head remains fixed to the bed.24,25 Equipment that is neces-
sary to release the headframe from the operating table and 
to remove the headframe from the patient should be imme-
diately available. If possible, one should attempt to secure 
the airway without the removal of the patient’s headframe, 
so surgery can be continued if indicated. Other periopera-
tive respiratory complications may be related to comorbid 
diseases, especially in patients with Parkinson’s disease (see 
Box 18.2).19,20 Respiratory insufficiency may also occur due 
to the absence of anti-Parkinson medications in the postop-
erative period.

Cardiovascular
Overall incidence of cardiac complications is low (0.4–0.6%) 
during DBS insertion.25 Hypertension during the procedure, 
especially with insertion of electrode(s), has been associated 
with increased risk of intracerebral hemorrhage.25,35,36 The hy-
pertension may be related to poor preoperative blood pressure 
control or due to the anxiety and discomfort in an awake pa-
tient. The optimal level of blood pressure is not well defined. 
An acceptable practice is to keep systolic pressure less than 
140 mmHg; an increase in blood pressure greater than 20% of 
the patient’s baseline pressure may warrant treatment. Agents 
such as labetalol, hydralazine, nitroglycerine, sodium nitro-
prusside, or esmolol may be used. In patients with Parkinson’s 
disease orthostatic hypotension may result from autonomic 
dysfunction, medications, or preoperative hypovolemia. 
Administration of a vasoconstrictor agent such as ephedrine 
or phenylephrine may be necessary.

Venous Air Embolism
Venous air embolism is a potential complication with an inci-
dence of 4.5% mostly due to the sitting position and possible 
hypovolemia.39 It frequently occurs during the creation of the 
burr hole(s). In awake patients, sudden vigorous coughing, 
chest discomfort, hypoxia, and hypotension may be signs of 
VAE. Early detection may be possible with precordial Doppler 
monitoring. If a VAE does occur, the initial treatment includes 
flooding of the surgical site with fluid and placing the head 
in a down position. Tension pneumocephalus may also occur 
during DBS insertion.

Postoperative Care
After surgery patients will be cared for and monitored in a 
post anesthetic care unit, neurosurgical observation or in-
tensive care unit according routine institutional practice. 
Frequent assessment of neurological status, respiratory status, 
control of blood pressure, and prompt treatment of any pain or 
nausea are important considerations. Any change in neurolog-
ical status should be immediately related to the neurosurgical 
team. If therapeutic medications for Parkinson’s disease have 
been withheld, these should be resumed as soon as possible to 
avoid deterioration in neurological and respiratory function. 
Further care and activation of the DBS will be performed by 
the appropriate personnel.

Pediatric Procedures
For pediatric patients with movement disorders such as dys-
tonia, treatment with DBS is highly effective.40 Children who 
are very young, have developmental delay, or other congenital 
problems may not tolerate awake procedures and may require 
general anesthesia. Some children who are more mature will 
tolerate conscious sedation or an asleep awake asleep tech-
nique. Various sedation techniques have been reported in-
cluding the use of dexmedetomidine, propofol, ketamine, and 
remifentanil.33,40 Real-time interventional MRI guidance in 
conjunction with a skull mounted aiming device has also been 
used in children under general anesthesia.41

Pre-existing Deep Brain Stimulation for 
Other Surgery
Patients with pre-existing DBS may present for unrelated sur-
gery. Many concerns of perioperative management are similar 
to those for patients with cardiac pacemakers and automatic 
defibrillator devices, although there are specific differences.27,42 
For example, in contrast to cardiac pacemakers, patients 
can turn off some of the DBS devices. During preoperative 
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preparation, the information obtained from the patient needs 
to include an identification of the device and the severity of 
the patient’s symptoms when the DBS system is turned off. 
If deactivation of the device results in severe symptoms, oral 
medication should be started before turning the device off. 
Intraoperative considerations are the adverse interactions be-
tween the DBS device and other monitoring and therapeutic 
equipment. The DBS systems may produce artifacts and in-
terfere with the recording of the electrocardiogram.19,20 The 
use of intraoperative electrocautery has the potential to burn 
neural tissue around the stimulator or to reprogram the de-
vice.43 Turning the device off may decrease possible damage to 
the stimulator and should be done whenever electrocautery is 
required. Use of bipolar electrocautery is safer, but if monop-
olar cautery is absolutely required, the return electrode should 
be placed as far away as possible from the generator, and the 
lowest possible source of energy used in short irregular pulses. 
Short-wave diathermy modalities should not be used as they 
produce radiofrequency currents and heating of electrodes.43 
The safe use of external and internal cardiac defibrillators has 
not been established in patients with DBS systems. If cardio-
version or defibrillation is required, the paddles must be posi-
tioned as far away as possible from the generator and the lowest 
clinically appropriate energy output should be used. The func-
tion of the generator must be checked after such treatments. 
Electroconvulsive therapy, radiofrequency neuroablation, and 
peripheral nerve stimulation have been reported to be safe if 
the stimulator is turned off and the probes are placed far away 
from the generator.42 Some patients with a DBS system may 
need MRI. Generally, MRI is possible in patients, as long as 
the manufacturer guidelines are followed and scan time is 
minimized.44

ADVANCES

Biological Therapies
Biological therapies aimed to modify degenerated neural cir-
cuitry have been explored recently as an alternative therapy 
in patients with movement disorders. They consist of gene 
therapy, cell-based therapies or direct infusion of trophic fac-
tors.45 Gene therapy is a technique of providing the long-term 
production of a therapeutic protein in a target region. In brief, 
DNA that encodes a therapeutic protein is inserted into a vi-
ral vector that can be engineered to specific target cell types 
(dopaminergic neurons). This viral vector is then injected di-
rectly into the target region, which infects the desired cells and 
transfers the DNA into the host genome. This new DNA then 
continues to produce the therapeutic protein leading to thera-
peutic benefit.46 There are published trials showing promising 
results in patients with Parkinson’s disease.46

Magnetic Resonance Image-guided 
Focused Ultrasound
Prior to the use of DBS, the standard treatment for Parkinson’s 
disease and essential tremors was the production of lesions 
in the basal ganglia structures.3 The development of DBS has 
decreased the use of these procedures, but implanted neuro-
stimulators are expensive, labor intensive, and require contin-
uous maintenance with replacement of pulse generators every 
2–6  years. In addition, there is a risk of infection and other 
hardware-related complications.33 Recently, transcranial MRI 
guided focused ultrasound (MRgFUS) has emerged as a novel 
modality for thermal ablation of the soft tissue.47 In contrast 
to traditional ablation procedures, MRgFUS is noninvasive 
and uses focused ultrasound energy, which is transmitted 

stereotactically through an array of 1024 ultrasound trans-
ducers to produce the ablative lesions. Targeting is done with 
stereotactically guided high-precision MRI with continuous 
temperature measurements at and around the target in real 
time with MR thermometry. The procedure is done entirely 
inside the MRI unit, with monitored anesthesia care with or 
without sedation. After its initial success in the treatment 
for essential tremors and neuropathic pain, this technique is 
now being considered in patients with Parkinson’s disease and 
other movement disorders.48 Finally, since no device is im-
planted into the brain or the body, there is no restriction to 
future diagnostic work-up with MRI.

Stereotactic Biopsy of Intracranial Lesions
Intracranial lesions that are deep or difficult to access are 
biopsied for diagnostic purposes. These procedures are usu-
ally performed with stereotactic surgery either with a frame-
based or frameless system. The overall management of these 
procedures is similar to that described for DBS insertion. 
For frame-based procedures the frame is placed on the pa-
tient initially, followed by imaging for coordinates and then 
the surgical biopsy in the operating room. Frameless stereo-
taxy is less cumbersome as the headframe is not required. 
However, in the operating room the patient’s head will still be 
fixed with a headclamp to allow for immobilization for neuro- 
navigation-guided placement of the biopsy needle.49 Further 
developments with frameless stereotaxy include the use of in-
traoperative MRI-guided biopsy. Anesthesia for stereotactic 
biopsies may be with monitored anesthesia care, conscious 
sedation or general anesthesia, similar to that described for 
DBS insertion without the mapping considerations. However, 
continuous vigilance is needed to diagnosis and treat com-
plications quickly, especially in the awake or sedated patient. 
A change in neurological status may be result of intracranial 
bleeding or neurological injury.

Therapeutic Stereotactic Radiosurgery
Therapeutic stereotactic radiosurgery procedures include 
different systems that deliver high-dose radiation beams to 
various lesions, such as brain tumors and arteriovenous mal-
formations, and to the trigeminal ganglion for the treatment 
of neuralgia. Some of the systems used are the Gamma Knife, 
Linear Accelerator, and Cyber Knife. Most stereotactic ra-
diosurgery procedures in adults are performed without an-
esthesia. However, general anesthesia is frequently required 
in young children and in some uncooperative adults. The 
administration of anesthesia requires coordination of the 
departments of radiology, radiation therapy, neurosurgery, 
and anesthesiology. As the overall procedure is conducted in 
several steps and at different locations, all appropriate anes-
thesia equipment, monitors, and drugs must be ready for use 
at each site and during transportation. Due to the prolonged 
procedure, general anesthesia is usually required. At many 
sites both total intravenous anesthesia (TIVA) and inhalation 
can be used, but during transport from site to site TIVA is re-
quired. Radiation therapy units may not be set up for general 
anesthesia, for example lack of gas evacuation, making TIVA 
the only option. An example is Gamma Knife radiotherapy in 
a young child with general anesthesia.50 This is often a whole-
day procedure, which begins in the radiology suite with the 
securing of a stereotactic headframe to the cranium. The 
imaging studies may include CT, MRI, and angiography fol-
lowed by a planning session. In the Gamma Knife suite, due 
to the presence of high radiation, monitoring of the patient 
will take place via cameras directed at the patient, monitors, 
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the control desk. After the therapy session is completed, the 
patient is transferred to a monitored suite, which may be a 
holding area or post anesthetic care unit for emergence and 
postoperative care.

SUMMARY

Stereotactic surgery is often a complex procedure involving 
interactions of multiple specialty teams (neurosurgery, neu-
rology, neurophysiology, neuroradiology, and anesthesiology). 
The implantation of DBS systems has been shown to be ef-
fective in the treatment of many functional disorders and will 
continue to increase in popularity as new indications emerge. 
There will also be new developments in surgical, imaging, 
and monitoring techniques as well as a better understanding 
of the effects of drugs on the MER. This will help to reduce 
some of the difficulties and complications of these procedures. 
Thus, the anesthetic management of these patients will also 
continue to evolve and to be a challenge for the anesthesiol-
ogist. Even though the techniques of anesthesia will continue 
to differ amongst various centers and may include monitored 
anesthesia care, conscious sedation and general anesthesia, the 
general principles of anesthesia care remain the same. The an-
esthesiologist needs to be aware of the unique requirements of 
these patients and of these procedures. Continuous monitor-
ing and extreme vigilance are key to early diagnosis and rapid 
treatment of complications.
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EPIDEMIOLOGY OF HEAD INJURY

A traumatic brain injury (TBI) is defined as a blow or jolt to the 
head or a penetrating head injury that disrupts the function 
of the brain. TBI is one of the most serious, life-threatening 
conditions in trauma victims. It is a leading cause of disabil-
ity and death in children and adults. An estimated 1.5 million 
people sustain TBIs every year in the United States.1 Of these, 
more than 50,000 die annually as a result of TBI, and another 
80,000 become impaired or disabled for life. TBI is a leading 
cause of disability in the United States, affecting approximately 
5.3 million people. TBI-related disability has a devastating ef-
fect on the lives of the injured individuals and their families 
and results in a tremendous cost to hospital systems and so-
ciety in terms of the rehabilitation and chronic care of these 
individuals.

Head injury occurs most often in adolescents, young 
adults, and people older than 75 years. In all age groups, males 
are affected two times more often than females and are more 
likely to sustain severe head injury. The leading causes of TBI 
are falls, motor vehicle crashes, and assaults.1 Blasts are a lead-
ing cause of TBI among active duty military personnel in war 
zones.1 On April 28, 2008, the 110th United States Congress 
passed a bill to provide for the expansion and improvement of 
TBI programs (Public Law 110-206), such as research fund-
ing for therapeutic interventions and development of practice 
guidelines for rehabilitation.

HEAD INJURY GUIDELINES

In 1995, recognizing the need to standardize care to improve 
the outcome for head-injured patients, the Brain Trauma 
Foundation approved guidelines for the initial resuscitation 
of the patient with severe head injury and the treatment of 
intracranial hypertension.2 A task force was formed in 1998 
to review and update the scientific evidence for the guide-
lines. These evidence-based guidelines for the management 
of severe TBI were published in 20003,4 and then updated in 
2007 (Box 19.1).5 This extensive review of the literature rec-
ommends only three standards based on Class I evidence and 
several guidelines based on Class II evidence. Adherence to 
these guidelines has remained variable across the trauma cen-
ters. However, studies have shown a causal relationship be-
tween adherence to the guidelines and improved outcomes. 
In a study with 22 New York State trauma centers, increased 
guideline adherence for intracranial pressure monitoring and 
cerebral perfusion pressure management resulted in signifi-
cant reductions in mortality over 9 years. 6

Results of the Corticosteroid Randomization After 
Significant Head Injury (CRASH) trial, which studied the ef-
fect of early administration of methylprednisolone on outcome 
after head injury in 10,008 adults, were published in 2005.7 
This was an international randomized, placebo-controlled 
trial on the effect of early administration of 48-hour infusion 

of methylprednisolone on the risk of death and disability after 
head injury. The CRASH trial revealed a higher risk of death 
within 2 weeks of injury in the group receiving corticosteroids 
than in the group receiving placebo, as well as a higher risk 
of death or severe disability.7 The trial investigators concluded 
that “corticosteroids should not be used routinely in the treat-
ment of head injury.”7

Evidence-based guidelines for prehospital management 
of TBI8,9 and for pediatric brain injury10 have also been pub-
lished, and in March 2006, surgical management guidelines 
were published.11 However, unlike the writers of the severe 
TBI management guidelines,3,5 the writers of the surgical man-
agement guidelines report no controlled clinical trials in the 
literature to support different forms of surgical management 
or surgical versus conservative therapy. As with the other pub-
lished guidelines for the management of severe TBI, they state 
that “this is a document in evolution,” and revisions will be 
made as new knowledge is gained.11

CLASSIFICATION OF HEAD INJURY

Classification of severe head injury is based on the Glasgow 
Coma Scale (GCS) (Table 19.1), which defines neurologic im-
pairment in terms of eye opening, speech, and motor func-
tion.12,13 The total score that can be obtained is 15, and severe 
head injury is determined by a score of 8 or less persisting for 
6 hours or more. The GCS and Glasgow Outcome Scale permit 
comparison between series of traumatically head-injured pa-
tients on the basis of initial clinical presentation and eventual 
outcome.14 The prognosis after head injury depends on the 
type of lesion sustained, the age of the patient, and the severity 
of the injury as defined by the GCS. In general, mortality is 
closely related to the initial score on the GCS. For any given 
lesion and score, however, the elderly have a poorer outcome 
than do younger patients.15,16

Following head trauma, the primary injury results from 
the biomechanical effect of forces applied to the skull and 
brain at the time of the insult and are manifested within mil-
liseconds. Currently, there is no treatment for the primary 
injury. However, primary injuries continue to evolve over 
the hours after impact and the cascade of injury leading to 
cell death may be modified. Secondary injury begins within 
minutes, hours, or days after the impact and represents com-
plicating processes initiated by the primary injury, such as 
ischemia, brain swelling and edema, intracranial hemor-
rhage, intracranial hypertension, and herniation. The com-
mon denominator of secondary injury is cerebral hypoxia 
and ischemia (Box  19.2). Factors that aggravate the initial 
injury include hypoxia, hypercarbia, hypotension, anemia, 
and hyperglycemia. These contributing factors to second-
ary injury are preventable. Seizures, infection, and sepsis 
that may occur hours to days after injury can further ag-
gravate brain damage and must also be prevented or treated 
promptly.

R.D. Phan  •  A.A. Bendo

Perioperative Management of Adult 
Patients with Severe Head Injury
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Secondary insults complicate the course of more than 50% 
of head-injured patients.5 An outcome study using data from 
the Traumatic Coma Data Bank revealed that hypotension oc-
curring after head injury is profoundly detrimental, with more 
than 70% of patients with hypotension experiencing signifi-
cant morbidity and mortality (Table 19.2).15 Furthermore, the 

combination of hypoxia and hypotension is significantly more 
detrimental than that of hypotension alone; more than 90% of 
patients who had both of these experienced a severe outcome 
or died. These findings confirm the importance of avoiding 
hypovolemic shock in head-injured patients. The management 
goal in head-injured patients is to initiate timely and appropri-
ate therapy to prevent secondary brain injury. When the initial 
injury is not fatal, subsequent neurologic damage and systemic 
complications should be preventable in most patients.

Primary injury or biomechanical trauma to brain paren-
chyma consists of concussion, contusion, laceration, and 
hematoma. Not all severely head-injured patients require sur-
gery. Generalized brain injury with edema or contusion is a 
common finding, whether or not a surgically correctable mass 
lesion is present. Diffuse cerebral swelling occurs because of 
sudden intracerebral congestion and hyperemia. Twenty-four 

Feature Point(s)

Eye Opening

Spontaneously 4

To verbal command 3

To pain 2

None 1

Best Verbal Response

Oriented, conversing 5

Disoriented, conversing 4

Inappropriate words 3

Incomprehensible sounds 2

No verbal response 1

Best Motor Response

Obeys verbal commands 6

Localizes to pain 5

Flexion or withdrawal 4

Abnormal flexion (decorticate) 3

Extension (decerebrate) 2

No response (flaccid) 1

Table 19.1  Modified Glasgow Coma Scale*

*Total scores: mild head injury = 13–15 points; moderate = 9–12 points; 
severe ≤8 points.
(Adapted from Teasdale G, Jennett B: Assessment of coma and 
impaired consciousness: A practical scale. Lancet 1974;2:81; 
and Jennett B: Assessment of the severity of head injury. J Neurol 
Neurosurg Psychiatry 1976;39:647.)

BOX 19.2  �Secondary Insults that Can Contribute to 
Hypoxic and/or Ischemic Brain Damage

Systemic
Hypoxemia
Hypotension
Anemia
Hypocarbia
Hypercarbia
Pyrexia
Hyponatremia
Hypoglycemia
Hyperglycemia

Intracranial
Hematoma
Raised intracranial pressure
Edema
Seizures
Infection
Vasospasm
Metabolic and ionic changes
Neurochemical changes
Inflammatory changes

BOX 19.1  Recommendations from Guidelines for the Management of Severe Traumatic Brain Injury

Standards Based on Class I Evidence
•	 If intracranial pressure (ICP) is normal, avoid prolonged 

hyperventilation therapy (PaCO2 < 25 mmHg).
•	 The use of steroids is not recommended for improving outcome or 

reducing ICP.
•	 Prophylactic use of anticonvulsants does not prevent late post-

traumatic seizures.

Guidelines Based on Class II Evidence
•	 All regions should have an organized trauma care system.
•	 Avoid or immediately correct hypotension (systolic blood pressure 

<90 mmHg) and hypoxia (SaO2 < 90% or PaO2 < 60 mmHg).
•	 Indications for ICP monitoring include Glasgow Coma Scale score 

of 3–8 with abnormal computed tomography findings or two or 
more of the following adverse features: age >40 years, motor 
posturing, and systolic blood pressure <90 mmHg.

•	 Initiate treatment for ICP at an upper threshold above 20 mmHg.

•	 The cerebral perfusion pressure (CPP) value to target lies within 
the range of 50–70 mmHg. Aggressive attempts to maintain CPP 
above 70 mmHg should be avoided because of the risk of acute 
respiratory distress syndrome.

•	 Avoid using prophylactic hyperventilation (PaCO2 ≤ 25 mmHg) 
therapy during the first 24 hours after severe traumatic brain injury 
(TBI).

•	 Mannitol is effective for controlling raised ICP after severe TBI, in 
doses ranging from 0.25 to 1 g/kg.

•	 High-dose barbiturate therapy may be considered in 
hemodynamically stable, salvageable patients who have severe 
TBI and whose intracranial hypertension is refractory to maximal 
medical and surgical ICP-lowering therapy.

•	 Provide nutritional support (140% of resting energy expenditure in 
patients without respiratory paralysis and 100% of resting energy 
expenditure in patients with it), using enteral or parenteral formulas 
containing at least 15% of calories as protein by day 7 after injury.

(Adapted from Bullock RM, Chesnut RM, Clifton GL, et al: Guidelines for the management of severe traumatic brain injury. J Neurotrauma 2000;17:449-554; 
Robertson CS: Management of cerebral perfusion pressure after traumatic brain injury. Anesthesiology 2001;95:1513–1517; and Guidelines for the management 
of severe traumatic brain injury, 3rd ed. The Brain Trauma Foundation, American Association of Neurological Surgeons; Congress of Neurological Surgeons. J 
Neurotrauma 2007;24:S1–106.)
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hours or more after the initial insult, cerebral edema develops  
in the extracellular spaces of the white matter. Nonoperative 
treatment of diffuse cerebral swelling involves hyperventilation, 
diuresis with mannitol and/or furosemide, and barbiturates 
in conjunction with intracranial pressure (ICP) monitoring. 
With hyperventilation of PaCO2 < 30 mmHg, oxygen satura-
tion in the jugular bulb (SJO2), arterio-jugular differences of 
oxygen (AVDO2) and/or CBF monitoring is recommended. 
Aggressive hyperventilation (PaCO2 ≤ 25 mmHg) should be 
avoided because reductions in cerebral blood flow can poten-
tially exaccerbate cerebral hypoxia and ischemia.

Depressed skull fractures and acute epidural, subdural, and 
intracerebral hematomas usually require craniotomy. Chronic 
subdural hematomas are often evacuated through burr holes. 
Depressed skull fractures under lacerations should be elevated 
and debrided within 24 hours to minimize the risk of infec-
tion. Bony fragments and penetrating objects should not be 
manipulated in the emergency department (ED), because they 
may be tamponading a lacerated vessel or dural sinus.

Traumatic epidural hematoma is an infrequent complica-
tion of head injury, usually the result of a motor vehicle ac-
cident. The initial injury tears middle meningeal vessels or 
dural sinuses and causes unconsciousness. When a spasm and 
clot occur in the vessel(s), the bleeding stops and the patient 
recovers, experiencing a lucid interval. Over the next several 
hours, the vessel bleeds and the patient rapidly deteriorates 
(especially with arterial bleeding). In rapidly deteriorating 
conditions, treatment should not be delayed to await radio-
logic evaluation; emergency evacuation is necessary. Venous 
epidural hematomas develop more slowly, and there may be 
time for diagnostic testing.

The clinical presentation of acute subdural hematomas 
ranges from minimal deficits to unconsciousness and signs 
of a mass lesion (hemiparesis, unilateral decerebration, and 
pupillary enlargement). A lucid interval may occur. The most 
common cause of subdural hematoma is trauma, but it may 
occur spontaneously and is associated with coagulopathies, 
aneurysms, and neoplasms. The severity of injury to the un-
derlying brain is greater with subdural hematomas than with 
epidural hematomas. It is considered acute if the patient be-
comes symptomatic within 72 hours, subacute if symptoms 
appear between 3 and 15 days, and chronic with symptoms af-
ter 2 weeks. Subacute or chronic subdural hematoma is usually 
observed in patients older than 50 years. There may be no his-
tory of head trauma. The clinical presentation in these patients 
may vary from focal signs of brain dysfunction to a depressed 
level of consciousness or development of an organic brain syn-
drome. Intracranial hypertension is usually associated with 

acute subdural hematoma. Intensive medical therapy to cor-
rect elevated ICP and control brain edema and swelling may 
be required before, during, and after hematoma evacuation.

In patients with intracerebral hematomas, the clinical pic-
ture may vary from minimal neurologic deficits to deep coma. 
Large, solitary intracerebral hematomas should be evacuated. 
Lesions causing delayed neurologic deterioration from fresh 
hemorrhage are also evacuated but carry a poor prognosis. 
Depending on the extent of cerebral injury, patients with in-
tracerebral hematomas may require intensive medical therapy 
to control intracranial hypertension and cerebral edema. Coup 
and contrecoup injuries usually cause cerebral contusion and 
intracerebral hemorrhage. In general, contused brain tissue is 
not removed; occasionally, however, contused tissue over the 
frontal or temporal poles may be removed to control edema 
formation and prevent herniation.

EMERGENCY THERAPY

Perioperative management of the head-injured patient fo-
cuses on aggressive stabilization of the patient and avoidance 
of systemic and intracranial insults that cause secondary 
neuronal injury (see Box 19.2). Secondary brain injury com-
plicates the course of the majority of head-injured patients, 
adversely influencing outcome. The need to improve care of 
these patients in the field and ED has been recognized with 
the development of guidelines, improvement of emergency 
response services, and better training of providers.8 The goals 
of emergency therapy in the field and ED are to prevent and 
treat all secondary insults and, ultimately, to improve outcome 
in patients with TBI.

Prehospital Management
Emergency therapy should begin at the site of the accident and 
in the ambulance. According to the Brain Trauma Foundation’s 
guidelines for prehospital management of traumatic brain in-
jury,8 emergency medical service (EMS) providers should be 
trained to follow an established algorithm for the assessment 
and treatment of TBI. The first priority is initiation of a basic 
resuscitation protocol that prioritizes the CABs (circulation, 
airway, and breathing), assessment, and treatment. The pa-
tient’s airway is maintained, and blood pressure is supported. 
The EMS provider performs an assessment for appropriate 
triage of the patient and all necessary therapy to stabilize the 
patient prior to transport. It is recommended that the severely 
injured patient (GCS score <9) be taken directly to a level I 
trauma center “with 24 hour scanning capability, operating 
room, prompt neurosurgical care and the ability to monitor 

  Outcome (% of Patients)

Secondary Insults Number of Patients Good or Moderate Severe or Vegetative Dead

Total number of cases 699 43 21 37

Neither insult 456 51 22 27

Hypoxia (PaO2 < 60 mmHg)   78 45 22 33

Hypotension (systemic blood 
pressure <90 mmHg)

113 26 14 60

Both   52   6 19 75

Table 19.2  �Impact of Hypoxia and Hypotension∗ on Outcome after Severe Head Injury (Defined as Glasgow Coma 
Scale Score ≤ 8)

∗At time of hospital arrival.
(Data adapted from Moppett IK: Traumatic brain injury: Assessment, resuscitation and early management. Br J Anaesth 2007;99:18-31.)
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intracranial pressure and treat intracranial hypertension as de-
lineated in the Guidelines for the Management of Severe Head 
Injury.”8 Optimal results for patients with intracranial hema-
tomas require surgical evacuation within 2 to 4 hours of the 
injury.17 Therefore, direct transport to a neurosurgical center 
is crucial for such patients.

The prehospital management guidelines published in 20028 
and 20089 are accepted as the standard for management by 
prehospital and ED clinicians. Currently, there are insufficient 
data to support any standard recommendations for prehospital 
assessment, treatment, transport, and destination. Subsequent 
to the initial publication of these guidelines, the results of sev-
eral studies have questioned whether outcome is improved by 
following them.18,19 These studies support the direct transfer of 
patients with severe TBI to a level I or level II trauma center, 
but controversy remains regarding whether patient outcome 
is improved by paramedic endotracheal intubation in the field 
and the mode of transport. The Ontario Prehospital Advanced 
Life Support (OPALS) Major Trauma Study has shown that a 
delay for advanced life support, especially on-scene endotra-
cheal intubation, is associated with increased mortality among 
patients with suspected severe head injuries.19 This makes it 
unclear as to which elements of airway management should 
be revised or reserved for a controlled hospital setting, es-
pecially given regional variations in infrastructure and EMS 
experience.

A prospective, randomized controlled study conducted 
in New South Wales, Australia known as the Head Injury 
Retrieval Trial (HIRT) attempted to address the efficacy of 
advanced prehospital intervention. The goal of the study 
was to evaluate physician-led prehospital teams compared to 
paramedic-only teams. The trial results suggests a potential 
reduction in 30-day mortality for patients with GCS < 9 who 
received prehospital physician care. 20 The study’s conclusion, 
however, was obscured by the significant crossover where 
many patients received care they were not intended to receive; 
that is, changes in prehospital treatment policy during the 
recruitment period caused a higher rate of dispatched physi-
cians than intended. Therefore, additional studies are needed 
to confirm these findings.

Emergency Department Management
All patients with head injury require full diagnostic evalua-
tion with complete history and neurologic examination. Not 
all patients require radiologic examination. Two comprehen-
sive studies have resulted in the development of two slightly 
different sets of rules for determining whether or not a patient 
with minor head injury must undergo computed tomography 
(CT) scanning.21,22 These are the Canadian and New Orleans 
CT scanning rules for minor head injury (Box 19.3). An unen-
hanced CT scan is the radiologic procedure of choice in acute 
TBI. A spiral CT of the head and craniocervical junction is 
useful in the patients with more severe TBI and potential high 
cervical spine injuries. Ongoing research is being performed to 
determine whether or not S100B, a biomarker for blood–brain 
barrier permeability and CNS injury, may assist in screening 
patients with minor head injuries.23

The majority of head-injured patients seen in the ED are 
classified as having mild head injuries (GCS score 13–15). 
Most of these patients recover without incident or may have 
neuropsychological sequelae. These patients are sent home 
with a caregiver and instructions only, if they have had no his-
tory of loss of consciousness, no vomiting or amnesia, normal 
neurologic findings, and minimal, if any, subgaleal swelling. A 
small percentage of patients with a GCS score of 13 to 15 on 

arrival deteriorate and require neurosurgical intervention (for 
additional references, see Gopinath and colleagues17).

Implementation of ED protocols and the use of the 
Canadian or New Orleans CT scanning rules for minor head 
injury should help identify the subgroup of patients at risk of 
deterioration.21,22 Patients with moderate head injury (GCS 
score 9–12) are able to follow simple commands in the ED, 
but they can deteriorate rapidly. These patients require emer-
gency CT scanning and admission for observation with serial 
neurologic examinations, even if the initial CT scan is normal. 
Patients with severe head injury (GCS score ≤ 8) require full 
advanced trauma life support (ATLS) resuscitation and stabi-
lization in the ED, CT scanning of the head and cervical spine, 
and, often, surgical management.

Emergency Therapy for Severe Traumatic 
Brain Injury
The neurologic status and concomitant injuries of patients 
with severe TBI should be assessed prior to tracheal intuba-
tion. These patients are intubated to protect the airway from 
aspiration and to ensure adequate ventilation and avoidance of 
hypoxia, hypocapnia, and hypercarbia. The incidence of cer-
vical spine injuries in surviving victims of head injury is 1–3% 
in adults and 0.5% in children.24,25 Victims of head-first falls 
or high-speed motor vehicle accidents have a 10% or greater 
chance of cervical spine fractures. Radiographic evaluation 
with a cross-table lateral view can miss 20% of cervical spine 
fractures.25 Anteroposterior and odontoid views, in addition 
to a lateral view, miss only 7% of fractures.24 Therefore, a CT 
cervical spine scan will assist in a definitive diagnosis. When a 
cervical spine fracture has not been excluded by radiographic 
evaluation, cervical alignment with in-line stabilization is rec-
ommended during emergency intubation.25–28

In several studies involving the normal and abnormal cer-
vical spine of patients and cadaver models, all airway interven-
tions (e.g., chin lift, cricoid pressure, oral airway placement) 
were found to cause some degree of cervical spine move-
ment.26 The literature does not strongly favor the use of any 
one particular strategy for airway management over another.26 

BOX 19.3  �Computed Tomography Scanning Rules for 
Minor Head Injury

Canadian Rules21

High risk (for neurological intervention):
•	 GCS score <15 at 2 h after injury
•	 Suspected open or depressed skull fracture
•	 Any sign of basal skull fracture
•	 Vomiting ≥ two episodes
•	 Age ≥ 65 years
Medium risk (for brain injury on CT):
•	 Amnesia before impact >30 min
•	 High-risk mechanism of injury

New Orleans Rules22

Short-term memory deficits (persistent anterograde amnesia with 
GCS score 15)

Intoxication (drug alcohol)
Physical evidence of trauma above the clavicles
Age >60 years
Seizure (suspected or witnessed)
Headache
Vomiting
Coagulopathy

Anesthesia Books 

http://surgerybook.net/anesthesia


330

1
9

 
• 

P
e

r
io

p
e

ra
t

iv
e

 M
a

n
a

g
e

m
e

n
t 

o
f 

A
d

u
lt

 P
at

ie
n

ts
 w

it
h

 S
e

v
e

r
e

 H
e

ad


 In
ju

r
y Nevertheless, meticulous and prompt attention must be ex-

ercised during all stages of patient care starting with prehos-
pital management and throughout the perioperative period, 
including airway manipulation and surgical positioning. If 
available, multimodal neuromonitoring (e.g., somatosensory 
evoked potentials, transcranial electrical motor evoked poten-
tials) should be applied to assess the integrity of the spinal cord 
during the perioperative period.26

When facial fractures and soft tissue edema prevent direct 
visualization of the larynx, a fiberoptic intubation or intuba-
tion with an illuminated stylet or intubating laryngeal mask 
airway may be attempted. In the patient with severe facial and/
or laryngeal injuries, a cricothyrotomy may be required. Nasal 
intubations are avoided in the patient with suspected basal 
skull fracture, severe facial fractures, or bleeding diathesis. 
Basal skull fractures are strongly suspected when the patient 
has tympanic cavity hemorrhage, otorrhea, petechiae on the 
mastoid process (Battle’s sign), and petechiae around the eyes 
(panda sign). Nasal intubation of a patient with basal skull 
fractures can introduce contaminated material directly into 
the brain and so is best avoided.

For patients with facial injuries, the simplest and most ex-
peditious approach to intubation is preoxygenation, followed 
by rapid-sequence anesthesia induction with cricoid pressure 
and maintenance of in-line stabilization. All head-injured pa-
tients are assumed to have a full stomach. Awake, oral intuba-
tion without anesthetic agents may be possible in the severely 
injured patient, but it is difficult in the awake or uncooper-
ative, combative patient. Depending on the patient’s cardio-
vascular status, virtually any of the intravenous anesthesia 
induction agents can be used. The choice of muscle relax-
ants for emergency intubation in a neurosurgical patient has 
been the subject of controversial discussion for many years. 
Succinylcholine can increase ICP. However, in the setting of 
acute airway compromise, full stomach, and the need to per-
form subsequent neurologic examinations, the benefits of 
rapid onset and elimination of succinylcholine may outweigh 
the risk of transiently increasing ICP.29

After control of the airway has been achieved in the head-
injured patient, attention should focus on resuscitation of the 
cardiovascular system. Transient hypotension after head injury 
is not uncommon, but sustained hypotension usually results 
from hemorrhage secondary to other systemic injuries. These 
injuries must be sought and aggressively treated with fluids, 
blood, and inotropic and vasopressor drugs, when necessary.

When multiple traumas complicate head injury, there is no 
ideal crystalloid resuscitation fluid. A major concern during 
resuscitation is the development of cerebral edema. Animal in-
vestigations reveal that total serum osmolality is a key factor in 
brain edema formation.30,31 When serum osmolality is reduced, 
cerebral edema develops in normal and abnormal brain. This 
occurs because the blood–brain barrier is relatively imperme-
able to sodium. Solutions containing sodium in concentra-
tions lower than that in serum cause water movement into the 
brain, increasing brain water. Thus, hypo-osmolar solutions 
(0.45% NaCl and lactated Ringer’s solution) are more likely 
than iso-osmolar fluids (0.9% saline) to increase brain water 
content. Large-volume fluid resuscitation with iso-osmolar 
crystalloids reduces colloid oncotic pressure and increases 
peripheral tissue edema. However, in animal investigations, 
the brain behaves differently from other tissues, and profound 
lowering of colloid oncotic pressure with maintenance of se-
rum osmolality does not result in edema in normal brain30 or 
in some head-injury models.31 These results can be explained 
by the unique structure of the blood–brain barrier and the fact 

that colloid oncotic pressure gradients generate weak forces in 
comparison to osmolar gradients.30

Some doubt has been cast on the applicability of these 
laboratory findings to clinical practice. The cryogenic injury 
model used in these experiments may not be equivalent to 
head injury in patients. In head-injured patients, the capillary 
permeability of the brain may be rendered similar to that of 
peripheral tissues when the blood–brain barrier is damaged. 
In addition, the time course of these experiments did not al-
low observation of edema developing 24–48 hours after initial 
resuscitation, which occurs in head-injured patients. An in-
vestigation using the percussive head injury model in rats has 
shown that reduction in colloid oncotic pressure can aggravate 
cerebral edema under certain conditions.32 Therefore, it seems 
reasonable in clinical practice to avoid a profound reduction 
in colloid oncotic pressure. Iso-osmolar colloid solutions, such 
as 5% albumin and 6% hetastarch, have been recommended to 
maintain oncotic pressure and intravascular volume. However, 
fresh whole blood, when available, is the ideal colloid resusci-
tation fluid for hypovolemic patients with TBI and ongoing 
blood loss.

There is continuing controversy about the selection of re-
suscitation fluids in patients with TBI after the report of the 
post hoc follow-up study on the Saline versus Albumin Fluid 
Evaluation (SAFE) study.33 This randomized, controlled trial 
compared 4% albumin with 0.9% saline for fluid management 
in critically ill trauma patients. The subset of patients with TBI 
who received albumin resuscitation had substantially worse 
outcomes than patients with TBI who received saline resusci-
tation. A more recent post hoc follow-up study corroborated 
this by finding that albumin resuscitation is associated with 
elevated ICP, an increased need for additional interventions 
to treat increased ICP, and increased mortality.34 Because of 
these findings the conclusion that colloids worsen the severity 
of TBI was made. However, analysis of the physico-chemical 
properties of Albumex 4%, the colloid that was used in the 
SAFE trial, showed that it is hypo-osmolar. According to Van 
Aken and co-authors, Albumex 4% has a “theoretical osmo-
larity of 274.4 mOsm/L, resulting in a nominal osmolality of 
only 250 mOsm/kg.”35 Considering normal plasma osmolality 
is 285 mOsm/kg, this finding may explain the increase in brain 
volume, ICP, and mortality seen from using Albumex 4% in 
the SAFE trial. Therefore, the authors state that a more appro-
priate conclusion to the SAFE study may be that hypo-osmolar 
resuscitation should be avoided in TBI.35

Hypertonic saline solutions (3%, 7.5%) can be very useful 
for low-volume resuscitation in the head-injured patient be-
cause they lower ICP, raise blood pressure, and may improve 
regional cerebral blood flow (CBF).36,37 Hypertonic saline pro-
duces an osmotic diuretic effect on the brain that is similar to 
that of other hyperosmolar solutions (e.g., mannitol). However, 
a randomized controlled trial demonstrated that among pa-
tients with severe TBI not in hypovolemic shock, initial 
resuscitation with hypertonic saline did not result in improved 
6  month neurologic outcome or survival when compared to 
normal saline.38 Therefore, hypertonic saline for prehospital 
management of TBI patients has not been shown to be more 
effective in improving outcome than iso-osmolar fluids.38

During fluid resuscitation of the head-injured patient, the 
goals are to maintain serum osmolality, avoid profound re-
duction in colloid oncotic pressure, and restore circulating 
blood volume. Immediate therapy is directed at preventing 
hypotension and maintaining cerebral perfusion pressure 
(CPP) between 50 and 70 mmHg.5 When indicated, an ICP 
monitor is inserted to guide fluid resuscitation and prevent 
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severe elevations in ICP. The current recommendation is 
to restore circulating blood volume to normovolemia with 
glucose-free isotonic crystalloids. Glucose-containing solu-
tions are avoided to enhance perioperative glycemic con-
trol. In both animal and human studies, evidence suggests 
that hyperglycemia at the time of cerebral ischemia worsens 
outcome.39,40 Substantial blood loss requires transfusion with 
crossmatched or fresh whole blood. A minimum hematocrit 
value between 30% and 33% is recommended to maximize 
oxygen transport.

Hypertension, tachycardia, and increased cardiac output 
often develop in patients with isolated head trauma, especially 
young adults. Electrocardiographic abnormalities and fatal ar-
rhythmias have been reported. The hyperdynamic circulatory 
responses and electrocardiographic changes may result from a 
surge in epinephrine (adrenaline) that accompanies head in-
jury. Either labetalol or esmolol can be used to control hyper-
tension and tachycardia in this situation.

In some patients, severe intracranial hypertension precip-
itates reflex arterial hypertension and bradycardia (Cushing’s 
triad). In such cases, a reduction of ICP by opening the dura or 
inserting a ventricular drain will interrupt this reflex response. 
A reduction in systemic blood pressure in these patients can 
further aggravate cerebral ischemia by reducing CPP. Systemic 
blood pressure must be lowered cautiously when intracranial 
hypertension is severe. Systemic vasodilators (e.g., hydralazine, 
nitroprusside, and sodium nitroglycerin), calcium channel 
blockers, and volatile anesthetic agents should be avoided as 
they may increase ICP. If necessary, hypertension is best con-
trolled by anti-hypertensive agents (e.g., esmolol) that reduce 
CMR and ICP.

During stabilization of head-injured patients, including 
control of airway and systemic blood pressure, therapeutic in-
terventions to control intracranial hypertension are instituted 
(Box 19.4). Management of intracranial hypertension is cru-
cial because CPP is directly related to both mean arterial pres-
sure and ICP. The following measures are instituted to acutely 
reduce intracranial hypertension:

1.	 The head is elevated 15 degrees and kept in a neutral 
position to facilitate cerebral venous and cerebrospinal 
fluid drainage.

2.	 Mannitol (0.25–1 g/kg) is administered to lower 
ICP acutely. Alternatively, hypertonic saline may be 
administered.41-42

3.	 After tracheal intubation, the patient is given a muscle 
relaxant and mechanically ventilated to a PaCO2 value 
of 35 mmHg. When there is evidence of transtentorial 
herniation, hyperventilation to a PaCO2 value of 
30 mmHg should be instituted because hyperventilation 
can rapidly and effectively reduce ICP. Hyperventilation 
to a PaCO2 lower than 30 mmHg, barbiturate therapy, 
and cerebrospinal fluid drainage may be considered when 
other measures have failed.2,3,5

4.	 Appropriate monitoring must be instituted, and 
hypotension must be avoided.

Mechanical hyperventilation to a PaCO2 value of 25 to 
30 mmHg was routinely employed in head-injured patients 
on the basis of an assumption that hyperventilation, by re-
ducing CBF, would reduce ICP, thereby preserving CPP and 
CBF. Clinical investigations suggest that head-injured pa-
tients are ischemic within the first 24 hours of injury.43–45 In 
these patients, hyperventilation may further diminish CBF 
and aggravate cerebral ischemia.46 Published guidelines for 
the management of severe traumatic brain injury no longer 

recommend hyperventilation to a PaCO2 of 25–30 mmHg 
as a first-tier therapy.3,5 In fact, current guidelines recom-
mend avoiding the use of prophylactic hyperventilation 
(PaCO2 ≤ 35 mmHg) therapy during the first 24 hours after 
severe TBI.3,5 When hyperventilation is initiated for control of 
intracranial hypertension, the PaCO2 value should be main-
tained in the range of 30–35 mmHg in order to accomplish 
ICP control while minimizing the associated risk of ischemia. 
Hyperventilation to PaCO2 values less than 30 mmHg should 
be considered only when second-tier therapy of refractory 
intracranial hypertension is required. Continuous measure-
ment of jugular bulb oxygen saturation or CBF monitoring 
is recommended during hyperventilation to guide therapy.3,5 
In emergency situations, hyperventilation should continue in 
patients in whom the clinical control of intracranial hyperten-
sion is the primary concern. However, when the clinical sit-
uation no longer requires it or there is evidence of cerebral 
ischemia, normocapnic ventilation should be instituted.

Mannitol is considered the standard for hyperosmolar 
therapy and is recommended as a first-tier therapy for treat-
ing increased ICP. However, a 2007 Cochrane systematic 
review found “insufficient reliable evidence to make recom-
mendations on the use of mannitol in the management of pa-
tients with traumatic brain injury.”47 After publication of this 
review, a meta-analysis of 18 studies was conducted to analyze 
the dose–response relationship between mannitol and ICP.48 
This meta-analysis revealed a significant difference in ICP re-
duction between patients in whom the initial ICP was higher 
than 30 mmHg and those in whom it was lower, but it did not 
provide specific information regarding the mannitol dose–
response curve. There was only a weak linear relationship 
between the change in ICP and mannitol dose. The investi-
gators attributed this weakness to variation in protocols and 
patients within and among studies and highlighted the need 
for definitive well-designed studies to answer this important 
question.48

BOX 19.4  �Treatment of Intracranial Hypertension in 
Severe Traumatic Brain Injury (Glasgow  
Coma Scale Score ≤8)

1.	 Insert intracranial pressure monitor
2.	 Maintain cerebral perfusion pressure between 50 and 70 mmHg

First-Tier Therapy
•	 Ventricular drainage (if available)
•	 Mannitol 0.25–1 g/kg IV (may repeat if serum 

osmolarity < 320 mOsm/L and patient is euvolemic)
•	 Hyperventilation to achieve PaCO2 value of 30–35 mmHg

Second Tier-Therapy
•	 Hyperventilation to PaCO2 < 30 mmHg (SJO2, AVDO2 and/or CBF 

monitoring is recommended)
•	 High-dose barbiturate therapy
•	 Consider hypothermia
•	 Consider hypertensive therapy
•	 Consider decompressive craniectomy

(Adapted from Bullock R, Chesnut R, Clifton G, et al: Guidelines for the 
management of severe head injury. The Brain Trauma Foundation, American 
Association of Neurological Surgeons, Joint Section on Neurotrauma and 
Critical Care. J Neurotrauma 1996;13:641-734; Bullock RM, Chesnut RM, 
Clifton GL, et al: Guidelines for the management of severe traumatic brain 
injury. J Neurotrauma 2000;17:449–554; and Guidelines for the management 
of severe traumatic brain injury, 3rd ed. The Brain Trauma Foundation, 
American Association of Neurological Surgeons; Congress of Neurological 
Surgeons. J Neurotrauma 2007;24:S1–S106.)
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A management priority for all head-injured patients is the 
rapid diagnosis with CT of an expanding mass lesion that 
requires immediate surgical evacuation. Intracranial mass le-
sions such as acute extradural hematoma, subdural hematoma, 
intracerebral hematoma, and hemorrhagic contusion are sur-
gically evacuated by craniotomy as soon as possible, but pref-
erably no more than 4 hours after injury. When these patients 
are brought to the operating room, there is usually minimal 
time available for preanesthetic assessment. Information that 
should be obtained preoperatively is described in Box  19.5. 
Anesthetic management is a continuation of the initial resus-
citation, including airway management, fluid and electrolyte 
balance, and ICP control. The routine monitors used for major 
neurosurgical procedures are applied.

The major goals of anesthetic management are to improve 
cerebral perfusion and oxygenation, to avoid secondary dam-
age, and to provide adequate surgical conditions. CPP (which 
is equal to mean arterial pressure [MAP] minus ICP) should 
be maintained between 50 and 70 mmHg, especially prior to 
surgical opening of the dura. If ICP rises to a greater extent 
than mean arterial pressure, CPP is reduced, and the brain 
becomes ischemic. Uncontrolled increases in ICP can result 
in herniation and death. Therefore, drugs and techniques that 
raise ICP are avoided in these patients.

The choice of anesthetic agents depends on the condition 
of the patient. In the hemodynamically stable patient with se-
vere intracranial hypertension, narcotics in conjunction with 
a thiopental infusion (2 to 3 mg/kg/h) and a nondepolarizing 
muscle relaxant can be administered with oxygen and air. 
Given limited availability of thiopental, most centers are now 
using pentobarbital. However, thiopental administration has 
been shown to be more effective than pentobarbital in manag-
ing refractory intracranial hypertension.49

In patients with less severe intracranial hypertension, an-
esthesia can be maintained with various combinations of 
benzodiazepines, narcotics, and a sub-minimum alveolar 
concentration (sub-MAC) concentration of a potent inhala-
tion agent. Anesthetic management is directed at avoidance 
of secondary brain injury. Intraoperative hypotension sec-
ondary to blood loss or precipitated by anesthetic drugs must 
be avoided with appropriate volume expansion. Because the 
brain’s response to injury in the first 24 hours is more often 
hypoperfusion, aggressive hyperventilation and drugs that 
can exacerbate cerebral ischemia should also be avoided. 
Propofol may reduce cerebral blood flow more than cerebral 
metabolism and thereby can produce ischemia under certain 

conditions, especially during hyperventilation.50,51 Throughout 
intraoperative management, the anesthesiologist enhances ce-
rebral homeostasis by maintaining oxygen delivery (hemato-
crit 30–35% and normal cardiac output), serum glucose level 
(144–180 mg/dL is recommended52), and normal electrolyte 
balance and by implementing temperature management.

Intraoperative brain swelling or herniation from the op-
erative site may complicate hematoma decompression. Such 
causes as improper patient positioning, contralateral intrace-
rebral hematoma, venous drainage obstruction from packing, 
and acute hydrocephalus from intraventricular hemorrhage 
must be eliminated. In this setting, the adequacy of hyper-
ventilation must also be verified. A large alveolar-arterial CO2 
gradient may exist, so that end-tidal CO2 may not reflect ar-
terial CO2. The respiratory system and equipment should be 
reviewed to ensure normal peak inspiratory and expiratory 
pressures. Hemopneumothorax, high intra-abdominal pres-
sures, a kinked endotracheal or expiratory tube, or a stuck 
expiratory valve can produce marked peak inspiratory or ex-
piratory pressures as well as hypoxemia and hypercarbia. Fluid 
and electrolyte balance must be re-evaluated in patients with 
cerebral swelling. Mannitol loses its effect after 1 to 3 hours, so 
a second mannitol bolus to increase osmolarity may be nec-
essary. Volume overload and hyponatremia may also cause 
cerebral swelling and must be corrected. If cerebral swelling 
persists, the anesthetic should be converted to opioid and 
thiopental infusions with oxygen and air. Thiopental may be 
given in a series of boluses over 5–10 minutes to a total dose 
of 5–25 mg/kg, followed by an infusion of 4–10 mg/kg/h. To 
avoid barbiturate-induced myocardial depression and hypo-
tension, it may be necessary to increase preload and add a 
vasopressor or inotrope such as phenylephrine or dopamine. 
Malignant brain swelling may require removal of brain tissue 
and temporary scalp closure with a loose dural patch to mini-
mize ICP after closure.

Emergence of a patient with TBI from anesthesia usually 
involves transporting an intubated, ventilated, and anesthe-
tized patient to the critical care unit. Even in an uncomplicated 
craniotomy for evacuation of hematoma, a period of postop-
erative ventilation is recommended because brain swelling is 
maximal 12–72 hours after injury. Hypertension and cough-
ing or bucking of the patient on the endotracheal tube should 
be avoided because either can lead to significant intracranial 
bleeding. Labetalol or esmolol can be used to treat hyperten-
sion, and supplemental barbiturates are given to sedate the 
patient.

Cerebral Protection
Reducing the cerebral metabolic rate for oxygen (CMRO2) is 
the mainstay of pharmacologic brain protection, and barbi-
turate administration is the only such intervention that has 
proved useful in humans. However, level II evidence does not 
support the use of prophylactic barbiturate administration 
to achieve electroencephalographic burst suppression. High-
dose barbiturate administration (e.g., thiopental and pen-
tobarbital) has been recommended to control elevated ICP 
refractory to maximum medical and surgical treatment, but 
should be administered only in hemodynamically stable pa-
tients. However, a 2012 Cochrane systematic review of the use 
of barbiturates in reducing ICP, morbidity, and mortality in 
TBI patients did not find evidence that barbiturates improve 
outcome.53 The review also concluded that one out of every 
four patients with severe brain injury will develop hypoten-
sion from barbiturate therapy that will offset its ICP lowering 
effect on CPP.53

BOX 19.5  �Preanesthesia Assessment of the Head-
Injured Patient

Airway (cervical spine)
Breathing: ventilation and oxygenation
Circulatory status
Associated injuries
Neurologic status (Glasgow Coma Scale)
Preexisting chronic illness
Circumstances of the injury:

•	 Time of injury
•	 Duration of unconsciousness
•	 Associated alcohol or drug use

(Data from Bendo AA, Kass IS, Hartung J, Cottrell JE: Anesthesia for 
neurosurgery. In Barash PG, Cullen BF, Stoelting RK (eds): Clinical Anesthesia, 
5th ed. Philadelphia, Lippincott Williams & Wilkins, 2006, pp. 746–789.)
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When ischemia reduces supply, hypothermia remains the 
sine qua non for reducing oxygen demand. A reduction of 
body temperature to 33–35 °C may confer cerebral protection. 
Although results of earlier clinical trials of moderate hypother-
mia after head injury have been encouraging, a more recent 
phase III trial was not able to confirm the utility of hypother-
mia as a neuroproective strategy.54 This study, a randomized, 
multicenter trial, showed no difference in mortality between 
hypothermic and normothermic treatments, and that hypo-
thermic patients experienced more medical complications. 
However, a review of clinical trials of hypothermia in TBI has 
indicated its usefulness in the management of refractory intra-
cranial hypertension.55,56 It remains unclear whether there is 
a therapeutic window of opportunity for inducing protective 
post injury hypothermia. When induction of hypothermia 
is elected, meticulous care is necessary to avoid adverse side 
effects such as hypotension, cardiac arrhythmias, coagulopa-
thies, and infections. Rewarming should be carried out slowly 
over 24 hours to prevent rebound cerebral edema.56 In this 
population, there is no doubt that hyperthermia is strongly 
associated with poor outcome.56

CRITICAL CARE

In the critical care unit, the main objectives are to improve 
recovery from primary brain injury by preventing secondary 
injury and maintaining cerebral homeostasis. This requires 
provision of optimal systemic support for cerebral energy me-
tabolism and adequate CPP, and normalizing of ICP for the 
injured brain. Prompt recognition and treatment of systemic 
complications that contribute to secondary injury are essential 
to management of the head-injured patient.57

Cerebral Monitoring
A variety of cerebral monitoring techniques have been shown 
to be increasingly useful in the management of secondary 
brain injury and the examination of an individual’s response 
to therapeutic interventions.58,59 Of these, ICP and CPP mon-
itoring have become a cornerstone in neurocritical care. 
Substantial evidence has been collected indicating that ICP 
monitoring and management is associated with improved out-
comes.60 Current guidelines for ICP management include level 
II recommendations that ICP greater than 20 mmHg should be 
treated. 5 However, a randomized controlled trial conducted in 
Bolivia and Ecuador found that care focused on maintaining 
intraparenchymal ICP less than 20 mmHg was not superior to 
care based on imaging and clinical examination. Six-month 
mortality and median ICU length of stay were comparable be-
tween the two groups.61 Nevertheless, the authors of the study 
do not argue against the use of ICP monitors. It also remains 
unclear whether these findings can be generalized to wealthier 
countries, where there are superior pre-hospital care and reha-
bilitation services available.34

CPP is an approximate for cerebral blood flow and through 
adjustments in systemic blood pressure and ICP, may be opti-
mized to theoretically avoid cerebral ischemia and meet met-
abolic needs of the injured brain. Currently, the Brain Trauma 
Foundation level II recommendations for CPP target lies 
within the range of 50–70 mmHg. Although some recent stud-
ies have proposed a CPP threshold greater than 70 mmHg, a 
larger body of evidence has not shown that a higher threshold 
is associated with improved patient outcome, but has demon-
strated that it is linked to serious systemic complications. This 
includes a five-fold increase in risk of acute respiratory distress 
syndrome (ARDS) and possible worsening cerebral edema.62,63 

The evidence from current literature does not support a single 
CPP threshold generalizable to all TBI cases. This underscores  
the importance of multimodal cerebral monitoring in de-
termining an “optimal” CPP that is patient-, time-, and 
pathology-specific.64 These multimodal cerebral monitors in-
clude measures of brain oxygenation (i.e., jugular venous ox-
imetry, brain tissue oxygen tension), cerebral autoregulation, 
cerebral microdialysis, and continuous electroencephalo-
gram.64 There is controversy concerning the best management 
protocol for improving outcome in patients with TBI. Most 
likely, management based on individualized assessment and 
a multi-targeted approach to provide therapy and reduce the 
risk of iatrogenic injuries would benefit TBI patients.

Refractory Intracranial Hypertension
Hypertonic saline therapy may be more effective than other 
diuretics in certain clinical conditions. Examples include pa-
tients with refractory intracranial hypertension, and those 
who require maintenance of intravascular volume.65,66 Two 
recent meta-analyses suggest that hypertonic saline is more 
effective than mannitol in the treatment of increased ICP.67,68 
Both analyses, however, did not include a study by Sakellaridis 
et al. which found no differences in the reduction of ICP nor 
duration of action when comparing mannitol to hypertonic 
saline of similar osmotic load.69 Therefore, a larger multicenter 
randomized trial is still needed to establish the first-line med-
ical therapy for intracranial hypertension and to determine 
dose–response curves and the safety and efficacy of these 
solutions. With long-term use of hypertonic sodium, there is 
concern about the physiologic implications of elevated serum 
sodium values, such as a depressed level of consciousness and 
seizures.

Decompressive craniectomy is an advanced treatment op-
tion for ICP control in patients with diffuse brain swelling re-
fractory to maximal medical management. It decreases ICP by 
reducing volume constraints on the cranial contents. A wide bi-
lateral frontotemporal craniectomy, duratomy, and duraplasty 
may be performed. Although decompressive craniectomy de-
creases ICP, it may not improve neurologic outcome and re-
mains controversial. The DECRA Trial: Early Decompressive 
Craniectomy in Patients With Severe Traumatic Brain Injury 
in Australia showed a significantly worse outcome at 6 months 
in patients who underwent bifrontotemporoparietal decom-
pressive craniectomy than those with maximal medical treat-
ment.70 Currently ongoing, the Randomised Evaluation of 
Surgery with Craniectomy for Uncontrollable Elevation of in-
tracranial pressure  (RESCUEicp) is a study with different se-
lection criteria for craniectomy. RESCUEicp includes patients 
with mass lesions, unilateral or bilateral decompressive cran-
cienctomy, and uses a higher ICP threshold for decompressive 
craniectomy than the DECRA trial.71 Pending the findings of 
this study, the indications for and timing of decompressive 
craniectomy in the treatment of refractory intracranial hyper-
tension may be clarified.

Post-traumatic Seizure
The incidence of post-traumatic seizures (PTS) varies between 
10% and 30% after severe TBI and up to 50% in penetrating 
TBI.5 PTS occurring within the first 7 days of brain injury are 
classified as early and those occurring after 7 days are known 
as late. PTS may lead to cerebral metabolic derangements, in-
creases in ICP, and worsening secondary brain injuries. Thus, 
prevention and prompt treatment is essential in the manage-
ment of TBI. Incidence of early PTS has been shown to de-
crease with the use of phenytoin (gold standard). Another 
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prevention of early PTS with a lower risk profile; however, it 
is currently not recommended as first-line therapy, given the 
need for further studies.72 Prophylactic anticonvulsants are not 
recommended in the prevention of late PTS because evidence 
has not shown a reduction in incidence of late PTS.5 Late PTS 
should be treated as new onset seizures.

Systemic Sequelae
The systemic effects of head injury are diverse and can com-
plicate management. They include cardiopulmonary problems 
(airway obstruction, hypoxemia, shock, acute respiratory dis-
tress syndrome, neurogenic pulmonary edema, electrocar-
diographic changes), hematologic problems (disseminated 
intravascular coagulation), endocrine problems (pituitary 
dysfunction, e.g., diabetes insipidus, syndrome of inappro-
priate antidiuretic hormone secretion), metabolic problems 
(nonketotic hyperosmolar hyperglycemic coma), and gastro-
intestinal problems (stress ulcers, hemorrhage).

Aspiration pneumonia, fluid overload, and trauma-related 
acute respiratory distress syndrome are common causes of 
pulmonary dysfunction in head-injured patients. A fulminant 
pulmonary edema may also occur. Neurogenic pulmonary 
edema is characterized by marked pulmonary vascular con-
gestion, intra-alveolar hemorrhage, and a protein-rich edema 
fluid. Specific features of this syndrome are its rapid onset, its 
relationship to hypothalamic lesions, and the ability to prevent 
or attenuate it by α-blockers and central nervous system de-
pressants. Neurogenic pulmonary edema is thought to result 
from a massive sympathetic discharge from the injured brain 
secondary to intracranial hypertension. Traditional therapy 
for pulmonary edema of cardiac origin is ineffective, and the 
outcome is often fatal. Therapy consists of immediate pharma-
cologic or surgical relief of intracranial hypertension, support-
ive respiratory care, and careful fluid management.

Anterior pituitary insufficiency after head injury is a rare 
occurrence. However, patients exhibiting post-traumatic 
diabetes insipidus may have a delayed impairment of an-
terior pituitary hormones, requiring replacement therapy. 
Posterior pituitary dysfunction occurs more frequently after 
head trauma. Diabetes insipidus may occur after craniofa-
cial trauma and basal skull fracture. Its clinical presentation 
involves polyuria, polydipsia, hypernatremia, high serum 
osmolality, and dilute urine. Commonly, post-traumatic dia-
betes insipidus is transient, and treatment is based on water 
replacement. If the patient cannot maintain fluid balance, 
exogenous vasopressin may be administered. The syndrome 
of inappropriate antidiuretic hormone secretion (SIADH) is 
associated with euvolumic or hypervolemic hyponatremia, se-
rum and extracellular fluid hypo-osmolality, renal excretion of 
sodium, urine osmolality greater than serum osmolality, and 
normal renal and adrenal function. The patient has symptoms 
and signs of water intoxication (anorexia, nausea, vomiting, ir-
ritability, personality changes, and neurologic abnormalities). 
This syndrome usually begins 3–15 days after trauma, lasting 
no more than 10–15 days with appropriate therapy. Treatment 
includes water restriction with or without hypertonic saline. 
Cerebral salt wasting syndrome, while less common than 
SIADH, is characterized by hypovolemic hyponatremia with 
signs and symptoms of dehydration, serum hypo-osmalality, 
and a primary renal loss of sodium. Treatment involves ade-
quate volume resuscitation and repletion of sodium slowly so 
as to avoid central pontine myelinolysis.

Many factors in neurosurgical patients predispose to non-
ketotic hyperosmolar hyperglycemic coma, such as steroids, 

prolonged mannitol therapy, hyperosmolar tube feedings, 
phenytoin, and limited water replacement. Diagnostic criteria 
for nonketotic hyperosmolar hyperglycemic coma are hyper-
glycemia, glucosuria, absence of ketosis, plasma osmolality 
greater than 330 mOsm/kg, dehydration, and central nervous 
system dysfunction. Hypovolemia and hypertonicity are the 
immediate threats to life. Serum sodium levels may be high, 
normal, or low, depending on the state of hydration. The se-
rum potassium level is low. Serial laboratory tests are essen-
tial. Once sodium deficits are replaced and blood pressure and 
urine output are stable, water deficits are replaced with 0.45% 
saline. Hyperglycemia, which worsens secondary cerebral 
ischemia, should be treated with a “moderate” target range of 
144–180 mg/dL, to avoid cerebral hypoglycemia.52 Continuous 
insulin infusions, starting at a low dose, are preferable to in-
sulin bolus in order to minimize large changes in glycemic 
levels.73

Coagulopathy
Traumatic brain injury, in the absence of extracranial injury, 
has been associated with hemostatic derangements, both hy-
pocoagulable and hypercoagulable states. The incidence of 
TBI-related coagulopathy has been estimated at 20–35% for 
patients upon admission and nearly doubles within 72 hours 
post trauma.74,75 Early detection and hemostatic monitoring 
have been reported to minimize secondary brain injury and 
improve patient outcome. In addition to PT, aPPT, INR, and 
platelet values, newer laboratory studies including rotational 
thromboelastometry or thromboelastography have shown 
promise in the detection and guidance of therapy.76 The Brain 
Trauma Foundation’s guidelines currently do not include 
recommendations for coagulopathy other than deep venous 
thrombosis prophylaxis.

The Clinical Randomization of an Antifibrinolytic in 
Significant Hemorrhage (CRASH-2) trial assessed the effects 
of tranexamic acid (TXA) in reducing hemorrhage in trauma 
patients. A subgroup analysis, randomized control trial within 
the study, known as CRASH-2 Intracranial Bleeding Study, 
examined the effects of TXA on intracranial hemorrhage 
in TBI.77 This study found that, although “neither moder-
ate benefits nor moderate harmful effects can be excluded,” 
early administration (within 3 hours of initial injury) might 
still improve outcome after TBI.77 The CRASH-2 Intracranial 
Bleeding Study may be limited by the cofounding variable of 
extracranial hemorrhage in the study population. The effects 
of TXA may differ in cases with isolated TBI, which is cur-
rently being investigated by the ongoing CRASH-3 trial.78

SUMMARY

Guidelines for the management of patients with severe TBI 
were published by the Brain Trauma Foundation in 1996.2 
Revisions to the guidelines were published in 2000 in a doc-
ument that discusses various management protocols and 
treatments in light of supporting evidence.3 Management up-
dates are being published on the World Wide Web as new in-
formation is made available and the guidelines are revised.5 
Publication of these recommendations, guidelines, and stan-
dards by the Brain Trauma Foundation reflects an ongoing ef-
fort to improve outcome in this high-risk population through 
evidence-based management and standardized care.

However, several management recommendations are based 
only on level II or III evidence, and not all recommendations, 
when implemented, have improved outcome. Therefore, to 
address these unresolved clinical concerns, large multicenter 
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randomized trials are under way or being planned. There is 
no doubt that the growing awareness of perioperative risk and 
prevention of secondary injury in this population from the 
time of injury through critical care has the potential to im-
prove outcome. The challenge is to reduce both mortality and 
disability in this vulnerable patient population.
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Neurosurgical lesions in infants and children have distinct 
manifestations and management issues. Age-related dif-
ferences in the surgical lesions, anatomy and physiological 
responses to surgery and anesthesia underlie the clinically 
relevant differences between pediatric patients and their 
adult counterparts. Technical advances in neurosurgery and 
subspecialization in pediatric neurosurgery, anesthesiology 
and critical care have dramatically improved the outcome 
in pediatric patients with surgical lesions of the central ner-
vous system (CNS).1 The perioperative management should 
be based on the developmental stage of the patient with the 
caveat that neonates may be vulnerable to iatrogenic CNS 
injury.2 The aim of this chapter is to highlight these age- 
dependent differences and their effects on the management 
of the pediatric neurosurgical patient during the periopera-
tive period.

DEVELOPMENTAL 
CONSIDERATIONS

Differences in cerebrovascular physiology and cranial bone 
development distinguish infants and children from adults. 
Cerebral blood flow (CBF) is coupled tightly to metabolic 

demand, and both increase proportionally immediately after 
birth. CBF varies with the age of the patient. Computed to-
mography perfusion scans show that CBF peaks between 2 
and 4 years and settles at 7–8 years (Fig. 20.1).3 These changes 
mirror those in neuroanatomical development. The idealized 
autoregulatory range of blood pressure in a normal newborn 
is between 20 and 60 mmHg, which reflects the relatively low 
cerebral metabolic requirements and blood pressure during 
the perinatal period. More importantly, the slope of the auto-
regulatory curve drops and rises significantly at the lower and 
upper limits of the curve, respectively (Fig. 20.2).

Cerebral autoregulation is intact in healthy full-term neo-
nates.4 However, critically ill premature neonates have a linear 
correlation between CBF and systemic blood pressure.5 This 
pattern of CBF pressure-passivity occurs in premature neo-
nates with low gestational age and birth weight, and systemic 
hypotension. It should be noted that systolic arterial blood 
pressure is a poor surrogate of cerebral perfusion pressure 
in premature infants. An assessment of the diastolic blood 
pressure and CBF velocity may be a better marker of cerebral 
perfusion pressure in this population.6 Therefore, tight blood 
pressure control is essential in the management of neonates 
to minimize both cerebral ischemia and intraventricular 
hemorrhage.

20Pediatric Neuroanesthesia  
and Critical Care
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Fig. 20.1  Age-related evolution of global average regional cerebral blood flow (rCBF) values. (From Wintermark M, Lepori D, Cotting J, et al: Brain 
perfusion in children: evolution with age assessed by quantitative perfusion computed tomography. Pediatrics 2004;113:1642–1652.)
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Transcranial Doppler studies demonstrated that the lower 
limit of cerebral autoregulation was equivalent among older 
and younger children.7 These observations suggest that chil-
dren younger than 2  years may have lower autoregulatory 
reserve because of their relatively low baseline mean arterial 
pressures and may be at greater risk of cerebral ischemia. 
Multimodal analysis of cerebral perfusion in infants and 
children undergoing cardiopulmonary bypass surgery reveal 
a wide range of lower limits of autoregulation.8 This observa-
tion demonstrates variability in pediatric patients and high-
lights the limitations of current monitors to optimize cerebral 
perfusion.9

Adults and infants differ in the percentage of cardiac out-
put directed to the brain. CBF is 10–20% of the cardiac output 
during the first 6 months and peaks at 55% between the sec-
ond and fourth years.3 CBF settles to the adult levels of 15% 
by 7–8 years. The head of the infant and child also accounts 
for a large percentage of the body surface area and blood vol-
ume (Fig. 20.3). This feature places the young child at risk for 
significant hemodynamic instability during neurosurgical 
procedures.

The infant cranial vault is also in a state of flux. Open 
fontanels and cranial sutures result in a compliant intracra-
nial space (Fig. 20.4). The mass effect of a slow-growing tu-
mor or insidious hemorrhage is often masked in an infant 
by a compensatory distended fontanel and widening of the 
cranial sutures. However, acute increases in cranial volume 
due to massive hemorrhage or an obstructed ventricular 

system cannot be attenuated by expansion of the immature 
cranial vault and often result in life-threatening intracranial 
hypertension.

Neonates and infants have functionally immature organ 
systems. The neonatal renal system is characterized by a de-
creased glomerular filtration rate and concentrating ability. 
These changes result in diminished excretion of saline and 
water, and limit the neonate’s ability to compensate for fluctu-
ations in fluid and solute loads. Drugs that are renally excreted 
may have a prolonged half-life. Hepatic function is also dimin-
ished in neonates, and the metabolism of drugs may be delayed 
owing to decreased activity of hepatic enzymes. Total body 
water drops from 85% in premature infants to 65% in adults, 
whereas body fat content increases from less than 1% in pre-
mature infants to 15% in term infants and 35% in adults. The 
total protein level follows a similar trend. Therefore, hydro-
philic drugs have more binding sites, and hydrophobic drugs 
fewer, in infants. The constellation of these factors should 
prompt the clinician generally to decrease the weight-adjusted 
dose and frequency of administration of drugs given to the 
newborn.

PREOPERATIVE EVALUATION  
AND PREPARATION

Given the systemic effects of general anesthesia and the physi-
ologic stress of surgery, an organ system review is essential for 
identifying coexisting disease, and anticipating potential phys-
iologic derangements that increase the risk of perioperative 
complications. General perioperative concerns in infants and 
children are listed in Table 20.1. Preoperative laboratory tests 
should be tailored to the proposed neurosurgical procedure. 
Given the risk of significant blood loss associated with surgery, 

Adults

Neonates

Blood pressure

C
B

F

Fig. 20.2  Autoregulation of cerebral blood flow (CBF) in children. The 
slope of the autoregulatory curve drops and rises significantly at the 
lower and upper limits of the curve, respectively, and is shifted to the 
left in the neonate and small child.

Newborn 2 y 6 y 12 y 25 y

Fig. 20.3  The head size and surface area is proportionately greater in 
infants than in adults. y, years.
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Fig. 20.4  Effect of cranial sutures and fontanel in neonates and 
infants. A, The open fontanelles and cranial sutures permit slow 
expansion of the intracranial volume. B, Initially the compliant skull 
of the neonate minimizes insidious increases in intracranial volume. 
However, acute increases in intracranial volume (hemorrhage and 
obstructed ventriculoperitoneal shunt) lead to rapid rises in intracranial 
pressure (ICP). CSF, cerebrospinal fluid.
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the hematocrit, prothrombin time, and partial thromboplastin 
time should be measured to uncover any insidious hemato-
logic disorder. Patients with suprasellar pathology should un-
dergo an endocrinology evaluation. Table 20.2 matches special 
concerns in pediatric patients with neurologic problems.

Closed-claim analysis studies have revealed that neo-
nates and infants are at higher risk for perioperative morbid-
ity and mortality than other age groups.10,11 Respiratory and 
cardiac-related events account for a majority of these com-
plications. Given the urgent nature of many pediatric neuro-
surgical procedures, a thorough preoperative evaluation may 
be difficult. A complete airway examination is essential, since 
some craniofacial anomalies may require specialized tech-
niques to secure the airway. Congenital heart disease may not 
be apparent immediately after birth and may complicate the 
perioperative course of the neonate undergoing an emergency 
neurosurgical procedure. Therefore, echocardiography can 
be helpful in the assessment of the heart, especially in the ne-
onate, and a pediatric cardiologist should evaluate a patient 
with suspected cardiac problems in order to optimize cardiac 
function prior to surgery.

Perioperative anxiety plays a significant role in the care of 
the pediatric neurosurgical patient. These issues are related to 
the cognitive development and age of the child (Table 20.3). 
Preoperative sedatives given prior to the induction of anes-
thesia can ease the transition from the preoperative holding 
area to the operating room.12 Midazolam administered orally 
is particularly effective in relieving anxiety and producing am-
nesia. If an indwelling intravenous catheter is in place, midaz-
olam can be slowly titrated to achieve sedation.

Preoperative fasting regimens have dramatically evolved 
over the years and vary according to local preferences. The 
purpose of limiting oral intake is to minimize the risk of pul-
monary aspiration of gastric contents. However, prolonged 
fasting periods can potentially result in both hypovolemia and 
hypoglycemia, which in turn can lead to hemodynamic and 
metabolic instability during anesthesia. Although the scien-
tific validity of many recommendations has not been investi-
gated, a common guideline is provided in Table 20.4.

INTRAOPERATIVE MANAGEMENT

Induction of Anesthesia
The patient’s preoperative status dictates the appropriate tech-
nique and drugs for induction of anesthesia. General anesthesia 
can be induced with sevoflurane and nitrous oxide with oxy-
gen. A nondepolarizing muscle relaxant is then administered 
after intravenous (IV) access has been established to facilitate 
intubation of the trachea. If the patient already has an IV cath-
eter, anesthesia can be induced with a sedative-hypnotic drug 
such as propofol (2–4 mg/kg). It should be noted that neonates 
are vulnerable to propofol-induced hypotension that can per-
sist for 30 minutes, especially when there is no surgical stim-
ulation.13 Patients who are vomiting or have recently ingested 
food or fluids are at risk for aspiration pneumonitis and so 
should undergo rapid-sequence induction of anesthesia with 
propofol, followed immediately with a rapid-acting muscle 
relaxant and cricoid pressure.

Condition Anesthetic Implications

Congenital heart disease Hypoxia, arrhythmias, and 
cardiovascular instability; 
paradoxical air emboli

Prematurity Postoperative apnea

Gastrointestinal reflux Aspiration pneumonia

Upper respiratory tract infection Laryngospasm, bronchospasm, 
hypoxia, pneumonia

Craniofacial abnormality Difficulty with airway 
management

Table 20.1  �General Perioperative Concerns in Infants 
and Children

Condition Anesthetic Implications

Denervation injuries Hyperkalemia after 
succinylcholine
Resistance to nondepolarizing 
muscle relaxants, abnormal 
response to nerve stimulation

Long-term anticonvulsant 
therapy

Hepatic and hematologic 
abnormalities
Increased metabolism of 
anesthetic agents

Arteriovenous malformation Potential congestive heart failure

Neuromuscular disease Malignant hyperthermia
Respiratory failure
Sudden cardiac death

Chiari malformation Apnea
Aspiration pneumonia

Hypothalamic or pituitary lesions Diabetes insipidus
Hypothyroidism
Adrenal insufficiency

Table 20.2  �Common Perioperative Concerns for  
Infants and Children with Coexisting 
Neurologic Diseases

Age Group Concerns

Infants (0–9 months) None; will separate easily from 
parents

Preschoolers (9 months–5 years) Stranger anxiety; difficulty with 
separation from parents

Grade schoolers (6–12 years) Fear of needles/pain

Adolescence (>12 years) Anxiety about surgery and 
self-image

Table 20.3  �Developmental Factors Affecting the 
Pediatric Patient in the Perioperative Period

Fasting Time (Hours) Substance to be Withheld

2 Clear liquids

4 Breast milk

6 Formula

8 Solid food

Table 20.4  �Common Fasting Guidelines For  
Pediatric Patients
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Developmental changes in airway anatomy have a significant 
effect on the management of the pediatric airway. The infant’s 
larynx is funnel-shaped, being narrowest at the level of the 
cricoid ring. This feature puts the infant at risk for subglot-
tic obstruction secondary to mucosal swelling after prolonged 
endotracheal intubation with a tight-fitting endotracheal tube. 
Cuffed endotracheal tubes can be used, but the cuff pressure 
should be checked frequently and adjusted to minimize tra-
cheal injury. Since the infant’s trachea is relatively short, an 
endotracheal tube can easily migrate into a mainstem bron-
chus when the head is flexed, as it will be for a suboccipital ap-
proach to the posterior fossa or the cervical spine (Fig. 20.5). 
Therefore, great care should be devoted to ensuring proper po-
sition of the endotracheal tube during tracheal intubation, and 
the anesthesiologist should auscultate both lung fields to rule 
out inadvertent intubation of a mainstem bronchus after final 
positioning of the patient. Nasotracheal tubes are best suited 
for the patient in the prone position, because they are easier 
to secure, less likely to kink at the base of the tongue when the 
head is a flexed and prevent pressure injury to the tongue.

Timing of tracheal extubation sometimes presents a chal-
lenge after neurosurgical procedures. Patients with Chiari 
malformation and brainstem surgery may exhibit intermittent 
postoperative apnea, vocal cord paralysis, or other irregular-
ities before resuming a stable respiratory pattern. Significant 
airway edema and postoperative obstruction can complicate 
prone procedures or operations involving significant blood 
losses and large volume replacement. Preexisting pulmonary 
dysfunction, as in infants with bronchopulmonary dysplasia 
or older children with neuromuscular disease, may force de-
lays in extubation because of respiratory insufficiency. In these 
cases, standard tracheal extubation criteria and the presence 
of an endotracheal tube air leak less than 20 cm H2O can as-
sist the clinician in appropriate decision-making. Lingual or 
supraglottic swelling can cause airway obstruction and can 
be diagnosed by direct laryngoscopy. When swelling is sig-
nificant, postoperative lung ventilation in the intensive care 
unit, head-up positioning and gentle forced diuresis lead to 
improved conditions within 24 hours.

Positioning
The diminutive size of the neonate or infant requires careful 
preoperative planning to allow adequate access to the patient 
for both the neurosurgeon and anesthesiologist (Table  20.5). 

Skull fixation with a Mayfield frame is standard practice in 
craniotomies and cervical spine surgery. However, infants 
and small children have thin skulls and are at increased risk 
for fractures and epidural hemorrhage.14 Therefore, age-
appropriate fixation pins and tensions should be utilized. The 
prone position is commonly used for posterior fossa and spinal 
cord surgery. Although the sitting position has been used less 
often in pediatric patients, it may be appropriate for obese pa-
tients, who may be difficult to ventilate in the prone position. 
In addition to the physiologic sequelae of the prone position, a 
whole spectrum of compression and stretch injuries has been 
reported. Padding under the chest and pelvis can support the 
torso. It is important to ensure free abdominal wall motion 
because greater intra-abdominal pressure can impair ventila-
tion, cause compression of the vena cava, and increase epidural 
venous pressure and bleeding. Soft rolls are generally used to 
elevate and support the lateral chest wall and hips to minimize 
the increases in abdominal and thoracic pressure. In addition, 
a Doppler probe can be applied to the chest without causing 
pressure sores.

Many neurosurgical procedures are performed with the 
head slightly elevated to facilitate venous and cerebrospinal 
fluid drainage from the surgical site. However, superior sag-
ittal sinus pressures decrease with increasing head elevation 
and increase the likelihood of venous air embolism (VAE). 
Extreme head flexion can cause brainstem compression in pa-
tients with posterior fossa pathology, such as a mass lesion or 
Chiari malformation. Furthermore, significant rotation of the 
head can compress the jugular vein, which in turn impedes ve-
nous return leading to impairment of cerebral perfusion and 
increases in ICP and venous bleeding.

Vascular Access
Optimal intravenous access is mandatory prior to the start of 
surgery because access to the infant and small child during 
neurosurgical procedures can be limited. Typically two large-
bore venous cannulas are sufficient for most craniotomies. 
Should initial attempts fail, central venous cannulation may 
be necessary. Cannulation of the femoral vein avoids the risk 
of pneumothorax associated with subclavian catheters and 
does not affect cerebral venous return. Furthermore, femoral 
catheters are more accessible during operations on the head. 

Neutral Flexion Extension

Mean tube
movement in

cm range

1.9
-0–3.1

1.9
-0.2–5.2

12±3 cm

3.8 cm

Fig. 20.5  Effect of head flexion and extension on endotracheal tube 
position. Note that flexion of the neck causes the endotracheal tube to 
migrate toward a mainstem bronchus, while neck extension can lead to 
dislodgement of the endotracheal tube from the trachea.

Position Physiologic Effect

Head elevated Enhanced cerebral venous drainage
 Decreased cerebral perfusion pressure 

(potential cerebral blood flow decrease)
 Increased venous pooling in lower 

extremities
 Postural hypotension

Head down Increased cerebral venous and intracranial 
pressure

 Decreased functional residual capacity 
(lung function)

 Decreased lung compliance

Prone Venous congestion of face, tongue,  
and neck

 Decreased lung compliance
 Increased abdominal pressure can lead to 

compression of the vena cava

Lateral decubitus Decreased compliance of down-side lung

Table 20.5  �Physiologic Effects of Positioning  
in All Patients
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Since significant blood loss and hemodynamic instability can 
occur during craniotomies, an arterial catheter would provide 
direct blood pressure monitoring and sampling for blood gas 
analysis.

Maintenance of Anesthesia
Sevoflurane is the principal anesthetic for induction of anes-
thesia in infants and children followed by opioid and low-dose 
(0.2–0.5%) isoflurane. The incidence of awareness under anes-
thesia has been reported to be 0.8% in children, a value higher 
than in adults.15 Deep neuromuscular blockade with a non-
depolarizing muscle relaxant is maintained to avoid patient 
movement and minimize the amounts of anesthetic agents 
needed. Patients who have undergone long-term anticonvul-
sant therapy will require larger doses of muscle relaxants and 
narcotics because of the enzymatic metabolism induced by 
these agents (Fig. 20.6).16 Muscle relaxants should be withheld 
or their effects permitted to wear off when assessment of mo-
tor function during neurosurgery is planned.

Anesthetic-induced developmental neurotoxicity has been 
fully substantiated in preclinical reports, but the retrospec-
tive clinical studies have been inconclusive.17 It is well known 
that extremely and very low-birth-weight survivors have poor 
neurological and cognitive outcomes.18 Cerebral injury due to 
cerebral hypoperfusion, metabolic derangements, coexisting 
disease and surgery have the potential to worsen neurological 
outcomes in neonates and infants.19 Therefore, intraoperative 
hypotension, hypocarbia, oxygenation, glycemia and tempera-
ture control should be aggressively managed in these vulner-
able patients.2

Intraoperative Fluid and Electrolyte 
Management
Hemodynamic stability during intracranial surgery requires 
careful maintenance of intravascular volume and electrolytes. 
Sudden blood loss or venous air embolus can rapidly deteri-
orate to cardiovascular collapse. Therefore, normovolemia 
should be maintained throughout the procedure. Estimation 
of the patient’s blood volume is essential in determining the 
amount of allowable blood loss and the time to transfuse 
blood. Blood volume depends on the age and size of the pa-
tient, as delineated in Table 20.6. Normal saline is commonly 
used as the maintenance fluid during neurosurgery because it 
is mildly hyperosmolar and should minimize cerebral edema. 

However, rapid infusion of large quantities of normal saline 
(>60 mL/kg) can be associated with hyperchloremic acido-
sis.20 Given the relatively large blood volume of the neonate or 
infant, the maintenance rate of fluid administration depends 
on the weight of the patient (Table 20.7). Significant blood loss 
is likely in most craniotomies in infants and children, so the 
maximum allowable blood loss should be determined in ad-
vance so the anesthesiologist will know when blood should be 
transfused to the patient. However, there are no guidelines for 
threshold in transfusing blood and the decision to transfuse 
should be dictated by the type of surgery, underlying medi-
cal condition of the patient, and potential for additional blood 
loss, both intraoperative and postoperative. Hematocrit values 
of 21–25% should provide some impetus for blood transfusion. 
Packed red blood cells (10 mL/kg) will raise the hematocrit by 
10%. Initially, blood losses should be replaced with 3 mL of 
normal saline for each 1 mL of lost blood or a colloid solu-
tion, such as 5% albumin, equal to the blood loss. Depending 
on the extent and length of the surgical procedure and expo-
sure of vascular beds, additional fluid administration at 3–10  
mL/kg/h may be necessary.

Pediatric patients, particularly infants, are at particular risk 
for hypoglycemia. Small premature infants, who have limited 
reserves of glycogen and limited gluconeogenesis, require con-
tinuous infusions of glucose at 5–6 mg/kg/min to maintain se-
rum levels. Surgery elicits a stress response, and children are 
generally able to maintain normal serum glucose levels with-
out exogenous glucose administration.21 Since inadvertent 
hypoglycemia occurs in fasted infants and children, frequent 
glucose measurements are recommended. Limited evidence 
now suggests that tight glycemic control may reduce postoper-
ative infections but still carry undue risk of hypoglycemia.22,23

Brain edema can be managed initially with hyperventila-
tion and elevation of the head above the heart. Should these 
maneuvers fail, mannitol can be given at a dose of 0.25–1.0  
g/kg IV. This agent will transiently alter cerebral hemodynam-
ics and raise serum osmolality by 10–20 mOsm/kg.24 However, 
repeated dosing of mannitol can lead to extreme hyperosmo-
lality, renal failure, and further brain edema.25 Furosemide is a 
useful adjunct to mannitol for decreasing acute cerebral edema 
and has been shown in vitro to prevent the rebound swelling 
due to mannitol. All diuretics interfere with the ability to use 
urine output as a guide to intravascular volume status.
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Fig. 20.6  Effect of long-term therapy with anticonvulsants 
(phenytoin, carbamazepine) on the half-life of the muscle relaxant 
vecuronium. Vecuronium plasma concentrations are plotted against 
time after a single bolus dose of vecuronium (0.15 mg/kg). Mean ± SD 
values are plotted for groups taking both anticonvulsants and the 
control group.

Age
Estimated Blood Volume 
(mL/kg)

Preterm neonate 100

Full-term neonate 90

≤1 year 80

1–12 years 75

Adolescents and adults 70

Table 20.6  Estimated Blood Volume in Children

Weight (kg) Rate

≤10 4 mL/kg/h

10–20 40 mL + 2 mL/kg/h for every kg over 10 kg

≥20 60 mL + 1 mL/kg/h for every kg over 20 kg

Table 20.7  Rate of Maintenance Fluid Administration
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Hemodynamic Monitoring
Patients undergoing major craniotomies and spine surgery 
are at risk of sudden hemodynamic instability due to hemor-
rhage, VAE, herniation syndromes, or manipulation of cranial 
nerves. The potential for cerebral hypoperfusion generally 
warrants placement of an arterial cannula for continuous 
blood pressure monitoring. The utility of central venous cathe-
terization remains controversial. Cannulation of the jugular or 
subclavian vein with multiple-orifice catheters in adults is of-
ten preferred, particularly when VAE is anticipated. However, 
these multiple-orifice catheters are too large for infants and 
most small children, and are not used in pediatric settings. 
Furthermore, monitoring of the central venous pressure may 
not accurately reflect intravascular volume in small children.26 
Therefore, the risks of a central venous catheter may outweigh 
its benefits. Even when VAE occurs, a single-orifice catheter is 
not often successful for aspirating air, presumably because of 
the high resistance of the small-gauge catheters used in these 
patients.27

Venous air emboli have been detected during many crani-
otomies in infants and children, primarily because the head 
of a small child is large in relation to the rest of the body and 
rests above the heart in either the prone or supine position 
(Fig. 20.7). Standard neurosurgical positioning often includes 
elevation of the patient’s head to optimize cerebral venous 

drainage. However, this maneuver can increase the risk for 
air entrainment into the venous system through open venous 
channels in bone and sinuses. Patients with cardiac defects 
and the potential for right-to-left shunting, such as patent 
foramen ovale and patent ductus arteriosus, are at risk for 
paradoxical air emboli, leading to cerebral and myocardial in-
farction. A precordial Doppler ultrasound device can detect 
minute VAE and should be routinely used in conjunction with 
an end-tidal carbon dioxide analyzer and arterial catheter in 
all craniotomies in order to detect VAE early, before signif-
icant hemodynamic instability develops. The Doppler probe 
is best positioned on the anterior chest, usually just over or 
to the right of the sternum at the fourth intercostal space (i.e., 
the nipple line). An alternative site on the posterior thorax can 
be used in infants in the prone position who weigh approxi-
mately 6 kg or less.28 In addition to the characteristic changes 
in Doppler sounds, sudden decreases in end-tidal CO2, dys-
rhythmias, ischemic changes in the electrocardiogram, or a 
combination of these, can occur with VAE.

Neurophysiologic Monitoring
Advances in neurophysiologic monitoring have enhanced 
the ability to safely perform more definitive neurosurgical 
resections in functional areas of the brain and spinal cord.29 
However, the depressant effects of many anesthetic agents 
limit the utility of these monitors. A major part of preoper-
ative planning should include a thorough discussion of the 
modality and type of neurophysiologic monitoring during the 
perioperative period.

Detection of Seizure Foci
Electrocorticography (ECoG) is typically recorded contin-
uously on a polygraph via grid and strip electrodes placed 
on the surface of the brain after the dura is opened. Some 
epileptogenic foci are in close proximity to cortical areas 
controlling speech, memory, motor, or sensory function, so 
monitoring of the patient and electrophysiological responses 
is frequently utilized to minimize iatrogenic injury to these ar-
eas.30,31 Cortical stimulation of the motor strip in a child under 
general anesthesia requires either electromyography (EMG) 
or direct visualization of muscle movement. Neuromuscular 
blockade should be discontinued. Cortical stimulation using a 
dual-channel stimulator is possible. Epileptogenic activity may 
be evident from either clearly documented electrographic sei-
zures or spike activity, which consists of either interictal spikes 
of 50–80 msec or sharp waves of 80–200 msec. During anes-
thesia, the use of low concentrations of volatile anesthetics and 
opioids alone should not depress these signals.

Awake Craniotomy
Surgical resections of epileptogenic foci in functional areas of 
the brain can lead to significant neurologic deficits in patients 
under general anesthesia. Neural function is always best as-
sessed in an awake and cooperative patient. Positioning of the 
patient is critical for the success of this technique. The patient 
should be in a semilateral position to allow patient comfort 
as well as providing surgical and airway access (Fig.  20.8). 
Motor and sensory cortices are localized by induction of mo-
tor movements or sensory changes with cortical stimulation. 
Language function is tested by eliciting speech arrest with cor-
tical stimulation. Verbal memory is tested by stimulating the 
hippocampus or lateral temporal cortex. In children undergo-
ing craniotomy with local anesthesia and propofol, and fen-
tanyl for sedation and analgesia during resections in eloquent 
areas of the brain, discontinuing propofol 20 minutes before 
monitoring did not interfere with the ECoG and cooperative 

A

B

Fig. 20.7  Supine (A) and prone (B) positioning for an infant. Note 
that the infant’s head lies at a higher plane than the rest of the body. 
This feature increases the likelihood of venous air embolism during 
craniotomy.
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children older than 10 years were able to withstand the proce-
dure without incident.32 Sedation with remifentanil-propofol 
and dexmedetomidine can also be used in children. However, 
it is imperative that for an awake craniotomy the child must be 
mature and psychologically prepared to participate in this pro-
cedure. Therefore, patients who are developmentally delayed 
or have a severe anxiety or psychiatric disorders are not candi-
dates for an awake craniotomy. Very young patients cannot be 
expected to cooperate for these procedures and usually require 
general anesthesia with extensive neurophysiologic monitor-
ing to minimize inadvertent resection of the eloquent cortex.

Monitoring Spinal Cord and Nerve Root Integrity
Surgery on the spinal cord and nerve roots exposes the patient 
to ischemic and traumatic injury. The risk for the develop-
ment of a neural injury during the resection of a spinal cord 
or nerve root tumor can be difficult to assess, but can be ex-
acerbated by compression of the vascular supply of the cord 
and resection of the tumor itself. Similarly, brainstem surgery 
places vital nuclei and spinal pathways at risk of ischemia and 
direct damage. These factors justify the need for intraoperative 
neurologic monitoring.

Somatosensory Evoked Potentials
Somatosensory evoked potentials (SSEPs) primarily assess the 
integrity of the dorsal (sensory) pathways of the spinal cord. 
SSEP monitoring provides real-time examination of spinal 
tracts at risk during surgical manipulation of the spinal cord. 
SSEP monitoring in children undergoing orthopedic and neu-
rosurgical procedures appear to be more sensitive to the de-
pressant effects of general anesthesia. Cortical responses were 
less reliable in children younger than 10  years and in those 
with myelodysplasia or cerebral palsy. Although the SSEPs 
obtained from these patients demonstrated attenuated corti-
cal responses, relatively robust signals were recorded from the 
cervical spine.

Motor Evoked Potentials
Integrity of the corticospinal tracks can be accessed by the mo-
tor evoked potential, which uses magnetic or electrical stimu-
lation of the motor cortex and detection of the action potential 

in the corresponding muscle groups. All volatile anesthetic 
agents, including nitrous oxide, have a dose-dependent de-
pressant effect on motor evoked potentials. Ketamine, propo-
fol, or etomidate infusions appear to preserve the motor 
evoked potential and have been used routinely. Infants and 
small children require a greater stimulating threshold volt-
age and longer pulse trains in order to obtain adequate motor 
responses.33

Nerve Root Monitoring
Neurosurgical procedures for tethered spinal cord syndrome 
and spasticity often employ EMG monitoring during identifi-
cation and dissection of the nerve roots. Tethered spinal cord 
syndrome due to spinal dysraphism is associated with condi-
tions such as myelomeningocele, lipoma of the filum termi-
nalis, spina bifida occulta, and adhesions from prior spinal 
surgery. Visualization and identification of functional nerve 
roots may be difficult and may result in an inadvertent injury 
during the surgical dissection. EMG monitoring can be help-
ful for identifying functional nerve roots. Placement of the 
EMG electrodes in the external anal and urethral (in girls) 
sphincter allows continuous monitoring of the nerve roots 
supplying the pudendal nerves (S2–S4). Inserting a balloon 
manometer into the bladder and recording changes in pres-
sure during stimulation can assess detrusor muscle function. 
Movement and evoked action potentials of the anterior tibialis 
and sural muscles can also be detected visually and by EMG. 
Muscle contractions can be readily observed with the use of 
clear sterile plastic drapes. Muscle relaxation must be discon-
tinued to enable detection of motor activity. Volatile anesthet-
ics and opioids do not appear to interfere with muscle action 
potentials, and the patient should be deeply anesthetized for 
this monitoring because direct nerve root stimulation often 
elicits a significant sympathetic response and pain.

SPECIAL ISSUES

Neonatal Emergencies
Neonatal surgery is primarily performed on an emergency ba-
sis, thereby increasing morbidity in the perioperative period 
due to undiagnosed congenital anomalies and persistence of 
the transitional circulation in premature neonates. Congestive 
heart failure can occur in neonates with large cerebral arte-
riovenous malformations, and this condition requires aggres-
sive hemodynamic support. More commonly, intracardiac 
right to left shunting occurs through a patent ductus arteri-
osus or foramen ovale that has not yet closed. Management 
of the neonatal respiratory system may be difficult because of 
the diminutive size of the airway, craniofacial anomalies, la-
ryngotracheal lesions, and acute (hyaline membrane disease, 
retained amniotic fluid) or chronic (bronchopulmonary dys-
plasia) disease. Because these conditions are in a state of flux, 
they should be addressed preoperatively so as to minimize 
perioperative morbidity.

The neonatal central nervous system is capable of sensing 
pain and mounting a stress response after a surgical stimulus, 
and premature infants require anesthesia for painful proce-
dures.34 However, immature neonatal organ systems are highly 
sensitive to anesthetic agents. Neonatal myocardial function 
is particularly sensitive to both inhaled and intravenous an-
esthetics, and these agents must be administered judiciously 
to block the surgical stress response without causing myocar-
dial depression. An opioid-based anesthetic is generally the 
most stable hemodynamic technique for neonates. However, 
neonatal hepatic and renal systems are not fully developed, 

Fig. 20.8  Positioning the patient for an awake craniotomy. Note 
that there is clear access to the patient to facilitate neuropsychological 
testing.
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delayed emergence from anesthesia and may require postop-
erative mechanical ventilation.

Closure of a myelomeningocele or encephalocele presents 
special problems. Positioning the patient for tracheal intuba-
tion may rupture the membranes covering the spinal cord or 
brain. Careful padding of the lesion by elevation of the neo-
nate on top of soft supports with a hollow center minimizes 
the chance of rupture of the fragile membranes. In some cases 
intubation of the neonate’s trachea in the left lateral decubi-
tus position may be necessary. General anesthesia should be 
provided to optimize surgical condition and minimize pain. 
The use of spinal anesthesia for closure of small myelomenin-
goceles has been advocated by a highly specialized group who 
have integrated regional anesthesia in neonatal surgery,35 but 
this practice has not been universally accepted. Most surgical 
closures of simple myelomeningoceles have relatively minimal 
blood loss. Large lesions may require significant dissection of 
cutaneous tissue to cover the defect, however, posing larger 
risks for blood loss and hemodynamic instability. Advances 
in the management of myelomeningoceles have led to early 
intervention in the intrauterine period. The management of 
the fetus and mother during fetal surgery has been reviewed 
extensively elsewhere.36

Craniosynostosis
Surgical treatment of craniosynostosis is likely to have the best 
result if done early in life.37 However, the procedure can be 
associated with loss of a significant percentage of an infant’s 
blood volume, with greater losses occurring when more su-
tures are involved. VAE often occurs and should be minimized 
by maintenance of adequate intravascular blood volume. Early 
detection with continuous precordial Doppler ultrasonogra-
phy can enable treatment to be instituted before large amounts 
of air are entrained. When hemodynamic instability does oc-
cur, the operating table can be placed in the Trendelenburg 
position. This maneuver will augment the patient’s blood 
pressure and prevent further entrainment of intravascular air. 
Special risks exist in neonates and young infants, in whom po-
tential right-to-left cardiac mixing lesions can result in arterial 
emboli. Because neuroendoscopic techniques are designed to 
minimize surgical incision, dissection, and blood loss, less ag-
gressive fluid replacement and invasive hemodynamic moni-
toring is becoming the norm. The application of endoscopic 
techniques for craniosynostosis repair has resulted in signifi-
cantly less morbidity. Endoscopic strip craniectomy involves 
insertion of an endoscope through a small scalp incision and 
resection of the fused cranial sutures. This minimally invasive 
approach is associated with decreased blood loss, less surgical 
time, and improved postoperative recovery in neonates and 
infants.38 There is a lower incidence of VAE during endoscopic 
strip craniectomy in comparison with the open procedure.39 
However, this approach is indicated only for infants.

Hydrocephalus
Hydrocephalus is the most common condition confronting 
the pediatric neurosurgical team. Hemorrhage (intraventric-
ular or subarachnoid hemorrhage in the neonate), congenital 
problems (aqueductal stenosis) trauma, infection, or tumors 
(especially in the posterior fossa) lead to hydrocephalus. 
Anesthesia should be established with a rapid-sequence in-
duction technique and tracheal intubation with cricoid pres-
sure. If intravenous access cannot be established, an inhalation 
induction with sevoflurane and gentle cricoid pressure may 
be an alternative, though less desirable, method of induction. 

Unless the etiology of the hydrocephalus can be definitively 
treated, management entails surgical placement of a ventricu-
lar drain or ventriculoperitoneal shunt. Occasionally the distal 
end of the shunt must be placed in the right atrium or pleu-
ral cavity, usually because of inability of the peritoneal cavity 
to absorb cerebrospinal fluid. The possibility of VAE during 
placement of the distal end of a ventriculo-atrial shunt should 
always be kept in mind. Postoperatively, patients should be ob-
served carefully because altered mental status and recent peri-
toneal incision put them at high risk for pulmonary aspiration 
once feedings are begun. Acute obstruction of these shunts 
should be treated urgently to avoid a lethal rise in ICP in the 
relatively small cranial vault of the infant and child.

Endoscopic third ventriculostomy combined with choroid 
plexus cautery, which curtails the source of CSF production, 
is a viable and efficacious alternative to ventricular shunts.40 A 
fenestration is created on the floor of the third ventricle poste-
rior to the infundibular recess into order to restore CSF flow, 
thus circumventing the need for the placement of a ventricular 
shunt. Despite the relative safety of this procedure, bleeding, 
hypertension, arrhythmias and neurogenic pulmonary edema 
have been reported in conjunction with acute intracranial hy-
pertension due to lack of egress of irrigation fluids and/or ma-
nipulation of the floor of the third ventricle.

Tumors
The majority of intracranial tumors in children occur in the 
posterior fossa. These lesions create a mass effect, which ob-
structs cerebrospinal fluid flow leading to intracranial hyper-
tension and hydrocephalus. Most neurosurgeons approach this 
region with the child in the prone position. The patient’s head 
is generally secured with a Mayfield head frame, although pins 
used in small children can cause severe skin lacerations, skull 
fractures, dural tears, and intracranial hematomas.14 Elevation 
of the bone flap can result in sinus tears, massive blood loss, 
or VAE. Surgical resection of tumors in the posterior fossa 
can also lead to brainstem or cranial nerve damage. Table 20.8 
lists some of the signs of encroachment on these structures. 
Damage to the respiratory centers and cranial nerves can lead 
to apnea and airway obstruction after extubation of the pa-
tient’s trachea, necessitating close postoperative observation.

Craniopharyngiomas are the most common perisellar tu-
mors in children and adolescents, and may be associated with 
hypothalamic and pituitary dysfunction. Steroid replacement 
therapy (with dexamethasone or hydrocortisone) is generally 

Brainstem 
Area Signs

Changes Seen  
on Monitoring

Cranial  
nerve (CN) V

Hypertension, 
bradycardia

Arterial pressure, 
electrocardiography 
(ECG)

CN VII Facial muscle movement Electromyography

CN X Hypotension, 
bradycardia

Arterial pressure, 
ECG

Pons, medulla Arrhythmias, 
hypotension/
hypertension, 
tachycardia/bradycardia, 
irregular breathing 
pattern

ECG, arterial 
pressure, end-tidal 
carbon dioxide 
monitor

Table 20.8  Effect of Surgical Brainstem Manipulation
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administered because the integrity of the hypothalamic–
pituitary–adrenal axis may be uncertain. In addition, diabetes 
insipidus occurs preoperatively in some patients and the sub-
sequent hypovolemia and electrolyte abnormalities should be 
managed prior to induction of anesthesia. If diabetes insipidus 
does not exist preoperatively, it usually does not develop un-
til the postoperative period. However, the incidence of DI in 
adults is variable, but probably lies in the ~5–20% range after 
transphenoidal pituitary surgery.41 Most of this is transient, but 
may complicate the postoperative course of the patient. This is 
because there appears to be an adequate reserve of antidiuretic 
hormone in the posterior pituitary gland capable of function-
ing for many hours, even when the hypothalamic–pituitary 
stalk is damaged. Surgical exposure to the sella is performed 
between the frontal lobes in infants and young children, and 
transnasally in the adolescent. Although diabetes insipidus 
occurs primarily after surgery, serum electrolytes should be 
frequently measured to detect its development.

Epilepsy
Surgical treatment has become a viable option for infants 
and children with medically intractable epilepsy. Two major 
considerations should be kept in mind. First, long-term ad-
ministration of anticonvulsant drugs, such as phenytoin and 
carbamazepine, induces rapid metabolism and clearance of 
several classes of anesthetic agents, including neuromuscular 
blockers and opioids.16 Therefore, the anesthetic requirements 
for these drugs are increased. Second, general anesthetics can 
compromise the sensitivity of the intraoperative neurophysio-
logic monitors used to guide the resection of the epileptogenic 
focus. Furthermore, if cortical stimulation is used to mimic 
the seizure pattern or identify areas on the motor strip, neuro-
muscular blockade should be antagonized. Implantable ECoG 
leads, grids and strips, are placed on the cortical surface in or-
der to detect and localize the seizure focus.

After emergence from anesthesia, patients undergoing ep-
ilepsy surgery are typically monitored in a specialized EEG 
unit, and the seizure focus is mapped out. A second crani-
otomy is necessary for the removal of ECoG grids and strips 
used for invasive EEG monitoring and subsequent resection 
of the seizure focus. It is important to avoid administration of 
nitrous oxide until the dura is opened, because intracranial air 
can persist up to 3 weeks after a craniotomy, and nitrous oxide 
can cause rapid expansion of air cavities and result in tension 
pneumocephalus.42

Vascular Anomalies
Vascular anomalies are rare in infants and children. Most of 
these conditions are congenital lesions that manifest early 
in life. Large cerebral arteriovenous shunts in neonates may 
require ionotropic support to counter the progressive high-
output congestive heart failure that often coexists with these 
lesions. They are usually vein of Galen malformations, but 
are sometimes true pial arteriovenous malformations. Initial 
treatment of a high-flow fistula often consists of intravascu-
lar embolization in the radiologic suite.43 Surgical resection 
of these vascular lesions is associated with massive blood loss 
and requires several IV access sites, as well as invasive hemo-
dynamic monitoring. Acute interruption of any sort of intra-
cranial fistula or shunt may lead to dramatic hemodynamic 
changes, including sudden hypertension with hyperemic ce-
rebral edema. Vasodilators such as labetalol and nitroprusside 
may be necessary to control a hypertensive crisis.

Moyamoya syndrome is a rare chronic vaso-occlusive dis-
order of the internal carotid arteries that manifests as transient 

ischemic attacks, recurrent strokes, or both in childhood. The 
etiology is unknown, but the syndrome can be associated with 
prior intracranial irradiation, neurofibromatosis, Down syn-
drome, and a variety of hematologic disorders. The anesthetic 
management of patients with this syndrome is directed at op-
timizing cerebral perfusion.44 It includes ensuring generous 
preoperative hydration and maintaining the blood pressure 
within the patient’s preoperative levels. Maintenance of nor-
mocapnia is essential as well, because hypercapnia can lead to 
steal phenomenon from the ischemic region and further aggra-
vate cerebral ischemia, although the pathophysiology of “steal” 
is largely speculative. Hypocapnia-induced vasoconstriction 
can significantly reduce CBF in the compromised region of 
the brain. Intraoperative EEG monitoring may be utilized 
during surgery to detect cerebral ischemia. An opioid-based 
anesthetic technique provides a stable level of anesthesia for 
the patient with moyamoya syndrome and is compatible with 
intraoperative EEG monitoring.45 Once the patient emerges 
from anesthesia, the same maneuvers that optimize cerebral 
perfusion should be extended into the postoperative period. 
The patient should receive IV fluids to maintain adequate ce-
rebral perfusion and should be given adequate narcotics to 
avoid hyperventilation induced by pain and crying.

Trauma
Pediatric head trauma requires a multiple-organ approach to 
minimizing morbidity and mortality. A small child’s head is 
often the point of impact in injuries, but other organs can also 
be damaged. Basic life-support algorithms should be imme-
diately applied to ensure a patent airway and adequate respi-
ration and circulation. Preservation of age-appropriate blood 
pressure (Table  20.9) is essential for minimizing mortality.46 
Since the head-to-torso ratio is great in infants and younger 
children, acceleration-deceleration injuries are more common 
in the pediatric population and lead to more diffuse brain and 
upper cervical spine injuries. Immobilization of the cervical 
spine is important to avoid secondary spinal cord injury with 
manipulation of the patient’s airway until radiographs confirm 
absence of cervical spine injury. An unstable cervical spine 
should be immobilized with cervical traction during laryn-
goscopy for tracheal intubation. Blunt abdominal trauma and 
long bone fractures often occur with head injury and can be 
major sources of blood loss. To ensure tissue perfusion during 
the operative period, the patient’s blood volume should be re-
stored with crystalloid solutions or blood products.47 Ongoing 
blood loss can lead to coagulopathies and should be treated 
with specific blood components.

Nonaccidental head injury in infants often presents with 
a myriad of chronic and acute subdural hematomas.49 The 
presence of other coexisting injuries, fractures, and abdom-
inal trauma should be identified. Small children undergoing 

Age Systolic (mmHg) Diastolic (mmHg)

Pre-term neonate 50–60 40

Full-term neonate 70 40

1 year 85 40

5 years 95 55

10 years 100 60

15 years 110 65

Table 20.9  �Normative Awake Blood Pressures on 
Pediatric Patients48

Anesthesia Books 

http://surgerybook.net/anesthesia


346

2
0

 
• 

P
e

d
ia

tr
ic

 N
e

u
r

o
a

n
e

s
th

e
si

a
  a

n
d

 C
r

it
ic

a
l 

C
a

r
e craniotomy for the evacuation of either epidural or subdu-

ral hematoma are at risk for significant blood loss and VAE. 
Postoperative treatment includes the management of intracra-
nial hypertension and, in the most severe cases, determination 
of brain death.

Pediatric head injury management is currently based 
on few randomized trials and draws heavily from data de-
rived from adult series; evidence-based management is still 
evolving in this area. Therefore, fundamental knowledge of 
age-related differences in cerebrovascular physiology and 
anatomy is essential in the application of adult-based head 
trauma protocols in pediatric patients. In 2012, a multispe-
cialty group of pediatric neurosurgeons and intensivists pub-
lished: Guidelines for the acute medical management of severe 
traumatic brain injury in infants, children, and adolescents.50 
This document is a comprehensive evidence-based review 
of controversial management issues in the care of the head-
injured pediatric patient.

Spine Surgery
Spinal dysraphism is the primary indication for laminec-
tomies in pediatric patients. Many of these patients have a 
history of a meningomyelocele closure followed by several 
corrective operations. Latex allergy has been associated with 
this group and can manifest as a severe anaphylactic reaction, 
heralded by hypotension and wheezing with or without a rash. 
Fortunately, this complication is rare because most operating 
rooms are latex-free environments. Anaphylaxis should be 
rapidly treated by removal of the source of latex and adminis-
tration of fluid and vasopressors.51

Tethered cord release entails EMG monitoring to help 
identify functional nerve roots. EMG of the anal sphincter 
and muscles of the lower extremities is performed to mini-
mize inadvertent injury to nerves innervating these muscle 
groups.52 Neuromuscular blockade should be discontinued or 
antagonized to allow accurate EMG monitoring. Insertion of 
an epidural catheter by the surgeon under direct vision can 
provide a conduit for the administration of local anesthetics 
and opioids for the management of postoperative pain. Severe 
spasticity associated with cerebral palsy can be surgically al-
leviated by a selective dorsal rhizotomy, which reduces spas-
ticity by surgically dividing dorsal rootlets to diminish the 
afferent input to motor neurons in the spinal cord, thus de-
creasing the hyperactive reflexes associated with spastic diple-
gia. Pathologic rootlets are identified by direct stimulation and 
noting the corresponding muscle action potential with EMG. 
Exaggerated action potentials can be elicited in innervated as 
well as other distal muscle groups. These abnormal rootlets 
are partially sectioned to decrease afferent nerve conduction. 
However, these rootlets can potentially contain sensory and 
proprioceptive fibers.

Neuroendoscopy
Technological advances in minimally invasive endoscopic 
surgery have entered the pediatric neurosurgical arena.53 The 
anesthetic considerations for these evolving techniques are the 
same as for any other neurosurgical procedures, as discussed 
in this chapter. Endoscopic third ventriculoscopy and choroid 
plexus coagulation is an accepted procedure for the treatment 
of obstructive hydrocephalus in infants and children.40 Despite 
the relative safety of this procedure, arrhythmias and neuro-
genic pulmonary edema have been reported in conjunction 
with acute intracranial hypertension due to manipulation of 
the floor of the third ventricle and lack of egress of irrigation 
fluids.54,55

Neuroradiology
Advances in imaging technology have introduced a variety of 
diagnostic and therapeutic interventions for the treatment of 
lesions in the central nervous system. Since infants and most 
children do not have the ability to tolerate procedures in the 
radiology suite, sedation or general anesthesia is necessary. 
Most neuroradiology studies, such as computed tomography 
and magnetic resonance imaging, can be accomplished with 
use of light sedation. Recommendations published by consen-
sus groups of anesthesiologists and pediatricians can serve as 
guidelines for managing patients undergoing neuroradiology 
procedures.56 General anesthesia is typically used in patients 
who are uncooperative or have coexisting medical problems, 
to minimize motion artifact, and for potentially painful proce-
dures, such as intravascular embolization of vascular lesions.57 
The advent of hybrid procedures consisting of pre- or post-
operative angiography, embolization, and surgical resection 
requires a multidisciplinary team approach because of the 
transfer of care between the radiologist, neurosurgeons and 
intensivists. A well-delineated crisis management plan should 
be in place, since these procedures occur outside the operating 
room suites and intensive care unit.

POSTOPERATIVE CARE

General Considerations
Pediatric neurocritical care is rapidly emerging as a highly 
specialized clinical discipline.58 Although a few selected pa-
tients may be safely managed in alternative settings, neuro-
surgical patients generally require postoperative treatment 
in an intensive care unit until cardiorespiratory stability and 
neurologic recovery are ensured. In high-volume centers, 
specialized neurocritical care teams can improve patient 
outcomes for children. Once the patient is in the intensive 
care unit, optimal care begins with a clear delineation of re-
sponsibilities and thorough “handoff ” from the neurosur-
gical and anesthesia teams to the responsible intensive care 
professionals. Clear communication regarding patient his-
tory, medications, operative events, and anticipated course 
is essential.

All new arrivals require physiologic and neurologic assess-
ment to ensure normal awakening from anesthesia. Although 
tracheal extubation and initial neurologic assessment are ide-
ally accomplished in the operating room, this approach may 
not be possible in unstable patients who are slow to awaken, 
have large fluid shifts, or have significant comorbidities. In 
these settings, intermittent lightening of sedation and frequent 
neurological examinations are the norm.

Respiratory Support
Postoperative mechanical ventilation aims to support al-
veolar gas exchange while permitting ongoing neurologic 
assessment. In most cases, a triggered mode, which allows 
continuous assessment of respiratory drive, is preferable over 
controlled ventilation. Pressure support ventilation, even in 
neonates, offers a convenient means of providing needed sup-
port without losing respiratory control as a marker of neu-
rologic function. In young infants, in whom fontanels and 
sutures are open, there is little or no association between 
mean airway and intracranial pressures. Finally, although 
heavy sedation, controlled ventilation, and neuromuscular 
blockade are employed more often in children than adults, 
the impact of this practice in the setting of intracranial hyper-
tension is unknown.
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Hemodynamic Support
Hemodynamic support aims to avoid hypotension, maintain 
adequate cerebral perfusion pressure, and minimize injury 
from transient changes in pressure. Even in very-low-birth-
weight infants, both dopamine and epinephrine are effective 
in supporting systemic pressure and restoring CBF.59 Critical 
cerebral perfusion pressure for preschool children (2–6 years) 
with intracranial hypertension is approximately 50 mmHg, 
rising to 55–60 mmHg in older children. Although lower levels 
are powerful predictors of poor outcome, intentional increases 
beyond these levels are controversial because complications of 
therapy (fluid overload, acute respiratory distress syndrome) 
may begin to negate any benefits.60 When cerebral perfusion 
pressure is low and ICP remains high despite all medical man-
agement, decompressive craniectomy may have a more favor-
able outcome in children.61

Fluid Management
Meticulous fluid management is critical in the care of neu-
rosurgical patients. Nonosmotic secretion of antidiuretic 
hormone makes hyponatremia common after neurosurgery, 
despite the intraoperative use of fluids that are high in sodium 
and isotonic or slightly hypertonic. Overall, more than 10% of 
all children experience postoperative hyponatremia, and this 
fraction is likely much higher after neurosurgery.62 Elevations 
of antidiuretic hormone can result from a variety of stimuli 
ranging from pain and nausea to fluid shifts and hypovolemia. 
Because sudden, unrecognized drops in serum sodium levels 
can provoke seizures, it is prudent to monitor electrolyte values 
closely throughout the perioperative period. When significant 
hyponatremia occurs, seizures may be treated with hypertonic 
saline and free water excesses addressed through fluid restric-
tion and administration of diuretics. Administration of hypo-
tonic solutions in the perioperative period is avoided in order 
to minimize the increase of hyponatremia.63

The syndrome of cerebral salt wasting is also common in 
children and can be seen after head trauma and neurosurgical 
procedures. It has been diagnosed with increasing frequency 
and reported in association with meningitis, calvarial remodel-
ing, tumor resection, and even hydrocephalus. The syndrome 
can be easily confused with other entities, but a retrospective 
review put its incidence at 11.3 per 1000 procedures.64 In af-
fected patients, the mean duration of symptoms was 6 days, 
with a range of 1–5 days. Cerebral salt wasting, the result of 
excessively high levels of atrial or brain natriuretic peptide, 
is marked by hyponatremia, hypovolemia, and excessive uri-
nary excretion of sodium. The classic treatment involves saline 
administration, but more rapid resolution has been achieved 
with fludocortisone.65

Diabetes insipidus is a well-known complication of sur-
gical procedures involving or adjacent to the pituitary and 
hypothalamus. It is most commonly seen in association with 
craniopharyngioma. Diabetes insipidus is recognized from 
a rising serum sodium value (>150 mg/dL) accompanied by 
copious (>4 mL/kg/h) output of dilute urine. Urine output is 
unchecked, so severe dehydration and hypovolemia may re-
sult. Because there are a variety of successful approaches to DI 
management, a standardized protocol is helpful when postop-
erative care is multidisciplinary. Patients who are unconscious, 
who are unable to take oral fluids, or whose normal thirst 
mechanisms are impaired are best managed with a continu-
ous infusion of arginine vasopressin. One effective protocol 
employs maximal antidiuresis and strict limitation of intra-
venous fluids (Fig. 20.9).66 This strategy avoids the pitfalls of 
titrating drug dosage to urine output and recognizes that renal 

blood flow remains adequate in the normovolemic child re-
ceiving maximal antidiuresis. Because urine output is minimal 
(0.5 mL/kg/min), other clinical markers of volume status must 
be followed closely. After recovery from surgery and anesthe-
sia, the awake and thirsty patient may be easily transitioned to 
oral fluids and desmopressin.

Sedation
Pain control and sedation present unique challenges in the 
pediatric intensive care unit.67,68 Ideally, postoperative neuro-
surgical patients are comfortable, awake, and cooperative with 
their care. In pediatric patients, however, these goals can be 
mutually exclusive, and some level of sedation is often nec-
essary to ensure a safe recovery. The ideal sedation regimen 
should employ short-acting or reversible agents that can be 
withdrawn intermittently to permit neurologic assessment. 
Propofol has limited utility because of its association with a 
fatal syndrome of bradycardia, rhabdomyolysis, metabolic ac-
idosis, and multiple-organ failure when used over extended 
periods in small children.69 Although the mechanism of this 
syndrome remains unclear, it appears related to both the dura-
tion of therapy and the cumulative dose.

Dexmedetomidine is a short-acting sedative that has ad-
vantages for pediatric intensive care unit patients.70 It is not a 
respiratory depressant and maintains spontaneous ventilation. 
It has analgesic properties that decrease opioid and benzo-
diazepine requirements in postoperative pediatric patients.71 
Transient increases in blood pressure can be seen with bolus 

Is DI occurring intraoperatively?

• Urine output ≥4 mL/kg/h
• Serum Na ≥145 mEq/L
• Serum osmolality >300 mOsm/kg
• Urine osmolality <300 mOsm/kg
• Polyuria persists ≥30 minutes
• Other causes of polyuria ruled out (e.g., mannitol,
  furosemide, osmotic contrast agents, hyperglycemia)

Mix vasopressin infusion in NS; suggested concentrations:
– 10 mU/mL (i.e., 5 units in 500 mL)
– 20 mU/mL (i.e., 10 units in 500 mL)
– 30 mU/mL (i.e., 15 units in 500 mL)
Start vasopressin infusion @ 1 mU/kg/h and slowly
(q5-10 minutes) increase rate (max 10 mU/kg/h) to
decrease urine output to <2 mL/kg/h

Do not replace urine output with additional fluids
Replace fluid deficits with NS or lactated Ringer’s solution (LR)
PRN to support blood pressure until antidiuresis established
Keep total amount of IV fluids at 2/3 maintenance (plus fluids
necessary for blood replacement and BP support)
Replace blood loss with NS, LR, 5% albumin, or blood products
as appropriate
Check serum sodium (± osmolality) every hour

•

•

Fluid management during aqueous vasopressin infusion:
•
•

•

•

•

Continue vasopressin infusion
ICU stay is mandatory
Complete transfer of patient to the ICU, and report management 
to the ICU attending physician and follow

Post-procedure:
•
•
•

Fig. 20.9  Algorithm for perioperative management of diabetes 
insipidus (DI). BP, blood pressure; ICU, intensive care unit; NS, normal 
saline.
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sedation deepens. In our experience, both hypotension and 
hypertension can occasionally be observed with long-term 
dexmedetomidine infusions, and a withdrawal syndrome re-
sults when extended infusions are discontinued. Further ex-
perience and vetting will be necessary to determine the proper 
place for this agent in the routine perioperative care of pediat-
ric neurosurgical patients.

Given the limitations of propofol and dexmedetomidine, 
the mainstay of sedation in the pediatric intensive care unit 
remains a combination of narcotic and benzodiazepine ad-
ministered via continuous infusion.72 Titration to a validated 
sedation score is advised, and regular drug holidays help en-
sure that excessive sedation is avoided.73 If chemical paralysis 
must be used to control ICP or facilitate mechanical ventila-
tion, use of a neuromuscular blockade monitor helps avoid 
prolonged blockade and weakness. Infants and children re-
ceiving sedative infusions for more than 3–5 days are subject 
to tolerance and experience symptoms of withdrawal when 
infusions are discontinued.

Seizures
Seizures are a common manifestation of neurologic illness 
in pediatric patients. In the child with unexplained altered 
mental status, nonconvulsive status epilepticus should also 
be considered in the differential diagnosis. The incidence 
of perioperative seizures in pediatric neurosurgical patients 
is 7.4% with 4.4% of the whole cohort receiving prophylac-
tic anticonvulsant drugs.74 Independent factors associated 
with perioperative seizures include supratentorial tumor, age 
<2 years, and hyponatremia. Given the equivocal impact of 
prophylactic anticonvulsants, its routine use needs further 
investigation. For status epilepticus, lorazepam 0.1 mg/kg IV 
push over 2 minutes or diazepam 0.5 mg per kg per rectum 
are effective. Lorazepam may be repeated after 10 minutes 
and accompanied by fosphenytoin 20 mg phenytoin sodium 
equivalents per kg IV or intramuscularly if initial doses are 
ineffective. Though potentially compounding respiratory de-
pression, phenobarbital 20 mg/kg is also an effective first-line 
antiepileptic drug.

Refractory status epilepticus continues to present a signifi-
cant challenge, and no prospective study is available to inform 
management. Chemically induced coma remains the mainstay 
of care, with anticonvulsant drugs titrated to EEG burst sup-
pression. In our institution, we typically employ pentobarbi-
tal, midazolam, or phenobarbital in bolus-infusion regimens 
with adjustments directed by continuous EEG monitoring. 
Mechanical ventilation is provided as outlined previously, and 
invasive monitoring is necessary because therapy usually re-
sults in hypotension and myocardial depression. Propofol is 
also effective in quenching seizures and inducing coma, but 
the propofol infusion syndrome limits its use in pediatrics.

The utility of seizure prophylaxis after pediatric head 
trauma continues to be controversial. Although some data 
suggest that children may benefit more than adults from rou-
tine prophylaxis, the overall risk of seizures is low after blunt 
injury. Thus, the added benefit of prophylaxis is small, and it 
remains a treatment option.50

Intracranial Pressure
ICP monitoring is desirable in trauma and in neurosurgical 
patients at risk for brain swelling or sudden expansion of a 
mass lesion. Symptoms of increased ICP are nonspecific in 
children, and intermittent apnea may be the first sign in in-
fancy. Occasionally, increased ICP may be present even when 

computed tomography findings are normal. In babies, split su-
tures and bulging fontanels provide clinical evidence of rising 
ICP, but noninvasive quantitative measures are problematic. In 
our institution, intraventricular catheters are preferred for ICP 
monitoring because simultaneous cerebrospinal fluid drain-
age can provide significant therapeutic benefits.

Unfortunately, the treatment of increased ICP in infants 
and children is still largely driven by adult data. A notable ex-
ception, as discussed previously, is that target thresholds for 
mean arterial pressure and cerebral perfusion pressure vary 
with age. Although osmotherapy with 3% (hypertonic) saline 
is widely used in boluses or infusion to control ICP, it may lead 
to severe hypernatremia more rapidly in small children than 
in adults. Other elements of management extrapolated from 
adult data are avoidance of steroids, the preference of crys-
talloid over colloid resuscitation fluids, and the reluctance to 
employ hyperventilation. Regarding the last, it is particularly 
important to recognize that small children are subject to inad-
vertent hyperventilation and that cerebral ischemia can occur. 
Careful monitoring of blood gas tensions, minute ventilation, 
and end-tidal carbon dioxide tension values are therefore 
recommended.

SUMMARY

The perioperative management of pediatric neurosurgical pa-
tients presents many challenges to neurosurgeons, anesthesi-
ologists, and intensivists. Many conditions are unique to small 
children. A basic understanding of age-dependent variables 
and of the interaction of anesthetic and surgical procedures is 
essential in minimizing perioperative morbidity and mortality 
at all stages of care.
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The first descriptions of spine disorders were recorded nearly 
4000 years ago in Egypt, when patients with such afflictions 
were left bedridden and death was considered unavoidable. 
One of the first extensive series on surgery of the spine was 
reported by Elsberg in 1925, in which the surgical treat-
ment of spinal cord tumors was described.1 Since those early 
reports, spine surgery has made remarkable advancements, 
particularly since the 1980s. As surgical techniques have ma-
tured, complex operations are being performed on spine dis-
eases once thought incurable. Moreover, increasingly older 
patients with multiple comorbidities are presenting for spine 
procedures. Consequently, the anesthetic approach to pa-
tients scheduled for spine surgery must consider the follow-
ing issues: a basic knowledge of spine anatomy and imaging 
modalities; an awareness of the specific spine disorder being 
treated and the surgical procedure planned; preoperative risk 
assessment and optimization; potential airway difficulties; pa-
tient positioning; anesthetic choices; intraoperative medical 
decision-making (blood replacement, blood salvage, hemo-
dynamic goals, pulmonary function); postoperative airway 
concerns; and perioperative pain management. This chapter 
discusses these issues.

ANATOMY

The anatomy of the spine can be divided into that pertaining 
to the vertebral bony column and the contents of the vertebral 
canal.2

Vertebral Column
The vertebral column is composed of 33 vertebrae. In adult 
life this number is functionally reduced to 24 presacral verte-
brae, the sacrum, and the coccyx. The presacral vertebrae con-
sist of seven cervical, 12 thoracic, and five lumbar bones. The 
five sacral and four coccygeal vertebrae fuse early in devel-
opment. The vertebral column normally exhibits four curves 
in the anteroposterior (AP) plane. The two forward curves, 
or lordoses, are in the cervical and lumbar areas, and the two 
posterior curves, or kyphoses, are in the thoracic and sacral 
areas. The combination of these curves gives the normal bony 
spine the characteristic S shape when viewed from the side 
(Fig. 21.1).

Each of the individual “standard” vertebrae that make up 
the vertebral column is a single bony structure consisting of a 
large body, bilateral pedicles, bilateral lamina, bilateral trans-
verse processes, a spinous process, and four articular pro-
cesses (Fig. 21.2). The two pedicles laterally, the two lamina 
posteriorly, and the body anteriorly together form the verte-
bral canal, in which lies the spinal cord. The segmental nerves 
exit between the vertebrae through the intervertebral foram-
ina. The four articular processes mate with corresponding 

processes on the vertebrae above and below to form the facet 
joints. The facet joint articulations provide posterior stability, 
and the body articulations provide anterior and vertical stabil-
ity. In addition, the facet joints provide flexion, extension, and 
lateral rotation of the spine.

The first two cervical vertebrae, C1 and C2, differ in 
structure from the standard vertebrae (Fig.  21.3). C1, the 
atlas, is ring-shaped and wider than the other vertebrae. The 
superior articular surfaces are configured to articulate with 
the two occipital condyles located at the base of the skull on 
either side of the foramen magnum. The atlas is composed 
of anterior and posterior arches, each possessing a tubercle 
while sharing lateral masses. The atlas has no spinous pro-
cesses or body. C2, the axis, possesses a body that projects 
superiorly as the dens (odontoid process) (see Fig.  21.3), 
and a short bifid spinous process. The axis has two large flat 
superior articular facets. The transverse ligament of the atlas 
holds the dens in place, preventing horizontal movement of 
the atlas.

The anterior longitudinal ligament and the posterior lon-
gitudinal ligament (see Fig. 21.2) extend from the base of the 
skull and atlas to the sacrum. The anterior ligament is attached 
to the anterior surface of the vertebrae and intervertebral disks. 
The posterior ligament is attached to the posterior surface of 
the vertebrae and the intervertebral disks and lies within the 
vertebral canal. These two ligaments provide extension and 
flexion stability to the vertebral column. The supraspinal and 
interspinal ligaments join the spinous processes at each level, 
providing additional flexion stability. The ligamentum flavum 
unites the vertebral laminae at each level and forms part of the 
posterior border of the intervertebral foramen.

The intervertebral disks are fibrocartilaginous joints 
composed of an interior nucleus pulposus surrounded and 
enclosed by a tough anulus fibrosus (Fig.  21.4). Together, 
these two components provide a strong attachment between 
adjacent vertebrae but allow some movement. In addition, the 
disks act as very efficient shock absorbers.

The facet joints are synovial joints, which are paired and 
compose part of the posterior elements of the vertebral col-
umn. With the intervertebral disks they form the remaining 
articulations of the vertebrae with each other. As posterior 
elements, the facet joints allow flexion of the spine. The facet 
joints of the cervical region are less rigid, thus allowing greater 
flexion of the neck.

Spinal Cord
The spinal cord is contained within the confines of the vertebral 
canal. The anteroposterior (AP) diameter of the cervical cord 
constitutes about 40% of the diameter of the cervical canal, 
decreasing in diameter with neck extension. The spinal cord is 
contiguous with the brainstem at the foramen magnum, and in 

21Neurosurgical Diseases and Trauma  
of the Spine and Spinal Cord:  
Anesthetic Considerations
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Fig. 21.1  Vertebral column showing 24 presacral vertebrae, sacrum, coccyx, and curvatures of the adult vertebral column. Note that the first 
coccygeal vertebra has fused with the sacrum. Most vertebral columns are 72–75 cm long; about one-fourth of this length is contributed by the 
fibrocartilaginous intervertebral disks. The vertebral column supports the skull and transmits the weight of the body through the pelvis to the lower 
limbs. (From Moore KL: Clinically Oriented Anatomy, 2nd ed, Baltimore, Williams & Wilkins, 1985, p 566.).
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Fig. 21.2  Normal anatomic components of typical vertebrae and spinal column.
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the adult it extends to the conus medullaris at about the level 
of the first or second lumbar vertebra. The filum terminale at-
taches the end of the conus to the first coccygeal segment of 
the bony spine. The cord exhibits two prominent bulges in the 
cervical and lumbar areas, which correspond to the origins of 
the nerves to the upper and lower extremities, respectively. A 
cross section of the cord reveals a mixture of white matter and 
gray matter (Fig. 21.5). The gray matter, in the shape of an H, 
surrounds the central canal and contains the cell bodies of the 
spinal neurons.

The dorsal horns are associated with sensory functions, 
including pain, position sense, touch, and temperature. 
The ventral horns contain neurons associated with motor 

functions and spinal reflexes. The surrounding white matter 
contains the myelinated and unmyelinated fibers that com-
municate with higher and lower centers, including the brain-
stem and cerebral cortex. The descending motor pathways 
travel in the white matter located in the lateral and ventral 
areas of the cord. The corticospinal tract conducts all primary 
motor impulses. The vestibulospinal and rubrospinal tracts 
also participate in motor function and are located in the ven-
tral and lateral areas of white matter, respectively. The dorsal 
areas of white matter contain the dorsal column tracts, the spi-
nothalamic tracts, and the spinoreticular tracts, among oth-
ers. These pathways transmit sensory information to higher 
cord segments and the brain.

The sympathetic nervous system is also segmental and tra-
verses the length of the vertebral column in two chains ante-
rior to the bony spine (Fig. 21.6).3 Segmental communication 
is accomplished at each spinal segment via the communicating 
ramus of each segmental spinal nerve. The segmental spinal 
nerves are made up of the confluence of a dorsal root and a 
ventral root at each level (see Fig. 21.6).

A nerve emerges from each side of the spinal cord; thus 
they are paired. The dorsal roots conduct sensory informa-
tion, including pain. All nerve cell bodies of afferent axons are 
located in the dorsal root ganglion. The ventral roots conduct 
primarily motor and efferent information from the cord to 
the periphery. The two roots combine in the spinal nerve as 
they traverse the vertebral foramen. The nerve then divides 
into three rami: dorsal, ventral, and communicating. The ven-
tral ramus continues as the primary spinal nerve, the dorsal 
ramus innervates the paraspinous muscles of the back and 
the facet joints at each level, and the communicating ramus 
provides segmental neuronal connections to the sympathetic 
chains.

The spinal nerves have a particular relationship to the 
respective spinal vertebrae (Fig. 21.7). The spinal nerves exit 
the vertebral canal via the intervertebral foramina. These fo-
ramina are formed by the juxtaposition of adjoining vertebrae 
in the spinal column.

Spinal Cord Blood Supply
The spinal cord is supplied with blood from the aorta via the 
vertebral and segmental or radicular arteries; the three main 
arteries of the spinal cord are the single anterior spinal artery 
in the anterior or ventral median sulcus and two posterior 
spinal arteries located in the area of the dorsal nerve rootlets 
(Fig. 21.8). These three arteries usually arise as branches of 
the vertebral arteries at the base of the brainstem and traverse 
the entire length of the cord (Fig. 21.9). The blood flow is aug-
mented by multiple segmental radicular and medullary arter-
ies that enter at the intervertebral foramen (see. Figs. 21.8 and 
21.9).

The anterior spinal artery supplies the anterior two-
thirds of the cord, and the posterior spinal arteries supply 
the posterior one-third. Below the level of the cervical cord 
segments, additional blood supply is provided by segmental 
or radicular arteries that arise as branches of the aorta and 
enter the cord arterial system. The most consistent of these 
arteries is the artery of Adamkiewicz, which is the largest 
segmental feeder in the thoracolumbar region of the cord. 
It usually enters as a single vessel between the ninth and 
the eleventh thoracic levels and arises on the left side of the 
aorta.2 The artery of Adamkiewicz is thought to be the prin-
cipal contributor to the arterial supply of the entire thoracic 
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Fig. 21.3  C1 and C2 cervical vertebrae, viewed from above and in 
anterior view.
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Fig. 21.4  Transverse and sagittal images of an intervertebral disk.
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and lumbar cord distal to its entry. Loss of this artery after 
surgery or trauma to the aorta may produce paraplegia in the 
thoracic region.4

The arterial network of the three main blood vessels sup-
plies blood to the interior of the cord through an extensive 
network of arterioles and capillaries. The density of the 
capillary bed reflects the metabolic demands of the differ-
ent areas of the cord. Blood flow through these capillaries 
is very sensitive to compression of the cord, and ischemia 
may result.

Venous drainage of the spinal cord is through radial veins 
serving the parenchyma.2 The veins feed into the coronal 
venous plexus or longitudinal veins on the surface of the cord, 
which are, in turn, drained by medullary veins that penetrate 
the dura adjacent to the dural penetration of the nerve roots 
to join the epidural venous plexus. The epidural or internal 
vertebral venous system drains into the external vertebral 
venous system, which communicates with the caval veins. 
The veins in the epidural system are valveless and, therefore, 
subject to engorgement in certain normal and disease states, 
such as pregnancy and obesity, in which there is an increase 
in the intra-abdominal pressure or obstruction to venous flow 
through the inferior vena cava.

PHYSIOLOGY

Blood Flow
Spinal cord blood flow (SCBF) has been studied extensively in 
animal models. The values and data obtained from these stud-
ies are consistent with values obtained for the brain; average 
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Fig. 21.6  Cord segment with its roots, ganglia, and branches.
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SCBF is about 60 mL/100 g/min,3 including a threefold to 
fourfold gray matter–white matter differential in blood flow.4 
Autoregulation in the cord mimics that in the brain, with 
flow well maintained between a mean arterial blood pressure 
(MAP) of 60 to 120 mm Hg.4 Likewise, the effects of arterial 

blood gas tensions are similar to those in the brain; hypoxemia 
and hypercapnia cause vasodilation, and hypocapnia causes 
vasoconstriction (Fig. 21.10).

Injury to the spinal cord disturbs autoregulation of blood 
flow. Trauma to the cord results in a decrease in SCBF and 
loss of autoregulatory function.5 The nature of the operative 
procedure itself may also have an effect on SCBF. This effect 
is well recognized with spinal distraction and instrumentation 
but may also occur during other operations, such as simple 
laminectomy.6

RADIOLOGIC CONSIDERATIONS

Imaging of the spine and spinal cord is an essential part of 
the diagnosis and treatment of spinal diseases. A variety of 
imaging modalities are available for the assessment of spinal 
pathology, the most common of which are plain radiogra-
phy, computed tomography (CT), CT angiography, magnetic 
resonance imaging (MRI), MR angiography, bone scanning, 
single-photon emission computed tomography (SPECT), 
and positron emission tomography (PET). The choice of im-
aging modalities best suited for the patient depends on the 
history, physical findings, and differential diagnosis. A gen-
eral review of the common imaging techniques used in spine 
disease can be found in the later section on traumatic spinal 
cord injury (SCI).

Posterior spinal
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Spinal branch

Dorsal ramus
intercostal artery

Intercostal artery

IVC
Aorta

Radicular artery

Fig. 21.8  Blood supply of the spinal cord illustrating the single 
anterior spinal artery, paired posterior arteries, and feeding radicular 
branches from the aorta. IVC, inferior vena cava.
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to T1, and lumbosacral enlargement extends from L2 to S3. (From Moore KL: Clinically Oriented Anatomy, 2nd ed. Baltimore, Williams & Wilkins, 
1985, p 613.)
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SURGICAL DISORDERS OF THE 
SPINE

Disorders of the Cervical Spine
Cervical Spondylosis
Degenerative disease of the cervical spine affects more than 
90% of individuals older than 65 years. The term cervical spon-
dylosis refers to the nonspecific degenerative process of the 
spine that may result in degenerative listhesis, spinal stenosis, 
as well as neural foraminal encroachment (Fig. 21.11).

In those individuals who eventually experience symptoms 
of cervical degenerative disease, radiculopathy is the most 
common. Cervical radiculopathy is defined as a neurologic 
condition characterized by dysfunction of a cervical spinal 
nerve, the nerve roots, or both.7 It is most commonly caused 
by lateral disk herniation, osteophyte overgrowth with nar-
rowing of the lateral foramen (termed the lateral recess syn-
drome), or cervical spinal instability caused by subluxation of 
a cervical vertebra (Fig. 21.12).

MRI is the imaging modality of choice in the diagnosis of 
cervical radiculopathy; however, MRI is not indicated in the 
initial stages of management because the findings will not alter 
treatment. In general, medical management is attempted for 
4–6 weeks, and if the patient remains symptomatic, an MRI 
study is appropriate. CT is of value primarily for defining the 
bony anatomy and for helping to distinguish whether the ste-
nosis is due to soft or calcified lesions. Surgical treatment for 

cervical radiculopathy is indicated for severe clinical symp-
toms that medical therapy has failed to control combined with 
a compatible MRI study demonstrating nerve compression; 
for the persistence of pain despite medical management for at 
least 6 weeks; and for the presence of an evolving neurologic 
deficit.7

Cervical Spondylotic Myelopathy
Cervical spondylotic myelopathy (CSM) is the most com-
mon type of spinal cord dysfunction in patients older than 
55 years. Originally described more than 50 years ago, CSM 
is the result of narrowing of the cervical spinal canal due to 
a degenerative process or a congenital disorder. The primary 
pathophysiologic abnormality in CSM is a reduction in the 
sagittal diameter of spinal canal, with cervical myelopathy 
developing in nearly all patients in whom there is a greater 
than 30% reduction in the cross-sectional area of the cervical 
vertebral canal. Typical signs and symptoms of CSM are pain 
in the neck, shoulder, and subscapular areas; numbness or tin-
gling in the upper extremities; motor weakness in the upper 
or lower extremities; sensory changes in the lower extremities; 
gait disturbances; bowel and bladder dysfunction; and spastic-
ity, hyperreflexia, and clonus typical of an upper motor neuron 
lesion. The most common presentation of CSM is a spastic gait. 
Physical findings include atrophy of the muscles of the hand, 
hyperreflexia, electric-shock-like sensations down the arm or 
back after flexion of the neck (Lhermitte’s sign), and sensory 
loss. Plain films often show evidence of osteophyte formation, 
kyphosis, and subluxation. MRI remains the imaging modal-
ity of choice, providing information about the spinal canal 
(demyelination, spinal cord atrophy, and edema), interverte-
bral disks, vertebral osteophytes, and ligaments. Treatment of 
CSM initially involves nonoperative therapy; however, early 
surgery is associated with significant improvement in the neu-
rologic prognosis. If surgical intervention is chosen, treatment 
considerations include anterior cervical discectomy and fu-
sion (ACD&F), anterior cervical fusion (ACF), cervical lami-
noplasty, and posterior cervical decompression and fusion.

The anesthetic management of patients with cervical spine 
instability or myelopathy should consider the specific tech-
nique most appropriate for securing the airway, choice of 
anesthetic agents, hemodynamic monitoring needs, use of 
vasoactive medications, and positioning. For patients with 
symptomatic spinal stenosis, an awake fiberoptic intubation 
is often suggested; however, initial induction of anesthesia 
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Fig. 21.10  Illustration of effect of changes in PaCO2, PaO2, and 
mean arterial pressure (MAP) on spinal cord blood flow (SCBF).
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Fig. 21.11  Cervical spondylosis.12 Common sites of pathology that 
may result in compression of the spinal cord or nerve root: A, Lateral 
disk herniation or osteophyte hypertrophy; B, central disk herniation or 
osteophyte formation; C, facet joint osteophyte; D, hypertrophy of the 
ligamentum flavum.

Fig. 21.12  Cervical radiculopathy caused by foraminal stenosis from 
a posterolateral herniation of the nucleus pulposus with compression 
of the exiting nerve root. (From Won DS, Herkowitz HN: Cervical 
radiculopathy: Posterior surgical approach. In Herkowitz HN, Garfin 
SR, Eismont FJ, et al [eds], Rothman-Simeone: The Spine, 5th ed. 
Philadelphia, Saunders-Elsevier, 2006, p 842.)
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followed by fiberoptic intubation utilizing manual in-line 
stabilization with/without spinal cord monitoring is a viable 
option. The use of invasive (or advanced noninvasive) blood 
pressure monitoring is advocated to facilitate maintenance of 
an adequate spinal cord perfusion pressure (i.e., mean artery 
pressure ≥ 85 mm Hg) throughout the case. If electrophysio-
logic (EP) spinal cord monitoring is planned, the anesthetic 
strategy should select agents with minimal effects on the EP 
waveform potentials. The decision to extubate the patient fol-
lowing surgery should be made only in the absence of airway 
edema, neck hematoma, and depressed mental status.

Cervical Disk Herniation
Intervertebral disks are composed of a well-hydrated central 
nucleus pulposus surrounded by an outer anulus fibrosus. 
With age, the disks deteriorate, ultimately resulting in hernia-
tion when the anulus fibrosus breaks open or cracks, allowing 
the nucleus pulposus to extrude (see Fig. 21.12).

In the cervical spine, the most common location of the 
herniation is at C5–C6, followed by C6–C7, and herniation is 
most common in individuals older than 40 years. The symp-
toms of a cervical disk herniation are neck pain and radicular 
symptoms, which consist of shoulder, arm, or hand paresthe-
sias or pain, and muscle weakness in a dermatomal nerve root 
distribution. Patients may also present with symptoms of a 
cervical myelopathy if the herniation is centrally located. In 
patients in whom a disk herniation is suspected, plain films 
may demonstrate a narrowed disk space, osteophytes, or sub-
luxation of the vertebra. An MRI study is the radiologic imag-
ing modality of choice for evaluation of a suspected herniated 
cervical disk (Fig. 21.13).

The primary treatment of a cervical disk herniation is 
medical management, at least initially. Cervical soft collars, 
anti-inflammatory agents, oral steroids, and physical therapy 
are all appropriate in the short term because more than 90% 
of patients with radiculopathic symptoms experience improve-
ment with these measures. If nonsurgical therapy fails or the 
patient demonstrates progressive neurologic symptoms, surgi-
cal therapy is selected, typically an anterior cervical diskectomy 
and fusion (ACD&F), with or without anterior cervical plating.

Complications of surgery include thoracic duct injury, ce-
rebrospinal fluid (CSF) leak, spinal cord or nerve root injury, 
vertebral artery injury, perforation of the esophagus or tra-
chea, recurrent laryngeal nerve injury (vocal cord paralysis), 
postoperative hematoma, and wound infection. In instances in 
which there is a significant postoperative hematoma, the air-
way should be left secured until the patient is fully awake, the 
hematoma is not enlarging, and there is a tracheal cuff leak.

Syringomyelia
Syringohydromyelia refers to the cystic cavitation of the spi-
nal cord. Two main forms have been described: syringomyelia 
and hydromyelia. In hydromyelia, there is primary dilatation 
of the central canal that is often associated with abnormalities 
at the foramen magnum such as tonsillar herniation (Chiari 
malformation) and basal arachnoiditis. In true syringomye-
lia, a cyst arises within the cord substance itself and does not 
communicate with the central canal or subarachnoid space. 
Common causes of true syringomyelia include trauma (most 
common), neoplasm, and arachnoiditis. In the typical pre-
sentation, an adult between the ages of 20 and 50 years com-
plains of sensory loss (similar to central cord syndrome) in a 
“cape” distribution, cervical or occipital pain, wasting in the 
hands, and painless arthropathies. MRI is the investigation 
of choice and should include images of the cervical and tho-
racic spinal cord as well as the brain. Treatment focuses upon 
reestablishing normal CSF flow across the site of the injury. 
Therapeutic choices include a posterior fossa decompression 
and C1 laminectomy (with or without expansile duroplasty) 
in the presence of a Chiari malformation, fenestration of asso-
ciated arachnoidal cysts, resection of an associated neoplasm, 
or placement of a shunt with direct drainage of the cyst into 
the subarachnoid space or pleural cavity. The airway man-
agement of patients with syringomyelia should consider the 
neurologic deficits commonly associated with this disease. In 
patients in whom syringomyelia is associated with the Chiari 
malformation, limitation of neck flexion and extension is vi-
tal in preventing further compression of neuronal structures. 
The limitation of neck motion during intubation by the use of 
fiberoptic bronchoscopy (either awake or after induction) is 
an appropriate choice.

Disorders of the Thoracic and  
Lumbar Spine
Herniated Disk
Symptomatic thoracic disk herniations are rare, with an 
annual incidence of 1 per 1 million patients.8 Thoracic disk 
herniations occur most commonly at T8–T12, with a peak 
incidence between the ages of 40 and 60 years (mean, 46 years). 
The majority of disk herniations are located centrolaterally 
(94%) or laterally (6%) and manifest a variety of symptoms 
and signs, including pain (localized, axial, or radicular), 
myelopathy, sensory disturbances, and bladder dysfunction. 
The radiographic diagnosis is made through a combination 
of CT and MRI imaging. The majority of symptomatic tho-
racic disk herniations are effectively managed with nonopera-
tive therapy alone. Indications for surgery include failure of a  
4– 6-week trial of medical treatment; severe, persistent radic-
ular pain; and significant neurologic deficits, particularly if 
there is any progression of symptoms. Thoracic spine opera-
tions are typically lengthy procedures (≥3 hours), often with 
clinically significant blood loss. Major surgical complications 
are uncommon; they include death from cardiopulmonary 
compromise, spinal instability requiring further surgery, and 
worsening of neurologic deficits.

Fig. 21.13  Cervical disk herniation and anterior cervical diskectomy 
and fusion (ACD & F). A 41-year-old woman presented with pain in 
the neck that radiated to the left hand and fingers. This sagittal T2-
weighted magnetic resonance image shows a 6-mm disk protrusion at 
C6–C7.
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is very common, occurring in 2% of the general population at 
some time in their lives.9 Sciatica, resulting from a herniated 
lumbar disk, is the most common cause of radicular leg pain 
in the adult working population. Fortunately, the symptoms 
of sciatica typically resolve within 2 months from the onset in 
patients who are treated medically, and surgery is rarely nec-
essary. The majority of lumbar herniations occur at the L4–L5 
or L5–S1 spinal levels, most often posterolaterally, where the 
posterior longitudinal ligament is thinnest. The symptoms of 
a lumbar disk herniation range from lower back pain to ra-
diculopathy with leg pain, weakness, and paresthesias. With 
a large centrally located disk herniation, the cauda equina 
syndrome may occur, resulting in lower back pain, bilateral 
lower extremity sensorimotor deficits, bladder dysfunction, 
sexual dysfunction, and perirectal sensory loss. The presence 
of cauda equina syndrome warrants urgent medical attention. 
MRI is the imaging modality of choice for suspected herni-
ation of an intervertebral disk, as it clearly defines the local 
anatomy (Fig. 21.14).

The majority of patients with lumbar disk herniations are 
treated medically. With such treatments, more than 75% of 
patients recover within 6–8 weeks. Accepted indications for 
surgical therapy include the cauda equina syndrome; signif-
icant motor deficits; severe pain unresponsive to medical 
therapy; failure of conservative therapy after 2–3  months; 
and large extruded disk fragments. Surgical options include 
diskectomy only, diskectomy with spinal fusion, hemila-
minotomy, and/or laminectomy. Anesthetic management 
should consider the presence of presurgical neurologic defi-
cits, the requirement for a meticulous positioning technique, 
identification of comorbidities that may increase the risk of 
complications, and the amount of anticipated blood loss. 
Invasive blood pressure monitoring is appropriate in those 
patients with serious comorbidities; however, noninvasive 
blood pressure monitoring is usually adequate in otherwise 
healthy patients scheduled for a lumbar procedure for disk 
herniation.

Lumbar Spondylosis
Lumbar spondylosis is a general term referring to changes in 
the vertebral joint characterized by progressive degeneration 
of the intervertebral disk, with subsequent changes in the 
bones and soft tissues. Disk degeneration, ligamentous and 
facet hypertrophy, spinal stenosis, and spondylolisthesis are 
the characteristic pathologic changes that result. The clinical 
spectrum of spondylosis includes spinal instability, spinal ste-
nosis, and degenerative spondylolisthesis. Spinal stenosis, the 
most common of the spondylitic disorders, is a common indi-
cation for spinal surgery in adults older than 65 years.10

Lumbar Spinal Stenosis
The etiology of lumbar spinal stenosis may be congenital, ac-
quired, or a combination of both. The patient with congenitally 
short pedicles typically has a shallow spinal canal that predis-
poses to spinal stenosis later in life as the typical degenerative 
changes in the spine occur, such as disk protrusion, facet joint 
degeneration and hypertrophy, ligamentous hypertrophy, and 
spondylolisthesis (Fig. 21.15).

Lumbar stenosis most commonly occurs at the L4–L5 spi-
nal level, followed by the L3–L4 level. Clinical symptoms of 
lumbar spinal stenosis include the gradual onset of leg and 
buttock pain combined with lower extremity sensorineural 
deficits. These symptoms progress over a period of months. 
The initial diagnostic investigation should include AP, lateral, 
flexion, and extension plain films. Suggestive findings on plain 
films include disk space narrowing and erosion and sclerosis of 
the vertebral end plates. MRI, the imaging modality of choice 
in lumbar stenosis, typically shows degenerative changes such 
as facet joint and ligamentous hypertrophy, disk herniation, 
and nerve root impingement. The initial approach for patients 
with the symptoms of spinal stenosis is medical management. 
Surgical therapy is indicated in patients for whom conserva-
tive treatment has failed or who have severe and debilitating 
pain, significant motor deficits, or symptoms of myelopathy.

Degenerative Spondylolisthesis
Spondylolisthesis is a term referring to the anterior displace-
ment of one vertebra on another associated with degenerative 
changes in the presence of an intact neural arch11 (Fig. 21.16). 
Spondylolisthesis may be congenital or acquired. Degenerative 
spondylolisthesis is a common condition—particularly in in-
dividuals older than 50  years—with a reported incidence as 
high as 8.7%.12 Women are affected four to six times more 
commonly than men. The development of spondylolisthesis 
is associated with the presence of degenerative intervertebral 
disks, laxity of ligaments, and facet joint pathology.13

Fig. 21.14  Lumbar disk herniation. A 42-year-old man complained 
of low back pain with radiation to the left lower extremity. This sagittal 
T2-weighted magnetic resonance image shows a large disk herniation 
at L4–L5 with the nucleus pulposus extruding 2 cm cephalad into the 
ventral epidural space.

Fig. 21.15  Axial view of a lumbar vertebra. Characteristic 
hypertrophic degenerative changes can be seen in the central canal, 
facet joints, and lateral recesses.

Anesthesia Books 

http://surgerybook.net/anesthesia


2
1

 
• 

N
E

U
R

O
S

U
R

G
IC

A
L D

IS
E

A
S

E
S

 A
N

D
 TR

A
U

M
A

 O
F TH

E
 S

P
IN

E
 A

N
D

 S
P

IN
A

L C
O

R
D

359

Spondylolisthesis is typically asymptomatic; however, clin-
ical symptoms may develop and are related to the presence of 
spinal stenosis causing lower back pain, radiculopathy, and 
neurogenic claudication (lower extremity pain, paresthesias, 
and weakness associated with walking or standing). The eval-
uation of patients with spondylolisthesis incorporates clini-
cal symptoms in combination with anatomic abnormalities 
detected on radiologic imaging studies, because stenosis is 
commonly present without symptoms.11 The severity of spon-
dylolisthesis is determined by evaluation of the extent of slip 
and the slip angle using plain films. The extent of slip is sub-
sequently expressed as a percentage of anterior displacement 
of the inferior end plate of the vertebral body above with the 
superior end plate of the vertebral body below.14 The slip angle 
is generally less than 30 degrees in patients with degenerative 
spondylolisthesis, but it may progress in about one-third of 
patients.

The initiating pathophysiologic event in the development 
of degenerative spondylolisthesis is deterioration of the inter-
vertebral disk leading to a narrowing of the disk space, which 
in turn results in buckling of the ligamentum flavum with 
consequent microinstability of the motion segment.15 Owing 
to the loss of normal ligamentous restriction, the vertebra de-
velops an anterior listhesis (Fig. 21.17) or, occasionally, a pos-
terior listhesis.

The diagnosis of degenerative spondylolisthesis is based on 
a combination of plain films and MRI.11 MRI of the lumbo-
sacral spine is indicated in the presence of neurologic signs 
and symptoms. MRI detects the presence of ligamentous hy-
pertrophy, spinal cord compression, nerve root impingement, 
pathologic disk anatomy, and synovial cysts, all of which may 
be the source of back pain, neurologic deficits, or both.

Definitive therapy in patients with degenerative spondylo-
listhesis is based on the clinical signs and symptoms combined 
with the findings from imaging studies. In nearly all cases of 
lower back pain, with or without neurologic deficits, nonop-
erative therapy is preferred as the initial treatment for at least 
the first 4 to 6 weeks. If conservative therapy fails, a trial of 
epidural steroids and other pain management interventions 
is appropriate. The indications for surgery include: persistent 
or recurrent back or leg pain or neurogenic claudication that 
interferes with the daily activities of life and is unresponsive 
to 12 weeks of nonsurgical therapy; a progressive neurologic 
deficit; and symptoms of spinal stenosis. Surgical treatment 
considerations include the choice of surgical approach (ante-
rior, posterior, or a combination approach) and the specific 

spine procedure. Surgical decompression with or without 
lumbar fusion and instrumentation is the usual procedure of 
choice.11

The anesthetic management of patients undergoing oper-
ations for lumbar spinal stenosis and degenerative spondy-
lolisthesis must consider the specific surgical procedure and 
approach planned, the anticipated length of surgery, the an-
ticipated blood loss, whether spinal cord monitoring will be 
utilized, and any associated comorbidities. Total intravenous 
anesthesia (TIVA) is often the preferred anesthetic technique, 
particularly if spinal cord monitoring of motor-evoked poten-
tials is planned. Meticulous attention to patient positioning is 
important in reducing the incidence of postoperative compli-
cations (e.g., nerve injury, blindness).

Infections of the Spine
Osteomyelitis
Spinal infections may involve the vertebral body, the inter-
vertebral disk, the neural arch, or the posterior elements. 
Vertebral osteomyelitis is the most common of the spinal 
infections, whereas epidural abscesses are relatively rare. 
Vertebral osteomyelitis preferentially involves the anterior and 
middle spinal columns. Although the treatment of vertebral 
osteomyelitis is usually nonsurgical, surgical intervention may 
at times be warranted.16

Clinically, the symptoms and laboratory findings in patients 
with vertebral osteomyelitis are nonspecific, with little evi-
dence of a systemic process. The diagnosis relies upon a high 
index of clinical suspicion in combination with the results of 
radiologic, microbiologic and pathologic tests.16–20 Bacteremic 
spread is the most likely route of vertebral osteomyelitis and is 
related to the rich arterial blood supply to the vertebral body, 
particularly near the longitudinal ligament. Vertebral osteo-
myelitis most commonly affects the lumbar spine, followed 
by the thoracic spine, cervical spine, and sacral spine. Patients 
often complain of localized back pain and paravertebral mus-
cle spasms, with mild neurologic deficits reported in about 
one-third of patients; other patients demonstrate a severe 
neurologic deficit or an incomplete spinal cord syndrome. 
Laboratory tests reveal a leukocytosis in more than half of the 
patients, an elevation in the erythrocyte sedimentation rate 

“Slipped”
vertebra

Fig. 21.16  Degenerative spondylolisthesis with anterior “slippage” of 
the cephalad vertebra over the vertebra below it.

Fig. 21.17  Spondylolisthesis. A 48-year-old man presented with 
bilateral lower extremity numbness. This midsagittal computed 
tomography scan of the lumbar spine shows a 1-cm anterolisthesis of 
L5 on S1.
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calcitonin levels;18,19 the ESR and CRP are sensitive markers for 
infection, but nonspecific.20

The initial radiologic signs of osteomyelitis are usually 
absent; after several weeks, radiographic imaging reveals a 
reduction in disk height and vertebral end plate erosions, 
followed by the appearance of osteolytic areas, paravertebral 
soft tissue shadows, and eventual vertebral body collapse. 
The most sensitive early radiologic imaging technique is a  
nuclear bone scan using technetium Tc 99m MDP (methy-
lene diphosphonate) with single-photon emission computed  
tomography.17 MRI is the gold standard imaging modality for 
the diagnosis of osteomyelitis, providing accurate detail re-
garding the intervertebral disk, vertebral marrow, neurologic 
structures, and paraspinal soft tissue pathology.18 Typical MRI 
findings in vertebral osteomyelitis and diskitis include loss of 
end-plate definition and decreased signal in the disk and adja-
cent vertebral bodies (Fig. 21.18).

Effective medical therapy begins after making an accurate 
and rapid diagnosis, followed by 4–6 weeks of a combination 
of intravenous and oral antibiotic therapy.16,21,22 Surgical ther-
apy is required for most cases of vertebral osteomyelitis;23 the 
most common indications include: making a definitive iden-
tification of the causative organism; progressive neurologic 
deficits; spinal instability; progressive spinal deformity; and 
failure of medical therapy.

Epidural Abscess
Epidural abscesses are relatively rare infections, occurring in 
about 1 in 10,000 hospital admissions.24 Local spread of bacte-
ria into the epidural space is responsible for about one-third of 
cases, and bacteremic seeding of the epidural space occurs in 
about 50% of cases.24 The clinical manifestations of an epidural 
abscess include back pain, fever, and neurologic deficits; half 
of patients with epidural abscesses are initially misdiagnosed 
at the time of presentation (range, 11–75%).25 Neurologic defi-
cits are late manifestations of the infection, and when present, 
require rapid treatment. As in vertebral osteomyelitis, labora-
tory findings are nonspecific, with a leukocytosis present in 

two-thirds of patients; however, blood culture results may be 
positive and patients may appear to be systemically septic.26 
Epidural abscesses are commonly located in the posterior re-
gions of the thoracolumbar spine, and often involve multiple 
spinal segments.

Spinal epidural abscesses are diagnosed from clinical and 
radiologic findings in combination with results of culture of 
drainage material.27,28 Plain radiographs provide diagnostic 
assistance in less than 20% of the cases, although there may 
be evidence of coexisting osteomyelitis.28 MRI with gadolin-
ium enhancement is the radiologic imaging test of choice. 
This modality can be used to identify the exact location and 
extension of the epidural infection and to detect spinal cord 
compression and surrounding edema. Once the diagnosis is 
confirmed, systemic antibiotic therapy is often combined with 
surgical drainage.24,26 The most common surgical procedure 
performed for the treatment of a spinal epidural abscess is a 
posterior decompressive laminectomy with evacuation of the 
epidural abscess or phlegmon.24 Neurologic outcome depends 
on the patient’s preoperative neurologic condition and the 
provision of early surgical treatment.

Spinal Tumors
Primary vertebral tumors are uncommon, accounting for 
less than 5% of spinal tumors; metastatic spinal tumors ac-
count for the vast majority of spinal neoplasms.29 Clinically, 
the presentation of patients harboring spinal tumors includes 
pain, progressive spinal deformity, neurologic deficits, or a 
combination of all three. Radiologic imaging is invaluable in 
facilitating a diagnosis. For the diagnostic approach to spinal 
tumors, a simple anatomic classification divides the tumors 
into extradural, intradural extramedullary, and intramedullary 
categories (Box 21.1). Surgical biopsy is essential in making a 
definitive diagnosis; CT-guided fine needle aspirate biopsy is 
the most common method of diagnosis, with a tissue diagno-
sis made in 70–80% of biopsies. If the particular tumor type 
warrants surgical intervention, the specific surgical approach 
is influenced by the location and size of the tumor, the effect of 
the tumor on the biomechanical stability of the spine, and the 
involvement of surrounding tissues.29,30

Extradural spinal tumors account for 50% of all spinal tu-
mors and most commonly originate in the vertebral body or 
the epidural space. Primary extradural tumors include Ewing’s 
sarcoma (Fig.  21.19), chordomas, chondrosarcomas, osteoid 
osteomas, multiple myelomas, and osteosarcomas.

Most extradural tumors are malignant, representing meta-
static disease from the lung, breast, prostate, or hematopoietic/
lymphoid tissue. Indeed, the skeletal system is a common site 
of metastatic disease, ranking only behind the lungs and liver 
in the frequency of occurrence of metastases. As many as 30% 
of all patients with cancer have metastasis to the spine at au-
topsy.31 Spinal metastasis typically involves the vertebral body 
and occurs through hematogenous seeding or direct extension 
of a paravertebral tumor. The thoracic spine is the most com-
mon location for spinal metastasis, with pain the presenting 
symptom in most cases. Neurologic deficits may vary from 
mild radicular symptoms to spinal cord dysfunction. The neu-
rologic deficits may occur in response to pathologic vertebral 
body fractures or dislocations or to progressive neural com-
pression from tumor growth.

Radiologic imaging is essential for the investigation of 
suspected extradural spinal metastasis. For highly vascular 
tumors (giant cell tumors, osteoblastoma, hypernephroma), 
preoperative angiography with tumor embolization may be 
used to minimize intraoperative blood loss during resection 

Fig. 21.18  Vertebral osteomyelitis. A 50-year-old male intravenous 
drug abuser presented with low back pain that had lasted for 1 month. 
This sagittal T1-weighted magnetic resonance image of the lumbar 
spine obtained after contrast administration shows edema and 
enhancement of the L2 and L3 vertebral body marrow and loss of 
height and signal in the L2–L3 disk space.
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of a particularly large tumor.32–34 The treatment of metastatic 
disease to the spine involves primarily nonsurgical treatment, 
particularly in patients without neurologic compromise or 
spinal instability. These patients are best treated with palliative 
irradiation, chemotherapy, or both, depending on the tumor 
cell type. The indications for surgical therapy for extradural 
spinal disease include the need for tissue diagnosis in the set-
ting of an unknown primary, progressive neurologic deficits, 
severe pain unresponsive to medical treatment, progressive 
spinal deformity or instability, radioresistant tumors, and soli-
tary tumors not responding to nonsurgical treatments.

Intradural extramedullary tumors account for 40% of spinal 
tumors and are located within the dura, but outside the sub-
stance of the spinal cord. These tumors may involve the arach-
noid tissue, circulating CSF, nerve sheaths, dentate ligaments, 
filum terminale, and vascular structures. Tumors that arise 
within this space are typically benign, and more than 90% are 
either nerve sheath tumors or meningiomas. The nerve sheath 
tumors can be located at any level of the spine and are usually 
schwannomas or neurofibromas, which tend to localize in the 
dorsal or sensory nerve roots. Malignant tumors in this region 

of the spine are much less common and usually originate 
from a primary brain tumor (e.g., ependymoma or medullo-
blastoma) or from meningeal spread secondary to metastatic 
disease. The thoracic spine is the most likely location for a 
meningioma (80%), followed by the cervical (10–20%) and 
lumbar (1–5%) regions.

The clinical presentation of a patient with an intradural ex-
tramedullary tumor usually involves the symptoms of myelop-
athy or radiculopathy. Although CT and MRI are both useful 
in suggesting the diagnosis, MRI is considered the imaging 
modality of choice. Surgery is warranted for the treatment of 
benign intradural extramedullary tumors such as schwanno-
mas, meningiomas, and neurofibromas.

Intramedullary tumors account for 10% of spinal tumors 
and are located within the substance of the spinal cord. In 
adults, more than 80% of these tumors consist of astrocytomas 
and ependymomas. The typical clinical manifestations of in-
tramedullary tumor consist of myelopathy and sensory distur-
bance below the level of the spinal tumor. When the tumor is 
located at the level of the conus medullaris, cauda equina syn-
drome may develop at very late stages. The primary treatment 
for an intramedullary tumor is surgical laminectomy, followed 
by tumor resection or biopsy.

Scoliosis
Adult scoliosis is defined as any curvature of the spine greater 
than 10 degrees in the coronal plane in a skeletally mature indi-
vidual.35 Adult scoliosis is divided into two groups: idiopathic 
and “de novo” scoliosis. In the first group, a curve develops 
during adolescence (idiopathic scoliosis) but is treated only in 
adulthood. In the second group, the curve first manifests after 
skeletal maturity (termed “de novo” scoliosis). Degenerative 
spine disease is the most common cause of de novo scoliosis, 
although scoliosis may occur after previous spinal surgery or 
in patients with osteoporosis.36 Degenerative lumbar scoliosis 

Fig. 21.19  Ewing’s sarcoma. A sagittal pre-contrast T2-weighted 
magnetic resonance image shows a 5.4 cm long by 1.6 cm 
heterogeneously enhancing mass located in the dorsal epidural space 
from T9 to T12 that is severely compressing the spinal cord.

BOX 21.1  Anatomic Classification of Spinal Tumors

Extradural
Metastasis
Chordoma
Osteochondroma
Osteoid osteoma
Osteoblastoma
Osteosarcoma
Aneurysmal bone cyst
Chondrosarcoma
Neurofibroma
Vertebral hemangioma
Giant cell tumor
Osteogenic sarcoma
Plasmacytoma
Multiple myeloma
Ewing’s sarcoma
Angiolipoma

Intradural Extramedullary
Spinal meningioma
Schwannoma
Neurofibroma
Epidermoid/dermoid
Lipoma
Metastasis
Arachnoid cyst

Intramedullary
Astrocytoma
Ependymoma
Dermoid/epidermoid
Malignant glioblastoma
Teratoma
Lipoma
Neuroma
Hemangioblastoma
Ganglioglioma
Oligodendroglioma
Paraganglioma
Cholesteatoma
Metastases: melanoma, sarcoma, breast

(Data from Patel N: Surgical disorders of the thoracic and lumbar spine: A 
guide for neurologists. J Neurol Neurosurg Psychiatry 2002;73:42-48.)
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vertebrae, intervertebral disks, spinal ligaments, facet joints, 
and muscles. This degenerative process leads to wedging of 
vertebral bodies and disks with progressive spinal rotation and 
translation, most commonly involving the upper lumbar and 
lower thoracolumbar spine. Degenerative scoliosis is com-
mon, with a prevalence reported to range from 6% to 68%37 
and increases with age, being observed in more than 30% of 
elderly patients without previous spinal abnormalities.35,38 The 
initial clinical symptom is typically back pain. Although the 
incidence of back pain in adults with scoliosis is similar to that 
found in the general population, the most common indica-
tion for eventual surgery is persistent and clinically significant 
back pain, with 1% of patients undergoing scoliosis surgery.

Thoracic scoliotic curves have a much greater adverse effect 
on pulmonary function than curves located in other regions 
of the spine. There is a direct relationship between the mag-
nitude of the curve and the reduction in lung volumes. With 
thoracic curves greater than 60 degrees, and particularly those 
greater than 100 degrees, the patient complains of shortness of 
breath and dyspnea, and spirometric testing shows progressive 
restrictive pulmonary disease with reductions in vital capacity, 
forced expiratory volume in 1 second (FEV1), and PaO2 with 
all abnormalities being in proportion to the severity of the sco-
liotic curve.

Most patients with scoliosis-related back pain are effec-
tively treated with nonsurgical therapy. At present, the indica-
tions for surgery in the setting of scoliosis include persistent 
back pain refractory to medical therapy; progressive neuro-
logic deficits; progressive spinal deformity, particularly in 
the setting of worsening pulmonary function; and postural 
imbalance related to muscle fatigue. The surgical goals are to 
correct deformity without creating spinal instability and to al-
low early patient mobilization. Adult scoliosis surgery is asso-
ciated with a high complication rate. In studies investigating 
the incidence of complications following major spine surgery 
(with most studies including a significant percentage of pa-
tients with scoliosis), perioperative complications were noted 
to occur in over 20% of patients, with reported in-hospital 
mortality rates of 0.2– 0.5%.39–41 Reported complications in-
clude infection, acute coronary syndrome, cerebrospinal fluid 
leak (CSF) leak, failure of the implant, paralytic ileus, deep 
venous thrombosis, urinary tract infection, and blindness.35 
Risk factors increasing the incidence of postoperative com-
plications include age, pulmonary circulatory disease, heart 
failure, renal disease, liver disease, coagulopathy neurologic 
disease, and electrolyte disorders.42 Pulmonary complications 
are common, with the highest incidence associated with an-
terior and anterior/posterior spine operations. Mortality rates 
are particularly high in patients who develop postoperative 
pulmonary complications.

An anesthetic plan well suited for major reconstructive 
spine surgery includes the use of a balanced general anesthetic 
technique, invasive hemodynamic monitoring, and large-bore 
intravenous catheters. The use of a TIVA technique may be 
indicated if neurophysiologic monitoring is planned.

Inflammatory Arthritides of the Spine
Rheumatoid Arthritis
Rheumatoid arthritis (RA) is the most common of the inflam-
matory diseases, affecting approximately 1% of the world’s 
population. RA is characterized by a chronic, systemic, au-
toimmune inflammatory state resulting in symmetrical pain, 
heat, swelling, and destruction in synovial joints of the hands 
and feet, wrists, elbows, hips, knees, ankles, and the cervical 

spine.43 The T cell-mediated inflammatory state of RA affects 
synovial tissues throughout the body, resulting in hypertrophy 
of joint tissue and erosion of articular cartilage and subchon-
dral bone.44 The cervical spine is often affected, with involve-
ment of the synovial joints of the cervical spine, particularly 
those surrounding the C1–C2 articulation. The synovitis 
weakens the surrounding supportive structures, resulting in 
axial instability that may lead to subluxation of the C1–C2 
articulation and spinal cord compression. Atlantoaxial sublux-
ation affects as many as one-fourth of patients with RA and is 
the most common cervical spine manifestation of RA.

Clinically, patients with RA involving the cervical spine 
may complain of cervical neck pain, headaches, and limitation 
of neck movement. In severe disease, subaxial subluxation may 
cause progressive cervical myelopathy with spasticity of the 
legs, motor weakness, and incontinence, or symptoms of nerve 
root compression. The diagnosis of cervical spine involvement 
in RA relies upon typical radiologic findings, including atlan-
toaxial subluxation, narrowed disk spaces, erosion of vertebral 
end plates, apophyseal joint erosion with blurred facets, and 
spinal osteoporosis.43 A CT scan is of value for detecting the 
extent of cervical spine bony destruction, whereas MRI is use-
ful for identification of spinal cord pathology and soft tissue 
abnormalities.

Surgery is indicated in the presence of myelopathy; severe 
neck pain with a neurologic deficit; and excessive subluxation 
of C1–C2 with spinal canal stenosis, vertebral artery compro-
mise, and spinal cord compression. Patients demonstrating 
symptoms of myelopathy, particularly in the presence of C1–
C2 subluxation, require urgent posterior spinal decompres-
sion and instrumented fusion; current options may include 
C1 lateral mass screws in conjunction with C2 pedicle, pars 
or translaminar screws or C1–C2 transfacet screws and bone 
grafting. The presence of subaxial subluxation (C3–C7) war-
rants realignment and stabilization from a posterior approach, 
particularly when multiple levels are involved. An anterior 
approach may be appropriate as an alternative technique, 
especially in the case of significant kyphotic deformity. In se-
lect cases, a combined anterior and posterior approach may 
need to be utilized.43

The anesthetic approach for a patient undergoing surgery 
for RA should take into account the airway concerns unique to 
these patients, including limitation of neck and temporoman-
dibular joint movement (limiting visualization of the larynx), 
arthritic involvement of the cricoarytenoid joints (preoperative 
hoarseness and stridor) with a narrowed tracheal inlet, atlanto-
axial subluxation with potential vertebral artery compromise, 
basilar impression (from rostral advancement of the odontoid 
process with compression of the spinal cord or medulla), and 
instability of the lower cervical spine. Accordingly, an awake 
fiberoptic intubation or video-assisted laryngoscopy may be 
considered to minimize further neurologic injury during the 
induction of anesthesia and positioning of the patient.

Ankylosing Spondylitis
Ankylosing spondylitis (AS) is considered the prototypical 
seronegative spondyloarthropathy; it is characterized by a 
progressive inflammatory involvement of the spine and axial 
skeletal joints, which may result in severe spinal deformity 
(Fig. 21.20). The disease is three times more common in men 
than in women. In addition to axial skeletal disease, AS in-
volves enthesopathy (inflammation at the sites of tendon and 
ligamentous insertions), the presence of human leukocyte 
antigen (HLA-B27), and the absence of rheumatoid nodules 
and rheumatoid factor in serum (seronegative).43 The regions 
of the spine most often involved in AS are the sacroiliac, 
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costovertebral, zygapophyseal, and discovertebral joints.43 
Ankylosing spondylitis-associated fractures are most com-
monly seen in the lower cervical spine (C6–C7), although they 
may also occur in the lumbar and thoracic segments. Diseases 
associated with AS include peripheral polyarthritis, C1–C2 
subluxation, valvular heart disease, aortitis, restrictive pulmo-
nary disease, upper lobe pulmonary fibrosis, colitis, renal am-
yloidosis, osteoporosis, psoriasis, uveitis, and iritis.

Surgery is indicated for individuals with severe spinal de-
formities that adversely affect normal activities and in patients 
who have spinal instability due to spondylodiskitis or spinal 
fracture.45 In patients with AS who are scheduled for correc-
tive spine surgery or for unrelated surgical procedures, careful 
preoperative assessment is essential. A thorough history should 
focus on the patient’s habits, lifestyle, and medications (e.g., use 
of opioids, nonsteroidal anti-inflammatory agents). Areas of 
particular focus should include: kidney, pulmonary, gastroin-
testinal, and nutritional assessment. In addition, cervical spine 
flexibility and airway anatomy must be carefully evaluated in 
AS patients, as the potential for a difficult airway is increased. 
The presence and severity of cervical kyphosis should be noted 
as patients with marked neck flexion may mandate a fiberoptic 
airway approach or other advanced airway technique.

Osteoporosis
Osteoporosis is a metabolic bone disease characterized by a 
decrease in bone mineral density and disrupted microarchi-
tecture that leads to a higher risk of fractures, particularly of 
the hip, spine, and wrists. The prevalence of primary osteopo-
rosis affects approximately 10 million individuals in the United 
States, making it the most prevalent bone disease.46 It is found 
most commonly in women after menopause (up to 30% are 
affected),47 but may occur in men and premenopausal women 
in the presence of hormonal disorders or other chronic dis-
ease states, in which case it is termed secondary osteoporosis. 
Disease states associated with secondary osteoporosis include 
hyperthyroidism, gastrointestinal disorders, disorders of cal-
cium balance, and chronic steroid use.

Fractures are common in osteoporosis. Vertebral com-
pression fractures, one of the most frequent complications 
of osteoporosis, occur most often in the thoracic and lumbar 
spine.48 In fact, the incidence of vertebral fractures has been 
estimated to occur in up to 25% of women at 50 years of age. 
Development of an acute fracture manifests as acute pain lo-
calized over the affected area or referred across the chest. After 
the fracture heals, the patient may complain of chronic back 
pain. In the thoracic spine, osteoporotic fractures are located 
primarily in the anterior aspect of the vertebral body, causing 
a compression fracture that appears as a wedge shape on plain 
films. The wedge-shaped vertebral body results in a dorsal 
kyphosis, particularly if fractures affect multiple spinal levels. 
In the lumbar spine, the vertebral fractures are located more 
evenly throughout the vertebral body, resulting in a compres-
sion fracture without the wedge shape.

The diagnosis of osteoporosis relies on a combination 
of clinical history, plain radiographs, bone mineral density 
(BMD) testing, and biochemical markers suggesting rapid bone 
turnover (bone-specific alkaline phosphatase). Osteoporosis 
is treated nonsurgically in the majority of cases. Surgical  
intervention is indicated in the setting of acute vertebral com-
pression fractures associated with severe pain unresponsive 
to medical therapy, neurologic deficits, and in the presence 
of progressive spinal deformity and instability. The goals of 
surgical treatment for osteoporotic fractures include early 
mobilization and functional return to daily activities of life. 
The procedures most commonly performed for osteoporotic 
vertebral compression fractures include minimally invasive 
vertebroplasty and balloon kyphoplasty. Although the clinical 
efficacy of these procedures has been questioned,49,50 recent 
reports support the general consensus that vertebroplasty and 
kyphoplasty are safe, efficacious, and durable procedures for 
the treatment of appropriate patients with pathologic fractures 
due to osteoporosis and neoplastic processes. 49–54

TRAUMA OF THE SPINE AND 
SPINAL CORD

Among individuals suffering general traumatic injuries, the 
cervical spine is involved in 4.3% of cases, the thoracolumbar 
spine in 6.3% of cases, and the spinal cord in 1.3%.55,56 The 
most common causes of spine trauma are motor vehicle acci-
dents, falls, violence, and sports-related injuries (in that order). 
Spinal injuries have a predilection for the more mobile areas 
of the spine, which include the cervical spine (75% of cervical 
spine injuries are at C3–C7) and the thoracolumbar junction 
(16% of thoracolumbar injuries are at the L1 junction),56 with 
as many as one-fifth of injuries to the spine occurring at mul-
tiple levels.

In general, the goals of management following spinal 
trauma are: prevention of further neurologic injury; en-
hancement of neurologic recovery if deficits exist; neurologic 
decompression; and the surgical correction of spinal malalign-
ment or deformity. The initial evaluation and resuscitation of 
the trauma patient includes a detailed neurologic examination 
performed to detect the presence of neurologic deficits (see 
Fig.  21.25) combined with radiologic imaging of the spine; 
these actions complete the spine trauma assessment.

Biomechanical Considerations  
in Spinal Injury
An understanding of the biomechanics of spinal impact and 
resulting spinal injury is helpful in estimating the probability 
and severity of both the spinal column and SCI as well as the 

Fig. 21.20  In a patient with ankylosing spondylitis, a progressive 
spinal curvature may eventually develop, resulting in a stooped posture 
from vertebral fusion.
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D planning of effective therapy. Traumatic spinal injuries most 

commonly occur after impact forces that result in the follow-
ing seven basic types of spinal trauma: hyperflexion, hyperex-
tension, compression, rotation, shear, avulsion injuries, and a 
combination of these types.56 A mechanistic classification of 
cervical spinal injuries based on the original classification pro-
posed by Allen and colleagues56,67 is illustrated in Fig. 21.21. A 
summary table of selected traumatic spinal injuries, associated 
neurologic sequelae, and the common treatments are provided 
for reference (Table 21.1).

Hyperextension
Hyperextension injuries are most common in the cervical re-
gion and are a common cause of lower cervical neck injuries 
(Fig.  21.22). Hyperextension injuries may result from facial 
or frontal trauma, whereby the forces separate the vertebral 
body and the adjacent lower end of the intervertebral disk. 
Hyperextension injuries result in disruption of the anterior 
and middle spinal columns in tension, reducing the AP di-
ameter of the spinal canal and compressing the spinal cord 
between the posterior aspect of the vertebral body and the lig-
amentum flavum and lamina. Elderly individuals with cervi-
cal spondylosis are particularly susceptible to hyperextension 
injuries, and even moderate hyperextension may produce cord 
injury. The vertebral arteries may be damaged in cervical ex-
tension injuries, particularly in people with severe spondylo-
sis. Hyperextension injuries are typically unstable owing to the 
disruption of the stabilizing ligamentous elements and injury 
to the intervertebral disks.

Compression
Compression injuries occur after impact forces containing 
a significant axial load (e.g., falls on the occiput) and result 
in wedge compression fractures, burst fractures (Fig. 21.23), 
and ligamentous rupture. Wedge compression fractures, 
most common in the thoracolumbar region, result from pure 
flexion injury, whereby the posterior ligamentous complex 
remains intact. Compression injuries with burst fractures 
often cause serious neurologic damage from retropulsion of 
bone fragments, ligaments, and disk material into the spinal 
canal. Compression injuries associated with flexion may pro-
duce the so-called teardrop fracture, in which the vertebra is 
dislocated anteriorly, with an associated avulsion of the supe-
rior aspect of the vertebra and posterior longitudinal ligament 
damage, usually with significant neurologic damage.

Hyperflexion
Hyperflexion injuries may be divided into flexion–
compression and flexion–distraction injuries. The direction 
of the applied load determines the particular injury pattern. 
Simple flexion–compression fractures results in wedge frac-
tures of the vertebral body that cause a loss of anterior ver-
tebral body height, creating a wedge shape. These injuries are 
typically stable, unless significant loss of vertebral body height 
results. Severe flexion–distraction injuries occur from a com-
bination of flexion and distraction loads, with the center of 
rotation located anteriorly. This injury results in characteristic 
subluxations or dislocations (see Fig.  21.22) of the vertebral 
bodies with disruption of the posterior longitudinal ligament, 

1. Extension

Distraction/extension

Extension

Extension/compression

3. Flexion-compression

Flexion/compression

2. Compression

Compression

5. Distraction

4. Flexion-distraction

Distraction/flexion

Flexion

Distraction

Fig. 21.21  Mechanistic classification of cervical spinal injuries. This illustration of the spectrum of cervical spine injuries is based on the 
mechanistic classification proposed by Allen and colleagues.250 (From Lindsey RW, Gugala Z, Pneumaticos SG: Injury to the vertebra and spinal 
cord. In Moore EE, Feliciano DV, Mattox KL [eds]: Trauma, 5th ed. New York, McGraw-Hill, 2004, pp 459–492.)
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Table 21.1  Selected Spinal Injuries, Associated Clinical Findings, and Treatment

Spinal Injury Typical Clinical Findings Treatment

Upper Cervical (C1–C2) Spine Injuries

Atlanto-occipital dislocation Unstable; commonly fatal; if patient survives 
there are neurologic deficits

Immediate halo vest vs. hard collar, then 
posterior occipitocervical fusion

Atlas burst fracture (Jefferson fracture) Usually stable and neurologically intact; 
associated with head injuries and other 
cervical spine fractures

Cervical orthosis if nondisplaced; halo vest for 
3 months vs. surgery if displaced; posterior 
C1–C2 fusion if instability persists after 
immobilization

Atlantoaxial dislocation/subluxation Usually neurologically intact Reduction and immobilization vs.  
posterior fusion

Isolated odontoid fracture: tip of dens (type I); 
base of the dens (type II); extension into the 
C2 body (type III)

Type I, stable; type II and III, usually unstable, 
with neurological deficits in 14% of type II 
and 8% type III

Type I, rigid cervical collar; type II and III, 
cervical immobilization, ± surgical posterior 
C1–C2 fusion

Axis fracture (hangman’s fracture)—bilateral 
pars interarticularis (type I); bipedicular 
fracture (type II); severe displacement, uni- or 
bilateral facet dislocations (type III)

Usually neurologically intact (type I and II); 
type III very unstable, neurologic injuries

Type I, rigid cervical collar; type II, initial 
traction then halo vest vs. surgery; type III, 
open reduction and fusion

Subaxial Cervical (C3–C7) Spine Injuries

Axial Compression

Wedge compression fracture May be stable; neurologically variable Depends on severity of fracture: cervical collar 
or halo vest for stable fractures; if disruption 
of posterior longitudinal ligament, surgical 
stabilization-fusion

Burst fracture Stability is variable, depending 
on ± involvement of the posterior ligamentous 
complex (PLC); neurologically variable

Cervical immobilization vs. surgical 
stabilization-fusion

Flexion–Compression

Teardrop fracture Usually unstable; neurologically variable Immobilization vs. surgical stabilization-fusion

Flexion–distraction Stability is variable, depending on ± posterior 
ligamentous injury; neurologically variable

Immobilization; ± surgical stabilization-fusion

Extension–Distraction

Hyperextension, ± fracture ± dislocation: Stability is variable, depending on ± posterior 
ligamentous injury; neurologically variable; 
seen in elderly patients with spinal stenosis; 
(central cord syndrome)

Immobilization; ±  surgical 
decompression-fusion

With retrolisthesis Unstable, neurologically variable Surgical stabilization

Rotation–Flexion or Extension

Isolated facet fracture without dislocation Stable; usually neurologically intact Cervical collar

Unilateral facet dislocation ± fracture Often unstable; neurologically variable Open or closed reduction; ± surgical 
stabilization and fusion

Bilateral facet dislocation ± fracture Very unstable; disrupted posterior stabilizing 
elements; usually severe neurologic deficits

Open or closed reduction; surgical stabilization 
and fusion

Thoracolumbar Injuries

Transverse process, spinous process, and 
articular process fractures

Stable; neurologically intact Symptomatic; ± orthoses

Compression Fractures

Wedge fracture Usually stable and neurologically intact; 
unstable if severe compression (>50% loss 
of vertebral body height, >30O kyphosis 
deformity)

No orthosis vs. thoracolumbosacral orthosis 
(TLSO) if stable; surgical stabilization if 
unstable

Burst fracture Stable if minimal posterior column disruption; 
unstable if neurologic deficits and/or 
posterior column disruption; neurologically 
variable

TLSO if stable and neurologically intact; 
surgical stabilization-fusion if unstable and/or 
neurologic deficits

(Continued)
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causing significant spinal instability. Herniation of the inter-
vertebral disks is commonly seen after severe flexion injuries, 
as is dislocation of the facet joints, particularly if enough of a 
rotational component is involved.

Rotation
Flexion and extension injuries that include significant rota-
tional forces may result in severe spinal injuries, including 
subluxation, dislocation, and fracture–dislocations. Serious 
injuries to the vertebral bodies and intervertebral disks are 
often involved in the process (Fig. 21.24).

Rotational spinal injuries often result in severe injuries to 
the spinal cord and cauda equina. In particular, hyperflexion–
rotation forces associated with dislocation may produce either 
unilateral or bilateral locked facets. Bilateral facet dislocations 
(locked facets) are associated with major neurologic injury 
and often require surgical reduction and stabilization. These 
are most often seen in the lower cervical spine (C5–C7). 
Fractures of the vertebral peduncles may be associated with 
bilateral facet dislocations. Unilateral facet dislocations may 
be associated with no neurologic injury; however, they may be 
associated with nerve root compression or an incomplete SCI.

Shear
Some degree of spinal translation is involved in most spinal inju-
ries, including spinal fractures and ligamentous tears. The shear 
mechanism typically involves all three columns of the spine and 
is associated with a higher incidence of facet dislocation.56

Avulsion
Avulsion injuries are typically stable injuries. Examples of 
avulsion injuries include the odontoid type 1 fracture, in 
which the tip of the odontoid process is fractured or chipped, 
and the hyperextension teardrop fracture.56

Combined
Combined injuries, resulting from various vectors of force such 
as axial loading, rotation, and flexion or extension, chiefly affect 
the cervical region and commonly produce ligamentous tears 
and distraction (an increase in distance between individual 

Anterior
longitudinal

ligament

Posterior
longitudinal

ligament

Posterior
longitudinal

ligament

Interspinous
ligament

Supraspinous
ligament

Fig. 21.22  Top, Distracted vertebral body with disrupted posterior 
longitudinal ligament occurring after hyperflexion injury. Bottom, 
Distracted vertebral body with disrupted anterior longitudinal ligament 
occurring after hyperextension injury (arrows show direction of forces).

Fig. 21.23  Top, Vertebral compression fracture (arrow). Bottom, 
Vertebral burst fracture (arrow) with retropulsion of bone fragments 
posteriorly into the vertebral canal.

Fig. 21.24  Rotation injury showing dislocated articular facts (small 
arrow).

Flexion–Distraction

Chance fracture (horizontal fracture through 
anterior-posterior bony elements)

Usually unstable; neurologic deficits in 10% 
to 15%

Surgical stabilization-fusion (rarely TLSO 
brace)

Fracture–dislocation Highy unstable; neurologic deficits ≥ 75% Early surgical reduction, stabilization-fusion

Extension–distraction Rare (patients with metabolic bone disease); 
unstable; neurologic deficits common (≥75%)

Surgical stabilization-fusion

Penetrating missile injury Neurologically variable; recovery poor Symptomatic treatment; spinal orthoses if 2 to 
3 spinal column involvement

Table 21.1  Selected Spinal Injuries, Associated Clinical Findings, and Treatment—cont’d
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components of adjacent vertebrae. For example, a combined 
injury, or whiplash, involves rapid acceleration–deceleration 
forces resulting in extreme extension followed by flexion and is 
often associated with rotation, compression, and tearing forces. 
This kind of acceleration lesion distorts the spinal components, 
damaging the soft tissues of the neck, muscles, and anteropos-
terior ligaments, and sometimes involves nerve roots and disks.

Traumatic spondylolisthesis of the axis occurs with motor 
vehicle accidents when the driver’s face or chin hits the steer-
ing wheel. The extreme hyperextension of the neck produces 
shear stresses on the C2–C3 vertebral units, resulting in frac-
ture of the neural arches with dislocation between C2 and C3. 
However, the avulsed arches decompress the cervicomedul-
lary junction, so patients seldom experience neurologic defi-
cits and usually have a good prognosis.

Mid-thoracic to upper thoracic spinal injuries are much 
less common than injuries of the cervical or thoracolumbar 
regions, because of the protection and fixation of the tho-
racic area by the rib cage and sternum. The greater mobility 
of the vertebral column at the thoracolumbar junction con-
tributes significantly to the frequency of spinal injuries in this 
region. Injury to the thoracolumbar spinal column can result 
in wedge fractures of the vertebrae, with destruction of the 
laminae, pedicles, and facets. Protrusion of the vertebral body 
or disk material into the spinal cord may occur. The addition 
of torque results in fracture–dislocations of the vertebral col-
umn. Lumbar fractures have been reported to occur much 
less often and are the result of flexion and compression forces. 
Neurologic injuries that involve only the cauda equina have a 
high potential for significant neurologic recovery.

Penetrating wounds of the spine may cause significant dam-
age, including direct and indirect spinal cord injury through 
transmitted energy. Many of these injuries produce damage to 
both the spinal cord and nerve roots as a result of associated 
shear stress; compression and contusion of cord tissue by bony 
impingement, herniated disks, or intraparenchymal bone frag-
ments; or ischemia caused by interruption of the vascular supply. 
However, no consistent relationship exists between actual trauma 
to supporting structures and injury to the spinal cord. Thus, a 
patient may present with a stable spine without bony or ligamen-
tous injury and still sustain SCI or may have serious fractures and 
an unstable spine without neurologic deficits. In adults, the areas 
most susceptible to injury are the lower cervical spine (C5–C7) 
and the thoracolumbar junction (T12– L1), regions of the spine 
coinciding with the areas of greatest spinal column mobility.

Neurologic Assessment
In patients with spinal trauma, a neurologic examination 
is essential in establishing a baseline of neurologic function 
and in facilitating the decision matrix for specific radiologic 
testing. Following the primary trauma survey, the neurologic 
evaluation process includes an assessment of mental status, 
an examination of the spinal column, and an evaluation of 
the sensorimotor function of the extremities. Initially, the 
clinician palpates the spine in its entirety, specifically noting 
tenderness, evidence of hematoma, or spinal misalignment. 
During examination of the patient, it is important to maintain 
spinal precautions at all times (i.e., log rolling, maintaining 
neutral neck position). The neurologic examination should be 
accurately detailed in the medical record using the American 
Spinal Injury Association (ASIA) International Standards for 
Neurological Classification of Spinal Cord Injury (ISNCSCI) 
examination worksheet (Fig. 21.25).

The ASIA worksheet standardizes the neurologic evalu-
ation process and facilitates the accuracy of the neurologic 

examination (see Fig.  21.25). In the ASIA system, the neu-
rologic assessment includes the testing of key muscle groups 
and sensory points. For muscle testing, 10 groups are tested 
corresponding to 10-paired myotomes. The function of these 
muscles is graded on a 6-point scale, with 0 assigned for total 
paralysis and 5 points assigned for normal strength. In total, 
there are 100 points when the right and left sides are assessed.

The second part of the ASIA neurologic examination is the 
sensory score, which is based on the evaluation of 28 sensory 
dermatomes on the right and left sides of the body. At each 
of these key points, both the sensation to pinprick and light 
touch are tested and scored on a scale of 0 to 2 (0, absence 
of sensation; 1, impaired sensation; and 2, normal sensation). 
In addition to the testing of key muscles and sensory points, 
voluntary motor contraction of the external anal sphincter 
is tested by digital examination. Perirectal sensation is also 
tested; this sensation, along with the presence of the bulbo-
cavernosus reflex or the anal-cutaneous reflex, is an important 
signal of the preservation of distal function (sacral sparing), 
indicating incomplete SCI and predicting a more favorable 
prognosis. The testing of proprioception (position sensation) 
is considered optional but is highly recommended.

Finally, an assessment should be made of the completeness 
of the neurologic injury as defined by the ASIA Impairment 
Scale (Table  21.2). In this scale (formerly called the Frankel 
scale), the neurologic injury is divided into one of five possible 
grades. The term sensory level or motor level is used to define 
the most caudal segment of the cord with normal sensory or 
motor function, respectively, on both sides of the body.

The diagnosis of SCI should be considered when the fol-
lowing signs or symptoms are present: motor signs, such as 
weakness or paralysis of the extremities or trunk muscles; sen-
sory signs, such as the absence or alteration of sensation of 
the trunk or extremities; bowel or bladder incontinence; abra-
sions, lacerations, or deformities of the spine, neck, or head re-
gion; and tenderness or pain on palpation of the spine or neck. 
The patient’s neck or back should not be moved to determine 
whether it is painful but should only be palpated. An uncon-
scious patient must be considered to have an SCI until proved 
otherwise. An injury to other systems (e.g., head injury) may 
mask an SCI; conversely, an SCI may mask other system inju-
ries (e.g., visceral rupture or fracture of long bones).

Radiologic Considerations
The goal of imaging after spinal trauma is to recognize and 
quantify spinal injury as well as to aid in determining prog-
nosis (Table 21.3). The mechanism of injury combined with 
the clinical examination and the hemodynamic stability of the 
patient will guide the initial choices for spinal imaging. The 
results of radiologic tests and identification of neurologic defi-
cits define the final pathologic state. For patients without clin-
ical evidence of spinal cord injury, radiologic imaging of the 
cervical spine may not be necessary. In particular, the NEXUS 
decision tool or the Canadian Cervical Spine rule can be uti-
lized to identify those individuals for whom spinal imaging 
is unnecessary.57,58 The American Association of Neurological 
Surgeons (AANS) and the Congress of Neurological Surgeons 
(CNS) recently published updated guidelines for the manage-
ment of acute cervical spine and spinal cord injuries.59 The 
guidelines state that for the awake, asymptomatic patient who 
is without neck pain or tenderness, has a normal neurological 
examination, is without an injury detracting from an accu-
rate evaluation, and is able to complete a functional range of 
motion examination, radiographic evaluation of the cervical 
spine is not recommended.60,61 For trauma patients considered 
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ASIA Grade Type of Injury
Definition of Type  
of Injury

A Complete No motor or sensory 
function

B Incomplete Sensory but not motor 
function is preserved below 
the level of the injury

C Incomplete Motor function is 
preserved, but majority 
of key muscles below the 
neurologic level have a 
muscle grade <3

D Incomplete Motor function is 
preserved, and majority 
of key muscles below the 
neurologic level have a 
muscle grade ≥ 3

E Normal Motor function and sensory 
function are normal

Table 21.2  �American Spinal Injury Association (ASIA) 
Impairment Scale

Category
Plain 
Radiograph

Computed 
Tomography

Magnetic 
Resonance 
Imaging

Bony anatomy ++ +++ ++

Ligament 
injury

+ + +++

Spinal canal 
size

0 +++ +++

Spinal cord 
compression

0 ++ +++

Nerve root 
compression

0 ++ +++

Hemorrhage 
and edema

0 + +++

Syrinx 
formation

0 ++ +++

Prediction of 
deficit

++ ++ +++

Prediction of 
outcome

+ ++ +++

Table 21.3  Specificity of Spine Radiologic Evaluations

0, no benefit; +, poor; ++, good; +++, very good.

Fig. 21.25  American Spinal Injury Association (ASIA) International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI) 
examination worksheet demonstrating the comprehensive neurologic evaluation system for determining the extent of neurologic injury. (Reproduced 
from the American Spinal Injury Association (2013), Atlanta, GA.)
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to have, or be at risk for, cervical spine injuries, a CT scan is 
now considered the initial radiologic modality of choice. 62–66 
Plain films of the cervical spine are regarded as a second line 
imaging choice, to be used if CT is unavailable.

Plain Radiographs
Plain radiographs can be obtained to identify spinal fractures, 
dislocations, and combination injuries. The most important 
cervical spine radiographs include an AP view, a lateral view, 
and an open-mouth view of the odontoid, referred to as the 
cervical “3-view series” (Fig.  21.26). The initial images must 
visualize the occipitocervical junction, all seven cervical ver-
tebrae, and the C7–T1 junction. CT imaging should always 
supplement the 3-view series to further delineate areas that are 
questionable or not well visualized on plain films (e.g., C7/T1). 
For patients with a suspected thoracic or lumbosacral injury, 
AP and lateral films are appropriate.

Computed Tomography
Although plain films of the spine provide a rapid means of 
initial evaluation of spinal trauma, thin sliced CT scanning 
with coronal and sagittal reformatted images from the oc-
ciput to the cervicothoracic junction, with or without MRI is 
the recommended screening test of choice for the diagnosis 
of cervical fractures in most trauma centers.62,63,66 CT imag-
ing provides spatial resolution far superior to that of plain ra-
diographs and offers an excellent means of imaging bone and 
properly evaluating the craniocervical junction and lower cer-
vical areas, including the cervicothoracic junction (C7–T1). 
The axial format of CT provides better evaluation of the spinal 
canal, including measurements of spinal canal and neurofo-
raminal diameters, details of the facet joints, identification of 
bone fragments in the canal or root foramen, detection of a 
unilateral jumped facet, identification of hematoma forma-
tion, and assessment of spinal stability.

C

LM
A

2

LM

A

C7

T1

P

SL

B

P

SP

D

T

Fig. 21.26  Three-view cervical spinal radiographic series. A, Lateral view of cervical spine showing alignment of posterior aspects of the vertebral 
bodies (P) and spinolaminar junction (SL). All seven cervical vertebrae (including C7) and the upper border of T1 should be visualized.  
B, Anteroposterior view showing alignment of spinous processes (SP) and vertebral bodies. Note the uniformity of disk spaces (D). Also visualized 
are transverse processes (T) and pedicles (P). C, Open-mouth (odontoid) view showing the odontoid (A). The odontoid is normally centered between 
the lateral masses (LM) of C1. The body of C2 (2) should be clearly visualized.
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Magnetic Resonance Imaging
MRI has inherent advantages in the setting of spinal trauma, 
including the ability to image the spinal cord in any orienta-
tion and to visualize soft tissues. MRI is able to show the epi-
dural and subarachnoid spaces, thereby providing exceptional 
ability to detect intraspinal ligament tears and disruptions 
(Fig. 21.27).

MRI is superior in the ability to directly image injury to 
spinal cord parenchyma, including edema, hemorrhage, 
myelomalacia, and lacerations. MRI also has a better capacity 
to evaluate the extent of spinal canal compromise from bone 
fragments, osteophytes, herniated disk material, or epidural 
hematomas. MRI is an excellent choice for directly imaging 
nerve root impingement in addition to detecting the presence 
of syrinx formation, scarring, or late compression of the cord. 
Although MRI can detect most vertebral fractures, it is not as 
sensitive as CT for this purpose. MRI is indicated in patients 
with incomplete neurologic deficits after traction, realign-
ment, and immobilization of the spine and in patients who 
have cervical cord deficits after trauma but no demonstrated 
abnormalities on plain films or CT scans. MRI is indicated in 
a patient manifesting neurologic progression of a previously 
stable neurologic deficit as well as in a patient whose level of 
neurologic deficit appears to be above the level of apparent 
cervical spine injury. Finally, MRI has been demonstrated to 
be useful for prognostication of neurologic outcome following 
acute SCI.68

Summary
Patients at risk for SCI should undergo a neurologic evalu-
ation followed by radiologic imaging to identify and quan-
tify abnormalities suggested by history or examination 
(Table 21.4). Axial CT is the preferred imaging modality for 
suspected spinal trauma.63,66 Plain radiographs are no longer 
recommended as the initial spinal trauma imaging modality 

of choice. Patients with SCI may benefit from an MRI study to 
detect intramedullary lesions, extrinsic spinal cord processes, 
and possible ligamentous injury. MRI is also of value in the 
prediction of recovery potential.68

Spinal Cord Injury
Epidemiology
The reported incidence of SCI in the United States is esti-
mated at 56.4 cases per million population per year in the 
US, or about 12,500 new cases each year.69,70 The prevalence 
of SCI in the US is estimated to be about 276,000 (range 
240,000–337,000 persons).69,70 Etiologic factors responsible 

A

C5

B

A
B

C

Fig. 21.27  A, Lateral cervical spine radiograph of a patient with a flexion injury involving C5 shows malaligned posterior vertebral body lines.  
B, T2-weighted sagittal magnetic resonance image of the same patient showing probable injury to the posterior longitudinal ligament (A), an increased 
signal within the spinal cord (B) consistent with spinal cord injury, and a hyperintense signal involving the posterior ligamentous complex (C).

Clinical Status or Findings Recommended Procedure

Asymptomatic; alert, with 
normal physical findings

Radiographs not needed

Symptomatic; signs and 
symptoms of cervical injury

Computed tomography; 3-view 
radiographic series

Ligamentous injury; normal plain 
film or CT findings, but with 
neck pain

Magnetic resonance imaging; 
radiologic flexion and extension 
views (patient awake; physician 
in attendance)

Neurologic deficit despite 
normal plain film findings

Magnetic resonance imaging

Plain films indicate 
craniovertebral injury involving 
occiput, C1, or C2

Computed tomography

Impaired sensorium; neurologic 
evaluation compromised

Computed tomography; 3-view 
radiographic series

Table 21.4  �Summary of Appropriate Radiographic 
Evaluation of Cervical Spine Trauma
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for SCI are motor vehicle accidents (38%), falls (30%), vio-
lence (14%), sports and recreational accidents (9%), and other 
causes (9%).69,70 The average age at injury has increased over 
the last 40 years and is now 42 years.69 Incidence rates of acute 
traumatic spinal cord injury are highest in elderly males (age 
≥65 years), reaching more than 234 per million in the US in 
elderly males ≥85 years.70 Traumatic spinal cord injury most 
commonly occurs in the cervical spine (55%), followed by the 
thoracic spine (30%), and the lumbar spine (15%). Of those 
individuals sustaining an SCI, incomplete tetraplegia (45%) is 
the most common, followed in descending order by incom-
plete paraplegia (21%), complete paraplegia (20%), and com-
plete tetraplegia (14%).69,70 Acute in-patient mortality is 7.5%, 
with a substantial increase in mortality in patients ≥65 years 
of age (in-patient mortality >9.5%).70 After the first year, mor-
tality rates decrease significantly with the 12-year survival rate 
at 85.1%.71 Predictors of survival include the degree of con-
sciousness; the level and severity of neurologic injury; pres-
ence of multiple injuries; need for respiratory assistance; age; 
and psychological, social, and vocational variables.72 Leading 
causes of death in patients with SCI include respiratory and 
cardiac complications, septicemia, pulmonary embolism, 
and suicide.71,73 The average length of stay for the acute inten-
sive hospitalization phase of the patient with SCI is 7 days.70 
Lifetime costs ($2013) attributable to SCI are high, averaging 
$4,651,158 for a 25  year old with a high tetraplegic SCI to 
$2,274,396 for a paraplegic SCI.69

Terminology
In describing the severity of acute SCI, the use of correct ter-
minology is essential. The term pentaplegia is used to describe 
high cervical spine injuries (C1) with paralysis of the lower 
cranial nerves and diaphragm and loss of motor and sensory 
function involving both upper and lower extremities. For 
SCI involving C3–C5, the term tetraplegia or quadriplegia is 
used; although facial and neck sensation and accessory mus-
cle function remain intact at this level, the patient loses dia-
phragmatic function as well as motor and sensory function 
of the upper and lower extremities. For SCI involving C5–C6, 
the term tetraplegia is still used. In this lesion, patients retain 
diaphragmatic function and some proximal movement of 
the upper extremities but nothing else. For SCI involving the 
T1 level and below, the term paraplegia is used and is most 
commonly associated with loss of lower extremity function. 
Perineal paraplegia involves loss of sacral roots (S2–S5) only, 
with resulting dysfunction of the bowel, bladder, and sexual 
function.

Complete versus incomplete Spinal Cord Injury
Determining whether a patient has complete or incomplete 
SCI is vitally important in the prediction of outcome and 
in surgical planning. The diagnosis of a complete SCI (ASIA 
grade A) can be made only when there is absence of all mo-
tor and sensory function distal to the level of injury for more 
than 48 hours. An incomplete neurologic injury is defined by 
the ASIA as the presence of any sensory or motor function 
in the lowest sacral segment. Determining touch and pinprick 
sensations in the lowest sacral dermatomes (S4, S5), such as 
perianal sensation, and demonstrating voluntary rectal tone 
(rather than reflex rectal tone) is important, as there is a more 
favorable prognosis for subsequent neurologic improvement 
in patients with incomplete injuries.74

Incomplete SCI often manifests as a distinct constellation of 
neurologic abnormalities correlating with an involvement of a 
distinct lesion in the spinal cord (Fig. 21.28; Table 21.5). The 
type of neurologic syndrome depends on the level of injury 

as well as the force and vector of spinal impact. The common 
spinal cord syndromes are the cervicomedullary syndrome, 
central cord syndrome, anterior cord syndrome, poste-
rior spinal cord syndrome, the Brown-Séquard syndrome, 
conus medullaris syndrome, and cauda equina syndrome 
(see Table  21.5). The cervicomedullary syndrome (cervical 
cord to medulla syndrome) involves the upper cervical cord 
and brainstem; it typically occurs from excessive traction or 
compression due to severe dislocation with AP spinal cord 
compression. The distinguishing feature is sensory loss over 
the face, so it is important to include an examination of facial 
sensation in all cervical spinal injuries. A perioral distribution 

A B

C D
Fig. 21.28  Types of spinal cord injury (shaded areas) that produce 
the four main incomplete injury patterns seen clinically. A, Central cord 
syndrome; B, Anterior cord syndrome; C, Posterior cord syndrome;  
D, Brown-Séquard syndrome.

Syndrome Clinical Findings

Conus medullans syndrome Areflexia of bowel and bladder; 
variable motor and sensory loss in 
lower extremities; sacral sparing

Cauda equina syndrome Areflexia of bowel and bladder; 
variable motor and sensory loss in 
lower extremities

Cervicomedullary syndrome 
tetraplegia

Respiratory arrest, hypotension, 
anesthesia below C1
Distinguishing feature is facial 
sensory loss
Deficits may be greater in upper 
than in lower extremity

Anterior cord syndrome Loss of motor, sensory, temperature, 
and pain sensations

 Vibration and position sensations 
intact

Central cord syndrome Motor impairment of upper 
extremities more than lower 
extremities

 Alterations in pain and temperature 
sensations

Posterior cord syndrome Loss of fine, vibratory, and position 
sensations
Motor function preserved

Brown-Séquard syndrome Ipsilateral paralysis, loss of 
proprioception, touch, and vibration 
sensations
Contralateral loss of pain and 
temperature sensations

Table 21.5  Incomplete Spinal Cord Injury Syndromes
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cervical cord, whereas a more peripheral facial distribution of 
sensory loss, involving the forehead, ear, and chin, denotes a 
lesion in the cord at C3–C4. In addition to the facial sensory 
loss, there may be evidence of motor deficits with a greater 
loss of upper extremity function than lower extremity func-
tion (similar to the anterior cord syndrome).

The central cord syndrome is an acute central cervical spi-
nal cord injury syndrome in which upper extremity weakness 
is greater than lower extremity weakness and there are alter-
ations in pain and temperature sensations (as the fibers cross 
the midline). This syndrome is seen more often in elderly pa-
tients with cervical spinal stenosis who have extension-type 
injuries from falls, trauma, syringomyelia, or intrinsic cord 
tumor.

The anterior cord syndrome results from an injury to the 
spinal cord that spares the posterior columns. Motor and sen-
sory functions and pain and temperature sensations are lost, 
but vibration and position sensation are preserved. The syn-
drome occurs more commonly in the cervical region and is 
characterized by lower motor neuron paralysis of the arms and 
upper motor neuron paralysis of the legs. The posterior cord 
syndrome is a rare type of incomplete syndrome that involves 
the posterior column primarily, resulting in loss of fine sensa-
tion and vibratory and position sensations, with preservation 
of pain sensation, temperature sensation, and motor function. 
The Brown-Séquard syndrome is relatively uncommon, ap-
pearing most often in the context of cervical spine injuries; 
it involves impairment of the lateral half of the spinal cord, 
sparing the other half. Clinically, there is motor paralysis and 
a loss of position sense ipsilateral to the lesion, with loss of 
sensory and temperature sensation opposite to the lesion. This 
syndrome is seen more often with hyperextension injuries but 
can be associated with flexion injuries, locked facets, compres-
sion fractures, herniated disks, and extrinsic tumors.

The conus medullaris syndrome involves a lesion at the level 
of the conus (T12–L1), where the spinal cord narrows and in-
volves the sacral (and perhaps lumbar) cord segments. This 
syndrome is characterized by areflexia of the bowel and blad-
der, variable motor and sensory losses in the lower extremities, 
and sacral sensory sparing. The cauda equina syndrome occurs 
from SCI at or below the L1–L2 disk space and involves the 
lumbar and sacral nerve roots (L1–L5). Typical findings in-
clude variable lower motor neuron sensory and motor loss to 
the lower extremities and an areflexic bowel and/or bladder. 
The cauda equina syndrome is seen after acute central disk 
herniation, spinal trauma, and extrinsic neoplastic or infec-
tious processes.

Anatomic and Physiologic Considerations
Autoregulation of SCBF is impaired following traumatic SCI; 
as a result, the presence of hypotension or hypoxia can further 
exacerbate the neurologic injury. Subsequent to the primary 
SCI event, there is an initial catecholamine release resulting 
in a pressor response that contributes to vasogenic edema.75 
After the initial hypertensive response, there is a phase of hy-
potension and reduced cardiac output. These hemodynamic 
changes are in part responsible for a reduction in SCBF that is 
observed as early as 30–60 minutes after injury, which prefer-
entially affects gray matter and central white matter.76 Blood 
flow may not return to preinjury levels for up to 24 hours. 
Finally, after SCI, there is a progressive decrease in oxygen 
tension and a loss of CO2 responsiveness, which is correlated 
with neurologic outcome.77

Pathophysiology of Spinal Cord Injury
Primary and Secondary Injury (Fig. 21.29)
Primary injury results from direct tissue destruction from 
blunt or penetrating forces. Such trauma is observed following 
vertebral fracture or dislocation, burst fractures with retropul-
sion of bone fragments or disk material into the spinal cord, 
ligamentous injury with distraction and spinal cord com-
pression, and gunshot and knife wounds. The term secondary 
injury is simply defined as a worsening of the original injury 
as a result of factors other than the mechanism of the original 
insult. Many mechanisms for secondary injury have been pro-
posed (Box 21.2); the destructive processes are set in motion 
within minutes of the primary injury and may continue for 
days. These developments contribute to the ischemic zones 
observed in the gray matter and surrounding central white 
matter soon after SCI and explain the increases in tissue lactic 
acid and decreases in adenosine triphosphate (ATP) produc-
tion observed.78 Progressive ischemia is an etiologic factor in 
secondary degeneration; it may be worsened by edema, which 
reaches a maximum at 3 to 6 days and may persist for 2 weeks.

One of the first changes observed immediately after spinal in-
jury is a loss of neurologic function (termed spinal cord concus-
sion), which may occur in the absence of initial histologic changes. 
This effect is due in part to an efflux of K+ into the extracellular 
space, which causes membrane depolarization as well as distur-
bances in metabolic and synaptic function.79,80 Depolarization 
of the membrane stimulates the release of excitatory amino ac-
ids, which in turn facilitates further depolarization. In addition, 
the failure of transmembrane ionic pumps results in increases 
in intracellular Na+, which stimulates the Na+/Ca2+ pump to 
operate contrary to its normal function, that is, pumping Na+ 
out of the cell and Ca2+ into the cell. Intracellular Ca2+ activates 
calcium-dependent proteases, phospholipases, and endonucle-
ases, further facilitating cell damage. Free radical-induced lipid 
peroxidation of neuronal and vascular cell membranes and my-
elin is also involved in secondary injury.81 Finally, the release of 
endogenous opioids after traumatic SCI has also been implicated 
in the pathophysiology of secondary injury.82 However, although 
naloxone was not found to be useful in SCI in the original defini-
tive clinical study,83 subsequent reanalysis of the data did indicate 
some benefit from the use of naloxone.84

Spinal Cord-Protective Strategies
Minimizing secondary SCI is the most important aspect of 
medical therapy following any injury to the spinal cord. Early 
institution of pharmacologic therapies combined with surgical 
decompression and stabilization of the spine may result in the 
best outcome potential. The current use of both modalities is 
briefly reviewed.

Pharmacologic Therapies
Corticosteroids
Corticosteroids are believed to stabilize membranes, alter 
ionic-clearing mechanisms, improve blood flow, inhibit lipid 
peroxidation formation, and enhance Na+/K+-ATPase activity.85 
The membrane-stabilizing effects may prevent the release of 
lysosomes and excessive Ca2+ ionic fluxes into cells. Improvement 
in blood flow may be due to a reduction in tissue edema, the di-
rect vasodilatory effects of steroids, and antioxidant properties. 
One of the first clinical studies of corticosteroid use in SCI was 
the first National Acute Spinal Cord Injury Study (NASCIS I).86 
This study failed to show any clinical benefit in neurologic recov-
ery; however, the dose regimen was thought to be inadequate.
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Traumatic
spinal cord injury

Loss of
autoregulation of  SCBF

Microvascular
damage

  Free radical productionEndogenous opioid release

Hemorrhage

  Ca2+ entry into cells   Fatty acid release  EAA release with activation
of  NMDA receptors

  Arachidonic
acid metabolism

  Free radical
production  Vasospasm

Hypotension

Thromboxane   Vascular permeability
with    cellular swelling

ProstacyclinProstaglandin F2α

Platelet aggregationVasodilationVasoconstriction

Activation of
phospholipases
with proteases

  Cellular
swelling

Ischemia

Neurologic injury

  Lipid membrane peroxidation
Fe2+ complexes with

    free radical
production

Neuronal dysfunction

Cell death

  Lactate and    ATP

Prostaglandins Leukotrienes

Membrane damage

Fig. 21.29  Pathophysiologic cascade involved in secondary spinal cord injury. ATP, adenosine triphosphate; EAA, excitatory amino acids; NMDA, 
N-methyl-d-aspartate; SCBF, spinal cord blood flow; ↑, increase; ↓, decrease.

BOX 21.2  Secondary Mechanisms of Acute Spinal Cord Injury

Vascular Cellular Dysfunction Biochemical Aberrations

Hemorrhage ↑Extracellular K+ ↑Catecholamine release

Loss of autoregulation ↑Intracellular Ca2+ ↑Arachidonic acid metabolism

Arteriolar occlusion ↑Intracellular Na+ Prostaglandins

Vasospasm Inhibition of Na+/K+-ATPase Thromboxanes

Edema Lipid peroxidation Leukotrienes

↑Vascular permeability Increased intracellular edema Free radicals

Hypotension Mitochondrial failure ↑Endogenous opioid release

  ↑Excitatory amino acid release

  ↑Free radical formation

  ↑Mitochondrial nitric oxide synthetase (NOS)

  Decompartmentalization of iron

  Hemoglobin extravasation

  Mitochondrial “leak”

  Activated neutrophils
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(NASCIS II) was a multi-institutional, randomized, 
placebo-controlled, double-blind study that involved 487  
patients entered into the study within 12 hours of injury.83 The 
patients were randomly allocated to one of three treatment 
groups: (1) methylprednisolone (MP), 30 mg/kg, followed by 
5.4 mg/kg/h for 23 hours; (2) naloxone, 5.4 mg/kg followed by 
4 mg/kg/h for 23 hours; or (3) placebo. No meaningful improve-
ment in neurologic function was seen between the groups, but 
when the methylprednisolone results were stratified according 
to the timing of administration, patients treated within 8 hours 
of injury showed significant improvement in motor and sen-
sory function in comparison with those given the placebo. The 
NASCIS II results led to the common practice of administering 
methylprednisolone to patients within 8 hours of SCI.

NASCIS III compared the efficacy of MP administered for 
either 24 or 48 hours, and tirilazad mesylate administered for 
48 hours.85 A total of 499 patients received intravenous MP 
(30 mg/kg) within 8 hours of SCI followed by an infusion of 
MP at 5.4 mg/kg/h for either 24 hours or 48 hours. The tiri-
lazad group received tirilazad mesylate at 2.5 mg/kg every 
6 hours for 48 hours. Patients receiving treatment with MP 
between 3 hours and 8 hours after injury and continued on 
MP therapy for 48 hours showed greater motor recovery at 
6 weeks and 6 months after injury than patients treated with 
the same agent for 24 hours. The conclusion from the NASCIS 
III trial was that patients with acute nonpenetrating SCI who 
received MP therapy within 3 hours of injury should remain 
on the treatment regimen for 24 hours; those in which MP 
therapy was initiated between 3 and 8 hours after injury, 
should receive treatment for 48 hours.

Despite the results of the NASCIS II and III trials, the stan-
dard use of MP after acute SCI is no longer recommended.87 
Reexamination of the studies has led to significant criticism 
about their results and conclusions; 88 consequently, it has 
been decided that both NASCIS II and III failed to demon-
strate meaningful differences in neurologic recovery among 
treatment groups. Moreover, in patients receiving steroid 
treatments in the NASCIS II and III trials, and other studies in 
which patients received steroids for SCI, the complication rates 
were increased in comparison to placebo. 89–92 Thus, although 
some institutions may still consider the use of high-dose ste-
roids to be a “treatment option,”93 the general consensus is to 
avoid the use of steroids for the treatment of acute SCI.

Emerging Therapies
Investigations into the use of experimental treatments 
for SCI have targeted specific pathophysiologic processes 
occurring during specific time points following SCI (acute, 
subacute, chronic). During the acute phase of SCI, experi-
mental pharmacologic therapies have included: anti-Nogo 
antibodies (inhibits myeline-associated inhibitors); riluzole 
(inhibits voltage-sensitive Na + channels); minocycline (anti-
inflammatory, anti-apoptosis); magnesium-polyethylene 
glycol (anti-excitotoxicity, promotes repair of cellular mem-
branes); granulocyte colony-stimulating factor (activates neu-
roprotective pathways); and FGF2 (promotes neuroprotection 
and neuroplasticity). Experimental therapies targeting the 
subacute and chronic stages of SCI include: transplantation of 
induced pluripotent stem cells, including human embryonic 
stem cells (hESCs) and human induced pluripotent stem cells 
(hiPSCs); skin-derived precursor cells; and electrical stimu-
lation combined with neurorehabilitation. To date, only early 
surgical decompressive spine surgery offers proven clinical 
benefits.

Hypothermia
Hypothermia as a potential therapy for traumatic SCI has 
been investigated for many years. The protective effects of 
hypothermia are related to reductions in neuronal cell enzy-
matic activity and metabolism; other benefits include a reduc-
tion of extracellular glutamate levels, inhibition of apoptosis, 
and a decrease in inflammation. Animal models of traumatic 
SCI have consistently demonstrated a reduction in damage 
from secondary injury with the use of hypothermia, although 
improvements in functional outcome have been inconsistent, 
particularly in the setting of severe traumatic SCI. In clinical 
studies of traumatic SCI, insufficient evidence yet exists to 
conclusively demonstrate that hypothermic techniques can 
benefit patients with traumatic SCI, although some reports 
have demonstrated benefits.94 A recent review of the use 
of hypothermia in the setting of acute SCI concluded that, 
although some clinical evidence existed to demonstrate the 
beneficial use of hypothermia in acute SCI, multicenter trials 
were needed to further study the utility of systemic hypother-
mia in this setting.95 Given the scarcity of clinical evidence to 
date demonstrating consistent benefits of hypothermia, the 
American Association of Neurological Surgeons/Congress 
of Neurological Surgeons (AANS/CNS) has determined that 
there is insufficient evidence to recommend for or against the 
practice of either local or systemic therapeutic hypothermia in 
the routine clinical care of patients with acute SCI.96

Hypertension
Hypertension is advocated to improve perfusion in the post-
traumatic patient with hypoperfusion of the spinal cord. 
Although definitive data are lacking, early and aggressive 
intervention to maintain a mean arterial blood pressure above 
85 mm Hg for the first 7 days after injury is recommended to 
preserve neurologic function in the setting of impaired auto-
regulation.93,97 Despite words of caution regarding maintaining 
higher blood pressure levels following spinal cord injury, no 
compelling evidence has yet been presented to associate ag-
gressive blood pressure support and a clinically meaningful 
risk of further hemorrhage and edema.
Conclusion
Unfortunately, no clear benefit from any pharmacologic ther-
apy has yet emerged to significantly reduce spinal cord damage 
following traumatic injury. Nonetheless, research into newer 
therapies focusing on neurologic regeneration and protection 
continues to receive much attention and may ultimately prove 
beneficial (Box 21.3).

Surgical Therapies
Early surgical therapy following SCI may reduce neurologic 
injury. The decision for surgical intervention following SCI 
involves many considerations including (1) neurologic and  
radiologic evaluation; (2) the initial success of closed reduc-
tion and decompression; (3) determination of the degree of 
spinal column stability; (4) determination of the benefit of 
early open surgical decompression and stabilization; and (5) 
choosing the particular surgical approach (Box 21.4).
Neurologic and Radiologic Evaluation
Surgical intervention following SCI is based on the detection 
of neurologic deterioration obtained from frequent neurologic 
assessments (every 12 hours) and the extent of spinal column 
abnormalities detected on initial radiographic studies.
Initial Closed Reduction and Decompression
Initial therapy after SCI is directed toward prevention of fur-
ther neurologic injury, because up to 25% of SCIs occur after 
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the initial insult, either during the transport process or early 
in the course of treatment. Spinal immobilization is initially 
carried out at the scene of the accident and is achieved by plac-
ing the patient on a spinal board, with immobilization of the 
head and neck using sandbags as well as adhesive tape on the 
forehead attached to each side of the board. Once the spine 
is immobilized, the patient should be rapidly transferred to a 
Level I trauma center for further management.

If radiographic images taken at the hospital reveal a possible 
spine injury, the spine should remain immobilized until fur-
ther management decisions can be made. If imaging reveals a 
cervical spinal dislocation, urgent reduction for decompression 
of the neural structures is attempted, especially in the case of 
incomplete spinal cord injury. Reduction can be achieved in a 
closed fashion with the use of a traction device to align and im-
mobilize the spine, or via an open surgical approach.98,99 The in-
tent of closed reduction is to realign and immobilize the spine, 
decompress neural structures, and prevent further neurologic 
injury. Any reduction of pressure on the spinal cord results 
in improved microvascular circulation, which may limit the  
degree of spinal cord edema and prevent a progressive neu-
rologic deficit. Closed reduction is successful 73% to 97% of 
the time, with few reports of neurologic worsening during the 
procedure.100,101 On occasion, facets joints may be “locked”, pre-
venting reduction even with extreme traction; in such instances, 
open surgical decompression is indicated. Another method 
utilized for spine immobilization is the halo vest orthosis. This 
device is utilized for treatment of unstable cervical and upper 
thoracic fractures and dislocations from C1 to T3. The halo or-
thosis provides greater motion restriction than other cervical 
orthoses. Patients with a halo orthosis presenting for surgical 
procedures pose significant anesthetic challenges, particularly 
with tracheal intubation as the neck is completely immobilized.

Determination of Spinal Stability
The determination of spinal stability following trauma is  
important in planning potential surgical treatment. Spinal 
stability has been defined as the means by which the verte-
bral structures maintain their cohesion in all physiologic po-
sitions.102 Instability or loss of stability is a pathologic process 
that, if left untreated, can lead to progressive spinal deformity, 
neurologic loss, and chronic pain. In the setting of acute spine 
trauma, the clinical history, neurologic examination, and ini-
tial radiographic imaging should allow a reasonable determi-
nation of spinal stability.

For the upper cervical spine (C1–C2), the primary deter-
minant of stability is the transverse atlantal ligament (TAL), 
which is assessed by plain radiographs and by CT and MRI. 
Any bony displacement beyond acceptable limits renders the 
spine unstable at that level.103

For the lower “subaxial” cervical spine (C3–C7), a vari-
ety of methods have been used to determine spinal stability; 
they include anatomic considerations that divide the spine 
into columns;102,104,105 clinical considerations that correlate 
the magnitude of the neurologic injury with the likelihood 
of spinal instability;106 and radiographic criteria that assess 
various measurements of spinal bony alignment, spinal canal  
dimensions, disk space size, and identification of the presence 
of major ligamentous injury,102,104 and a combination of these 
methods.107 Determination of major ligamentous injury is also 
important because adequate healing is unlikely in this set-
ting, resulting in a chronically unstable spine with progressive  
kyphosis, neurologic deficits, or both.

Anatomic considerations used in the assessment of spi-
nal stability after lower cervical spine injury may be viewed 
in the context of either a three-column102,105 or a two-column  
approach.104 The Denis three-column model is a well-described 
method of predicting spinal instability.105 Originally described 
and most commonly used for assessing thoracolumbar trauma, 
it has been employed in cervical injuries as well. In this model, 
the spinal column is divided into three longitudinal columns 
(Fig. 21.30). The anterior column comprises the anterior longi-
tudinal ligament, the anterior anulus fibrosis, and the anterior 

BOX 21.3  �Current Status of Treatment After Traumatic 
Spinal Cord Injury in Humans

Accepted Benefit
None

Potential Benefit
Early surgical decompression
Systemic or localized hypothermia
Minocycline
Prostacyclin analogs
NMDA-receptor antagonists (e.g., magnesium salts, gacyclidine)
Hypertonic saline
Platelet-activating factor antagonists
Capsase inhibitors
Neurite growth inhibitor antibodies
Antioxidants and free radical scavengers
Stem-cell transplantation
Gene therapy
Activated macrophage implantation
Receptor blockers or antibodies against inhibitory factors (e.g., 

anti-Nogo Ab)

Little or No Proven Benefit
Methylprednisolone
21-Aminosteroids
GM-1 gangliosides
Opioid antagonists
Thyrotropin-releasing hormone analogs
Arachidonic acid metabolite inhibitors
Dimethyl sulfoxide
Hyperbaric oxygen
ε-aminocaproic acid
Calcium antagonists

BOX 21.4  �Indications for Surgical Intervention Following 
Traumatic Spinal Injury

•	 Progressive neurologic deterioration in an unstable spine, 
especially with spinal canal compromise

•	 Failure of closed reduction
•	 Unstable spine with dislocated bilateral “locked” facets
•	 Unstable spine where nonunion is likely (e.g., ligamentous injury)
•	 Uncooperative patient with unstable spine risking further 

neurologic injury
•	 Compression of conus medullaris or cauda equina
•	 Vertebral body fractures with bony encroachment of spinal canal 

without neurologic findings
•	 Incomplete SCI with dislocation successfully treated with closed 

reduction and immobilization
•	 Unstable spine with complete SCI (to facilitate “zonal root” 

recovery)
•	 Unstable spine with incomplete SCI (to prevent further 

deterioration)
•	 Unstable spine without neurologic deficits
•	 Thoracolumbar burst fractures with progressive pain, deformity 

or neurologic deficit

SCI, Spinal cord injury.
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half of the vertebral body. The middle column comprises the 
posterior half of the vertebral body, the posterior longitudinal 
ligament, and the posterior anulus fibrosis. The posterior col-
umn comprises the posterior bony arch with the posterior lig-
amentous complex. The biomechanics of the injury combined 
with plain films and CT scans of the spine demonstrating fail-
ure of two or all columns renders the spinal unstable.

Clinical considerations used to predict cervical spine sta-
bility consider the presence of a neurologic deficit to imply 
that the cervical spinal trauma subjected the spinal cord or 
nerve roots to a vascular, mechanical, or chemical insult and 
that given such severe injury, the integrity of the supporting 
structures has been altered enough to permit further injury, 
thus representing an unstable spine.103

Radiographic considerations can be utilized for predict-
ing lower cervical spine instability. Specifically, radiographic 
abnormalities demonstrating more than 11 degrees of sagit-
tal plane translation and more than 3.5 mm of sagittal plane 
translation, more than 50% compression of the vertebral 
body, interspinous widening, loss of facet parallelism, and 
loss of normal cervical lordosis indicate spinal instability. 
Finally, both the clinical and radiologic findings may be com-
bined and used as part of an instability checklist, as suggested 
by White and Panjabi.103 The instability checklist assigns indi-
vidual points to specific radiologic and clinical findings, and 
then the points are summated for a total score that is used to 
estimate the likelihood of spinal instability. This checklist ap-
proach is very useful and can be applied to a variety of clinical 
scenarios.

The Subaxial Injury Classification (SLIC) and Severity 
Scale is a more recent classification system employed in 

quantifying spinal stability and in determining the need for 
surgical therapy following traumatic spinal cord injury.107–109 
This method utilizes a standardized approach to estimating 
the degree of injury severity, as well as stability of the anterior 
and posterior motion segments of the cervical spine. In this 
scale, a weighted score is assigned to each of three parame-
ters of spinal injury: morphology, discoligamentous complex 
(DLC), and neurological assessment. Depending upon the 
total score, conservative treatment (score, 1–3) or surgical 
management (score, ≥5) is suggested. The agreement regard-
ing treatment strategies among surgeons utilizing this scoring 
system has been reported to be 74%.

For the assessment of thoracic and lumbar spinal in-
jury, the evaluation is similar to the techniques described 
for assessing the cervical spine, often relying on the Denis 
three-column model, or an instability checklist similar to 
that described by White and Panjabi for cervical spinal in-
jury.103 In the lumbar region, the Denis three-column model 
is most frequently used. Ultimately, correlating neurologic 
findings with radiologic evidence of structural damage best 
guides treatment.
Early Surgical Therapy Following Spinal Injuries
The indications and timing of surgical therapy following spi-
nal injuries are debated. Surgery is clearly indicated in any 
unstable spinal injury associated with evolving neurologic 
deficits, especially when such deficits are associated with ra-
diologic evidence of acute spinal canal compromise. Surgery 
is also indicated for an unstable spine with dislocated bilateral 
“locked” facets, an unstable spine with significant ligamentous 
injury and vertebral body separation, and an unstable spine 
in an uncooperative patient who risks further neurologic  
injury. For other types of spinal injuries, the benefits and tim-
ing of surgical decompression and stabilization after SCI re-
main controversial. Experimental evidence strongly suggests 
that early decompression after SCI reduces secondary SCI 
and improves neurologic outcome.110–112 Conversely, clinical 
studies have failed to clearly demonstrate the beneficial ef-
fects of early decompression so evident in the experimental 
models.113 Nonetheless, the prevailing opinion is that early de-
compression may facilitate a more favorable neurologic out-
come, particularly in patients with incomplete injuries.114–119 
For spinal decompression therapy to be most effective, evi-
dence suggests that decompression must occur within 24 
hours, particularly in incomplete neurologic injuries. In ad-
dition to improved neurologic outcome, proposed benefits of 
early surgical decompression include: reduced length of stay 
in the intensive care unit; reduced length of hospitalization; 
decrease in secondary complications of SCI; earlier mobiliza-
tion and rehabilitation therapy; and decrease in overall costs 
of care. Late surgical decompression (>48 hours) offers no 
particular neurologic or economic benefits over early surgical 
decompression, and cannot be recommended as the preferred 
management option.
Surgical Approaches in Spinal Injury
Three basic surgical approaches are utilized to treat spine  
injuries: anterior, posterior, or a combination of the two meth-
ods. Anterior surgical approaches for spinal decompression 
and stabilization procedures are indicated for removal of disk 
material, bone, or ligamentous tissue compressing the spinal 
cord anteriorly. Anterior cervical instrumentation is typically 
used to treat unstable compression–flexion and distractive–
flexion injuries, often in conjunction with a decompressive 
corpectomy (removal of vertebral body) if cord compression 
is present (Fig. 21.31).

Middle AnteriorPosterior

ALLPLLSLSP

Fig. 21.30  Spinal column stability after traumatic injury is often 
based on a system that divides the spine into three columns.  
The anterior column comprises the anterior longitudinal ligament (ALL), 
the anterior anulus fibrosis, and the anterior half of the vertebral body. 
The middle column comprises the posterior half of the vertebral body, 
the posterior longitudinal ligament (PLL), and the posterior anulus 
fibrosis. The posterior column comprises the posterior bony arch, which 
includes the spinolaminar junction (SL), the spinous process (SP), and 
the posterior ligamentous complex. Disruption of two or more of these 
columns indicates spinal instability.
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Posterior surgical stabilization is indicated for significant 
disruption of the posterior bony or ligamentous structures of 
the cervical spine. Posterior fixation techniques are also used 
to treat instances of occipitocervical and atlantoaxial instabil-
ity and for most cases of spinal instability caused by flexion 
injuries, including posterior ligamentous injury, anterior dis-
location, bilateral facet dislocation, and simple wedge com-
pression fractures. Flexion–rotation injuries causing unilateral 
facet dislocation may require a posterior cervical stabilization 
procedure, particularly if closed reduction is unsuccessful.

A combined anterior–posterior surgical approach is  
indicated for significant injuries involving both the anterior 
and posterior bony or ligamentous structures. Such injuries 
include extensive cervical injuries, such as flexion teardrop 
fractures, vertical compression burst fractures with significant 
posterior ligamentous injury, and bilateral facet dislocation 
with disk compression of the spinal cord.

Medical Management
Pulmonary System
Respiratory and pulmonary function may be significantly  
affected following cervical or thoracic SCI, with the level of SCI 
determining the magnitude of effect and the clinical course 
(Table  21.6; Box  21.5). Most abnormalities of lung function 
are related to the adverse effects of SCI on pulmonary lung 
volumes and pulmonary mechanics.

The normal muscles of respiration are composed of 
the intercostal muscles (supplied by the intercostal nerves 

originating from the thoracic spinal cord) and the diaphragm 
(supplied by cervical innervation originating from C3–C5). 
The diaphragm normally contributes about 65% of the vital 
capacity. Injuries to the cervical cord at or above C3 produce 
nearly complete respiratory muscle paralysis. Patients with  
injuries to this level of the spinal cord are not able to produce 
a tidal breath or to cough. Consequently, these patients re-
quire emergency assistance for breathing to prevent profound  
hypercapnia and hypoxemia. With cervical SCI involving 
levels below C3, the workload of breathing is highly de-
pendent upon an effective contribution of the diaphragm. 
Although the use of the accessory muscles of breathing (cer-
vical accessory muscles, scalene muscles, and the clavicular 
portion of the pectoralis major muscle) may temporarily 
augment respiratory mechanics, the persistent absence of 
intercostal muscle function and paralyzed abdominal mus-
cles limits expiratory muscle use and significantly restricts 
the ability to cough effectively. Accordingly, these patients 
rapidly develop hypercarbia, hypoxemia, atelectasis, and 
inability to mobilize secretions. As a result, nearly all pa-
tients with a complete subaxial cervical SCI will require 
mechanical ventilatory support during the early phases of 
therapy.

Pulmonary mechanics are altered in cervical SCI, with 
significant reductions in lung compliance and resultant  
increases in the work of breathing. The adverse effects on lung 
compliance are related to changes in the mechanical proper-
ties of the lung, in addition to the reduction in lung volumes. 

A B

C

Fig. 21.31  Cervical spine teardrop fracture. A, A preoperative lateral cervical radiograph shows a teardrop fracture of the C4 vertebral body 
inferiorly. B, An anteroposterior radiograph shows anterior plate and screw fusion from C3 to C5 with prosthetic strut grafts and posterior fusion of 
the same levels with bilateral pedicle screws and rods. C, On this postoperative lateral radiograph, the anterior plate and screws are clearly visible.
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Gastric distention secondary to gastric atony may also be a 
contributory factor to the adverse effects of SCI on pulmonary 
mechanics. As the spinal shock state resolves (2–5 weeks), pro-
gressive spasticity of chest wall and abdominal muscles will 
assist in improving pulmonary mechanics and lung function.

Lung volumes are considerably reduced following cervical 
SCI. Spirometric pulmonary function tests performed acutely 
after injury show significant reductions in tidal volume, forced 
vital capacity, and expiratory volume. In particular, vital capac-
ity has been reported to be 30% of predicted with SCI at C5–C6, 
and worse if the level is at C4 and above. Conversely, residual 
volume increases to nearly twice the normal levels following 
acute SCI.120 Positioning of the cervical SCI patient influences 
lung volumes. Patients demonstrate an improvement in vital 
capacity when assuming the supine position. The improvement 
in vital capacity is secondary to a reduction in the residual vol-
ume, which occurs in the supine position and is considered to 
be related to the effect of gravity on the abdominal contents in 
the presence of paralyzed abdominal musculature. Significant 
improvement in most lung volumes can be expected to occur 
after 3 weeks with substantial progress noted over the course of 
the first 4–5 months following injury.

Frequent clinical reassessment and close monitoring of 
diagnostic tests are imperative during the early period following 

acute cervical SCI. During the first 1 to 3  days, substantial 
declines in pulmonary reserve may occur before overt clinical 
signs are seen. Moreover, although SCI patients may be ini-
tially hospitalized with a functioning diaphragm, progressive 
cord edema may occur over the first 2  days, resulting in an 
ascending neurologic injury. This condition may cause a loss 
of diaphragmatic function with rapidly progressive respiratory 
failure and the need for tracheal intubation.

When mechanical ventilation is indicated, ventilator settings  
should be selected that limit the occurrence of ventilator- 
associated lung injury (VALI).121–123 Typical settings include a 
volume-control mode of ventilation, a tidal volume of 6–8 mL/
kg, positive end-expiratory pressure (PEEP) of 5, a ventilatory 
rate of 8 to 15 breaths/min, and an inspiratory plateau pressure 
of ≤30 mm Hg. In patients with cervical SCI below C4, eventual 
weaning from mechanical ventilation is to be expected and is 
facilitated when spinal shock resolves and the respiratory and 
abdominal muscles develop spasticity (2–3  weeks), leading to 
improvement in lung volumes and overall ventilatory ability. 
Nearly all patients with complete cervical SCI above C6 will re-
quire a tracheostomy because of the length of time on the venti-
lator and the difficulty with clearing secretions. In this setting, a 
tracheostomy should be placed early (3–7 days) from the time of 
injury, as little benefit is realized by delaying the procedure fur-
ther.124 The need for long-term ventilator support, weaning, and 
extubation in patients with SCI was reviewed by Kornblith and 
colleagues.125 In this report, 361 patients with SCI from 14 major 
trauma centers were reviewed; 222 patients (64.5%) had cervi-
cal SCI (50% with complete injuries). Among these patients, 122 
(81.9%) had a tracheostomy placed, with 62.6% of the patients 
ventilator-free by discharge. Studies investigating the use of dia-
phragmatic pacing in tetraplegic patients have shown promise in 
enhancing weaning from chronic ventilator dependence and this 
may become a valuable management strategy in the future.126,127

Pulmonary complications are common after cervical and 
upper thoracic SCI, and are the leading causes of morbidity and 
early mortality. Completeness of SCI, age, comorbidities, and 
tachypnea at admission are associated with the development 
of complications. The most frequent pulmonary complications 
include atelectasis, respiratory failure, and pneumonia. 
Pulmonary complications develop in over one-third of patients 
with SCI within the first 30  days of injury. Jackson and col-
leagues reported that 84% of patients with C1–C4 injuries, 
60% of those with C5–C8 injuries, and 65% of those with T1–
T12 injuries had respiratory complications.128 Ventilatory fail-
ure and aspiration, in particular, occur early in patients with 
SCI (average, 4.5 days).128,129 In one report,130 all patients with 
complete SCI at the C5 level and above required mechanical 

Injury Level Ventilatory Function Cough Relevant Comment(s)

Above C3 0 0 Paralysis of diaphragm and accessory muscles, resulting in apnea; lifelong 
ventilator dependence

C3–C5 0 to + 0 Partial to complete diaphragmatic paralysis; paralysis of accessory muscles; 
marked reduction in lung volumes with hypoxemia; recurrent atelectasis 
and pneumonia; prolonged mechanical ventilator dependence; probable 
tracheostomy; most patients will be weaned from mechanical ventilation

C5–C7 + to ++ + to ++ Paralysis of accessory muscles; marked reduction in volumes with hypoxemia; 
recurrent atelectasis and pneumonia; many patients need mechanical ventilation; 
possible tracheostomy

High thoracic ++ ++ Partial paralysis of accessory muscles; reduction in lung volumes with 
atelectasis; increased incidence of pneumonia; possible need for mechanical 
ventilation

Table 21.6  Level of Spinal Cord Injury and Corresponding Respiratory Function*

*Scale: 0 (no function) to +++ (normal).

BOX 21.5  �Protocol for Reduction of Pulmonary 
Complications in Patients with Spinal  
Cord Injury

Aggressive pulmonary hygiene
Frequent nasotracheal suctioning
Positional changes every 2 hours, best achieved with 

continuous lateral rotation beds
Chest percussion every 4 hours
Assisted coughing exercises every 4 hours (e.g., mechanical 

insufflation-exsufflation)
Deep breathing exercises every 4 hours
Incentive spirometry every 4 hours

Bronchodilator therapy for assisting secretion clearance and 
bronchodilator effects

Early use of fiberoptic bronchoscopy in cases of lobar atelectasis 
secondary to retained secretions

Early institution of mechanical ventilation in those with 
progressive labored breathing, increasing respiratory failure 
(hypoxia or hypercapnia) and vital capacities <1000 mL

Close monitoring of respiratory mechanics in patients receiving 
mechanical ventilation with optimal use PEEP therapy and 
limitation of plateau pressure to <30 cm Hg
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ventilation and tracheostomy. In those patients with SCI at 
C6 and below, 79% required mechanical ventilation and 50%  
required tracheostomy. Hassid et  al.131 reviewed 186 patients 
with traumatic acute SCI and recommended mandatory early 
intubation as the preferred approach to management of respira-
tory insufficiency due to SCI. Early tracheostomy also has ad-
vantages including: reductions in airway dead space and airway 
resistance; improved pulmonary toilet due to easier suction-
ing; earlier spontaneous breathing trials; more comfort for the  
patient; and a reduction in the incidence of ventilator-associated 
pneumonia (VAP). Frequent fiberoptic bronchoscopy may be 
needed during the first 2 weeks following acute cervical SCI 
to remove secretions that result in clinically significant lobar 
atelectasis or complete bronchus occlusion. Inadequate clear-
ance of secretions is a leading risk factor for the development of 
pneumonia in acute SCI. If VAP is suspected, early and aggres-
sive broad-spectrum antibiotic use is recommended.

Kinetic therapy (i.e., rotational bed) has been demonstrated 
to be effective in reducing the incidence of pulmonary com-
plications, decreasing time on the ventilator, and shortening 
length of stay in the intensive care unit.132–136 For best results, 
kinetic therapy should be started early following acute cervical 
spinal cord injury, and should achieve lateral rotation angles of 
>45 degrees. These strategies are effective in reducing hospital 
resource utilization as well as overall morbidity and mortality.

Cardiovascular System
SCI has a profound effect on the cardiovascular system, the 
magnitude of effect depending on the level of injury. In gen-
eral, complete cervical SCI has the most pronounced physi-
ologic effects, consisting of cardiovascular instability, cardiac 
dysrhythmias, and ventricular dysfunction, whereas SCI  
below T5 results in varying degrees of hypotension caused by 
the functional sympathectomy below the level of injury.

Hemodynamic changes noted after SCI have been observed 
consistently in experimental models of SCI and include a 
transient severe increase in blood pressure caused by an ex-
tensive sympathetic discharge at the time of injury137. This 
sympathetic discharge may be responsible for the noncardio-
genic pulmonary edema reported to occur after SCI. Although 
the hypertensive response to SCI has been documented only 
in experimental models, it is generally believed to occur in  
humans at the time of injury and to resolve by the time medical 
treatment is undertaken.

Shortly after injury, hypotension becomes predominant, 
and is present in nearly all patients with complete cervical SCI. 
The hypotension is related to vasodilation of the vasculature, 
which arises secondary to the withdrawal of sympathetic neu-
ral outflow. When an SCI occurs in the cervical region, the 
sympathetic receptors lose their normal input and regulation, 
resulting in a functional sympathetic blockade. In contrast, the 
parasympathetic nervous system remains intact as the vagus 
nerve exits from the brainstem. Consequently, after an acute 
injury to the cervical or high thoracic spinal cord, the resulting 
autonomic imbalance between sympathetic and parasym-
pathetic outflows leads to inadequate cardiac contraction, 
reduced stroke volume, and a loss of tonic vasoconstriction, 
with resulting hypotension, bradycardia, and hypothermia 
(termed neurogenic shock).138

Spinal shock describes the phenomenon seen with physio-
logic or anatomic transection, or near transection, of the spi-
nal cord; it consists of the loss of somatic motor and sensory 
function below the level of injury, loss of voluntary rectal 
contraction, and loss of sympathetic autonomic function. The 
more severe the functional spinal cord transection and the 
higher the level of injury, the greater the severity and duration 

of spinal shock. If the loss of motor and sensory functions re-
sulting from spinal shock lasts longer than 1 hour, pathologic 
injuries to the spinal cord, as opposed to a transient concussive 
injury, are assumed to exist.

Neurogenic shock is seen in 60% to 70% of patients follow-
ing a complete cervical SCI.138 The more cephalad the level of 
spinal injury, the more severe the physiologic derangements 
encountered. The most common cardiovascular abnormalities 
observed in patients after an acute cervical SCI are marked bra-
dycardia (71%) and hypotension (68%). Bradycardia is present 
in virtually all patients with complete cervical SCI; however, it is 
less likely with SCI involving the thoracic and lumbar regions. 
Bradycardia results from the interruption of the sympathetic 
cardiac accelerator nerves (T1–T4), leaving an unopposed 
parasympathetic influence. Bradycardia usually resolves over 
a 3–5-week period after injury. More profound degrees of bra-
dycardia, even cardiac arrest, may occur during stimulation of 
the patient, such as turning or tracheal suctioning. The cardio-
vascular derangements remain most problematic during the 
first 2 weeks after an acute cervical SCI. Preventive measures 
to avoid severe bradycardic episodes include sedation, 100% 
oxygen before suctioning, and limiting the time allowed for 
suctioning. Although most episodes are effectively treated with 
atropine, temporary pacemaker therapy may be required.

Hypotension, defined as a systolic blood pressure below 
90 mm Hg or systolic blood pressure 30% below baseline, 
is seen in 60–80% of patients with an acute cervical SCI. 
Although the optimal treatment of hypotension after SCI 
has not been clearly established, it is recommended that the 
mean arterial pressure be maintained at ≥85 mm Hg for the 
first 7 days following acute SCI.97,139 Because autoregulation is 
lost after SCI, judicious use of fluids and vasoactive medica-
tions are crucial for the correction of hypotension and optimal 
preservation of neurologic function. Although hypotension 
is initially treated with fluid therapy, caution should be exer-
cised to limit the overall volume of fluid administered, because  
patients are prone to develop cardiogenic and noncardiogenic 
pulmonary edema. If hypotension persists despite adequate 
fluid administration, vasopressor or inotropic therapy should 
be promptly instituted. The institution of acute SCI manage-
ment protocols have been associated with neurologic func-
tional improvement, reduced ICU days, fewer hospital days, 
fewer ventilator days, and reduced complications.140

When utilizing vasopressors to treat hypotension in  
patients with neurogenic shock, potent intravenous α-agonist  
agents (norepinephrine, phenylephrine) are the agents of 
choice. Careful consideration of the clinical effects of vaso-
pressor use is recommended, because substantial increases in 
cardiac afterload may impair cardiac output and precipitate 
left ventricular failure. Consequently, an inotropic agent can 
be added to optimize spinal cord perfusion. Invasive (or newer 
noninvasive) hemodynamic monitoring is recommended for 
guiding the treatment of persistent hypotension in the context 
of neurogenic shock. Evidence exists to support improvement 
in neurologic outcome in SCI patients in whom hemodynam-
ics are managed aggressively during the first 3 to 6 days follow-
ing injury when spinal cord edema is maximal.97

Isotonic crystalloid is the initial fluid of choice in the 
treatment of neurogenic shock. The use of hypertonic saline 
may have additional benefits in the initial resuscitation phase  
after SCI. Experimental data indicate that the administration 
of hypertonic saline after experimental SCI attenuates cord 
swelling and edema, improves SCBF, and preserves spinal cord 
function;141 definitive clinical studies, however, are lacking.

Cardiac dysrhythmias are frequently observed following SCI 
in both experimental and clinical reports. In an experimental 
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D model of extradural SCI,142 sinus tachycardia was noted, fol-

lowed by striking electrocardiographic changes consisting of 
sinus pauses, a shifting sinus pacemaker, nodal escape beats, 
brief runs of atrial fibrillation, multifocal ventricular prema-
ture contractions, ventricular premature contractions, ventric-
ular tachycardia, and ST-T wave changes. Atropine or bilateral 
vagal nerve section abolished all ectopic atrial and ventricular 
rhythm abnormalities but did not alter the sinus tachycardia. 
Propranolol abolished the tachycardia and ST-T wave changes.

In a clinical report investigating the incidence of cardio-
vascular abnormalities in 71 consecutive patients with SCI,138 
persistent bradycardia was observed in all 31 patients with  
severe acute cervical SCI, in 6 of 17 (35.3%) patients with mild 
cervical SCI, and in 3 of 23 (13%) patients with thoracolum-
bar injury. Primary cardiac arrest requiring cardiopulmonary 
resuscitation occurred in 16% of the 31 patients with severe 
cervical SCI. The frequency of bradydysrhythmias was max-
imal on day 4 after injury, with all abnormalities resolving 
over a 14-day to 6-week period. The cardiac abnormalities are 
attributed to the acute autonomic imbalance resulting from 
a disruption of sympathetic pathways while the parasympa-
thetic influences via the vagus nerve remain undisturbed. In 
patients with chronic SCI, the risk of cardiac dysrhythmias  
decreases with time from injury and eventually disappears.

Gastrointestinal System
Gastrointestinal complications are seen in up to 11% of patients 
after SCI and include ileus, gastric atony, bowel obstruction, 
constipation, abdominal bloating, fecal incontinence, pancreati-
tis and acalculous cholecystitis.143 Excessive gastric dilation may  
occur after acute SCI, resulting in gastric distention that places 
the patient at risk for regurgitation and aspiration. Early place-
ment of a nasogastric tube may help in limiting distention, re-
ducing the risk of regurgitation and minimizing adverse effects 
on the diaphragm and pulmonary system. Gastric emptying rates 
are often decreased in patients with SCI; thus, patients should al-
ways be considered to be at increased risk of gastric regurgitation.

The incidences of gastritis, stress ulceration, and gastro-
intestinal hemorrhage are increased after SCI, particularly 
in patients requiring mechanical ventilation and those in 
whom high-dose corticosteroids have been administered. In  
response, therapy with either H2 blockers or proton pump in-
hibitors are instituted as prophylactic treatment upon admis-
sion and continued for 4 weeks.144

Neurogenic bowel refers to the changes in gastric and intes-
tinal motility that often occur in patients following tetraplegic 
SCI. Temporary loss of bowel reflex activity, increased colonic 
transit time, and alterations in anal sphincter tone that occur, 
combined with the use of narcotics and immobility, are con-
tributory to the occurrence of ileus and constipation following 
SCI. Accordingly, an effective bowel program is essential in 
the management of neurogenic bowel.145,146

Genitourinary System
During the acute stages of SCI (spinal shock), abnormalities 
of bladder emptying (termed neurogenic bladder) are present; 
this period lasts about 3 weeks post injury. In response, early 
insertion of an indwelling urinary catheter (Foley catheter) 
facilitates bladder emptying and allows accurate recording of 
urinary output. Neurogenic bladder predisposes the patient to 
persistent urinary problems, which include recurrent urinary 
tract infections, bladder stones, nephrocalcinosis, and recur-
rent bouts of urosepsis.147

Temperature Control
The body temperatures of patients with complete SCI tend to 
approach that of the environment because of the inability to 

conserve heat in cold environments by vasoconstriction or to 
sweat in hot ambient conditions. Consequently, such patients 
are prone to hypothermia in situations in which the ambi-
ent temperatures are lower than normal body temperature. 
Although normal to mild hypothermia is the goal, hyperther-
mia should be aggressively treated.

Coagulation
Venous thromboembolism (VTE), a term referring to both DVT 
and pulmonary embolism, occurs commonly in SCI, arising 
in 0.5–4.6% of patients, with estimates as high as 8–10%;148–150 
VTE is the third leading cause of death in these patients.150,151,153 
VTE occurs more often with complete SCI and thoracic injury. 
Additional risk factors for VTE include advanced age, an associ-
ated lower extremity fracture, and inadequate thromboprophy-
laxis.150 The diagnosis of VTE is made from clinical suspicion 
combined with support from a variety of diagnostic methods, 
including D-dimer levels, venography, color flow duplex imag-
ing (CFDI), CT angiography, and pulmonary angiography. The 
high incidence of VTE in patients with SCI necessitates the insti-
tution of prophylactic treatment soon after injury (i.e., 72 hours), 
with continuation of therapy for a minimum of 3  months. 
Recommended prophylactic treatment for the prevention of 
VTE includes pharmacologic therapy (low-dose unfractionated 
heparin-LDUH or low-molecular weight heparin-LMWH) com-
bined with mechanical prophylaxis using intermittent pneumatic 
compression devices.150 An effective treatment plan can reduce 
the occurrence of VTE to 5%. Consensus recommendations on 
the prevention of VTE in patients with SCI have been recently 
published and serve to guide therapy.150,152

Hyperreflexic Syndromes
Hyperreflexic syndromes are caused by hyperactive spinal 
reflexes without the tempering effect of modulating cortical, 
brainstem, and cerebellar influences. This “mass reflex” may 
make the management of the unanesthetized patient difficult.

Autonomic Hyperreflexia
Autonomic hyperreflexia, which occurs in 85% of patients 
with spinal cord transections above T5 in whom the splanch-
nic outflow remains intact, is secondary to autonomic vascular 
reflexes, which usually begin to appear about 2–3 weeks after 
injury. Afferent impulses originating from bladder or bowel 
distention, childbirth, manipulations of the urinary tract, or 
surgical stimulation are transmitted along the pelvic, puden-
dal, or hypogastric nerves to the isolated spinal cord and elicit 
a massive sympathetic response from the adrenal medulla and 
sympathetic nervous system, which is no longer modulated 
by the normal inhibitory impulses arising from the brainstem 
and hypothalamus. Vasoconstriction occurs below the lesion; 
reflex activity of carotid and aortic baroreceptors produces 
vasodilation above the lesion, which is often accompanied 
by bradycardia, ventricular dysrhythmias, and even heart 
block. The hypertension may be treated with direct-acting 
vasodilators (e.g., sodium nitroprusside), β-blocking agents 
(e.g., labetalol, esmolol) in combination with alpha blockade, 
calcium channel blocking agents (nicardipine), or ganglionic 
blocking agents (e.g., trimethaphan). Sedation or topical anes-
thesia does not appear to attenuate the hypertensive response, 
but deep general, epidural, or spinal anesthesia is effective.

Infections
Infection is the leading cause of death in patients with SCI, with 
pneumonia and urosepsis the leading sources of serious infec-
tions. The overall incidence of pneumonia in SCI is reported to 
be 55%, with an incidence of 60–70% in complete, compared 
to 20–30% in incomplete cervical SCI.154 Adequate pulmonary  
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secretion clearance, use of a rotational bed, institution of 
ventilator-associated pneumonia prevention strategies, and early 
use of broad-spectrum antibiotics in patients demonstrating the 
typical signs and symptoms of pneumonia will reduce morbid-
ity and mortality. Urinary tract infections (UTIs) are another 
common complication in SCI, with catheter-associated UTI 
(CAUTI) and neurogenic bladder being the most common etio-
logic factors. Attention to a strict urinary catheter insertion pro-
cess and early catheter removal will reduce the risk of infection.

Pressure Ulcers
Decubitus pressure ulcers readily develop in paralyzed patients 
as a result of direct pressure effects, reduced tissue perfusion, 
and limited mobility. The use of rotational beds, frequent  
patient turning, good skin care, foam padding of bony promi-
nences, or air floatation beds can help prevent pressure ulcers. 
If a pressure ulcer is identified, early care is essential in healing.

Chronic Pain Syndromes
Pain following traumatic injury to the spinal cord is very com-
mon, with a prevalence of SCI-related chronic pain ranging 
from 66% to 79% of patients.155,156 Chronic pain is defined as 
pain that persists for more than 6 months following SCI. The 
International Spinal Cord Injury Pain Classification (ISCIP) 

has been widely adopted as a common approach to the man-
agement of chronic SCI pain syndromes.157 The ISCIP divides 
the pain type into nociceptive pain, neuropathic pain, other 
pain, and unknown pain types. Treatment is typically multi-
modal, utilizing a combination of pharmacologic medications, 
physical and occupational therapies, psychological treatments, 
and invasive therapies. Pharmacologic treatments may require 
a variety of medications, including opioids and neuropathic 
agents such as pregabalin. The underlying pathophysiologic 
mechanism helps to guide the treatment choice. Complete 
elimination of chronic pain is not to be expected; however, 
reasonable control of symptoms is achievable utilizing the 
management strategies mentioned.

Summary
The perioperative care of the patient with an acute SCI rep-
resents a complex challenge for anesthesiologists. A funda-
mental knowledge of the initial neurologic assessment and 
acute medical management strategies in the patient with SCI 
will facilitate the limitation of further neurologic deterioration 
(Box  21.6). Moreover, a familiarity with the complications 
associated with chronic SCI (Table  21.7) can facilitate bet-
ter preoperative assessment and perioperative management 
approaches.

BOX 21.6  Summary of Medical Management Guidelines for Acute Spinal Cord Injury

Important General Points
•	 Any patient sustaining traumatic injuries resulting in significant head or facial injuries, severe penetrating injuries in proximity to the spine, 

multiple blunt trauma, crush injuries, or significant acceleration or deceleration injuries should be suspected of having an unstable spinal 
injury (SCI).

•	 Spinal injuries may occur at multiple levels. Immobilization of the head and neck should be performed until a spinal injury is excluded.

Initial Management Points
•	 Initial management involves limiting any further injury to the spine and spinal cord through careful immobilization of the spine. This is best 

accomplished initially by placing the patient on a spinal board with the neck in a neutral or slightly extended position, immobilizing the neck 
by placing sandbags on either side of the head, and securing the head to the spinal board by placing 3-inch adhesive tape over the forehead 
and attaching it to either side of the spinal board. A cervical collar also may be used but provides no further spinal protection.

•	 Respiratory failure should be identified rapidly, and any patient with obvious signs of respiratory distress, such as cyanosis, apnea, severe 
paradoxic breathing pattern, or airway obstruction, should have an oral airway placed with assisted or positive-pressure ventilation. This 
should be followed with endotracheal intubation via either an orotracheal or nasotracheal route stressing in-line manual immobilization (not 
traction). If endotracheal intubation is difficult and the patient is deteriorating, a laryngeal mask airway should be temporarily inserted until an 
emergency cricothyrotomy or tracheostomy can be performed.

•	 Hemodynamic instability is common in SCI because of the sympathectomy with resulting venous pooling. Hypotension should be identified 
and treated first with vasopressors, if needed, until further hemodynamic monitoring can guide therapy. As autoregulatory ability is lost after 
spinal cord injury, aggressive blood pressure control is essential with the goal of maintaining the blood pressure in the normal to slightly 
increased range (i.e., mean arterial pressure of ≥85 mm Hg). Patients with SCI are susceptible to fluid overload and pulmonary edema; thus 
indiscriminate administration of fluids for blood pressure support should be avoided. It is always important to consider hemorrhagic shock as 
the cause of hypotension and rule it out by appropriate examination and testing.

•	 Bradycardia is nearly universal in high spinal cord injuries and should be treated with atropine if associated with hypotension. Occasionally, a 
temporary pacemaker is needed.

•	 Gastric atony resulting in significant gastric distention is common in patients with SCI; thus a nasogastric tube for decompression is indicated 
early on to decrease the chances of regurgitation and to facilitate oxygenation.

•	 A physical examination, including a pointed neurologic examination, should focus on the patient’s mental status, motor and sensory function 
(pinprick and light touch), and rectal tone. Frequent repeat neurologic examinations should be performed to detect deterioration in neurologic 
status. Following the new international standard for neurologic examination of the spinal cord-injured patient (American Spinal Injury 
Association grades and motor sensory scores) is important.

•	 Radiologic examination of the patient with potential spine injury should be carried out expeditiously. Computed tomography (CT) is the 
imaging test of choice for identification of bony spinal injuries, including spinal canal encroachment, facet joint dislocations, and occipital-C1 
and C7–T1 vertebral injuries. A cervical 3-view radiographic series of films including a cross-table lateral (with visualization of C7–T1) 
anteroposterior (AP) and odontoid (open mouth) views of the cervical spine is appropriate in the absence of CT. Additional lateral and anterior–
posterior (AP) plain films of the thoracic and lumbar spines are indicated for multiple trauma patients with a history and physical examination 
suggestive of thoracolumbar injury. Magnetic resonance imaging is often carried out after the initial stabilization of the patient and is superior 
for visualizing spinal cord parenchyma, longitudinal ligaments, nerve roots, and intervertebral disks.

•	 Steroid therapy is no longer recommended as treatment therapy in patients an acute spinal injury and neurologic abnormalities.
•	 Closed reduction of spinal dislocations, if present, is attempted using various traction devices as soon as the initial examination and radiologic 

testing are completed.
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ANESTHETIC CONSIDERATIONS IN 
SPINAL SURGERY

Preoperative Evaluation and Preparation
General
Preoperative considerations derive from the overall med-
ical condition of the patient and the specific procedure that 
is planned. Patients presenting for surgery of the spine may 
manifest peripheral neuropathy, paraplegia, or spine instabil-
ity, each with its attendant complications and anesthetic con-
siderations. A comprehensive and coordinated anesthetic plan 
involving the surgeon and anesthesiologist that addresses the 
need for neurophysiologic or invasive monitoring (or both), 
the optimal approach to securing the airway, patient position-
ing, fluid requirements, special maneuvers such as an intraop-
erative “wake-up” test, and timing of tracheal extubation must 
be formulated in advance (Box 21.7).

Airway Evaluation
The airway of the patient presenting for elective spinal sur-
gery requires meticulous assessment, perhaps more so than 
for any other operation. Particular attention should be paid 
to the range of motion of the neck and to the presence of any 
neurologic symptoms or pain during such movement.

The initial airway evaluation is made by means of a gen-
eral survey of the patient’s head and neck. Obvious problems 
such as morbid obesity, short neck, cervical collars, and any 
breathing difficulties (e.g., stridor) should be noted. The pres-
ence of any craniofacial abnormalities may suggest a poten-
tially difficult airway. The presence of a full beard may make 
mask ventilation more difficult. Mouth opening, a function 
of the temporomandibular joint, should be assessed. The ex-
tent of mouth opening is often related to the ease of laryngos-
copy. Limited mouth opening can make visualization of any 
laryngeal structures challenging. The presence of loose teeth 

BOX 21.7  �Anesthesia-Related Issues in the Management of the Acute Spinal Cord Injury Patient Undergoing  
Surgical Therapy

•	 Early surgical therapy for spine injuries focuses on the limitation of secondary spinal cord injury in patients with progressive neurologic deficits 
due to spinal instability or in patients with the failure of closed reduction.

•	 Anesthetic concerns should consider a technique of securing the airway that limits spine movement.
•	 Manual in-line stabilization may be indicated with direct laryngoscopy.
•	 An awake intubation may be the safest technique to limit neurologic injury.

•	 Anesthetic induction and maintenance techniques should select anesthetic agents and doses that support blood pressure and minimize 
cardiac depression.

•	 Hemodynamic monitoring is recommended for frequent determination of blood pressure, central venous pressure, arterial blood gas analysis, 
hemoglobin levels, and blood glucose.

•	 Meticulous attention to fluid management utilizing goal directed fluid therapy is recommended to avoid fluid overload.
•	 Bradycardia is treated with appropriate chronotropic agents (i.e., dopamine) and hypotension is treated with fluids, to a state of euvolemia, 

and then the use of vasoactive medications with alpha agonist properties.
•	 Following surgery, extubation should be carefully considered in the context of the level of spinal injury. Patients with a spine injury resulting in 

an acute cervical spinal cord injury should be left intubated and transferred to the intensive care unit for further treatment.

System Abnormality Relevant Comment

Cardiovascular Autonomic hyperreflexia, decreased blood 
volume, orthostatic hypotension

Patient is susceptible to hypertensive crisis if spinal cord injury 
level is above T5; positional changes and intrathoracic pressure 
may cause hypotension

Respiratory Muscle weakness, decreased respiratory drive, 
decreased cough

Patient is susceptible to bacterial pneumonia and may be 
difficult to wean from mechanical ventilation

Muscular Proliferation of acetylcholine receptors, 
spasticity

Hyperkalemia from succinylcholine

Genitourinary Recurrent urinary tract infections, altered 
bladder emptying

May lead to renal insufficiency, pyelonephritis, sepsis, or 
amyloidosis

Gastrointestinal Gastroparesis, ileus Patient is susceptible to aspiration

Infectious Urinary tract infection, pneumonia, decubitus 
ulcers, sepsis

Watch for subtle signs of infection and sepsis; questionable risk 
of seeding of an infection from invasive monitoring

Skin Decubitus ulcers Skin care essential; foam padding for bony prominences; 
frequent turning

Hematologic Anemia, risk of deep vein thrombosis (DVT) or 
pulmonary embolism (VTE)

DVT prophylaxis; ≥3 months of anticoagulation if DVT/VTE 
diagnosed

Bone Bone density Osteoporosis, hypercalcemia, heterotopic ossification, and 
muscle calcification

Central nervous system Postoperative pain, chronic pain Perioperative pain difficult to manage; chronic pain syndromes 
common

Table 21.7  Summary of Medical Problems in Patients with Chronic Spinal Cord Injury
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should be noted and documented on the record. Next, the oral 
pharynx is examined, with special notation made of the size of 
the tongue in relation to the mouth opening. During mouth 
opening, the ability to visualize the faucial pillars, soft palate, 
and base of the uvula with the tongue protruded maximally 
(Mallampati classification) has been shown to be an accurate 
predictor of difficulty with direct laryngoscopy and should be 
documented.

Patients with rheumatoid arthritis, cervical myelopa-
thy, or spinal cord injury are at an increased risk for further 
neurologic injury if a controlled approach by an experienced  
anesthesiologist is not performed. Moreover, any patient  
with moderate-to-severe limitation caused by mechanical or 
neurologic restrictions should be considered for an awake in-
tubation under local anesthesia to minimize movement of the 
head and neck. If an awake intubation is considered optimal, a 
detailed discussion should take place with the patient regard-
ing the steps that will be required and in assuring the patient 
that care will be taken to minimize discomfort. Patients with 
only mild limitation of movement, in which a difficult intu-
bation is not anticipated, may undergo anesthesia induction 
prior to laryngoscopy, depending on the comfort level of the 
anesthesiologist. However, it should always be brought to the 
patient’s attention that the potential for further neurologic  
injury exists, and the option of performing an awake intuba-
tion should be offered.

For patients with spinal trauma who are presenting for  
urgent or elective surgery, the stability of the cervical spine 
injury should be determined prior to the performance of the 
surgical procedure and anesthetic induction. In the patient 
with cervical spine instability scheduled for emergency sur-
gery, the spine should be immobilized before anesthetic in-
duction. Several alternative means of intubating the trachea 
should be planned for and immediately available in the event 
that airway management becomes difficult.

Pulmonary Evaluation
Patients presenting for spine surgery may have significant 
pulmonary disease related to the specific spine abnormality 
or to other preexisting risk factors, including smoking, obe-
sity, asthma, chronic obstructive lung disease (COPD), and 
pulmonary tumor. In the evaluation of the pulmonary system, 
a focused history and physical examination are important in 
eliciting evidence of pulmonary disease. A chest radiograph 
is indicated for any patient undergoing thoracotomy for spine 
surgery or for any patient with the signs and symptoms of 
acute pulmonary disease. Arterial blood gas analysis is rea-
sonable in any patient with evidence of significant pulmonary 
dysfunction, with spinal deformity, or with morbid obesity.

Scoliosis may cause a significant restrictive lung defect; 
as such, pulmonary function should be optimized prior 
to surgical correction of scoliosis (or any major spine 
surgery). Preoperative baseline spirometric tests (pre- and 
post-bronchodilator) and arterial blood gas analysis are 
reasonable for any patient with serious pulmonary disease and 
in individuals with advanced scoliosis. Upper thoracic spine 
surgery has a greater impact on postoperative pulmonary 
function than lower thoracic or lumbar spine surgery; thus, 
optimization of pulmonary function is particularly vital for 
patients undergoing a planned upper thoracic procedure.

Cardiac Evaluation
Evaluation of the cardiac system should focus on identification 
of heart disease and the stability of the disease. A history and 
physical examination will identify most significant abnormali-
ties. Cardiac risk assessment must consider the type of surgery 

(low, intermediate, or high risk), the level of activity, and, most 
importantly, the presence of key risk factors.158

The American College of Cardiology/American Heart 
Association (ACC/AHA) recently published updated guide-
lines on the perioperative cardiovascular evaluation and care 
for noncardiac surgery.159 The Revised Cardiac Risk Index 
(RCRI), the American College of Surgeons (ACS) National 
Surgical Quality Improvement Program (NSQIP) Myocardial 
Infarction and Cardiac Arrest (MICA) risk prediction tool, 
and the ACS NSQIP Surgical Risk Calculator are all included 
as part of the latest 2014 ACC/AHA algorithm for preoperative 
cardiovascular evaluation before noncardiac surgery.158–161 The 
RCRI has been a part of preoperative cardiac risk assessment 
since Lee et  al. published their landmark article in 1999.159 
The usefulness of the RCRI has been repeatedly validated in 
multiple studies and remains a common tool for cardiac risk 
stratification before noncardiac surgery. In instances in which 
the risk assessment tools indicate high perioperative ischemic 
risk, a discussion with the patient and the perioperative team 
can determine whether further testing will impact clinical 
decision-making. If so, then preoperative ischemic testing is 
appropriate. Otherwise, a strategy focusing upon periopera-
tive heart rate control and utilization of goal-directed medical 
therapy is recommended.159

Patients with a history of heart failure or in whom heart 
failure is suspected on the basis of cardiomegaly seen on chest 
radiograph have very high perioperative morbidity and mor-
tality. As such, these patients may benefit from a preoperative 
cardiac echocardiographic examination (if not performed 
within the past year) to better define the type of cardiac  
pathology and overall function.

Neurologic Evaluation
Patients presenting for spinal surgery should be carefully eval-
uated for a preexisting neurologic deficit. This assessment 
should be documented for comparison with the postoperative 
condition. The neurologic deficit, its duration, and its extent 
may influence other organ systems, as noted previously. If 
possible, the patient should demonstrate positions or describe 
conditions that exacerbate his or her neurologic symptoms; 
precautions should be taken to avoid these movements during 
surgery. The presence of neurologic deficits may affect the 
choice of anesthetic drugs and adjuncts, such as the use of 
muscle relaxants. Autonomic dysreflexia is likely in patients 
with SCI above T6 after 3 weeks of injury (sometimes sooner).

Laboratory Studies
The laboratory studies obtained for surgery are individualized 
to each patient. Although certain routine tests are applicable 
to all patients preparing to undergo a spine operation, addi-
tional studies may be indicated as guided by medical history 
and physical examination (Box 21.8). A 12-lead electrocardio-
gram (ECG) is appropriate for all healthy patients ≥50 years 
of age, and at any age if the patient has known cardiac disease 
or risk factors for it. Although age alone is no longer recom-
mended as the sole determinant of the need for a preopera-
tive ECG, particularly for low-risk surgical procedures, it has 
value in patients undergoing intermediate to high-risk spinal 
surgeries.159

Pharmacology
Medications administered to patients with an acute spinal 
injury must account for the presence of hypotension, pre-
dominant vagal tone with bradycardia, relative hypovolemia, 
altered cardiac rhythms, and left ventricular dysfunction. 
Additionally, opioid tolerance is often present in patients with 
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spinal disorders and other neurologic conditions; this possi-
bility should be considered in the administration of periop-
erative opioids (i.e., larger overall doses may be required). 
Chemoprophylaxis for DVT prevention is standard therapy 
for patients with SCI; the decision to use regional anesthetic 
techniques in this instance must be tempered by the slight risk 
of hematoma formation and spinal cord or nerve compression 
and injury.

An important anesthetic consideration in patients with a 
preexisting neurologic deficit is the effect of succinylcholine 
on denervated muscle. Succinylcholine normally causes a 
muscular depolarization with resultant relaxation. In dener-
vated muscle, motor end plate receptors proliferate, and succi-
nylcholine then produces an exaggerated response with a very 
large release of potassium into the circulation.163 This acute 
increase in serum potassium may cause cardiac dysrhythmias, 
cardiac arrest, or death. Although it is generally agreed that 
succinylcholine can be administered to patients within the 
first 24 hours following an acute SCI, it is recommended that 
its use be avoided for up to 9 months after SCI.163,164

Finally, patients with chronic SCI may have altered phar-
macokinetics with various medications; such patients gener-
ally demonstrate an increased ratio in the size of extravascular 
to intravascular albumin pools, decrease in total body water, 
and an increase in body fat content.162 These factors should be 
considered when administering medications to patients with 
chronic SCI.

Premedication
The necessity for premedication and the drugs chosen depend 
largely on the perceived or stated level of anxiety of the pa-
tient, the medical condition of the patient, and aspects of the 
operation and anesthetic that may be affected. In general, pre-
medication is optional and should be prescribed at the discre-
tion of the anesthesiologist and the patient. A small dose of a  
potent intravenous benzodiazepine may be considered desir-
able if the patient is particularly anxious, and narcotic analge-
sics may be valuable if the patient is in pain.

Airway Management for Cervical Spine Surgery
Patients with disease of the cervical spine have an increased 
incidence of difficulty with laryngoscopy, approaching 20% in 
one report.165 In particular, patients with occipito-atlanto-axial 
complex disease have a higher prevalence of difficulty than those 
with disease in the subaxial (C3–C7) cervical spine. The best 
single radiographic predictor of difficulty is reduced separation 
of the posterior elements of C1 and C2 on lateral views, whereas 
the Mallampati classification is the best single clinical predic-
tor of a difficult airway.165 For patients with symptomatic spi-
nal stenosis (cervical myelopathy), initial airway management 
should consider the benefits of an awake fiberoptic intubation 
or induction of general anesthesia with the head stabilized and 
intubation performed under fiberoptic guidance with the use 
of spinal cord monitoring. For most other patients scheduled 
for cervical spine surgery who have a reasonable range of mo-
tion, the difficulty with intubation is no greater than with other 
types of surgery. For all patients with cervical spine disease, 
documentation of a preinduction mental status and neurologic 
examination is essential to ensure that further injury has not 
occurred during the intubation and positioning process.

One of the most challenging airways that anesthesiologists 
face is that of a patient with acute cervical spine injury. After 
a traumatic injury, patients who are awake, alert, and without 
neck pain or tenderness to palpation have minimal poten-
tial of cervical spine injury. However, a comatose or intoxi-
cated patient is assumed to have a cervical spine injury until 
a full diagnostic evaluation can be completed and expertly re-
viewed. While secondary SCI resulting from airway manage-
ment techniques is a valid concern, there are few case reports 
of neurologic injury following tracheal intubation in patients 
with unstable spine injuries.166

Although the indications for endotracheal intubation in 
the setting of a spine injury are well defined and often clini-
cally apparent, there is a lack of general consensus regarding 
a superior intubation technique that will facilitate rapid air-
way securement while avoiding further neurologic injury. In 
this context, a basic knowledge of airway maneuvers and the  
effects that such maneuvers have on craniofacial structures 
and cervical spine motion is essential for avoiding airway mis-
haps that may worsen neurologic injury.167,168 Since the current 
published literature does not clearly demonstrate a particular 
intubation technique to be better than another, the emphasis 
in airway management is upon the operator expertise and skill 
on a case-specific basis. Factors to consider in initial airway 
management of the potentially cervical spine-injured patient 
include urgency of airway intervention and whether there is 
time for adequate radiographic cervical spine evaluation; the 
presence of associated facial injuries or soft tissue injuries of 
the neck that may distort the normal airway anatomy and  
necessitate awake or surgical airway management; the pres-
ence of a basilar skull fracture or mid-face fracture that would 
contraindicate nasal tracheal intubation; whether the pa-
tient is awake and cooperative or possibly uncooperative as a  

BOX 21.8  Preoperative Laboratory Values of Interest

Basic Laboratory Values
Hematocrit
Hemoglobin level
White blood cell count
Platelet count

Specific Laboratory Values
Blood urea nitrogen
Serum creatinine level
Serum electrolytes
Prothrombin time
Partial thromboplastin time
Fibrinogen
Platelet count
Electrocardiogram
Chest X-ray film
Arterial blood gases
Pulmonary function tests (spirometry)

Intraoperative Monitoring Techniques for Spinal Surgery
Noninvasive Monitoring

Electrocardiography
Blood pressure measurement
Pulse oximetry
End-tidal carbon dioxide
Temperature
Brain-function monitor (e.g., bispectral index monitor)

Invasive Monitoring
Urine output
Arterial blood pressure
Central venous pressure
Pulmonary artery pressure
Cardiac output
Mixed venous oxygen saturation
Neurophysiologic monitoring
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result of alcohol or drug use; head injury; and the expertise of 
the operator in the different airway management techniques, 
including direct laryngoscopy, nasal intubation, fiberoptic in-
tubation, and surgical airway.

Maintaining a patent airway and adequate oxygenation in 
a patient with possible cervical spine injury may require bag-
mask ventilation, an oral or nasal airway, chin lift or jaw thrust, 
and oral or nasotracheal intubation (which is often accom-
plished in a rapid-sequence manner with cricoid pressure). 
All of these modalities of airway support have the potential 
for moving the cervical spine even when a cervical collar is in 
place (Table 21.8).169–171 The classic sniffing position requires 
flexion of the lower neck on the chest and extension of the 
head on the upper neck. The majority of cervical motion in 
anesthetized normal patients undergoing direct laryngoscopy 
with a Macintosh blade is extension produced at the occipi-
toatlantal and atlantoaxial (C1–C2) articulations. The subax-
ial cervical segments (C2–C5) are displaced only minimally so 
the risk of direct laryngoscopy may vary with the level of cer-
vical spine injury.171–173 By inference, the upper cervical spine is 
at greater risk for secondary injury with laryngoscopy than the 
lower cervical spine where the majority of traumatic injuries 
occur. Thus, patients with unstable C1 or C2 injuries might 
be the most vulnerable to neurologic damage from atlanto-
occipital extension. However, the manner in which motion 

is distributed over segments adjacent to and remote from the 
level of cervical spine injury has not been fully studied.

An increased risk of cord injury may occur due to im-
proper immobilization of the spine after trauma. However, 
immobilization techniques (Table 21.9) can easily become the 
primary focus in resuscitation of patients at risk for cervical 
spine injury, delaying airway assessment, making orotracheal 
intubation more difficult, and endangering patients subjected 
to the risks of inadequate ventilation.175 Ensuring adequate  
oxygenation and ventilation is always the first priority in patients 
following major trauma and should receive the greatest focus.

Neck-stabilizing cervical orthotic devices, such as hard 
and soft collars (Fig. 21.32), are commonly placed on trauma  
patients until the cervical spine is confirmed to be free of in-
jury. Although these devices provide some degree of spine 
immobilization and patient comfort, they do not prevent both 
neck flexion and extension and thus do little to eliminate cervi-
cal motion, particularly during laryngoscopy.170 Moreover, the 
anterior portion of the collar interferes with mouth opening 
during orotracheal intubation and increases the incidence of 
difficult laryngoscopic views.184,185 Accordingly, to facilitate tra-
cheal intubation the removal of these devices is recommended 
in combination with manual in-line immobilization (MILI).176

Immobilization techniques are associated with difficult 
laryngoscopic views. Cervical collars, tape, and sandbags 

Maneuver Condition Result

Laryngoscopy Normal, anesthetized •	 Extension at the occipitoatlantal and C1–C2 articulations

  •	 C2–C5 displaced only minimally

  •	 Sniffing position-flexing lower neck on the chest and 
extending the head on the upper neck

 Cadaver, C5–C6 instability •	 3–4 mm widening of the disk space at the level of injury

Straight vs. curved blade Normal, anesthetized •	 No difference in cervical spine movement

GlideScope® Normal, anesthetized •	 Overall spine movement reduced 50% at C2–C5 as 
compared to curved blade

Bullard laryngoscope Normal, anesthetized, in-line stabilization •	 Overall cervical spine movement reduced at C2–C5

  •	 Less extension at occipitoatlantoaxial complex but similar 
occiput–C5 extension compared with direct laryngoscopy 
with Macintosh blade if no manual in-line immobilization

Augustine guide Normal, healthy •	 Less spine extension than with direct laryngoscopy

Rigid indirect laryngoscopy  •	 Cervical spine movements less than with direct 
laryngoscopy

•	 Better visualization of the glottis than direct laryngoscopy

Intubating laryngeal mask airway  •	 Exerts high pressures against upper cervical vertebrae with 
insertion and manipulation

•	 May produce posterior displacement of upper cervical 
spine

•	 For insertion, C5 and superior spinal segments flexed <2°; 
during intubation, C4 and superior segments flexed <3°; 
little movement of the spine above C3

Cricoid pressure Normal, anesthetized, in-line stabilization •	 Single-handed cricoid pressure causes vertical 
displacement of neck ≈ 5 mm, but no spine movement

Blind nasotracheal Cadaver, C5–C6 instability •	 Up to 2 mm subluxation but no increase in disk space; 
intubation >5 mm subluxation when neck is stabilized 
anteriorly by hand pressure

Airway support

Chin lift/jaw thrust Cadaver, C5–C6 instability •	 >5 mm widening disk space at level of injury

Oral/nasopharyngeal Cadaver, C5–C6 instability •	 ≈2 mm widening disk space at level of injury

Mask ventilation Cadaver •	 Significant anteroposterior translation displacement with 
maximal flexion and extension of the head

Table 21.8  Airway Management Techniques and Their Effects on the Cervical Spine
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result in a poor view of the larynx (grade III or IV) on laryn-
goscopy in more than half (64%) of patients immobilized in 
this manner.175 MILI is a technique applied to patients with 
known or suspected cervical spine injury to limit move-
ment of the head and neck during direct laryngoscopy or 
other similar procedures. MILI is carried out by having an 
assistant positioned at the head of the bed or just to the side 
of the patient providing immobilization of the head by placing  
the fingers on the mastoid processes and the hands holding 

the occiput steady.168 In comparison to tracheal intubation 
with the collar, tape, and sandbags in place, MILI is associated 
with a better laryngoscopic view, mainly because of increased 
mouth opening.172 MILI is associated with a grade 3 or 4 view 
in only 22% of patients, as compared with 64% in patients in 
whom collar, tape, and sandbags are in place.175 Under normal 
conditions, the glottis is best visualized with 10 to 15 degrees 
of head extension (head tilt); with the use of MILI during 
laryngoscopy, head extension is limited an additional 4 to 5 
degrees, which increases the difficulty of glottic visualiza-
tion during direct laryngoscopy. Moreover, although MILI is  
effective in reducing neck motion during laryngoscopy, it does 
not totally eliminate spine movement.170,175–180 Fortunately, the 
amount of airway movement during intubation utilizing MILI 
is small, and further neurologic injury is unlikely.181,182

As mentioned, all airway maneuvers cause some neck and 
cervical spine movement (see Table  21.8). Basic maneuvers, 
including the jaw thrust and chin lift, resulted in up to 5 mm 
of movement of the spine at the site of the cervical injury in 
a cadaver model with an unstable spine. In the same model,  
advanced maneuvers, including placement of an orotracheal 
tube using a straight or curved laryngoscope blade, an esophageal 
obturator airway, and a nasotracheal tube, produced 3–4 mm of 
disk space enlargement.183 Hauswald et al.184 examined the effect 
of basic airway maneuvers on cervical spine movement in trau-
matic arrest victims, observing that maximal cervical spine dis-
placement was 2.93 mm for mask ventilation, 1.51 mm for oral 
intubation, and 1.20 mm for nasal intubation. Although mask 
ventilation resulted in more cervical spine movement than the 
other methods, the clinical significance of this finding is unclear.

Donaldson et  al.185 investigated spine motion during intu-
bation in a cadaver model with an intact spine, and then fol-
lowing creation of an unstable C1–C2 segment. In the study, it 
was noted that the use of maximum neck flexion and extension  
maneuvers (as occurs with mask ventilation) narrowed the space 
available for the spinal cord (SAC) by 1.49 mm in the intact spine 
and by 6.06 mm in the unstable spine. Chin lift and jaw thrust 
reduced the SAC by 1.09 mm and 2.47 mm, respectively, and had 
the greatest effect in narrowing the SAC. Oral intubation and 
nasal intubation narrowed the SAC by 1.60 mm and 1.61 mm, 
respectively.185 The researchers concluded that in an unsta-
ble C1–C2 spine injury, oral intubation had the same effect on 

Technique Effect on Spine Immobilization

Cervical collar, sandbags, backboard, head tape •	 Very effective method of limiting flexion, extension, rotation, and lateral bending; 
recommended by the American College of Surgeons for effective C-spine 
immobilization; makes orotracheal intubation much more difficult if left in place at 
time of intubation

Hard and soft collar •	 Little effect on spine immobilization; allows moderate amount of head and neck 
extension; does not effectively eliminate movement of the neck during tracheal 
intubation; anterior portion of collar interferes with mouth opening; increases 
incidence of grade III or IV laryngoscopic view; alerts medical personnel to 
possibility of C-spine injury

Manual in-line immobilization (MILI) •	 Reduces neck movement during intubation; recommended method of reducing 
neck mobility during tracheal intubation; head held in neutral position without axial 
traction; better view of larynx when anterior aspect of collar, if present, is removed 
before laryngoscopy

Axial traction •	 Excessive axial traction may cause distraction and subluxation

Halo brace •	 Most rigid immobilization technique of all the spinal orthoses; highly effective for 
skeletal fixation and in limiting motion of the upper cervical spine; limits both flexion–
extension and lateral bending movements of the cervical spine by 96% and axial 
rotation by 99%; utilized in the setting of an unstable cervical spine; does not allow 
any neck movement making direct laryngoscopy very difficult; fiberoptic intubation is 
recommended (awake or after induction)

Table 21.9  Cervical Spine Immobilization Techniques

A B

C
Fig. 21.32  Cervical orthoses. A, Soft cervical collar; B, Philadelphia-
type reinforced cervical collar; C, halo brace.
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diminution of SAC as nasotracheal intubation and that the chin 
lift/jaw thrust maneuvers caused the most motion and hence 
the greatest effect on narrowing the SAC in the C1–C2 unstable 
spine.185 Rigid indirect laryngoscopy is associated with less cer-
vical spine movement and better glottic visualization than direct 
laryngoscopy, with the exception of the GlideScope device.

In general, cervical spine movement during laryngoscopy 
is associated with the greatest degree of movement in the up-
per cervical spine with superior rotation of the occiput and 
C1 and mild inferior rotation of C3–C5. The greatest motion 
is at the atlanto-occipital and atlantoaxial joints.169 In contrast, 
the position of the cervical spine below C4 remains reasonably 
static during laryngoscopy.174 Maximal movement of the spine 
during laryngoscopy is typically less than 5 mm with 2–3 mm 
of displacement. Such movements are very small and typically 
within physiologic ranges.168 Specific blades available for di-
rect laryngoscopy have minimal differences with respect to the  
effects on spine movement.169,172,173,185–188 Video laryngoscopes, 
such as the GlideScope (Verathon, Inc., Bothell, WA) or the 
Airtraq (Prodol Ltd., Vizcaya, Spain) devices incorporate a dig-
ital camera in the tip of the blade that transmits images to a 
display monitor via a video cable. Compared with the curved 
Macintosh blade, the GlideScope improved the laryngeal view 

by one grade during laryngoscopy in normal patients wearing 
a cervical collar, while reducing spinal movement by 50%.189 In 
another study, Robitalille et al.190 found that the GlideScope did 
not significantly decrease movement of the nonpathologic cervi-
cal spine compared with direct laryngoscopy. Nevertheless, the 
use of a video laryngoscope remains an excellent laryngoscopic 
technique to use when limitation of spine movement is the goal; 
however, the time to intubation may be increased, so this must 
be kept in mind during emergency airway situations.191

Emergency Airway Management in the Cervical 
Spine-Injured Patient
For emergency situations, a variety of airway management 
plans are appropriate for patients with potential cervical spine 
injuries as no evidence has clearly demonstrated the supe-
riority of any particular tracheal intubation technique over  
another. The urgency of the clinical situation is a primary fac-
tor in planning the airway management strategy. An updated 
management algorithm for the difficult airway has been pub-
lished by the American Society of Anesthesiologists which can 
guide therapy;192 a modified airway management algorithm 
for the patient with a suspected cervical spine injury is illus-
trated in Fig. 21.33.

Assess airway and oxygenation

Apnea/respiratory 
distress

Adequate

Yes No Normal Abnormal

Airway secured Results

• Maintain MILI without
  traction
• Avoid neck extension or
  jaw thrust

Intubation in most efficient
manner

Radiographic evaluation of
cervical spine

• CT Scan
• ± 3-view plain
  radiographic series
• ± MRI

Emergency
airway

Elective
airway

• Awake or
   asleep FOI-
   MILI
• VAL-MILI
• Blind nasal
   intubation-
   MILI
• Surgical
   airway

Mask
ventilation or

LMA
• Avoid jaw
   thrust/chin
   lift

Radiographic
evaluation of
cervical spine

• CT Scan
• ± MRI

Cautious oral
intubation
• Direct
  laryngoscopy
• VAL
• Asleep FOI

Inadequate
ventilation

ASA Difficult Airway Algorithm
• Jet ventilation
• Surgical or percutaneous airway
• Retrograde intubation
• Reconsider other options (ILMA,
   video-assisted laryngoscopy, light
   wand, intubating stylet)

Fig. 21.33  Suggested airway management algorithm for a patient with a suspected cervical spine injury. ASA, American Society of 
Anesthesiologists; CT, computed tomography; LMA, laryngeal mask airway; MRI, magnetic resonance imaging;  FOI, fiberoptic intubation; ILMA, 
intubating laryngeal mask airway.
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tially receive oxygen by bag and mask with assisted ventila-
tion. Although all of the techniques used to relieve airway 
obstruction have the potential of displacing the cervical spine 
(see Table  21.8), oxygenation and ventilation are a higher 
priority than the risk of neurologic injury. Succinylcholine 
may be used in emergency situations for muscular relaxation 
without apparent danger of hyperkalemia, if the spinal cord 
injury is less than 24 hours old.163 The application of single- 
or double-handed cricoid pressure is appropriate to reduce 
the risk of pulmonary aspiration of gastric contents.193,194 
Depending on the force applied and whether the posterior 
aspect of the neck is stabilized, there is a risk of vertical dis-
placement of the neck when bimanual application of cricoid 
pressure is used.193 If direct laryngoscopy fails, the patient 
should be ventilated by mask, and a backup method for tra-
cheal intubation should be attempted. Although many experts 
advocate direct laryngoscopy as the method of choice for im-
mediate airway control in patients with actual or potential 
cervical spine injuries, others believe that selecting the airway 
technique with which the anesthesiologist has the most exper-
tise is the preferred strategy.

As mentioned, head and neck stabilization techniques 
increase the difficulty of direct laryngoscopy and reduce  
visualization of the glottic structures. Moreover, facial edema 
and fractures, pharyngeal edema, and soft tissue injuries are 
common with cervical spine injuries, and fractures can cause 
hematoma and edema formation around the larynx, further 
increasing the difficulty of airway management. If laryngos-
copy or other techniques fail and mask ventilation becomes  
inadequate, the practitioner should follow the American 
Society of Anesthesiologists (ASA) Difficult Airway Algorithm 
(see Fig. 21.33).192 In the ASA algorithm, the laryngeal mask 
airway (LMA) is the initial intervention to be utilized in the 
event of a fail-to-intubate or fail-to-mask scenario. Although 
the safety of the laryngeal mask airway (LMA) in the cervical 
spine-injured patient has not been definitively determined, 
the presence of a cervical collar or use of MILI of the neck 
does not appear to interfere with placement of the LMA.193 
However, the LMA may be more difficult to position properly 
when MILI in combination with cricoid pressure is used. In 
one study,195 not only was the LMA more difficult to place un-
der these conditions, but also vocal cord identification through 
the LMA was not possible in many of the cases. This finding 
suggests that attempted tracheal intubation through the LMA, 
using a bougie or small endotracheal tube, may be extremely 
difficult. Ultimately, transtracheal ventilation, retrograde intu-
bation, or cricothyrotomy may be required.

In situations where oxygenation and ventilation are ini-
tially assessed to be adequate, there is time to further assess 
the extent of injury to the cervical spine and to plan an elective 
method of airway management. If an unstable cervical spine 
injury is confirmed or suspected and tracheal intubation is 
necessary in a cooperative patient, an awake fiberoptic oral  
intubation, nasal intubation, or blind nasal intubation with 
topical anesthesia may be appropriate. However, awake in-
tubation techniques are often unsuitable in traumatized, 
uncooperative patients who may be intoxicated or hemody-
namically unstable. In this setting, a controlled oral intubation 
by an experienced laryngoscopist is appropriate.

If the patient is brought emergently to the operating room 
in a halo or traction device, any technique of tracheal intu-
bation may be chosen as long as appropriate preparation for 
the potential difficult airway is assured. Because the halo or 
traction device prevents optimal airway positioning for direct 

laryngoscopy, an awake fiberoptic intubation in a cooperative 
patient, utilizing topical anesthesia and mild sedation (e.g., 
midazolam or dexmedetomidine), is safe and effective.

In summary, there is no clear evidence that any partic-
ular airway management technique enhances safety over 
other techniques in a patient with an unstable cervical spine. 
Although some authorities advocate an awake tracheal intu-
bation in patients with an unstable spine injury to facilitate a 
neurologic evaluation before induction of general anesthesia, 
clinical evidence to support this approach is lacking.

Anesthesia Induction and Maintenance
Induction
Induction of anesthesia for spinal surgery involves many of the 
same considerations as those for any other general anesthetic. 
Concerns related to patient comorbidities should be addressed 
as appropriate. Another issue is often whether to induce an-
esthesia before or after positioning. Legitimate concerns arise 
regarding how best to ensure the protection of neurologic 
integrity during prone positioning when an area of the bony 
spine is unstable or there is another preexisting neurologic 
deficit. If spinal instability or disease is located in the cervi-
cal region and anesthesia is induced prior to positioning, it is  
important that every effort be made to keep the head and 
spine in a neutral position during the positioning of a patient. 
Another option is to perform an awake fiberoptic intubation 
with patient self-positioning to the prone position prior to 
anesthetic induction; this approach facilitates neurological 
examination and confirmation that no further neurologic in-
jury has occurred during positioning.196 Depolarizing muscle 
relaxants (succinylcholine) should only be used in the patient 
sustaining a spinal cord injury after consideration of the po-
tential for a hyperkalemic response to drug administration. 
If nondepolarizing muscle relaxants are used for induction, 
short-acting agents are recommended in the instance in which 
spinal cord evoked response monitoring is planned.

Maintenance
The anesthetic technique chosen for the majority of surgical 
procedures on the spine should be based primarily on the 
patient’s underlying medical condition, the anticipated intra-
operative conditions, and the preference of the anesthetist. If 
neurophysiologic monitoring (e.g., spinal cord monitoring) is 
planned, an awareness of the effects of the various anesthetic 
agents on neurophysiologic testing is essential, and the anes-
thetic choices should be altered accordingly. Most importantly, 
a stable intraoperative anesthetic depth is essential so that any 
changes in evoked responses during spinal cord monitoring 
can be explained appropriately.

If an intraoperative wake-up test is desired, either a total  
intravenous anesthesia technique or a balanced technique 
consisting of low doses of a volatile agent together with opi-
oids is effective. With the use of such regimens, the incidence 
of patient intraoperative awareness and recall of the awaken-
ing event is low.

Anesthetic Management of Patients with  
Acute Spinal Cord Injury
The level of SCI, severity of associated injuries, and preex-
isting medical conditions are factors to consider in selecting 
appropriate anesthetic agents and monitors for patients with 
acute SCI. The presence of neurogenic shock (hypotension, 
bradycardia), dysrhythmias, and myocardial dysfunction must 
be considered when choosing appropriate monitors; ensuring 
adequate spinal-cord perfusion is the most important goal.
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The standard monitors recommended by the American 
Society of Anesthesiologists should be used; in addition, an 
arterial catheter, indwelling urinary catheter, and central  
venous or pulmonary artery catheter should be considered 
(see Box 21.7). The arterial catheter is particularly useful for 
intensive blood pressure management, following intraopera-
tive arterial blood gases (ABG), and frequent monitoring of 
blood glucose and serum chemistries. Other useful monitors 
may include a cerebral hypnotic monitor and the precordial 
Doppler. Invasive hemodynamic monitoring devices that can 
follow cardiac output and mixed venous oxygenation satura-
tion are particularly beneficial in patients with a high SCI and 
neurogenic shock.

Transesophageal echocardiography (TEE) may be selected 
to evaluate intraoperative myocardial function and anatomy. 
The decision to employ this modality must first consider sev-
eral factors: the potential difficulty in placing the TEE probe 
with the cervical spine immobilized; the theoretical possibility 
of cervical spine movement when the relatively large transe-
sophageal echocardiography probe is placed and moved in the 
esophagus to obtain views; and the potential for an associated 
esophageal injury in trauma patients with a high SCI.

Selecting the particular anesthetic technique for operations 
on the traumatized spine with acute SCI is of less importance 
than optimizing medical management during the procedure. 
To date, no evidence has been presented that conclusively  
favors one anesthetic agent or technique over another in the 
patient with acute SCI. However, maintenance of mean arte-
rial blood pressure ≥85 mm Hg and an adequate cardiac out-
put have been shown to prevent secondary injury to the spinal 
cord.197 Adequate intravenous access is essential, particularly 
in patients undergoing a multilevel spinal fusion procedure, 
lengthy surgery (>4 hours), anticipated blood loss exceeding 
1000 mL, and in the presence of multiple comorbidities.

Optimization of intraoperative cardiovascular function in 
patients with acute SCI is essential in avoiding further neu-
rologic injury. Systemic arterial hypoxemia and hypotension 
(e.g., neurogenic shock) are common clinical sequelae of SCI. 
Loss of autoregulation coupled with hypotension and arterial  
hypoxemia may severely diminish spinal cord perfusion, lead-
ing to ischemia and secondary injury. Patients with a cervical 
SCI may be unusually sensitive to the myocardial depressant 
effects of anesthetics. Alpha-adrenergic agents, such as phen-
ylephrine or norepinephrine (noradrenaline), are often uti-
lized to support blood pressure; however, they may do so at 
the expense of increased afterload and a reduction in cardiac 
output. Careful consideration of these issues should be incor-
porated into the anesthetic plan.

Pulmonary dysfunction is common following acute cervical 
and upper thoracic SCI, and presents perioperative challenges. 
Patients have a predisposition to hypoxemia, typically require 
mechanical ventilation, and may have developed pneumo-
nia. The incidence of neurogenic and cardiogenic pulmonary 
edema is increased and further aggravated by fluid overload, 
particularly during the early resuscitation period following 
injury (24–72 hours). Intraoperative ventilatory management 
should replicate the support required in the intensive care unit 
(ICU). If the preoperative level of ventilator support is high 
enough (PEEP ≥10 mm Hg), the patient may require the use of 
a specialized ICU ventilator during surgery; in such instances, 
TIVA will be required. Most patients with patients with cervical 
and high thoracic SCI should remain intubated after spine sur-
gery as the ability to cough and maintain adequate ventilation 
is compromised; weaning from the ventilator can commence 
once full recovery from the anesthestic has been assured.

Meticulous fluid management is essential in patients with 
acute SCI undergoing spinal surgery. Effective fluid strategies 
include utilization of a goal-directed fluid therapy (GDFT) ap-
proach to limit excessive intraoperative fluid administration 
(≥3000 mL), avoidance of glucose-containing solutions, and 
the administration of isotonic balanced crystalloid solutions. 
The use of lactated Ringer’s solution is not recommended as 
the relatively hypotonic solution (sodium, 130 mEq/L) may 
worsen spinal cord edema. Colloid solutions containing albu-
min are safe as part of the fluid strategy in patients with neu-
rologic injury. 199,203,204

Maintenance of intraoperative normoglycemia is impera-
tive, as hyperglycemia in the setting of critical illness has been 
associated with an increase in morbidity and mortality. The 
blood glucose level above which neurologic risk is increased is 
unknown and likely varies among individuals; however, stud-
ies have demonstrated improved outcomes in critically ill pa-
tients with target blood glucose levels below 180 mg/dL.205,206 
Accordingly, the recommended strategy is to maintain intra-
operative blood glucose levels below 180 mg/dL by the avoid-
ance of glucose-containing intravenous solutions and frequent 
determination of blood glucose levels. In patients with per-
sistent intraoperative hyperglycemia ≥180 mg/dL (i.e., two 
consecutive levels), a glucose-management strategy incorpo-
rating an insulin infusion is recommended with glucose levels 
monitored every hour.

Positioning
Spine surgery typically performed with the patient in one of 
three basic positions: supine, prone, or lateral decubitus. Each 
of these positions requires special considerations to prevent 
injury. Peripheral nerve injuries are one of the most common 
injuries encountered during spine operations in any of the 
positions. Avoidance of excessive arm abduction, prevent-
ing unnecessary pressure on nerves after proper position-
ing of the arms and lower extremities, appropriate padding 
of all pressure points including chest rolls for patients in the 
lateral decubitus position, neutral positions of the head and 
hips, properly functioning automated blood pressure equip-
ment, and postoperative assessment for nerve injuries are 
recommended.

The lateral decubitus position is used for lateral approaches 
to the craniocervical junction, anterior approaches to the 
upper thoracic spine, and retroperitoneal approaches to the 
thoracolumbar junction and lumbar spine. In the lateral  
position, particular care must be directed to positioning of the 
dependent arm to prevent brachial plexus injury and vascular 
compression; the use of an axillary roll is thus recommended 
for most procedures in the lateral position. In addition, the 
nondependent arm is usually outstretched in front of the  
patient and should be supported on a pillow or padded armrest. 
The head should be positioned in a neutral position to avoid 
cerebral venous outflow and endotracheal tube obstruction, 
and it should be supported with a pillow or padded headrest.

The prone position is required for posterior spine sur-
gery and is facilitated by the use of specialized surgical ta-
bles (Jackson Frame; Allen Advance Table), proning frames 
(Wilson Frame, Allen Bow Frame), and padding accessories 
(e.g., bolster supports, gel foam pads, chest rolls, prone head 
pillows) (Fig. 21.34). In general, the safety goals during prone 
positioning are to:

•	 provide adequate surgical exposure of the spine
•	 avoid abdominal compression, allowing for free movement 

of the abdomen and reducing vena caval pressure
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•	 avoid thoracic compression to facilitate easier ventilation 
and reduce excessive airway pressure, which may adversely 
affect cardiac output

•	 maintain normal positioning of the extremities to avoid 
compression or stretching of peripheral nerves

•	 provide adequate support for the head and face, reducing 
the potential for excessive nasal and ocular pressure

•	 provide liberal padding, thus avoiding pressure sores that 
otherwise may occur with long procedures.

Even with the safety goals in mind, potential complications 
inherent to the prone position include pressure necrosis and 
muscle breakdown (with myoglobinuria) from prolonged 
compression of tissues during lengthy operations, facial and 
airway edema, peripheral nerve injuries due to overstretch 
or pressure, visual loss, and inadvertent endotracheal tube 
malposition.

Head Position
Basic principles of head positioning include avoidance of  
hyperextension, hyperflexion, and extreme rotation of the cer-
vical spine. Particular attention should always be directed to 
maintaining a neutral head position when placing a patient 
prone for spine surgery. For posterior approaches to the mid-
dle to lower thoracic, lumbar, or sacral spine, the head can be 
placed on soft foam or a gel pad with preconfigured cutouts 
or a horseshoe headrest that allows midline orientation of the 
face and head despite the prone position. The eyes should be 
carefully protected and undue ocular pressure avoided during 
surgery. In the prone position, the nose should be free from 
the surface of the table to avoid pressure-related sores.

During anterior cervical spine procedures, the surgeon 
may require traction on the head to distract the cervical verte-
brae for placement of the bone graft for fusion. This maneuver 
should always be performed under the direct supervision of 
the surgeon, because excessive traction may result in stretch-
ing and ischemic damage to the cervical cord. Hyperflexion 
during cervical laminectomy using the posterior approach is 
a common occurrence, primarily because the surgeon must 

flex the head forward on the chest for adequate surgical  
exposure. This movement may put undue strain on the spine, 
in addition to restricting venous outflow from the head and 
face. Restriction of venous outflow from the face and head 
produces macroglossia and intracranial hypertension, respec-
tively. In addition, sharp bending of the tracheal tube in the 
posterior pharynx during positioning may compromise the 
airway. To prevent this complication, sufficient space must be 
retained between the anterior angle of the mandible and the 
sternal notch. This space may be ascertained by the comfort-
able placement of at least two fingerbreadths in this space at 
peak inspiration after positioning.

Monitoring
Physiologic Monitoring
Surgical procedures on the spine are commonly associated 
with significant blood loss and extended operating times. 
Therefore, in addition to routine monitoring, anticipated  
hemodynamic conditions during an extensive surgery often 
require more intensive monitoring (see Box 21.8).

In general, invasive monitoring of arterial blood pressure 
is advisable for patients undergoing prolonged complex surgi-
cal procedures (>4 hours) in which moderate-to-heavy blood 
loss is anticipated; patients with significant cardiovascular and  
renal disease; and patients with serious pulmonary dysfunction 
or the intended use of intraoperative lung isolation techniques.

Some debate exists over the need to monitor patients 
for venous air embolism during spine surgery. The risk for  
venous air embolism is increased whenever the incision is 
elevated 5 cm or more above the level of the heart, and pos-
terior spine approaches using the prone position result in a 
wound often located above that level. Venous air embolism 
has been reported during spine operations performed in the 
prone position, particularly during extensive surgical spine 
procedures associated with significant blood loss and bony 
dissections.207–209Accordingly, for spine procedures in which 
the surgical site is elevated above the level of the heart, and 
particularly when associated with the potential for substantial 

A B

C D

E
Fig. 21.34  Examples of equipment utilized for patients in the prone position undergoing spine surgery: A, Jackson frame; B, Wilson frame pad;  
C, Relton-Hall accessory frame; D, regular operating room table with bolster supports under sternum, iliac crest, and lower legs; E, gel foam pads 
and prone head pillows.
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blood loss, a central venous catheter and direct arterial pres-
sure monitoring are suggested.208,209

Fluid Management and Blood Transfusion
Fluid management during spinal surgery reflects a balance  
between maintaining intravascular volume for adequate tissue 
perfusion and oxygenation of vital organs, and avoiding the  
venous congestion and interstitial edema that may occur with 
fluid overload. Surgery involving extensive exposure of the 
spine with denuding of bone, such as scoliosis repair or exten-
sive spinal fusion and instrumentation procedures, may be as-
sociated with significant blood loss. Patients undergoing such 
procedures often receive large amounts of asanguineous fluid 
in addition to multiple blood products, with resulting increased 
lengths of stay in the intensive care unit. Utilization of a GDFT 
protocol, which defines and manages to intraoperative hemo-
dynamic endpoints using dynamic and flow-based param-
eters (such as stroke volume variation, cardiac output, stroke 
volume), is associated with a reduction in total fluid admin-
istration and an improvement in outcome. Studies in patients 
undergoing high-risk surgical procedures indicate that GDFT 
is associated with reduced complications, including ileus, surgi-
cal site infections (SSI), acute kidney injury (AKI) urinary tract 
infection, respiratory dysfunction, and a reduced length of hos-
pital stay.210–213 In the context of spine surgery, GDFT is partic-
ularly beneficial in procedures involving a multilevel posterior 
spine decompression with fusion and segmental instrumen-
tation, scoliosis spinal reconstruction, combined anterior and 
posterior multilevel spine operations, and in prolonged spine 
surgery in elderly patients with significant comorbidities; these 
factors appear to be the most significant in predicting length of 
hospital stay, operative time, intraoperative blood loss, and in 
the need for transfusion therapy.214 Balanced isotonic crystal-
loid solutions, alone or in combination with colloid-containing 
fluids, are appropriate choices for intraoperative fluid therapy. 
In the resuscitation of critically ill patients, multiple studies 
comparing isotonic crystalloid versus colloid fluids have been 
unable to demonstrate worse outcomes in patients receiving 
albumin-containing colloids.198–202 As such, fluid strategies that 
contain albumin solutions are appropriate in the setting of spine 
surgery, although recent evidence does strongly suggest that col-
loids containing hydroxyethyl starch should be avoided.199,203,204 
In the event that patients have received large amounts of intra-
operative fluids, significant tissue edema is to be expected; thus, 
the safety of postoperative extubation should be carefully con-
sidered before the endotracheal tube is removed.

Significant intraoperative blood loss is a frequent occur-
rence during complex spine surgery. A predictive model of 
the potential need for blood transfusion during spine fusion 
operations has been reported.215 In this model, important pre-
dictors of perioperative blood transfusion included preopera-
tive hemoglobin levels, length of surgery, number of posterior 
spinal levels of instrumentation, and the surgical complexity 
of the spine procedure. Despite the known benefits of transfu-
sion therapy in patients with hemorrhagic shock or profound 
anemic states, current studies have consistently identified an 
association between transfusion therapy and adverse reactions 
and immunomodulatory effects in both medical and surgical 
patient groups. In the setting of neurologic injury, the transfu-
sion of red blood cells in patients without evidence of hemor-
rhagic shock has similarly demonstrated worsened outcomes, 
particularly when the hemoglobin is >10 g/dL.216–218 A recent 
clinical practice guideline regarding red blood cell transfusion 
recommends adherence to a restrictive transfusion strategy 
(7–8 g/dL) in hospitalized, stable patients, including those 

patients with preexisting cardiovascular disease.219 In view of 
compelling scientific evidence indicating the dangers of red 
cell transfusion therapy, an appropriate perioperative strategy 
for patients undergoing spine stabilization surgery is the in-
corporation of a restrictive transfusion strategy with hemo-
globin levels targeted at a range of 8–10 g/dL. This approach 
is prudent and scientifically sound, as long as the patient  
remains hemodynamically stable and frequent hemoglobin 
determinations are maintained throughout the procedure.220

Antifibrinolytic Agents
Antifibrinolytic medications (i.e., ε-aminocaproic acid, 
tranexamic acid) have been demonstrated to decrease intraop-
erative blood loss and transfusion requirements in numerous 
types of operations, including orthopedic spine surgery.221–223 
Antifibrinolytic agents function to decrease blood loss through 
blockage of clot degradation by a reversible interaction with 
plasminogen and the active protease, plasmin. The safety of 
these drugs has been repeatedly demonstrated in clinical stud-
ies with no increase in thromboembolic complications noted, 
although isolated case reports do exist. For spine procedures in 
which significant blood loss is anticipated to occur, the inclusion 
of antifibrinolytic agents into the perioperative medical plan 
has been demonstrated to be safe and should be considered.

Acute Normovolemic Hemodilution
Acute normovolemic hemodilution (ANH) involves the  
removal of blood from a patient immediately prior to surgery. 
The blood is removed into a collection bag containing an anti-
coagulant and is stored in the operating room at ambient tem-
perature until it is reinfused into the patient at the conclusion 
of the operation once the majority of blood loss has occurred. 
The blood that has been removed from the patient is replaced 
with an appropriate volume of acellular fluid (crystalloid or 
colloid) to maintain euvolemia. The goal of ANH is to re-
duce the patient’s hematocrit to 30% prior to surgery. Surgery 
is thus performed with a reduced red blood cell mass but a 
normal vascular volume. ANH is well tolerated in most pa-
tients because the reduced oxygen-carrying capacity of blood 
is compensated for by greater cardiac output and enhanced  
venous return owing to a reduction in viscosity. Moreover, ox-
ygen delivery to the tissues is unaffected by hematocrit levels 
as low as 20%,224 and cardiovascular stability does not deterio-
rate until hematocrit levels reach 15%.225

The decision to use ANH should consider the patient’s 
underlying medical condition before the technique is imple-
mented. Recommendations for the use of ANH have been 
previously published; they emphasize the use of ANH in the 
appropriately selected patient.226 Patients who are considered 
good candidates for ANH have the following features: preop-
erative hemoglobin greater than 12 gm/dL; absence of clini-
cally significant coronary, pulmonary, renal, or liver disease; 
absence of severe hypertension; and the absence of infection 
and the risk of bacteremia. Although the efficacy of ANH in 
reducing the use of allogeneic red blood cell transfusion is  
debated, a number of studies have demonstrated the useful-
ness of ANH in decreasing the use of allogeneic blood in cases 
associated with significant blood loss.227,228

Intraoperative Cell Salvage
Intraoperative cell salvage is a technique in which blood 
lost during surgery is collected via suction instruments, in 
which it is mixed with an anticoagulant (heparin or citrate) 
and then sent into a collection reservoir. After processing 
the salvaged blood, it is pumped back into the patient, with a 
final hematocrit approaching 60%. In comparison with other 
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vage offers the greatest flexibility and is the most cost effec-
tive method when blood loss is substantial (i.e., >2000 mL), 
as occurs in major reconstructive spine operations.229 The dis-
advantages are that the reinfused red cells may cause a coag-
ulopathy from residual anticoagulant and lack of coagulation 
factors or platelets. Clotting factors may need to be replaced 
if microvascular bleeding is noted in the surgical field. It is  
important to note that the washed blood is returned into a 
plastic bag that contains a significant amount of air; the use of 
a pressure device to accelerate transfusion of cell saver blood 
has led to massive air embolism. A “black box” warning rec-
ommends against the pressurization of the bag.

Postoperative Care
Extubation
The question whether or not to extubate the patient following 
spinal surgery depends largely on the particular surgical pro-
cedure performed and the clinical condition of the patient. In 
the majority of cases involving spinal surgery, extubation may 
be performed immediately upon awakening of the patient after 
demonstration of the usual criteria for extubation. Intubation 
may have to be maintained in certain cases of impaired venti-
lation caused by high cervical or thoracic lesions, preoperative 
pulmonary impairment, metabolic derangement, or persistent 
muscle weakness. Extubation is not necessarily imperative 
for the resumption of consciousness or ability to follow com-
mands. In cases in which the operation was long (>6 hours) or 
the patient has significant facial edema, it is much safer to leave 
the patient intubated and to raise the head of the bed at least 
45 degrees, and to extubate the patient in the recovery room 
or intensive care unit after the facial swelling has diminished.

Postoperative Pain Control
Major surgical operations on the spine result in significant 
postoperative pain.229–236 Effective pain management is essen-
tial in order to facilitate early mobility, reduce postoperative 
pulmonary complications, shorten hospital length of stay, 
and enhance patient satisfaction. A variety of techniques are 
available to treat postoperative pain issues after spine sur-
gery, with the particular surgical approach dictating the pain 
management method. In general, cervical spine surgery is  
associated with the least amount of postoperative pain, 
whereas spinal fusion and instrumentation procedures in-
volving the thoracic and lumbar spine are associated with the 
most significant postoperative pain. Techniques of pain man-
agement that have been used vary widely and include: inter-
mittent intravenous opioids; intravenous patient-controlled 
analgesia (PCA); central neuraxial (intrathecal, epidural); 
regional blocks; continuous wound installation of local anes-
thetics; and nonopioid analgesics, including intravenous acet-
aminophen (i.e., 1000 mg intravenously every 6 hours for eight 
total doses).231–235 Multimodal analgesic regimens incorporat-
ing a variety of these pain techniques are the preferred pain 
management strategies for all surgical procedures, including 
orthopedic.236–239 Multimodal pain protocols are the preferred 
perioperative pain management approach. The recent avail-
ability of intravenous acetaminophen has greatly enhanced 
the efficacy of the multimodal approach for perioperative 
pain management, particularly in the context of spine surgery.

Complications
Complications of spinal surgery may occur intraoperatively 
or postoperatively. Intraoperative complications include car-
diac arrest from hypoxia while in the prone position and 

acute SCI from either direct trauma to the cord or distrac-
tion pressure during instrumentation, pneumothorax, and 
hemothorax. Postoperative complications include neurologic 
injury or deficit, visual loss, epidural hematoma, arachnoiditis,  
intravascular volume deficits, anemia, coagulopathy, CSF leak 
from an intraoperative dural tear, hypoxemia from atelectasis 
or pulmonary edema, urinary retention, ileus, atelectasis or 
pneumonia, and venous thrombosis. Complications specific 
to anterior cervical procedures include dysphagia, hoarseness, 
and airway obstruction from edema or neck hematoma.

Neurologic Deficit
Neurologic deficits following spinal surgery are uncommon 
events. In the ASA Closed Claims database, cervical cord, 
root, and bony spine injuries represented a very small per-
centage (<1%) of all general anesthesia malpractice claims.240 
When cervical injury did occur, it was often permanent. 
Factors increasing the risk of cervical cord injury include  
degenerative disease of the cervical spine, direct surgical com-
plications, sitting position, intraoperative head/neck position 
during surgery, airway management (i.e., intubation), and  
arterial blood pressure (i.e., hypotension). In those patients un-
dergoing complex spinal deformity operations, the incidence 
of neurologic deficits is significantly increased. In particular, 
the incidence of complications is highest with scoliosis repair 
in which spinal fusion and instrumentation is used.240 Studies 
have reported the frequency of new neurologic deficits after 
corrective scoliosis repair at 0.45–7.5%; however, permanent 
neurologic deficits are reported to be <1%.240–242 If a new neu-
rologic deficit is identified during scoliosis surgery, removal of 
the instrumentation, alteration of the corrective angle within 3 
hours of discovery of the neurologic deficit, or both is import-
ant. With the advent of neurophysiologic monitoring, neuro-
logic deficits are now being detected intraoperatively, reducing 
the incidence of permanent injury.

Anterior Spinal Artery Syndrome
Anterior spinal artery syndrome results from anterior central 
cord ischemia in the distribution of the anterior spinal artery. 
This condition typically manifests as motor weakness that is 
greater than any sensory change and is due to the more cen-
tral and ventral location of the motor tracts in the spinal cord, 
as opposed to the more dorsal and peripheral location of the 
sensory tracts. This syndrome results from obstruction of 
the feeder vessels to the anterior spinal artery, as occurs with 
aortic cross-clamping for repair of thoracolumbar aortic an-
eurysm or coarctation of the aorta. However, anterior spinal 
artery syndrome may also result from sustained hypoperfu-
sion, correction of scoliosis, cervical spondylosis, disk herni-
ation, and vertebral trauma. Treatment is aimed at relieving 
any existing contributory pathologic condition and providing 
general support.

Postoperative Visual Loss
Postoperative visual loss (POVL) is an uncommon but tragic 
complication that is associated with spine, cardiac, and head 
and neck operations. The reported estimates for blindness  
after spine surgery and cardiac surgery are 0.2% and 4.5%,  
respectively, with prevalence rates of POVL after spinal fusion 
of 0.0309%. 243,244 In a retrospective review of the Nationwide 
Inpatient Sample (NIS) of hospital care from 1996 to 2005, 
Shen et  al.244 studied the frequency and possible risk factors 
of POVL among eight commonly performed surgical opera-
tions. Risk factors that were found to increase the incidence of 
POVL in patients undergoing spine surgery in particular in-
cluded age (>50 years), gender (male > female), preoperative 
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anemia, preexisting medical conditions, blood transfusion, 
and a posterior approach for spine surgery. Most cases of 
POVL involve ischemic optic neuropathy (ION), central ret-
inal artery occlusion, or ischemic lesions in the cerebral cor-
tex.243,244 Although the etiology of POVL has not been clearly 
identified, the pathophysiologic mechanism considered most 
plausible in explaining the development of perioperative ION 
involves an elevation of venous pressure and the accumula-
tion of interstitial edema, causing injury to the optic nerve by 
a combination of vascular compression, venous infarction, or 
mechanical compression.245

Two recent reports by the American Society of 
Anesthesiologists (ASA) identified risk factors for the devel-
opment of ION in the setting of spine surgery. The members 
of the Postoperative Visual Loss Study Group utilized a mul-
ticenter case-control design to compare 80 adult patients with 
ION from the ASA Postoperative Visual Loss Registry with 
315 adult control subjects without ION after spine fusion sur-
gery.246 In this report, risk factors for ION after spine fusion 
surgery were noted to include: male gender, obesity, anesthesia 
duration, Wilson frame use, estimated blood loss, and colloid 
as a percentage of total asanguinous fluid replacement. In the 
latest 2012 ASA Practice Advisory for Perioperative Visual 
Loss Associated with Spine Surgery,247 the committee mem-
bers were unable to conclusively identify preoperative patient 
characteristics that predispose a patient to ION; however, the 
task force did conclude that the risk of perioperative ION may 
be increased in patients who undergo prolonged spine pro-
cedures (>6 hours) in the prone position, have substantial 
blood loss (average loss, 44.7% of blood volume), or both. The  
important point is that, although these disorders may increase 
the risk of POVL, no direct evidence of any involvement of 
these conditions has ever been demonstrated to be clearly 
causative. Nonetheless, the ASA task force report on POVL 
does include advisory statements that should serve to guide 
perioperative management.247

In summary, POVL is uncommon after spine surgery but 
clearly does occur. Consequently, vision should be assessed  
after prolonged surgery once the patient is awake and alert. 
Any indication of deficit should be immediately followed 
by an ophthalmologic consultation to evaluate for possible 
causes. MRI should also be considered to evaluate for non-
ophthalmologic, intracranial causes of blindness.

Epidural Hematoma
Epidural hematomas may arise spontaneously as a result of 
a hypocoagulable state or trauma or from iatrogenic causes. 
The hematoma may exert a mass effect, with corresponding 
clinical neuropathy or focal deficit. If a pathologic epidural 
hematoma is suspected, an emergency spine MRI should be 
obtained.

Venous Thromboembolism
Venous thromboembolism (VTE) occurs with varying rates 
in orthopedic patients. Patients undergoing spine surgery ap-
pear to have a smaller risk of VTE than those who have lower  
extremity surgery;150 nonetheless, the risk of developing post-
operative VTE remains clinically relevant and must be actively 
addressed during the perioperative period. Deliberate hypo-
tension, hypothermia, decreased cardiac output, and hypo-
volemia all may predispose to VTE, increasing the patient’s 
risk for this complication. Recent studies have examined the 
risk of VTE in spinal surgery patients; in a report of patients  
undergoing spine surgery who did not have DVT prophylaxis, 
the rate of DVT was noted to be 2.3% for degenerative spine con-
ditions, 6.0% for spine trauma, and 5.3% for spine deformity.248  

In a recent review of 14 studies, Sansone et  al.249 found that 
the pooled risks of deep venous thrombosis (DVT) and pul-
monary embolism (PE) were 1.09% and 0.06%, respectively. 
Advanced age and lumbar surgery appear to raise the postop-
erative risk for DVT.230 Other proposed risk factors are anterior 
or combined anterior-posterior surgical approaches, surgery 
for tumors, multiple operative levels, prolonged operations, 
spinal cord injury, and decreased postoperative ambulation or 
activity.230 Given the high rate of VTE following spine surgery, 
it is suggested that low-risk patients undergoing spinal opera-
tions receive mechanical prophylaxis (intermittent pneumatic 
compression-IPC) with or without pharmacologic prophylaxis 
(low-dose unfractionated heparin or low-molecular-weight 
heparin); for patients at high risk of VTE following spinal 
surgery (malignancy, spinal cord injury, combined anterior-
posterior approach), IPC with pharmacologic prophylaxis 
should be administered once adequate hemostasis is obtained 
(preferably within 48 hours to 72 hours following surgery).150,250

Dural Tear
Interruption of the dura mater during spinal surgery is not 
uncommon and is often a necessary part of the operation, 
particularly in procedures on the cord itself. It also may occur 
unintentionally, especially when the surgeon is working in an 
area of a previous operation. The tear is usually repaired with 
no further sequelae. However, a CSF leak occasionally devel-
ops, which may result in a postoperative headache, fluid col-
lections, or leaks. If drainage of CSF persists, CSF diversion or 
reoperation may be necessary.

SUMMARY

Patients undergoing surgery on the spine or spinal cord pres-
ent a complex challenge to anesthesiologists. A fundamen-
tal knowledge of spine anatomy facilitates an appreciation 
of the scheduled surgical procedure and the particular ap-
proach used by the surgeon to complete the operation. A basic  
understanding of radiologic imaging in the context of spinal 
diseases, and the indications for such tests, enhances aware-
ness of the importance of imaging in formulating a medical 
and surgical treatment strategy. General familiarity with the 
various surgical approaches to the spine greatly augments 
decisions about patient positions, hemodynamic monitor-
ing, anesthetic choices, and the potential for perioperative 
complications. An awareness of the medical concerns related 
to the common surgical diseases of the spine assists the anes-
thesiologist in initiating medical discussions with the surgical 
team and also provides a degree of comfort with the appro-
priateness of the planned surgery. Spine diseases may present 
unique management challenges, such as the unstable cervical 
spine in a patient with severe rheumatoid arthritis or spinal 
cord impingement in a patient with spinal stenosis, and a more 
complete understanding of the pathology associated with such 
diseases directly affects the delivery of anesthetic care.

An in-depth comprehension of airway management in the 
context of spine diseases is a fundamental requirement for  
every anesthesiologist. Knowledge of airway manipulations 
and their effect on subsequent spine movement is important 
to facilitate better decision-making and reduce further neuro-
logic injury, particularly in the setting of acute SCI. Following 
tracheal intubation, intraoperative anesthetic management 
of the spinal cord-injured patient should focus on maintain-
ing adequate perfusion pressure and oxygenation. Vasoactive 
agents are appropriate only after ensuring adequate volume 
status and cardiac function. In the majority of spine opera-
tions, anesthesia induction and maintenance are achieved  
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spine surgery in which the potential for injury to the spinal 
cord is present (i.e., correction of spinal deformities, spinal 
stenosis, spine stabilization procedures), the use of neuro-
physiologic monitoring dictates the use of a limited number of 
acceptable anesthetic techniques. In this context, intravenous 
or balanced techniques are preferred.

Decisions regarding fluid management choices during 
spine surgery should focus more upon the maintenance of a 
euvolemic state and less upon the particular fluid type. Fluid 
overload is associated with an increase in morbidity, and thus 
invasive monitoring, combined with a GDFT strategy, may 
be appropriate in prolonged major spine operations to avoid 
excessive fluid administration. A sensible blood conservation 
strategy is facilitated by autologous blood predonation, lower-
ing the transfusion triggers, preoperative acute normovolemic 
hemodilution, deliberate hypotension, and blood salvage tech-
niques, whenever possible.

Postoperative pain control is important to increase patient 
satisfaction and reduce both the overall hospital length of stay 
and health care cost. A variety of techniques are appropriate 
in the postoperative setting, providing excellent pain control 
if started early and continued for 2–4  days postoperatively. 
Epidural techniques appear particularly efficacious, although 
other strategies are effective as well. Finally, the avoidance and 
early detection of perioperative complications is imperative in 
improving surgical outcome.
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HUNTINGTON’S DISEASE
Huntington’s disease is a universally fatal neurodegenerative 
disorder affecting the central nervous system that results from 
an autosomal dominant mutation in the huntingtin gene.1 It 
is characterized by movement and psychiatric disorders as 
well as dementia and occurs in 4–10 per 100,000 population.1 
The genetic defect is due to a mutation in the Huntingtin 
gene (HTT) on the short arm of chromosome 4, resulting in 
production of an abnormal form of huntingtin. Huntingtin 
is present ubiquitously in somatic tissues, and only recently 
have the pathological effects of mutant HTT been described 
outside of the CNS.2,3 The mechanism by which the geneti-
cally altered protein induces the associated central nervous 
system changes is unknown, but prevailing theories suggest 
that huntingtin deposition enhances neuronal susceptibility 
to oxidative stress or glutamate mediated excitotoxicity.1 The 
brain of a patient with Huntington’s disease undergoes pro-
gressive atrophy and gliosis that is most prominent in the basal 
ganglia.1 Interestingly, striatal atrophy becomes apparent with 
some MRI techniques more than a decade before onset of clin-
ical symptoms.1 These cerebral alterations, combined with loss 
of GABA-ergic neurons in the striatum, and skeletal muscle 
changes help explain the motor symptoms of Huntington’s dis-
ease, but the pathophysiology of the cognitive and psychiatric 
alterations remains unknown.4

A patient with Huntington’s disease can develop symptoms 
at any time after infancy, but they usually become evident in 
the late 30s or early 40s. As such, the diagnosis is often not 
established until after reproduction, but genetic testing now 
allows for earlier diagnosis and the option of genetic coun-
seling. The motor symptoms of Huntington’s disease typi-
cally begin with a lack of coordination and involuntary jerks. 
These uncontrollable, involuntary choreic movements (i.e., 
random jerking movements of the extremities, torso, face and 
truncal muscles) and athetosis (i.e., slower sinusoid writh-
ing movements) peak after steady progression for 10  years 
and ultimately develop a rigid dystonic character. Dysphagia 
is common in advanced cases and most patients suffer from 
malnutrition at some stage.

All patients with Huntington’s disease eventually develop 
dementia that spares long-term memory, but impairs execu-
tive functions. Other psychiatric and cognitive changes occur 
before, after, or at the same time as motor abnormalities and 
may include irritability, apathy, emotional instability, impul-
siveness, and aggression. Depression is frequent, as is suicide, 
which occurs at a rate up to 10 times that of the general popu-
lation.5 Death usually occurs within 20 years of diagnosis due 
to falls, pneumonia, aspiration, malnutrition or suicide.5

There are no specific treatments that prevent, cure, or slow 
the progression of Huntington’s disease. Symptomatic therapy 
aims to control the motor and psychiatric aspects of the disease. 
Drugs shown in clinical trials to be efficacious for the treatment 
of chorea include amantadine, remacemide, levetiracetam, and 

tetrabenazine. However, they can cause bradykinesia, rigidity, 
depression and sedation.5 The affective disorders associated 
with Huntington’s disease are often amenable to psychiatric 
treatment, such that polypharmacy is common in these pa-
tients. The prudent anesthesiologist will, therefore, be vigilant 
for the possibility of adverse drug interactions.6

Anesthetic management for a patient with Huntington’s 
disease is driven mostly by theory because the literature is 
limited to anecdotal experiences and case reports. Because 
patients with Huntington’s disease are at increased risk of pul-
monary aspiration due to pharyngeal muscle abnormalities 
and dysphagia, aspiration prophylaxis and precautions seem 
warranted, but whether administration of anesthesia to these 
patients further increases the risk of aspiration pneumonitis is 
unknown. Patients with Huntington’s disease are also alleged 
to be at risk for prolonged respiratory depression and delayed 
return to consciousness after general anesthesia and have re-
duced requirements for midazolam.7 Whether this is related to 
altered pharmacokinetics due to nutritional depletion and al-
tered protein binding, increased central nervous system sensi-
tivity, or altered pharmacodynamics is unknown. In any event, 
most patients with Huntington’s disease experience a normal 
anesthetic and postanesthetic course.6,8,9

Data concerning the response to muscle relaxants is sim-
ilarly confusing. There is an increased incidence of abnor-
mal plasma cholinesterase variants among patients with 
Huntington’s disease and a case report of prolonged muscle 
relaxation following administration of succinylcholine, but 
succinylcholine has been used uneventfully in other cases.10–13 
There are, however, no case reports of succinylcholine-induced 
hyperkalemia. With respect to non-depolarizing muscle re-
laxants, both abnormal and normal responses have been 
reported.11,13–15

There are also reports of clinically significant, general-
ized, tonic muscle spasms related to shivering during emer-
gence from anesthesia in patients with Huntington’s disease,13 
suggesting maintenance of perioperative normothermia is 
especially important in these patients. Some authors even rec-
ommend avoiding inhalational anesthetics to decrease the risk 
of postoperative shivering, although the benefit of doing so is 
only theoretical and exacerbation of involuntary movements 
has been noted after propofol anesthesia. 8,16,17 Lastly, other 
than being technically difficult because of the continuous un-
controllable movements, there appears to be no contraindi-
cation to regional anesthesia in the patient with Huntington’s 
disease.9,18

AMYOTROPHIC LATERAL 
SCLEROSIS

Amyotrophic lateral sclerosis (ALS) is a progressive, untreat-
able, degenerative disease of the central nervous system that 
involves both upper and lower motor neurons. The disease 
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ia affects 5–6 per 100,000 population with an average age at onset 
of 56 years.19–21 ALS is marked by loss of motor neurons in the 
anterior horn of the spinal cord, brainstem nuclei of cranial 
nerves V, VII, IX, X, XII, and degeneration of the corticospi-
nal tracts secondary to loss of cortical motor neurons. This 
degeneration produces symptoms that include asymmetric 
muscle atrophy and weakness and bulbar abnormalities, such 
as dysarthria, dysphagia, drooling, and an ineffective cough. 
The clinical course ultimately ends in paralysis, but the type 
depends upon whether upper or lower motor neuron lesions 
are most prominent. If upper motor neuron lesions predom-
inate, the paralysis is spastic whereas lower motor neuron 
lesions result in flaccidity. Both evolve over months to years 
and affect all striated muscles except that of cardiac and oc-
ular origin. The disease leads to a restrictive pulmonary de-
fect, with progressive decreases in FVC and FEV1 as a result of 
muscle weakness and skeletal deformities. These changes can 
occur rapidly but typically are slowly progressive and lead to 
hypercarbia, atelectasis, and a predisposition to pneumonia.22 
Multiple studies suggest that survival and quality of life may be 
enhanced by the administration of riluzole, a glutamate release 
antagonist, and both respiratory and nutritional support in the 
form of noninvasive ventilation and placement of a gastros-
tomy tube.22–24 Death usually occurs within 3–10 years of di-
agnosis due to respiratory complications, such as pneumonia, 
atelectasis, and/or aspiration.

There are no laboratory tests to confirm the diagnosis of 
ALS, which is usually made on the basis of both upper and 
lower motor neuron abnormalities in association with pro-
gressive motor dysfunction.21,22 Supporting laboratory evi-
dence includes spontaneous fibrillations, positive sharp waves, 
fasciculations and decreased recruitment of motor units on 
EMG. Nerve conduction studies are normal or reflect dener-
vation of motor neurons without sensory involvement.

Genetics may play a role in the etiology of some cases of ALS 
as mutations in superoxide dismutase 1, TAR DNA-binding 
protein, fused in sarcoma, and ubiquitin 2 are associated with 
the development of ALS, but there are suggestions that envi-
ronmental factors such as central nervous system trauma, bac-
teria, and cigarette smoke may be involved.25 Ultrastructural 
changes in the motor neurons of patients with ALS include 
inclusion bodies and swelling in the proximal axon and cell 
body. Ultimately, these abnormal neurons are thought to un-
dergo necrosis or apoptosis, leading to degeneration and neu-
ronal cell loss.

Given the pathophysiology and clinical manifestations of 
ALS, anesthetic considerations include altered responses to 
muscle relaxants, ventilation impairment, bulbar dysfunction, 
and concerns about neurologic sequelae of regional anesthe-
sia. Patients with ALS are predisposed to succinylcholine-
induced hyperkalemia because of denervation and atrophy 
of skeletal muscles. Thus, succinylcholine is best avoided in 
these patients.25–27 Patients with ALS may also have increased 
sensitivity to non-depolarizing muscle relaxants, suggesting 
either that relaxants be avoided altogether or that shorter act-
ing relaxants be used.25,27 Although not currently clinically 
available in the US, the administration of Sugammadex to a 
patient with ALS with residual neuromuscular weakness af-
ter reversal of neuromuscular blockade has been successfully 
reported.28 Progressive impairment of ventilation is another 
serious problem and the degree of impairment is a useful pre-
dictor of anesthetic risk and the need for postoperative venti-
latory support. While it would be easy to suggest that regional 
anesthesia is preferable to general in such high-risk patients, it 
has not been established that this is true.29 Although cases have 

been successfully conducted using both regional and general 
anesthesia, significant respiratory involvement may predis-
pose patients with ALS to perioperative respiratory failure. 
Accordingly, it may be necessary to support ventilation in the 
ALS patient both during and in the immediate postoperative 
period regardless of anesthetic technique.30,31

The primary concern about bulbar dysfunction is dys-
phagia and the risk of recurrent pulmonary aspiration.22 For 
this reason, aspiration prophylaxis should be considered but 
there is no evidence that this reduces the perioperative risk 
of aspiration pneumonitis in the ALS patient. Moreover, be-
cause of the inability to swallow properly, many ALS patients 
will require placement of a feeding tube. This can typically 
be accomplished under regional anesthesia, but may require 
the use of noninvasive ventilation both during and after the 
procedure.31

Lastly, there has been concern about the possibility that 
regional anesthesia may facilitate progression of neurodegen-
erative diseases such as ALS. Evidence for this is entirely anec-
dotal, however, and there are several case reports of uneventful 
neurologic recovery following epidural anesthesia and periph-
eral nerve blocks in ALS patients.32–36 Perhaps the most one 
can say is that regardless of the type of anesthesia, the proxi-
mate cause of neurologic deterioration is difficult to establish 
in a relentlessly progressive neurologic disorder.

PARKINSON’S DISEASE

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease (after Alzheimer’s disease). Classically 
considered a movement disorder, secondary to degeneration 
of dopaminergic neurons in the basal ganglia and nigrostriatal 
system, it is now recognized that PD is a multisystem neuro-
degenerative process. It afflicts about 1 million Americans, or 
approximately 1% of patients over age 60, and its prevalence 
is projected to double in the next 15–20 years.37 Fifteen years 
after diagnosis, 40% of PD patients are living in long-term care 
facilities and mortality is almost twice the expected rate. Most 
cases of Parkinson’'s disease are idiopathic, but environmen-
tal factors, including exposure to volatile anesthetics, 38,39 and 
genetic predisposition have been implicated; a recent meta-
analysis indicated that for those with a first-degree relative 
with PD the relative risk of developing PD is 2.9.40 The com-
mon feature of the disease is neuronal loss and gliosis of the 
substantia nigra, pars compacta. By the time motor symptoms 
develop, 70% of the dopamine producing cells in the striatum 
have degenerated, leading to a relative imbalance between the 
inhibitory properties of dopamine and the excitatory proper-
ties of acetylcholine within the striatum.41 However, pathology 
extends beyond the striatum and dopamine. The pathologic 
hallmark of PD is the Lewy body, an intracellular aggregate 
of abnormal proteins including α synuclein, which is present 
in nearly all forms of PD.42 This α synuclein pathology and 
concomitant neurodegeneration are seen in numerous areas 
of the central and peripheral nervous system including norad-
renergic, serotonergic, and cholinergic neurons of the brain-
stem and in the amygdala, cingulate gyrus, and neocortex. 
Moreover, changes in these regions may actually precede the 
striatal degeneration. Therefore, it is overly simplistic to see 
PD only as a movement disorder.

Cardinal clinical features of Parkinson’s disease include 
a resting rhythmic tremor, muscular rigidity, and bradyki-
nesia. These are often associated with a lack of spontaneous 
movement, masked facies, cogwheel rigidity, a monotonous 
voice, stooped posture, and a shuffling gait leading to postural 
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instability and impaired locomotion.43,44 Not surprisingly, 
given the widespread neurodegeneration, non-motor fea-
tures of the disease represent important sources of disability 
and, in long-standing PD, are often the predominant prob-
lem. Autonomic dysfunction (postural hypotension), daytime 
sleepiness, depression, anxiety, hallucinations, and psychosis 
are common; dementia is almost universal in patients with 
long-standing PD,44 and can be as high as 90% in patients 
90 years old or greater.45

There is no cure for Parkinson’s disease. Therapy has fo-
cused almost exclusively on the motor aspects of the disease, 
and only recently have the cognitive and non-motor symptoms 
received attention. Given that the main deficit in PD is inad-
equate dopamine in the basal ganglia, pharmacologic therapy 
aims to increase the activity of dopamine relative to acetylcho-
line in this region. This is typically accomplished with dopa-
mine receptor agonists, such as bromocriptine and pergolide 
or with levodopa (L-DOPA), a prodrug that undergoes de-
carboxylation in both the periphery and central nervous sys-
tem to produce dopamine. Peripheral conversion of L-DOPA 
to dopamine produces side effects such as nausea, vomiting, 
and hemodynamic instability, so combined treatment with 
carbidopa, a decarboxylase inhibitor that does not cross the 
blood–brain barrier, is common. L-DOPA is the most potent, 
best-tolerated symptomatic therapy and may even slow dis-
ease progression, but dopamine agonists are often first-line 
therapy because L-DOPA is associated with a higher incidence 
of dyskinesias.44 Dopamine agonists have their own problems, 
however, including leg edema, hallucinations, somnolence, 
and development of impulse control disorders, such as binge 
eating or compulsive gambling. A variety of other drugs used 
to treat Parkinson’s disease also act by altering the dopamine/
acetylcholine balance in the brain. Usually used as initial ther-
apy of mild Parkinson’s disease or as an adjunct to levodopa 
therapy in patients with dose-related fluctuations, benztropine 
and other anticholinergic agents block cholinergic transmis-
sion and amantadine, an antiviral agent, alters the uptake and 
release of dopamine at presynaptic sites.44 Because monoamine 
oxidase (MAO) is the major enzyme involved in oxidative me-
tabolism of dopamine in the striatum, type-B MAO inhibitors 
such as selegiline are often employed. Early concerns that the 
combination of L-DOPA and selegiline may lead to increased 
mortality have not been substantiated and selegiline has be-
come a first-line treatment choice for many clinicians.46,47

When motor complications become disabling and medical 
therapy fails, deep brain stimulation (DBS) is recommended.48 
DBS involves surgical placement of electrodes in the subtha-
lamic nucleus and other brain regions, and stimulation at 
high frequencies. In this case stimulation leads to effects sim-
ilar to lesioning of the same region, possibly by jamming or 
desynchronizing the region being stimulated.49 In a 4-year, 
multicenter trial of patients with bilateral DBS showed an 
improvement in activities of daily living and PD symptoms.50 
Given the success of DBS in managing medically refractory 
PD, other surgical approaches for the control of PD, such as 
thallamotomy and pallidotomy have become increasingly less 
common as they involve destructive brain lessioning.46

Transplantation of fetal midbrain or stem cells into human 
PD patients is another exciting alternative. The cells function 
and survive for up to 14 years, but begin to develop Lewy bod-
ies and fail after about 10 years.51,52 Indeed, some argue that 
pharmacologic and surgical treatments are inherently limited 
because they only address a late, specific event—loss of stri-
atal dopamine neurons—in what is likely to be a widespread 
disease.

Perioperative management of the patient with Parkinson’s 
disease is challenging. Attention should be directed toward 
maintenance of perioperative drug therapy, potential ad-
verse drug interactions, and the physiologic perturbations 
associated with the disease. It is also important to recognize 
that emotional stress, which is unavoidable and difficult to 
address in the perioperative period, can also exacerbate PD. 
One major problem is that the half-life of levodopa is short 
(about 60–90 min).44 Therefore, even brief interruptions in 
drug therapy are undesirable and can result in an acute exac-
erbation of the symptoms of Parkinson’s disease or the devel-
opment of neuroleptic malignant syndrome, a potentially fatal 
disorder that presents as hyperthermia, akinesia, altered con-
sciousness, muscle rigidity, and autonomic dysfunction.44,53–55 
Consequently, interruption of anti-Parkinson’s drug therapy 
should be as brief as possible. However, maintenance of ther-
apy is difficult when the patient is unable to take medications 
per os for lengthy periods. Intravenous levodopa has been 
used successfully in the perioperative period but, without co-
administration of a decarboxylase inhibitor (not yet available 
in intravenous form), cardiovascular side effects such as hy-
pertension, hypotension, and arrhythmias can be anticipated. 
Levodopa and carbidopa are absorbed in the small intestine 
and thus must first traverse the stomach, making administra-
tion of tablets through a gastric tube suboptimal or ineffective 
because patients with Parkinson’s disease often have delayed 
gastric emptying.56,57 One recent report involving six patients 
noted success in administering intravenous amantadine in the 
perioperative period without the adverse effects of amanta-
dine administration or perioperative complications and this 
may, therefore, represent a viable alternative.58

In addition, Parkinson’s disease takes a toll on body systems 
that are vitally important during and after surgery. Respiratory 
dysfunction is especially prominent.59,60 Parkinson’s disease 
can produce restrictive lung disease secondary to chest-wall 
rigidity, but pulmonary function tests often reveal a obstruc-
tive pattern with a characteristic “sawtooth” pattern on flow 
volume loops, which are improved, but not normalized, 
with levodopa.60,61 Upper airway abnormalities also occur. 
Involuntary movements of the glottis and supraglottic struc-
tures cause intermittent airway obstruction, a condition that 
can be exacerbated by levodopa withdrawl.60,62 Upper airway 
obstruction, laryngospasm, and respiratory arrest are docu-
mented complications of Parkinson’s disease and may occur 
outside the setting of anesthesia and surgery.60,63–65 Perhaps 
not surprisingly, therefore, laryngospasm has been reported 
postoperatively in awake patients hours after surgery.66 Direct 
visualization of the larynx during such episodes reveals com-
plete apposition of the vocal cords requiring succinylcho-
line for relief.65 While some of these cases occurred despite 
maintenance of anti-Parkinson’s drug therapy, most followed 
withdrawal or pharmacologic antagonism of Parkinson’s 
medication.64,66 Indeed, not only should interruption of drug 
therapy be minimized, but also the dosage may need to be in-
creased if airway problems persist despite otherwise adequate 
therapy.

Parkinson’s patients are predisposed to aspiration because 
they often have severe, but asymptomatic, dysphagia and dys-
motility which, combined with upper airway abnormalities, 
presents an especially troublesome situation.67,68 In fact, pul-
monary aspiration is a frequent cause of death among patients 
with Parkinson’s disease. As such, administration of antacids 
and pro-kinetic agents should be considered, but whether an-
esthesia actually increases the risk of aspiration in these pa-
tients is unknown. Metoclopramide must be avoided, however, 
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exacerbate the disease. In contrast, prokinetic agents, such as 
cisapride or domperidone, have no effect on central dopami-
nergic balance and are reasonable alternatives.69

Nervous system dysfunction is also common. Autonomic 
insufficiency affects the ability of Parkinson’s patients to re-
spond to the hypovolemia and vasodilation sometimes associ-
ated with anesthesia and surgery.70,71 Orthostatic hypotension 
and/or thermoregulatory or genitourinary dysfunction sug-
gests preexisting autonomic insufficiency and should heighten 
awareness of the potential for perioperative hemodynamic in-
stability and altered responses to vasopressors such as norepi-
nephrine (noradrenaline).72 At the level of the central nervous 
system, psychiatric complications such as anxiety, confusion, 
and even frank psychosis occur more frequently in patients 
with Parkinson’s disease than the general population, and can 
be especially problematic in the perioperative period.44 Often 
related to or exacerbated by fluctuations in anti-Parkinson’s 
drugs, the first line of treatment is to look for and remedy re-
versible causes as one would in any patient with delirium.73,74 
Pharmacologic treatment is difficult, however, because the 
usual remedies (e.g., benzodiazepines for anxiety and antipsy-
chotics for psychosis) can produce severe side effects, such as 
oversedation or acute exacerbation of motor symptoms in el-
derly patients with PD.73,75 In the event such treatment becomes 
necessary, consultation with a specialist is recommended.

Anesthetics and a number of other agents used periopera-
tively may affect the disease process. Volatile anesthetics can 
alter dopaminergic balance in the brain but whether they ex-
acerbate Parkinson’s disease is unknown.76,77 In fact, provided 
the intraoperative electrophysiological approach is based on 
multi-unit recording, deep brain stimulation surgery has been 
performed successfully under general anesthesia with a vola-
tile agent, suggesting activity in dopaminergic circuits are rea-
sonably well maintained.78 Propofol produces both dyskinesias 
and ablation of resting tremor, suggesting that it has both ex-
citatory and inhibitory effects in this patient population, but it 
also has been used successfully to sedate Parkinson’s patients 
during DBS surgery.79,80 Dexmedetomidine also appears to 
be safe and, when used for deep brain lead implantation and 
stimulation, has the advantage of not interfering with motor 
symptoms.81 Ketamine should be used cautiously, if at all, be-
cause of potential interactions between levodopa and its sym-
pathomimetic properties. However, in a single case report, 
ketamine temporarily stopped the motor symptoms of the dis-
ease.82 Butyrophenones (e.g., droperidol) and phenothiazines, 
which block dopamine receptors and exacerbate Parkinson’s 
disease and so should be avoided.83 In at least one case, dro-
peridol may have induced parkinsonism in a normal patient.84 
Ondansetron, a 5HT-3 serotonin receptor antagonist, appears 
to be a safe treatment or prevention of emesis in these patients 
and has been used successfully to treat the psychosis of chronic 
levodopa therapy.85 Although opioids are more likely to pro-
duce muscular rigidity in a patient with Parkinson’s disease, 
acute dystonia has been observed only rarely and enhance-
ment of opioid neurotransmission during disease progres-
sion may be a compensatory mechanism that prevents motor 
complications.86,87 Meperidine should be avoided in a patient 
taking an MAO inhibitor, however, because of the potential 
for the development of stupor, rigidity, agitation and hyper-
thermia.88 Responses to depolarizing as well as nondepolariz-
ing muscle relaxants are thought to be normal in Parkinson’s 
disease, despite a single case report of succinylcholine-induced 
hyperkalemia.89–91

Finally, with the advent and increasing popularity of 
DBS, issues arise about the safety of MRI or intraoperative 
electrocautery in PD patients with stimulator leads in place.92,93 
In theory, extraneous current can heat the electrode tip, caus-
ing brain tissue damage, but there is limited experience with 
this circumstance clinically. To reduce the risk of injury, the bi-
polar mode should be used if electrocautery is needed and the 
leads and generator should not be located between the surgical 
site and ground plate. In the case of an MRI, the neurostimula-
tor should be switched off.

ALZHEIMER’S TYPE DEMENTIA

Dementia is a chronic and progressive decline in intellectual 
function. As such, it is distinct from normal age-related mem-
ory impairment or the acute confusion of delirium. The dif-
ferential diagnosis of dementia is extensive, but Alzheimer’s 
disease (AD) is the most common type.94,95 This section will, 
therefore, focus on AD because it is the most prevalent type of 
dementia and because there is little evidence that the form of 
dementia alters perioperative considerations.

Alzheimer’s-type dementia is a chronic neurodegenerative 
disease that afflicts nearly 5 million Americans, making it the 
fourth leading cause of death in the US and a major public 
health problem.94–96 AD rarely presents before age 65, but in-
creases in incidence two-fold every 5  years thereafter until, 
by age 90, up to 50% of people are affected.94–96 The clinical 
diagnosis of AD is difficult because, at least early on, symp-
toms are often subtle, nonspecific and not easily distinguished 
from other dementias. Therefore, the definitive diagnosis is 
made post mortem with demonstration of gross atrophy of 
the cerebral cortex in conjunction with the neuropathologi-
cal hallmarks of the disease, namely, neurofibrillary tangles 
consisting of phosphorylated tau protein and neuritic plaques 
composed of amyloid β (Aβ). Recent advances in neuroimag-
ing for amyloid plaques and biomarker discovery, particularly 
for Aβ and tau in plasma and cerebrospinal fluid, promise to 
enhance the ability to diagnose AD early,97 but there is enough 
overlap in the distribution and levels of these markers between 
demented and nondemented persons that at present none are 
a foolproof surrogate for a clinical or histopathological diag-
nosis. AD is insidious, relentless, and devastating. There is a 
transitional phase, called mild cognitive impairment (MCI), 
between normal aging and AD, that is defined by a decrease 
in cognition in any domain, most commonly episodic mem-
ory, without impairment of activities of daily living.98,99 The 
criteria used to define it vary but, in general, about 10–20% 
of community-dwelling elders have MCI.100 A large percent-
age will ultimately convert to AD, which suggests MCI is an 
early phase of AD in many people.99 Full blown AD affects 
much more than memory; namely, language, visuospatial 
skills, judgment, reasoning, decision-making, and the abil-
ity to manage complex tasks deteriorate. Also common are 
behavioral and psychiatric abnormalities, such as depression, 
hallucinations, delusions, anxiety, aggression, and agitation. 
Ultimately, the patient becomes incapacitated to the point 
of being unable to perform basic activities of daily living.101 
There is currently no cure and death usually occurs within  
2–16 years of onset.

AD is probably the end result of a number of biologic and 
environmental factors.95 There is a genetic component to the 
disease as demonstrated by linkage studies revealing rare mu-
tations in the amyloid precursor protein and presenilin genes 
and increased susceptibility to AD among carriers of the apo-
lipoprotein gene E4 allele.102 Most of these genetic alterations 
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are neither necessary nor sufficient to cause AD, however,  
indicating genetic susceptibility works in combination with 
other factors. Low education level, prior history of head 
trauma, thyroid disease, and exposure to general anesthesia 
have been investigated as possible risk factors, with mixed 
results.103 Because depression is prevalent in patients with 
dementia, there is also debate about whether depression is a 
risk factor for dementia or, conversely, whether subclinical 
dementia leads to depression.

The pathological hallmarks of AD are extracellular plaques 
and intracellular neurofibrillary tangles composed of Aβ and 
tau protein, respectively. This pathology develops long before 
symptoms develop; indeed, deposition of Aβ in brain paren-
chyma is believed to be an early critical event in the develop-
ment of AD.95 Note, however, that a person can have a high 
burden of Aβ and be cognitively intact initially. How Aβ and 
tau produce neurodegeneration and functional impairment 
is not definitively known, but free radical-mediated oxida-
tive damage, CNS inflammation, energy depletion, calcium-
mediated neurotoxicity, and abnormal metal homeostasis are 
a few of the many theories.95,104,105 If the exact mechanism of 
injury is uncertain, the result is clear. Patients with AD have 
profound and accelerated cortical atrophy, synapse loss, reac-
tive gliosis, cerebral hypometabolism, and breakdown in ce-
rebral network activity.106 All major neurotransmitter systems 
are damaged, particularly in areas associated with memory 
and cognition such as the hippocampus, basal forebrain, and 
cerebral cortex, and cerebral proinflammatory cascades are 
activated, leading to a state of chronic neuroinflammation.

Therapeutic approaches to AD reflect this understanding 
of the disease pathogenesis, but none have proven effective at 
stopping or reversing disease progression. Given deficiencies 
in central cholinergic activity, a mainstay of medical therapy 
for AD is the administration of anticholineasterases, such as 
donepezil and rivastigmine.107 Widely used, these drugs have 
favorable but mild effects on neuropsychiatric and functional 
outcomes, mostly in early to moderate stage disease.108a They 
also have a variety of side effects including reversible hepa-
totoxicity, gastrointestinal symptoms (nausea, vomiting, di-
arrhea, dyspepsia, abdominal pain), and dermatitis, and the 
potential for interactions with hepatically metabolized drugs 
such as cimetidine and warfarin also exists.106 Memantine, a 
mild, partial NMDA glutamate receptor antagonist, is also 
widely used but, like donepezil, it produces marginal improve-
ment in cognition early on in the disease, but does not change 
disease trajectory.108a Numerous other agents, such as estrogen, 
antioxidants (e.g., vitamin E), statins, and anti-inflammatory 
agents, have also been tried.106 Some show promise but the 
data are not conclusive and, at times, are conflicting.108b,109a 
Anti-inflammatory agents have been studied fairly extensively 
but with conflicting results.109b,110 Some of the confusion may 
relate to the age of the study cohort, duration of treatment, and 
the fact that some NSAIDs have cyclooxygenase-independent 
effects on Aβ processing, whereas others do not.111 In fact, any 
benefit of NSAIDs may be unrelated to their anti-inflammatory 
actions.111

Given the hypothesis that Aβ plays a prominent role in 
AD pathogenesis, many preventative/treatment efforts are 
focused on reducing the Aβ burden. Unfortunately, most of 
these trials have been disappointing. A phase 3 trial of the 
semagacestat, a γ secretase inhibitor that blocks conversion 
of the large amyloid precursor protein (APP) to Aβ, was ter-
minated early due to lack of improvement in cognition and 
adverse side effects.112 Likewise, two recent trials of monoclo-
nal antibodies intended to capture and clear peripheral and 

central Aβ proved ineffective.113,114 Moreover, an early clini-
cal trial testing a vaccine to Aβ was aborted due to develop-
ment of encephalitis, but the results were encouraging enough 
that newer, less immunogenic vaccines are being tested.115 
Whether these more sophisticated and targeted molecular ap-
proaches to AD are successful remains to be seen.116 Indeed, 
these failures have led some to question as to the underlying 
assumption that Aβ is the cause of AD,117 but there is hope 
that earlier intervention, when plaques and tangles are pres-
ent, but the neural damage has not yet occurred, will prove 
more effective.118

Perioperative care of the patient with Alzheimer’s disease is 
challenging. First, the anticholinesterases used to treat AD may 
interfere with metabolism of drugs such as succinylcholine 
and remifentanil that are degraded by plasma anticholines-
terases.119 Second, because pre-existing cognitive impairment 
predisposes to delirium, the AD patient is at high risk for post-
operative confusion.73,120,121 There is, however, no reason to 
think that the precipitating causes of delirium in the demented 
patient differ from those in the normal patient, although their 
threshold for developing a cognitive disturbance is presum-
ably lower. Thus, one should assiduously avoid precipitators 
of delirium, such as cerebral hypoxia and hypoperfusion, en-
docrine or ionic imbalances, postoperative pain, sepsis, bowel 
or bladder distension, and use of medications prone to trigger 
delirium, such as high-dose steroids, neuroleptics, benzodi-
azepines, ketamine, tertiary anticholinergics, opioids, H-2 
blockers, and droperidol.73 Somewhat counterintuitively, the 
type of anesthesia (regional vs. general) does not seem to mat-
ter as far as complications or mortality after hip fracture repair 
are concerned, but the rate of ICU admission is higher when 
this procedure is done under general anesthesia.122 Excessively 
deep anesthesia may be a risk, however, as the AD patient with 
amnesia and severe cortical atrophy and synaptic loss might be 
exquisitely sensitive to the central nervous system depressant 
effects of general anesthetic agents. Some literature challenges 
this assumption,123,124 but one should be cautious about exces-
sively deep anesthesia in the demented patient with a clearly 
abnormal brain, if for no other reason than both preexisting 
cognitive impairment and deeper anesthesia as judged by pro-
cessed EEG are associated with a higher incidence of postop-
erative delirium.125,126

Whether general anesthesia worsens preexisting dementia 
is not clear. Studies that demonstrate persistent postoperative 
cognitive dysfunction (POCD) in elderly surgical patients, in-
cluding specific deficits in memory and executive function, 
have typically excluded patients with MCI or AD.127,128 Thus, 
while it is reasonable to infer that a demented patient might 
be at greater risk for additional cognitive decline perioper-
atively than a cognitively intact person, this is unproven. 
Moreover, because poor baseline cognitive performance 
makes further decline difficult to detect with standard test-
ing, it may be unprovable.129 More provocative is the question 
of whether surgery and general anesthesia can cause demen-
tia.130 Evidence from animals indicates that some commonly 
used general anesthetic agents and surgery itself enhance the 
molecular events associated with AD, including producing 
an increase in cerebral levels of Aβ and phosphorylated tau 
protein.131–134 Epidemiological studies on the topic are retro-
spective and inconclusive, with some finding no association 
between surgery/anesthesia and subsequent dementia, and 
others suggesting that there is one.103,135–137 The slow devel-
opment and progression of dementia makes this a difficult 
problem to study, but well-controlled, prospective studies are 
clearly necessary.
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Guillain–Barré, Multiple Sclerosis, and 
Nitrous Oxide Neuropathy
Guillain–Barré (Acute Idiopathic Polyneuritis)
Guillain–Barré is the most common demyelinating paralytic 
disease in Western countries, with an incidence of 1.1 per 
100,000 person years and occurs more frequently in men.138 
Prevailing theories define it as a postinfectious autoimmune 
disease; it usually develops after a prodromal bacterial or viral 
illness (Campylobacter jejuni, cytomegalovirus, Epstein–Barr 
virus, or mycoplasma).138 The pathogenesis results from anti-
body mediated segmental demyelination of peripheral nerves 
and varying degrees of secondary axonal degeneration, in ad-
dition to direct helper T cell reactivity to Schwann cells and 
myelin, leading to the recruitment of macrophages.

The clinical course of Guillain–Barré is characterized by an 
acute (days) or subacute (weeks) progressive, ascending, sym-
metrical paralysis usually beginning in the lower limbs and 
progressing to the upper limbs, trunk, and cranial nerves.139 
There is significant variability in the clinical course of the dis-
ease. Typically, the disease progresses for 2–4 weeks, plateaus 
for several weeks, and then slowly recedes. Dysautonomia, 
paresthesias, numbness, and pain without objective sensory 
loss are common findings.138 All brainstem functions includ-
ing pupillary responses, corneal reflexes and vestibulo-ocular 
reflexes may be lost such that the condition mimics brainstem 
death.140,141 Outcome is variable; 70% of patients have com-
plete functional recovery at 1 year, but up to 20% are left with 
severe motor sequelae.138 Even most patients with complete 
functional recovery have persistent weakness or numbness 
not affecting daily life. The 1-year mortality rate is 3–7%.138 
Risk factors for an unfavorable outcome include advanced 
age, rapid onset and progression of the disease, comorbidi-
ties, cardiac and pulmonary complications, a requirement for 
ventilatory support, and systemic infection.138 The diagnosis is 
usually made on clinical grounds and verified by nerve con-
duction studies and CSF analysis.139

A number of therapies have been used to alter the course 
of this disease, but none are curative. Based on the assumption 
that Guillain–Barré is an immune-mediated disease, high-
dose steroids have been employed, but efficacy is not substan-
tiated by controlled studies. Based on the same theory, plasma 
exchange and high-dose intravenous immunoglobulins have 
been evaluated. In prospective randomized studies, they are 
equally effective in producing functional improvement and 
are often used early in the disease to both shorten the duration 
and decrease the risk of respiratory failure.142 Because such 
therapies are not curative, symptomatic and supportive care 
is often required. Mechanical ventilation and hemodynamic 
support may be necessary due to respiratory failure and au-
tonomic insufficiency, respectively.138 Severe pain is common 
in Guillain-Barré and may present prior to onset of weakness. 
Unfortunately pain associated with Guillain-Barré is often dif-
ficult to control and resistant to narcotics, nonsteroidal and 
steroidal anti-inflammatory agents.143,144 Both carbamazepine 
and gabapentin decrease fentanyl consumption during the 
acute phase in patients admitted to the ICU, however, and pain 
scores are lower among patients treated with gabapentin.145 
Chronic pain is also common and often managed with tricy-
clic antidepressants, tramadol, gabapentin, carbamazepine, or 
mexilitene.143

Anesthetizing the patient with Guillain-Barré presents 
challenges related to abnormal responses to muscle relaxants, 

dysautonomia, pulmonary insufficiency, and cranial nerve 
dysfunction. First, since muscle denervation is prominent, 
patients recovering from Guillain–Barré are at risk for a hy-
perkalemic response to succinylcholine.146,147 The response to 
nondepolarizing muscle relaxants is also variable. Resistance 
to block may appear early, whereas sensitivity to blockade oc-
curs later and has persisted for up to 4 years following the ini-
tial illness.148

Autonomic dysfunction occurs in two-thirds of patients 
with Guillain–Barré and affects both the sympathetic and 
parasympathetic nervous systems.149 This dysautonomia is 
due to both under- and overactivity of the sympathetic and 
parasympathetic nervous systems; indeed, some patients are 
hypertensive and have elevated plasma catecholamine levels, 
especially during the acute phases of the disease. This dys-
function can lead to a range of autonomic abnormalities in-
cluding sweating, gastrointestinal dysfunction, hypotension, 
hypertension, abnormal hemodynamic responses to drugs, 
abnormal thermoregulation, arrhythmias, and even death.149 
Hence, the ability of the patient to compensate for the vasodil-
atory effects of regional or general anesthesia may be compro-
mised, potentially leading to severe hemodynamic instability 
and even circulatory collapse. There may also be exaggerated 
responses to vasoactive agents and vasodilators should be 
used with extreme caution. Similarly, antiarrhythmics should 
be used with caution as the heart is relatively denervated in 
patients with Guillain–Barré and may have unexpected pro-
arrhythmic effects.149

Ventilatory impairment is a principal characteristic of the 
disease with 25% of patients requiring artificial ventilation.138 
Diaphragmatic, intercostal, and accessory muscle weakness 
produces a restrictive pulmonary defect and respiratory fail-
ure manifests initially as weakness of forced exhalation and an 
impaired cough.143 Rapid shallow breathing pattern, asymmet-
ric movement of the chest and abdomen during inspiration, 
and use of accessory muscles suggest impending respiratory 
failure. Decreased minute ventilation and hypercarbia lead to 
rapidly progressive ventilatory failure despite intact carbon 
dioxide responsiveness and ventilatory drive.143 Vital capacity 
is a good predictor of the need for mechanical ventilation.143 
When the vital capacity decreases below 15 mL/kg, mechanical 
ventilation is often required because further deterioration is 
likely as the disease progresses. However, these criteria may be 
altered in the anesthetized patient. To the extent that volatile 
anesthetics have intrinsic muscle relaxant properties and high 
spinal or epidural anesthesia impairs intercostal muscle func-
tion, preoperative status may not predict postoperative respi-
ratory function. Thus, Guillain–Barré patients with adequate 
ventilatory function preoperatively may need ventilatory 
support postoperatively regardless of the type of anesthetic 
administered.

Finally, cranial nerve dysfunction results in an inability to 
handle secretions and a predisposition to aspiration pneumo-
nitis and positional airway obstruction.143 Accordingly, aspi-
ration prophylaxis should be considered perioperatively but it 
is unlikely to mitigate aspiration risk in these patients. In fact, 
one indication for early tracheostomy is that bulbar muscle 
weakness, and aspiration risk, may persist long after ventila-
tory function returns to normal.

Multiple Sclerosis
Multiple sclerosis (MS) is an acquired disease of the central ner-
vous system characterized by demyelinating plaques within the 
brain and spinal cord.150 The precise etiology is unknown but 
autoimmune, viral, and inflammatory mechanisms, combined 
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with genetic susceptibility, have been implicated.150,151 The in-
cidence varies by geographic latitude, being lowest near the 
equator (1:100,000) and increasing as one moves toward the 
poles.152 In the US and Canada, the incidence varies between 
6 and 80 per 100,000, with urban dwellers and members of 
higher socioeconomic groups at greatest risk.

Symptoms generally develop between the ages of 20 and 40 
with clinical manifestations reflecting the site of central ner-
vous system demyelination.153 A predilection for periventric-
ular white matter, optic nerves, pons, medulla and spinal cord 
lead to the common clinical manifestations. These include 
optic neuritis, decreased visual acuity, diplopia, nystagmus, 
weakness, impotence, paresthesias, spasticity, ataxia, blad-
der dysfunction and autonomic insufficiency. This disease is 
marked by periods of unpredictable exacerbation and remis-
sion. Typically, symptoms develop over a few days, remain 
stable for a few weeks, and then improve. Improvements are 
most likely due to a correction in nerve conduction physiol-
ogy and not remyelination. Ultimately, therefore, remission 
is incomplete and severe disability can result. There are no 
specific diagnostic tests for MS so the diagnosis is based on 
clinical findings supported by laboratory and radiologic tests. 
Evidence for the diagnosis includes neurologic abnormalities 
that are separated both in time and place, plaques on head or 
spinal cord MRI or CT scan, delayed conduction on visual, so-
matosensory, or auditory evoked potentials, and elevations of 
CSF IgG and myelin basic protein.153 Death is usually the result 
of respiratory muscle paralysis and infection.154

There is no definitive therapy for MS.153 Treatment is di-
rected toward amelioration of acute exacerbations, prevention 
of relapses, and relief of symptoms. Disease modifying ther-
apies (DMT) for MS have traditionally required administra-
tion of injectable drugs including interferon-beta, glatiramer 
acetate, natalizumab and mitoxantrone. While these drugs 
are effective in enhancing recovery from acute episodes, re-
ducing the number of relapses, and deterring progression of 
the disease, they have also been fraught with problems asso-
ciated with drug administration via injection.153,155 Recently 
three orally administered drugs have been approved for the 
treatment of MS including fingolimod, teriflunomide and di-
methyl fumarate, all of which are associated with decreased 
CNS lesions, suppressed relapse rates, and have reasonable 
safety profiles.155

Perioperative issues generally relate to disease severity and 
progression, associated disorders, preoperative drug therapy, 
and complications of therapeutic regimens. Because of the 
waxing and waning clinical course of the disease and the fact 
that perioperative exacerbation can occur, it is important to 
document the location and severity of neurologic deficits pre-
operatively. Autonomic insufficiency, as indicated by a history 
of impotence, bladder and bowel dysfunction, sweating and 
cardiovascular disturbances, is also important because of the 
possibility of perioperative hemodynamic instability and an 
inability to compensate for the vasodilatory effects of general, 
spinal, or epidural anesthesia.149 Interestingly, catecholamine 
levels may be either elevated (chronic progressive MS) or re-
duced (relapsing–remitting MS). Whether sensitivity to va-
sopressors is altered remains unknown, but because 20–50% 
of patients with MS have evidence of autonomic insufficiency 
the potential for altered responses should be anticipated.149,156 
Spasticity, contractures, and limitation of movement become 
a problem as the disease progresses. These make surgical po-
sitioning difficult and occasionally complicate airway man-
agement. Cranial nerve involvement and respiratory muscle 
weakness are also common in MS. In particular, patients 

should be questioned about a history of upper airway incom-
petence, inability to clear secretions, and aspiration. Clinical 
assessment is usually adequate for evaluating the severity of 
respiratory muscle weakness in patients, but PFTs may be in-
dicated in some cases.157

One important consideration in the operating room or 
ICU is that MS patients are exquisitely sensitive to hyper-
thermia.158,159 Small increases in body temperature can cause 
profound deterioration in neurologic function and make sub-
clinical lesions clinically apparent. As such, active warming 
devices should be used cautiously during the perioperative 
period and even mild hyperthermia treated aggressively. A 
controversial and poorly investigated allegation is that sur-
gery, anesthesia, or particular anesthetic agents can exacer-
bate MS.160 The greatest controversy concerns a traditional 
reluctance to use spinal or epidural anesthesia in a patient 
with MS.161,162 This reluctance is based, in part, on potentially 
increased permeability of the blood–brain barrier to local an-
esthetics and a demyelination-induced predisposition of the 
spinal cord to local anesthetic toxicity.163 One speculation is 
that epidural is more appropriate than spinal anesthesia be-
cause the former produces a lower CSF concentration of local 
anesthetic.164 There are, however, no large, controlled studies 
to resolve the issue and case reports of both neurologic com-
plications and uncomplicated use of spinal and epidural anes-
thesia exist.164–166 Moreover, while MS is considered to target 
the central nervous system, a recent case report suggests that 
peripheral nerve blocks may contribute to peripheral nerve in-
jury in patients with MS.167

There are also some minor issues related to drug effects 
to consider. Responses to muscle relaxants may be altered. 
Succinylcholine-induced hyperkalemia is a risk in the pa-
tient with severe neurologic disability and muscle atrophy 
but succinylcholine has been used safely in patients in remis-
sion or with mild neurologic symptoms. Data concerning the 
response to nondepolarizing muscle relaxants are limited. 
Proliferation of extrajunctional cholinergic receptors and re-
sistance to atracurium are reported in MS but, because MS can 
be associated with myasthenia gravis, increased sensitivity can 
also occur.168,169

Nitrous Oxide Induced Myeloneuropathy
In addition to its analgesic/anesthetic properties, nitrous 
oxide inactivates vitamin B12 (cobalamin) and methionine 
synthase.170–172 Consequently, use of this drug can lead to the 
development of subacute combined degeneration, a myelo-
neuropathy originally described in patients with vitamin B12 
deficiency. Vitamin B12 and the enzyme methionine synthase 
are essential for the production of methionine, an amino acid 
precursor required for maintenance of the myelin sheath. 
Nitrous oxide inactivates vitamin B12 by oxidizing the cobalt 
in cobalamin, thereby inhibiting the activity of methionine 
synthase.170–172

Subacute combined degeneration (SCD) after inhalation 
of nitrous oxide continues to be described in healthy chronic 
abusers of the drug, but it has also been documented follow-
ing a single, otherwise uncomplicated anesthetic in patients 
with vitamin B12 deficiency.173–175 In this context, the con-
dition is sometimes termed “anesthesia paresthetica” but re-
mains pathophysiologically identical to SCD.176 Vitamin B12 
deficiency is common in elders and patients with pernicious 
anemia, tropical sprue, malnutrition, chronic gastritis, HIV 
infection, gastrectomy, or surgical resection of the terminal 
ileum.177 Both serum vitamin B12 concentration and brain 
methionine synthase activity typically decrease significantly 
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48–72 hours.178 The presumption is that repeated, frequent ad-
ministration of nitrous oxide, or even a single administration 
to a patient with a vitamin B12 deficiency because of a coexist-
ing disease state, is required for the subsequent development 
of nitrous oxide-induced SCD.173

The patient who develops subacute combined neurodegen-
eration after receiving nitrous oxide is usually normal upon 
emergence from anesthesia and in the immediate perioper-
ative period but develops symptoms of the illness weeks to 
months later.173,175 Symptoms include paresthesias (pins and 
needles sensations in the hands and legs), impotence, blad-
der and bowel dysfunction, weakness and spasticity leading 
to paraplegia, ataxia, personality changes, and progressive in-
tellectual impairment.173,179 Lhermitte’s sign, a characteristic 
electric shock sensation down the back and into the legs upon 
flexion of the neck, may also be present.173,179 Decreased pro-
prioceptive, vibratory, and touch sensation in a stocking-glove 
distribution, muscle weakness, decreased deep tendon reflexes, 
and abnormalities on electrophysiologic testing are frequently 
identified.175,179,180 These neurologic findings are the result of 
progressive demyelination in the posterior columns of the 
spinal cord; variable degeneration of the lateral and anterior 
columns of the spinal cord, brain, optic, and peripheral nerves 
may also occur. Demyelination, which typically begins in the 
lower cervical or upper thoracic cord, is detectable by MRI 
and, as demonstrated by enhancement after gadolinium, is 
associated with breakdown of the blood–brain barrier.173,181,182

The most effective treatment is prevention through pre-
operative recognition of B12 deficiency in at-risk patients.183 
If the disease develops, however, the key is early recognition 
because treatment is straightforward and simple: vitamin B12 
or cyanocobalamin injections stop progression of the disease. 
Provided treatment is begun promptly, complete resolution 
of symptoms can be expected.173 Thus, nitrous oxide-induced 
subacute combined neurodegeneration is unique among the 
neurologic diseases in this chapter in that it is caused by an 
anesthetic agent and can be treated effectively.
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Postoperative and Intensive Care 
Including Head Injury and Multisystem 
Sequelae

S.H. Worah  •  A. Minokadeh

Critical care, including postoperative care, of the neurologi-
cally ill patient involves application of the general critical care 
principles of management with an added focus on prevention 
and treatment of secondary brain injury. Systemic and neu-
rologic monitoring is typically required and the knowledge 
and implementation of emergent, timely intervention is para-
mount. Neurologic injuries, including traumatic brain injuries 
(TBI), may incur complications or sequelae, which result from 
the primary (initial) injury or a secondary (subsequent) injury. 
The lesion sustained at the time of impact, described as the pri-
mary injury, results from the high-energy acceleration or de-
celeration of the brain within the cranial vault. The secondary 
injury manifests as a result of a more complex process induced 
by alterations in cerebral blood flow (CBF), inflammation, hy-
permetabolism, and tissue necrosis. Sequelae of head injury 
often correlate with the severity of head injury. The Glasgow 
Coma Scale (GCS) is a commonly used tool for quantifying 
the severity of head injury. The GCS score ranges from 3 to 15. 
Scores of 9 through 15 indicate mild-to-moderate head injury, 
and a score of 8 or less indicates severe injury. Multisystem 
sequelae of severe head injury include airway obstruction, 
respiratory dysfunction, cardiovascular dysfunction, fat em-
bolism syndrome, hematologic abnormalities, neuromuscular 
dysfunction, metabolic abnormalities, electrolyte imbalances, 
gastrointestinal abnormalities, immunologic abnormalities, 
endocrine abnormalities, infectious complications, secondary 
brain injury, and cerebral hyperperfusion syndrome (CHS). 
Independent predictors of poor outcome include hypotension, 
hypoxia, hypoglycemia, hyperthermia, hypocapnia, and intra-
cranial hypertension.

RESPIRATORY COMPLICATIONS

Alteration in Ventilatory Control
Spontaneous respirations are controlled by neural centers 
in the pons (pontine respiratory group [PRG]) and medulla 
oblongata (dorsal respiratory group [DRG] and ventral respi-
ratory group [VRG]). These centers send impulses down the 
spinal cord to the motor neurons supplying the respiratory 
muscles. Efferent impulses from the DRG travel primarily to 
the inspiratory muscles whereas those from the VRG travel 
mainly to the expiratory muscles, some inspiratory muscles, as 
well as muscles of the tongue, pharynx, and larynx. On either 
side of the medulla between the nucleus ambiguus and the lat-
eral reticular nucleus lie a group of synaptically coupled neu-
rons, which form a complex called the pre-Botzinger complex 
(pre-BOTC). This pre-BOTC is responsible for the initiation 
of the rhythmic respirations and is, therefore, also known as 
the pacemaker of respirations. Chemoreceptors in the medulla 
respond primarily to changes in pCO2 and, to a lesser extent, 
to changes in pH and pO2 by altering respiratory patterns to 
compensate for imbalances.1 These compensatory responses 
are affected in brain injury leading to hypoxia, hypercapnia, 

or both. In patients with mild-to-moderate brain injury, the 
primary response is that of hyperventilation and hypocapnia, 
which in turn reduces cerebral blood flow causing a relative 
decrease in the ICP. In contrast, patients with severe brain in-
jury are prone to develop significant hypopnea or even apnea 
causing a sudden, severe increase in pCO2 levels. Hypercarbia 
can cause cerebral vasodilatation, which in turn leads to an 
increase in the ICP.

Alterations in respiratory patterns are common in patients 
with brain injury. These include the following:

Cheyne–Stokes pattern: Cheyne–Stokes is a common pattern 
of cyclical breathing seen in patients with neurologic injuries. 
It is characterized by repeated crescendo-decrescendo 
patterns of breathing and includes a period of apnea at the 
end of each cycle. The level of consciousness also follows this 
pattern where the patient becomes increasingly alert to nearly 
awake during the crescendo phase and possibly vocalizing 
at the peak of this phase. A gradual slowing of respirations 
follows a waning of consciousness until the patient is 
completely apneic and unarousable. This pattern of breathing 
is associated with deep cerebral hemispheric lesions (stroke, 
TBI, brain tumor), severe metabolic derangements and 
central chemosensitivity to changes in CO2 and O2 tensions. 
High pCO2 leads to excessive compensatory hyperventilation, 
in turn causing decreased pCO2, which causes apnea, 
restarting the cycle.

Biot’s (ataxic) pattern: Ataxic breathing refers to an irregular 
pattern of both rate and rhythm of breathing. It occurs with 
lesions in the dorsomedial medulla and may be accompanied 
by hypersensitivity to respiratory depressants and is 
considered to be a preterminal event.

Apneustic pattern: Pontine injury can result in a long, 
gasping inspiration followed by an insufficient length of 
expiration.

Cluster pattern: Cluster breathing is associated with an 
irregular frequency and amplitude followed by apneic 
episodes of varying duration. It can occur due to upper 
medullary and lower pontine lesions, anoxic encephalopathy, 
Shy–Drager syndrome as well as subarachnoid, cerebellar and 
brainstem hemorrhagic lesions.

Central hyperventilation pattern: Patients during early periods 
of brainstem herniation may cause an increase in the rate and 
depth of respirations resulting in respiratory alkalosis. This 
must be differentiated from Kussmaul’s respiration, which is 
described below.

Kussmaul’s pattern: Initially, acidosis prompts rapid, shallow 
breathing. As acidosis worsens, Kussmaul’s breathing 
develops, characterized by deep, labored, and gasping 
breaths. This compensatory overbreathing can result in 
reduced carbon dioxide tension and reduced cerebral blood 
flow (Fig. 23.1).
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Anatomic Considerations
Respiratory complications can be separated into upper respi-
ratory and lower respiratory tract complications.

Upper respiratory tract (airway) complications are a leading 
cause of morbidity and mortality in brain-injured patients. In 
addition, traumatic injuries may cause significant bone inju-
ries such as fractures and displacements that can subsequently 
lead to bone fragments being embedded in the soft tissues of 
the airway. Airway dysfunction and edema are relatively com-
mon especially following TBI. The patients may lose sensorim-
otor functional integrity of the airway leading to an increased 
incidence of aspiration pneumonia. Cranial nerve injuries may 
further render the patient susceptible to pulmonary aspiration 
syndrome.2–4 Airway protection is ideally managed with en-
dotracheal intubation in patients with extensive brain injury. 
Injuries involving the cervical spine and/or facial structures 
may require emergent control of airway via a cricothyrotomy 
or tracheostomy.5 Airway edema, secondary to direct trauma 
or in the postoperative setting, is assessed by performing the 
“leak test”. The lack of detection of the characteristic audible 
leak upon deflation of the endotracheal tube cuff signifies the 
presence of significant tracheal edema. Airway edema is a major 
problem in the pediatric age group due to the inherent narrow-
ing of the subglottic portion of the airway along with smaller 
diameter of the airways. Nonetheless, it is always prudent to 
maintain a secure airway in suspected or documented cases 
involving edema of the airway until one can establish resolu-
tion of this edema. Therapeutic modalities include parenteral 
steroids, inhaled racemic epinephrine and upright positioning. 
A helium/oxygen mixture can be used to treat dyspnea due to 
airway edema following extubation.6 This mixture generates 
less resistance than atmospheric air when passing through the 
narrow airways of the lungs, and thus requires less effort by a 
patient to breathe in and out of the lungs (Fig. 23.2).

Lower respiratory complications may occur as a result of 
pulmonary edema, pneumonia, acute lung injury or acute 
respiratory distress syndrome, or due to physical trauma. 

Pulmonary edema secondary to neurologic injury and pulmo-
nary thromboembolism causes respiratory dysfunction and 
cardiovascular compromise (discussed later).
Pneumonia
It is known that up to 24% of TBI patients on mechanical 
ventilation develop ventilator-associated pneumonia (VAP).7 
In TBI, the risk of developing pneumonia increases by 7% per 
day of mechanical ventilation.8 Nosocomial pneumonia in 
mechanically ventilated patients increases ICU and hospital 
length of stay, days on mechanical ventilation, morbidity, 
and mortality.9 Treatment involves initiation of empiric anti-
biotic therapy to cover Gram-positive organisms, including 
MRSA, and Gram-negative bacteria, including pseudomonas. 
The antibiotic therapy can be modified once results of cul-
tures sent prior to initiation of antibiotics are available. VAP 
management should include modification of risk factors such 
as daily awakening trials, head of bed elevation greater than 
30 degrees, deep tracheal suctioning, early extubation, early 
initiation of enteral nutrition, and restriction of gastric acid 
suppressants. Antibiotics must be continued until resolution 
of the infectious process is reached, which may take anywhere 
between 8 and 21 days. Radiologic resolution of the process 
may take from weeks to months and, therefor,e therapy is not 
dependent upon X-ray.10

Acute Lung Injury or Acute Respiratory Distress 
Syndrome
Acute lung injury (ALI) or acute respiratory distress syndrome 
(ARDS) may occur as a result of secondary brain injury, direct 
trauma, infection or blood product transfusion.11–13 The 
pathophysiology involved in both of these conditions is simi-
lar and, in fact, may progress from ALI to ARDS. ALI/ARDS 
are both forms of noncardiogenic pulmonary edema, which 
lead to respiratory failure and hypoxemia. Abnormalities in 
gas exchange can be exacerbated by simultaneous injury to 
the respiratory control centers in the brainstem. In patients 
with severe TBI, the combination of lung pathology and 

A

B

C

D

E
1 minute

Fig. 23.1  Abnormal respiratory patterns associated with pathologic brain lesions. A, Cheyne–Stokes respiration. B, Central neurogenic 
hyperventilation. C, Apneustic breathing. D, Cluster breathing. E, Ataxic breathing. (Adapted from Plum F, Posner JB: Diagnosis of Stupor and 
Coma, 3rd ed. New York, Oxford University Press, 1980.)
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dysfunctional respiratory drive and mechanics can lead to sig-
nificant hypoxemia and hypercarbia. Mechanical ventilation of 
the lungs, which is necessary for maintenance of adequate gas 
exchange, has been shown to decrease further tissue damage.14

Some common ventilatory modes utilized to ventilate and 
oxygenate these patients include volume-cycled assist con-
trol ventilation/continuous mandatory ventilation (ACV or 
CMV), which involves delivery of similar volumes of breath 
per cycle. This is usually the default mode for most patients 
receiving mechanical ventilation. Alternatively, pressure con-
trol ventilation (PCV) is the mode of choice in cases involving 
poor lung compliance, such as ARDS, where the high peak in-
spiratory pressures in volume cycled ventilation result in lower 
delivered tidal volumes.15 The parameters of ventilation must 
be adjusted to achieve adequate oxygenation and carbon diox-
ide elimination.16 Synchronized intermittent mandatory ven-
tilation mode (SIMV) enables ventilator–patient synchrony, 
that is, coordination of patient and machine initiated breaths. 
Pressure support ventilation (PSV) is usually utilized along 
with SIMV to permit better support of the patient initiated 
breaths. Both these modes are used in conjunction to assist in 
weaning patients from mechanical ventilation.

Advanced modes, if available, may also be used to assist 
patients who are on mechanical ventilation. These include air-
way pressure release ventilation (APRV), pressure regulated 
volume control (PRVC), volume assured pressure support 

(VAPS), neurally adjusted ventilatory assist (NAVA), propor-
tional assist ventilation (PAV), adaptive support ventilation, 
volume support ventilation, high frequency oscillatory ven-
tilation (HFOV), and high frequency jet ventilation (HFJV). 
The common theme amongst these modes of ventilation is 
the aim of ensuring adequate oxygenation and ventilation, 
preventing further additional lung injury, minimizing patient 
ventilator dyssynchrony, and enabling faster weaning from 
mechanical ventilation.

Positive end expiratory pressure (PEEP) is a therapeutic 
modality that is used concomitantly with the abovementioned 
modes of ventilation. It refers to the pressure in the airways 
at the end of passive expiration. PEEP is used commonly to 
improve oxygenation by recruiting and stabilizing lung units 
that participate in gas exchange. There is conflicting evidence 
in the literature regarding use of PEEP in patients with brain 
injury. It has been postulated that application of PEEP may 
lead to an increase in the intracranial pressure as a result of 
increased venous pressure and decreasing cerebral venous 
return, thereby causing a decrease in the cerebral perfusion 
pressure.17 However, the jugular veins are Starling resistors, 
and in the head elevated position, there is a limited correla-
tion between intrathoracic and intracranial pressure.18 In any 
event, the benefits of the administration of low-to-moderate 
amounts of PEEP, by improving oxygenation, outweigh the 
potential risks.

All intubated patients

No symptoms
in one hour

Remove AEC
consider discharge

Not at risk

1. Give steroids
      Methylprednisolone 20 mg/4 hours, starting 12
      hours before extubation
2. Place AEC

At risk
• Risk factors
• Cuff  leak test

Extubate
• Close observation

Consider:
• Steroids (e.g., prednisolone 0.5 mg/kg)
• Epinefrine nebulization (1 mg/5 mL NaCl)
• Helium 40%/oxygen 60% inhalation

No improvement in 1 hour:
• Re-intubation over AEC if  present
• Continue steroids
• NPPV seems inappropriate

PES

Fig. 23.2  Post-extubation laryngeal edema therapy flow chart. AEC, airway exchange catheter; NaCl, 0.9% saline; NPPV, non-invasive positive 
pressure ventilation; PES, post-extubation stridor. (Adapted from Post-extubation laryngeal edema and extubation failure in critically ill adult patients; 
Bastiaan HJ Wittekamp, Walther NKA van Mook, Dave HT Tjan, Jan Harm Zwaveling, Dennis CJJ Bergmans: Critical Care 2009, 13:233)
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Chest Trauma
Direct trauma to the chest may lead to fracture(s) of the rib 
cage causing a flail chest, pulmonary contusions, pneumo-
thorax, hemothorax, chylothorax or a combination of any of 
these conditions. In addition, it may also cause cardiovascular 
injuries, which have a very high mortality rate. Management 
of these conditions is usually surgical in nature and involves 
operative repair, thoracocentesis and/or thoracostomy, oxygen 
supplementation with or without mechanical ventilation.

Neurogenic Pulmonary Edema
NPE is an acute and life-threatening complication that may 
occur secondary to CNS injury, e.g., trauma, hemorrhage, 
infection, inflammation, space occupying lesions, ischemic 
events, or post neurosurgical states. NPE can develop in 
patients with autoimmune neurologic conditions, such as 
multiple sclerosis and Guillain–Barré syndrome. The inci-
dence of NPE in patients with traumatic brain injuries can 
be as high as 20%.19

Pathophysiology
It has been postulated that sudden, rapid and intense eleva-
tion of ICP leads to an activation of the sympathetic nervous 
system causing a catecholamine surge. The exact sources of 
this surge, labeled “NPE trigger zones,” have been identified 
in the hypothalamus and the medulla.20 This surge in cate-
cholamines leads to an arterial vasoconstriction and increased 
systemic vascular resistance (SVR), as well as venoconstriction 
resulting in increased preload and cardiac output. The influx 
of large volumes of blood into the pulmonary arterial circu-
lation, in combination with pulmonary venous constriction, 
results in increased pulmonary capillary pressure, swelling 
and subsequent destruction of the capillary and alveolar walls, 
and leakage of fluid and cells into the interstitium and intra-
alveolar space (Fig. 23.3).21

Diagnosis and Management
Respiratory distress or failure in a patient with acute and se-
vere CNS injury is common. NPE is a diagnosis of exclusion 
where one must rule out all other causes of noncardiogenic 
edema, especially aspiration pneumonia, and volume over-
load. Two types of NPE have been described. The first and 
more common one is the early form where symptoms develop 
within minutes to hours following the neurologic injury. The 
second type of NPE, also known as the delayed form, is not 
as common and develops 12–24 hours following the injury.22 
In either of these cases, the patient becomes acutely dyspneic 
and hypoxemic within a span of minutes and exhibits clinical 
signs of pulmonary edema, such as pink, frothy sputum, and 
bilateral rales. Radiographic imaging revealing bilateral fluffy 
pulmonary infiltrates corroborates the clinical suspicion of 
pulmonary edema.

Management of NPE involves treatment of the primary 
neurologic condition in order to minimize sympathetic dis-
charges causing the lung injury.23 The following diagnostic 
criteria have been suggested by Davison et  al.24 to establish 
a diagnosis of NPE in the group of patients who may ben-
efit from sympathetic blockade: (1) bilateral infiltrates;  
(2) PaO2:FiO2 < 200; (3) no evidence of left atrial hyperten-
sion; (4) presence of severe CNS injury, which could lead to an 
increased ICP; and (5) absence of other causes of respiratory 
distress or ARDS (e.g., aspiration, massive blood transfusion, 
sepsis). Mechanical ventilation is usually required in cases 
involving NPE and involves utilization of moderate levels of 
PEEP (up to 15 cm H2O) to improve oxygenation.25,26

Deep Vein Thrombosis and Pulmonary 
Embolism
Patients with neurologic injuries including spinal cord inju-
ries have a high risk of pulmonary embolism and deep vein 
thrombosis. This is especially true in patients with associated 
multiple trauma and fractures. Management of these injuries 
involves immobilization of the affected areas, which poses a 
significant risk for development of deep vein thrombosis and 
subsequent pulmonary embolism. Therefore, use of sequential 
compression devices (SCD) is highly recommended, particu-
larly when the risk of developing an intracranial bleed follow-
ing the initial injury precludes the utilization of pharmacologic 
prophylaxis for prevention of these conditions.

CARDIOVASCULAR 
COMPLICATIONS

Most neurologic injuries, with the exception of the mild variety, 
are associated with autonomic dysfunction. Initial responses 
to neurologic injuries include an increase in heart rate, blood 
pressure and cardiac output as a compensatory phenomenon. 
However, these compensatory mechanisms become exhausted 
once the duration of injury becomes more prolonged or if 

Acute CNS injury

Anesthesia

NPE trigger
zone

Central SNS
activation

Decreased
venous

capacitance

Increased
VR/CO

Increased
SVR

BP rise

/- PAP PVPPCP

Baroreflex activation

Vagal bradycardia

Neurogenic pulmonary edema

X

Resistance
arteriole

constriction

L-glutamate
NMDA agonists

Nifedipine

Ganglionic
blockade

�-adrenoceptor
blockade

Atropine

Blood
loss

Pulmonary
capillary

Nitric oxide
GABAA agonists

Fig. 23.3  Hemodynamic events leading to NPE. Rectangles with 
horizontal bars: sites of experimental interventions that may lead to 
NPE. CNS, central nervous system; NMDA, N-methyl-d-aspartate; 
NPE, neurogenic pulmonary edema; GABA, gamma-aminobutyric 
acid; SNS, sympathetic nervous system; VR, venous return; CO, 
cardiac output; SVR, systemic vascular resistance; BP, blood pressure; 
PAP, pulmonary arterial pressure; PCP, pulmonary capillary pressure; 
PVP, pulmonary venous pressure. (Adapted from Šedý J, Kuneš J, 
Zicha J. Pathogenetic Mechanisms of Neurogenic Pulmonary Edema. 
J Neurotrauma. 2015 Aug 1;32(15):1135-1145.
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T there are associated severe secondary injuries. This leads to 
a significant alteration in the systemic hemodynamics that in 
turn triggers the release of greater amounts of catecholamines 
into the circulation. There is evidence to show that the extent 
of catecholamines is directly proportional to the severity of 
the brain injury and to patient outcomes.27 Excessive catechol-
amine release, mainly from the hypothalamus,28 is the likely 
cause of myocardial damage seen on autopsy in patients with 
severe TBIs. However, it has been argued that the levels of cir-
culating catecholamines in the blood may be less important 
than intracardiac noradrenergic neuronal activity in myocar-
dial damage and necrosis. Troponin I levels correlate with the 
extent of left ventricular dysfunction and severity of neuro-
logic injury.29–33

Conduction Abnormalities
Cardiac dysrhythmias are a significant complication of neuro-
logic injuries. Autonomic dysregulation (dysautonomia), elec-
trolyte imbalances and hypoxemia are some risk factors that 
may precipitate these dysrhythmias. Dysautonomia uncouples 
the relationship between heart rate and sympathetic nervous 
system regulation. It may last up to 3 months following injury 
and is directly proportional to the severity of neurologic in-
jury.34,35 Arrhythmias are frequent following TBI with tachyar-
rhythmias being the most common and up to 95% of patients 
who suffer brain injuries (traumatic and atraumatic hemor-
rhagic) manifest electrocardiographic changes within the 
first 48 hours. Sinus and supraventricular tachycardias, pro-
longed qTc intervals (>440 msec), increased P wave amplitude, 
shortened P–R intervals, nonspecific ST segment and T wave 
alterations are some of the common presentations of such ar-
rhythmias36,37 and are associated with an increased mortality in 
patients particularly when they persist for a prolonged period 
of time. The supraventricular and nodal arrhythmias, though 
associated with a 50% mortality rate, are postulated to be the 
result of terminal events than being the cause of high mortal-
ity. However, there is no significant correlation between the 
type of neurologic injury and specific ECG changes.38 In the 
pediatric population with TBI, there is ample evidence to sug-
gest a high incidence of electrolyte abnormalities, especially 
hypokalemia, which has been linked to the high incidence of 
cardiac conduction abnormalities.39–42 This is associated with 
an increased incidence of longer qTc intervals and greater qTc 
dispersion, but there is no evidence that links these findings to 
a higher mortality rate in children.43

Hypertension
Systemic hypertension is a common complication following 
brain injury and is associated with an increased mortality.44 
Hypertension leads to cerebral hyperperfusion and subse-
quent intracranial hypertension, which is a known risk factor 
for poor outcomes in TBI patients.45–48 TBI, particularly in-
volving the brainstem, is associated with an increased release 
of catecholamines causing hypertension. TBI impairs cerebral 
autoregulation and disrupts the capillary endothelium, which 
worsens the effects of hypertension. Dysfunctional arterioles 
in the cerebral vasculature lose their ability to vasoconstrict 
in response to hypertension causing an increase in the cere-
bral blood flow (CBF), volume (CBV), and pressure (CPP), 
which leads to a higher risk of development of cerebral edema. 
Similarly, systemic hypotension leads to a reduction in CBF 
and CPP as a result of the failure of the cerebral arterioles to 
vasodilate. It should be noted that patients with chronic hy-
pertension are at an increased risk of cerebral hypoperfusion 
as a result of the rightward shift of their autoregulation curve.

The brain trauma foundation has recommended that CPP 
be maintained between 50 and 70 mmHg.49 In patients with 
TBI, hypertension is generally treated when the SBP increases 
above 200 mmHg. Beta blockers are usually the first line of an-
tihypertensive agents as they help with the management of hy-
pertension as well as complications arising from the release of 
excess catecholamines such as tachyarrhythmias, myocardial 
ischemia and immune suppression.50,51 Esmolol and labetalol 
are commonly used in the management of hypertension in 
patients with brain injuries as they do not increase ICP sig-
nificantly. In patients who develop myocardial ischemia or in-
farction, metoprolol is a better choice as it improves morbidity 
and is associated with higher survival rates. A recent system-
atic review has suggested that patients who are exposed to beta 
blockers either prior to or immediately after severe TBI show 
a reduction in in-hospital mortality of 65%.52 The American 
Heart Association guidelines recommend use of labetalol or 
nicardipine in the management of acute hypertension in the 
setting of ICH or ischemic stroke.53 In a recent pilot study, 
clevidipine, a new and short-acting calcium channel antago-
nist, is shown to be safe and effective in the rapid reduction of 
blood pressure in a group of patients with intracranial hem-
orrhage.54 Vasodilating agents such as hydralazine, nitroglyc-
erine and nitroprusside are usually avoided as they may cause 
increased cerebrovascular dilation leading to an increase in 
CBF, ICP and cerebral edema.55

Hypotension
Hypotensive episodes play a major part in determining out-
comes in patients with severe TBI. It has been shown that 
even a single episode of hypotension (SBP < 90 mmHg) dou-
bles the rate of mortality in severely head injured patients.56 
Hypotension following head injury is generally attributed 
to hypovolemia and/or hypovolemic shock and is treated 
with isotonic crystalloids. Although in a recent trial of ICU 
patients with hypovolemic shock who received crystalloids 
vs. colloids no difference in the 28-day overall mortality rate 
was demonstrated, the 90-day mortality rate was improved in 
the colloid group.57 The SAFE trial, on the other hand, found 
higher mortality rates in patients with TBI who were resus-
citated with 4% albumin compared to the ones that received 
crystalloids.58 If hypotension persists despite adequate fluid 
replacement, then vasopressors or a combination of vaso-
pressors and inotropes is used to raise the CPP to more than 
50 mmHg. Phenylephrine (0.5–2 μg/kg/min) and vasopressin 
(0.04 units/min) are α-adrenergic agonists with pure vaso-
pressor effect. Norepinephrine (0.1–1 μg/kg/min) is predom-
inantly an α-agonist with vasopressor effects, but it also has 
some inotropic effects. Epinephrine (adrenaline) (0.1–1 μg/
kg/min) with a combined α and β-adrenergic agonistic activity 
has more inotropic than vasopressor effects. Although dopa-
mine has mainly dopaminergic (splanchnic vasodilation) ef-
fects at doses of 2–3 μg/kg/min, it has β-adrenergic (inotropic) 
effects at doses of 5–10 μg/kg/min and mainly α-adrenergic 
(vasopressor) effects at doses of 10–15 μg/kg/min, with signif-
icant overlap and individual variations.

Fat Embolism Syndrome
This consists of a triad of cerebral dysfunction, fever, and hy-
poxemia in the setting of injury to a marrow-containing bone. 
During such injury, bone intramedullary pressure rises higher 
than the venous pressure, and fat globules gain access to the 
veins and then to the vasculature. The fat globules then em-
bolize to the lung vasculature.59 Fat, platelet, and fibrin collec-
tions plug cerebral arterioles, leading to ischemia and distal 
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hemorrhage. Similar lesions may exist in the liver, kidney, 
heart, and lung. Additional lesions may occur and manifest as 
pneumonitis, pulmonary edema, and disseminated intravas-
cular coagulation (DIC). Symptoms appear 24–48 hours after 
the initiating injury. Changes in mental status are most com-
monly seen, with symptoms progressing from restlessness to 
confusion and then coma. Respiratory failure generally occurs 
after mental status changes. Chest radiograph reveals diffuse 
bilateral infiltrates compatible with ARDS. Another finding is 
petechiae over the neck, chest, and axillae. When FES occurs 
perioperatively, patients may fail to regain consciousness after 
general anesthesia. Management consists of respiratory and 
cardiovascular support in the form of supplemental oxygen, 
mechanical ventilation, and vasopressors.

HEMATOLOGIC COMPLICATIONS

Anemia
Anemia may be present in patients with TBI as a result of ce-
rebral or extracerebral hemorrhage, either of which may be 
compounded by preexisting disease. Anemia decreases the 
oxygen-carrying capacity of the blood because hemoglobin 
(Hb) carries more than 90% of the oxygen in the blood, which 
is evident from the blood oxygen content (CaO2) equation, as 
follows:

		  (23.1)

Decreased oxygen content in the blood (CaO2) decreases 
oxygen delivery (DO2), which is the product of oxygen con-
tent in the blood plus cardiac output. Organs with high 
oxygen requirements, such as the brain and the heart, are 
most sensitive to the effects of anemia. The heart may be 
most affected because of a combination of high oxygen re-
quirements (myocardial O2 consumption [MVO2] is greater 
than 7.6 mL/min/100 g compared to average total body O2 
consumption of approximately 3.5 mL/min/100 g) and high 
oxygen extraction ratio (OER, 65%), in comparison with the 
total body average (25%).

Treatment of acute anemia consists of replacement of red 
blood cells (RBCs) plus supportive therapy in the form of in-
travenous fluids, vasopressor therapy, supplemental oxygen, 
ventilatory support, and sedation. The threshold, as well as the 
target of transfusion of RBCs, is not well defined from clini-
cal evidence. The Transfusion Requirements in Critical Care 
(TRICC) trial showed that a restrictive transfusion strategy 
(transfusing when the Hb is less than 7 g/dL to keep Hb be-
tween 7 and 9 g/dL) is at least as effective as, and possibly su-
perior to, a liberal transfusion strategy (transfusing when the 
Hb is less than 10 g/dL to keep Hb between 10 and 12 g/dL).60  
Furthermore, when intravascular volume and other support-
ive therapies are provided, Hb levels of 5 g/dL seem to be well 
tolerated. More recent studies in TBI patients with acute ane-
mia have shown conflicting results with one showing a mean 
7  day Hb concentration of less than 9 g/dL to be associated 
with an increased mortality,61 whereas another study identi-
fying a transfusion threshold of 10 g/dL was associated with 
a higher incidence of adverse events.62 The use of PbtO2 or 
SjvO2 monitoring may aid in determining the adequacy of 
oxygen delivery to the brain to meet metabolic requirements.63 
Transfusion of RBCs may be associated with multiple com-
plications, such as hemolytic transfusion reaction, allergic 
and anaphylactic reactions, transfusion-related acute lung in-
jury, post-transfusion purpura, transfusion-associated graft-
versus-host disease, transfusion-related immune modulation 

(suppression), fever, infection, and hyperbilirubinemia. 
Prospective trials are needed to better determine the optimal 
transfusion trigger in TBI and neurologically injured patients.

Disseminated Intravascular Coagulation
Many patients with head injury have clotting abnormalities, 
including disseminated intravascular coagulation (DIC). Low-
grade DIC is seen in 8.4% of patients with primary ICH and is 
associated with increased morbidity and mortality.64 The brain 
is rich in tissue thromboplastin, which is a main activator of 
DIC. The excessive coagulation that causes DIC may be trig-
gered through different pathways. It can be triggered by en-
dothelial cell injury, which activates the intrinsic pathway; by 
tissue injury, which activates the extrinsic pathway; or by RBC 
and platelet injury, which causes the release of procoagulant 
phospholipids.65 With excessive coagulation, the anticoagulant 
and fibrinolytic systems are overwhelmed, leading to diffuse 
microvascular thrombi, which leads to decreased blood supply 
to various organs. The risk of bleeding is greater because both 
coagulation factors and platelets are consumed in thrombosis.

Diagnosis of DIC is based on the presence of a disorder 
known to be associated with DIC and abnormal results of global 
coagulation tests, including low platelet count, elevations of 
fibrin-related markers (e.g., FDPs), increased prothrombin 
time (PT), and decreased fibrinogen level.66 Treatment con-
sists of treating the underlying disorder and correcting the 
resulting coagulopathy and anemia. Coagulopathy is treated 
with the replacement of consumed coagulation products in 
the form of fresh frozen plasma (FFP), platelets, and cryopre-
cipitate to achieve a fibrinogen level above 100 mg/dL, a plate-
let count of more than 50,000/mm3, and an activated partial 
thromboplastin time close to normal values.

Anemia is treated with transfusion of packed RBCs. 
Administration of heparin for DIC is controversial, and ev-
idence supporting its use is limited. The use of heparin is 
based on the finding of clinical evidence of excessive throm-
bosis. However, it is given at doses lower than those used to 
treat thrombosis (5–10 units/kg/h with or without a load-
ing dose). Antifibrinolytics such as tranexamic acid (TXA),  
ε-aminocaproic acid (EACA) and aprotinin have also been 
used to treat TBI patients with bleeding, with the most promis-
ing results being seen in TXA.67 Recently, newer formulations 
of individual factor concentrates, such as recombinant factor 
VIIa (rFVIIa), as well as pooled factor concentrates, such as 
prothrombin complex concentrate (PCC), have been used in 
patients with TBI with one study demonstrating a significant 
decrease in mortality rates with use of PCC as compared to 
rFVIIa. A secondary outcome showed a fivefold decrease in 
mean cost of therapy with PCC as compared to rFVIIa.68

NEUROMUSCULAR 
COMPLICATIONS

Diaphragmatic paralysis following head trauma has been re-
ported, although it is more commonly seen in patients with 
stroke (contralateral phrenic nerve paralysis). CNS injuries 
may lead to damage of the respiratory pacemaker (pre-BOTC) 
resulting in diaphragmatic paralysis. Causes include upper 
cervical cord injuries, brainstem ischemia and hemorrhage, en-
cephalitis, and neurosurgical complications. About 40% of pa-
tients with complete tetraplegia require lifetime mechanical 
ventilation.69 Diaphragmatic paralysis may cause difficulty in 
weaning patients from the ventilator because of poor inspira-
tory effort and decreased cough reflex. Neuromuscular elec-
trophysiologic studies may help predict respiratory recovery.  

CaO Hb SaO PaO2 2 21 34 0 0031= ´ ´ + ´. .
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gic patients have been shown to range from 90% in the first year to 
33% at 5 years following injury with intensive medical support.70

ELECTROLYTE IMBALANCES

Fluid and electrolyte imbalance is the most common com-
plication of TBI. The mechanisms of this imbalance include 
brain injury, diuretics (mannitol), hypovolemia, myoglobin-
uria, and renal failure.

Hyponatremia
Hyponatremia is common and is mainly due to the syndrome 
of inappropriate antidiuretic hormone secretion (SIADH) or 
the cerebral salt-wasting syndrome (CSWS). The posterior pi-
tuitary antidiuretic hormone (ADH) regulates water balance 
and osmolality in the body. Hypothalamic baroreceptors are 
sensitive to minor (1%) increases in serum osmolarity and re-
spond by increasing the release of ADH. At serum osmolality 
levels greater than 280 mOsm/L, ADH is secreted linearly to 
increase free water absorption with increases in osmolarity.71 
SIADH occurs when there is continued release of ADH despite 
low serum sodium levels and hypervolemia. Laboratory find-
ings in SIADH include a serum osmolality level of less than 
280 mOsm/L, a serum sodium value of less than 135 mEq/L, 
high urine osmolality, and a urinary sodium concentration of 
less than 25 mEq/L.

CSWS causes profound natriuresis that is stimulated by in-
creased levels of atrial natriuretic factor (ANP), brain natri-
uretic peptide (BNP), and C-type natriuretic peptide (CNP). 
These peptides suppress aldosterone synthesis and lead to 
natriuresis, diuresis, and vasodilatation. Hyponatremia in 
CSWS results from increased renal excretion of sodium (150–
200 mEq/L/day), which is followed by excretion of water, with 
resultant hypovolemia. The main risk that hyponatremia and 
hypo-osmolality pose to the brain is that of cerebral edema, 
which leads to life-threatening intracranial hypertension 
when the increase in intracranial volume exceeds 10%.72

Hypernatremia
Hypernatremia may occur in TBI as a result of an inade-
quate intake of water, high-calorie enteral feeding leading 
to diarrhea, diabetes insipidus (DI), mannitol, phenytoin, 
correction of hyperglycemia, and increased total body so-
dium content resulting from prolonged volume depletion 
that stimulates aldosterone secretion and causes renal reten-
tion of sodium. Chronic hypernatremia is better tolerated 
than acute hypernatremia. Acute hypernatremia may cause 
water shift from cerebral tissues and cellular dehydration. 
Symptoms include lethargy, muscle tremor, rigidity, hyper-
reflexia, seizures and coma.

DI may be neurogenic (decreased ADH release from the pi-
tuitary) or nephrogenic (decreased sensitivity of renal collect-
ing tubules to ADH). Neurogenic DI, which is more common 
with basilar skull fractures and increased ICP, may indicate 
impending brain death. Clinical manifestations of DI include 
increased urinary output (200–300 mL/h), decreased urinary 
specific gravity (<1.005), decreased urine osmolality to less 
than serum osmolality, hypernatremia, and dehydration.

Hypomagnesemia, Hypokalemia,  
and Hypocalcaemia
Patients with severe head injury are at high risk for develop-
ment of hypomagnesemia, hypokalemia, and hypocalcemia. 
These electrolyte abnormalities have been linked to cardiac 

arrhythmias associated with prolongation of the QT interval. 
Treatment consists of replacing the electrolyte deficits and 
correcting the underlying cause. Hypokalemia is most often 
caused by a extracellular shift of potassium due to alkalosis 
that results from spontaneous or mechanical hyperventilation. 
In addition, actual potassium loss may occur through the use 
of corticosteroids or diuretics.

GASTROINTESTINAL 
ABNORMALITIES AND NUTRITION

Stress Ulcer
Patients with TBI are at increased risk for stress gastritis and 
ulceration, the risk factors for which include TBI itself, critical 
illness, mechanical ventilation, coagulopathy, and steroid use. 
Prophylaxis against stress gastritis and ulceration in the form 
of proton pump inhibitors (PPIs), such as esomeprazole (40 mg 
IV daily), or H2-antagonists, such as famotidine (40 mg IV 
daily), is recommended for all critically ill patients with TBI.

Nutrition
Nutrition is an important aspect of the care of the critically ill 
patient with TBI. TBI is associated with hypermetabolism, hy-
percatabolism, hyperglycemia, and nitrogen wasting. Patients 
with TBI are at risk for malnutrition, immunocompromise, 
and poor healing if their nutritional, specifically protein, re-
quirements are not met. Nutrition should be provided to pa-
tients with TBI as soon as the acute issues of stabilization and 
treatment are addressed. Appropriate nutritional support has 
been shown to improve patient outcomes.73 Recommendations 
based on level II evidence suggest that patients should be fed 
to attain full caloric replacement by day 7 after injury.74

Enteral nutrition (EN) is the preferred route of nutrition 
because it is associated with less risk of hyperglycemia and 
septic complications than total parenteral nutrition (TPN).75 
TBI is associated with decreased gastric emptying and in-
creased reflux.76 Increased ICP and low GCS scores at admis-
sion are associated with higher rates of gastric atony, ileus, 
and stress-related gastritis. Early (<36 h from TBI) enteral 
nutrition is associated with shorter ICU stays and fewer in-
fectious complications as compared to late (>36 h from TBI) 
EN.77 Tighter control of serum glucose levels without reduc-
tion of nutritional support may improve the prognosis in TBI. 
Aspiration of enteral feeds occurs in up to 45% of patients 
with TBI and is not reduced by jejunal placement of feeding 
tubes. Precautions include checking gastric residual content 
after 4 hours of stopping feeding, elevating the head of the bed 
to at least 30 degrees, and detection of abdominal distention. 
Metoclopramide (10 mg IV every 8 h) may improve gastric 
motility and decreases reflux. Jejunal placement of feeding 
tubes may overcome the problem of gastric atony and ileus, 
but does not necessarily decrease the risk of aspiration.75

TPN is initiated if EN is not tolerated or not feasible. Benefits 
of TPN include a lesser degree of negative nitrogen balance, 
which may improve survival by avoiding protein malnutrition 
and the associated immunosuppression. Complications of 
TPN include fluid overload, cerebral edema, hyperglycemia, 
electrolyte imbalance, and catheter-related complications such 
as sepsis. About 75% of the total caloric requirements are pro-
vided in the form of glucose or dextrose to avoid the use of 
amino acids as a source of energy.

Total calories are calculated on the basis that fat pro-
vides 9 kcal/g, and glucose and protein provide 4 kcal/g 
each. However, protein is provided mainly to meet nitrogen 
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requirements and not as a calorie source. Because of the in-
creased protein catabolism in TBI, the goal of achieving a pos-
itive nitrogen balance may not be attained until several days 
after TBI, and patients may require twice as much protein  
(2 g/kg/day) as in a standard diet (0.8 g/kg/day). One study 
demonstrated that a positive nitrogen balance could be ob-
tained earlier with the use of insulin-like growth factor-1 
(IGF-1) and growth hormone therapy.71 Patients with 
moderate-to-severe TBI were treated with IGF-1 infusion 
and subcutaneous growth hormone within 72 hours of in-
jury. Within the treatment group, a positive nitrogen balance 
was achieved within the first 24 hours following therapy.71 
Prealbumin, a serum protein with a half-life of 2 to 3 days, and 
urine urea nitrogen (UUN) levels are measured to assess ni-
trogen balance and guide protein supplementation.

ENDOCRINE ABNORMALITIES

Hyperglycemia and Hypoglycemia
Maintaining euglycemia is vital after TBI and neurosurgery. 
Both hyperglycemia and hypoglycemia can exacerbate neuro-
logic injury. Hyperglycemia during neuronal injury, such as 
ischemic stroke, cerebral hemorrhage, or cerebral trauma, is 
associated with increased morbidity and mortality.78,79 During 
severe TBI, hyperglycemia (serum glucose greater than 170 mg/
dL or 9.4 mmol/L) is associated with a lower rate of survival.80 
Hyperglycemia and the infusion of glucose-containing fluids 
have been shown to worsen neurologic outcome of cerebral 
ischemia and stroke mainly because during focal ischemia, 
glucose is converted to lactate, which exacerbates secondary 
neuronal injury.81–83 Intensive insulin therapy in patients with 
TBI and in patients with non-neurologic critical illnesses is as-
sociated with decreases in the occurrence of polyneuropathy 
in critical illness, in days of ventilator dependency, in ICP, and 
in incidence of seizures, as well as better long-term rehabilita-
tion.84 In addition to providing strict glucose control, insulin 
may have neuroprotective effects because it shares significant 
homology with nerve growth factor (NGF), which facilitates 
neuronal repair.

On the other hand, hypoglycemia is associated with worse 
outcome during SAH, ICH, TBI, and cerebral infarction. The 
brain may suffer an “energy crisis” when brain glucose levels are 
less than 12.6 mg/dL (0.7 mmol/L) or the lactate-to-pyruvate 
ratio is less than 40. In one study, the risk of brain energy crisis 
was 23% more likely with each 1 mmol/L decrease in systemic 
glucose concentration and 10% more likely with each 1 unit/L 
increase in insulin infusion, despite adjustment for ICP and 
GCS score. Among patients receiving neurointensive care, 
episodes of low brain glucose levels and high levels of met-
abolic distress markers are associated with greater mortality 
and poorer outcome among survivors. A reasonable balanced 
goal of glycemic control among patients with TBI may be to 
maintain serum glucose between 100 and 150 mg/dL (5.5 and 
8.25 mmol/L).

Syndrome of Inappropriate Antidiuretic 
Hormone Secretion
As previously described, increased ADH secretion follow-
ing TBI may result in SIADH, which causes water retention 
with continued sodium excretion, leading to hyponatremia.85 
Symptoms of hyponatremia include nausea, vomiting, head-
ache, mood lability, confusion, seizures, and coma. SIADH 
is also seen in patients with SAH, brain tumor, brain abscess, 
meningitis, and encephalitis. Treatment of SIADH involves 
free water restriction to achieve a negative water balance, loop 

diuretics, and the infusion of hypertonic saline. In mild cases, 
water restriction alone may be adequate. However, a high urine 
osmolarity may not allow adequate water excretion. Therefore, 
in moderate cases, loop diuretics are used to decrease urine 
osmolarity, because they impair renal concentrating ability. In 
more severe cases (serum sodium levels <120 mEq/L), hyper-
tonic saline is used as a slow infusion (25–100 mL/h), which 
compensates for the diuretic-induced natriuresis. Serum so-
dium, urine osmolality, and urine specific gravity should be 
measured at regular intervals (4–6 h) to guide therapy.

It is important to distinguish between SIADH and CSWS 
because their respective therapies vary greatly. In contrast to 
SIADH management, the treatment for CSWS consists of so-
dium and volume repletion. Fluid restriction and diuresis in a 
patient with CSWS can be fatal because of the possibility of se-
vere hypovolemia and cerebral infarction. Indications for the 
use of hypertonic (3%) NaCl in the treatment of hyponatremia 
include clinically relevant hyponatremia with serum sodium 
less than 120 mEq/L, seizures, and cerebral edema. Hypertonic 
(3%) NaCl is given slowly (25–100 mL/h), with frequent mon-
itoring of serum sodium levels to avoid correction at rates 
above 0.5 mEq/L/h or greater than 12 mEq/day. Rapid correc-
tion of hyponatremia has been associated with central pon-
tine myelinolysis (CPM). The risk of CPM is increased with 
chronic (longer than 48 h) hyponatremia.

Hypopituitarism
Hypopituitarism secondary to TBI may be partial or complete 
and immediate or delayed.86 Within 1–2 years of TBI, 28–57% 
of patients have one or more anterior pituitary hormone de-
ficiencies. Isolated growth hormone deficiency is the most 
common (20%),87 followed by adrenocorticotropic hormone 
(ACTH) deficiency (10%).88 TBI-induced hypopituitarism 
may be due to infarction, which could be caused by compres-
sion from increased ICP, hypoxia, or skull fracture. During the 
early period of TBI, ACTH release leads to increased levels 
of serum cortisol, with some correlation with the severity of 
injury.89,90 However, within 1 week to 2 months of injury, adre-
nal failure may be encountered in cases of moderate-to-severe 
TBI, resulting in a significant decrease in cortisol levels.91

Therefore, all patients in whom secondary hypoadrenal-
ism due to decreased ACTH is suspected should receive 
corticosteroid coverage until testing indicates an intact 
pituitary–adrenal axis. An occult ACTH and cortisol deficiency 
may become acutely apparent during acute stress and may 
manifest as hyponatremia and hypovolemic shock. Less acute 
deficiency may manifest as mild-to-moderate hypotension, 
fatigue, lethargy, weight loss, abdominal pain, hypoglycemia, 
frequent hunger, headaches, and light-headedness. During 
acute TBI, about 50% of patients have low triiodothyronine 
(T3) syndrome (euthyroid sick syndrome [ESS]), which con-
sists of a low level of free T3 with normal levels of free thyrox-
ine (T4) and thyroid-stimulating hormone. At 12 months after 
injury, about 6% of patients have TSH deficiency.92,93 Thyroid 
hormone replacement therapy is not administered to treat low 
T3 syndrome, which occurs because of impairment of conver-
sion of T4 to T3 due to inhibition of type I deiodinase, which is 
inhibited during stress or illness.

As mentioned previously, decreased secretion of pituitary 
ADH leads hypernatremia from DI. Treatment of DI consists 
of treatment of the underlying cause (trauma, elevated ICP), 
correction of hypovolemia, hypernatremia, and hormonal de-
ficiency. Hypovolemia is corrected with IV fluids at a rate that 
achieves a 1:1 ratio with urine output. Hypernatremia is cor-
rected with enteral water or parenteral (5% dextrose in water 
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T [D5W]) solution. The use of D5W is avoided in the neuro-
surgical patient in order to avoid hyperglycemia, which may 
worsen the neurologic outcome of ischemic brain injury. Total 
body water deficit is calculated according to the following 
formula:

		  (23.2)

The goal of free water replacement is to correct serum so-
dium by a rate no faster than 0.5 mEq/L/h or 12 mEq/L/24 h 
with the target being a reduction in serum sodium to less than 
160 mEq/L and serum osmolarity to less than 320 mEq/L.

Serum electrolyte levels should be monitored every 4 to 6 
hours until hypernatremia is resolved. Blood glucose should 
be monitored frequently and treated with IV insulin, because 
hyperglycemia may cause additional osmotic diuresis.

Hormonal replacement is reserved for cases of severe 
DI or to avoid administering large volumes of free water. 
Desmopressin is a synthetic analogue of vasopressin (ADH) 
that lacks pressor activity and causes free water absorption at 
the distal tubules and collecting system of the kidneys. It can 
be administered IV or subcutaneously at 0.3 μg/kg/day, di-
vided and given twice daily. The oral dose is 0.05–1.2 mg/day 
divided and given twice or three times daily. The intranasal 
dose is 10–40 μg one or two times a day; its effects last 8 to 
20 hours. This dose is repeated when urine output increases 
again to 200 mL/h. Excessive doses of desmopressin can cause 
oliguria, hyponatremia, and water intoxication.

Vasopressin is the pituitary hormone that possesses both va-
sopressor and antidiuretic properties. It is mainly used clinically 
as a vasopressor infusion (0.04 unit/min, IV). However, it can 
be used for the treatment of DI associated with hypotension.

Hypopituitarism is associated with a twofold increase in 
mortality due to cardiovascular, respiratory, or cerebrovas-
cular disease.94 Affected patients are advised to remain under 
the care of an endocrinologist and to have their cardiovascular 
risks assessed regularly.

INFECTIOUS COMPLICATIONS

Sepsis is the most common cause of late mortality in TBI. Risk 
factors include prolonged ventilatory support, massive trans-
fusion, and nutritional insufficiency. Urinary tract infections 
(UTIs) are the most common nosocomial infections, followed 
by pneumonia. Risk factors for UTI include indwelling urinary 
catheters, prolonged antibiotic use, urinary stasis, unsealed 
collection ports, and elevated serum creatinine concentration. 
Treatment consists of appropriate selective antibiotic therapy 
and removal of the infected catheters.

Respiratory tract infections are generally separated into 
early- and late-onset infections. Early-onset infections tend to 
be caused by antibiotic-sensitive organisms, whereas late-onset 
infections are often caused by antibiotic/antimicrobial resis-
tant organisms. These resistant organisms are either selected 
through previous antibiotic treatment or are hospital-acquired 
species. Regardless of the etiology, nosocomial infections are 
associated with increased mortality.95

Intravenous catheter-related infections are the cause of 
bacteremia in less than 1% of ICU patients.96 The incidence of 
meningitis in TBI is about 13%. Risk factors include dural tears 
with CSF leakage, CSF rhinorrhea or otorrhea, ICP monitoring 
for longer than 72 hours, ICP catheter manipulation, and anti-
biotic flushes of ICP catheters. The use of prophylactic antibi-
otics and antibiotic coated external ventricular drains suggest 
a beneficial effect on the incidence of ventriculostomy-related 

infections.97 Penetrating brain injuries increase the risk of 
brain abscess and empyema, particularly subdural empyemas, 
which are most common in frontal and compressed skull frac-
tures (up to 66% mortality rate).

Fever seems to be an independent predictor of poor out-
come in TBI.98 Systemic temperatures higher than 38.5 °C 
should be treated, but lower temperature treatment thresholds 
should be used in patients with increased ICP.

SECONDARY BRAIN INJURY

Prevention of secondary brain injury is continued in the post-
operative period. Studies have shown that patients who sus-
tain secondary brain injury have less favorable outcomes.99,100 
Hypotension, hypoxia, hyperthermia, hyperglycemia, hypo-
glycemia, increased ICP, and any aggravating factors, such as 
pain, nausea, vomiting, seizures, hypertension, hypercarbia, 
and impaired cerebral venous drainage, should all be pre-
vented and treated. Conscious, mechanically ventilated pa-
tients are sedated with a short-acting agent, such as propofol 
or dexmedetomidine, to allow intermittent neurologic assess-
ment. Pain due to the operative procedure or the primary or 
associated injury is relieved with opioids and non-narcotic 
analgesics. Nausea and vomiting are treated with stomach 
suctioning, provided that no basilar skull fractures are pres-
ent, and with pharmacologic agents such as ondansetron. The 
risk-to-benefit ratio for seizure prophylaxis after head trauma 
is somewhat controversial. Phenytoin or other antiepileptic 
drugs (AED) may be given for 2 weeks or longer after head 
injury if there is seizure activity.

Sedation and Analgesia
Sedation and analgesia in post-TBI and postoperative pa-
tients presents a unique challenge. Sedation and analgesia 
are necessary because both pain and agitation increase ICP. 
In addition, inadequate analgesia may lead to agitation, hy-
pertension, and vomiting, which may raise the risk of intra-
cranial bleeding or other neurologic complications. On the 
other hand, narcotic analgesics may cause respiratory depres-
sion and hypercapnia, leading to cerebral vasodilation and 
increased ICP. Similarly, oversedation may mask neurologic 
deficits and interfere with proper neurologic examination. 
There is evidence that pain after neurosurgical procedures is 
more severe than expected, which may result in undertreat-
ment by the perioperative team.101 Pain experienced by pa-
tients after craniotomy seems to be of somatic origin, most 
likely involving the scalp, pericranial muscles, and soft tissue, 
and from manipulation of the dura mater.102 Although pain 
may often be treated as a secondary concern, uncontrolled 
pain has systemic effects that may directly affect patient out-
come (Box 23.1).

In general, short-acting agents are preferred because they 
allow interruption for neurologic examination. To avoid 
peaks and troughs with the use of short-acting agents, ad-
ministration by continuous intravenous infusion is preferred. 
Commonly used drugs include propofol, midazolam, fentanyl, 
remifentanil, and dexmedetomidine. Dexmedetomidine is a 
highly selective α2-adrenergic agonist that allows patients to 
be comfortably sedated yet easily arousable for serial neuro-
logic examinations. It is also used intraoperatively for awake 
craniotomy and preoperatively for sedation of patients with 
aneurysmal SAH. The administration of dexmedetomidine 
toward the end of major inpatient surgical procedures has 
been associated with opioid-sparing effects, reducing mor-
phine requirements by as much as 60%.103
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Opioids are commonly used for postoperative analgesia. 
Patient-controlled analgesia (PCA) has been used to control 
pain effectively in patients who have undergone craniotomy. 
Morphine is the most commonly used opioid. Side effects of 
opioid use include nausea, vomiting, decreased gastrointes-
tinal motility, constipation, pruritus, and respiratory depres-
sion. These side effects may lengthen both recovery time and 
length of hospital stay.

Acetaminophen and nonsteroidal anti-inflammatory drugs 
(NSAIDs) are excellent alternatives to opioids in providing 
analgesia for most postoperative patients. However, NSAIDs 
are associated with platelet dysfunction and may increase the 
bleeding time. This can lead to a higher risk of postoperative 
bleeding, particularly after hematoma evacuation, aneurysm 
repair, and resection of arterial venous malformations (AVM). 
The use of N-methyl-d-aspartate receptor antagonists such as 
ketamine in patients who have undergone craniotomy should 
be avoided, given the resulting increase in ICP seen with their 
use in both human and animal studies.104,105 Ketamine also 
causes increases in both CBF and cerebral metabolic rate. 
Scalp blocks have been used successfully to provide transi-
tional analgesia, similar to that of intravenous morphine, in 
the immediate postoperative period after remifentanil-based 
anesthesia.106 Scalp blocks decrease pain and pain medication 
requests and increase the time between the end of the pro-
cedure and the first request for postoperative analgesics.107 
Although commonly practiced, infiltration of the wound in-
cision site has not been shown to be effective in improving 
post-craniotomy pain scores.

Normothermia
Fever in the brain-injured patient is associated with increased 
morbidity and mortality. In a meta-analysis conducted by 
Greer and colleagues including more than 14,000 patients, 
fever alone was a significant and independent predictor of 
morbidity and mortality across such different disease entities 
as ischemic stroke, hemorrhagic stroke, and TBI.108 Induced 
normothermia via intravascular cooling catheter is effective 
in reducing fever burden and may offer a means to attenuate 

secondary injury, as evidenced by a reduction in the intra-
cranial hypertension burden.109 Surface cooling has also been 
shown to be superior to conventional measures in effectively 
controlling fever.110

Control of Intracranial Pressure
The brain, blood, and CSF contents within the cranium 
constitute a nearly incompressible system, with some capac-
itance afforded by blood vessels and vertebral spaces. Once 
capacitance has been maximized, ICP rises dramatically 
with small increases in intracranial volume. Normally ICP 
is 10 mmHg or less, and changes in ICP are generally tol-
erated over a CPP range of 50–150 mmHg. But as CPP is 
reduced, vasodilatation and increased ICP occur at a loga-
rithmic rate.111 Increased ICP leads to decreased CBF, which 
leads to a compensatory increase in MAP and a compensa-
tory decrease in cerebrovascular resistance, which is maxi-
mal at CPP values of about 50 mmHg. Although an increase 
in cerebral vasodilation is a compensatory mechanism to 
increase CBF, it does reduce CBV, which may further raise 
ICP, perpetuating a vicious circle of increased ICP and de-
creased perfusion. Therefore, it is essential to break this cir-
cle by treating any increase in ICP once the compensatory 
mechanisms have been maximized.

In TBI, increased ICP may be caused by an increase in 
volume of any one of the components of the cranial com-
partment: intravascular blood, brain, or CSF. In addition, 
extravascular blood, depressed skull fractures, and foreign 
bodies may further raise ICP. Decreased cerebral venous 
drainage may cause diastolic decreases in CPP or interrupted 
perfusion leading to anaerobic metabolism and lactate pro-
duction, which leads to cerebral edema and to further in-
creases in ICP. The utility of ICP monitoring and ICP-guided 
intensive care of TBI has come under question.112 One study 
showed that ICP monitoring was associated with increased 
risk of prolonged mechanical ventilation and other com-
plications and that it limited the benefits from therapeutic 
interventions, including medications, hyperventilation, and 
keeping CPP above 70 mmHg.

ICP monitoring should be performed according to the 
guidelines for surgical and neurointensive therapy published 
by the Brain Trauma Foundation and other professional or-
ganizations. These guidelines recommend ICP monitoring 
for patients with severe TBI and some patients with mod-
erate TBI according to coexisting conditions. An ICP read-
ing higher than 20 mmHg is considered an indication for 
ICP-reducing therapy and for maintaining an MAP of 80 to 
100 mmHg. In general, intraparenchymal and intraventricu-
lar ICP monitoring devices are considered more accurate and 
preferable to subdural, subarachnoid, or epidural monitors. 
Imaging signs of increased ICP include cerebral edema (par-
ticularly progressive), midline shift, and cisternal compres-
sion. These signs may exist without confirmation by an ICP 
monitor. Patients with imaging signs of increased ICP should 
be monitored and treated aggressively in an ICU setting until 
resolution of neurologic symptoms and clinically relevant im-
aging abnormalities.

The aim of treating increased ICP is to ensure adequate 
CPP, because CPP = MAP – ICP. The definitive treatment 
of increased ICP is to eliminate or minimize the primary 
cause of increased ICP. In addition, measures aimed at re-
ducing the volume of one of the three normal components of 
the cranium (blood, CSF, and cellular water) are performed. 
Intravascular cerebral blood volume may be reduced by 
reducing CBV, improving venous drainage, or both. Acute 

BOX 23.1  Systemic Organ Responses to Pain

Respiratory Increased skeletal muscle tension
 Decreased total lung compliance
Endocrine Increases in adrenocorticotropic 

hormone, cortisol, glucagon, epinephrine, 
aldosterone, antidiuretic hormone, 
catecholamines, and angiotensin II

 Decreases in insulin and testosterone
Cardiovascular Increased myocardial work (mediated by 

catecholamines, angiotensin II)
Immunologic Lymphopenia
 Depression of reticuloendothelial system
 Leukocytosis
 Reduced killer T-cell cytotoxicity
Hematologic Increased platelet adhesiveness
 Diminished fibrinolysis
 Activation of coagulation cascade
Gastrointestinal Increased sphincter tone
 Decreased smooth muscle tone
Genitourinary Increased sphincter tone
 Decreased smooth muscle tone

Adapted from: Ortiz-Cardona J, Bendo AA: Perioperative pain management 
in the neurosurgical patient. Anesthesiol Clin 2007;25:655–674.
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T reductions in CBF and CBV can be achieved almost imme-
diately with hyperventilation, which decreases PaCO2 caus-
ing vasoconstriction. The risks associated with this systemic 
vasoconstriction include cerebral and myocardial ischemia. 
Thus, hyperventilation should be used only for short peri-
ods for necessary, immediate control of ICP. The efficacy of a 
hyperventilation-induced decrease in ICP is most prominent 
during the first 12 to 24 hours of hyperventilation.113

Reducing the cerebral metabolic rate may be a safer way of 
achieving a “coupled” decrease in CBF and CBV. Decreases in 
cerebral metabolic rate may be achieved with physiologic or 
pharmacologic measures. Drugs that have been shown to de-
crease cerebral metabolic rate include barbiturates, benzodiaz-
epines, etomidate, propofol, opioids, and lidocaine. Reports of 
seizure activity and worsening of ischemic and TBI in animals 
exposed to high doses of opioids have not been substantiated 
in humans.114,115 Instead opioid-induced analgesia has been 
shown to prevent pain- and catecholamine-induced spikes in 
ICP, and opioid analgesics are used for analgesia and enhance-
ment of sedation in patients with TBI. Osmotic diuretics such 
as mannitol are used to reduce ICP by shifting water from the 
intracellular and interstitial spaces into the intravascular space 
and then into the renal excretory system. This osmotic shift 
of intracellular water is induced through the presence of an 
intact semipermeable vascular membrane, also known as the 
blood–brain barrier (BBB). With a damaged BBB, hyperos-
molar agents may shift water from the vascular space into the 
cellular and interstitial compartments, thus increasing ICP. A 
rebound increase in cerebral edema and ICP may occur once 
mannitol has been discontinued, owing to the formation and 
accumulation of idiogenic osmoles in the brain. Idiogenic os-
moles consist mainly of taurine and other amino acids and are 
formed in the brain secondary to long-standing hyperosmo-
lality. Once formed, osmoles are removed at a rate that could 
be slower than the rate of normalizing extracellular osmolal-
ity, possibly leading to an osmotic intracellular shift of water. 
Maintaining intravascular osmolality or hyperosmolality is 
essential in avoiding this complication.

Hypertonic saline (HS) achieves shifting of water into the 
intravascular space as mannitol does, but without the associ-
ated diuresis. Also like mannitol, HS requires the presence of 
a semipermeable membrane to exert its water-shifting effect. 
With an intact BBB, HS can achieve a rapid (maximum effect 
at 20 min) and significant (40%) decrease in ICP.116 The effi-
cacy of HS in reducing ICP has been shown in ischemic stroke, 
ICH, SAH, TBI, and postoperative cerebral edema.117 Sodium 
chloride, with a reflection coefficient of 1.0, is better excluded 
from brain with an intact BBB than mannitol (reflection co-
efficient of 0.9). Because of its lack of diuretic effect, HS may 
increase CBF while decreasing ICP, which may be an advan-
tage in cases of hypotension or decreased CBF.118 In the pres-
ence of an intact BBB, HS has been shown to be more effective 
than mannitol in controlling ICP119,120 and to be effective when 
other medical therapies had failed.121,122

CSF drainage may decrease ICP by decreasing CSF volume. 
This is usually achieved by placement of a cerebral ventricu-
lar catheter, which can be used both to monitor ICP as well as 
drain CSF. The rate and volume of CSF drainage are controlled 
to avoid bleeding, ventricular collapse, and brain herniation 
due to rapid or excessive SCF drain. Surgical intervention may 
provide the most definitive therapy of increased ICP by remov-
ing blood clots or other mass-forming tissues. Acute change in 
neurologic status or level of consciousness may warrant surgical 
intervention in addition to other therapeutic measures aimed 
at decreasing ICP and improving CPP. Evacuation of acute 

epidural or cerebellar hematoma has been shown to improve 
outcome in TBI with raised ICP, but no such improvement has 
been shown consistently in ICH or subdural hematoma.123

Acute change in neurologic status or level of conscious-
ness may warrant surgical intervention in addition to other 
therapeutic measures aimed at decreasing ICP and improving 
CPP. In cases of increased ICP that is refractory to medical 
treatment and is not associated with mass lesion, decompres-
sive craniectomy may prevent transtentorial herniation, break 
the self-propagating cycle of increasing ICH and cerebral 
edema, and improve overall CPP. Hemicraniectomy may be 
performed when there is unilateral focal injury or as a bifron-
tal craniectomy when there is frontal injury or diffuse injury. 
Decompressive craniectomy has been shown to decrease mor-
tality and increase functional neurologic recovery in patients 
with malignant MCA infarction (>50% MCA territory) and 
decreased level of consciousness.124–128 Currently, there is no 
prospective, randomized trial to support decompressive cra-
niectomy in TBI over maximal medical therapy.129

Brain Physiologic Monitoring
New monitoring techniques are available to provide crucial in-
formation on brain physiology and metabolism. Brain physio-
logic monitoring has been used to guide management of ICP, 
MAP, and FiO2. Systemic hypoxemia (PaO2 < 50–60 mmHg) 
is associated with systemic, including cerebral, vasodilation, 
which is a compensatory mechanism to increase oxygen de-
livery (DO2) to body tissues, including the brain. On the other 
hand, high FiO2 (>0.6) may lead to the generation of free radi-
cals, which may cause cellular and mitochondrial injury, lead-
ing to decreased neuronal recovery.130 These monitoring tools 
include cerebral oxygen monitoring, intracerebral microdialy-
sis and continuous electroencephalography. These monitoring 
modalities are described in detail in Chapter 5.

Cerebral physiologic monitoring has the promise to pro-
vide brain-specific endpoints in contrast to more global indi-
ces commonly used in the resuscitation of neurocritical care 
patients. While none of the above techniques have been found 
to be sufficiently effective to become “standard of care”, multi-
modal monitoring has the potential for guiding management 
of the critically ill neurologically injured patient. Large, pro-
spective trials are needed to validate their use in guiding man-
agement of the neurologically injured patient.
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INTRODUCTION

The successful treatment of pain in the preoperative patient is 
important with all surgical specialties, but in many instances 
it is more critical in the patient undergoing neurosurgical or 
spinal based surgeries. Attention to the hemodynamic swings 
associated1–4 with pain in the immediate postoperative period, 
with mindful management, sets the patient up for an expe-
dited and uncomplicated recovery. Acute pain can commonly 
increase sympathetic tone, leading to hypertension, tachycar-
dia, and increased intracranial pressure.

In a comprehensive, retrospective review of postopera-
tive pain, comparing those undergoing intracranial surgery 
to those with select extracranial procedures, the intracranial 
group did have significantly less pain than the comparison 
group (p < 0.05).5 A subset of intracranial patients did, how-
ever, have significantly more pain than others in the group: 
those requiring frontal craniotomies required more opioids 
and had elevated heart rates, blood pressure, and intracranial 
pressure (ICP). The analysis was inconclusive regarding those 
undergoing intracranial procedures. Notwithstanding, some 
studies suggest that a large volume local anesthetic block in 
the cranium prior to incision may lower the overall opioid 
requirements in the postoperative period.6 This has not been 
substantiated in a prospective fashion. It is well substantiated 
that spinal neurosurgery is more painful than after craniotomy.

There are many inherent factors managing pain in the neu-
rosurgical group; these include the desire to limit postopera-
tive sedation, as it is clinically imperative to reliably obtain an 
accurate neurologic exam to guide treatment, as the surrogate 
monitors are secondary measures of neurologic function, and 
have inherent flaws. This gold-standard monitor of a cogent 
and uncompromised neurologic assessment can be affected 
adversely if the patient is sedated or obtunded. Employing 
medications with pharmacokinetically short half-lives can 
help remedy the paradox by keeping patients sedated when 
needed and awake when an exam is warranted. This strategy, 
however, is not without consequence and can result in cumu-
lative effects of the infusion.7 This conflict of treatment goals 
can lead to the withholding of pain medication and pain man-
agement techniques, which also creates a poor patient out-
come. In some instances, this has created an interest in the 
use of mixed agonist/antagonist or partial agonist opioids. The 
assertion that these are innately safer, however, is a misconcep-
tion, and the respiratory depression created with these agents 
is hard to reverse with opioid antagonists and may lower the 
ceiling of pain control through opioid agonism. Opioids used 
inappropriately can, with their known side-effect profiles of 
cough, nausea, vomiting, and respiratory depression, increase 
patient morbidity and mortality, as one may suspect that this 
could raise intracranial pressure.7–10

Fairly regularly, waking the patient up in the operating 
room to demonstrate retained (or improved) motor and cog-
nitive function is commonplace, despite intraoperative use of 

sensory and motor system monitors (SSEPS, MEPS). The use 
of rapidly acting intraoperative intravenous or inhalational 
anesthetics has led to the potential paradigm of an awake pa-
tient with poor analgesia. Two points deserve a mention: (1) 
the anesthetic plan needs to be clearly defined to the patient, 
setting expectations; and (2) the need for an awake patient 
does not mean that they cannot have pain control. The anes-
thesia plan should include both intraoperative and postoper-
ative planning to ensure adequate analgesia, despite a reliable 
neurologic assessment; one does not preclude the other.

Pain care in the postoperative period needs to be based on 
pain treatment as the primary goal. Although the hemody-
namic consequences of pain, including heart rate and blood 
pressure, can be treated with sympatholytics (β-blockers, etc.), 
this obviously provides inappropriate analgesia. Studies have 
shown that pain in the postoperative period can adversely 
influence patient outcome independent of hemodynamic or 
intracranial endpoints.10–14 Proper pain control may stabilize 
hemodynamics, reduce blood pressure, and lower CMRO2 (ce-
rebral metabolic oxygen consumption), as well as lower the 
ICP. In addition to the pain issues, the perioperative period in 
the intracranial patient is complex, and needs to be considered 
systemically, as the question becomes: how far reduced is the 
intracranial compliance? The surgical stress response causes 
elevations in body oxygen consumption and serum catechol-
amine concentrations. Systemic hypertension is often present 
after neurosurgical procedures and has been linked to intra-
cranial hemorrhage. Bleeding in the postoperative period can 
lead to increased mortality, morbidity, and hospitalization. 
The cerebral consequences of the recovery period can lead to 
cerebral hyperemia and increased ICP. Prevention or control 
of pain is one of the major factors in limiting these adverse 
systemic effects.

Over the last decade or so, developments in intravenous 
opioids, new regional techniques, and local anesthetics have 
greatly enhanced our abilities to treat this patient group. 
Preemptive analgesia may lead to the improved stability of the 
patient throughout the surgical experience. To minimize pain 
and decrease the stress response and hemodynamic changes, 
the surgeon and anesthesiologist must function together to 
provide optimal care.

Philosophically, the presence of pain and the body’s reac-
tion to it can be altered by many strategies. The opportunity 
for interruption of the pain pathway can be divided into four 
components: transduction, transmission, modulation, and 
perception. Transduction occurs when one type of energy 
(temperature, mechanical) is converted to electrical energy 
via ionic charge separation, that is, action potentials. Secondly, 
transmission is the transfer of pain impulse through the ner-
vous system by the first order, second order, and third order 
neurons via the C and A delta fibers through the spinothalamic 
tracts to the thalamus and cortex. Pain modulation describes 
the alteration of the pain signal (either augmentative or dimin-
ish) as it travels. Perception is the subjective and emotional 
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interpretation of pain, occurring in the somatosensory cortex 
and limbic system. The patient’s genetic, social, and cultural 
backgrounds influence this interpretation. The remaining sec-
tions of this chapter focus on key points to enhance outcomes, 
patient satisfaction, and patient safety.

ACUTE PAIN MANAGEMENT 
ASSESSMENT

Anesthesia management begins with appropriate preoperative 
planning. Several factors need to be assessed: the importance 
of reducing anxiety, the pain treatment history, and an evalu-
ation of any comorbidities that may influence the response to, 
or management of the planned pain care.

Chronic long-term opioid use for chronic pain makes de-
termining the baseline dose for opioids in the management of 
chronic pain patients somewhat difficult. Predictably, physical 
tolerance and dependence occurs. The analgesic tolerance to 
opioid medication can influence dosing in both the intraoper-
ative anesthetic and postoperative pain course. It is important 
to realize that the use of chronic medications is for a stable 
pain condition and it will be necessary to supplement this 
baseline dose with additional medication. It is well established 
that patients with chronic opioid use become tolerant to the 
opioid effects of nausea, vomiting, sedation, euphoria, and 
respiratory depression, where there is minimal tolerance to 
papillary constriction and constipation. Regional anesthesia is 
very helpful in mitigating the need for a largely weighted opi-
oid pain care regimen. This includes intracranial field blocks 
to help reduce the opioid requirement postoperatively.

Patient controlled analgesic regimens are also helpful, re-
ducing the lag time between the patient requesting and obtain-
ing an analgesic dose of medicine. Studies suggest the overall 
dose is lower and pain control is improved when employing 
these therapies, either the PCIA (patient controlled intrave-
nous analgesia), the PCEA (patient controlled epidural an-
algesia) or the PCRA (patient controlled regional analgesia). 
With the aid of ultrasound guidance, regional analgesia has 
become a major player in the acute and subacute pain man-
agement phase of recovery, providing dense pain coverage 
while reducing the risk of neuraxial bleeding or infection. 
When employing neuraxial regional analgesia, it is important 
to acknowledge and consider the bleeding risks, as outlined in 
the most recent version of the American Society of Regional 
Analgesia Recommendations on anticoagulant management 
for regional analgesia.

Consideration for organ system-specific influences on the 
anesthetic plan is essential. A patient with renal disease is 
prone to complications from drugs with metabolites removed 
by the kidneys. Meperidine, for example, breaks down to 
normeperidine, which has the potential to reduce the seizure 
threshold. Some opioids have active metabolites that should 
be considered. Morphine and hydromorphine are metabolized 
to M3G/M6G and H3G/M6G, respectively, and are renally 
excreted. The 6-glucoronide metabolite is pharmacologically 
active at the mu receptor, while the 3G metabolite has been 
implicated in lowering the seizure threshold and reducing un-
wanted side effects.

Opioids predictively can contribute to the slowing of the 
gastrointestinal system through a mu-mediated mechanism, 
while regional or local analgesia can cause increased peristal-
sis and surgical neuroaxial anesthesia can exacerbate ileus. In 
these cases, it is important to implement a bowel support reg-
imen as a standard part of the program when using intrave-
nous or oral opioids or epidural infusions. Further, a history of 

urinary retention may cause concern for regional neuroaxial 
analgesia as neuroaxially administered opioids and local anes-
thetics can cause urinary retention.

SYSTEMIC MEDICATIONS FOR 
ACUTE PAIN MANAGEMENT

In very rare situations general anesthesia with volatile anesthet-
ics plays a role in the postoperative or acute pain management 
plan. Resting the brain after injury or surgery is sometimes re-
quired and typically involves an intravenous anesthetic route; 
however, an appreciation for the difference in hemodynamics 
and CMRO2 consumption may make it advantageous in certain 
cases. The use of these drugs in limiting the stress response is 
restricted because of the effects that higher concentrations can 
have on CBF, cerebral blood volume, and ICP.

Etomidate
When given by the intravenous route, etomidate may have 
some ability to blunt the adrenocortical system’s response to 
stress. This effect is seen in the blunting of the rise in cortisol 
expected with similar tissue trauma. Etomidate is thought to 
accomplish this by blocking enzymes in the cortisol synthesis 
pathway. The clinical benefit of this drug has not been proved 
in prospective randomized trials. Its long recovery time may 
also limit its use as a neuroanesthetic agent. Long-term ad-
ministration can cause an Addisonian presentation and should 
be avoided.

Ketamine
Ketamine can raise the CMRO2 at anesthetic doses, but may 
be helpful as an adjuvant at very low doses to a refractory 
pain patient. Caution needs to be exercised when employing 
this medication in the pain care regimen of the neurosurgical 
patient.

Opioids
Recent years have shown a dramatic increase in the utilization 
of high-potency short-acting opioids. Half-lives, distribution 
properties, and side effects play a role in the decision to use 
opioids in the management of the postoperative patient. The 
choice depends on the need for a neurologic examination, 
the comorbidities of the patient, and the anticipated length of 
infusion.

Propofol
Propofol has been used to try to limit the wake-up time from 
general anesthesia and to blunt the initial stress and pain re-
sponses. Long-term administration needs caution, as propofol 
infusion syndrome can occur in doses of 4–5 mg/kg/h for as 
little as 48 hours, heralded by metabolic acidosis, rhabdomy-
olysis, acute renal failure, and cardiac failure. The treatment is 
supportive and includes cessation of propofol.

Alpha2-Adrenergic Agonists
Dexmedetomidine is a highly selective alpha2 agonist (1620:1),  
as compared to clonidine (220:1) alpha2 to alpha1. Both 
clonidine and dexmedetomidine attenuate the response to 
laryngoscopy and reduce the MAC, but both can cause hy-
potension, which needs to be mitigated in low compliant, 
pressure-dependent cerebral blood flow clinical scenarios. 
Dexmedetomidine provides sedation, anxiolysis, potent an-
algesia, and spontaneous breathing. Clonidine has been used 
in patients with brain trauma and after extensive neurologic 
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t surgery to blunt the stress response. The drug has also been 
shown to blunt the possibilities of vasogenic edema. The use 
of spinal or epidural alpha-adrenergic blockade has also been 
shown to reduce the stress response. It is unclear whether the 
reduction in adrenergic response with epidural or intrathecal 
clonidine is a direct effect of the alpha-adrenergic blockade or 
a response to the clonidine-induced analgesia. The use of sys-
temic beta-adrenergic and alpha-adrenergic agents has been 
shown to stabilize the hemodynamic response and the cerebral 
circulation.

Nonsteroidal Anti-Inflammatory Drugs
The perioperative use of nonsteroidal anti-inflammatory drugs 
(NSAIDs) may enhance the ability of other techniques such 
as regional analgesia and anesthesia in blocking the stress re-
sponse. The enhancement of regional analgesia and anesthesia 
is related to the NSAIDs’ action at peripheral receptors in-
volved in the tissue trauma cascade, along with central mecha-
nisms, including prostaglandin reduction. Caution needs to be 
exercised in treating patients with known renal, cardiovascular, 
or gastrointestinal comorbidities. NSAIDs can interfere with 
platelet aggregation. Furthermore, NSAIDS may affect bone 
healing and have been implicated in failed lumbar fusions, 
although retrospective reviews failed to demonstrate signifi-
cance. Cyclooxygenase-2 (COX-2) inhibitors have been impli-
cated with increasing cardiac morbidity when taken long-term; 
however, acute perioperative administration data are lacking.

Neuropathic Pain Agents
Anticonvulsants are often used after intracranial surgery to 
prevent seizures. These drugs may also offer some improve-
ment in neuropathic pain syndromes and reduce the opioid 
requirements. The classic drugs used for neuropathic pain, of 
the anticonvulsant class, include gabapentin, pregabalin, carba-
mazepine, oxycarbazepine, lamictal, and topiramate. Baclofen, 
a GABA-B agonist, has been used to treat spinal-induced spas-
ticity and has been reported in some patients to improve pain 
of neuropathic origin. Antidepressant neuropathic pain agents 
include duloxetine, amitriptyline, nortriptyline, venlafaxine, to 
name a few. These function not as ion channel blockers, but 
mostly as neurotransmitter reuptake inhibitors. Caution should 
be exercised, as they can interfere with platelet aggregation and 
have the potential to contribute to bleeding.

REGIONAL ANALGESIC OPTIONS

Neuroaxial Epidural Infusion Therapy
The use of epidural infusion therapy has increased in recent 
years as a primary method of acute pain control in patients 
undergoing surgical procedures involving peripheral nerves. 
The proper use of an epidural infusion requires a working 
knowledge of dermatomal anatomy, drug pharmacokinetics, 
drug synergies, and postoperative follow-up requirements. 
Several factors promote the need for success: it is essential 
to place the catheter congruent with the patient’s site of pain. 
Pharmacokinetically, the potency is greater when medications 
are delivered epidurally versus intravenously. Redistribution 
occurs creating untoward, unwanted side effects. The phys-
iochemical properties of the epidural agent chosen can in-
fluence the drug’s distribution. A lipophilic drug such as 
fentanyl requires placement of the catheter at a level near the 
nerve innervation of the surgical site. With morphine, which 
is much less lipid soluble, the catheter placement is less crit-
ical because the drug may cover several interspaces prior to 

being absorbed. Hydromorphone has intermediate properties. 
Further, for more than a decade, data have demonstrated an 
antinociceptive synergy between intrathecal morphine and 
local anesthetics during visceral and somatic nociception at 
dosages that do not impair motor function. The combina-
tion of local anesthetics and opioids offers a synergistic effect 
that leads to better analgesia than either drug infused alone. 
Local anesthetic infusion therapy has been shown to be the 
most effective method of blunting the stress response to tissue 
trauma. The addition of opioids helps eliminate the problem 
of tachyphylaxis that may develop with local anesthetics alone.

Peripheral Nerve Blockade
Peripheral nerve infusions of local anesthetic can be benefi-
cial in the intraoperative period as well as for postoperative 
pain control. Common sites for continuous infusion include 
the brachial plexus and the femoral nerve. A nerve stimulator 
or ultrasound is helpful in guiding the proper placement of 
the catheter. In general, a blunt-tipped needle is preferable to a 
sharp bevelled needle to reduce the risk of nerve injury.

COMPLICATIONS OF 
NEUROANESTHESIA PAIN 
MANAGEMENT

Mental Status Changes
Serial neurologic checks are often an essential part of the post-
operative course. If pain treatment interferes with this assessment, 
the overall benefit of the pain treatment may be lost. Establishing 
a team approach with the surgical team and the nursing team 
to balance the risks and benefits of pain therapies is crucial.

Elevation of Arterial Carbon Dioxide
The importance of ICP varies in the neurosurgical population. 
In patients in whom this is an important factor, it is crucial to 
have some method of monitoring postsurgical carbon dioxide 
(CO2). Despite the benefits of improved hemodynamics in en-
suring the stability of the patient with elevated ICP, the risk of 
excessive sedation and hypercarbia could be a problem, and 
the patient must be watched closely. Arterial CO2 and pH are 
ways to monitor for possible complications and may be early 
indicators of impending problems.

Reduction of Arterial Oxygen
Hypoxemia may create multiple problems in the patient with 
neuronal tissue trauma. Anaerobic metabolism occurs when 
neurons do not have enough oxygen substrate, which can re-
sult in a reduction of adenosine triphosphate and subsequent 
cell death. The use of supplemental oxygen and oxygen satura-
tion, as well as serial arterial blood gas monitoring, is essential 
in patients receiving systemic opioids.

Hypotension
In the patient with possible spinal cord trauma, the use of re-
gional anesthesia can be helpful in controlling the stress re-
sponse and subsequent systemic changes. The resultant decrease 
in mean arterial pressure can decrease perfusion to the neu-
rologic tissue and create ischemia. Careful attention to blood 
pressure is crucial when using local anesthetics postoperatively.

Cerebrospinal Fluid Leak
The chance of subarachnoid puncture when placing an epi-
dural catheter must be weighed against the benefit of the 
catheter. The risks of brain herniation must also be discussed 
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with the surgeon if there is any intracranial disease process. 
Placing the catheter intraoperatively may be helpful in certain 
situations.

Nerve Injury
When using regional techniques in those with coexisting neu-
rologic disease, a risk of nerve injury exists if the patient has 
abnormal nociception in the area of the proposed procedure. 
This risk also exists for the patient under general anesthesia or 
heavy sedation who may be unable to respond to inadvertent 
intraneural injection.

Infection
In the sedated patient, aspiration precautions should be or-
dered. This should be accompanied by frequent neurologic 
checks. If aspiration is a risk, sedating medications should be 
used with caution. It goes without saying, however, that re-
gional anesthesia should be avoided in the patient with local 
infection at the site of the proposed regional procedure or 
systemic infection. Vigilance once the catheter is placed is 
also essential, reducing the chance of it becoming a nidus for 
infection.

CREATING A CASE-SPECIFIC PAIN 
MANAGEMENT PLAN

Intracranial Surgery
Intracranial procedures present some of the most difficult 
problems in pain management. The use of regional anesthe-
sia is not an option. Oversedating the patient can lead to hy-
percarbia and hypoxemia, reducing intracranial compliance. 
Cognitive function might be impaired because of the surgical 
area involved. Despite these limitations, controlling pain in 
this group is crucial because of the increased morbidity and 
mortality associated with an uncontrolled hemodynamic re-
sponse to pain and surgery. Pain treatment in this patient pop-
ulation must consider multiple factors.

Extremity Surgery
The patient requiring surgery of the extremities gives the anes-
thesiologist many options. A discussion should occur regard-
ing the patient’s postoperative neurologic function and the 
need for serial functional checks. If the issue of sensory loss 
is minimal, the use of regional anesthesia is optimal because 
of the blunting of both pain and the stress responses. Other 
techniques are also acceptable in this population. Care must 
be taken when regional anesthesia is employed, as vigilance is 
required for early indication of compartment syndrome.

Neuraxial Surgery
When neurologic surgery is performed on the structures of 
the neuroaxis, regional anesthesia may result in an improved 
outcome with an effect on both postoperative pain and blood 
loss. These surgeries have no effect on cognitive response and 
are appropriate for postoperative PCA.

CHRONIC PAIN MANAGEMENT

Pain care has evolved rapidly over the last decade.15–18 The 
ideology of monotherapy using opioids for chronic pain 
has fallen by the wayside, as mounting evidence suggests 
that opioid therapy is not benign, not sustainable, and con-
tributes to the epidemic of prescription drug misuse in the 
US.19–22 Innovative therapies and implantable technologies 

are now being used earlier in the pain care algorithm, away 
from salvage therapy.23–25 Further, despite the introduction of 
the gate control theory by Melzak and Wall, along with spinal 
cord stimulation work by Norman Shealy, the mechanisms of 
neuromodulation still remain uncertain.26,27 As new innova-
tive therapies enter into the market, the placement within the 
spectrum of pain will continue to evolve. We explore chronic 
pain, the pathways of nociception, and strategies to manage it 
sustainably and safely, utilizing an evidence-based approach.

DEFINITION AND TAXONOMY 
OF PAIN

Pain is defined as an unpleasant sensory or emotional ex-
perience associated with actual or potential tissue damage, 
or described in terms of damage.28 Importantly, this implies 
that pain is an experience that may or may not have objec-
tive evidence and avoids causality associated with a stimulus. 
Typically, for chronic pain it is helpful to classify the pain in 
terms of nociceptive, neuropathic, or mixed. Neuropathic pain 
is pain that results in dysfunction of the central or peripheral 
nervous system. Nociceptive pain is pain that results from 
normal transmission of pain via activation of nociceptors. 
Mixed, conceptually, is a combination of both. Pain becomes 
chronic when the duration lasts more than 6 months, and as 
can be described by studies focused on the dorsal root gan-
glion (DRG),19 the firing threshold to transmit a painful sig-
nal is less in the chronic pain state. This notion of reinforcing 
pain transmission can be attributed to central sensitization, 
which describes the “wind-up” that occurs through membrane 
channel deregulation. Further, it is helpful to classify the pain 
as viscerally or somatically mediated, for, as we will see, the 
transmission of these drastically differ.

The architecture of the spinal cord is topographically ar-
ranged. Different tracts deliver and transmit different percep-
tions to and from the periphery. The most common is through 
the nociceptive pathways, which include the spinothalamic 
tract (STT) and the postsynaptic dorsal column (PSDC). 
Myellinated A delta and unmyelinated C are engaged in no-
ciception, with the first order neuron located in the DRG and 
terminating in the dorsal horn, the second order neuron cross-
ing traveling to the thalamus, and the third order from the 
thalamus to the cortex. The dorsal horn is histologically and 
topographically characterized by Rexed laminae. The nerve 
may then ascend or descend a few levels ipsilaterally with ter-
minations within the dorsal horn, before crossing the midline 
via the anterior white commissure and ascending in the STT 
and to the thalamus (ventral posterolateral nucleus) and to the 
somatosensory cortex, where somatotopic encoding provides 
for specific localization. C-fibers terminate in Rexed lamina I 
and II, where cutaneous A-delta nociceptors terminate in the 
ipsilateral Rexed laminae I and V of the dorsal horn.

As can be expected, the visceral nociceptive afferents again 
have first order neurons located in the dorsal root ganglia; 
however, they may extend to adjacent vertebral body lev-
els before terminating in the ipsilateral dorsal horn. Visceral 
nociception then travels in the ipsilateral postsynaptic dorsal 
column (PSDC) pathway and STT bilaterally. The visceral no-
ciceptors are largely distributed in Rexed laminae I, II, V, X 
ipsilaterally and laminae III and X contralaterally.

Notwithstanding, the face is innervated uniquely. The sen-
sory nucleus of the trigeminal nerve, the trigeminal nucleus 
caudalis transmits painful sensations from the face. It has a 
large sensory nucelus that extends to the upper portion of the 
cervical spine, to the C2 or C3 level.30 The primary nociceptive 
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t afferent has its cell body in the trigeminal ganglion, which syn-
apses in the ipsilateral trigeminal nucleus caudalis, then crosses 
and ascends in the STT to terminate in the VPM (ventral pos-
teromedial nucleus) of the thalamus.

As can be appreciated, modulating the ascending noci-
ceptive experience is a vital, inherent tool that we all possess, 
utilizing the bulbospinal tracts. These tracts are character-
ized as the periaqueductal gray (PAG), nucleus raphe magnus 
(NRM), rostroventral medulla (RVM), and the anterior pre-
tectal nucleus.31

Modulation of these systems is vital in delivery of sustained 
pain care strategies. Spinal cord stimulation, DRG spinal stim-
ulation, and HF10 (high frequency stimulation 10), and burst 
stimulation have been developed to utilize the above, with dif-
ferent targets and mechanism of action, grounded by science 
and evidence.

EVOLUTION OF THE ALGORITHM

Philosophically, pain care has changed. The idea of opioid 
dose escalation without a ceiling to help define failure is an 
antiquated approach. The immunologic, endocrinopathic, 
and sleep disturbance challenges with long-term opioid use 
are well defined.32 Data suggest that diversion and misuse of 
prescription opioids leads to nearly 16,000 deaths annually 
(Fig.  24.1).21 Research suggests that the risk of overdose or 
death is up to ninefold higher if the patient is maintained on 
more than 120 morphine equivalents per day.19 And with the 
predictable opioid physical dependence and tolerance that 

occur with chronic use, some US states are holding physicians 
liable, most notably in West Virginia.33

Similarly, the stepwise approach of defining when to inter-
vene based on a previous more conservative failure, is chang-
ing somewhat, as pain care therapies are entering an age of 
dramatically reduced number needed to treat (NNT). SAFE 
principles often help guide proper24 safety, appropriateness, 
fiscal neutrality, and efficacy. In the place of monotherapy 
using opioid treatment for chronic pain comes a more multi-
faceted approach. This more patient-centric model focuses on 
using a combination of therapies, guided by science and evi-
dence, to provide the best chance of sustained management. 
We propose an algorithmic approach to pain care, centered on 
patient safety and efficacy (Fig. 24.2).
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Fig. 24.1  Number of deaths from prescription opioids.34,35

Continue conservative careIntolerable pain, refractory to conservative 
medical care, pain >3 months

Well-localized source for pain and clear diagnosis

Predominant or purely neuropathic pain

Ability to cover with traditional tonic
SCS/PNfS/PNS stimulation

Trial morphine

Trial hydromorphone

Trial ziconotide

Trial ziconotide

Ability to place intrathecal catheter congruent with anatomic source

Consider intrathecal
drug delivery

Consider non-implantable
treatment alternatives

Refractory to systemic opioids;
>80 morphine equivalents a day

Implant with monotherapy
dilaudid; Iow infusion dose and
rate; PTM dosing strategy

Implant with monotherapy
ziconotide at successful trial dose;
flex dosing in the evening

Conider non-implantable treatment alternatives or consider
trialing with opioid with intent of initiating combination therapy with
IDD pIatform (Tier 2 of PACC 2012)

Implant with monotherapy ziconotide
at successful trial dose; flex dosing
in the evening

Implant with monotherapy
morphine; Iow infusion dose
and rate; PTM dosing strategy

Responsive to systemic opioids;
<80 morphine equivalents,
presence side effects: altered
mentation, constipation, itching, etc.

Responsive to systemic opioids;
80 morphine equivalents, no
side effects

Continue conservative
care

Implant
SCS/PNS/PNfS

Consider
SCS/PNS/PNfS

Trial
SCS/PNS/PNfS

Fig. 24.2  Algorithm for implantable therapies.36 SCS, spinal cord stimulation; PNS, peripheral nerve stimulation; PNfS, peripheral nerve field 
stimulation.
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ABLATIVE VS. AUGMENTATIVE 
THERAPIES

Interventions in chronic pain management are centered on 
augmentative and ablative therapies to prolong the desired ef-
fect from injection, when needed. The destructive treatment 
strategy includes radiofrequency ablation or surgical resection 
or destruction, where the augmentative includes neuromodu-
lation, by either chemical or electrical means. We will discuss 
these in turn.

The neuroablative therapies include treatments for ar-
thropathy of the spine and peripheral joints. There are good 
prospective observational and randomized data for facet de-
nervation by medial branch neurotomy.37 This philosophy has 
been extended into the periphery with genicular nerve radiof-
requency for the knee, suprascapular radiofrequency for the 
shoulder, trigeminal radiofrequency for the face, occipital ra-
diofrequency for headache and plantar radiofrequency for the 
foot.38–40 Importantly, creating a histologic lesion can only be 
performed on sensory nerves. Mixed nerves lend themselves 
to pulsed radiofrequency, which does not produce a histologic 
lesion and is considered more of a neuromodulation strategy, 
as compared to an ablative one.

Augmentative therapies focus on neuromodulating the ner-
vous system, with targets in the periphery or centrally. Central 
targets include spinal cord stimulation, dorsal root spinal 
stimulation, high frequency stimulation 10,000 Hz (HF10), 
burst stimulation, to name a few. These therapies require a 
trial to determine success with improvement in pain and func-
tion before the permanent therapy is placed. The placement 
of the therapy can be performed employing cylindrical leads 
introduced through needles placed within the epidural space, 
or through a laminectomy or laminotomy for placement of a 
paddle. Both lead systems require placement of an internal 
pulse generator (IPG) to power the system, which can last for 
up to 7–10 years. The IPG can be a primary device or a re-
chargeable system, with both advantages and disadvantages.

Peripheral targets have also been sought after, with the 
traditional usage of modifying equipment for the central 
axis to be sued in the periphery. Novel equipment has been 
developed, with implantation of a lead system with an eter-
nal battery source placed as a patch. This solves many of the 
problems associated with the former approach, as leads can 
be placed distally without the confounder of tunneling them 
around or near peripheral joints.

SELECTED INTERVENTIONS

When employing devices to manage pain, it is essential to ob-
tain psychological clearance and to select the device based on 
evidence. The pain community now has level one evidence for 
spinal cord stimulation, peripheral nerve stimulation, and in-
trathecal therapy. More studies are ongoing; fostering a new 
age of evidence-based pain care.

Intrathecal Therapy
Intrathecal therapy (IT) is the delivery of mediation to the spi-
nal space by chronic infusion. Although seemingly simple, it 
is vastly complex. Balancing placement of the catheter, med-
ication selected, estimating pharmacokinetic profiles, while 
appreciating pharmacodynamics, makes it a satisfying therapy 
when employed mindfully.

The historical adage that IT should be positioned as salvage 
therapy has changed.29 The potency increase in delivery of med-
ication into the intrathecal space, the reduction of systemic side 
effects, and the additional ability to offer adjuvant medications 

has led IT to be a necessary and essential modality. As one can 
appreciate, many factors need to be considered when selecting 
the medication to consider for IT therapy.41 It is the authors’ 
opinion that the trial is an essential component to the therapy, 
although admittedly the literature does not clearly define one 
methodology as being superior to another.42,43 Trialing strategies 
range between no trial, trial with epidural medication placement, 
intrathecal placement, bolus delivery as a single shot, and cath-
eter placement with short-term infusion.42,43 Pharmacokinetic 
modeling suggests anatomic, congruent placement with the pa-
tient’s site of pain for optimal outcomes.

The authors typically perform dual diagnostic fluoroscopi-
cally guided trials, with a selected medication, as a single bolus 
and 23 hour admittance, with direct observation of improve-
ment in pain and function, prior to proceeding with place-
ment of the device. The polyanalgesic consensus conference 
of 2012 describes algorithms for medication selection based 
on the type of pain, whether it is neuropathic or nociceptive.44

Once the device is implanted, continued vigilance with 
management is crucial.45 Most reported morbidity and mor-
tality associated with IT therapy was associated with iatro-
genic origins.45

The implanted reservoir delivers medication by pro-
grammed modes and the refill interval is dependent on the 
dosage and concentration of the medication chosen. the con-
sequence of concentration and dose escalation can be a gran-
uloma, a noninfectious collection of cells around the catheter 
tip that can lead to failure of the therapy or compressive symp-
toms. Interestingly, a new pump, the Prometra II, has less than 
anticipated granuloma formation, likely related to its valve-
gated mechanism of delivery.46

Spinal Cord Stimulation
Spinal cord stimulation (SCS) has undergone a renaissance re-
cently, although it was first introduced in 1967. The evolution 
went from intrathecal placement to epidural placement, from 
focus on hardware and lead arrays to software and waveform 
advancements, to novel targets. We will explore these thera-
pies, appreciating the uniqueness of each.

Tonic Spinal Cord Stimulation
Tonic spinal cord stimulation relies on placement of an over-
lying perceived therapeutic paresthesia on the typical region 
of pain. Barolat helped define this paradigm that governs the 
placement of leads and electrodes within the epidural space.47 
Disease indications include neuropathic pain of the trunk and 
limb, with the most common clinical diagnoses of failed back 
surgery syndrome, refractory radiculopathy, or complex re-
gional pain syndrome.15

Once disease indications and patient selection criteria are 
met, the patient undergoes a trial; in the US this typically lasts 
4–7  days. Data suggest that trials greater than 4.9 days show 
no improved conversion of the trial to the permanent therapy. 
The trial is typically performed under local anesthetic or mild 
conscious sedation, keeping the patient cogent throughout the 
procedure. Once the needles are placed within the epidural 
space, most commonly ipsilateral and left paramedian at the 
T12–L1 interspace using fluoroscopic guidance, the leads are 
advanced within the posterior epidural space to the target lo-
cation. After the patient describes coverage overlying their typ-
ical painful area, the trial procedure is over and the patient is 
discharged home for up to a week, with return visits for dress-
ing checks and optimization on postoperative days 1, 3 or 4, 
and then 6 or 7. Postoperative antibiotics are commonly given 
through the duration of the trial, along with continued cessa-
tion of anticoagulants (with authorization from the prescribing 
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t provider). This cadence allows for optimization of the trial ex-
perience via programing and vigilance with the dressing. New 
innovations have recently been described, further minimizing 
the hardware associated with the trial by using an invisible 
trial, blue tooth technology, allowing the patient to focus more 
on the therapy.48

Once the trial is deemed successful, the leads are removed. 
Anticoagulants can be re-initiated 24 hours after lead removal. 
Lab work is suggested prior to the permanent therapy, as are 
other mitigating strategies for surgical site infections.49 The 
implant procedure is performed under local anesthesia, con-
scious sedation, or if paddle placement is desired and mon-
itoring is performed,50 general anesthesia can be employed. 
The type of lead array (percutaneous versus paddle) is chosen 
based on many factors; however, complex pain patterns are 
becoming less of a reason. The patient typically has the IPG 
placed in the left flank or buttock, avoiding osteal landmarks, 
and allowing or reprogramming as needed.

New waveforms and targets have been created, requiring 
nomenclature development. The previously described spinal 
cord stimulation paradigm is now called “tonic stimulation.” 
New waveforms now include high-frequency stimulation 
10,000 (HF10), burst stimulation.

High-Frequency Stimulation 10,000 Hz
High-frequency stimulation is any stimulation frequency mo-
dality above that which traditional stimulation employs (>40–
100 Hz) and, therefore, it is a moving target. HF10, as the name 
suggests, functions at 10,000 Hz and appears to have a different 
mechanism of action compared to traditional tonic stimula-
tion,51 where wide dynamic range neurons play a central role, 
although the exact mechanism remains unknown. The novel 
feature is that the placement of leads divorces the need for dis-
crete therapeutic paresthesia. Leads are placed anatomically 
without the need for intraoperative testing. Most importantly, 
this modality creates a paresthesia-free treatment strategy. Data 
have been presented for up to 18 months demonstrating signif-
icant improvement in back and leg pain (with or without pre-
vious spinal surgery).52 The energy requirement requires daily 
charging, which eliminates the possibility of a primary cell as a 
power source with current battery technology (Fig. 24.3).

Burst Stimulation
Burst stimulation mimics the natural overriding nature of burst 
nerve transmission and serves as a conduit for neuromodula-
tion. Fostered by Dr. DeRidder, burst stimulation delivers 40 Hz 
bursts with five spikes at 500 Hz per burst.16 This waveform 
offers an additional unique mechanism of action. Leads are 
placed based on Barolat mapping, similar to tonic SCS, but the 
mechanism of action is additionally different. It also stimulates 
a medial pathway, uniquely influencing the affective compo-
nent of pain and reducing global pain perception.53 This unique 
waveform is currently under investigation and is limited to in-
vestigational use, requiring an IDE (investigational device ex-
emption). The other unique feature of burst stimulation is that 
it is also paresthesia free, but because of the traditional place-
ment strategy within the epidural space, patients can switch be-
tween tonic and burst stimulation. The energy requirement is 
similar to tonic SCS, with recharging intervals every week and 
the ability to employ a primary cell. The waveform differences 
are illustrated, clearly defining the difference (Fig. 24.4).

Dorsal Root Ganglion Spinal Stimulation
The DRG, serving as the primary afferent cell body, has long 
been a therapeutic target for many years for pain manage-
ment.54 The dorsal root ganglion is a paired structure that rests 

underneath the pedicle and has very little cerebrospinal fluid 
bathing it. There is extensive evidence of its role in neuropathic 
pain.54 This target has been exploited recently in the realm of 
neuromodulation by placement of a novel device and lead 
system, designed specifically for DRG stimulation (Fig. 24.5).  
A large prospective, randomized study is concluding with 
evidence suggesting superiority to traditional spinal cord 
stimulation for the treatment of CRPS of the lower extremity.

Peripheral Nerve Stimulation
Peripheral nerve stimulation strategies have traditionally been 
relegated to the modification of central accessing equipment 
for use in the periphery. Innately, this created challenges, in-
cluding migration, erosion, cost, and tunneling around major 
joints, with minimal expansion to the distal periphery. A new 
novel peripheral nerve stimulation strategy has been devel-
oped that involves the placement of an implantable wire un-
der the skin with communication with an EPG (external pulse 
generator) (Fig. 24.6).55,56 The EPG can be removed as needed 
and is held in place by a patch. This modality was rigorously 
tested in a multicenter, prospective, randomized study, provid-
ing level one evidence of its use for mononeuritis treatment.

T8

R

T12

Fig. 24.3  High frequency 10 spinal cord stimulation lead placement.

A

B

C
Fig. 24.4  Burst stimulation (A), as compared to tonic (B) or high 
frequency stimulation (C).
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FUTURE DIRECTIONS

Chronic pain care is changing. The days of reliance on sub-
jective data are over. Level one evidence is being generated 
describing disease-specific indications for certain disease spe-
cific modalities and treatment strategies. DRG stimulation has 
a number needed to treat of near one if the permanent therapy 
is placed. HF10 data are very compelling for the ongoing treat-
ment of low back and leg pain at 18 months with significant 
pain improvement. Tonic–SCS is an invaluable tool for the 

treatment of many refractory disease states. Clearly, the future 
of the therapy is defined by moving toward minimally invasive 
techniques and disease-specific indications, while offering a 
patient-centric hardware platform that supports many thera-
peutic options. The contention that pain care is a luxury is also 
becoming antiquated. Data suggest inactivity fosters increased 
morbidity and mortality. It is vital to work towards placement 
of therapy in the algorithm to give the patient the best chance 
to succeed.
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INTRODUCTION

Neurologic disorders requiring surgical intervention during 
pregnancy are not uncommon, and many anesthesiologists 
eventually encounter a pregnant woman in need of a neurosur-
gical procedure. The anesthetic management of such patients 
can be complicated by the physiologic changes that occur 
during pregnancy. These changes might require adjustments 
in anesthetic management that would be inappropriate for a 
nonpregnant patient with the same neurosurgical condition.

Maternal well-being must remain a primary concern, but 
it is important to recognize that interventions which benefit 
the mother might have the potential to harm the fetus. Thus, 
the major challenge in providing anesthesia for neurosurgery 
performed during pregnancy is to provide an appropriate bal-
ance between competing, and sometimes contradictory, clin-
ical goals.1

MATERNAL PHYSIOLOGIC 
CHANGES DURING PREGNANCY

The pregnant woman undergoes a number of physiological 
adaptations to pregnancy. The earliest of these changes are 
hormonally driven, while changes that occur later in preg-
nancy are associated with the mechanical effects of the enlarg-
ing uterus, increased metabolic demands of the fetus, and a 
low resistance placental circulation.

Nervous System
Inhalation Anesthetic Requirements
Anesthetic requirements for volatile anesthetics during preg-
nancy, as measured by minimum alveolar concentration 
(MAC), are decreased by 30% from the nonpregnant state.2,3 
Higher levels of plasma endorphins4 and progesterone5 are said 
to account for this change. Hence, inspired anesthetic concen-
trations that would be appropriate in the nonpregnant patient 
could have exaggerated effects during pregnancy. However, 
the relationship between pregnancy and MAC is complicated 
by the findings from one study that showed no differences in 
electroencephalographic measures during sevoflurane anes-
thesia between pregnant and nonpregnant women.6 The au-
thors of that study suggested that a decrease in MAC during 
pregnancy does not correlate with an enhanced hypnotic ef-
fect of sevoflurane on the brain. They believe that pregnant 
women should receive the same dose of volatile agent as a non-
pregnant woman in order to prevent intraoperative awareness, 
and we should reconsider MAC as an indicator of the efficacy 
of volatile anesthetics.

Local Anesthetic Requirements
Local anesthetic requirements for neuraxial anesthesia are 
decreased by 30–40% during pregnancy. This reduction is in 
part due to the decreased volume of cerebrospinal fluid (CSF) 

in the lumbar subarachnoid space secondary to engorgement 
of the epidural veins.7 The decrease in local anesthetic re-
quirements precedes the onset of significant epidural venous 
engorgement, however. In vitro preparations of vagus nerves 
obtained from pregnant rabbits show increased sensitivity 
to local anesthetic-induced blockade of nerve conduction.8 
When nerves obtained from nonpregnant rabbits are bathed 
in a progesterone-containing solution, however, this greater 
sensitivity is not seen.9 It is, therefore, suggested that long-
term but not short-term exposure to progesterone leads to 
changes in the neuronal membrane Na+ channel that increase 
its sensitivity to local anesthetics.

In summary, parturients may have decreased anesthetic 
requirements but despite a 30% reduction in MAC, recent re-
search indicates that it might be prudent to use the same dose 
of volatile agent as in a nonpregnant woman in order to avoid 
awareness. However, parturients appear to need reduced doses 
of neuraxial local anesthetics.

Respiratory System
Upper Airway Mucosal Edema
The accumulation of extracellular fluid produces soft tissue 
edema during pregnancy, particularly in the upper airway 
where marked mucosal friability can develop. Nasotracheal 
intubation and the insertion of nasogastric tubes should be 
avoided unless absolutely necessary because of the risk of sig-
nificant epistaxis. Laryngeal edema can also reduce the size of 
the glottic aperture, leading to difficult intubation. Mallampati 
scores can increase during labor making endotracheal intuba-
tion more difficult, and this problem is likely to be worsened 
in preeclamptic patients. A smaller (6.0–7.0-mm) endotra-
cheal tube is appropriate for most pregnant patients.

Functional Residual Capacity
By the end of the third trimester, functional residual capacity 
(FRC) decreases 20% from prepregnant values, whereas clos-
ing capacity remains unchanged.10 The FRC drops further in 
the supine position, a situation in which closing capacity com-
monly exceeds FRC. This decrease leads to closure of small 
airways, increased shunt fraction, and a greater potential for 
arterial oxygen desaturation. Additionally, because FRC rep-
resents the store of oxygen available during a period of apnea, 
decreases in FRC will lead to the rapid development of hy-
poxemia when the pregnant patient becomes apneic, as occurs 
during the induction of general anesthesia. Because oxygen 
consumption rises by as much as 60% during pregnancy,11 
significant desaturation can occur even when intubation is 
performed expeditiously. This process was demonstrated 
in a computer model of pregnancy in which apnea was sim-
ulated after 99% denitrogenation. Desaturation to 90% oc-
curred in approximately 5 minutes in the pregnant model, 
versus 7.5 minutes in the nonpregnant model.12 Thus, at least 2 
minutes of preoxygenation and denitrogenation with a tightly 
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t fitting face mask is mandatory before the induction of general 

anesthesia during pregnancy.13

Ventilation
Significant increases in minute ventilation occur as early as the 
end of the first trimester. At term, minute ventilation increases 
by 45%, owing to an increase in tidal volume; respiratory 
rate is essentially unchanged. This most likely results from a 
progesterone-induced increase in the ventilatory response to 
carbon dioxide (CO2); there also appears to be an effect due to 
pregnancy-induced changes in wakefulness.14 Because the in-
crease in ventilation exceeds the increase in CO2 production,  
the normal arterial partial pressure of CO2 (PaCO2) diminishes 
to approximately 32 mmHg. The greater excretion of renal bi-
carbonate partially compensates for the hypocarbia, so that 
pH rises only slightly, to approximately 7.42 to 7.44.

Cardiovascular System
Blood Volume
Blood volume increases by 45% during pregnancy, with the 
majority of this increase occurring by the end of the second 
trimester. Because plasma volume increases to a greater ex-
tent than red blood cell mass, a dilutional anemia commonly 
occurs. Normal hematocrit at term ranges from 30% to 35% 
and is often lower in women not receiving supplemental di-
etary iron.

Cardiac Output
Significant increases in cardiac output (CO) occur as early as 
the first trimester. Capeless and Clapp15 demonstrated a 22% 
rise in CO by 8 weeks’ gestation, which represents 57% of the 
total change seen at 24 weeks.15 Cardiac output rises steadily 
throughout the second trimester. Maximum increases in CO 
occur between 28 and 32  weeks’ gestation. At term, cardiac 
output is approximately 50% above prepregnancy baseline.16

Cardiac output can increase by an additional 60% during 
labor.17 Part of this increase is caused by the pain and appre-
hension associated with contractions, an increase that can be 
blunted with the provision of adequate analgesia. There is a 
further rise in CO, unaffected by analgesia, from the autotrans-
fusion of 300–500 mL of blood from the uterus into the cen-
tral circulation with each contraction. Finally, CO increases 
further in the immediate postpartum period, by as much as 
80% above pre-labor values, because of autotransfusion from 
the rapidly involuting uterus as well as the augmentation of 
preload after relieving aortocaval compression.

Aortocaval Compression
In the supine position after 20 weeks’ gestation, the enlarged 
uterus can compress the inferior vena cava against the ver-
tebral column. Collateral flow through the epidural venous 
plexus and paravertebral vessels can partially compensate for 
decreased caval blood flow, but the net return of blood to the 
heart can be significantly decreased, leading to reduced CO. 
This can decrease uterine blood flow (UBF) and impair utero-
placental oxygen delivery. Supine positioning can also pro-
duce aortic compression. If this occurs, upper extremity blood 
pressure might be normal but distal aortic pressure and thus 
uterine artery perfusion pressure could decrease. The effects 
of aortocaval compression are magnified in the anesthetized 
patient when venous return is reduced from sympathetic 
blockade. Therefore, the supine position must be avoided in 
pregnant patients undergoing anesthesia after the mid-second 
trimester. One study evaluated the degree of tilt necessary to 
minimize aortocaval compression in term, nonlaboring pa-
tients prior to cesarean delivery. CO and pulse pressure were 

highest at 15 degrees of left tilt, equal to full 90 degrees left 
lateral position.18

Gastrointestinal System
Gastric Acid Production
Ectopic gastrin is produced by the placenta. However, plasma 
gastrin levels appear to be unchanged during pregnancy, and 
there appears to be no significant difference in either the vol-
ume or the acidity of gastric secretions in pregnancy.19

Gastric Emptying
Contrary to common belief, gastric emptying is not signifi-
cantly altered during pregnancy.20 Gastric emptying is slowed, 
however, in the presence of painful contractions, and systemic 
opioids administered to relieve labor pain will further slow 
gastric emptying.

Gastroesophageal Sphincter
The enlarging uterus causes elevation and rotation of the 
stomach, which interfere with the pinchcock mechanism of 
the gastroesophageal sphincter. This change increases the like-
lihood of gastroesophageal reflux, especially in the morbidly 
obese parturient.

Pregnancy and Aspiration Pneumonia
The changes described make it more likely that a pregnant pa-
tient will regurgitate and aspirate during anesthesia. The time 
frame for the development of these changes is unclear, but 
most anesthesiologists begin to use “full stomach” precautions 
after 16–18 weeks’ gestation, by which time uterine growth is 
such that alterations of gastroesophageal structure and func-
tion are likely to occur. Pregnant patients should, therefore, 
receive aspiration prophylaxis with a nonparticulate antacid 
and/or a combination of a histamine H2 blocking drug and 
metoclopramide. Anesthetic induction is influenced by the 
presence of a full stomach but, as described later, techniques 
designed to minimize the risk of aspiration might not be ideal 
for the patient who has an intracranial lesion.

Renal and Hepatic Systems
Aldosterone levels rise during pregnancy, with concomitant 
increases in total body sodium and water.21 These changes can 
increase edema in an intracranial neoplasm and lead either to 
worsening signs and symptoms, or to the onset of symptoms 
from a previously unrecognized mass lesion. Renal blood flow 
and glomerular filtration rate increase by approximately 60% 
at term, paralleling the increase in CO. Thus, blood urea ni-
trogen (BUN) and serum creatinine values are usually one-
half to two-thirds those seen in nonpregnant women. What 
would be considered normal or only mildly elevated BUN and 
creatinine values in nonpregnant women should be a cause for 
concern during pregnancy.

Slight increases in serum levels of alanine aminotransferase 
(ALT), aspartate transaminase (AST), and lactate dehydroge-
nase (LDH) are not uncommon during normal pregnancy.22 
Plasma cholinesterase levels are decreased, but prolonged neu-
romuscular blockade does not occur in normal parturients re-
ceiving succinylcholine.23

Epidural Vascular Changes
Epidural Venous Pressure
A generalized increase in intra-abdominal pressure as well as 
direct compression of the inferior vena cava leads to a rise in 
epidural venous pressure. This rise leads to the diversion of a 
portion of the venous return from the legs and pelvis into the 
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vertebral venous system, causing engorgement of the epidural 
veins. It has been suggested that elevated epidural venous 
pressure, in association with the hemodynamic changes of 
pregnancy, may predispose to rupture of a preexisting patho-
logic region of the venous wall. Epidural veins contain no 
valves; therefore, abrupt pressure changes, such as produced 
by coughing, sneezing, or a forceful Valsalva maneuver during 
the second stage of labor, could be transmitted directly to the 
epidural veins, causing rupture.24

Epidural Arterial Vessels
The epidural arterial vessels may undergo degenerative changes 
during pregnancy secondary to elevations of progesterone 
and estrogen.25 The arterial vessels of pregnant women have 
been shown to demonstrate numerous histologic changes, in-
cluding fragmentation of the reticulin fibers, diminished acid 
mucopolysaccharide concentration, and hypertrophy and hy-
perplasia of smooth muscle cells.24 These structural changes, 
in combination with the hemodynamic changes of pregnancy, 
may predispose to rupture of an epidural artery and subse-
quent hematoma formation.

EFFECTS OF ANESTHETIC 
INTERVENTIONS ON UTERINE 
BLOOD FLOW

At term, normal UBF increases to 700–900 mL/min, which 
is approximately 10% of the total maternal blood flow.26 This 
compares to a nonpregnant UBF of 70 mL/min. The magni-
tude of UBF is determined by the following equation:

(25.1)

where UAP is uterine arterial pressure, UVP is the uterine 
venous pressure, and UVR is the uterine vascular resis-
tance. Alterations in any of these parameters influence UBF 
and, therefore, the delivery of oxygen and nutrients to the  
fetus.

Factors that decrease uterine arterial pressure include hy-
povolemia, sympathetic blockade due to neuraxial anesthesia, 
aortocaval compression, anesthetic overdose, vasodilators, 
and excessive positive pressure ventilation. Factors that in-
crease uterine venous pressure include vena caval compression, 
uterine contractions, uterine hypertonus, oxytocin overstimu-
lation, and α-adrenergic stimulation, through adrenergically 
mediated increases in uterine tone. Factors that increase uter-
ine vascular resistance include endogenous catecholamines, 
untreated pain or noxious stimulation (laryngoscopy and in-
tubation, skin incision), preeclampsia, chronic hypertension, 
and exogenous vasoconstrictors.

Ephedrine has been considered the drug of choice for 
treating maternal hypotension, largely on the basis of animal 
studies showing decreases in UBF despite increased maternal 
blood pressure after the administration of high doses of pure 
α-adrenergic agonists. This finding has been interpreted to in-
dicate that uterine vascular resistance is increased to a greater 
extent than maternal blood pressure when these agents are 
used. However, later studies using low doses of phenylephrine 
(50–100 μg) show no evidence of any deleterious effect on fetal 
well-being. Furthermore, there is a growing body of evidence 
that fetal well-being is in fact improved when phenylephrine 
is used to treat maternal hypotension.27,28 The reasons for 
this improvement are unclear, but it has been proposed that 
transplacental passage of ephedrine leads to increases in fetal 
metabolism, resulting in a perhaps clinically insignificant, but 

nevertheless measurable fetal metabolic acidosis when com-
pared to phenylephrine.

UTEROPLACENTAL DRUG 
TRANSFER AND TERATOGENESIS

A detailed consideration of the various mechanisms (active 
transport, facilitated diffusion, pinocytosis) by which sub-
stances are transported across the placenta is beyond the scope 
of this chapter.29 This discussion concentrates on passive diffu-
sion, the mechanism by which most anesthetic drugs admin-
istered to the mother reach the fetus. This process does not 
require the expenditure of energy. Transfer can occur either 
directly through the lipid membrane or through protein chan-
nels that traverse the lipid bilayer.

Determinants of Passive Diffusion
Concentration gradient is the primary determinant of the rate 
of transfer of drugs across the placenta. As an example, the 
initial rate of transfer of an inhalation anesthetic is quite rapid. 
As the partial pressure of the drug increases in the fetus, the 
rate of transfer decreases. Substances that have a low molecu-
lar weight cross the placenta more readily than those that have 
a higher molecular weight. Drugs with high lipid solubility 
readily traverse the placenta. Ionization limits placental trans-
fer. Membrane thickness can be increased in certain patho-
logic states, including chronic hypertension and diabetes. The 
effects of these conditions on drug transfer are of less concern 
than the resultant limitation of the transport of oxygen and 
nutrients, which can lead to intrauterine growth restriction or, 
in severe cases, fetal demise.

Specific Drugs
Inhalation anesthetics cross the placenta freely owing to their 
low molecular weight and high lipid solubility. The longer the 
period of fetal exposure to the drug (induction-to-delivery in-
terval), the more likely the newborn is to be depressed.

The induction drugs thiopental, etomidate, and propo-
fol are highly lipophilic and un-ionized at physiologic pH. 
Placental transfer is quite rapid. Because most of the blood 
returning to the fetus from the umbilical vein passes through 
the fetal liver, extensive first-pass metabolism occurs and 
neonatal depression after an induction dose of these drugs is 
uncommon. Both depolarizing and nondepolarizing muscle 
relaxants are highly ionized at physiologic pH; thus, placental 
transfer is minimal.

Opioid drugs freely traverse the placenta because of their 
high lipid solubility and low molecular weight.

The muscle relaxant reversal drugs neostigmine and edro-
phonium are highly ionized and demonstrate minimal placen-
tal transfer.

The anticholinergic drugs atropine and scopolamine freely 
pass the placenta. Glycopyrrolate is highly ionized and thus 
crosses the placenta to a minimal degree.

The commonly used anticoagulants heparin and warfarin 
have remarkably different placental transfer characteristics. 
Heparin, a highly ionized polysaccharide molecule, does not 
reach the fetus. Warfarin, which is uncharged and has a mo-
lecular weight of only 330, readily passes across the placenta. 
Because warfarin can cause birth defects, its use is contraindi-
cated during the period of organogenesis (see later).

Of the antihypertensive drugs, all of the β-blocking drugs 
that have been studied cross the placenta. Labetalol, which is 
both effective for the mother and safe for the fetus, is the drug 
of choice for treatment of maternal hypertension.30 High-dose 
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fetal bradycardia lasting up to 30 minutes after the termina-
tion of the infusion.31 The effect of a single dose is not known, 
but there are numerous case reports of its safe use as a bo-
lus during anesthetic induction. Sodium nitroprusside (SNP) 
freely passes the placenta, a characteristic that has implications 
for fetal toxicity (see later).

Anesthesia during Pregnancy and the  
Risk of Birth Defects
Principles of Teratology
It is an established principle that any substance, if adminis-
tered in large enough quantities for a prolonged period of time 
during critical periods of gestation, can produce fetal injury 
ranging from growth restriction to major structural anom-
alies to death. Thus, it should be a goal of anesthesiologists 
caring for pregnant women to minimize the fetal exposure 
to potentially toxic substances. Nevertheless, fears regarding 
the potential for injury should be tempered by the following 
considerations:

•	 Most anesthetics are administered for such a brief period 
that the potential for toxicity is minimal.

•	 There is no convincing human evidence that any 
commonly used anesthetic is dangerous to the fetus.

•	 Maternal hypotension and hypoxemia pose a much greater 
risk to the fetus than any of the anesthetic drugs.

•	 Maternal well-being must be a paramount concern. If 
avoiding a potentially teratogenic drug leads to poor 
maternal outcome or maternal death, fetal outcome will 
be equally compromised.

•	 Anesthetic neurotoxicity to the developing brain is of 
concern and the focus of ongoing research.32

Evaluation of Teratogenic Potential
There are ethical and logistical difficulties inherent in large-
scale prospective studies of the teratogenic effects of anes-
thetics in humans. Hence, there is more reliance on indirect 
evidence to evaluate the teratogenic potential of these drugs. 
The principal investigative tools used are small animal studies, 
retrospective studies of the offspring of women who received 
anesthesia during pregnancy, and, in the case of inhalation an-
esthetics, studies of operating room personnel who were ex-
posed to low-level waste anesthetic gases during pregnancy. 
In the discussion of specific drugs that follows, reference is 
made to the studies supporting or opposing their teratogenic 
potential.

Specific Anesthetic Drugs
Animal studies of inhalation anesthetics have demonstrated 
conflicting results.33,34 Their reproductive effects appear to 
be dose-related. These effects are more likely to come from 
the physiologic disturbances (hypothermia, hypoventilation, 
poor feeding) produced by the anesthetic state rather than the 
anesthetic drug itself. When animals are exposed to inspired 
concentrations of inhalational anesthetics that do not impair 
feeding behavior or level of consciousness, reproductive ef-
fects are minimal.35

Nitrous oxide has clearly been shown to increase the inci-
dence of structural abnormalities and fetal loss in rats; the tim-
ing of exposure appears to determine the extent of the effect.36 
This effect was initially thought to be the result of inhibition of 
the enzyme methionine synthetase and subsequent decreases 
in the levels of methionine and tetrahydrofolate.37 The mecha-
nism has been called into question, however, because maximal 

inhibition of methionine synthetase activity occurs at levels of 
anesthetic exposure that do not have teratogenic effects. Later 
evidence suggests that the fetal effects of nitrous oxide are 
from α-adrenergic stimulation and subsequent decreases in 
UBF.38 These effects can be reversed by the simultaneous ad-
ministration of a potent inhalation drug. Studies of operating 
room personnel exposed to trace levels of nitrous oxide and 
of women receiving nitrous oxide anesthesia have not shown 
any teratogenic effect. The reader is referred to the detailed 
reviews by Burm39 and Weimann40 of the reproductive toxicol-
ogy of nitrous oxide.

Muscle relaxants do not have any teratogenic effect at clin-
ically appropriate doses. Opioids have not been shown to be 
teratogenic in either human or animal studies.

Several retrospective human studies have suggested that 
long-term benzodiazepine therapy during pregnancy in-
creases the incidence of cleft lip and cleft palate. These studies 
have been faulted for failure to control for concomitant expo-
sure to other potentially teratogenic substances. There is lit-
tle evidence to suggest that a single dose of a benzodiazepine 
during pregnancy poses any risk to the fetus.41–43

There is no human evidence suggesting that clinically use-
ful local anesthetics are teratogenic. Chronic cocaine abuse 
has been linked to birth defects; this is likely to be secondary 
to its effects on uteroplacental perfusion.

Warfarin therapy during pregnancy has been correlated 
with ophthalmologic, skeletal, and central nervous system ab-
normalities, presumably from microhemorrhages during or-
ganogenesis. Because heparin does not cross the placenta, it is 
the drug of choice in women requiring anticoagulation during 
pregnancy.

In summary no anesthetic agents are documented terato-
gens in humans, including nitrous oxide and the benzodiaze-
pines, but anesthetic neurotoxicity to the developing brain is 
of concern and the focus of ongoing research.

INTRACRANIAL DISEASE

Subarachnoid Hemorrhage: Aneurysm  
and Arteriovenous Malformation
Subarachnoid hemorrhage (SAH) is most often caused by rup-
ture of an intracranial aneurysm or arteriovenous malforma-
tion (AVM). Other, less common causes include hypertensive 
intracerebral hemorrhage, vasculitis, and bacterial endocar-
ditis. The overall incidence of SAH during pregnancy is ap-
proximately 1 in 10,000,44 which is similar to the incidence in 
the general population. In the 2011 Confidential Enquiries into 
Maternal Deaths in the United Kingdom,45 eleven women died 
of intracranial hemorrhage, 0.48 per 100,000 maternities. Six 
had SAH and five had intracerebral bleeds. SAH accounted 
for about 7% of indirect maternal deaths. None of the bleeds 
were associated with labor and only two women died unde-
livered. Six of the women presented with sudden collapse 
or severe headache with rapid deterioration and subsequent 
death. Four women had no previous symptoms to alert health 
care providers that they were at risk of an intracranial bleed. 
In the US, cerebrovascular accidents accounted for 5.4% of all 
pregnancy-related deaths.46

In 1990, Dias and Sekhar47 published a review of 154 pub-
lished cases of SAH during pregnancy. The ratio of aneurysms 
to AVMs was approximately 3:1. However, in a recent report 
from Japan the ratio of AVM to ruptured aneurysm that pro-
duced intracranial hemorrhage during pregnancy was 2:1.48 
For both AVMs and aneurysms, there is a rising incidence of 
hemorrhage with advancing gestational age, which may be due 
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to increases in cardiac output or, possibly, from hormonal in-
fluences on vascular integrity. Few women bleed during labor 
and delivery, a finding consistent with the observation that 
more than 90% of all hemorrhages in nonpregnant patients 
occur at rest. Thirty-four percent of the patients whose rup-
ture occurs during labor and delivery have hypertension, pro-
teinuria, or both, suggesting that the differentiation between 
SAH and preeclampsia may be difficult.47,49

As the prognosis of SAH remains poor, prompt diagnosis 
and appropriate treatment are essential, because early treat-
ment may improve outcome. It is, therefore, important to rule 
out SAH as soon as possible in all patients complaining of sud-
den onset of severe headache lasting for longer than an hour 
with no alternative explanation. The three main predictors of 
mortality and disability are impaired level of consciousness 
on admission, advanced age, and a large volume of blood on 
initial cranial computed tomography. The major complica-
tions of SAH include re-bleeding, cerebral vasospasm leading 
to immediate and delayed cerebral ischemia, hydrocephalus, 
cardiopulmonary dysfunction, and electrolyte disturbances. 
Prophylaxis and therapy of cerebral vasospasm include main-
tenance of cerebral perfusion pressure (CPP) and normovo-
laemia, administration of intravenous nimodipine, moderate 
hypertension, balloon angioplasty, and intra-arterial nimodip-
ine or papaverine. Occlusion of the aneurysm after SAH is 
usually attempted surgically (“clipping”) or endovascularly by 
detachable coils (“coiling”). The need for an adequate CPP (for 
the prevention of cerebral ischaemia and cerebral vasospasm) 
must be balanced against the need for a low transmural pres-
sure gradient of the aneurysm (for the prevention of rupture 
of the aneurysm). Effective measures to prevent or attenuate 
increases in intracranial pressure, brain swelling, and cerebral 
vasospasm throughout all phases of anaesthesia are necessary 
for optimal outcome.

Neoplastic Lesions
The incidence of intracranial neoplasms does not appear to 
be appreciably different in pregnant and nonpregnant women. 
However, some tumors appear to grow more rapidly or be-
come symptomatic during pregnancy. The reason may be an 
increase either in peritumoral edema secondary to increased 
sodium and water retention, or increased blood volume in 
vascular tumors such as meningiomas.

There is considerable evidence that hormonal influences 
affect the growth of brain tumors, particularly meningiomas. 
Meningioma represents the most common primary intracra-
nial tumor, and it has long been recognized that the growth of 
these lesions frequently accelerates during pregnancy. As early 
as 1958, a relationship among the menstrual cycle, pregnancy, 
and symptomatology of meningioma was identified. The in-
cidence of meningioma is higher in women than in men but 
decreases significantly after menopause, particularly when 
surgically induced by oophorectomy.50 Progesterone recep-
tors have been identified in meningiomas; 51 in vitro growth of 
human astrocytoma cell lines is enhanced by progesterone.52 
Therefore, accelerated tumor growth during pregnancy is 
likely due, at least in part, to hormonal stimulation.

Gliomas are rare in pregnancy but pose a risk to maternal 
and fetal life. They have been treated with cesarean delivery 
followed by craniotomy under the same general anesthetic af-
ter 34 weeks’ gestation. This is followed by radiotherapy and 
chemotherapy. However, all cases must be individualized and 
treatment tailored accordingly.53

Poor perinatal outcome and maternal death can be asso-
ciated with unplanned pregnancies where a brain tumor is 

diagnosed during pregnancy.54 Delayed intervention often re-
sults in maternal deterioration requiring urgent intervention. 
Pregnancy should not be considered a major contraindication 
to performing a neurosurgical procedure, which should be 
considered early rather than late in most women.55 A multi-
disciplinary approach and individualized care play a crucial 
role in the successful preoperative management of pregnant 
women requiring neurosurgical procedures.56

MANAGEMENT OF ANESTHESIA 
FOR CRANIOTOMY DURING 
PREGNANCY

Timing of Surgery in Relation to Delivery
General Concerns
The decision to perform surgery is based on neurosurgical 
considerations, not obstetric ones.57 The indication for sur-
gery will be based on the location of the lesion, its pathological 
features, and the neurological assessment of the patient. When 
neurosurgery is considered essential but the patient is neuro-
logically stable, then the surgery can be deferred in order to 
allow fetal maturation. This is accompanied by close monitor-
ing of both the mother and the fetus. Elective surgery should 
be postponed until the postpartum period.

Whenever craniotomy during pregnancy is contemplated, 
the physicians caring for the pregnant woman must decide 
whether the pregnancy will be allowed to proceed to term 
or whether simultaneous operative delivery will occur. The 
choice is determined by the gestational age of the fetus, with 
32 weeks commonly used as the cutoff. Before this time, preg-
nancy is allowed to continue; after 32 weeks, cesarean delivery 
is performed and is followed by immediate craniotomy. This is 
not because viability begins at 32 weeks, but rather because at 
this time the risks of preterm delivery are believed to become 
less than the risks to the fetus from maternal therapies such 
as controlled hypotension, osmotic diuresis, and mechanical 
hyperventilation.

Aneurysm Clipping
Dias and Sekhar47 demonstrated a significantly higher rate of 
survival for both mother and fetus when aneurysm clipping 
was performed after SAH in comparison with nonsurgical 
management.47 Therefore, in patients with good clinical grade 
after SAH, aneurysm clipping should be performed as soon 
as possible to prevent rebleeding. Clipping of unruptured 
contralateral aneurysms can be delayed until the postpartum 
period.

Arteriovenous Malformation Resection
The risk of AVM rupture is greatly increased if a patient 
has come to clinical attention with a hemorrhagic event.58,59 
Resection of unruptured AVMs can be delayed until after 
delivery with no apparent increase in maternal mortality, es-
pecially for patients at lowest risk of spontaneous rupture.60 
Conversely, resection of ruptured AVMs is more controver-
sial. Improved maternal outcome with early operation has 
been demonstrated, but this difference did not reach statis-
tical significance.47 The question of early operation for rup-
tured AVM during pregnancy remains unanswered at this 
time. The risk of rupture is probably determined primar-
ily by the underlying risk of the lesion, not the pregnancy. 
An informed decision must weigh the risk of exposing the 
mother to neurosurgical intervention against the natural his-
tory risk of rupture due to characteristics of the lesion or its 
presentation.
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Resection of a histologically benign neoplasm such as a menin-
gioma can be delayed until after delivery, but only if frequent 
follow-up and careful monitoring for neurologic deterioration 
can be ensured.61

Surgery for presumed malignant tumors and for those 
masses producing worsening neurologic deficits—for exam-
ple, pituitary adenoma with worsening visual field defect—
should be performed regardless of gestational age. Gliomas 
during pregnancy are rare but pose a risk to maternal and fetal 
life. One case report describes early cesarean delivery followed 
by craniotomy at 34 weeks’ gestation as an effective option in 
such cases.53

Anesthetic Management
Sedative premedication may be appropriate in extremely anx-
ious patients, but the risk of hypoventilation, hypercarbia, and 
subsequent increases in intracranial pressure (ICP) should be 
considered and guarded against. It might be more appropriate 
to defer the administration of sedative medications until the 
patient arrives in the preoperative holding area, where care-
ful observation can be maintained. Because pregnant patients 
must be considered to be at increased risk of regurgitation 
and aspiration of gastric contents, medications to decrease 
the acidity and the volume of the gastric contents should be 
administered. These include a nonparticulate antacid such as 
Bicitra 30 mL, metoclopramide 10 mg, and an H2 receptor an-
tagonist such as famotidine 20 mg iv.

Anesthetic induction in the pregnant patient who has an 
intracranial lesion provides the clearest example of the need 
to reconcile competing or even contradictory clinical goals. A 
rapid-sequence induction designed to prevent aspiration does 
little to prevent the hemodynamic response to intubation that 
can be catastrophic for the patient who has an intracranial 
aneurysm or increased ICP. At the same time, a slow “neuro-
induction” with propofol, an opioid, a nondepolarizing muscle 
relaxant, and mask ventilation does little to reduce the risk of 
aspiration. This technique can also be expected to lead to neo-
natal depression if cesarean delivery is performed as part of a 
combined procedure. The decision to proceed with or modify 
a standard rapid-sequence induction without ventilation must 
weigh the risk of aspiration against the patient’s level of in-
creased intracranial pressure and ability to tolerate a period of 
hypercarbia.

One acceptable technique for anesthetic induction is de-
scribed in Box  25.1; other approaches that accomplish the 
stated goals are equally acceptable.62 As described previously, 
aspiration prophylaxis and avoidance of aortocaval compres-
sion is mandatory. Cricoid pressure should be maintained 
from the point at which consciousness is lost until intubation 
is confirmed by capnography. If cesarean delivery is performed 
as part of a combined procedure, the physician caring for the 

newborn should be made aware of the likelihood of neonatal 
depression and the need to provide ventilatory support.

The use of fetal heart rate (FHR) monitoring during non-
obstetric surgery remains controversial. A 2011 Committee 
Opinion of the American College of Obstetricians and 
Gynecologists (ACOG) stated that intraoperative fetal mon-
itoring may be appropriate when the following conditions are 
met: (1) the fetus is viable, (2) it is physically possible to per-
form monitoring, (3) a health care provider who can perform a 
cesarean section is present, (4) the woman has given informed 
consent to emergency cesarean section, and (5) the nature 
of the surgery will allow its interruption to provide access to 
perform emergency surgery.63 The opinion goes on to say that 
monitoring a previable fetus may be appropriate to facilitate 
positioning or interventions to optimize oxygenation. Finally, 
the opinion states that the decision to perform intraoperative 
monitoring should be individualized based on gestational age, 
type of surgery, and available facilities.

Monitoring is further complicated by the fact that decreases 
in short- and long-term FHR variability, as well as a decreased 
baseline FHR, are commonly seen even in the healthy, uncom-
promised fetus whose mother is receiving general anesthesia. 
Because the evidence base in support of fetal monitoring is 
primarily anecdotal,64 the decision to use such monitoring 
should be individualized. It is probably unrealistic to expect 
that an emergency cesarean delivery could be performed ex-
peditiously during craniotomy because of an ominous FHR 
value; rather, FHR monitoring may be useful because signif-
icant changes should lead to a rapid search for potentially re-
versible causes of decreased uteroplacental perfusion, such as 
hypotension and hypoxemia.

Anesthetic maintenance is not appreciably different in 
pregnant and nonpregnant women undergoing craniotomy 
(Box 25.2). As is the case during induction of anesthesia, every 
effort should be made to maintain hemodynamic stability as 
well as to avoid increases in cerebral blood volume that could 
interfere with surgical exposure.

Adjuvants to Surgery
Osmotic diuresis with mannitol is commonly used to decrease 
brain bulk and facilitate exposure during craniotomy. Because 
mannitol has been demonstrated in both animal and hu-
man studies to produce fetal dehydration, some have advised 
against its use during pregnancy. However, the doses given 
in these early studies were considerably higher than those 
currently in clinical use. There is no evidence that mannitol 
0.25–0.5 g/kg has any significant adverse effect on fetal fluid 
balance.65 Furosemide may be an alternative to mannitol.66

Maternal hyperventilation can facilitate surgical expo-
sure by decreasing cerebral blood volume. Severe hypocarbia 
may impair fetal oxygen delivery, however, by shifting the 
maternal oxygen–hemoglobin dissociation curve to the left. 
Hyperventilation can also decrease maternal cardiac output 
by raising intrathoracic pressure. Modest hyperventilation to a 
PaCO2 value of 25–30 mmHg should provide adequate surgical 
conditions without significantly compromising the fetus.66

BOX 25.1  �Anesthetic Induction for Craniotomy  
in a Pregnant Patient

Aspiration prophylaxis with nonparticulate antacid, 
metoclopramide 10 mg IV and famotodine 20 mg IV

Left uterine displacement to avoid aortocaval compression
Preoxygenation for 3–4 minutes
Propofol 1–2.5 mg/kg
Fentanyl 3–5 μg/kg
Lidocaine 75 mg
Rocuronium 0.9–1.2 mg/kg
Mask ventilation with cricoid pressure, 100% O2

BOX 25.2  �Anesthetic Maintenance for Craniotomy  
in a Pregnant Patient

Fentanyl 1–2 μg/kg/h
Isoflurane 0.5–1% +/- nitrous oxide
Nondepolarizing muscle relaxant
Propofol 40–200 μg/kg/h for “tight brain”
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There are a number of specific anesthetic concerns during 
surgery for aneurysm clipping. Controlled hypotension during 
clipping has been largely supplanted by the use of temporary 
clip occlusion of proximal vessels. Controlled hypotension has 
become less commonly used due to concerns that use of con-
trolled hypotension may increase the risk of early and delayed 
neurological deficits. There may be situations, however, in 
which this technique becomes necessary. Because UBF varies 
directly with perfusion pressure, severe hypotension can lead 
to fetal asphyxia. Blood pressure should, therefore, be lowered 
only to that level deemed necessary for maternal well-being, 
and for as brief a period as possible. FHR monitoring might 
alert the anesthesiologist to the development of fetal hypoxia 
and lead to the restoration of blood pressure if the need for 
hypotension is not critical at that time.

There is an additional concern when sodium nitroprusside 
is used as the hypotensive agent. Because of the limited ability 
of the fetal liver to metabolize cyanide, it is possible for fetal 
intoxication to occur in the absence of any signs of maternal 
toxicity.67 Although there are several case reports of the safe 
use of sodium nitroprusside during pregnancy,68,69 the dura-
tion of administration should be limited to a period deemed 
essential to maternal well-being. The total dose of sodium ni-
troprusside can also be limited through the administration of 
adjuvants such as β-blocking drugs and inhalation anesthetics.

Although intraoperative hypothermia to 33 ° C has not 
been shown to improve neurologic outcome after craniotomy 
for SAH,70 mild permissive hypothermia (35° C) is still used 
by a number of practitioners. This level of hypothermia has no 
significant fetal effects. More profound levels of hypothermia, 
however, can cause fetal arrhythmias and should be avoided.

Avoidance of intraoperative hyperglycemia (>130 mg/dL) 
will reduce the risk of neurologic injury after transient focal 
ischemia during aneurysm clipping. Various pharmacological 
agents have been used to promote cerebral protection during 
aneurysm surgery, but none has been clearly shown to improve 
outcome. The benefits of temporary clipping and concomitant 
use of induced hypertension, deep hypothermia with circula-
tory arrest and cardiopulmonary bypass, and transient cardiac 
pause using adenosine to control aneurysmal bleeding, is be-
yond the scope of this chapter and is covered elsewhere.

Emergence from Anesthesia
Before the removal of the endotracheal tube, the pregnant 
patient should be fully awake and her airway reflexes intact 
to minimize the risk of aspiration. Bringing the patient to 
alertness will also facilitate early neurologic evaluation and 
eliminate the need for emergency radiologic evaluation of the 
persistently obtunded patient. At the same time, however, ev-
ery effort should be made to prevent coughing and straining 
on the endotracheal tube, which may cause catastrophic intra-
cranial hemorrhage. Prevention may be facilitated through the 
administration of lidocaine 75–100 mg and fentanyl 25–50 μg 
at the end of the operation. Another option is to titrate intra-
venous dexmedetomidine to produce the desired effect of a 
hemodynamically stable patient who is cooperative and able 
to tolerate an indwelling endotracheal tube prior to extuba-
tion. Because placement of the head dressing is associated 
with movement that produces airway stimulation and “buck-
ing” of the patient on the endotracheal tube, it is appropriate to 
maintain neuromuscular blockade until the dressing has been 
secured. These guidelines do not apply to patients who were 
obtunded preoperatively or who had a significantly compli-
cated intraoperative course with bleeding, brain swelling, or 
ischemia. Such patients should remain intubated until their 
neurologic status can be evaluated.

NEURAXIAL ANESTHESIA 
IN PARTURIENTS WITH 
INTRACRANIAL PATHOLOGY

Parturients with intracranial lesions are often thought to have 
increased intracranial pressure, even if there are no clinical or 
radiographic signs. Consequently, the risk of brainstem herni-
ation after inadvertent dural puncture is often cited as a con-
traindication to neuraxial anesthesia. In order to decide if such 
patients can undergo spinal or epidural analgesia or anesthesia 
we must understand factors that contribute to brain hernia-
tion, such as raised ICP, cerebral edema and hydrocephalus.71 
In the absence of other contraindications to neuraxial anes-
thesia, pregnant women with space-occupying lesions (SOL) 
are unlikely to be at increased risk of herniation if there is no 
mass effect, no clinical or imaging finding of increased ICP 
and no hydrocephalus. Patients at high risk from herniation 
following a dural puncture are those where the brain lesion 
compresses normal brain tissue and causes a midline shift or 
a downward shift, with or without obstruction to CSF flow 
(Fig. 25.1). Neuraxial anesthesia has the advantage of avoiding 
intubation associated valsalva and hypertension, minimizes 
fetal exposure to anesthetics and allows maternal participation 
in the birth process. If incremental epidural dosing is used in 
patients with a SOL but at low risk of herniation, it is best to 
use no more than 5 mL solution every 5 minutes in order to 
limit acute increases in ICP.

SPONTANEOUS SPINAL  
EPIDURAL HEMATOMA

Spontaneous spinal epidural hematoma (SSEH) is a rare cause 
of spinal cord compression. The lesions are usually associated 
with congenital or acquired bleeding disorders, hemorrhagic 
tumors, spinal AVMs, or increased intrathoracic pressure. In 
a review published in 2003, Kreppel and associates72 identified 
613 cases reported in the literature since 1682. As of 2005, there 
were six reported cases during pregnancy.73 In these six cases, 
the women had profound neurologic deficits, were managed 
surgically, and exhibited significant neurologic improvement 
after surgery. Pregnancy was carried to term in three cases, 
and emergency cesarean delivery was performed before evac-
uation of the spinal epidural hematoma in three cases.

When an SSEH occurs in the thoracic or lumbar region, 
the initial presentation consists of lower extremity radicular 
pain as well as bladder and bowel dysfunction. Motor and 
sensory deficits are usually progressive within hours of pre-
sentation. The definitive diagnosis is made radiologically, with 
magnetic resonance imaging appearing to be the preferred 
modality during pregnancy. For patients who have profound 
and progressive neurologic deficits, the treatment of choice is 
immediate surgical evacuation of the hematoma. Lawton and 
coworkers74 concluded that neurologic outcome was signifi-
cantly improved in patients who underwent decompression 
within 12 hours of the onset of symptoms. Although Duffill 
and colleagues reported the successful nonoperative manage-
ment of SSEH,75 there are no case reports of pregnant patients 
who were managed conservatively.

Cywinski and associates24 address the possibility of con-
servative management of the pregnant patient with SSEH. 
They suggest that the hemodynamic changes seen during vag-
inal delivery might precipitate expansion of the hematoma. 
Further, they suggest that cesarean delivery during conserva-
tive management of SSEH would be inappropriate, because of 
the inability to monitor the patient’s neurologic status.24
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Timing of delivery in relation to SSEH surgery depends on 
gestational age. It has been recommended, in patients with a 
viable fetus, that cesarean delivery be performed immediately 
prior to surgical decompression. Vaginal delivery is not rec-
ommended, due to the unpredictable duration of labor, and 
the possibility of more extreme hemodynamic changes, par-
ticularly during the second stage of labor.24

Anesthetic Management of  
Surgical Evacuation
The concerns and techniques outlined for anesthetic manage-
ment of intracranial lesions should be followed for evacuation 
of SSEH with or without cesarean delivery, including the rec-
ommendations for sedative premedication, anesthetic induc-
tion and maintenance, FHR monitoring, and emergence.

Anesthetic maintenance is not appreciably different from 
that for patients undergoing operation for intracranial lesions, 
except for the need to maintain the mean arterial blood pres-
sure in the high normal range (70–85 mmHg in normotensive 
patients) to ensure adequate perfusion of the spinal cord.

Positioning considerations are extremely important in the 
pregnant patient before thoracic or lumbar laminectomy for he-
matoma evacuation. Aortocaval compression must be avoided 
to prevent significant reductions in maternal cardiac output, sys-
temic blood pressure, and uteroplacental perfusion in patients 
for whom prior cesarean delivery is not performed. Physiologic 
studies reveal better relief of uterine compression of the large 
maternal vessels in the prone position than in the sitting or lat-
eral position, with the lateral position actually being associated 
with a higher incidence of aortocaval compression.76,77

Jea and colleagues73 described the use of the four-post 
Wilson frame for surgery in a patient with SSEH; two posts 
were placed just below the clavicles on the chest and the other 
posts centered on the anterosuperior iliac spines to support the 
pelvis.73 In this position, the abdomen hung free of compres-
sion between the four posts, preventing compression of the 
abdominal aorta and vena cava. Positioning the patient on a 
Jackson table would similarly reduce aortocaval compression.

Emergence is managed as for pregnant patients undergoing 
surgery for intracranial lesions. Additional precautions must 
be taken to assess the patient’s readiness for extubation after 
being in the prone position for surgery because of possible air-
way edema. A leak test should be performed when the patient 
is fully awake before the endotracheal tube is removed.

In summary, surgical management of intracranial and spi-
nal lesions in pregnant women is usually well tolerated by both 
mother and fetus. Preoperative delivery by cesarean of term 
or near-term babies is often advised. Attempts to manage by 
conservative therapy alone may lead to clinical deterioration 
requiring urgent surgical intervention.78

INTERVENTIONAL 
NEURORADIOLOGY IN 
PREGNANCY

The neurointerventional radiology suite is one of a growing 
number “out of OR” sites where anesthesia is often provided 
to critically ill patients. With improvements in techniques and 
equipment, coiling of both ruptured and unruptured intracra-
nial aneurysms increasingly provides an alternative to surgical 

Are there new neurologic symptoms
(e.g., worsening headache, visual
changes, seizure, or decreased

level of consciousness) or a known
lesion that is likely to grow or change

during pregnancy?

Is there
recent

imaging?

Repeat neuroimaging,
preferably magnetic
resonance imaging

(MRI)

DO NOT PROCEED
Patient is likely at high risk of
herniation from dural puncture

DO NOT PROCEED
WITHOUT

NEUROLOGICAL
CONSULTATION

Patient is likely at mild-to-
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herniation from dural
puncture

Is there imaging evidence of an
intracranial space-occupying
lesion (e.g., tumor, hematoma,
edema, or intracranial cyst)?
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significant mass effect with
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Is there imaging evidence
of hydrocephalus?
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subtle mass effect?
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intracranial pathology?
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No
No
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No
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MAY BE REASONABLE TO PROCEED
WITH NEURAXIAL ANESTHESIA

Patient is likely at minimal-to-no risk of herniation
from dural puncture

Fig. 25.1  Anesthetic management of the pregnant patient undergoing craniotomy.
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clipping.79 Compared to surgery, coiling has a reduced inci-
dence of vasospasm and procedural complications, and a sim-
ilar incidence of obstructive hydrocephalus, albeit a smaller 
rate of successful aneurysmal obliteration.80 While aneurysm 
coiling may appear to be minimally invasive, there remains a 
real risk of significant morbidity. Fastidious anesthetic care is, 
therefore, essential.

Fetal radiation exposure during a neurointerventional 
procedure is an understandable source of anxiety for pregnant 
patients. Before the health effects of fetal irradiation can be 
discussed, one must take into account the expected radiation 
dose, as well as the gestational age of the fetus. Fetal risk from 
radiation exposure in the neuroradiology suite depends on the 
study being performed (e.g., head CT vs. abdominopelvic stud-
ies), gestational age, and dose of radiation. Many radiologists 
believe that radiation exposure is minimal for head CT during 
pregnancy, but most will still shield the fetus with a lead apron 
and use the lowest dose of radiation possible. Exposure to ra-
diation is quantitated by the radiation absorbed dose, or rad. 
One gray, another commonly used measure of radiation expo-
sure, is the equivalent of 100 rad. Adverse effects on the fetus 
are uncommon below 5 rad (0.05 Gy). If risk–benefit analysis 
favors using CT, then a radiologist must not delay or withhold 
imaging but must minimize radiation exposure.81 The risk 
of increasing radiation exposure at different stages of gesta-
tion has been well described (Table 25.1).82 Anesthesiologists 
should have an understanding of the radiation risks to mother 
and fetus, the ways that these risks can be minimized, and the 
ability to provide accurate information regarding those risks 
to an often apprehensive pregnant mother.

CT imaging of the head delivers minimal radiation to the 
fetus.81 While fluoroscopy can expose the fetus to greater 
amounts of radiation, appropriate protective measures can 
significantly reduce radiation dose.

Lead aprons and thyroid shields are routinely used by ra-
diology personnel. These measures have been shown to reduce 
total body exposure to radiation in patients undergoing fluo-
roscopy, and, therefore, one could conclude reduce fetal radia-
tion exposure as well.83 Ultimately the estimation of radiation 
dose is best estimated by the physician who performs such 
procedures on a regular basis so that a realistic risk–benefit 
discussion can be undertaken.

Anxiety surrounding radiation exposure has been well de-
scribed, even amongst physicians and health care personnel 

who operate in the interventional suites. It is clearly under-
standable that even with the most detailed of explanations, 
parturients may need significant reassurance.84

Besides radiation exposure, there are many technical dif-
ficulties presented by an interventional radiology suite. The 
airway changes of pregnancy are made more challenging due 
to the inability of most interventional suite operating tables to 
assist with proper positioning for airway management. During 
a neurointerventional procedure, the C-arm will typically be 
in close proximity to the head, making access to the airway 
difficult. The movements of both the C-arm and the operating 
table are controlled by the interventional radiologist, greatly 
increasing the risk of unintentional extubation. The standard 
positioning of the anesthesia machine to the anesthesiologist’s 
right side is often absent in interventional suites. All of these 
factors can lead to significant problems in patient manage-
ment in the event of airway emergency or hemodynamic in-
stability. It is not surprising that anesthesia closed claim trials 
analysis found that out of OR airway claims occurred twice as 
frequently as in OR claims.85

Many personnel working in neurointerventional suites are 
unfamiliar with the provision of anesthesia. This unfamiliarity 
with anesthetic management is only magnified when dealing 
with a pregnant patient in such an environment, and issues 
such as aortocaval compression are poorly understood and 
easily overlooked.

While aneurysm coiling is occasionally performed under 
moderate sedation administered by the interventional radiol-
ogist, the complex issues surrounding the management of the 
pregnant patient require the presence of an anesthesiologist.

The anesthetic principles that apply to open surgical treat-
ment of ruptured cerebral aneurysms also apply to endovascular 
treatment. The choice of anesthetic technique varies depending 
on the institution, with the most common techniques being 
conscious sedation and general anesthesia. There have been no 
studies comparing these two techniques. One of the main goals 
of the anesthetic technique is keeping the patient motionless 
to optimize the quality of the images used to perform the en-
dovascular procedure; hence, general anesthesia with endotra-
cheal intubation is often preferred for these procedures.86

Aneurysm rupture is a major concern during endovascu-
lar treatment. There may be an acute, massive rise in blood 
pressure (with or without bradycardia) secondary to elevated 
ICP. Hyperventilation and osmotic diuresis are used to control 

Blastogenesis
0–2 weeks

Organogenesis
(2–8 weeks)

Fetogenesis
(8–15 weeks)

Fetogenesis
(16–25 weeks)

Fetogenesis
(26–38 weeks)

<0.05 Gy No malignancy-
related health issues

 

0.05–0.50 Gy Incidence of 
implantation failure 
increases
Surviving embryos 
unaffected

Growth retardation 
possible
Incidence of major 
malformations increases 
slightly

Growth retardation 
possible
Reduced IQ (up to15 
points)
Incidence of severe 
learning difficulties 
up to 20%

No malignancy-related health issues

>0.50 Gy Incidence of 
implantation failure 
increase further
(1 Gy will kill 50% of 
embryos)

Incidence of miscarriage 
increases
Growth retardation likely
Substantial risk of major 
malformations—motor and 
neurologic

Incidence of 
miscarriage 
increases
Decreased IQ by 
>15 points
Incidence of learning 
difficulties > 20%

Incidence of 
miscarriage 
increases
Decreased IQ by 
>15 points
Incidence of learning 
difficulties > 20%

Incidence of 
miscarriage and 
neonatal death will 
probably increase

Table 25.1  �Health Effects of Prenatal Radiation Exposure—created from information provided by the International 
Commission on Radiological Protection

Anesthesia Books 

http://surgerybook.net/anesthesia


442

2
5

 
• 

A
n

e
s

th
e

s
ia

 f
o

r
 N

e
u

r
o

s
u

rg


e
r

y
 in

 t
h

e
 P

r
e

g
n

a
n

t 
Pat

i
e

n
t intracranial hypertension. Aggressive treatment of malignant 

hypertension may induce ischemia; therefore, antihyperten-
sive therapy should be used with caution.

Anticoagulation with heparin is often used for endovascu-
lar procedures during the embolization of aneurysms. Patients 
who have undergone anticoagulation require rapid reversal 
with protamine if aneurysm rupture occurs during the proce-
dure. However, with the increasing use of intravascular stents, 
administration of antiplatelet agents (aspirin, clopidogrel, and 
glycoprotein IIb/IIIa receptor antagonists) during these proce-
dures has become more common. In case of aneurysm rupture 
in this setting, rapid reversal of antiplatelet activity is achieved 
with platelet transfusion.

Finally, although emergency cesarean section in response 
to a nonreassuring FHR value is unlikely to be an option in 
most neuroradiology suites that are distant from the operating 
room, FHR monitoring may provide some guidance regard-
ing the range of blood pressure that provides adequate utero-
placental perfusion and oxygen delivery.

As an example of current practice, within the University 
of California, San Diego, parturients undergoing aneurys-
mal coiling typically will have arterial catheters placed prior 
to induction of anesthesia. Because of the risks of rapid alter-
ations in the patient’s level of consciousness should procedural 
complications occur, general anesthesia with endotracheal in-
tubation is routinely used. Fetal heart rate monitoring is also 
utilized as requests for lower blood pressure have to be bal-
anced against the risk of decreased uteroplacental perfusion. 
Although unruptured aneurysms and AVMs are not typically 
associated with raised intracranial pressure, it is common for 
a propofol-based total intravenous anesthetic to be utilized to 
optimize cerebral metabolic oxygen balance. The additional 
antiemetic properties of propofol and its ability to facilitate 
smooth emergence also make propofol a popular choice.

REFERENCES
	 1.	 Subramanian  R, Sardar  A, Mohanaselvi  S, Khanna  P, Baidya  DK. 

Neurosurgery and pregnancy. J Neuroanaesth Crit Care. 2014;1:166–172.
	 2.	 Chan MT, Mainland P, Gin T. Minimum alveolar concentration of hal-

othane and enflurane are decreased in early pregnancy. Anesthesiology. 
1996;85:782–786.

	 3.	 Gin T, Chan MT. Decreased minimum alveolar concentration of isoflu-
rane in pregnant humans. Anesthesiology. 1994;81:829–832.

	 4.	 Gintzler AR, Liu NJ. The maternal spinal cord: Biochemical and phys-
iological correlates of steroid-activated antinociceptive processes. Prog 
Brain Res. 2001;133:83–97.

	 5.	 Lee  J, Lee  J, Ko S. The relationship between serum progesterone con-
centration and anesthetic and analgesic requirements: A prospective 
observational study of parturients undergoing cesarean delivery. Anesth 
Analg. 2014;119:901–905.

	 6.	 Ueyama H, Hagihira S, Takashina M, et al. Pregnancy does not enhance 
volatile anesthetic sensitivity on the brain: An electroencephalographic 
analysis study. Anesthesiology. 2010;113:577–584.

	 7.	 Igarashi T, Hirabayashi Y, Shimuzu R, et al. The fiberscopic findings of the 
epidural space in pregnant women. Anesthesiology. 2000;92:1631–1636.

	 8.	 Flanagan  HL, Datta  S, Lambert  DH, et  al. Effect of pregnancy on 
bupivacaine-induced conduction blockade in the isolated rabbit vagus 
nerve. Anesth Analg. 1987;66:123–126.

	 9.	 Bader AM, Datta S, Moller RA, Covino BG. Acute progesterone treat-
ment has no effect on bupivacaine-induced conduction blockade in the 
isolated rabbit vagus nerve. Anesth Analg. 1990;71:545–548.

	 10.	 McAuliffe F, Kametas N, Costello J, et al. Respiratory function in single-
ton and twin pregnancy. BJOG. 2002;109:765–769.

	 11.	 Spätling L, Fallenstein F, Huch A, et al. The variability of cardiopulmo-
nary adaptation to pregnancy at rest and during exercise. Br J Obstet 
Gynaecol. 1992;99(Suppl 8):1–40.

	 12.	 McClelland SH, Bogod DG, Hardman JG. Apnoea in pregnancy: An in-
vestigation using physiological modeling. Anaesthesia. 2008;63:264–269.

	 13.	 McClelland  SH, Bogod  DG, Hardman  JG. Pre-oxygenation in preg-
nancy: An investigation using physiological modeling. Anaesthesia. 
2008;63:259–263.

	 14.	 Jensen D, Duffn J. Lam Y- M: Physiological mechanisms of hyperventi-
lation during pregnancy. Respir Physiol Neurobiol. 2008;161:76–86.

	 15.	 Capeless EL, Clapp JF. Cardiovascular changes in early phase of preg-
nancy. Am J Obstet Gynecol. 1989;161:1449–1453.

	 16.	 Clark SL, Cotton DB, Lee W, et al. Central hemodynamic assessment of 
normal term pregnancy. Am J Obstet Gynecol. 1989;161:1439–1442.

	 17.	 Robson SC, Dunlop W, Boys RJ, Hunter S. Cardiac output during labor. 
Br Med J. 1987;295:1169–1172 [Clin Res Ed].

	 18.	 Lee  SW, Khaw  KS, Ngan Kee  WD, et  al. Haemodynamic effects from 
aortocaval compression at different angles of lateral tilt in non-labouring 
term pregnant women. Br J Anaesth. 2012;109:950–956.

	 19.	 O’Sullivan GM, Bullingham RE. The assessment of gastric acidity and 
antacid effect in pregnant women by a non-invasive radiotelemetry 
technique. Br J Obstet Gynaecol. 1984;91:973–978.

	 20.	 Wong CA, McCarthy RJ, Fitzgerald PC, et al. Gastric emptying of water 
in obese pregnant women at term. Anesth Analg. 2007;105:751–755.

	 21.	 Escher G, Mohaupt M. Role of aldosterone availability in preeclampsia. 
Mol Aspects Med. 2007;28:245–254.

	 22.	 Bacq Y, Zarka O, Bréchot JF, et al. Liver function tests in normal preg-
nancy: A prospective study of 103 pregnant women and 103 matched 
controls. Hepatology. 1996;23:1030–1034.

	 23.	 Leighton BL, Cheek TG, Gross JB, et al. Succinylcholine pharmacody-
namics in peripartum patients. Anesthesiology. 1986;64:202–205.

	 24.	 Cywinski JB, Parker BM, Lozada LJ. Spontaneous spinal epidural hema-
toma in a pregnant patient. J Clin Anesth. 2003;16:371–375.

	 25.	 Nolte JE, Rutherford RB, Nawaz S, et al. Arterial dissections associated 
with pregnancy. J Vasc Surg. 1995;21:515–520.

	 26.	 Ngan Kee  WD. Uteroplacental blood flow. In: Chestnut  DH, ed. 
Obstetric Anesthesia, Principles and Practice. 5th ed. Philadelphia: 
Elsevier Saunders; 2014:39–54.

	 27.	 Ngan Kee WD, Khaw KS. Vasopressors in obstetrics: What should we be 
using? Curr Opin Anaesthesiol. 2006;19:238–243.

	 28.	 Lee A, Ngan Kee WD, Gin T. A quantitative, systematic review of ran-
domized controlled trials of ephedrine versus phenylephrine for the 
management of hypotension during spinal anesthesia for cesarean de-
livery. Anesth Analg. 2002;94:920–926.

	 29.	 Zakowski MI, Geller A. The placenta: Anatomy, physiology, and trans-
fer of drugs. In: Chestnut DH, ed. Obstetric Anesthesia, Principles and 
Practice. 5th ed. Philadelphia: Elsevier Saunders; 2014:55–74.

	 30.	 Ghanem FA, Movahed A. Use of antihypertensive drugs during preg-
nancy and lactation. Cardiovasc Ther. 2008;26:38–49.

	 31.	 Eisenach JC, Castro MI. Maternally administered esmolol produces fe-
tal beta-adrenergic blockade and hypoxemia in sheep. Anesthesiology. 
1989;71:718–722.

	 32.	 Jevtovic-Todorovic V, Absalom AR, Blomgren K, et al. Anaesthetic neu-
rotoxicity and neuroplasticity: An expert group report and statement 
based on the BJA Salzburg Seminar. Br J Anaesth. 2013;111:143–151.

	 33.	 Mazze RI. Fertility, reproduction, and postnatal survival in mice chron-
ically exposed to isoflurane. Anesthesiology. 1985;63:663–667.

	 34.	 Mazze RI, Wilson AI, Rice SA, et al. Fetal development in mice exposed 
to isoflurane. Teratology. 1985;32:339–345.

	 35.	 Mazze RI, Fujinaga M, Rice SA, et al. Reproductive and teratogenic ef-
fects of nitrous oxide, halothane, isoflurane, and enflurane in Sprague-
Dawley rats. Anesthesiology. 1986;64:339–344.

	 36.	 Mazze RI, Wilson AI, Rice SA, Baden JM. Reproduction and fetal devel-
opment in rats exposed to nitrous oxide. Teratology. 1984;30:259–265.

	 37.	 Fujinaga  M, Baden  JM. Methionine prevents nitrous oxide-induced 
teratogenicity in rat embryos grown in culture. Anesthesiology. 
1994;81:184–189.

	 38.	 Fujinaga  M. Teratogenicity of nitrous oxide. Best Pract Res Clin 
Anaesthesiol. 2001;15:363–375.

	 39.	 Burm AG. Occupational hazards of inhalational anesthetics. Best Pract 
Res Clin Anaesthesiol. 2003;17:147–161.

	 40.	 Weimann J. Toxicity of nitrous oxide. Best Pract Res Clin Anaesthesiol. 
2003;17:47–61.

	 41.	 McElhatton  PR. The effects of benzodiazepine use during pregnancy 
and lactation. Reprod Toxicol. 1994;8:461–475.

	 42.	 Rosenberg L, Mitchell AA, Parsells JL, et al. Lack of relation of oral clefts 
to diazepam use during pregnancy. N Engl J Med. 1983;309:1282–1285.

	 43.	 Ornoy A, Arnon J, Shectman S, et al. Is benzodiazepine use during preg-
nancy really teratogenic? Reprod Toxicol. 1998;12:511–515.

	 44.	 Selo-Ojeme  DO, Marshman  LAG, Ikomi  A. Aneurysmal subarach-
noid hemorrhage in pregnancy. Eur J Obstet Gynecol Reprod Biol. 
2004;116:131–143.

	 45.	 Centre for Maternal and Child Enquiries (CMACE). Saving Mothers’ 
Lives: Reviewing maternal deaths to make motherhood safer: 2006–08. 
The Eighth Report on Confidential Enquiries into Maternal Deaths in 
the United Kingdom. Br J Obstet Gynaecol. 2011;118(Suppl 1):1–203.

	 46.	 Creanga AA, Berg CJ, Syverson C, et al. Pregnancy-related mortality in 
the United States, 2006-2010. Obstet Gynecol. 2015;125:5–12.

Anesthesia Books 

http://surgerybook.net/anesthesia


2
5

 
• 

A
n

e
s

th
e

s
ia

 fo
r

 N
e

u
r

o
s

u
rg


e

r
y

 in
 th

e
 P

r
e

g
n

a
n

t Patie
n

t

443

	 47.	 Dias  MS, Sekhar  LN. Intracranial hemorrhage from aneurysms and 
arteriovenous malformations during pregnancy and the puerperium. 
Neurosurgery. 1990;27:855–865.

	 48.	 Takahashi JC, Iihara K, Ishii A, et al. Pregnancy-associated intracranial 
hemorrhage: Results of a survey of neurosurgical units across Japan.  
J Stroke Cerebrovasc Dis. 2014;23:e65–e71.

	 49.	 Connolly Jr. ES, Rabinstein AA, Carhuapoma JR, et al., on behalf of the 
American Heart Association Stroke Council, Council on Cardiovascular 
Radiology and Intervention, Council on Cardiovascular Nursing, 
Council on Cardiovascular Surgery and Anesthesia, and Council on 
Clinical Cardiology. Guidelines for the management of aneurysmal sub-
arachnoid hemorrhage: A guideline for healthcare professionals from 
the American Heart Association/American Stroke Association. Stroke. 
2012;43:1711–1737.

	 50.	 Schlehofer B, Blettner M, Becker N, et al. Association between brain tu-
mors and menopausal status. J Natl Cancer Inst. 1992;84:1346–1349.

	 51.	 Cahill DW, Bashirelahi N, Solomon LW, et al. Estrogen and progesterone 
receptors in meningiomas. J Neurosurg. 1984;60:983–985.

	 52.	 Gonzalez-Aguero  G, Gutierrez  AA, Gonzalez-Espinosa  D, et  al. 
Progesterone effects on cell growth of U373 and D54 human astrocy-
toma cell lines. Endocrine. 2007;32:129–135.

	 53.	 Wu J, Ma YH, Wang TL. Glioma in the third trimester of pregnancy: 
Two cases and a review of the literature. Oncol Lett. 2013;5:943–946.

	 54.	 Girault  A, Dommergues  M, Nizard  J. Impact of maternal brain tu-
mours on perinatal and maternal management and outcome: A single 
referal center retrospective study. Eur J Obstet Gynecol Reprod Biol. 
2014;183:132–136.

	 55.	 Nossek E, Ekstein M, Rimon E, et al. Neurosurgery and pregnancy. Acta 
Neurochir (Wien). 2011;153:1727–1735.

	 56.	 Chowdhury T, Chowdhury M, Schaller B, et al. Perioperative consider-
ations for neurosurgical procedures in the gravid patient: Continuing 
Professional Development. Can J Anaesth. 2013;60:1139–1155.

	 57.	 Khan M, Wasay M. Hemorrhagic strokes in pregnancy and puerperium. 
Int J Stroke. 2013;8:265–272.

	 58.	 Kim H, Sidney S, McCulloch CE, et al. Racial/ethnic differences in lon-
gitudinal risk of intracranial hemorrhage in brain arteriovenous malfor-
mation patients. Stroke. 2007;38:2430–2437.

	 59.	 Mast H, Young WL, Koennecke H-C, et al. Risk of spontaneous haem-
orrhage after diagnosis of cerebral arteriovenous malformation. Lancet. 
1997;350:1065–1068.

	 60.	 Stapf  C, Mast  H, Sciacca  RR, et  al. Predictors of hemorrhage in pa-
tients with untreated brain arteriovenous malformations. Neurology. 
2006;66:1350–1355.

	 61.	 Elwatidy S, Jamjoom Z, Elgamai E, Abdelwahab A. Management strate-
gies for acute brain lesions presenting during pregnancy: A case series. 
Br J Neurosurg. 2011;25:478–487.

	 62.	 Ravussin  P, Tempelhoff  R, Modica  PA, Bayer-Berger  MM. Propofol 
vs. thiopental-isoflurane for neurosurgical anesthesia: Comparison of 
hemodynamics, CSF pressure, and recovery. J Neurosurg Anesthesiol. 
1991;3:85–95.

	 63.	 ACOG Committee on Obstetric Practice. ACOG Committee Opinion 
Number 474, February 2011: Nonobstetric surgery in pregnancy. Obstet 
Gynecol. 2011;117:420–421.

	 64.	 Macarthur  A. Craniotomy for suprasellar meningioma during preg-
nancy: Role of fetal monitoring. Can J Anesth. 2004;51:535–538.

	 65.	 Bharti N, Kashyap L, Mohan VK. Anesthetic management of a partu-
rient with cerebellopontine-angle meningioma. Int J Obstet Anesth. 
2002;11:219–221.

	 66.	 Wang LP, Paech MJ. Neuroanesthesia for the pregnant woman. Anesth 
Analg. 2008;107:193–200.

	 67.	 Naulty J, Cefalo RC, Lewis PE. Fetal toxicity of nitroprusside in the preg-
nant ewe. Am J Obstet Gynecol. 1981;139:708–711.

	 68.	 Willoughby  JS. Sodium nitroprusside, pregnancy, and multiple 
intra-cranial aneurysms. Anaesth Intensive Care. 1984;12:351–357.

	 69.	 Conklin  KA, Herr  G, Fung  D. Anaesthesia for caesarean section and 
cerebral aneurysm clipping. Can Anaesth Soc J. 1984;31:451–454.

	 70.	 Todd  MM, Hindman  BJ, Clarke  WR, Torner  JC. Mild intraoperative 
hypothermia during surgery for intracranial aneurysm. N Engl J Med. 
2005;352:135–145.

	 71.	 Leffert LR, Schwamm LH. Neuraxial anesthesia in parturients with in-
tracranial pathology: A comprehensive review and reassessment of risk. 
Anesthesiology. 2013;119:703–718.

	 72.	 Kreppel D, Antoniadis G, Seeling W. Spinal hematoma: A literature sur-
vey with meta-analysis of 613 patients. Neurosurg Rev. 2003;26:1–49.

	 73.	 Jea A, Moza K, Levi AD, Vanni S. Spontaneous spinal epidural hema-
toma during pregnancy: Case report and literature review. Neurosurgery. 
2005;56.

	 74.	 Lawton MT, Porter RW, Heiserman  JE, et  al. Surgical management of 
spinal epidural hematoma: Relationship between surgical timing and 
neurological outcome. J Neurosurg. 1996;83:1–7.

	 75.	 Duffill J, Sparrow OC, Millar J, et al. Can spontaneous spinal epidural 
hematoma be managed safely without operation: A report of four cases. 
J Neurol Neurosurg Psychiatry. 2000;69:816–819.

	 76.	 Andrews PJ, Ackermann WE, Juneja MM. Aortocaval compression in 
the sitting and lateral decubitus positions during extradural catheter 
placement in the parturient. Can J Anaesth. 1993;40:320–324.

	 77.	 Nakai Y, Mine M, Nishio J, et al. Effects of maternal prone position on 
the umbilical arterial flow. Acta Obstet Gynecol Scand. 1998;77:967–969.

	 78.	 Cohen-Gadol  AA, Friedman  JA, Friedman  JD, et  al. Neurosurgical 
management of intracranial lesions in the pregnant patient: A 36-
year institutional experience and review of the literature. J Neurosurg. 
2009;111:1150–1157.

	 79.	 Meyers PM, Halback VV, Malek AM, et al. Endovascular treatment of 
cerebral artery aneurysms during pregnancy: Report of three cases. Am 
J Neuroradiol. 2000;21:1306–1311.

	 80.	 Taha MM, Nakahara I, Higashi T, et al. Endovascular embolization vs. 
surgical clipping in treatment of cerebral aneurysms: Morbidity and 
mortality with short-term outcome. Surg Neurol. 2006;66:277–284.

	 81.	 Goldberg-Stein  SA, Liu  B, Hahn  PF, Lee  SI. Radiation dose manage-
ment: Part 2, estimating fetal radiation risk from CT during pregnancy. 
AJR Am J Roentgenol. 2012;198:W352–W356.

	 82.	 International Commission on Radiological Protection, editors. Annals 
of the ICRP, Publication 90: Biological Effects After Prenatal Irradiation 
(embryo and Fetus) 33 (1-2). Tarrytown, New York: Pergamon, Elsevier 
Science, Inc.; 2003.

	 83.	 Mohapatra  A, Greeberg  RK, Mastracci  TM, et  al. Radiation exposure 
to operating room personnel and patients during endovascular proce-
dures. J Vasc Surg. 2013;58:702–709.

	 84.	 Krueger KJ, Hoffman BJ. Radiation exposure during gastroenterologic 
fluoroscopy: Risk assessment for pregnant workers. Am J Gastroenterol. 
1992;87:429–431.

	 85.	 Metzner  J, Posner  KL, Lam  MS, Domino  KB. Closed claims analysis. 
Best Pract Res Clin Anaesthesiol. 2011;25:263–276.

	 86.	 Guercio JR, Nimjee SM, James ML, McDonagh DL. Anesthesia for inter-
ventional neuroradiology. Int Anesthesiol Clin. 2015;53:87–106.

SUGGESTED READING
Akins  PT, Axelrod  Y, Silverthorn  JW, et  al. Management and outcomes of 

malignant posterior reversible encephalopathy syndrome. Clin Neurol 
Neurosurg. 2014;125:52–57.

Liakos AM, Bradley NK, Magram G, Muszynski C. Hydrocephalus and the 
reproductive health of women: The medical implications of mater-
nal shunt dependency in 70 women and 138 pregnancies. Neurol Res. 
2000;22:69–88.

St Louis EK, Jinnur P, McCarter SJ, et al. Chiari 1 malformation presenting as 
central sleep apnea during pregnancy: A case report, treatment consid-
erations, and review of the literature. Front Neurol. 2014;5:195.

Tandon A, Alzate J, LaSala P, Fried MP. Endoscopic endonasal transsphenoi-
dal resection for pituitary apoplexy during the third trimester of preg-
nancy. Surg Res Pract. 2014;397131. Epub 2014 Jan 2. 

Anesthesia Books 

http://surgerybook.net/anesthesia


26
Research advances and heightened clinical capabilities have 
enabled those who care for patients with neurosurgical disease 
to make great strides toward restoring the health and well- 
being of such patients and reducing morbidity and mortality. 
Yet for every new technologic advance and clinical application, 
new issues have also arisen for caregivers, such as (1) the ap-
propriate selection of patients for application of new technol-
ogies and enrollment in clinical trials, (2) the involvement of 
patients and families in balancing the risks of new treatments 
against their possible benefits, and (3) how to make decisions 
for patients who may not be able to participate in the decision- 
making process yet for whom significant decisions must be 
made concerning the kind of care to be delivered.

Such questions demand that clinicians look beyond their 
clinical training and subspecialty expertise when facing the 
genuine ethical dilemmas that are now an integral part of the 
clinical setting. Determining the moral status of one’s actions 
can be a troubling and sometimes arduous process for even 
the most enlightened of clinicians. Because such moral issues 
permeate clinical practice and because their resolution often 
requires serious and extended deliberation, clinicians should 
become familiar with the systems of “clinical ethics” and re-
search ethics that have emerged over the last 35 years. Such 
familiarity will enable clinicians to deal more effectively with 
these difficult issues by applying philosophical reasoning and 
ethical analysis to the problems they encounter in the course 
of research and clinical practice.

Heightened sensitivity to ethical concerns in the clinical 
setting has also been accompanied by increased awareness of 
and concern for the role of the legal system in clinical practice. 
As medical and surgical care has become ever more sophisti-
cated and developments in the legal process have both edu-
cated patients and encouraged them to assert themselves in the 
provider–patient relationship, physicians have naturally become 
more sensitive to the legal status of their actions. A clinical eth-
ics framework that incorporates a perspective of legal concerns 
as it also tries to determine the appropriateness of an action may 
lie well beyond narrow legal definitions applicable in a partic-
ular situation. Although it is incumbent on the clinician to be 
aware of the legal backdrop for clinical practice, many ethical 
dilemmas move beyond mere legal technicalities, requiring the 
clinician to evaluate concurrent and, at times, conflicting duties, 
rights, and values that are an inevitable part of the provider–
patient relationship. In this chapter, we address the ethical issues 
that confront caregivers of the neurosurgical patient population.

AN INTRODUCTION TO THE 
HISTORY AND THEORY OF 
MEDICAL ETHICS

We begin with an overview of the historic development of med-
ical ethics. The account concentrates mainly on the Western 
secular tradition that begins with followers of Hippocrates 

and emerges in a fundamentally altered form in the current 
framework of clinical ethics. We then describe the essential 
features of the current framework.

Origins of Contemporary Medical Ethics
Western medical ethics is believed to have originated with 
the Hippocratic cult (about 450 to 300 bc), a group of early 
physicians who are thought to have been heavily influenced 
by the Pythagorean thinkers. Rather than ascribing disease to 
be solely the province of supernatural or deistic causes, this 
group was responsible for one of the first systemized efforts 
to impart a naturalistic approach to the study and practice 
of medicine. In addition to their accomplishments in math-
ematics, the Pythagoreans developed a moral philosophy that 
emphasized respect for life. This outlook would account, for 
example, for the apparent strictures on abortion and euthana-
sia that are features of a prominent version of the Hippocratic 
Oath. For different reasons, the oath also prohibits surgery, 
which was not regarded as a proper part of a physicians’ activ-
ities. The attitudes held by the Hippocratic physicians appar-
ently were not widely held among other physician cults of the 
ancient world.1

The Hippocratic tradition urges physicians to “do no harm” 
and to use their skills for the welfare of the individual patient. 
For many years these principles were thought to justify medical 
paternalism because they seemed to generate duties that were 
mainly intended to minimize physical harm and to improve 
the patient’s physical well-being. Given that the physician pos-
sessed specialized knowledge of the physical structures and 
causal processes of the patient’s body, the physician and not 
the patient was considered most qualified to determine a pa-
tient’s health care goals and the means to achieving them. On 
the basis of this reading of the Hippocratic Oath, patients were 
not thought qualified to shape the course of their individual 
care because of their general lack of scientific insight into the 
nature and workings of their own physical condition.

The last 40  years or so have witnessed a trenchant and 
often passionate critique of the idea that a patient’s best in-
terests are limited to or exhausted by his or her physical well
being. Because a patient’s best interests must be determined in 
light of his or her values and life goals and because the value 
a patient places on physical well-being depends on how it 
fits within this larger framework of values and projects, the 
competent and well-informed patient is generally recognized 
as the best judge of appropriate health care goals. Few would 
deny the accuracy of the Hippocratic conception of medicine 
as a science whose goal is the health and physical welfare of the 
patient nor challenge the claim that physicians must always 
look after the best interests of their patients. However, the fact 
that a competent patient lacks specialized medical knowledge 
is generally recognized to be less important than the fact that 
each patient is the most qualified judge of the relative value of 
his or her physical well-being in relation to his or her larger life 
goals and projects. For this reason, patient self-determination, 
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as well as its culmination in the doctrine of informed consent, 
represents the bedrock of contemporary clinical ethics.

As medical science has progressed and physicians have devel-
oped the ability to alter the course of a person’s life with the use 
of an array of medical technology, patients have taken a greater 
interest in determining the way their lives should be shaped.2 
The early seeds of patient self-determination and the doctrine 
of informed consent began developing as early as the latter part 
of the 19th century. This period and the early part of the 20th 
century saw many legal cases involving surgical patients whose 
consent to excision of tissues had not been obtained.3 Under 
prevailing legal theories, these actions were at first considered 
torts, such as battery or “unconsented touching.”4 As medical 
and judicial systems evolved, they were then gradually brought 
under a negligence theory.4 This change strengthened the 
growing expectation that informing a patient of the reason for 
the procedure and obtaining consent for it were proper parts of 
the physician–patient relationship.5 In theory, at least, obtain-
ing the patient’s informed consent became an essential aspect of 
the developing standard of care. However, honoring this legal 
requirement in clinical reality awaited the increased attention 
to ethical issues that emerged in the late 1960s.

Although we focus here on clinical ethics, no survey of the 
history of medical ethics can omit society’s reaction to the 
abuses of human beings perpetrated by physicians and scientists 
in the concentration camps of Nazi Germany. The revelations at 
Nuremberg led to the promulgation in Helsinki and Geneva of 
international standards for the protection of research subjects.6 
Unfortunately, these efforts did not prevent blatantly unethical 
practices in the context of subsequent research by American in-
vestigators.7 As a result, strict statutory protections were estab-
lished to ensure the informed consent of research participants, 
including protocol review by institutional committees.8,9 Public 
recognition of research abuses led to heightened scrutiny of the 
physician–patient relationship in the clinical setting and greater 
support for the concept of informed consent.

Technologic advances once again profoundly influenced 
the direction of medical ethics, beginning in the later 1960s 
with the arrival of practical artificial respiratory equipment 
and, in the early 1970s, with the development of materials that 
facilitated artificial hydration and nutrition. These advances—
combined with social and political changes, including the civil 
rights movement—culminated in the celebrated legal case of 
Karen Ann Quinlan in 1976.10 In the Quinlan decision, the 
New Jersey Supreme Court established that the right to refuse 
medical treatment was fundamental and could be exercised 
on behalf of an incompetent patient by informed surrogates 
who were knowledgeable about the patient’s previous values 
and lifestyle.10 The family was found to be in the best position 
to represent the wishes of their close relative.10

In summary, the history of Western medical ethics has fea-
tured a transition from the “beneficence” orientation (doing 
good for the patient) of premodern medicine to the view that 
the patient must ultimately decide what his or her best inter-
ests are after going through a process of informed consent. 
Both morally and legally, patient self-determination has be-
come the gold standard of modern biomedical ethics. In the 
next section, we review the prevailing philosophical principles 
and theories that are often used to further assess ethical prob-
lems in modern medicine.

Prevailing Theories and Principles
The term medical ethics, as it is used in contemporary society, 
is somewhat ambiguous. It may refer to those rules of conduct 
established by the formal bodies of the medical profession in 

the course of regulating itself, such as the prohibition of the 
sexual exploitation of one’s patients, or it may refer to novel 
ethical dilemmas that actually confront health care workers 
and have no obvious solution in terms of traditional values 
and ethical codes, such as the removal of life-support systems 
from irreversibly comatose patients.

Two philosophical approaches dominate the literature. 
Tracing its roots to the German philosopher Immanuel Kant 
(1724–1804), the Kantian tradition holds that people have a 
fundamental right to be treated as ends in themselves and not 
merely as a means to some other end. The basis of the Kantian 
view is that each person has the capacity to take on projects 
and to give a distinctive shape to his or her own life. This ca-
pacity must be respected in each individual because the value 
of all other things is derived from the exercise of this capacity. 
Patient self-determination and informed consent are, there-
fore, the preeminent Kantian values for clinical ethics, because 
without them we cannot freely set the ends for ourselves that 
give all other things their moral worth. As such, they repre-
sent the necessary conditions for treating a patient as an end 
in himself or herself.

Utilitarianism traces its roots back to the English philos-
ophers Jeremy Bentham (1748–1832) and John Stuart Mill 
(1806–1873).11 Utilitarianism is a form of consequentialism, 
which holds that actions or policies are right in proportion 
to the extent to which they promote the aggregate happiness 
or well-being. Whereas the Kantian can claim that physi-
cians have special duties to their patients, which derive from 
the need to respect their patients as ends in themselves, the 
utilitarian must argue that any duties physicians owe to their 
patients are rooted in the fact that fulfilling those duties max-
imizes overall happiness.

Although the principle of autonomy is commonly regarded 
as the first principle of contemporary medical ethics, those 
with a more utilitarian slant believe that it is conceptually 
balanced by the principle of beneficence; the obligation to do 
good for the patient.12 Beneficence is closely associated with 
the traditional Hippocratic obligation to at least not harm 
the patient, or the principle of nonmaleficence.12 Arguments 
that establish the moral basis of beneficence and nonmalef-
icence are available both to Kantian and utilitarian theories. 
The main difference between these theories, therefore, lies 
not in the principles they recognize but in the way they justify 
those principles and the way they order them in relation to 
one another.

ISSUES OF CLINICAL  
DECISION MAKING

The Provider–Patient Relationship
Self-Determination
Strictly speaking, autonomy refers to the potential for the in-
dividual to be self-determining. Self-determination is, in this 
line of thinking, regarded as a good thing in itself and also as 
a means to an end. It is the expression of an individual’s per-
sonality. Self-determination is thought to be the best means 
of identifying an individual’s best interest, a determination 
that involves the incorporation of that person’s values into 
a decision. This concept suggests that each individual is in 
the best position to assess aspects of decision making in the 
context of his or her own value system. In the clinical setting, 
self-determination is exercised through the informed consent 
process, which allows the patient ultimately to determine the 
most individually appropriate health care choice on the basis 
of his or her own values and preferences.13
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tain individuals may be obligated to foster another’s self-
determination, if they have a certain type of relationship with 
that individual. An example is a parent who has a unique op-
portunity to help the developing child realize his or her indi-
viduality by helping to prepare the child to make his or her 
own choices. Choices are not thought to be truly the result of 
self-determination until they are considered judgments that 
encompass the person’s reflective deliberation. It is implicit 
that these judgments would then also be authentic and reliable 
representations of that person’s character and values.

The promotion of a patient’s self-determination is a major re-
sponsibility, and many conditions could prevent its realization 
in the clinical setting.14 One of these is the sense of vulnerabil-
ity that can accompany illness. Physicians and other health care  
providers are in a powerful position, either to exploit this sense 
of vulnerability or to reduce it and instead promote a feeling 
that the patient has some measure of control over the situa-
tion. Ensuring the patient’s control would be a first important 
step in promoting the patient’s self-determination. A second 
important step would be to help the patient identify his or her 
own authentic preferences among the diagnostic or treatment 
options available.

Confidentiality
Confidentiality is one of the pillars of the Hippocratic tradi-
tion,15 and it is a fundamental concept that still forms an essen-
tial aspect of the physician–patient relationship.4 Although its 
strong theoretical basis is maintained, however, it is a concept 
under continuous assault in the clinical setting. Computerized 
databases containing sensitive information, team coverage of 
patient needs, and the demands of third-party insurers have 
all converged to threaten this fundamental aspect of the bond 
between patient and provider.16

At its core, the concept of confidentiality means that all in-
formation that the patient shares with the provider during the 
course of being treated should remain private and confidential; 
it should not be revealed to those outside the patient–provider 
relationship. The trusting bond and fiduciary nature of the re-
lationship should allow the patient to feel comfortable when 
revealing to the provider all information necessary to ensure a 
comprehensive understanding of the patient’s circumstances and 
a correct diagnosis of the patient’s condition, thereby fostering an 
individually appropriate caregiver response. In turn, as a means 
to encouraging the patient to be forthcoming, the provider en-
sures that no one else will come to know this highly personal and 
perhaps embarrassing information. Currently, “intrusions” are 
permitted into this relationship. Examples are multiple caregiv-
ers who learn of the patient’s circumstances in acute care settings 
and the insurance company that learns of the patient’s condition 
to determine whether reimbursement is warranted. Nonetheless, 
the notion that those who do not need to know these intimate 
details of the patient’s condition will not know is still an essential 
factor in the bond that ties the patient to the provider.

The costs of not guaranteeing confidentiality or breaching 
it when previously assured are significant both for the indi-
vidual patient and for society. Patients who believe they can-
not trust their providers and are, therefore, less than candid in 
their descriptions are likely to suffer the consequences of an 
incomplete assessment or even a misdiagnosis of their condi-
tion. They lose out on what their physicians may have to of-
fer. Also, providers who breach their duty to keep information 
confidential fail in their ultimate obligation to act beneficently 
toward their patients and to do them no harm.17 Moreover, so-
ciety as a whole is not served well when individuals in need of 
medical care feel inhibited or are unwilling to seek that care.

Our legal system has recognized the fundamental require-
ment of confidentiality between doctor and patient.4 Under 
most circumstances, information that passes between doctor 
and patient during the course of care is “privileged,” that is, 
inaccessible in a court of law; a judge or jury will be unable to 
learn of it.4 This special exclusion of possibly relevant informa-
tion further ensures that patients do not feel inhibited when 
conversing with providers. Despite the essential drive in our 
court systems to bring out all possibly pertinent information 
in an individual case, society has nonetheless recognized that 
our interests as a whole are better served when patients and 
providers can feel assured that their discussions are private 
and confidential.

To further safeguard and protect an individual’s health in-
formation in an era of technologic sophistication, Congress 
enacted the Health Insurance Portability and Accountability 
Act (HIPAA) in 2003.18 The Privacy Rule of HIPAA limits the 
ability of health plans, hospitals, physicians, and other cov-
ered entities to use and share a patient’s personal medical in-
formation through oral or written communication, computer 
transmission, and other communication methods. Many have 
criticized the burden and cost of the implementation of HIPAA 
and have expressed concern about its impact on research and 
clinical care,19 although few would question the challenges to 
privacy and confidentiality that exist in modern health care 
environments.

Nonetheless, in certain circumstances, other societal inter-
ests are believed to outweigh the interests served by confi-
dentiality. For example, in the midst of certain public health 
epidemics, in which the obligation to protect the health of 
society may conflict with the desire to maintain individual 
confidentiality, a societal consensus is morally and legally 
justifiable to breach individual confidentiality under certain 
limited conditions.4 One example involves laws requiring 
the reporting of certain diagnoses to health departments4 
and perhaps the tracing of contacts who may have been ex-
posed to an individual’s illness. Another example concerns 
the need to protect the public from harm. Under the state’s 
“police power” (a constitutional concept), physicians have 
the obligation to report certain medical conditions, such as 
gunshot wounds.20 A third example occurs with respect to 
the state’s obligation to protect its most vulnerable members, 
also known as the state’s parens patriae power, which obliges  
health care providers to routinely breach confidentiality and 
report instances of known or suspected child abuse.4 Although 
the circumstances permitting the breach of confidentiality are 
limited, they clearly represent instances in which other sig-
nificant societal interests make such a breach justifiable and 
even desirable, despite the potential harm that may befall an 
individual patient.

The Informed Consent Process
As stated earlier, the informed consent process permits the 
expression of individual self-determination in the clinical set-
ting. From a legal perspective, this means that providers are 
obligated to disclose to patients all information that will allow 
them to arrive at an informed decision about their choices, in-
cluding such information as the patient’s diagnosis and prog-
nosis, a description of the proposed intervention and its risks 
and benefits to the patient, and the existence of alternative in-
terventions, along with their risks and benefits.21 In some juris-
dictions, there is the requirement that information “material” 
to that individual patient be disclosed.21–24 This requirement 
might oblige the provider to disclose certain details that he or 
she might not normally discuss under routine circumstances. 
Overall, it is essential that the physician provides information 
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to the patient, so that the patient can consider the options and 
select the choice that promotes the patient’s best interests as 
the patient assesses them.

Philosophically, autonomy and its promotion both under
gird the legal doctrine of informed consent and exert greater 
demands than the doctrine does.13 Indeed, one seminal philo-
sophical account of the legal doctrine of the informed consent 
process exhibits a more detailed conceptual scheme than is 
found in the law (Box 26.1) as we will discuss below.12

Competence
The possession of sufficient capacity to either consent to or 
refuse a proposed intervention is obviously a “threshold” re-
quirement in the informed consent process;13 that is, only 
those patients capable of making health care choices reflective 
of personal values have the ability to give informed consent 
and to be considered self-determining. Patients whose deci-
sional capacity is impaired or lost are generally considered un-
able to integrate factual information with personal preferences 
and are thus viewed as in need of assistance with choices or 
even protection from harmful choices, through the use of ei-
ther a surrogate decision maker or some other method of de-
ciding on care.13 Therefore consideration of how the “capacity 
to decide” is to be determined in the clinical setting is essential.

Strictly speaking, the word competence denotes a legal con-
cept,21 meaning that only a court of law can determine whether 
to suspend the legal presumption of competency, which gen-
erally attaches to all who reach the age of 18 years. The legal 
presumption of competency enables adults to involve them-
selves in all fundamental activities of citizenship, including the 
ability to vote, to contract with another, to write a will, and to 
get married. It is an empowering concept, covering a range of 
activities in which the individual is presumed capable of par-
ticipating. A judicial declaration of incompetency is generally 
intended to apply globally, that is, to formally disempower the 
individual in most, if not all, major aspects of controlling his 
or her life.21

The routine assessment of competence in the clinical set-
ting usually has little connection with the sort of global as-
sessment that informs a judicial determination. Rather, 
competence in this setting is generally judged in the context of 
whether the patient is capable of either consenting to or refus-
ing a particular proposed intervention.25 The determination is 
usually made by an attending physician, sometimes with the 
assistance of a professional from another discipline, such as a 
psychiatrist.4

Competence to decide about medical treatment may call 
on various abilities, depending on the demands of the task 
at hand.25,26 Yet some general abilities are required in the 
process of becoming involved in treatment decisions. These 
include the ability to understand or appreciate the nature of 
various alternatives and their consequences and the ability 

to communicate a preference.27 In reaching a personal pref-
erence, one must also be capable of reasoning and delibera-
tion, the latter term signaling that this is a process in which 
the decision maker’s own values are gradually brought to bear 
on the question.13 Accordingly, the competent decision mak-
er’s values will be more or less stable and consistent over time; 
they will be values that the decision maker recognizes as his 
or her own.

Information
The patient with decisional authority (or the properly identi-
fied surrogate decision maker) is entitled to all the information 
available about his or her condition that would be relevant to 
making a decision about treatment. This information includes 
not only known or estimated risks and benefits of proposed 
therapies and their alternatives, but also the implications of 
having no treatment at all.28 The free flow of information to 
the patient, however sensitively it may need to be conveyed, 
is obviously vital for a valid consent process. Likewise, for 
the provider to suggest an individually appropriate treatment 
course for that patient, the patient must be encouraged to 
communicate openly with the provider.13

Full information is one of the legal pillars of informed con-
sent, the other being the free and uncoerced consent itself.13 
Exceptions to such disclosure do exist, namely, the “therapeu-
tic privilege,” which permits the physician to withhold infor-
mation from the patient or to seek consent from an appropriate 
surrogate when provision of such information would be so 
detrimental that the result would be counter-therapeutic and 
would bring about harm.21 Concern is often expressed about 
doing harm to the patient, particularly by physicians in fields 
in which terminal illness is common, about the “inhumanity” 
of telling the patient the unvarnished truth.29 However, dis-
tinguishing between the inherently unwelcome nature of bad 
medical news and information that might actually induce neg-
ative physical consequences in the patient is important. The 
majority of patients who have been surveyed desire to have 
information given, even if it foretells their coming demise.30 
In fact, the real need for the therapeutic privilege is rare if it 
is employed for its actual intent, rather than for the purpose 
of affording the physician the opportunity to avoid a diffi-
cult discussion. Although it is appropriate that information 
be imparted in a sensitive manner, imparted it should be, 
nonetheless.

At such times it might be tempting to speak first with, for 
example, the patient’s adult child to enlist his or her support 
before an encounter with an older patient. For several rea-
sons, this temptation should be avoided. First, certain classes 
of patients, such as those who are elderly, are too easily ste-
reotyped as unable to manage emotionally powerful informa-
tion, even though they may be quite functional in other areas 
of their lives and lacking any psychiatric history relevant to 
this issue. Second, the information is, after all, confidential 
information. Because it is of more concern to the patient than 
to anyone else, he or she has the right to hear it first. Third, 
the misguided attempt to enlist the adult child’s help could 
backfire in several ways. The grown child may not be pre-
pared for the loss of a parent, may not enjoy the patient’s con-
fidence, or may even have a personal agenda that is in conflict 
with or opposed to the best interests of the patient. There is 
no barrier to asking the patient whether it would be desirable 
for the physician to have a conversation with a particular rel-
ative, whether privately or with the patient, so that all three 
can cooperate in planning for the patient’s future. In the final 
analysis, however, the confidentiality of the patient must be 
respected.

BOX 26.1  The Elements of Informed Consent*

	I.	 Competence (a threshold requirement)
1.	 Information requirements
2.	 Information
3.	 Understanding

II.	 Consent requirements
4.	 Consent
5.	 Authorization

*Our interpretation of these elements as discussed in this chapter may not 
in all instances be identical with that of Beauchamp and Childress. From 
Beauchamp T, Childress JF: Principles of Biomedical Ethics, 3rd ed.  
New York, Oxford University Press, 1989.
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A somewhat different objection to the idea of the patient’s 
rendering informed consent is the argument that some 
medical decisions are so complex that the lay patient cannot 
be expected to understand their components, thus calling into 
question the entire foundation of the informed consent con-
cept. Clearly a medical school education should not be a pre
requisite for a workable consent process; fortunately, it is not 
required. Some patients will benefit from a technical presen-
tation of their situation, but such a presentation is not neces-
sarily required for the consent process to be valid. Information 
should be conveyed to patients so that they clearly understand 
how the proposed or available options will affect their lives; 
patients should be able to clearly articulate and understand the 
risks and benefits of these options as they concretely pertain 
to their lifestyles and preferences. Such an informing process 
is inevitably more satisfactory for both patient and provider 
when the informer knows the patient personally and under-
stands the values that infuse the patient’s life.13 This is a dif-
ficult relationship to achieve, particularly for specialists who 
only briefly come to know the patient in the context of a spe-
cific acute situation. Nonetheless, a certain level of intimacy 
with the patient is essential to truly adhere to the principles 
that underlie the informed consent process and to help ensure 
that the patient truly understands the information of critical 
relevance to his or her personal decision.21

Clinically, certain factors are inherent in both the patient’s 
condition and the environment of care that may lessen or 
even prevent the patient from understanding the information 
conveyed, no matter how precisely or sensitively it has been 
imparted. For example, a provider may be unsure whether 
a patient in an intensive care unit who has been sedated for 
pain relief can understand sufficiently to engage in informed 
consent. In addition, the distracting machinery of the environ-
ment or the disrupted schedule to which patients must con-
form also work against full comprehension and understanding 
on the patient’s part. The provider’s duty is to do everything 
possible to lessen or remove impediments that prevent the 
patient from fully participating in an informed consent pro-
cess. Such actions might include temporarily moving a patient 
to more private or serene quarters to carry on a conversation 
or perhaps lessening a dosage of pain medication so that, al-
though less comfortable, the patient may nonetheless better 
comprehend and consider the choices that lie before him or 
her. As well, the physician should be satisfied that there is no 
metabolic basis (such as a toxic reaction to new medication) to 
contribute to the patient’s lack of understanding.
Consent
Consent refers to the voluntary and uncoerced agreement of 
the patient. Consent is a more active process than mere assent 
or dissent. Ideally, it implies deliberation and perhaps also re-
flection based on one’s own values. Obstacles to truly reflective 
consent in the hospital include such previously cited factors as 
the physical conditions commonly associated with treatment 
for acute illness and the disorientation imparted by impersonal 
hospital routines and protocols. For example, mechanical re-
straints may be used for legitimate or illegitimate purposes, 
but they compromise the sense of control and voluntariness 
that enables a person to make well-considered choices.

Other sorts of constraints on the patient may be more subtle 
but no less undermining. Examples range from pressures as-
sociated with familial dynamics to concern with the financial 
consequences of one alternative in comparison with another. 
In extreme circumstances, the physician may be justified in 
assuming an active role as patient advocate in attempting to 

determine whether a stated choice is truly what the patient 
would want for himself or herself or whether it is reflective of 
certain pressures inflicted on the patient.

Authorization
An action is authorized when the individual with the appropri-
ate authority gives approval. In accordance with the previous 
discussion, this individual is either the patient or some ap-
propriately appointed representative of the patient. In certain 
circumstances, such as when an incompetent patient requires 
emergency care, the requirement for authorization is usually 
suspended because the immediate needs of the patient are 
thought to be so critical that time cannot be expended in locat-
ing someone other than the patient to provide authorization.4 
In true emergency situations, when a patient’s background is 
unknown (ie, providers are not aware of any previously ex-
pressed wish on the patient’s part to decline the type of care 
about to be provided) and care must be provided immediately 
to avoid irreparable harm to the patient, the requirement for 
authorization is generally waived.4 In such cases, the legal pre-
sumption is that (1) reasonable persons would consent to such 
necessary care, (2) there is no reason to believe this patient 
would refuse the proposed care, and (3) the time needed to lo-
cate an appropriate surrogate might otherwise jeopardize the 
patient’s condition. Such a suspension of consent is temporary, 
however, because if the patient should subsequently regain 
capacity or an appropriate surrogate later becomes identified, 
then, of necessity, authorization would have to be obtained for 
any future interventions.

In a system preoccupied with documentation and record 
keeping, the signed consent form presumably giving authori-
zation tends to substitute for the consent process itself.21 Of 
course, a form that purports to represent an actual event (that 
of informing the patient), but does not, is neither ethically nor 
legally valid. Similarly, verbal consent without a form signed 
by the patient or surrogate may be valid, although documenta-
tion of one kind or another is usually advisable (though some-
times not possible).31 Of overall importance is the dialogue 
that supports the documentation and that the consent form 
theoretically reflects.

Decision Making for Incapacitated Patients
The Importance of Prior Discussions
A common remark about the medical profession in the mod-
ern world is that some of the physician’s traditional “art” has 
succumbed to a preoccupation with applied science. Patients 
are often examined more in terms of their discrete diseases 
requiring investigation and intervention than as suffering in-
dividuals who face the dilemmas and perhaps deterioration 
brought on by medical crises. Whether or not this criticism 
is fair or historically accurate, many dilemmas arising out of 
confusing treatment circumstances could be ameliorated if the 
wishes of the patient were expressed and discussed with the 
physician before the patient’s loss of capacity.32

Given that many people in our health care system do not 
have regular contact with a physician before the onset of seri-
ous illness, the opportunity for such ongoing discussions are 
not available to everyone.33 In addition, because few physicians 
are specially trained to undertake such intimate and personal 
discussions and because such discussions often require a sig-
nificant amount of (unreimbursed) time, modern conditions 
for providing care are often not hospitable to fostering this 
kind of dialogue.33

Still, conversations with patients either by primary care phy-
sicians or by specialists who have ongoing relationships with 
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the patient provide excellent occasions for the practice of what 
is known as “preventive ethics.” Properly conducted and docu-
mented, such conversations can provide critical guidance even 
if they do not determine the nature of treatment for a patient 
who is no longer cogent. The point of such information gath-
ering is not merely to relieve the professional of legal liability. 
Rather, when physicians discuss preferences in advance, they 
are acting in a respectful manner that the majority of patients 
appreciate. These discussions permit the patient to maintain 
control and to be self-determining, despite any future loss of 
capacity that may render the patient nonautonomous.34

Advance Directives and Proxy Appointments
Because a patient’s prospective treatment wishes often involve 
matters of withholding or withdrawing life-sustaining treat-
ment and because of the potential for legal involvement when 
such treatment decisions are made, attempts should be made 
to document these advance discussions. Such documentation 
is more likely to provide clarity in the midst of uncertainty or 
memory lapses and may also provide the type of legal evidence 
that may be necessary before life-sustaining care can be with-
held or withdrawn.32,35

Making sure that the medical record reflects the details of 
discussions between providers and patients is wise, and spe-
cific mechanisms exist in most communities to highlight the 
nature of these advance planning discussions. Depending on 
the legal jurisdiction, patients and physicians have the op-
portunity to document such preferences via several meth-
ods. (Readers should consult their local medical society 
for the precise arrangements legally available in their own 
jurisdictions.)

The two most commonly accepted methods for such ad-
vance planning documentation are the living will36 and the 
durable power of attorney for health care, also known as the 
health care proxy.32 Both mechanisms are used only if the pa-
tient loses the capacity to participate in the decision-making 
process. A living will is a document that patients execute be-
fore their loss of decisional capacity. The document serves to 
record for caregivers and loved ones what the patient’s prefer-
ences are about future treatment options, in terms of either de-
sired treatment or the treatment the patient would wish to be 
withheld or withdrawn.28 Both afford the patient and provider 
ample opportunity to specify particular wishes and prefer-
ences, although the benefits of each method differ. Depending 
on patient circumstance, one method may be preferable to 
the other. Typically, such documents detail the types of inter-
ventions that patients wish to avoid as the ends of their lives 
approach. Many states have specified the precise form and 
content that such documents must follow to be legally bind-
ing; other states are generally more concerned with the clarity 
and the substance contained in the document.28

In general, when executing a living will, the patient should 
be as explicit as possible, using precise language that is not sus-
ceptible to differing interpretations or misunderstanding. For 
example, language discussing “heroic” or “extraordinary” care 
might have different meanings to different interpreters. If a pa-
tient is specifically concerned about such potentially intrusive 
interventions as mechanical ventilation or artificial nutrition 
and hydration, then the patient should state this concern pre-
cisely.28 Patients are also advised to specify the precise physical 
circumstances under which they would want to trigger such 
withholding or withdrawal.28 For example, they should make 
clear whether they desire that permanent loss of consciousness 
or unremitting pain be present before treatment is withheld or 
withdrawn. The average lay person would of necessity need 
the input of a medical provider, both in terms of deciphering 

what future options may face the patient and determining the 
benefits and burdens of each option.

Even the most precise and specific living will may not cover 
every possible option that may confront the incapacitated 
patient; in addition, certain decisions may not be discernible 
from the contents of the document.36 Written documents are 
also helpful only if they are available (as opposed to being 
locked away in a drawer) and actually enforced. Therefore, 
many individuals choose to accompany or even replace their 
living wills with a durable power of attorney for health care 
or health care proxy.31 Such a mechanism allows the patient 
(known as the principal) to legally empower another individ-
ual to make whatever treatment decisions the patient would 
have made had the patient had capacity.33 Such a mechanism 
ensures that a healthy advocate will be legally available to as-
sert the patient’s prior wishes and also permits flexibility and 
interpretation should a situation arise that the patient had not 
previously addressed.33

Surrogate Decision Making: Who Decides  
and on What Basis?
Surrogates or agents specifically appointed by the patient in 
advance usually have the moral and legal authority to sub-
stitute for the patient if the patient becomes incapacitated.33 
Depending on the jurisdiction, legally binding mechanisms 
can be used before the loss of capacity. In some circumstances, 
court appointment of a surrogate may be necessary.4 In some 
jurisdictions, the fact of biological or spousal connection may 
be sufficient to both morally and legally empower the surro-
gate, regardless of a lack of a previously executed document or 
the lack of court involvement.4 Once an appropriate surrogate 
is identified, that person has the responsibility to determine 
the best course of action for the now incapacitated patient. Just 
as for the patient, it is essential for the surrogate to go through 
an “informed consent” process with the patient’s providers to 
ascertain all of the clinically relevant details necessary to un-
derstanding the patient’s circumstances.21 However, such deci-
sions clearly extend beyond the realm of medicine and usually 
involve value judgments that the patient brings to the process.

When a surrogate substitutes for the patient, the ideal 
method of making a decision is to consider and account for 
those values that defined the patient while capable, infused 
that patient’s actions, and determined the patient’s lifestyle.33 
The ideal requirement is that the surrogate render a “substi-
tuted judgment” on the patient’s behalf, making the same sort 
of choice the patient would have made had he or she had the 
capacity to participate.33 This is no easy task, although the ex-
istence of a well-documented advance directive usually pro-
vides the surrogate with the type of information necessary to 
render such a judgment. In some circumstances, the surrogate 
may have to interpret or surmise what the patient would have 
wanted, on the basis of the surrogate’s knowledge of the pa-
tient as a person and how the patient lived his or her life.33 
In some jurisdictions, such surrogate “interpretations” may 
not be legally acceptable, depending on the nature of the sur-
rogate appointment and the clarity of the patient’s previously 
expressed wishes.33

If such a substituted judgment is not possible, either be-
cause the surrogate has insufficient knowledge of the patient 
as a person or because whatever knowledge is available sheds 
little light on the current choice at hand, the surrogate would 
then be morally obligated to make the choice that promotes the 
patient’s “best interests.” 12 This judgment is meant to incorpo-
rate considerations of a more “objective” nature, such as the 
patient’s prognosis, the patient’s pain and suffering,37 and the 
patient’s present and projected quality of life relative to the life 
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TS the patient previously experienced, rather than a derogatory 
evaluation of personal worth in comparison with other mem-
bers of society.28 In most circumstances, particularly those 
involving decisions to withhold or withdraw life-sustaining 
treatment, surrogates work with providers to determine the 
patient’s best interests in light of what can be done for the pa-
tient’s current situation, the patient’s underlying health and 
prognosis, and the burdens the patient may experience as a 
result of any measurable benefits to be achieved.27 However, 
in certain jurisdictions, the legality of such judgments may be 
challenged, and a concern about bias or prejudice always exists 
when discussions about “quality of life” emerge.12

Particularly when discussion of the patient’s best interests 
focuses on treatments that might be “futile” and in no way 
beneficial to the patient, there is the potential for tremendous 
discord because the precise meaning of the concept of “futil-
ity” may change, depending on the specific orientation of the 
decision maker.38 For example, clinicians may view a course of 
treatment as “futile” if it does nothing to address the under-
lying condition that forms the subtext of the patient’s current 
situation.39 Yet others may regard “futility” as only apparent if 
no measurable benefit of any sort can be derived from a par-
ticular intervention.

Treatment Decisions Requiring Special 
Attention
“Do Not Resuscitate” Orders
Decisions as to whether to attempt resuscitative measures if 
a patient experiences a cardiac or pulmonary arrest should, 
theoretically, be no different from other patient treatment 
choices. Ideally, a provider would discuss the possible options 
and their risks and benefits with the patient in advance of any 
intervention, so that a decision to initiate cardiopulmonary 
resuscitation (CPR) would reflect the patient’s desire that the 
provider intervene in such circumstances.

However, the reality and mythology that have developed 
around acute care decisions to resuscitate or to not resusci-
tate a patient have, for several reasons, brought this particular 
treatment situation into a different category. Cardiopulmonary 
resuscitation protocols for the restoration of oxygenation and 
circulation have been remarkably successful, in terms of both 
their standardization (by the National Research Council in 
1966) and their public acceptance: by 1977, more than 12 
million people had been trained in cardiopulmonary resusci-
tation.40 Second, because the use of cardiopulmonary resusci-
tation is often brought on by emergency circumstances, there 
may be no prior discussion of patient preference upon which 
to draw and often no knowledge of the patient at all. Third, 
decisions not to resuscitate require consent not to intervene, 
which is contradictory to the normal situation of consent to 
intervene in a particular circumstance. "Do not resuscitate" 
(DNR) orders require a conscious and, perhaps courageous, 
effort on the part of a team to recognize before a catastrophic 
event the inevitability of its occurrence and the likely outcome 
of intervention. Such forethought must happen in a climate 
that does little to foster discussion of death and does much to 
encourage the escalated use of sophisticated acute care tech-
nology merely because of its existence, rather than because of 
its likely benefit.41

In one state (New York), legislation exists to actually define 
the legal parameters of DNR orders,42 but in most jurisdictions, 
the use of such orders must, of necessity, become a more fa-
miliar and comfortable process for those who often confront 
patients in the midst of an arrest. As with any other treatment 
decision, the ethically preferable process for making the DNR 

decision would be to undergo an informed consent process 
with the patient or, if the patient is incapacitated, with an appro-
priate surrogate. In the course of such a discussion, the provid-
er’s duty would be to disclose the likelihood and definition of 
“success” for a person in this particular patient’s circumstances 
and would, as well, require a thorough discussion of all possible 
aspects of the intervention, including the possibility of connec-
tion to a ventilator or injury resulting from the aggressive na-
ture of some resuscitation attempts.37 Although many patients 
unexpectedly have an arrest, other patients are likely to fall into 
a category of arrest “suspects”; their clinical condition would 
dictate that a discussion of DNR orders, among other possi-
ble treatment interventions, would be mandatory as soon as 
possible in their hospitalization.36 The goal is to solicit patient 
input and foster self-determination before the patient loses the 
capacity to participate in the decision-making process.43

Ideally, advance discussions of DNR orders would come in 
the context of a more general discussion of future treatment 
options for the particular patient’s condition. However, it is 
possible that permission will be given to place a DNR order in 
the patient’s chart, yet the patient or the surrogate will none-
theless insist on other types of aggressive care that may seem 
inconsistent with the decision to consent to a DNR order. Such 
inconsistency may be due to a lack of mutual agreement or 
understanding about the goals of the treatment process; it may 
also be the result of a reasoned decision on the part of the pa-
tient or surrogate that some interventions are worth certain 
risk but others are not.37

For example, a patient may be willing to undergo the toxic 
side effects of aggressive, experimental chemotherapy or the 
bruising recovery that may follow significant surgery yet be 
unwilling to risk the possibility of winding up dependent on 
a ventilator as a result of a resuscitation attempt. From the 
patient’s or surrogate’s perspective, such choices may not ap-
pear inconsistent, although providers would be wise to have 
the patient or surrogate vocally express reasons for the spe-
cific treatment choices made, to ensure full understanding and 
comprehension by both the patient and the provider.

Of particular concern and difficulty are surgical candidates 
with preexisting DNR orders in place. Such patients typically 
have underlying chronic or terminal illnesses that provide 
the basis for the patient’s previous decision to consent to a 
standing DNR order. However, there may be circumstances in 
which such patients nonetheless become candidates for sur-
gical intervention, perhaps for palliative purposes or for rea-
sons unconnected to their underlying disease process. In such 
cases, the decision as to whether the DNR order will remain 
in place during the surgical intervention should be thoroughly 
discussed by the patient, surrogate (if involved), surgeon, and 
anesthesiologist, if possible. It is of critical importance for 
patients or their surrogates to realize the distinct nature and 
characteristics of cardiac arrest during the perioperative pe-
riod. In particular, the facts that cardiac arrest during that pe-
riod is often directly linked to either the surgical or anesthetic 
intervention and that resuscitative interventions during such 
arrests have a very high success rate must be made clear to a 
patient who seeks surgery for certain, specific objectives. For 
many providers, the concept of a DNR order during surgery 
seems incompatible with professional and moral obligations to 
a patient during the surgical procedure. The often direct link 
between the caregiver’s actions and the patient’s arrest creates 
an inescapable obligation for many providers to intervene in 
the case of arrest.

An evolving approach to this difficult dilemma involves 
the protocol of “required reconsideration” whenever a patient 
with a DNR order in place becomes a candidate for surgery.44,45 
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Such an approach demands active reconsideration of the DNR 
decision before the surgical intervention. Such discussion 
must necessarily involve the patient and the patient’s surro-
gate, if appropriate, and should carefully review the distinct 
quality of perioperative arrest as well as the goals of the patient 
for the surgical intervention. In most cases, an accommoda-
tion can be worked out whereby a temporary suspension of 
the DNR order is agreed on, with specific parameters set for its 
reinstitution, either depending on the cause of the periopera-
tive arrest or because of circumstances that arise after the pa-
tient’s recovery from the surgical intervention. Such a protocol 
should reflect the patient’s values and wishes to the extent pos-
sible. If an acceptable agreement cannot be worked out, the in-
volved physicians may either have the option to proceed with 
the surgery, with a carefully delineated DNR order in place, 
or choose to decline to intervene, with the obligation to assist 
the patient in accessing other providers who may be willing 
to perform the operation despite the constraint of the existing 
DNR order.

Ultimately, when considering the applicability of a DNR or-
der for a particular patient, one must remember that, although 
the decision not to resuscitate might logically be accompanied 
by other choices about reducing the aggressiveness of care, 
this does not necessarily have to be so. A patient may logically, 
ethically, and legally desire intensive care intervention, yet be 
unwilling to be resuscitated should an arrest occur. Each type 
of intervention should be considered in its own distinct con-
text, and the merits of any particular intervention should be 
judged; an appropriate surrogate must decide on behalf of the 
patient, on the basis of an evaluation of what promotes the best 
interests of the patient.13

The “Never" Competent
Decision making for patients who never possessed capacity 
is similar to the process described for those who congenitally 
have serious learning difficulties or are severely impaired or 
for other reasons have never had the opportunity or ability to 
develop a system of values and preferences that could be used 
to direct the course of care despite the lack of capacity. Thus 
“substituted judgment” cannot be rendered on their behalf 
because they have never possessed the original judgment.13 
Rather, the needs and course of care for those never competent 
must be based on an objective determination of their specific 
circumstances. This decision should be based on an exam-
ination of the patient’s diagnosis and prognosis as well as the 
benefits and burdens associated with the various care options. 
The assessment of benefits and burdens includes consider-
ation of pain, suffering, palliation, extension of life, and other 
determinable measures. In all cases, these considerations are 
limited to the benefits and burdens imposed on the individual 
patient. To the extent that this involves an assessment of the 
patient’s “quality of life,” this assessment is limited to deter-
mining whether the benefits of continued care for the individ-
ual patient outweigh the burdens of care experienced by that 
patient. This does not involve an assessment of the patient’s 
quality of life in comparison to what might be achievable by 
others.38

As surrogates, parents cannot call on their child’s back-
ground or lifestyle to form a “substituted judgment.” The nat-
ural course of surrogate decision making is one that relies on 
an evaluation of the child’s best interests, and in such determi-
nations, the parents are generally afforded significant latitude 
to discern the nature and course of their child’s care.32 When 
parents’ decisions clearly contrast with promoting their child’s 
health and medical well-being, others may be empowered 
to challenge the choices.4 For these reasons, should parental 

conduct appear concretely neglectful—or even abusive—of a 
child’s needs, grounds might be found to disempower the par-
ents and allow others to decide on the child’s behalf. Principled 
choices of parents that they could assert for themselves, such 
as prioritizing religious faith above risk of death, are consid-
ered unacceptable when applied to the children of such indi-
viduals.4 Therefore, parents who subscribe to the Jehovah's 
Witness faith may refuse lifesaving blood transfusions for 
themselves, but not on their child’s behalf. Parental empower-
ment does not include the ability to risk death for a child who 
has not yet attained the capacity to choose such a course for 
himself or herself.4

Children who are on the cusp of capacity (ie, those ap-
proaching the murky line that separates adolescence from 
adulthood) may in certain circumstances be considered to pos-
sess sufficient judgment to participate in the decision-making 
process.4 Even if their consent is technically not required, from 
a moral perspective their concerns and desires should warrant 
serious attention and play a significant, if not determinative, 
part in the deliberation process.32

Critical Care and End-of-Life Decision 
Making: Special Concerns
The circumstances that surround critical care and end-of-life 
decision making are often made more controversial and prob-
lematic for both patients and providers because of uncertainty 
about the moral and legal permissibility of certain actions or 
decisions. This is particularly true when death is a likely or 
even intended consequence of a choice. In addition, many 
philosophically based terms are sometimes interjected into 
discussions without universal clarity or certainty about their 
intended meanings. For example, comparisons such as ordi-
nary versus extraordinary or withholding versus withdrawing 
sometimes conjure up misguided notions about what is or is 
not acceptable in the course of delivering patient care.46 The 
unnecessary inclusion of confusing terms often clouds the un-
derlying reasons and justifications for choices made either by 
or on behalf of a patient.

For patients who possess decisional capacity, the choice of 
whether to initiate, withhold, or withdraw care is one solely 
within the orbit of the patient’s value system, even if the likely 
or intended consequence of the patient’s choice is signifi-
cant harm or even death.46 Despite the discomfort that many 
providers have with this concept, it is one in accord with the 
moral and legal frameworks supporting patient autonomy.47 
Thus, a patient can decline the option of life-prolonging sur-
gery, can ask that mechanical ventilation be withheld if respi-
ratory distress occurs, and can even ask for the withdrawal or 
cessation of such life-prolonging measures as dialysis, artificial 
nutrition, and hydration (in most jurisdictions), as long as the 
patient possesses the capacity and information to assess the 
benefits and burdens of such choices.38,47 However, in some ju-
risdictions, such choices may nonetheless require a legal pro-
cess to carry out the request.4 This step may stem more from 
concern about injecting safeguards into such decision pro-
cesses rather than any move away from fundamental moral or 
common law support for such patient decisions. Moreover, in 
most jurisdictions, such patient requests would be accorded 
respect even if they were transmitted through an appropriately 
executed living will or appointed surrogate once the patient 
loses decisional capacity.

Questions of whether there is any moral or legal difference 
between withholding and withdrawing care, whether the care 
involved is of an “ordinary” versus “extraordinary” nature, or 
whether it is acceptable to omit an action that may lead to the 
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may bring about death raise concerns about word origins and 
their current meaning and significance in the context of care. 
Many of these terms, although perhaps drawing some useful 
distinctions in their earlier, theologic origins or perhaps point-
ing to areas that warrant additional attention, in and of them-
selves do not determine the morality or legality of the choice 
carried out.37 For example, a provider who makes the distinc-
tion that “extraordinary” care may be withheld or withdrawn, 
yet “ordinary” care must be initiated or continued tells us little 
about the precise nature of the care or its effect on the patient 
at issue.28,47

Although in simpler times distinguishing what was ordi-
nary from what was not perhaps seemed easier, the sophisti-
cation of the machinery or commonness of its application in 
today’s sophisticated acute care environment creates situations 
in which an appropriate intervention for one patient may not 
be acceptable or even beneficial to another similarly situated 
patient. In such determinations, the importance is not in what 
the care is labeled but rather how it affects that patient and 
fits into the patient’s perspective in terms of benefits versus 
burdens.37 One patient may believe the receipt of artificial 
nutrition via a gastrostomy tube is desirable and acceptable, 
whereas another may view it as extraordinarily burdensome 
and inconsistent with his or her view of what best suits his 
or her interests. Such differences between the patients in the 
meanings that are assigned only underscore how physicians 
and patients may view choices differently. A provider should 
not presume that a patient regards a certain course of care in a 
way similar to the provider.

Similarly, attempts to explain omissions or withholdings as 
being morally or legally permissible and actions or withdraw-
als as impermissible only confuse and distort the reasons and 
justifications that will make such choices either permissible or 
not. Merely because a provider decides not to initiate a process 
does not necessarily relieve that provider of responsibility if the 
outcome was one intended or foreseen.28 This is particularly so 
in the context of patient–provider relationships, in which the 
provider owes duties to the patient and in which a decision 
not to act may be as influential and responsible for patient’s 
outcome as any concrete activity that the provider undertakes. 
For example, a decision to withdraw artificial ventilation from 
a patient, which may or may not bring about the patient’s 
death, is not necessarily any less permissible or unacceptable 
than the choice to omit or withhold its use in the first place. 
Some people may believe a distinction exists between an act 
that is believed to cause the death of the patient and one that 
merely holds back a possibility from an already dying patient, 
but from a moral and legal point of view, arguments used to 
withhold treatment should be equally justifiable and binding 
as decisions to withdraw or cease.38 Judicial decisions that have 
addressed this matter concur that no logical distinction exists.38

A decision not to initiate care can be viewed just as “caus-
ative” in terms of patient outcome as any act of withdrawing, 
if the outcome was one that was foreseen and could have been 
avoided if a different choice was made. In such circumstances 
the important point is not so much whether one is acting or 
omitting or withholding or withdrawing, but rather why one 
is undertaking that course and whether it can be justified in 
terms of the patient’s preference or the best interests of the pa-
tient as determined by an appropriate surrogate.32 Moreover, 
many commentators have clarified that decisions not to initi-
ate care, because of fear that, once started, a treatment cannot 
later be stopped, may actually harm certain patient popula-
tions.28 Some patients might benefit from a trial of therapy, 

even if later on the therapy may no longer serve the patient’s 
interests and should be withdrawn in the name of beneficence, 
nonmaleficence, or patient autonomy. Not to have tried an in-
tervention for fear of not being able to stop it lacks logic and 
defies the nature of providing medical care, which often means 
that certain risks are undertaken for certain potential benefits. 
One must always remember the provider’s duty to relieve pain 
and suffering and not to cause harm to the patient.28

Nonetheless, certain actions on the part of providers and 
requests on the part of patients trigger additional scrutiny and 
other societal interests that may take priority over a pure vi-
sion of patient autonomy or provider beneficence. For example, 
societal interests in the sanctity of life and concern for the pre-
vention of suicide are generally used to deny support for pa-
tient requests for suicide assistance38,48 or for provider services 
to purposefully administer a medication or another interven-
tion for the purpose of causing the patient’s death (what is 
sometimes known as “active euthanasia”).38,48 Although much 
sympathy is generated for the plight of desperately ill patients 
seeking relief from their terminal conditions and often grand 
jury investigations of such matters fail to indict involved par-
ties,28 most states maintain strict theoretical sanctions and le-
gal prohibitions on provider involvement in such cases.

In two decisions the U.S. Supreme Court reiterated the 
traditional American condemnation of suicide and upheld 
the value of the individual human life by unanimously strik-
ing down two lower court decisions that had found a con-
stitutional right to die with the aid of a doctor. Although 
the Court ruled that the constitution does not guarantee 
Americans such a right, it left the individual states with the 
power to determine the legality of physician-assisted death.48,49 
In October of 1997, the state of Oregon enacted the Death 
with Dignity Act into law, becoming the first state to legal-
ize and regulate physician-assisted death. The state’s first le-
gal physician-assisted death took place on March 24, 1998. In 
2006, the Supreme Court specifically addressed a challenge 
to this Oregon law in the case of Gonzales v Oregon,50 rul-
ing that the United States Attorney General could not enforce 
the Controlled Substances Act against Oregon physicians who 
prescribed drugs for assisted suicide in the terminally ill, in 
accord with the Oregon law. The Court affirmed the ability of 
a state to pass legislation permitting physician-assisted death 
under defined circumstances.

As these events in Oregon attest, we may be witnessing a 
shift in societal consensus about how to prioritize values when 
fundamental questions about the meaning of life and death are 
the issue. The debate concerns the precise role of the physician 
and the nature of physician–patient relationship in an era of 
such sophisticated and often partially successful care that it is 
sometimes difficult to discern whether, on the whole, an in-
tervention would benefit or burden a patient. Some argue that 
supporting physician involvement in the intended death of a 
patient destroys the essential role of the provider as healer and 
would create an air of uncertainty that would ultimately dam-
age the trust that exists between patient and provider.27 Others 
believe that one essential role of the modern physician is relief 
of suffering, and the possibility of such physician involvement 
might encourage otherwise desperate patients to try one more 
round of therapy or intervention, comforted by the knowledge 
that failure would not lead to unremitting pain or unendurable 
misery.27 As the effects of Oregon’s Death with Dignity Act be-
come clear and as more states move to enact legislation, the 
debate over these issues will intensify.

Although the Supreme Court found no constitutional right 
to physician-assisted death, the Court seemed to recognize the 
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existence of a legitimate conflict between the needs of some 
terminally ill individuals and the larger interests of society. In 
fact, some have argued that, although patients cannot legally 
ask physicians to end their suffering by invoking a constitu-
tional right to assistance in dying, patients may very well have 
a constitutional right to palliative care.51

However, all judicial decisions that have examined cases 
of the withholding or withdrawal of patient care have distin-
guished such circumstances from cases of active euthanasia 
or other forms of killing or suicide.28 No physician who has 
participated in treatment decisions to withhold or withdraw 
care has ever been found criminally liable and responsible for 
the patient’s death.28 Cases of assisted suicide and euthanasia 
have been distinguished on the basis of the nature of the pa-
tient’s prognosis and clinical circumstances. Patients who re-
fuse care or ask for its withdrawal and who will then die from 
their underlying conditions are not considered to be commit-
ting suicide, nor are the providers who respect such decisions 
considered to be assisting suicide or killing the patients.49

One final distinction deserves examination: the admin-
istration of pain relief with the knowledge, though perhaps 
not the intent, that such medication may ultimately shorten 
the patient’s life or even cause the patient’s death. Under the 
theologic doctrine of “double effect,” such action is usually 
explained and justified by referring to the primary effect and 
intent of the action, that of relieving pain, while recognizing 
the possibility or even likelihood that another effect, that of 
the patient’s shortened life or even death, is a possible result  
of the action.12 The action is considered permissible because 
the intent was to relieve suffering, not to cause death.

Theoretically, in current legal climates, the knowledge that 
an outcome is possible—though not necessarily intended—
might still lead to liability on the part of the provider.46 
However, we know of no successful litigation against a pro-
vider for administering pain relief to a patient with significant 
need, even if the outcome of the relief also meant an earlier 
death for the patient. Justification for such actions are usually, 
in current climates, based on either the patient’s choice to risk 
death to achieve pain relief (or a similar decision by an autho-
rized surrogate) or on the widely recognized additional role 
of the provider to relieve pain when possible. Such provider 
actions are generally distinguished in legal forums from more 
common examples of “active euthanasia.”36 In fact, many com-
mentators have suggested that it would be unusually cruel and 
harmful to a patient to respect the patient’s wish that care be 
withdrawn or withheld, yet not provide him or her with pain 
medication to ease the transition to death.37

Artificial Nutrition and Hydration
The use of artificial means to nourish and hydrate patients 
who are unable to take in food on their own has generated sig-
nificant debate concerning definitions of “medical care” versus 
“comfort care.”36 For many caregivers, the question raised is 
whether there are any limits to patient self-determination or 
provider obligations in the context of the physician–patient 
relationship. Many believe that withholding or withdrawing 
“medical care” in accord with a patient’s self-determination is 
permissible, whereas the provision of artificial nutrition and 
hydration represents the intrinsic “caring” nature of human 
interaction and, therefore, must always be provided as a fun-
damental demonstration of humanity and compassion.41

All courts of law that have addressed this question, including 
the U.S. Supreme Court, have equated the use of artificial 
nutrition and hydration with the use of other medical technol-

ogies and “high-tech” progenies, such as mechanical ventilation 
and dialysis. They have thus permitted its withholding or with-
drawal in accord with the interests of patient self-determination. 
In the political arena, some legislatures have even made excep-
tions to their living will or health care proxy legislation to make 
allowance for such a distinction4 and, in some circumstances, 
to refuse to grant permission for patients or surrogates to have 
such care withheld or withdrawn.4 Given the sometimes pas-
sionate nature of the debate and the pluralistic nature of our 
society, a compromise has been reached in many instances that 
recognizes the right of individuals to determine the course of 
their care, particularly when providers feel unable to abide by 
such patients’ requests. This accommodation usually calls on 
either individual or institutional providers to disclose to pa-
tients and families, before the onset of a relationship, the per-
spective of the provider about this type of care.32

Dilemmas in Team Decision Making:  
The Role of the Anesthesiologist
Dilemmas in the clinical setting may emerge not only from 
interaction with patients and families but also in the rela-
tionships that are forged under a system of team coverage of 
patient care needs. Particularly for the neurosurgical patient–
whose problems may span the disciplines of neurology, sur-
gery, and anesthesiology, among others–the collection of 
providers who join to meet the specific needs of an individ-
ual patient may generate interdisciplinary disputes, rivalry, or 
even antagonisms, which may subtly, or perhaps not so subtly, 
affect patient care. In this regard, the role of the consultant 
anesthesiologist is briefly examined as just one example.

A cardinal rule of the Hippocratic tradition, which empha-
sized the appropriateness of calling in consultants, was that 
physicians were never to disagree with their colleagues in front 
of the patient.15 In our own time, the notion of a “united front” 
before the laity has perhaps a greater command over medicine 
than in other professions, so that even when physicians are 
in substantial disagreement over the appropriate course, they 
rarely present their disagreement to the patient. Considering 
that the patient whose condition is serious enough to warrant 
consultation is often in an emotionally vulnerable position, 
this policy might not seem to be an unwise one.

However, modern legal analysis and case law support the 
independent authority and responsibility of the anesthesiolo-
gist as separate and distinct from other members of the health-
care team. Although the anesthesiologist may have little or no 
participation in the initial decision to intervene surgically, he 
or she has separate responsibility to review the patient’s condi-
tion and to obtain an independent informed consent directly 
from the patient or the patient’s surrogate for the use of anes-
thetics. In effect, the anesthesiologist must review the feasi-
bility of anesthetic intervention for the particular patient and 
separately determine whether the surgery should proceed on 
the basis of this review. The actions or determinations of the 
anesthesiologist are no longer viewed as subordinate to those 
of the surgeon. The anesthesiologist has an independent duty 
to the patient, separate and apart from that of the surgeon or 
any other member of the health care team. Such duty carries 
through the entire perioperative period, until such time as the 
anesthesiologist discharges the patient from his or her care.

Ethical Issues in Innovative Neurosurgery: 
Role of the Anesthesiologist
The anesthesiologist’s specific duties toward the surgical pa-
tient, as discussed in the previous paragraph on team decision 
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TS making, also extend toward patients undergoing experimental 
or innovative procedures. Such innovations may occur within 
or outside of formal clinical studies, as we explain here. Perhaps 
even more pressing than during standard operations, the an-
esthesiologist may function as an important consultant to the 
neurosurgeon (and perhaps, sometimes, as an advocate for 
the patient) by helping the neurosurgeon appropriately iden-
tify those procedures that are, in fact, experimental enough to 
warrant additional scrutiny and review. The additional review 
and patient protections required for experimental surgery 
may not always be apparent to the neurosurgeon, because they 
traditionally have not always been recognized by the surgical 
profession in general. Prior research has shown that surgeons 
generally do not readily identify those innovations that are in 
fact experimental or that amount to research with human sub-
jects; they do not often submit their innovative procedures to 
rigorous testing in the form of (controlled) clinical trials nor 
their innovative surgical techniques to their institutional re-
view boards (IREs) for prior review and monitoring.52,53

Every day, US surgeons modify existing operations, 
attempting to improve their techniques and outcomes. 
Sometimes this modification occurs on an individual patient 
basis; sometimes a group of patients undergoes an innovative 
procedure. Sometimes a group of patients serves as a prospec-
tive or historical control. Innovative operations find their way 
into the professional journals and conferences as case reports, 
case series, or case-control studies, and a very small percent-
age as prospective clinical trials. But many, perhaps most of 
them, have one thing in common: they were performed under 
the heading of therapy, not of research. Whether they started 
out as spontaneous technique modifications necessary for a 
particular patient situation or as informal studies with or 
without protocols, most of these studies were done without 
prior IRB review and without specific research consent from 
patients.54 In some instances, such review and consent would 
have been appropriate and necessary, but uncertainties and 
disagreements exist among surgeons as to what constitutes 
routine variations on surgical techniques that require no prior 
approval and what are new or innovative techniques warrant-
ing IRB review and patients’ specific informed consent for an 
experimental procedure or a research study.53,55 This area is 
where the neurosurgical anesthesiologist can become an im-
portant ally of both patients and science, by helping surgeons 
to correctly identify those innovations that would better be 
performed under the heading of research. It is, therefore, of 
paramount importance that anesthesiologists be familiar with 
the definitions and regulations for human subject research 
and with the workings of the local IRB.

Necessary knowledge to make judgments about research 
and innovative practice can be found in documents from both 
federal agencies and professional societies. The oversight of 
research, innovation, and standard health care involves multi-
ple jurisdictions: the separate states; federal agencies involved 
with regulation, funding, or reimbursement; professional so-
cieties; and health maintenance organizations (themselves op-
erating under state and/or federal rules) may all be involved. 
Increasingly, the courts may play a significant role.

At the federal level, there are the regulations of the U.S. 
Department of Health and Human Services (DHHS) and 
its Office of Human Research Protections (OHRP; formerly 
Office for Protection of Research Risks [OPRR]). DHHS 
has issued a Code of Federal Regulations Title 45 Part  46, 
on “Protection of Human Subjects.”9 “45 CFR 46,” or the 
Common Rule, so called because it has been adopted by all 
but 17 state agencies, provides formal definitions of research 

and the human subject of such research. Subpart A of 45 CFR 
46, or the Federal Policy for the Protection of Human Subjects, 
sets out definitions and general regulations for performing re-
search with human subjects. Research is defined as any sys-
tematic investigation designed to develop and contribute to 
generalizable knowledge. Human subject is defined as a living 
individual about whom an investigator obtains either (1) data 
through interaction or intervention (eg, surgery) or (2) iden-
tifiable private information. The other subparts of the docu-
ment specify what additional guidelines are to be followed in 
case of vulnerable populations.

The Common Rule applies to all research involving humans 
that is conducted, supported, or otherwise subject to regula-
tion by any federal department or agency. In other words, any 
institution that receives federal funding falls under and must 
abide by the Common Rule. This makes the DHHS ultimately 
responsible over all human subject research that is directly or 
indirectly funded by federal money. DHHS thus technically has 
jurisdiction over all surgical clinical research as well, as long as 
it is conducted in health care institutions that receive federal 
money. DHHS’s definitions of research and human subject are 
applicable in surgery as much as they are in noninterventional 
specialties. However, the problem lies in the fact that not all 
surgical research activities are defined as such and thereby es-
cape the overview of local IRBs and, ultimately, of the Office of 
Human Research Protections and DHHS. Part of the reason is 
that surgeons do not always recognize their efforts to improve 
surgical technique as research (which sometimes is appropri-
ate, sometimes not) and another part is that surgeons are not 
always adequately aware of the fact that DHHS definitions 
sometimes do apply to their innovative activities. The lack of 
awareness is most probably due to inadequate familiarity with 
the Common Rule and its definitions and regulations.52,53

The U.S. Food and Drug Administration (FDA) gained reg-
ulatory powers to ensure the safety and effectiveness of new 
medical devices and medications. The law stipulates that all 
medical devices manufactured after 1976 are subject to an 
approval process and then subjected to regulatory controls 
according to their level of patient risk. However, unless an in-
novative surgical technique involves such an investigational 
device or an experimental drug, the FDA has no responsibility 
or jurisdiction over surgical research.56

Local agents under the DHHS Common Rule that do have 
formal jurisdiction are institutional review boards (IRBs).The 
IRB, also known as the research ethics committee, has been 
the local protection mechanism for human research subjects 
since the latter part of the 20th century. IRBs have the author-
ity and responsibility for approving or disapproving proposals 
to conduct research involving human subjects.

Voluntary guidelines have been issued by surgical soci-
eties such as the American College of Surgeons (ACS). The 
Committee on Emerging Surgical Technologies (CESTE) 
of the ACS has issued statements specifically addressing 
the ethical and responsible implementation of new surgical 
techniques and innovations.57

These self-imposed guidelines for emerging surgical tech-
nologies and their application to the care of patients were for-
mulated in 1994 and 1995. In part, they read as follows:

1.	 The development of a new technology must be 
accompanied by a scientific assessment of safety, efficacy, 
and need …

2.	 Diffusion into clinical practice requires appropriate 
education of surgeons and evaluation of their use of the 
new technology …
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3.	 Widespread application of new technologies must be 
continuously assessed and compared with alternative 
therapies to ensure appropriateness and cost-effectiveness 
through outcome studies.

The introduction of new technology to surgeons and the 
public must be done ethically in accordance with the Statement 
on Principles of the American College of Surgeons.

These principles require prior and continued IRB (or 
equivalent) review of the protocol, full description of the pro-
cedure, and informed consent of the patient. However, current 
guidelines remain open to individual interpretation and are 
not restrictive in character. Other than issuing a reprimand 
or expelling an unruly surgeon from the Fellowship, the ACS 
does not have responsibility or legal jurisdiction over the prac-
tices of its Fellows, let alone over U.S. surgeons who are not 
members of the ACS. As such, the Statement on Emerging 
Surgical Technologies is not legally binding. Other surgical or-
ganizations, such as the Society of University Surgeons (SUS), 
have also attempted to address the challenge of surgical inno-
vations by offering guidance.58

Until definitive guidelines or laws regulating innovative 
and experimental surgery have become established, it is up 
to individual neurosurgeons, aided by their team, includ-
ing neuroanesthesiologists, to determine which procedures 
should be introduced as innovative practice and which should 
be submitted to more formal scrutiny, such as IRB review and 
other oversight mechanisms.

Ethics Related to Brain Death
The ancients often regarded the heart as the center of vitality, 
and for millennia the determination of death was the absence 
(or cessation) of a heartbeat. In the event of severe brain dam-
age, either traumatic or cerebrovascular, cessation of the respi-
ratory drive resulted in breathing cessation and rapid death by 
cessation of heartbeat.

In the mid-twentieth century the invention of the positive 
pressure ventilator led to the technical ability to maintain res-
piration, and, therefore, cardiac function, in the absence of 
much of or even all brain function. Further development and 
wider availability of ventilators and the evolution of intensive 
care units (ICUs) events led to increasing numbers of cases 
in which pulmonary and cardiac function were maintained in 
the face of devastating brain function and no chance of recov-
ery. This led to confusion about what defined death in such 
cases. The determination of death had multiple ethical, legal, 
and medical implications, and medicine was unsettled.

In view of these uncertainties the ensuing decades saw new 
criteria developed to define death as brain death, not cardiac 
function cessation. Discussions of brain death as the redefini-
tion of death occurred initially in France (“coma dépassé”) in 
the 1950s and 1960s, and the initial formal definition of “irre-
versible coma” in the US was made by an ad hoc committee at 
Harvard, which resulted in publication of the Harvard Criteria 
(1968). Research to determine what constituted brain death 
continued for years, to assure that a “brain death” definition 
of death ensured irreversibility of the medical state. Finland 
was the first nation to pass a law that death would be defined 
by brain death.

Neuropathological studies of subjects who had been in pro-
longed coma revealed that the brainstem, locus of the respira-
tory drive and other brainstem reflexes, was always involved 
significantly and extensively in cases in which brain injury had 
resulted in (irreversible) brain death. Thus the formal crite-
ria to determine death evolved with specific procedures and 

examination requirements to assure that there were no other 
reasons for unresponsiveness than destruction of brain tissue. 
The presence of potentially reversible states such as hypother-
mia, residual anesthesia, or drug overdose had to be ruled 
out. A careful neurological examination at two time points 24 
hours apart, determined by two clinicians with expertise in the 
examination for determination of brain death, became stan-
dards for such determination of death. Procedures that were 
specified for assessing absence of brainstem reflexes, such as 
respiratory drive, corneal reflexes, and caloric responsiveness, 
became standardized.59 Most hospitals and hospital systems 
reviewed and approved brain death criteria to be applied 
whenever the clinical situation presented itself.

Of course, not all cases of protracted coma or unconscious-
ness will meet criteria for brain death. The term persistent veg-
etative state has been used to describe cases in which there is 
destruction of sufficient regions of brain to preclude recovery 
to full consciousness, but preservation of brainstem function 
sufficient to enable maintenance of respiration. The public’s 
understanding of the difference between brain death, espe-
cially brainstem death, and a chronic vegetative state in which 
people do not recover consciousness is frequently confused, 
aided by press or lay spokespeople who are unfamiliar with 
the differentiation of the two terms and for whom the term 
“vegetable” carries a striking negative as well as disrespect-
ful connotation. Confusion, religious dicta or opinions, and 
multiple legal issues have also clouded full understanding. 
Even the term “brain death” as somehow differentiated from 
“death” (when we would argue they are inseparable) is a dif-
ficult term to explain. Widespread legal cases such as that of 
Terri Schiavo60 have also led to misunderstanding and beliefs 
that people who are neurologically devastated will somehow 
awaken, given enough time, hope, and prayer. Federal, state, 
and hospital rules and regulation regarding brain death and 
criteria for determining the same have aided the clarification 
in individual cases as families and friends confront these is-
sues suddenly and in a state of emotional upset. Many reli-
gious groups have established rules for dealing with the new 
medicine of brain death, and consultation with the chaplain 
or the family’s religious leader may be helpful in acceptance of 
facts of a case.

Neurosurgeons and neurologists (who may, along with 
some anesthesiologists, be part of a hospital brain death con-
sultation team) are familiar with persistent vegetative states 
(PVS) and the evaluation of the unconscious patient and de-
termining a prognosis in the case of PVS. If the cause of the 
unconsciousness is trauma, up to 6 months of unconscious-
ness is necessary to term someone as in a persistent vegeta-
tive state. If the cause is vascular (widespread ischemia with 
or without hemorrhage), a period of 3 months leads to a PVS 
diagnosis. In the case where a diagnosis of brain death is con-
firmed, it is legally permissible to remove a person from life 
support; careful documentation of the strict observance of the 
brain death protocols is required.

Anesthesiologists play varying but important roles in the 
diagnosis and care of nonconscious patients with an impend-
ing diagnosis of brain death, including ascertainment of the 
clearance of anesthesia if the patient was under anesthesia, 
participation in the determination of patient status if the pa-
tient was not under their care (brain death protocol execution 
requires experienced physicians who are not caring for the 
patient), and aiding in explaining the status of the patient to 
family and friends. The latter is important especially in the 
case where naïve, unrealistic, or religious views or supposi-
tions oppose cessation of life support. In such cases, ethical 
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are the responsibility of the physician as well as the chaplain or 
clergy, members of the ethics committee, and members of the 
health care team.

SUMMARY

Full and comprehensive care of the neurosurgical patient re-
quires a thorough understanding of the ethical principles that 
guide the treatment decision-making process. Caregivers must 
be sensitive to the right of patients to be self-determining and 
to participate in the treatment decision-making process to the 
extent possible. Although decisional incapacity may render 
a patient unable to participate, the involvement of informed 
surrogates and the use of advance directives help ensure that 
treatment decisions are in accord with the patient’s wishes and 
values, even if the patient can no longer participate in those 
decisions. It is essential to plan proactively for decisional inca-
pacity through the use of advance planning mechanisms.

Particular problems may arise in connection with neuro-
surgical intervention, such as when DNR orders are in place 
or with the use of other life-sustaining measures. Clinicians 
must be cognizant of the autonomous rights of patients, yet 
patients and surrogates must also be informed of the unique 
and special characteristics of neurosurgical interventions, 
which may give rise to a reexamination of the reasons to with-
hold or withdraw life-sustaining treatments. Providers have a 
particular obligation to communicate such issues to patients. 
Anesthesiologists have separate and distinct obligations to the 
patient, including the obligations to interact directly with the 
patient, review the patient’s readiness for anesthetic interven-
tion, and monitor and oversee the patient’s condition during 
the entire perioperative process in connection with the use of 
anesthetics. In addition to the reference list for this chapter, 
readers are encouraged to explore the additional resources in 
the suggested reading list below.
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The pituitary is often referred to as the “master” hormonal 
gland because of the innumerable influences it exerts over 
physiologic homeostasis. It is located in the sella turcica, a 
bony cavity at the base of the skull in close proximity to the 
undersurface of the brain. Pituita, latin for phlegm, was the 
source of the name of the pituitary gland, implying early per-
ceptions of its function. Its true function became apparent 
when acromegaly was linked to the gland by Harvey Cushing 
in his 1912 treatise, “The pituitary gland and its disorders”.1

THE ANATOMY AND PHYSIOLOGY 
OF THE PITUITARY GLAND

Neurodevelopment
The pituitary gland, also known as the hypophysis, is com-
posed of three substructures at maturity, namely, the anterior,  
intermediate, and posterior lobes. The intermediate lobe is 
morphologically distinct from the anterior and posterior 
lobes but its function is uncertain. The anterior and posterior 
lobes are derived from two distinct embryological structures, 
Rathke’s pouch and the infundibular process respectively. 
Rathke’s pouch is a cephalad evagination of the stomodeal ec-
toderm, which will later become the pharynx. The infundibu-
lar process is a caudad evagination of the floor of the portion 
of the diencephalon that will eventually form the hypothala-
mus. These two structures, Rathke’s pouch and the infundib-
ular process, begin to come together in approximately the 4th 
week of gestation. With maturity, Rathke’s pouch follows the 
infundibular process into the intracranial cavity and these two 
structures merge to give rise to the mature pituitary gland. The 
mature pituitary gland is anatomically distinct from the brain 
and is connected to it by the infundibular process (the pitu-
itary stalk). The histology of the two lobes of the mature pitu-
itary gland reflects their embryological origins. The anterior 
pituitary (adenohypophysis) consists of glandular tissue while 
the posterior pituitary gland (neurohypophysis) is neural in 
character. The cells in the anterior pituitary are those that ulti-
mately manufacture and secrete the critical trophic hormones 
responsible for growth, development and the maintenance 
of homeostasis. They are, therefore, active early in gestation. 
Biologically active follicular stimulating hormone (FSH) and 
luteinizing hormone (LH) has been detected in fetuses at 
14 weeks, and biologically active thyroid stimulating hormone 
(TSH) at 17 weeks.2

The Anatomy of the Adult Pituitary Gland
The pituitary gland weighs about 0.5 to 1 g and is approxi-
mately 1 cm in horizontal diameter3 in normal adults. The 
vertical dimension of the gland varies with age and physio-
logic status, but is normally less than 8 mm. The gland tends 
to be the greatest in height between the ages of 10 and 29 years 
in both sexes and in females there is another increase in 
height in the fifth decade of life.4 There is normal physiologic 

enlargement during the teenage years and pregnancy when it 
can exceed 10 mm in height.5

The anterior pituitary gland makes up 75% of the gland 
and is the most common site of origin of pituitary adenomas. 
There is a small intermediate lobe, the function of which is not 
well established. However, it is often the location of Rathke’s 
pouch cysts and craniopharyngiomas. The posterior pituitary, 
which includes the pituitary stalk, is an extension of the hypo-
thalamus. Lesions of the posterior pituitary are rare.

The pituitary gland resides in the sella turcica, a saddle-like 
structure in the superior aspect of the sphenoid bone. Its loca-
tion in the roof of the sphenoid sinus has made it amenable to 
surgical approaches through that sinus. Since the sella turcica 
is a component of the skull, it is lined and enclosed by the dura. 
Superiorly, a reflection of the dura forms the diaphragma sella, 
effectively forming a dural sac in which the gland is encased. A 
small opening in the diaphragma sella accommodates the pi-
tuitary stalk, allowing communication between the hypothal-
amus and the posterior pituitary lobe. The sella is bordered 
laterally by the cavernous sinuses, which are venous sinuses 
entirely enclosed by dura. Within these sinuses are the carotid 
arteries and cranial nerves III, IV, VI, V1 and V2 (Fig. 27.1). 
Communications between the cavernous sinuses are variably 
found in the dura lining the anterior wall and floor of the sella. 
Dural communications across the anterior surface of the pi-
tuitary sometimes complicate transsphenoidal access to the 
gland. Beyond the confines of the sella are structures that are 
essential to the genesis of symptoms from pituitary tumors. 
These structures must be taken into consideration in the sur-
gical treatment of pituitary diseases. Superiorly, the subarach-
noid space sits directly on the diaphragma sella. Within this 
latter space are the optic nerves and chiasm, which can be im-
pinged upon should a pituitary tumor extend superiorly into 
the intracranial cavity. In the event that the opening in the 
diaphragma sella is larger than the diameter of the pituitary 
stalk, the subarachnoid space will extend to and make direct 
contact with the superior surface of the pituitary gland or tu-
mors arising from it. In this circumstance, vigorous removal of 
a pituitary adenoma can lead to tearing of the thin arachnoid 
membrane and subsequent cerebrospinal fluid leak into the 
nasal cavity (CSF rhinorrhea). The sella is bordered posteri-
orly by the basilar sinus and the interpeduncular/prepontine 
cisterns, in which reside the basilar artery and the brainstem.6 
The venous system of the skull base surrounds the pituitary 
gland and is important in the surgical approach.

The blood supply to the anterior and posterior pituitary 
gland is provided by the superior hypophyseal arteries, which 
branch off of the internal carotid arteries within the cavern-
ous sinus. In addition, a portal circulation system allows for 
humoral communication between the hypothalamus and the 
anterior pituitary (Fig.  27.2). This portal system is essential 
for the multiple feedback loops between the hypothalamus 
and the anterior pituitary. Sensors reside in the hypothalamus 
to detect the levels of the end organ hormones (e.g., thyroid 
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hormone, cortisol). Depending on whether the end organ 
hormone is above or below physiologic levels, releasing or 
inhibitory factors are manufactured and released by specific 
cells in the hypothalamus. These factors then enter the portal 
circulation in the hypothalamus and are carried to the anterior 
pituitary. At the anterior pituitary, these releasing or inhibitory 

factors in turn act on the respective trophic hormone produc-
ing cells to stimulate or inhibit the release of trophic hormones 
(e.g., TSH, ACTH). These trophic hormones then enter the gen-
eral circulation to influence the function of the end organs, for 
example, the thyroid and adrenal glands. The intricate portal 
vasculature thereby allows minute amounts of factors secreted 
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Fig. 27.1  The pituitary gland and adjacent anatomy in the coronal plane as seen in a tissue dissection. The pituitary gland is superior to the 
sphenoid sinus, within the sella turcica. The optic chiasm lies superior to the pituitary gland. Because of the inferior bony boundary of the sella, an 
enlarging pituitary lesion will often press upwards toward the optic chiasm. The carotid artery follows a serpiginous path lateral to the pituitary gland. 
(From Anaesthesia for Patients with Endocrine Disease edited by James (2010) Fig. 2.1, p.16, by permission of Oxford University Press. http://www.
oup.com/.) Cranial nerves III, IV, V1, VI, and V2 lie within the cavernous sinus, which surrounds the pituitary gland laterally. CN, cranial nerve.
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Fig. 27.2  The release of hormones and mediators for the pituitary gland. A branch of the superior hypophyseal artery arborizes to form a capillary 
bed in the lower hypothalamus and infundibulum (also called the pituitary stalk). Releasing factors produced in the hypothalamus are taken up by these 
capillaries and transported by the hypothalamic-hypophyseal portal veins (blue) to the anterior pituitary (identified as “pars distalis”) where they are released 
from a secondary capillary plexus. This latter capillary plexus also transports the hormones and stimulating/inhibiting factors subsequently produced in 
the anterior pituitary to draining veins and on to the systemic circulation.7 Axons of neurons of the supraoptic and paraventricular nuclei descend through 
the infundibulum to release hormones directly into the posterior lobe of the pituitary gland (identified as “pars nervosa”). A capillary plexus derived from the 
inferior hypophyseal artery takes up and carries these hormones, principally ADH and oxytocin, to draining veins and on to the systemic circulation. (From 
Anaesthesia for Patients with Endocrine Disease edited by James (2010) Fig. 2.2, p. 17 by permission of Oxford University Press. http://www.oup.com/.)
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by the hypothalamus to achieve precise control of hormone 
secretion by the target endocrine glands. There is a substantial 
reserve in the function of the pituitary gland. Ten percent of 
the gland is normally sufficient for the maintenance of endo-
crine homeostasis.

Radiologic Examination
The pituitary gland is effectively imaged with magnetic res-
onance imaging (MRI) with and without gadolinium.8 The 
anterior pituitary gland is isointense on T1 weighted imag-
ing and the posterior pituitary is hyperintense. With con-
trast, the anterior lobe becomes brightly enhanced probably 
as a result of the lack of a “blood–brain barrier”. Evaluation 
of pituitary adenomas should entail studies with contrast en-
hancement. Microadenomas are small tumors residing en-
tirely within the substance of the gland. These tumors appear 
as “punched out lesions” on contrast enhanced MRI scans in 
which normal gland is brightly enhanced while the tumor 
appears markedly “underenhanced”. In intermediate sized 
tumors, which often occupy the entire confines of the sella, 
enhancement of the tumor appears to increase. The normal 
gland is often visualized as a crescent at the periphery of the 
tumor (Fig.  27.3B). With large tumors extending into the 
intracranial cavity, tumor enhancement is increased but is 
often not homogeneous.

DISEASES OF THE SELLAR  
AND PARASELLAR REGIONS

Pathologic processes within the sella include various pituitary 
tumors, craniopharyngiomas, and Rathke’s pouch cysts.

Pituitary Tumors
Pituitary tumors are classified functionally into two categories – 
nonfunctional and functional tumors. The majority of tu-
mors are nonfunctioning (nonsecretory) adenomas. Tumors 
that oversecrete a specific trophic hormone are considered 
functional tumors and they lead to distinct hormonal syn-
dromes. Pituitary tumors are also classified according to size 
as macroadenomas (>1 cm) or microadenomas (<1 cm). The 
vast majority of pituitary tumors are benign. Pituitary cancers 
are distinctly rare.

Nonfunctional Pituitary Tumors
Nonfunctional pituitary tumors arise from the growth of trans-
formed cells of the anterior pituitary. These tumors do not se-
crete any trophic hormones in excessive amounts. Hence, their 
manifestations are anatomic. As the tumor increases in size, 
surrounding structures are compressed. Within the sella, the 
normal gland is compressed and displaced around the tumor 
mass. This is generally well tolerated until more than 90% of 
the gland is rendered nonfunctional. In this event, a hypopitu-
itary state ensues. In the female, this is manifested early with 
abnormalities of menstruation. In the male, a loss of libido 
occurs.

Growth generally follows the path of lowest structural re-
sistance. Extension superiorly is common since the aperture 
in the diaphragma sella is frequently incompetent (i.e., it is 
larger than the diameter of the pituitary stalk). As the tumor 
extends superiorly above the diaphragma sella, it first occu-
pies the subarachnoid space that separates the diaphragma 
from the optic nerves/chiasm. With continued growth, the 
optic structures are elevated and compressed leading to visual 
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Fig. 27.3  Magnetic resonance images demonstrating a large pituitary adenoma and the anatomy adjacent to the sella turcica. A, Coronal plane. 
Residual normal pituitary tissue is demonstrated being pushed laterally and superiorly by the enlarging pituitary mass. Superiorly, the mass is 
compressing the optic chiasm, a small portion of which is visible. A thin layer of the bone of the sella turcica can be seen on the inferior border of the 
mass, with a portion of the sphenoid sinus visible immediately inferior to it. Because of the bony inferior border, the tumor has grown superiorly with 
resultant compression of the optic chiasm. B, Sagittal plane. The third ventricle is superior to the macroadenoma and the prepontine/interpeduncular 
cistern lies posteriorly. This cistern contains portions of the circle of Willis and its branches. Violation of this cistern can result in significant vascular 
and neurologic injury. The route to the mass through the nasal cavity and the sphenoid sinus is demonstrated on this image by the trajectory of the 
arrow through the sphenoid sinus.
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field defects. Bitemporal field cuts are the most common since 
the majority of optic chiasm resides directly above the sella. 
Variations of the optic structures do exist. These may lead to 
the observation of monocular or homonymous field defects 
from compression of the optic nerve and tract respectively.

Lateral extension of a pituitary tumor into the cavernous 
sinuses is typically well tolerated and seldom leads to clini-
cal symptoms. Tumor may abut the carotid artery but actual 
invasion of that vessel is rare. This is presumed to be due to 
the slow growth and typically nonmalignant nature of these 
tumors. Inferior extension into the sphenoid sinus also occurs 
from erosion of the floor of the sella. These are seldom symp-
tomatic as the tumor fills out the sphenoid sinus and is usually 
discovered before it erodes into the pharynx.

Hypersecretory Pituitary Adenomas
While the majority of tumors are nonfunctional, some secrete 
specific hormones in excessive amounts leading to specific 
clinical syndromes. These are classified as hypersecretory pi-
tuitary adenomas.9

Cushing’s Disease
Cushing’s disease is a condition of glucocorticoid excess/
hypercortisolism (Cushing’s syndrome) caused by excessive 
secretion of adrenocorticotropic hormone (ACTH) from a 
tumor in the anterior pituitary gland. This leads to diffuse 
hyperplasia of the adrenal glands. Because of high cortisol 
levels, endogenous ACTH secretion by nonadenomatous cells 
is suppressed. ACTH secreting adenomas comprise about 
1–2% of all pituitary adenomas10 and are seen mostly in fe-
males (8:1 female to male ratio) with a peak incidence in the 
third and fourth decades of life.11 The clinical characteristics 
include central obesity with moon facies but sparing of the 
limbs, dorsocervical and supraclavicular fat pad engorgement, 
red-purple striae, thin fragile skin, hirsutism, easy bruising, 
acne, proximal myopathy, hypertension, impaired glucose tol-
erance, insulin resistance, osteopenia, amenorrhea, decreased 
libido, sexual dysfunction, psychiatric abnormalities ranging 
from depression and lethargy to paranoia and psychosis, and 
recurrent superficial fungal skin infections.12 Other findings 
may include hypokalemic alkalosis (in about 10–15% of pa-
tients), hyperlipidemia, and increased intraocular pressure 
and/or exophthalmos. The clinical diagnosis is confirmed 
using one or more of the following tests: late night salivary 
cortisol levels, low-dose and high dose dexamethasone sup-
pression test, urinary free cortisol, serum ACTH levels and if 
necessary inferior petrosal sinus sampling to verify the loca-
tion of ACTH secretion.13 As the duration of hypercortisolism 
increases, so does the risk of mortality for the patient;14 ag-
gressive treatment is therefore indicated. Tumor resection is 
the first line treatment with success rates ranging from 69% to 
98%.15 Although most adenomas that cause Cushing’s disease 
are noninvasive in nature, the relatively uncommon Crooke’s 
cell tumors are more invasive and often difficult to resect.16

Acromegaly
The incidence of acromegaly is 3–4 cases per million per 
year.17 This condition results from the overproduction of 
growth hormone (GH) from an anterior pituitary adenoma. 
The GH in turn stimulates the overproduction of insulin-like 
growth factor 1 (ILGF-1) from the liver. This leads to enlarge-
ment of acral, that is, the hands and feet, and other parts of the 
body. In addition, there is enlargement of the heart and vas-
culature. The clinical characteristics include features such as 
hypertension, diabetes mellitus, obstructive sleep apnea, man-
dibular hypertrophy, facial hyperostosis and skin thickening. 

The diagnosis of acromegaly is based on clinical findings as 
well as laboratory tests including serum GH, glucose tolerance 
test, serum ILGF-1, and MRI findings. Laboratory findings 
indicative of active disease are: random GH ≥1 ng/mL; nadir 
GH after oral glucose tolerance test ≥0.4 ng/mL; and elevated 
ILGF-1 for age.18 Since acromegaly is associated with increased 
mortality, aggressive treatment is warranted, usually including 
surgical excision of the adenoma.

Prolactinomas
Prolactin is produced by the mammotrophs in the anterior 
pituitary and prolactin release is normally downregulated by 
dopamine secreted by the hypothalamus. Prolactinoma in-
cidence varies from 10 to 50 per 100,000 and prolactinomas 
constitute 40% of all pituitary tumors.19,20 They result in pro-
lactin levels above the normal levels of 3–20 ng/mL in women 
and 5–15 ng/mL in men.21 Because women will present with 
galactorrhea, amenorrhea and infertility, it is usually diag-
nosed earlier in women than men. Premature osteoporosis 
may also occur in women. The condition is frequently treated 
first with dopamine agonists, for example, bromocriptine, car-
begoline, terguride, ropinirole, parmipexole, and quinagolide. 
When medication is ineffective, when intolerance develops, or 
when significant mass effect occurs, surgical excision of the 
tumor is undertaken. In making the choice to undertake med-
ical treatment, it must be made clear that the medications are 
not tumoricidal. Cessation of treatment will, therefore, permit 
resumption of tumor growth. In addition, medical treatment 
will to lead to scar formation within the tumor, rendering sub-
sequent surgical treatment complicated and thereby reducing 
the surgical success rate. The choice of therapy must take these 
factors into consideration and the patient must be fully edu-
cated as to the pros and cons of each therapeutic choice.

Thyrotropin Secreting Hormone Adenomas
Pituitary tumors that release thyrotropin secreting hormone 
(TSH) are a rare cause of hyperthyroidism. They comprise 
less than 2% of pituitary tumors. These tumors can co-secrete 
growth hormone and/or prolactin in addition to TSH. The 
majority tend to be macroadenomas at the time of diagnosis. 
In addition, they tend to be locally invasive and difficult to 
resect. The cure rate is 30–40% with surgery alone and there 
is a high incidence of hypopituitarism after surgery.22 These 
patients will have elevated TSH levels and elevated free thyroid 
hormone levels with the typical features of hyperthyroidism, 
which can include a diffuse goiter. Treatment is surgical exci-
sion of the adenoma.

Other Conditions Associated with Pituitary Tumors
Pituitary Apoplexy
This condition is one in which a sudden onset of symptoms 
occurs as a result of either hemorrhage or infarction within 
the pituitary or a pituitary tumor. It frequently entails the 
sudden onset of severe headaches that may be associated with 
compromise of vision, ocular paresis, and vomiting. This 
presentation is very similar to that of a subarachnoid hem-
orrhage, which must be ruled out by radiographic studies. 
Upon identification of an expanding pituitary mass, emer-
gent surgical decompression of the optic apparatus may be 
necessary. These patients may also present with acute adre-
nal insufficiency from destruction of the normal gland. This 
requires high dose intravenous steroid treatment to prevent 
cardiovascular collapse.23 Many patients will report a preced-
ing history consistent with either hypo- or hypersecretion of 
hormones, representing the antecedent presence of a pitu-
itary tumor.

Anesthesia Books 

http://surgerybook.net/anesthesia


462

2
7

 
• 

Th
e

 P
itu


it

a
r

y
 G

la
n

d
 a

n
d

 Ass



o

c
ia

te
d

 P
ath


o

lo
g

ic
 S

ta
te

s Stalk Effect
The “stalk effect” is the phenomenon of hyperprolactinemia 
occurring in association with suppression of function of the 
pituitary stalk. This has traditionally been attributed to mass 
effect on, or destruction of, the pituitary stalk, somehow result-
ing in decreased dopamine-mediated inhibition of prolactin 
secretion from the anterior pituitary. This phenomenon may be 
more complex than that, with some investigations suggesting 
that not all cases of hyperprolactinemia entail lack of dopamine 
suppression but rather the secretion of other factors either from 
the tumor or the anterior lobe of the pituitary.24,25 The clinical 
significance is that hyperprolactinemia does not necessarily 
represent the presence of a prolactin secreting tumor.

Other Sellar and Parasellar Lesions
Craniopharyngiomas
Craniopharyngiomas are tumors derived from embryonal 
tissues that occur in parasellar and sellar locations. They are 
usually identified in pediatric or adolescent patients. The inci-
dence is approximately 0.5–2.0 cases per million persons per 
year.26 The tumors are often large at the time of diagnosis and 
many patients will present with hormone deficiencies and vi-
sual field deficits, the latter because these tumors commonly 
have suprasellar extension.27 Increased intracranial pressure 
can also occur as a result of obstructive hydrocephalus. These 
lesions are often associated with the pituitary stalk and may 
also present with diabetes insipidus. Treatment is surgical re-
section by a transsphenoidal, a frontotemporal, or a combined 
approach.

Rathke’s Cleft Cysts
Rathke’s cleft cysts are benign lesions in the sellar or supra-
sellar areas that occur when the Rathke’s cleft does not regress 
fully. These cysts contain mucinous or a gelatinous material 
and can exert mass effects, causing headaches or endocrine 
disturbances.28 They are seldom large enough to cause visual 
symptoms. For most cases, a transsphenoidal approach is used 
for resection. These cysts commonly recur and may require 
multiple interventions.

ANESTHETIC MANAGEMENT 
OF SURGERY FOR PITUITARY 
TUMORS

Anesthetic Considerations for  
Pituitary Surgery
Preoperative Evaluation
The history and physical examination should be reviewed. 
Neurologic findings, in particular visual field deficits and 
abnormalities of extraocular movements, should be verified 
and documented. Signs and symptoms of increased intra-
cranial pressure may be present if there is hydrocephalus 
from ventricular obstruction, although this is rarely seen. 
Any increase in intracranial pressure should be addressed 
in conjunction with the neurosurgical team. The imaging 
should be reviewed and evaluated for size and location of 
the tumor and evidence of impingement on the optic chi-
asm, extension into the cavernous sinuses, or the presence 
of hydrocephalus.

The endocrine work-up should be reviewed. From among 
the endocrine abnormalities that can occur, a principal point 
of emphasis for anesthesiologists is that patients should be 
euthyroid prior to an elective procedure. In most instances, 

patients who are clinically hypothyroid or hyperthyroid should 
be deferred. Serum electrolytes should be reviewed. Severe 
hyponatremia may occur, usually in association with sellar 
arachnoid cysts, Rathke’s cleft cysts, and pituitary apoplexy.29 
Hyponatremia may represent severe, acute life-threatening 
adrenal insufficiency warranting immediate steroid therapy. 
In patients with hypertension, cardiac and renal end-organ 
effects should be sought. The perioperative administration 
of steroids should be discussed with the surgical team for all 
patients. Steroid administration is far from routine. Most pa-
tients with pituitary tumors will have sufficient residual nor-
mal pituitary tissue to maintain sufficient ACTH release to 
maintain adequate cortisol levels. These patients will, there-
fore, not require steroids.

The perioperative management of patients with Cushing’s 
disease is not straightforward. The hypercortisolism is the re-
sult of supraphysiologic ACTH secretion from the pituitary 
tumor. Secretion of ACTH from the normal gland is sup-
pressed. These patients must, therefore, be observed closely 
after surgery as they are at risk for severe adrenal insuffi-
ciency, and the associated cardiovascular compromise, be-
cause of the removal of the excessive ACTH source, that is, 
the tumor. In spite of the residual presence of normal ante-
rior pituitary tissue, the chronically suppressed normal gland 
will not immediately be able to produce sufficient amounts 
of ACTH to maintain homeostasis. Therefore, in anticipation 
of removal of the tumor, the patient may be placed on steroid 
supplementation intra- and postoperatively. If perioperative 
steroids are administered, at some stage postoperatively they 
must be tapered to assess the need for recovery of glandular 
function. In spite of the possibility of hypocortisolism, some 
teams may specifically withhold steroids to avoid interference 
with the postoperative testing that will be performed to ver-
ify that pathological ACTH secretion has been eliminated. 
Observation for adrenal insufficiency must be even more 
careful in these patients.

In patients with acromegaly, because of the difficult airways 
and obstructive sleep apnea that can occur in patients with 
advanced disease (now rare), the airway management plan 
should be adjusted accordingly.

Intraoperative Considerations
Lesions of the sellar and parasellar regions are approached 
via both craniotomies and transsphenoidal routes. It is, in 
particular, for lesions with substantial suprasellar extension 
that craniotomy may be selected. However, beyond the endo-
crine considerations, these approaches entail largely the same 
considerations that apply to other tumor-related frontal and 
frontotemporal craniotomies. The following discussion will 
therefore emphasize considerations specific to the transsphe-
noidal approaches.

Surgical Approach
Broadly, there are two techniques for achieving access to the 
pituitary gland via the sphenoid sinus; the sublabial, and the 
transnasal. The choice is determined largely by operator expe-
rience and preference. The sublabial approach enters the nasal 
antrum through an incision below the upper lip and above 
the teeth. The head is positioned on a “do-nut” foam head 
rest. Visualization is achieved via an operating microscope, 
which allows for significant magnification and illumination. 
C-arm fluoroscopy guidance is sometimes used. Transnasal 
approaches are accomplished via entry through one nostril. 
This typically entails some form of neuronavigation guidance, 
usually with the head secured in pin fixation.
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For both approaches, we employ a RAE-type oral endo-
tracheal tube placed in the corner of the mouth opposite 
the surgeon’s dominant hand. A right-handed surgeon will 
typically stand at the patient’s right side. Ergo, the endo-
tracheal tube is placed in the left corner of the patient’s 
mouth.

We believe that preventing coughing and emesis is an 
important component of anesthetic management. Both 
have the potential to raise venous and arterial pressure and 
thereby threaten recent hemostasis. Their prevention is even 
more important in the event that the arachnoid has been 
violated and repaired because we think that they have the 
potential to contribute to the development of a CSF leak. As 
part of our prevention regiment, we place a pharyngeal pack 
(a vaginal pack moistened with water) to assure that blood 
will neither enter the stomach nor collect in the glottis above 
the cuff of the endotracheal tube. We doubt that omitting 
the pack and aspirating the blood from the stomach at the 
end of the procedure nullifies the emetogenic effect of gas-
tric blood. A generous tail is left protruding from the mouth 
in company with the endotracheal tube. We are aware of the 
possible adverse effects of pharyngeal packing: sore throat, 
pharyngeal plexus injury, postoperative stomatitis, tongue 
swelling, and pack migration.30–33 These events have not 
been observed during our long experience, but should be 
borne in mind.

Prior to placing the pharyngeal pack, we insert an 
orogastric tube. We withdraw slowly it at the end of the pro-
cedure using it to suction the pharynx in the belief that it 
is less likely to provoke coughing/gagging than the custom-
ary Yankauer-type suction. Our practice is to cover all of the 
anesthesia paraphernalia (endotracheal tube, temperature 
probe, G-tube) with an adhesive edged plastic drape. The ad-
hesive edge of the drape is placed just under the lower lip for 
sublabial approaches and just above the upper lip for trans-
nasal procedures. This practice allows the anesthesiologist 
access to the endotracheal tube without intrusion into the 
sterile field.

All surgical approaches entail the use of a combination of 
local anesthetics and vasoconstrictors, usually epinephrine 
(adrenaline), to decrease mucosal blood loss and to blunt the 
hemodynamic response to dissection. Substantial increases in 
blood pressure can occur34,35 and the anesthesiologist should 
be in continuous communication with the surgeon. Pauses 
may be necessary to accomplish the infiltration safely and 
the anesthesiologist should be prepared with short-acting 
antihypertensive agents to deal with excessive responses that 
nonetheless occur. The necessity for prompt recognition of 
evolving blood pressure responses is one of the reasons that 
we believe that intra-arterial pressure monitoring is appropri-
ate for these procedures.

Guidance using bitemporal fluoroscopy has been men-
tioned above. Some surgeons, as a matter of individual prefer-
ence or training use neuronavigational systems, for example, 
Brainlab (Brainlab AG, Germany).

Any anesthetic regimen that is consistent with good hemo-
dynamic control and a smooth and timely emergence will be 
appropriate. At the authors’ institution, a balanced anesthetic 
is used most often with opioids, a volatile agent, and occasion-
ally an infusion of intravenous anesthetics such as propofol or 
dexmedetomidine.

During the procedure, complete neuromuscular block-
ade is advisable to ensure absolute immobility of the surgical 
field. Movement entails a risk of injuries including arterial 
perforation/hemorrhage, visual damage and cranial nerve 

injury. The cavernous sinuses, through which the carotid 
arteries and several cranial nerves pass (see Fig.  27.1), lie 
lateral to the sella and the distance separating the carotid 
arteries from the pituitary gland is between 0 and 9 mm.36 
Once within the sphenoid sinus, there is very little or no 
bone separating surgical instruments from the carotid arter-
ies passing laterally.37

There have been reports of asystole or bradycardia, oc-
curring during dissection of the tumor, especially during 
cavernous sinus exploration. These have been attributed 
to the trigeminal cardiac reflex. The incidence of this phe-
nomenon, which we have rarely encountered, is reported 
in retrospective analyses to vary from 0.003% to 10%.38–41 
The events are usually self-limited with cessation of surgical 
manipulation.

Cerebrospinal fluid (CSF) leakage intraoperatively may 
occur if the arachnoid is violated during dissection of the le-
sion. The surgeon typically takes measures to seal the leak 
in order to prevent a postoperative “CSF leak” and the in-
herent communication between the nasal cavity and the 
CSF space. Tissue sealants and packing of the sphenoid si-
nus (with fascia lata and muscle from the thigh, nasal turbi-
nate mucoperiosteum, or abdominal fat) may be employed. 
Postoperative CSF diversion by means of a lumbar drain, 
placed at the end of the procedure, before emergence may 
also be used as an adjunct to preventing the development of 
a CSF leak. Anesthesiologists may be called upon to assist 
with placement.

We facilitate the smooth emergence mentioned above by 
the introduction of nitrous oxide in the last 15–20 minutes 
of the procedure (to allow elimination of the volatile agent 
and intravenous anesthetics) and by administration of lido-
caine when the inhaled anesthetic agents are discontinued. 
Intravenous acetaminophen administered during the last half 
hour of the procedure combined with residual narcotic is usu-
ally sufficient to provide analgesia in the PACU.

It is inevitable that some patients who undergo pituitary 
surgery will suffer from obstructive sleep apnea and in these 
patients continuous positive airway pressure (CPAP) devices 
will appear desirable. However, CPAP has been reported an-
ecdotally to have led to the occurrence pneumocephalus, 
and, therefore, the opening of a pathway between the nasal 
cavity and the intracranial space with the inherent meningi-
tis risk. CPAP should generally be avoided.42 In patients who 
have a history of obstructive sleep apnea, a nasal trumpet can 
be placed by the surgeon into one of the nares, in lieu of the 
standard packing, to help to assure a patent airway in these 
patients.

Anesthetic Considerations for Specific  
Disease States
Cushing’s Disease
The stigmata and comorbidities associated with Cushing’s 
disease have been described above. In addition, the con-
siderations that argue for and against the administration 
of steroids have also been mentioned. The decision to give 
preoperative steroids is one that should be made in con-
junction with the surgical team. If steroids are to be with-
held, note that because of the half-life of cortisol (~50–75 
minutes) and the hypercortisolemic preoperative state of 
the patient, serum cortisol will not reach levels that are po-
tentially critically low until about 20 hours post-procedure. 
Observation of the patient for evidence of severe hypo
adrenalism should be careful and continuous in the post-
operative period.
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Prolactinomas
The pathophysiology of prolactinomas does not require anes-
thetic considerations beyond those related to the mass effects 
that these tumors may have on adjacent structures and consid-
eration of the possible adverse effects of their pharmacologic 
treatment. The ergot-derived dopamine agonists can cause 
cardiac valvular pathology from fibrosis. However, whether 
or not the low doses of cabergoline used for hyperprolactin-
emia actually have such side effects is unclear.50,51 A patient 
with known hyperprolactinemia and on an ergot-derived do-
pamine agonist who is found to have a murmur may warrant 
echocardiographic examination.

Dopamine agonists can also cause decreased blood pressure 
by central and peripheral mechanisms with decreased sympa-
thetic tone and decreased norepinephrine (noradrenaline) re-
lease. In addition, dopamine agonists may cause arrhythmias, 
including atrial fibrillation. Heart failure has been observed in 
patients with Parkinson’s disease. Again, it is unclear whether 
the relatively low doses of these medications used for hyper-
prolactinemia actually have these effects.52

Thyrotropin Secreting Hormone Adenomas
The pathophysiology of TSH secreting adenomas may oc-
casionally require medical management of the hyperthyroid 
state to prepare the patient for surgery. Somatostatin analogs 
can be used in conjunction with a combination of methima-
zole, propylthiouracil, and propranolol to return the patient 
to a euthyroid state prior to pituitary surgery. Somatostatin 
analogs, for example, octreotide, have been shown to decrease 
the size of goiters and pituitary tumors themselves in about 
40% of patients.53 Airway management may occasionally be 
difficult because of their goiter. The systemic effects of hyper-
thyroidism, including cardiac failure and atrial fibrillation, 
should be considered, although these are less common than 
in patients with other forms of hyperthyroidism and the signs 
and symptoms of hyperthyroidism tend to be mild and may 
even be overshadowed by other hormones that are cosecreted, 
for example, growth hormone.54 There should be attention to 
the possibility of hypopituitarism and perioperative steroid 
administration should be considered in the light of the preop-
erative endocrine evaluation.

 Cushing’s Disease
Anesthetic 
Considerations Acromegaly Anesthetic Considerations

Neurologic Visual field or CN 
deficits, psychiatric 
disturbance, anxiety, 
depression, psychosis
Increased ICP (rarely)

Document preexisting 
deficits

Visual field or CN deficits.
Increased ICP (rarely)

Document preexisting deficits.
Modify technique to avoid further 
ICP increase (rarely)

Pulmonary/airway Aggressive infections, 
cervical fat pad

Rule out concurrent 
pulmonary infection

OSA43, greater incidence 
of difficult intubation44,45 
(macroglossia, hypertrophy 
of epiglottis, tonsils, larynx, 
prognathic jaw)

Use smaller endotracheal tubes. 
Prepare for difficult airway. 
Attention to OSA in postoperative 
period

Cardiovascular Hypertension, 
myocardial hypertrophy, 
CHF, CAD

Evaluate for end stage 
effects of hypertension

Hypertension, 
cardiomyopathy46, valvular 
disease47, arrhythmias, 
CAD48

Evaluate for end stage effects 
of hypertension and ischemic 
symptoms

Hematologic Increased thrombotic 
risk

DVT prevention (SCDs, 
early ambulation)

  

Endocrine Perioperative 
adrenal insufficiency, 
hyperglycemia, 
hirsutism, amenorrhea

Consider perioperative 
steroid replacement*; 
glycemic control

Hyperglycemia, lipolysis, 
dyslipidemia; possible 
panhypopituitarism

Glycemic control, verify thyroid 
function, consider perioperative 
steroid replacement

 Protein wasting, 
centripetal fat 
accumulation, 
spontaneous tendon 
rupture, osteoporosis

At risk of pathologic 
fractures and injury with 
positioning

Soft tissue, bony 
overgrowth,49, vertebral 
fractures, joint arthropathy

Careful positioning to avoid 
peripheral nerve injury; document 
preexisting bone or nerve 
pathology

Dermatologic Atrophy of epidermis, 
easy bruising

Difficult IV placement, 
risk of skin injury

Thick skin Difficult IV cannulation

Immunologic Decreased immunity; 
mucocutaneous 
infections

Increased attention to 
sterility

  

Renal Renal stones, 
electrolyte abnormalities 
(hypokalemia, alkalosis)

Assess/correct 
electrolyte status prior 
to procedure; evaluate 
for existing renal injury

High urine output after  
tumor resection

Assess urine output and 
electrolytes postoperatively; 
distinguish DI vs. iatrogenic 
diuresis

Pediatric 
considerations

Growth retardation or 
arrest

 Gigantism due to GH excess  

Table 27.1  Physiologic Changes in Cushing’s Disease and Acromegaly and Anesthetic Considerations66

*Refer to discussion on perioperative steroid replacement for Cushing’s disease. CN, cranial nerves; ICP, intracranial pressure; OSA, 
obstructive sleep apnea; CHF, congestive heart failure; CAD, coronary artery disease; DVT, deep venous thrombosis; SCD, sequential 
compression device.
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Postoperative Management
Pain and nausea and vomiting are the most common complaints 
in these patients. We administer 1 g of acetaminophen in the 
last 30 minutes of the procedure. Nausea and vomiting may be 
detrimental in these patients because of its risks for increasing 
CSF leakage.55,56 These complaints are usually not severe and are 
readily managed with standard pharmacologic therapies.

Surgical complication and mortality rates are low in these 
cases overall.57 The mortality rate is approximately 0.5%. 
Major surgical complications occur in 8-10% of patients. They 
include CSF leak (~4.7%), meningitis (2%), stroke (1%), vas-
cular injuries (including carotid-cavernous fistula) (0.4%), vi-
sion loss (1.8%) and permanent panhypopituitarism.58 Vision 
loss and cranial neuropathy that are apparent in the immediate 
postoperative period warrant immediate imaging to seek ev-
idence of hemorrhage or mass effects, for example, from fat 
graft packing, that may justify early re-exploration.

Cerebral spinal fluid leakage is suspected in patients with 
persistent nasal discharge that is salty in taste or is worsened 
by leaning forward. Patients who have combined approaches 
and in whom the arachnoid has been violated intraoperatively 
are at greater risk.59 CSF leakage is confirmed if the fluid is 
positive for Β2 transferrin. Treatment for CSF leakage varies 
with institution, with some choosing early re-exploration and 
repair and some first employing lumbar drainage and bed rest.
Abnormalities of Salt and Water Homeostasis
Disorders of water and electrolyte homeostasis are sometimes 
encountered after pituitary surgery. Rates of up to 25% of some 
form of water imbalance have been reported. However, some 
surveys have reported incidences of up to 75%.60,61 This vastly 
exceeds our experience. There are three types of imbalances 
that can occur as a result of disturbances in antidiuretic hor-
mone (ADH) secretion: diabetes insipidus (DI); a syndrome 
of inappropriate ADH secretion (SIADH); and combination 
of DI-SIADH.
Diabetes Insipidus
The most commonly encountered is DI, usually with onset 
early in the postoperative period. DI is the result of a lack of 
sufficient ADH. DI occurs more commonly in association 
with surgery for macroadenomas, craniopharyngiomas, and 
Rathke’s cleft cysts.62 The patient will have a large output of 
dilute urine coupled with polydipsia with a preference for cold 
water. In the event of insufficient fluid intake, the patient will 
become hypovolemic, hypernatremic and will have an ele-
vated serum osmolarity. The diagnostic hallmarks are a rising 
serum sodium (≥145 mmol/L) and osmolarity (>300 mOsm/
kg) with a simultaneously dilute (hypo-osmolar) urine 
(<300 mOsm/kg or urine specific gravity ≤1.005). The large 
majority of cases of DI are transient. The onset of the DI is 
usually in the first 24–48 hours and in the majority of patients, 
it will have resolved by the time of discharge. There are some 
patients who develop DI in a triphasic fashion with early on-
set DI in the first postoperative day followed by antidiuresis 
about 1  week after surgery with subsequent and permanent 
DI.63 It is always important to distinguish between a physio-
logic diuresis, perhaps of an iatrogenic fluid load, and DI. The 
danger lies in treating a physiologic diuresis with matching 
fluid replacement. This puts the clinician and the patient in a 
“chasing your tail” situation that can lead to critical fluid over-
load. Acromegalic patients deserve special consideration with 
respect to polyuria because these patients will often exhibit a 
brisk diuresis of third space fluid after successful tumor resec-
tion and diagnostic care will be required to distinguish this 
physiologic diuresis from DI.64

The management of patients with DI must be tailored to the 
individual. They should remain in a closely monitored setting 
with daily weights recorded, strict intake and outtake moni-
toring, and frequent analysis of serum sodium, serum osmo-
larity, urine osmolarity and subjective thirst rating. With an 
intact thirst mechanism and fluids available for oral repletion, 
the majority of these patients will be able to self-regulate In 
cases in which the patient is unable to keep up with the di-
uresis and serum sodium exceeds 145 mmol/L, desmopressin 
(1-deamino-8D-arginine vasopressin; DDAVP) administra-
tion should be considered. DDAVP may be given 1 μg subcuta-
neously or 0.1 mg orally per day. This puts the patient at risk for 
overcorrection, with attendant hypervolemia and hyponatre-
mia and the patient should continue to be monitored closely.

The syndrome of inappropriate antidiuretic hormone secre-
tion (SIADH) with the attendant hyponatremia is occasionally 
encountered after pituitary surgery. The differential diagno-
sis should include other potential causes of hyponatremia, 
including adrenal insufficiency, hypothyroidism, hyperglyce-
mia, and cerebral salt wasting (CSW). The clinical hallmark of 
SIADH is hyponatremia with serum sodium ≤135 mmol/L in 
a euvolemic to hypervolemic state. By undefined mechanisms, 
some loss of the normal control of ADH release occurs result-
ing in SIADH. This usually occurs later in the postoperative 
period than DI, with the lowest serum sodium levels occurring 
7–9 days postoperatively. The patient may or may not have any 
symptoms, based on the severity of the hyponatremia. The pa-
tient may complain of headache, anorexia, nausea/vomiting, 
seizures or lethargy. The patient’s serum will be hypo-osmolar, 
the urine will be relatively hyperosmolar, and the patient will 
be euvolemic or slightly hypervolemic with normal serum 
blood urea nitrogen (BUN) and creatinine. This is usually 
treated with fluid restriction with liquids limited to 1000 mL 
or 700 mL per day, salty foods, and in severe cases with intra-
venous sodium repletion.65 If intravenous sodium repletion is 
necessary, therapy should be aimed at correcting the hypona-
tremia not more rapidly than 1 mmol/L/h, and if the hypona-
tremia is deemed to be chronic, no faster than 0.5 mmol/L/h. 
This slow correction is necessary to avoid central pontine my-
elinolysis, a rare and catastrophic complication. The patient’s 
serum electrolytes should be closely monitored during this 
period with severe cases requiring inpatient admission and 
multiple blood analysis daily and mild cases being treated at 
home with daily serum analysis. This phenomenon is usually 
self-limiting and most patients recover by postoperative day 
28. If there has been a considerable amount of hemorrhage  
during the operative course or the recognized presence of 
subarachnoid blood, cerebral salt wasting, as occurs relatively 
commonly after subarachnoid hemorrhage associated with 
aneurysmal rupture, should also be considered as a cause of 
hyponatremia. Cerebral salt wasting is associated with a hypo-
volemic state with increased BUN, creatinine, and increased 
hematocrit indicating a volume contracted state.

SUMMARY

The disorders of the pituitary gland result in a myriad patho-
logic conditions. In order to care properly for these patients, 
the anesthesiologist should have an understanding of the po-
tential consequences of both the endocrinopathies and the 
mass effects caused by these lesions. The preoperative assess-
ment should include: (1) evaluation of the patient’s endocrine 
status and of the physiologic consequences of any abnormali-
ties; (2) review of imaging studies to identify mass effects and 
adjacent structures at risk; and (3) careful definition of the 
preoperative neurologic status. A discussion should invariably 
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pituitary axis and whether perioperative steroid supplementa-
tion is warranted. The overall rates of morbidity and mortality 
for these procedures are low. However, when complications 
occur, they can be life threatening. Accordingly, because of the 
potential for endocrine derangements, the anatomical com-
plexity of the sella turcica and its close proximity to vascular 
and neural structures, the anesthesiologist should be in close 
and continuous collaboration with the surgeon in the manage-
ment of this patient population.
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INTRODUCTION

Harvey Cushing, an American neurosurgeon, recognized 
that the perioperative environment required detailed data 
collection. Working with colleagues in the 1890s, he is cred-
ited with bringing the intraoperative anesthetic record into 
popular use.1 This early pen and paper example of informa-
tion technology in the operating room has been in existence 
for over 100 years and is the primary method of document-
ing anesthesia care for many practitioners. However, over 
the last decade, advances in information technology and 
a national focus on patient safety and the delivery of cost-
effective care have led to the investment in and development 
of sophisticated systems to manage, monitor and document 
care. Having advanced beyond the pen and paper, we recog-
nize that managing multiple streams of data is of paramount 
importance.

Other industries, such as manufacturing, transportation, 
and public utilities, drove the development of information 
technology to capture and analyze data in order to provide 
more profitable services or obtain a competitive advantage 
over others in the same commercial space. However, in 
medicine the proliferation of health information technol-
ogy is a development that is relatively recent and continu-
ing to mature. Medicine is a broad discipline. Among the 
various elements of care, the perioperative environment is 
complex, esoteric, and hidden behind doors that say “Do 
Not Enter without Proper Attire.” As such, this area has 
received less informatics-related attention than other areas 
of the medical enterprise, such as billing, laboratory, and 
computerized physician order entry. Electronic anesthe-
sia information systems were described as early as 1991.2 
However, implementation rates continued to be low even 
25 years later.3 This low rate has been improving, with new 
technologies and increased development and research in 
this critical area.4

The legislature has had a significant impact on the devel-
opment of health information technology (HIT). In 2009 the 
American Recovery and Reinvestment Act included a sig-
nificant incentive for organizations to improve HIT imple-
mentations. These incentives were designed to encourage the 
development and implementation of health-related informa-
tion technology and the development of outcomes measures 
to gauge the quality and cost efficiency of care.5,6 The Health 
Information Technology for Economic and Clinical Health 
Act (HITECH) provided $26 billion in incentives to improve 
and implement HIT. HITECH provides for both incentives 
and penalties to physicians who use or fail to use HIT that 
meets certain meaningful use (MU) criteria.7 Coupled with 
the drive to become more efficient and improve safety, we are 
finally realizing the benefits to the quality efficiency of care 
which HIT offers.8–10

SCOPE OF HEALTH INFORMATION 
TECHNOLOGY

Multiple HIT systems are in common use (Table 28.1). These 
components may be integrated into an enterprise wide system 
provided by one vendor. Enterprise systems cover several or 
all the required HIT functions in one installation, but often 
do not provide the specific tools needed for the most highly 
technical or low volume services. In contrast, “best of breed” 
applications have been developed to fulfill these specific 
niches and are often installed in conjunction with enterprise 
systems when the enterprise system does not provide adequate 
functionality in a particular discipline.

A key element for the success of any HIT program is 
acceptability by clinicians for integration into their preexisting 
workflow. Barriers to adoption have been studied and include 
factors such as financial, technical, organizational, and psycho-
logical challenges.11 Properly designed systems will minimize 
the time required to document and the need to reenter any 
previously existing data. Toward this aim, the user experience 
or human factor considerations (the interfacing of systems, 
the design of the user interface, the actual appearance of the 
data entry screens, and processes) must be carefully examined 
when selecting or developing any HIT-related product.

CLINICAL DECISION SUPPORT

Clinical decision support (CDS) is a key function of clinical in-
formation systems, including perioperative information manage-
ment systems (PIMS). CDS can take many forms, ranging from 
simple data field checks to more complex calculations performed 
in the background—all designed to help clinicians make better 
and more timely decisions. Most commercial electronic systems 
enable end-users and/or system administrators to customize 
alerts and notifications, which can all be considered part of CDS.12

Most CDS within anesthesiology has focused on enabling 
providers to achieve better compliance with evidence-based pro-
cess guidelines.13,14 These include quality measures promulgated 
by national societies, quality organizations (such as the Surgical 
Care Improvement Project), and both government and commer-
cial payors.15 Common implementations of CDS include decision 
support around prophylactic antibiotic administration (includ-
ing agent selection, timing, redosing, and appropriate discon-
tinuation), administration of beta blockers in cardiac patients, 
management of blood glucose levels in diabetic patients, and pro-
vision of deep vein thrombosis prophylaxis.16 Within neurosur-
gical anesthesia, some CDS systems have focused on appropriate 
management of antibiotics, intracranial pressure, and ventilation.

Multiple studies have demonstrated that CDS can enable 
providers to achieve more reliable performance and a handful 
of studies have even linked CDS to better patient outcomes, in-
cluding reductions in surgical site infections and postoperative 
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nausea and vomiting.17,18 There are a multitude of studies that 
have demonstrated the ability of these systems to improve pro-
cess reliability, but far fewer that have linked CDS to actual im-
proved surgical or anesthesia outcomes. Other systems have 
focused on the preoperative setting of care by providing guid-
ance on appropriate testing and patient optimization.19

In order to be effective, clinical decision support systems 
must engage the end-user at the time when the information 

will be most helpful.20 If information is not delivered in a 
timely fashion, delayed, or otherwise out of date, then the 
impact of the system is likely to be greatly diminished. This 
requires the information to be delivered in a manner that 
engages the end-user. This may involve sending an on-
screen alert to an end-user on a dedicated workstation, an 
alphanumeric text page, SMS message, email, or other vi-
sual cues.21–23
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Fig. 28.1  This figure displays a quality dashboard designed for trainees. The panels show: A, a tabular view of the performance of a single 
resident in comparison to CA training level and entire program by month, with “pass/fail” as a binary score taking into account passing on all 5 
metrics or not; B, a graphical representation of the performance of a single resident in comparison to CA level and entire program by individual 
metrics by month; C, individual case listings showing where performance failures occurred; and D, the PDF form of the case record. CA, clinical 
anesthesia. [Vanderbilt Anesthesia and Perioperative Informatics Research (VAPIR) Division, Vanderbilt University Medical Center, Nashville, TN]

Table 28.1  Healthcare information technology components

Electronic Medical Record 
(EMR)

Represents an electronic version of the traditional paper chart. May include physician, nursing and ancillary 
notes, lab results, radiology results, physician order. May include integrated components of the other modalities

Computerized Physician Order 
Entry (CPOE)

Application to record physician orders and transmit the orders to the discipline fulfilling the order (eg, 
pharmacy, radiology, nursing, physical therapy). May include algorithms for error checking, such as drug 
interactions, allergy information, weight-based calculations. May include additional functionality such as the 
electronic transmission of prescriptions to outpatient pharmacies

Picture Archiving 
Communication System (PACS)

Provides storage of and access to images from radiology, ultrasound, and related imaging modalities. Often 
replaces traditional chemical film imaging with digital radiology capture

Anesthesiology Information 
Systems (AIMS)

Application designed to record the progress of intraoperative care, including vital signs, medications 
administration, airway and patient management, documentation of operative times and practitioner 
comments and attestations of care

Perioperative Information 
Management System (PIMS)

Series of applications designed to capture and record the documentation of care from multiple disciplines 
(eg, nursing, anesthesiology, perfusion, respiratory therapy) throughout the perioperative process. Includes 
preoperative, intraoperative, and postoperative documentation by nursing teams, and AIMS system, OR suite 
management, supply and equipment tracking, patient status boards and other applications

Specialized Applications Developed for use in one or two primary areas to cover specific functions. Examples include software to 
track the flow of patients in the emergency department, applications to record the progress of labor with fetal 
telemetry, applications to provide integration and remote delivery of data from operative or ICU environments
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Compliance Tracking
In addition to providing CDS, most perioperative information 
management systems also provide functionality for tracking 
billing and regulatory compliance. By applying a series of 
logical business rules across a database of cases, systems can 
provide concurrency checking to ensure billing times do not 
overlap, and providers are not signed into an inappropriate 
number of cases.24 These compliance checks can take the form 
of a billing report that coders can use to adjust how payment 
is requested, or in some cases can provide real-time reminders 
to clinicians to enable them to adjust their staffing as needed.25 
These systems also commonly can provide checks to detect 
when data are missing from electronic charts–such as required 
billing elements or other critical information such as patient 
drug allergies.26 At one hospital, software that automatically 
evaluated the anesthetic records and alerted clinicians to doc-
umentation errors led to a decline in the percentage of anes-
thetic records that could never be billed from 1.31 to 0.04%. 
The same authors estimated that their system implementation 
increased departmental revenue by approximately $400,000 
per year.24

Quality Management
The ability to scan large numbers of cases to evaluate for 
trends has been a helpful feature for many quality managers. 
Additionally, the reporting functionality brought by PIMS has 
enabled departments to use these systems to actively manage 
quality, participate in incentive programs, and identify prob-
lems. At least one center has leveraged their PIMS to develop 
the capability to automatically scan for downstream events, 
and then notify the perioperative provider when adverse 
events have occurred. This is possible through the analysis of 
postoperative orders, medications, and laboratory values—
data which can all be made available electronically for contin-
uous analysis.

A number of systems have also incorporated adverse event 
reporting. These systems have demonstrated a remarkable abil-
ity to identify problems by facilitating data capture, reporting, 
and analysis.27,28 Key to the success of adverse event reporting 
has been integration into the end-users’ workflow along with 
assurance that data will be subject to peer-review protections. 
Both are possible, but require attention to the detail of imple-
mentation. For example, many suggest that peer-review event 
data be sequestered in a separate database, to ensure adequate 
legal protection.

Ongoing Professional Performance 
Evaluation
Since 2008, the Joint Commission has required Ongoing 
Professional Practice Evaluation (OPPE) as a part of creden-
tialing and privileging providers. These might include periodic 
chart review, direct observation, monitoring of diagnostic and 
treatment techniques, or discussions with other individuals 
involved in the care of the provider’s patients. Several institu-
tions have developed processes that leverage data from their 
automated information systems to facilitate compliance with 
this requirement. For example, the Massachusetts General 
Hospital developed an OPPE system that provides automated 
reports to physicians, listing for a series of metrics the total 
number of compliant cases and noncompliant cases, and a 
comparison by percentage to the baseline departmental eval-
uation. Additionally, a summary statement describes whether 

a physician’s performance was within the group representing 
95% of all department physicians and noncompliant cases are 
listed by medical record number and case date—to enable 
physicians to review individual cases.29

RETURN ON INVESTMENT

It has been difficult to quantify the return on investment 
of most perioperative information management systems. 
Although some have estimated the impact of these systems on 
billing operations,24 the clinical benefits of a well-implemented 
system and potential to improve safety, communication, and 
overall efficiency are difficult to quantify.30,31 Regardless, adop-
tion of perioperative information management systems has 
accelerated, and by the end of 2014, 75% of academic centers 
reported that they were using a perioperative information 
management systems.4

CLINICAL AND OPERATIONS 
RESEARCH

Information systems have opened the door to a variety of dif-
ferent types of clinical and operations research activities that 
previously were not possible.32 The ability to identify cases for 
analysis,33 collect data automatically,34 and, in some cases, even 
provide on-the-fly patient randomization35 has led to an explo-
sion in the number of clinical research studies based on data 
capture in perioperative information management systems.

Many centers have developed large data warehouses to 
aggregate data from their clinical systems. At Vanderbilt, a 
Perioperative Data Warehouse (PDW) has been developed 
which brings together information from the hospital’s periop-
erative information management, laboratory, quality, bill-
ing systems, along with additional data from the institution’s 
enterprise wide electronic health record. Containing data on 
over 1 million patients, more than 3,500 distinct case elements 
are available, including over 8 billion automatically recorded 
vital signs readings.

Additionally, several multi-institution national databases 
have developed, including the Multi-Center Perioperative 
Outcomes Group (MPOG) database,36 housed at the University 
of Michigan, and the National Anesthesia Clinical Outcomes 
Registry (NACOR) developed by the Anesthesia Quality 
Institute.37,38

CHALLENGES AND FUTURE 
DEVELOPMENTS

One of the most promising aspects of the adoption of infor-
mation systems across the perioperative environment is the 
ability to share, process, and re-purpose clinical and admin-
istrative information. The greatest challenges are centered on 
the lack of system interoperability and the difficulties many 
centers encounter when trying to integrate a new system into 
an existing clinical workflow. Clinicians are unlikely to endure 
processes that require duplicate data entry; although many ini-
tial system implementations were based on these types of re-
dundant workflows because of the lack of system integration.

In the future, expect to see more useful information 
brought by these systems back to clinicians, managers, and 
even patients, which leverages the power of data that can be 
harnessed from multiple sources. This paradigm will enable 
clinicians to learn from past experiences, managers to improve 
their processes, and patients to better understand their disease 
processes and how to manage their health.
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UNDERSTANDING INFORMATICS 
HARDWARE

Selecting and installing an information system is a complex 
process that requires collaboration to evaluate products, iden-
tify available resources, create leadership roles, create im-
plementation plans and evaluate results.39 Most informatics 
workstations are microcomputer type devices, sometimes with 
specialized displays for radiology, or whiteboard use. These 
units are often installed at the bedside, or in nursing stations, 
operating and procedural locations. Workstations must be in-
stalled in all locations where clinicians practice. Installation 
density should ideally be in high enough volume so that clini-
cians can complete their tasks without competing for an open 
workstation. The ergonomics of the workstation are also im-
portant, but often not well recognized prior to installation.40 
Clinicians must be able to access these devices in the course of 
ongoing patient care and do so without suffering work-related 
injuries. To that end, various mounting devices have been de-
veloped to attach the computer workstation to walls of patient 
rooms, and equipment such as anesthesia machines. Mobile 
desktop computers mounted to rolling carts known as “work-
stations on wheels” or “WOWs” which can be brought to any 
patient care location offer a versatile wireless solution. More  
recently, the development of handheld smartphone and 
tablet-based computing power has fostered the development 
of lightweight applications for information retrieval, data en-
try and remote monitoring.

Servers store data and process algorithms to modify, 
warehouse, or synthesize information from existing data. 
Depending on their use and function, servers may be scaled 
as single PC-sized devices or massive arrays of high power 
computers located in a hospital’s data center. Data centers 
also often provide methods for duplicating server function-
ality so that in the event of a hardware failure of one server, a 
second server can preserve an intact data set and seamlessly 
continue whatever work is in progress. Server functionality is 
often duplicated in more than one physical location so that 
a local event such as a fire or flood will not destroy existing 
data or ongoing processing. Advancing these technologies is 
the development of cloud computing architecture for EMRs.41 
In cloud systems, data are held by a third party in a large, se-
cure, multiple use systems.42 Each system or user consumes 
only the total cloud computer resources capacity. This archi-
tecture presents advantages in installation, maintenance and 
expansion, which are particularly beneficial for smaller hospi-
tals and also for hospitals in developing areas.43

DATA SECURITY AND 
CONFIDENTIALITY

Data security has become increasingly important as both the 
volume of patient data increases and attempts to breach se-
curity have become more common. The public has become 
very familiar with data losses related to the retail and financial 
industries where millions of pieces of data are potentially ex-
posed. Medical systems have many of the same vulnerabilities 
and have been placed under strict guidelines regarding the 
reporting of breaches of security and data loss or theft. The 
Health Insurance Portability and Accountability Act (HIPAA) 
of 1996 set forth stringent rules regarding data archiving, 
transmission, and requirements for reporting breaches and 
data theft or loss.44 Significant improvements have been made 
to secure medical data. In 2013, a review article examined 49 
studies related to data security and privacy policies and best 

practices.45 However, even with the development of increased 
security protocols and encryption technologies, data loss has 
continued to increase.46

Compared to a traditional paper medical record, the elec-
tronic record offers both improvements and risks to the main-
tenance of confidentiality. With an electronic record access is 
greatly facilitated. It is not necessary to physically retrieve a 
paper chart from the records department. Any record or data 
can potentially be retrieved from any workstation. This level 
of easy access is one of the significant benefits of HIT systems, 
but it also creates risks for confidentiality as employees can 
potentially just as easily inappropriately review data from in-
dividuals who are not their patients as they can view their own 
patient’s data. Inappropriate access to celebrity medical records 
has been reported in the lay press and several studies have ex-
pressed patient’s concerns over access and control to the infor-
mation in their medical records.47,48 However, through system 
design these risks can be mitigated through access tracking 
and auditing. It is also possible to create intelligent auditing 
algorithms that seek to examine patterns of inappropriate or 
irregular access for further scrutiny.49

PROFESSIONALISM

Issues of professionalism are tightly connected to data security 
and confidentiality. Professionals must be on guard and prevent 
crossover of protected patient data to nonprotected data sys-
tems. The proliferation and integration of fixed workstations, 
mobile hand-held applications, email, and social media creates 
the opportunity for inappropriate use of HIT and the public 
display of unprofessional behavior.50,51 In two studies of surgical 
resident applicants it was found that either 12%50 or 16%51 of ap-
plicants had frankly unprofessional material such as references 
to binge drinking, sexually inappropriate material, or HIPAA vi-
olations posted on their personal social media profiles. Several 
incidents have drawn the attention of news media, including 
posting pictures of, or comments about, patients on social web-
sites. In response to these incidents, guidelines and policies are 
in development to provide guidance and establish standards.52

INFORMATICS RESOURCES AS 
EDUCATIONAL AND RESEARCH 
TOOLS

Informatics resources are now available which supplement 
and in some cases replace traditional textbook, library, and 
classroom resources. The information age is producing a flood 
of new information and new knowledge. Fortunately, medical 
professionals have near universal access to the internet, World 
Wide Web resources and sophisticated search engines. These 
tools have simplified finding answers to both broad topics 
and specific questions using the most up-to-date informa-
tion available. However, clinicians must carefully formulate 
their questions and consider the source of the information re-
trieved. Both peer reviewed and non peer reviewed informa-
tion may often be found. Additionally, newer resources may 
offer contrasting or refuting perspectives as older information 
is not necessarily removed and may be retrieved in preference 
to newer more accurate information due to the rankings gen-
erated by the various search engines in use.

Electronic Textbooks
For centuries textbooks have been the primary source of 
widely accepted information. While this may still be true, the 
format of the textbook has changed dramatically over the past 
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per bound book, or travel to a library to review or borrow a 
book. The majority of major textbooks have their most recent 
revisions available in an eBook format. In this format, users 
can pay either a fee or subscription and download a standard 
format file such as a PDF, or access an online version of the 
textbook from whatever location they are in, using whatever 
device (computer, tablet, mobile) they happen to have at the 
time. Many institutions provide a group subscription to a wide 
variety of publishers.

Scientific Journals/Medical Literature
Nearly the entire body of published medical literature is avail-
able via the World Wide Web. Printed indexes such as the 
Index Medicus have been replaced by electronic search en-
gines such as Google Scholar, PubMed, and numerous oth-
ers. These resources allow the user to nearly instantly search 
decades of published research. Sophisticated algorithms find 
and present the most relevant results based on the terms and 
any Boolean logic, which is entered by the user.53 Because of 
the volume of information available, a user must effectively 
formulate the query entered in order to improve the accu-
racy of the search and narrow the number of items returned.54 
Additionally, many of the search engines include complex fea-
tures to retrieve full text and graphics-based files, or export 
lists of references to reference managing software.55

Guideline Repositories
Supplementing the scientific literature, guideline repositories 
provide the clinician with reviewed summaries of established 
principles. These guidelines serve as an excellent resource to 
the clinician who is seeking practical advice on a particular 
clinical topic. The guidelines may either be evidence based, 
consensus statements, or a combination of both. Guidelines 
are sometimes established by professional societies such as the 
American Society of Anesthesiologists (ASA), the Society for 
Neuroscience in Anesthesiology and Critical Care (SNACC), 
the Society of Critical Care Medicine (SCCM) and others. 
Commercial and governmental organizations also publish 
clinical practice guidelines. Examples include the National 
Guideline Clearinghouse (US Department of Health and 
Human Services), the National Institute for Health and Care 
Excellence (British National Health Services), the Cochrane 
Library, Up To Date, and others.

Social Media
The last few years have seen an explosion of technologies that 
promote the interconnected nature of individual users of in-
ternet technologies. So-called “social media” enables anyone 
to participate in a discussion or distribution of their personal 
knowledge or perspective to a potentially vast audience. Using 
technologies such as podcasts (audio recordings available via 
the internet), YouTube (video recordings), blogs (“web logs” of 
recorded, categorized and searchable text based information) 
and Wikis (applications allowing group editing of a defined 
body of content), it is possible to retrieve content on virtually 
any topic.56 However, one must use extreme caution with all of 
these resources as the accuracy, safety and appropriateness of 
the materials may in some instances be questionable, wrong, 
or dangerous. As always, the source and peer review process 
are critically important.

Informatics tools have provided an incredible level of ef-
ficiency and sophistication to aid in the accessing of a wide 
body of medical knowledge. Looking toward the future, this 

trend will likely continue as search engines and databases be-
come more sophisticated.

CONCLUSION

Though starting at a disadvantage compared to other in-
dustries, there have been significant strides in HIT over the 
past two decades. Government incentives and regulation has 
coupled with an improved understanding of the safety and 
economic benefits of electronic medical systems to produce 
systems that can now capture and process the huge volume of 
patient information generated on a daily basis. Additionally, 
HIT systems not only store data, but can also analyze incom-
ing data and provide messages and alerts to clinicians in real 
time, further improving the safety and reliability of health care. 
Capturing and refining data into data warehouses and regis-
tries is also of significant scientific value as medical operations 
research investigators seek new knowledge and improvements 
in health care delivery. The future of medicine is highly depen-
dent on the success of medical informatics systems.
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Numerous clinical situations remain as problematic issues 
which continue to vex neuroanesthesiologists and neuroin-
tensivists as they work to optimize outcomes for their patients. 
Nascent research ongoing at this time may provide a window 
to a future approach to these problems. In this chapter we re-
view many of these new research areas and speculate as to how 
they may eventually translate to clinical care of neurosurgical 
patients in the operating room and neurointensive care unit. 
Areas to be reviewed include genomics, stem cells, neuropro-
tection, ICP management, technology, and pharmacology.

GENOMICS

Each cell has to produce proteins in order to function. The 
specific protein structure is determined by the sequence 
of base pairs on the organism’s DNA combined with post-
translational modifications. One estimate is that there are 
some 35,000–40,000 genes with about 6,000 proteins active 
at any given time. However, actual protein composition varies 
according to the needs (and regulation) of the moment such 
that as many as 100,000 proteins are thought to be transcribed 
by a cell.1 Thus, the actual genetic structure of an individual 
has an important role in the development of and response to 
disease and the response to therapy.

The field of genomics is significantly complex.2 Notably the 
word “gene” has a multitude of definitions,3 reflecting the wide 
variety of approaches to the field. The field includes work with 
single nucleotide polymorphisms (SNPs), transcript mRNA 
studies, siRNA epigenetics and copy number variants. SNPs 
are naturally occurring variation in the specific DNA nucle-
otides that code for specific proteins resulting in naturally 
occurring variations in proteins with associated variations in 
function. After a gene has been transcribed into mRNA then 
further regulation with potential for variation arises such that 
there can be heritable changes in gene expression or transla-
tion without a change in DNA sequence, so-called epigenetics2 
work. This concept is more recently and specifically described 
in siRNA (short interfering RNA) epigenetics studies wherein 
a transcribed mRNA is bound by a complementary siRNA, 
thus interfering (or regulating) the translation of the DNA 
nucleotide sequence into a protein. These observations have 
spawned an area of genetics research examining the possible 
uses of these interfering RNAs as future research or therapeu-
tic tools.4

To date, SNPs are the variant type of choice for association 
studies in common diseases and complex traits.5 This has re-
sulted in many case control and association studies that have 
provided valuable information on age-related macular degen-
eration, diabetes, obesity, cardiovascular diseases, prostate 
cancer, and breast cancer.5 However, SNPs are not the only 
source of polymorphism of the human genome. Another 
abundant source of polymorphism, the so-called copy num-
ber variants, is one that involves deletions, insertions, du-
plications and complex rearrangements of genomic regions. 

Such polymorphisms can result in deletion of specific genes, 
as occurs with rhesus blood type, or with increased numbers 
of copies of genes, as has been demonstrated with alpha he-
moglobin. Indeed, up to 10% of the variation in the human 
genome has been attributed to copy number variation (also 
called copy number polymorphism).5 Notably, the number of 
combinations and permutations of these causes of variation 
seem endless. Thus, biostatistical issues with sample size, re-
peated measures, sample independence, and association ver-
sus causation become essential considerations in experimental 
design and the ability to draw conclusions from the data. One 
practical result of these constraints with SNP and other studies 
is that the most robust conclusions can only be derived from 
variants which have a high enough frequency to reasonably 
allow for inferences to be drawn.

These and other current advances in causes of genomic 
variation foretell a day when an individual patient’s genome 
will be part of his/her history and physical examination. This 
information will be used to allow the anesthesiologist to opti-
mize or individualize specific anesthetic effects, such as hyper-
emia or neuroexcitation in specific brain areas, define likely 
anesthetic tolerance and thus appropriate dosing, foretell sus-
ceptibility to ischemic and other types of brain damage, and 
adapt the application of general medical therapies to a person’s 
specific genomic signature.6 Moreover, this information will 
undoubtedly lead to efforts to alter an individual’s genotype, 
genomic regulation, or phenotype either with respect to the 
diseases anesthesiologists see in the operating room (OR) or 
with respect to specific responses to anesthetic interventions. 
A series of annual reviews have underscored these issues.7–9

Specific Anesthetic Effects  
of Genetic Factors
Blood Flow and Metabolism
Probably the first report to detail a neurophysiologic effect of 
an anesthetic drug based on a single nucleotide polymorphism 
was published by Kofke et al.10 They determined the cerebral 
blood flow (CBF) response to increasing doses of remifentanil 
in human volunteers, determining an element of limbic system 
activation. However, subjects with an ApoE4 genotype had a 
different pattern of limbic system response from those who 
did not possess this SNP. If similar analogous effects of anes-
thetics are found with other SNPs we can expect an SNP-based 
selection of anesthetics based on the likelihood of producing 
some side effects such as cerebral hyperemia, ictal activation 
or suppression, and variable neuroprotection.

In a non-neurologic context early studies in rodents indi-
cate that changes in chromosome composition affect cardio-
vascular responses to propofol.11 Countless other physiologic 
responses to anesthetics will also undoubtedly be determined 
with each patient’s genome studied for anticipated interac-
tions between genome and reaction to an anesthetic or other 
perioperative drug.

Future Advances in Neuroanesthesia

Anesthesia Books 

http://surgerybook.net/anesthesia


476

2
9

 
• 

Fu
tu

r
e

 A
d

va
n

c
e

s
 in

 N
e

u
r

o
a

n
e

s
th

e
s

ia MAC, Analgesia, and Other Anesthetic Side Effects
Redheads are known to require more anesthesia than the rest 
of the population.12 As such this represents probably the first 
observation of a heritable condition’s effect on MAC, although 
the specific SNP or set of SNPs or other causes of genetic vari-
ation producing red hair and linking this to anesthesia are not 
known. Early studies in nematodes have isolated specific genes 
which impact on sensitivity to anesthetics.13,14 Moreover, spe-
cific genetic alterations in mice are reported to affect anesthetic 
sensitivity to disparate anesthetics pentobarbital, ketamine, and 
nitrous oxide.15 A clinical correlate of these observations can 
be found in Mullholland et al.’s report of the effect of various 
SNPs on several of the EEG responses to desflurane anesthe-
sia in humans,16 though one might suggest that this is not that 
important as future management paradigms will most likely 
entail individual titration. Nonetheless this type of information 
will likely also relate to pain tolerance,17 anticipated needs for 
postoperative pain control regimens and, possibly, susceptibil-
ity to addiction. Such studies in humans have been published 
describing specific SNPs affecting pain tolerance and need 
for postoperative analgesia.18–26 In addition, neuropathic pain 
and more focused pain therapy is suggested in some preclin-
ical studies evaluating effects of siRNA treatment on pain.27–29 
Moreover, SNPs are now being described in humans regard-
ing genetic predisposition to postoperative nausea and vomit-
ing,30,31 malignant hyperthermia,32 and cognitive dysfunction.33

Pharmacokinetics
Genetic influences on pharmacokinetics have become reason-
ably well known for a handful of antihypertensive drugs as 
they relate to genetic effects on metabolism (e.g., hydralazine)34 
and perioperative drugs.35–37 Certainly, genetic factors are 
known for such entities as pseudocholinesterase deficiency,38 
the interaction of thiopental with porphyria,39 or the genetics 
of malignant hyperthermia.32,40 Cytochrome P450 is important 
in the metabolism of many drugs including anesthetics. These 
genomic variations in cytochrome P450 have been reported 
to impact on the metabolism of midazolam41 and opioids,35,36 
with clinical relevance made manifest in a report of genomic 
differences with cytochrome contributing to mortality from 
non-medical fentanyl ingestion.42 Multiple other effects of ge-
netic variation on anesthetic metabolism and side effects have 
been reviewed.43 It is clear that increased information will be-
come available with respect to SNPs, arrays of SNPs, and other 
causes of genetic variation and their impact on anesthetic 
metabolism.40

Ischemic Tolerance
One group reports that up to 10% or more of genes un-
dergo alteration in expression after brain ischemia.44,45 In 
humans, alterations in the expression of genes responsible 
for the inflammatory response have similarly been reported 
after stroke.46,47 Many others report increased risk of stroke 
associated with different genotypes. Thus, the effect of one’s 
genomic inheritance on one’s predisposition to stroke and 
susceptibility to its sequelae may be an important piece of in-
formation. However, the preponderance of such research in 
humans deals with genomic contribution to risk of stroke and 
not with direct genomic contribution to tolerance of, or vul-
nerability to, brain ischemia, factors which, arguably, are of 
greater interest to the neuroanesthesiologist.

These risk-oriented studies are nonetheless important ar-
eas of research. However, they are confounded by the natural 
heterogeneity of clinical stroke and provide no information on 
the possible genomic contributors in humans to congenitally 

determined ischemic tolerance or vulnerability. Three lines 
of genetic research have introduced the notion of gene-based 
ischemic tolerance which may be a therapeutic target. In the 
first, altering the genetic makeup of animals subsequent to ce-
rebral ischemia can alter the animal’s ischemic tolerance.48–51 
In the second line of work, researchers have demonstrated that 
environmental factors introduced in advance of a severe isch-
emic insult can induce genes to produce proteins that provide 
tolerance to subsequent ischemia. The prototypical paradigm 
is one of ischemia or other insult inducing upregulation of 
heat shock proteins, which are important contributors to sub-
sequent tolerance to a greater ischemic stress.52 Other genes 
have also been suggested as contributing to ischemic precon-
ditioning.53,54 Indeed, some authors are now suggesting in-
duction of ischemic tolerance as the basis for recovery in an 
ischemic penumbra.55 And, thirdly, Kofke et al. have observed 
genomic factors apparently contributing to a greater release of 
biomarkers of brain damage during cardiac surgery.56

Cerebral ischemia clearly has a significant effect on tran-
scription and translation of important genes, perhaps related to 
organismal survival and evolution.44,45,57,58 The phenomenon of 
ischemic tolerance has been known for many years. Although 
incompletely understood, a basis in altered genetic regulation 
seems likely44,45,58 with the most attractive corollary that such 
information will lead to gene-based therapeutics.57,58 Gidday 
et al.59 observed that the extent of cerebral infarction in a neo-
natal rat model was substantially attenuated if animals were 
pretreated with small doses of hypoxia first. This work was 
further developed and supported with similar observations in 
other ischemic models. Recent work has suggested convinc-
ingly that elaboration of heat shock proteins has an import-
ant role in ischemic tolerance.52 Other candidate contributing 
genes have also been suggested. HIF-1 (hypoxia inducible fac-
tor) is one such alternate inducible protective protein.53 Also 
described in this context are erythropoietin,54 glial cell-line-
derived neurotrophic factor,60 and TGF beta-1.61 One report 
provides convincing evidence that a significant component of 
HIF is, in fact, induced expression of erythropoietin.62

The preischemic stress does not necessarily have to be an 
hypoxic/ischemic stress, as fever and acidosis63 (among others) 
also induce subsequent ischemic tolerance mediated by induc-
tion of a protective protein. Similarly, ischemic tolerance can 
be pharmacologically induced by pretreatment with estrogen 
(Bcl-2),64 cobalt chloride (HIF-1),53 desferrioxamine (HIF-1),53 
or isoflurane.65 In contrast, ischemia, despite the induction of a 
plethora of putative protective genes, also induces the BRCA-1 
associated protein BARD-1 that mediates apoptosis,66 which is 
thought to be deleterious. Genetic manipulation of mice has 
also been used and also demonstrates how genetic factors can 
alter endogenous vulnerability to an ischemic insult.49–51,57,67,68 
Bernaudin et al. identified several genes that appear to be reg-
ulated by hypoxia, leading them to suggest that these could 
have a role in a genetic predisposition to ischemic tolerance.69 
Genetic makeup and gene expression clearly contribute to 
one’s vulnerability to brain ischemia.

Nonetheless the notion of ischemic preconditioning is an 
increasingly attractive one. Recent research underscores the 
complexity of this phenomenon with numerous reports on 
only some of the factors thought to play a role.70–79 One im-
portant practical consideration in translating these findings to 
clinical management will be defining whether a given precon-
ditioning therapy has, indeed, introduced increased ischemic 
tolerance. This consideration underlies work which is endeav-
oring to identify biomarkers, indicating, before ischemia, that 
tolerance has been enhanced.80
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Hundreds of nucleotide polymorphisms are under active 
investigation of their contribution to stroke and other car-
diovascular diseases. Such studies in humans generally deal 
with the role of a gene in risk of stroke. Many genes have 
been suggested, based on animal work such as that described 
above, to have important roles in determination of tolerance 
to ischemia. However, of the apparent myriad of potentially 
important genes only a relative handful of genes have been 
studied. Nonetheless, one can surmise, based on knowledge 
about the pathophysiology of cerebral ischemia, that evalu-
ation of pathogenetically grouped genes would be a rational  
approach to screening for SNPs and other causes of genetic 
variation with potential therapeutic value. From such an ap-
proach one could develop “ischemic axes” with correspond-
ing variant structure and regulation of genes, gene number, 
transcription, and translation, as depicted in Fig.  29.1. This 
knowledge could be used to develop new neuroprotective 
therapies or, if known for an individual patient, be used to 
tailor optimal neuroprotective therapy. Finding such clinically 
relevant effects for a given patient’s or patient group’s genetic 
variables will then lead to more intense scrutiny of the protein 
eventually translated that is transcribed by a given gene. Such 
information will then lead to rational selection of genes for 
possible gene delivery or perhaps development of drugs which 
mimic the effect of favorable proteins or inhibit the effects of 
unfavorable proteins. Examples of the validity of this approach 
are now appearing.

Several years of work from many investigators has shown 
the relevance of ApoE polymorphisms to neurologic out-
comes. Thus, it should be clear that unlike most gene asso-
ciation studies used to predict a given patient’s risk based on 
his/her genomic profile, knowledge of SNP associations with 
ischemic tolerance will likely result in new genome-based 
gene, proteomic, or other categories of neuroprotective ther-
apies. This is simply one example of potential translational 
outcomes from such genomic association studies. In the case 
of ApoE, work has followed on the neuroprotective potential 
of so-called apo-mimetic peptides. Preclinical reports indicate 
neuroprotective efficacy in hypoxia-ischemia,82 subarachnoid 
hemorrhage,83 peripheral nerve injury,84 traumatic brain in-
jury,85 intracerebral hemorrhage,86 autoimmune encephalitis,87 
and spinal cord injury.88 It thus seems likely that identified ge-
nomic contributors to tolerance or vulnerability to acute brain 
insults will lead to gene-based therapies and also associated 
proteomic-based therapies.

Risk of Comorbidities
Gene association studies with stroke are just one example of 
the role of genomics in defining a given medical risk. Such 
studies are burgeoning regarding a host of medical conditions. 
There have been some studies showing statistical associations 

between specific SNPs and postoperative complications.89 
Specific examples include renal failure,90,91 post-transplant 
kidney infection,92 total hip arthroplasty failure,93,94 allograft 
dysfunction,95 pain intensity and analgesic requirements,96–102 
vasopressor requirements,103 myocardial infarction,104 inflam-
matory response,105 thromboembolism,106,107 stroke,108 and 
vascular graft patency.109,110 These studies will undoubtedly 
contribute to risk assessment in individual patients and lead to 
new therapeutic strategies designed to minimize perioperative 
complications.

Application of Therapies to a Specific  
Genomic Signature
At the time of writing, characterization of the entire genomes 
of many humans has been accomplished.111 This, combined 
with the abovementioned material, indicates a future that 
will encompass patients arriving for surgery with their entire 
genomes on record. One expectation is personal genome se-
quencing in many healthy people who later present for neu-
rosurgery. This will likely also include other personal “omics” 
profiling. Applied across a population, including neurosur-
gical patients, this suggests characterization of the genome, 
epigenome, transcriptome, proteome, cytokine-ome, metabo-
lome, auto antibody-ome, and microbiome (gut, urine, nose, 
tongue, skin) for possibly billions of individuals. With this we 
will have a large amount of impressively big data (e.g., a mil-
lion genes and other -omic information in millions to billions 
of people). One hoped for consequence of this will be an abil-
ity to predict and monitor diseases, resulting in personalized 
therapies identified from big data analyses that will increase 
tolerance to various brain insults in individual patients. In ad-
dition, -omic profiling may allow us to tailor anesthetics to 
individuals or at least predict the consequences of anesthesia 
and surgery. For example, metabolomic profiling using pro-
ton magnetic resonance spectroscopy in children under anes-
thesia has demonstrated that sevoflurane anesthesia results in 
higher brain lactate and glucose levels in children compared 
with propofol.112 Analysis showed a positive correlation be-
tween lactate and glucose levels with agitation and delirium.

STEM CELLS

Stem cells seem certain to be an important future therapeutic 
tool.113,114 In fact, recent work has shown that transplantation 
of mesenchymal stem cells into patients following ischemic 
stroke not only is safe, but also may improve survival and func-
tional outcome.115 In addition, recent work has shown that in-
jection of mesenchymal stem cells into the intervertebral disc 
in patients with discogenic back pain may improve pain and 
function for up to 2 years post-procedure.116 Larger trials to 
investigate the utility of this therapy are currently underway.

Cell death

Cell
dysfunction

Lipoproteins
Nucleotide metabolism
Vascular regulation
Inflammation
Protein chaperone/repair
Peroxidation
Calcium regulation
Second-messenger/cell signaling

Energy metabolism
Platelets and coagulation
Apoptotic factors
Neurotransmitters
Acid-base
Cell volume regulation
Estrogen

Fig. 29.1  Proposed pathophysiologic axes 
of cerebral ischemia that can be used as a 
basis for single nucleotide polymorphism 
selection in the proposed research.81
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ologists who may encounter patients who are having neural 
stem cells placed as part of an operative procedure or who 
have had them placed earlier with a variable extent of post-
implantation differentiation. Given the recent data suggest-
ing specific neurotoxicity of some anesthetics in developing 
brain,117 it becomes reasonable to suggest that anesthetics used 
in the context of stem cell placement could significantly af-
fect the success of the graft. Moreover, the physiologic milieu 
of the implantation may also be important. One well-known 
example of this is the effect of hyperoxia on immature retinal 
cells.118 Blood pressure, pCO2, temperature, and other aspects 
of anesthetic administration may have a similarly important 
impact. Future research will be needed to resolve these issues.

NEUROPROTECTION

Neuroprotection has long been and should continue to be a 
central focus of neuroanesthesia and neurocritical care. At the 
time of writing, notwithstanding ample promising preclin-
ical work, there are very few neuroprotectant strategies that 
have sustained scrutiny in clinical trials. There is significant 
laboratory work which forms much of the basis of neuroan-
esthesia practice. Much of this is based on the notion that a 
physiologic or anesthetic decision needs to be made and in 
the absence of satisfactory human data, the preclinical labora-
tory data are used to justify a decision.119 This current situation 
should eventually be rectified. Some encouraging approaches 
are currently being evaluated. These probably represent only 
a small fraction of what will eventually become a part of an 
evidence-based approach to neuroprotection during neuro-
surgical procedures.

Hypothermia
Definition of Subsets Suitable for Hypothermia
Hypothermia presently has evidence-based support for its 
use after global brain ischemia.120,121 Clifton et  al.’s122 multi-
institutional study in TBI indicates that a TBI patient arriving 
hypothermic should not be rewarmed, although a protec-
tive effect of de novo induction of hypothermia could not be 
demonstrated.123 The authors postulated that earlier induction 
of hypothermia may improve outcome; however, a second trial 
did not demonstrate any benefit.124 Meanwhile, others have 
shown that induction of long-term (5 days) vs. short-term 
(2 days) mild hypothermia may be associated with decreased 
incidence of rebound intracranial hypertension on rewarming 
and improved functional outcome.125 The IHAST study126 in 
over 1000 patients undergoing aneurysm surgery showed no 
efficacy from the global practice of inducing moderate hypo-
thermia in all patients undergoing cerebral aneurysm surgery. 
It still leaves open the question of the potential efficacy for a 
patient with active severe intraoperative focal temporary brain 
ischemia, without dealing statistically with all of the patients 
who did not need the hypothermia. The overwhelming evi-
dence of efficacy in animal studies and humans with deep hy-
pothermic circulatory arrest suggest a need to better focus the 
clinical studies to better identify the clinical subsets in which 
it will be found efficacious.127–130

New Methods to Induce Hypothermia
As with most neuroprotective therapies, the efficiency and 
efficacy of induction of hypothermia seems an important fac-
tor. Thus some research is ongoing that suggests important 
advances in the means by which hypothermia will be induced 
and maintained.

Ice Crystals
Cold fluids have long been used to decrease temperature.131 This 
may have problems with the volume of fluid needed to affect 
the desired endpoints. Reports on using an ice slurry given 
intravenously132 may result in an improved method to induce 
hypothermia quickly, safely, and in a controlled manner. Work 
is needed to ensure that the infused ice crystals have no sharp 
edges and thus pose no risk potential for endothelial trauma.

Heat Exchange Techniques
Currently new devices available include surface cooling de-
vices133 and intravascular cooling devices.134 Future such de-
vices will certainly have servo control systems that will enable 
the physicians to program or prescribe the desired central 
temperature and the device with its software will ensure main-
tenance of an unchanging level of hypothermia. A current co-
nundrum in temperature reduction therapy is shivering, which 
can produce adverse systemic effects and prevent achievement 
of the normo- or hypothermic therapeutic endpoints.135,136 It is 
likely that better understanding of this process will yield a re-
liable and safe pharmacologic approach to prevent shivering.

Hibernation
Hibernating animals routinely tolerate physiologic insults that 
are known to be deleterious in nonhibernating animals. These 
animals are able to induce profound decreases in temperature, 
adjust immune function, and have enhanced antioxidant de-
fenses. They are capable, in a regulated manner, to decrease 
metabolic rate to as low as 2% of normal.137 This has led to the 
notion that whatever neuroprotective mechanisms are operant 
in hibernating animals may have potential for translation to 
neuroprotection in humans.138 A variety of neurally controlled 
biochemical processes that underlie hibernation have been re-
ported.137 Neural regulatory mechanisms include hibernation 
protein complex, and a variety of neurotransmitter systems, 
hydrogen sulfide137,139,140 and neural circuits.137,140 Molecular 
mechanisms of the organismic tolerance of this condition in-
clude a switch to lipid-based biofuel, inactivation of pyruvate 
dehydrogenase, altered structure and concentration of thyroid 
hormones, altered neuronal morphology,140 delta opioids141,142 
and altered pH regulation.143–145 Moreover, since the heart 
ordinarily develops lethal arrhythmias at hibernating tem-
peratures a variety of gene-regulated processes have been pos-
tulated to allow continued cardiac contraction.140 Evaluation 
of the genomes of hibernators is ongoing with the hope that 
identification of similarities with the human genome will lead 
to therapies that may activate these otherwise latent genes to 
better allow humans to tolerate ischemia or hypoxia without 
neural or other organ injury.140 These notions form the basis 
for ongoing research to develop suspended animation meth-
ods, with overt intent to copy hibernation biochemistry and 
physiology 138,139,146,147 translated to attenuate problems in hu-
man neuroprotection.

Infrared Light Lasers
Several reports suggest that infrared light can be used to pen-
etrate the skull to improve tissue energetics, notwithstanding 
an anaerobic condition. Data are very preliminary at this time, 
but laboratory studies are encouraging. Shining low level infra-
red light at a specific wavelength improves ATP production in 
neuronal culture,148 and improves neurological outcome in an-
imal stroke models.149–151 Although preliminary studies in hu-
mans with stroke appeared promising, further study failed to 
demonstrate any benefit (NEST-2, NEST-3).152 However, there 
may yet be a role for laser therapy in the neurosurgical setting.
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Spinal Cord Injury Neuroprotection
Many avenues are being explored with many indications that 
this injury may be amenable to protection acutely and resto-
ration chronically. Current research suggests the following as 
approaches likely to be translated eventually to clinical care.

Acute Protection
Promising studies in this area include pharmacological ther-
apies,153 surgical decompression,153,154 and hypothermia. Early 
laboratory studies demonstrated the therapeutic potential of 
surgically applied hypothermia for several hours in the acute 
management of spinal cord injury with dramatic attenuation 
of paraplegia demonstrated by Albin et  al.155–157 In 2007, an 
NFL football player suffered a complete cervical spine injury 
and was immediately treated on the field with moderate hy-
pothermia using cold saline IV. This player had a functional 
outcome that was better than expected and renewed interest 
in hypothermia as a treatment for SCI.

Maintenance of spinal cord blood flow is likely to be import-
ant in the acute management of spinal cord injury. Mesquita 
et  al. are presently developing a near-infrared spectroscopy 
(NIRS)-based device that could be placed in a manner simi-
lar to an epidural catheter to yield continuous real-time spinal 
cord blood flow information. Preclinical studies in a spinal 
cord ischemia model are encouraging. This could have a dra-
matic impact on the management of patients presenting with 
spinal cord injury or spinal cord ischemia.158

Stem Cell Therapy
This is based on the use of embryonic stem cells or progeni-
tor cells from other sources such as bone marrow to promote 
regeneration of cells and remyelination.159–162 Animal studies 
support the feasibility of this approach, showing the capabil-
ity of embryonic stem cells to develop into glial cells and into 
neural cells which make synaptic contacts.159 In addition to 
these sources the nervous system itself may also be a source of 
endogenous stem cells.159

Genomic Therapy
Preclinical studies suggest a role for siRNAs in potentiating 
repair after SCI.163 After spinal cord injury, astrocyte activa-
tion promotes glial scar formation. Telomerase reverse tran-
scriptase (TERT) is part of the telomerase enzyme complex 
that aids in prolonging cell life by protecting the telomere. It 
is also associated with multiple nontelomere actions including 
cell activation, proliferation, and apoptosis. Evidence supports 
the hypothesis that TERT may be involved in astrocyte acti-
vation that results in glial scar formation. However, an anti-
sense nucleotide targeting astrocyte TERT mRNA failed to 
significantly reduce glial scar formation following SCI in rats. 
Astrocyte activation and glial scar formation is a poorly un-
derstood process and the search for other potential molecular 
targets continues.

Neurotrophin Therapy153

A variety of approaches are currently being explored includ-
ing cytokine blockade,164 implantation of trophin producing 
cells,162,165 viral gene transfer,166 and implantation of stem cell 
progenitors of glial cells.167

Activity-based Restorative Therapy
Animal studies indicate that the paradigm of Brus-Ramer 
et  al.168 and others153,169 offers promising opportunities 
to restore motor function using activity-dependent pro-
cesses to strengthen the connectivity between “top-down” 
and “bottom-up” pathways. This notion has been further 

elaborated with early studies evaluating nanotechnology to 
produce focused electrical stimulation while monitoring con-
sequent neurochemical processes deriving from such stimu-
lation.170 Clinical implementation of this approach is in early 
stages of study and implementation159,171 using functional elec-
trical stimulation (FES) has produced encouraging results, 
indicating the feasibility of this approach, perhaps in combi-
nation with stem cell therapy, to promote neural proliferation 
in areas of the spinal cord adjacent to the injury.159 Notably, 
baclofen therapy seems to inhibit such regeneration.159 A func-
tional translation of this approach is the FES bicycle, used for 
years to promote return of function.159 The best known exam-
ple of this sustained, determined approach to achieve some 
recovery after a severe spinal cord injury is the case of actor 
Christopher Reeve who improved by two ASIA grades over 5 
to 8 years post injury.159

Multimodality Approach to 
Neuroprotection
Establishing efficacy of new neuroprotective therapies in 
neurocritical care and stroke has proven to be an exercise  
in futility.172 Over 2000 completed clinical trials are listed on the 
Internet Stroke Trials Registry173 with few apparent reproduc-
ible results of any demonstrable efficacy in the acute context. 
However, these negative studies belie the supportive basic lab-
oratory studies that justified the time and enormous expense 
for such attempted translational clinical trials. We provide a 
rationale to suggest that such results, in retrospect, are alto-
gether predictable and suggest an explanatory model for such 
reproducible futility in a complex biological system. Many of 
the points discussed are supported in an editorial by Grotta.172 
It is to be expected that these issues will eventually lead to a 
commonplace approach to use multimodal therapies for neu-
roprotection. Donnan,174 in the 2007 Feinberg lecture, suggests: 
“We have reached a stage at which research in this area should 
stop altogether or radical new approaches adopted.” The new 
approaches may include a reevaluation of prospective random-
ized studies as the only path to new knowledge. A rationale for 
this approach as advocated by Kofke81 follows.

Imagine a factory that makes widgets. A number of pro-
cesses are important for the quality of the final widget as it 
proceeds: conveyor speed(x1), presence of raw materials and 
power(x2), quality of bolts(x3), quality of steel(x4), and type of 
metal used for circuits(x5). A weighting factor can be applied 
to each variable wi leading to the following general equation 
describing the widget quality:

		  (29.1)

Each variable x can be precisely known with very small 
variation so any change in any of the variables will produce a 
reproducible and predictable change in the widget quality Q.

In a biological system characterized by severity of a patho-
physiologically complex injury, S, a similar equation can be 
derived with important pathophysiologic factors, xi, and 
weighting factors, wi:

		  (29.2)

Notably different from the widget, however, is that there are 
a large number of disparate and potentially interacting factors 
known to contribute to with also an unknown number of as 
yet unknown factors with correspondingly unknown weight-
ing factors and variability, partially represented in Fig.  29.1. 
Moreover, each pathophysiologic factor xi has to be described 

Q w x w x w x w x= + + +1 1 2 2 3 3 4 4

S w x w x w x w x= + + +1 1 2 2 3 3 4 4
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has an associated central tendency and large normal or non-
normal distribution about that mean. Moreover, the weighting 
factors and pathophysiologic factors also vary as a function of 
time after the onset of the insult. Thus, the importance of re-
storing cerebral flow is very high early on but late in the course 
it becomes a less important contributor to final outcome (e.g., 
thrombolysis works well if done promptly, but is fruitless if 
done a day later as the infarction process has completed).

Additionally, in the context of clinical medicine there are 
also associated system factors, Hi, such as nursing ratio, nursing 
experience, availability of drugs and technology, efficiency of 
rapid response teams, and so on, which are also important to 
the severity of injury such that the equation can be written as:

		  (29.3)

Given the above characterization of the multiple highly 
variable biological and system factors that enter into a given 
outcome, it should come as no surprise that clinical studies 
directed at improving only one of the abovementioned nu-
merous complex factors tend to show no effect, especially if 
multi-institutional in design (increasing variation in H fac-
tors), unless it is truly a breakthrough phenomenon (large W 
factor such as early thrombolysis in ischemic stroke) or the 
therapy exerts a multifaceted effect (e.g., hypothermia). This 
then leads to the notion that the current widely accepted 
methods of advancing clinical knowledge for complex prob-
lems is generally futile, which subsequently produces innova-
tion paralysis on the part of institutions, third party payers, 
clinicians, pharmaceutical companies, and investigators; an 
alternate method that is based on a multifactorial approach 
is needed. Rogalewski et al.175 have recently reviewed and en-
dorsed this concept; however, they fail to suggest a rational 
means for building the multimodal approach other than try-
ing everything at once. A rational method is needed. Kofke’s 
proposal entails a hybridization of QI methods and standard 
research techniques to create a novel model of incremental ad-
dition of therapies with ongoing evaluation of effects.81

INTRACRANIAL PRESSURE 
MANAGEMENT

Traditional methods of managing intracranial hypertension 
are primarily phenomenological. That is, the intracranial pres-
sure (ICP) is elevated and therapy is implemented to decrease 
it. If warranted, investigation may be implemented to identify 
the etiology of intracranial hypertension (e.g., hydrocephalus 
or masses). However, vascular factors contributing to intracra-
nial hypertension typically receive scant attention as to their 
contribution to an ICP problem. These vascular factors include 
systemic hypertension, cerebral venous hypertension, and hy-
peremia. Grande and coworkers176 have emphasized the role of 
systemic hypertension exacerbating hydrostatic brain edema, 
leading to venous outflow obstruction, which, in turn, further 
exacerbates hydrostatic edema in a positive feedback cycle. 
Piechnik et al.177 provide a mathematical model underscoring 
this issue, which, although triggered by systemic hypertension, 
is propagated by cerebral venous hypertension. Early experi-
mental support is provided by Hayreh178 and Nemoto.179

Another little appreciated factor is the role of normotensive 
hyperemia in the genesis of hydrostatic edema. Observations 
after arteriovenous malformation resection and carotid 
endarterectomy suggest a role for hyperemia contributing 
to a normal perfusion pressure breakthrough syndrome. 

Moreover, static observations of multiple patients at different 
points on the path from normal to hepatic encephalopathy 
provides strong circumstantial support for the notion that hy-
peremia precedes brain edema and intracranial hypertension 
in patients with liver failure.180,181

It seems likely that once appropriate monitors have been 
developed to provide reliable information regarding cerebral 
venous pressure/volume and cerebral blood flow, manipula-
tion of these physiologic variables will become part of the stan-
dard paradigm in the treatment of intracranial hypertension.

TECHNOLOGY

Monitoring
Neuromonitoring has long been an area of active research and 
clinical contributions in anesthesia. Such a tradition is to be 
expected into the future. However, this area is full of challenges 
regarding validation of new monitors as accurately reflecting 
the desired parameter and, moreover, showing that making 
such measurements matters in a way that affects outcome. As 
noted in a quote of Pickering in an editorial on ICP measure-
ment by Crosby and Todd182: “Not everything that counts can 
be counted, and not everything that can be counted, counts.”

Continuous regional blood flow and metabolic rate 
monitoring, long a holy grail of neuromonitoring, should 
eventually be realized as a clinical reality. Currently attractive 
noninvasive methods tend to be based on NIRS with other in-
vasive techniques that may also be useful.

Near-Infrared Spectroscopy-based Techniques
Since being first described by Jobsis in 1977 183 and hailed as 
the “Monitor of the Future,”184 NIRS has been developed as 
a noninvasive monitor of cerebral chromophores, oxyhemo-
globin, deoxyhemoglobin, and cytochrome aa3. This is made 
possible by the property of infrared light being able to pen-
etrate into tissue much deeper than visible light.185,186 More 
recently researchers are reporting use of NIRS to facilitate 
continuous bedside rCBF monitoring. NIRS-based diffuse 
correlation spectroscopy (DCS), diffuse reflectance spectros-
copy (DRS), and NIRS-based ICG blood flow index (BFI) and 
absolute CBF hold significant promise as bedside monitors of 
rCBF and metabolic rate (CMRO2). DCS combined with ICG 
offers the potential for a truly continuous rCBF and CMRO2 
monitoring.

Diffuse Correlation Spectroscopy and Diffuse 
Reflectance Spectroscopy
DCS for continuous evaluation of rCBF187 and DRS for con-
tinuous evaluation of CMRO2 and oxygen extraction fraction 
(OEF) are recently reported advances using infrared light to 
provide real-time continuous information on changes in rCBF 
and rCMRO2, with quantitative information on OEF, with 
promising studies reported in subprimate animal models and 
preliminary studies in humans.188

Diffuse Correlation Spectroscopy
Near-infrared photons diffuse through thick living tissues.189 
When diffusing photons scatter from moving blood cells, they 
experience phase shifts that cause the intensity of detected light 
on the tissue surface to fluctuate in time. These fluctuations are 
more rapid for faster moving blood cells. Therefore, one can 
derive information about tissue blood flow far below the tis-
sue surface from measurements of temporal fluctuations im-
pressed on diffusing light. Further details of the DCS method 
can be found elsewhere.187,190–193 Changes in DCS CBF were 
evaluated by Kim et al.194 in subarachnoid hemorrhage (SAH) 

S W X W H= +å åi i i i
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patients undergoing blood pressure manipulation with Xe-CT-
CBF assessment. The DCS measure correlated well with the 
appropriate region of interest in the Xe-CT-CBF (Fig. 29.2).
Diffuse Reflectance Spectroscopy
It is well known that the near-infrared photon fluence rate 
obeys a diffusion equation in highly scattering media such 
as tissue. In DRS light measurements employ intensity mod-
ulated light sources (i.e., the frequency domain technique). 
The amplitude of the input source is sinusoidally modu-
lated, producing a diffusive wave within the medium. These 
disturbances are called diffuse photon density waves or sim-
ply diffusive waves. When everything works, a best estimate 
of the absorption and scattering coefficients at one or more 
optical wavelengths is obtained, from which can be derived 
contributions from different tissue chromophores. Oxy- and 
deoxyhemoglobin concentrations along with water concen-
tration are the most significant tissue absorbers in the NIR. 
Their combination gives total hemoglobin concentration, 
which can be referred to as blood volume and blood oxygen 
saturation or StO2, both of which are useful physiological pa-
rameters. Combined with DCS calculation of CBF these mea-
surements lead to a real time bedside assessment of CMRO2 
and OEF.188,195,196 A detailed theoretical treatment of these con-
cepts can be found at http://www.lrsm.upenn.edu/pmi/non-
flash-ver/publicationNF.html.

In early experiments, investigators at the University of 
Pennsylvania compared DCS measurements of flow variation 
to other standards. Direct comparisons were made to Doppler 
ultrasound,197,198 to laser Doppler flowmetry,199 to arterial spin 
labeled MRI,200–202 and to reports in the literature.187,199,203–207 
Moreover, this group carried out extensive studies in phan-
toms187,199,208 wherein the medium’s viscosity and the flow 
speed of scatterers are varied. Overall, these validation stud-
ies have shown that DCS measurements of blood flow varia-
tions are in good agreement with theoretical expectations and 
with other measurement techniques. In rodents this method 
has been demonstrated to detect hyperemia due to hypercap-
nia 187,206 and ischemia due to middle cerebral artery occlu-
sion205 and cardiac arrest206 with appropriate changes in OEF 
and CMRO2.

Near-Infrared Spectorscopy-based Indocyanine Green, 
Blood Flow Index and Cerebral Blood Flow
NIRS also allows detection of other IR chromophores such as 
indocyanine green (ICG). ICG has several attributes that make 
it an ideal tracer to monitor rCBF. ICG has an IR absorption 
peak at 805 nm209 and after intravenous injection is limited 
to the intravascular compartment.210 These properties then 
make the use of ICG as a marker of tissue blood flow feasible. 
It is nontoxic211 and serious adverse reactions are rare.211–214 
Notably it is rapidly removed from the circulation by the liver 
through biliary excretion215 with a circulation half time of 
3.3 minutes.210,216 These kinetic properties make ICG suitable 
for repetitive measurements, even with short between-study 
intervals, without accumulation of dye.216 With a maximal 
daily dosage of 5 mg/kg217 and a study dose of 0.1 mg/kg, up 
to 50 rCBF determinations can be made daily. Thus, although 
not a true moment-to-moment monitor, being able to evaluate 
BFI as a proportionate indicator of rCBF every 30 minutes as 
one manipulates and optimizes physiology or pharmacology 
at the bedside based on rCBF is, nonetheless, a very attractive 
notion.

The BFI is based on fluorescein flowmetry for measure-
ment of relative blood flow changes in the intestine using in-
travital fluorescence microscopy.218 This method entails use of 
the ratio of the maximum fluorescence and the rise time of the 
fluorescence curve. Keubler et al.219 adapted the mathematical 
basis for fluorescein flowmetry to the first circulatory passage 
of an ICG bolus through the brain (Fig. 29.3).

Several approaches to the use of ICG NIRS for rCBF 
determination or estimation have also been reported. Early 
studies involved using ICG to determine relative changes in 
CBF have been described by Roberts et al.,220 Gora et al.,221 and 
Kuebler et al.,219 with subsequent validation studies reported 
in animals 219,222,223 and humans.224,225 Diop et al. report encour-
aging preclinical studies demonstrating the potential use of 
ICG combined with DCS to yield continuous absolute CBF, 
CMRO2, and OEF.226,227

Other Near-Infrared Spectroscopy Cerebral  
Blood Flow Methods
Smith et al.228 have recently reported an alternate approach, also 
using NIRS, to measure OEF at bedside. Edwards and Elwell, us-
ing the Fick principle, suggested measuring CBF by monitoring 
changes in oxygenated hemoglobin in response to changes in 

0

rs = 0.73, p = 0.010

40

20

–20

–40

–60
–60 –40 –20 0 20

rCBFXeCT (%)

rC
B

F
D

C
S

 (%
)

Fig. 29.2  Scatter plot illustrating the correlation between rCBFDCS 
and rCBFXeCT calculated from ROIs drawn under the optical probes. The 
fit line has a slope of 1.1 and an offset of 9.3%.194 (From Pattinson K, 
Rogers R, Mayhew S, et al. Remifentanil-Induced Cerebral Blood Flow 
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ia FiO2 as a tracer.229,230 This technique was found to correlate with 
133-Xe rCBF measurements in neonates.231,232 However, subse-
quent studies in animals and in adults showed an unacceptably 
high coefficient of variation and it did not correlate with other 
established methods.233,234 Moreover, there were concerns that 
altering FiO2 could be deleterious in brain-injured patients.230 
Acousto-optic techniques are also available which can be used 
to measure relative changes in CBF. Validation studies are on-
going and the technology is FDA approved235

Reliable Measurement of Depth of Hypnosis and 
Analgesia and Potential for Automated Closed 
Loop Anesthetic Administration
BIS and patient state index (PSI) monitors have undergone ex-
tensive evaluation as monitors of depth of hypnosis with rea-
sonable evidence for a role in some neurosurgical settings.236 
However, this depth of anesthesia monitoring approach pro-
vides little insight into adequacy of analgesia. Recent early 
work237 in this area suggests that depth of analgesia monitoring 
will also eventually be developed and validated. Studies have 
been done on facial EMG, palmar conductance,238,239 and pup-
illometry240 with reasonable results, suggesting that such mon-
itoring should be clinically feasible for future applications. The 
Analgoscore is another means of monitoring intraoperative 
pain through the application of an algorithm to blood pressure 
and heart rate data.241 This score has been coupled with the 
closed-loop administration of remifentanil to control intra-
operative pain and combined with BIS and neuromuscular 
blockade monitoring to create a prototype total anesthesia ro-
bot,242,243 which is described in more detail later in this chapter.

The availability of depth of hypnosis, analgesia, and neuro-
muscular blockade, along with cardiovascular monitoring will 
then enable the neuroanesthesiologist to precisely titrate the 
anesthetic drug as a “magic bullet” directed to that element of 
the anesthetic state most in need of attention.

Continuous Blood Levels of Intravenous 
Anesthetics
Presently no clinically available technology provides continu-
ous direct measurement of blood levels of anesthetics. One ap-
proach has been to use a pharmacodynamic measure such as 
BIS to derive the blood level that works, even if the exact level 
is not known, and then titrate anesthetic versus effect rather 
than a blood level. Pharmacokinetic models combined with 
target-controlled infusion technology have also been used to 
predict anesthetic levels and titrate accordingly.

Nonetheless, recent reports indicate that sensitive exhaled 
gas monitoring can provide end tidal concentrations of propofol.  
Indications are that such a monitor provides a reliable measure 
of blood concentration.244 No comparable technology has been 
reported for other intravenous anesthetic drugs. One might 
speculate that a hypnotic, paralytic, or analgesic drug of the 
future might be designed with a chromophore in its structure 
that would allow detection and thus continuous monitoring by 
transcutaneous spectroscopy.

Multimodality Brain Monitoring
Brain tissue pO2 (pbO2), microdialysis, and blood flow 
methods are receiving significant attention presently. There 
is ample retrospective evidence to associate a low pbO2, low 
CBF,242,243,245–247 and elevated lactate pyruvate ratio with poor 
outcome248–251 and certainly it makes physiologic sense. It 
seems reasonable to expect that these monitors will eventually 
find a place in titration of the physiologic contributors’ sec-
ondary processes in brain injury. Multimodality monitoring 
has recently been evaluated in a consensus statement.252

Exhaled Gas Monitoring
Previously the province of nonportable GC-mass spectrom-
etry types of equipment, improved sensor and computing 
technology has resulted in the capability to place a highly sen-
sitive array of chemical sensors in exhalation tubing of a pa-
tient to make significant physiologic inferences.253 Currently 
published examples suggest an ability to detect bacterial 
pneumonia254 and sinusitis,255 asthma,256 aerodigestive tract 
tumor cells,257 lung cancer,258 and tuberculosis.259 The tech-
nology has been reported as being able to detect lipid per-
oxidation in food.260 Given that lipid peroxidation261–264 or 
perhaps release of other volatile organic compounds occurs 
with ischemia, it becomes plausible to suggest that this tech-
nology will have a place in screening for immediate evidence 
of ongoing cerebral (or other organ) ischemia in neuroanes-
thesia and neurocritical care.

Feedback Loops
Anesthesia Robot
Multiple physiologic parameters can be measured with digital 
output that is amenable to feedback loops. Technology is now 
available or in development that is demonstrating the feasibil-
ity of this concept for parameters that include neuromuscular 
blockade, depth of hypnosis monitors, facial EMG (analgesia), 
and blood pressure. Given that the administration of an anes-
thetic entails provision of hypnosis, analgesia, immobility, and 
sympathetic reflex control, this then presents the notion of 
the anesthesiologist explicitly prescribing an effect of a drug 
rather than a dose as the primary goal in the administration 
of anesthesia. Moreover, for the neuroanesthesiologist, brain 
oriented parameters such a brain pO2, tissue lactate or gluta-
mate, CBF, or other measures may also be amenable to such 
an approach. In addition, the notion of providing265,266 and 
measuring amnesia is also an attractive possibility, although 
amnesia monitors at this time remain undescribed (other than 
after the fact inquiry).

Putting all of these concepts together produces the concept 
of an anesthesia robot. Researchers at McGill University have 
described such a system that they have named McSleepy.242,243 
This innovation is both pharmacologic robot and anesthesia 
information management system. An automated, closed-
loop system controls the three variables of general anes-
thesia: hypnosis, analgesia, and neuromuscular blockade. 
Bispectral index is used as the control variable for hypnosis, 
analgoscore for analgesia, and phonomyography for neuro-
muscular blockade. Based on these data, the computer ti-
trates the appropriate medication (propofol, remifentanil, 
rocuronium) using three infusion pumps. The system can 
be used to control induction, maintenance, and emergence 
from general anesthesia. The system also alerts the anesthe-
siologist when certain actions should be performed, such as 
mask ventilation, intubation, and waking the patient. Several 
safety features have been incorporated into the software. For 
example, the system will not administer rocuronium until a 
BIS <60 is reached and maximum and minimum limits can 
be set for drug administration. In addition, McSleepy can 
be controlled remotely from any PC, smartphone, or tablet. 
In fact, researchers used this capability to perform the first 
transcontinental anesthetic between Montreal, Canada, and 
Pisa, Italy.267 Additional features such as voice command and 
fluid management are on the horizon. A large scale trial is 
underway to compare the performance of the system to man-
ually controlled anesthesia. This group is also exploring the 
performance a robotic intubation system called the Kepler 
Intubation System.268,269
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Magnetic Resonance in the  
Operating Room
MR imaging is undergoing evaluation as an aid during neuro-
surgery. The primary impetus for it is to aid in the provision of 
more complete tumor resection and to reevaluate stereotactic 
coordinates intraoperatively as brain anatomy may be altered 
during the course of a procedure.270 Another emerging use is 
for laser tumor ablation under MRI guidance.271 This intro-
duces a variety of logistical challenges that can substantially 
increase the time in the operating room272 or create issues with 
transport of an anesthetized patient, mid-surgery, to an MR 
unit. Nonetheless, the introduction of this may translate into a 
technology providing information of value to both neurosur-
geon and anesthesiologist, including biochemical information, 
such as high energy phosphates, lactate, n-acetylphosphate, 
and other relevant chemicals. In addition, rCBF and metabolic 
rate information may also become available during neurosur-
gical procedures through MRI methodology.273

PHARMACOLOGY

Fast on Fast off
Work has been ongoing for decades in an effort to elucidate 
mechanisms of anesthesia. Implicit in such work has been 
the assumption that induction of anesthesia and emergence 
are equal and opposite biological processes. However, Kelz 
et  al. suggest that the neural substrates that underlie induc-
tion and emergence are different and present the concept of 
neural inertia in transitions in levels of consciousness.274,275 In 
their work they describe the role of the endogenous orexin 
system in impacting emergence from, but not entry into the 
anesthetized state.276 This then suggests that future pharmaco-
logic work in this area may lead to methods to manipulate the 
process of emergence from anesthesia such that, rather than 
awaiting dissipation or antagonizing the induction anesthetic 
drugs, that specific manipulation of the neural substrates of 
emergence from anesthesia will lead to faster more reliable 
emergence from anesthesia after neurosurgical procedures.

Another potential advance is the advent of very-short-
acting anesthetic agents. This is best illustrated with remifen-
tanil for analgesia. Work is underway suggesting a future 
similarly short-acting context insensitive benzodiazepine 
hypnotic, remimazolam.277,278 Development of a comparably 
short-acting neuromuscular blocking drug would then have 
the stage set for titratable context insensitive anesthesia.

Non-neurotoxic Anesthetics
Postoperative cognitive dysfunction is an object of increas-
ing recent scrutiny, with a fairly robust incidence in elderly 
patients after noncardiac surgery of about 10–15%.279–281 
Although the precise mechanism of this phenomenon remains 
to be elucidated there are ample data to suggest that specific 
neurotoxic effects of anesthetics could be important factors. 
Eckenhoff et  al.282 reported the amyloidogenic properties of 
halothane and isoflurane and Bianchi et  al.283 have reported 
behavioral changes after isoflurane but not sevoflurane anes-
thesia. Moreover, Wei et al.284 have reported that intracellular 
calcium homeostasis may be an important factor. Their work 
shows that sevoflurane does not increase intracellular calcium 
and does not cause apoptosis, whereas isoflurane induces 
release of calcium from intracellular stores with associated 
apoptosis. In immature brains some anesthetics appear to in-
duce unplanned apoptosis with delayed cognitive deficits.117 
Nitrous oxide has dose-dependent and paradoxical protective 

and neurotoxic effects.285 Finally, opioids in moderate to high 
doses produce hypermetabolism and histologically verifi-
able brain damage.286–290 All of these observations and others 
strongly implicate at least a partial role for many anesthetics 
in the pathogenesis of POCD. Moreover, a provocative set 
of studies by Bohnen et al.291,292 suggest a possible role of cu-
mulative lifetime anesthetic (and surgical) experience in the 
genesis of Alzheimer’s disease with a relevant study by Kofke 
et  al.10 suggesting a differential pattern of brain blood flow 
with remifentanil as a function of a subject’s ApoE4 status. 
The apoE4 allele of the ApoE single nucleotide polymorphism 
relates to one’s likelihood of later developing Alzheimer’s dis-
ease.293,294 Other genes may also be elucidated as contributing 
to susceptibility to POCD.

As answers begin to accumulate as to factors that contrib-
ute to anesthetic neurotoxicity and POCD, it is to be expected 
that anesthetic paradigms will be developed that will not have 
the potential for such deleterious effects.

SUMMARY

This chapter has reviewed some current research in areas rel-
evant to neuroanesthesia and neurocritical care. Some clinical 
problem areas have been suggested as important subjects of 
research with a distillation of nascent work, which can be rea-
sonably anticipated to translate to clinical care. If these spec-
ulations are borne out, the neuroanesthesia OR of the future 
will indeed look a good deal different and better than the one 
of today.
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etomidate, 11t, 12
fentanyl, 11t
halothane, 11t
isoflurane, 11t
ketamine, 11t
lidocaine, 11t
midazolam, 11t
nitrous oxide, 11t, 12
propofol, 11t, 12
sevoflurane, 11t
thiopental, 11t
volatile, 12
xenon, 12

cerebrovascular reactivity to CO2, 84
changes in intracranial pressure with, 67–69
desflurane, 79
effects of, 75–84

on cerebrospinal fluid, 64–66, 64t, 70
etomidate, 80
fentanyl, 82
halothane, 77
inhalational, 75–79, 76t
interactions, 84–85
intravenous, 79–82, 80t
isoflurane, 77–78, 78f
ketamine, 68, 81
lidocaine, 83
muscle relaxants, 83, 197, 231

nondepolarizing, 83
neurosurgical, considerations in relation  

to, 74–75
nitrous oxide, 75–76, 192

Anesthetic agents (Continued)
opioids, 65t, 192
propofol, 80–81
remifentanil, 82–83
sevoflurane, 78–79
in spinal cord blood flow, 48
succinylcholine, 83
sufentanil, 82
surgical stimulation, 85
synthetic opioids, 82–83
time, interactions with, 85
xenon, 77
in young children, 13–14

Anesthetic care record, 469f
Anesthetic induction, craniotomy and, 438, 438b
Anesthetic maintenance

craniotomy and, 438, 438b
for spontaneous spinal epidural  

hematoma, 440
Anesthetizing location, 248–249
Aneurysm

anticoagulation for embolization of, 442
pregnancy with, 436–437
rupture of, 441–442

Aneurysm clipping, craniotomy and, 437
Aneurysm coiling, 441
Angiography, conventional cerebral, 92
Angioplasty

atherosclerotic lesions with, 257, 258–259f
carotid, 279–280, 279t
cerebral vasospasm with, 254

Angular gyrus, 2
ANH. See Acute normovolemic hemodilution 

(ANH).
Ankylosing spondylitis (AS), 362–363, 363f
Anorexia, deep brain stimulation and, 320b
Anterior cerebral artery (ACA), examination 

of, with transcranial Doppler 
ultrasonography, 128

Anterior cord syndrome, 178t, 371t, 372
Anterior spinal artery syndrome, 392
Antiapoptotic agents, for cerebral ischemia, 11
Anticholinergic drugs, placental transfer of, 435
Anticholinesterases, for Alzheimer's disease, 403
Anticoagulation

antiplatelet agents for, 251
direct thrombin inhibitors for, 251
heparin for, 251
interventional neuroradiology with, 251
reversal of, 251

Anticonvulsants, for acute pain management, 426
Antidepressant neuropathic pain, 426
Antifibrinolytic agents, 391
Antihypertensive drugs, placental transfer  

of, 435–436
Aortocaval compression, during pregnancy, 434
Apneustic pattern, 410
Apoplexy, pituitary, 461
Apoptosis

necrosis versus, 5–6
subsequent to hypoxia or ischemia, 7f
trophic factors and, 6f

Apparent diffusion coefficient (ADC), 94
Appointments, proxy, 449
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Arachnoid cysts, minimally invasive 
neurosurgery indicated by, 306t

Arachnoid villus, microscopic anatomy of, 62, 62f
ARDS. See Acute respiratory distress syndrome 

(ARDS).
Arterial carbon dioxide, elevation of, 

neuroanesthesia pain management  
and, 426

Arterial oxygen, reduction of, neuroanesthesia 
pain management and, 426

Arterial spin labeling (ASL), 95, 97f
Arterial vessels, epidural, during pregnancy, 435
Arteriovenous difference in oxygen content 

(AVDo2), 36t, 38f
Arteriovenous malformations (AVM), 105–108, 

255–256, 255–256f, 263–276
anesthetic technique for, 267–268

choice of agents with, 267–268
nonpharmacologic cerebral protection with, 

268, 268t
brain relaxation during surgery with, 268
cerebral circulatory changes with, 265–267, 266f
clinical behavior with, 263–264
controlled systemic and cerebral 

hemodynamics with, 269
euvolemia/blood pressure control in, 269
induced hypotension in, 269

emergence from anesthesia with, 270
etiology of, 264–265, 265f
fluid management with, 268–269
glucose control with, 268–269
hypothermia used with, 269–270
initial recovery from, 270
intraoperative management for, 267–270

monitoring in, 267
vascular access in, 267

microsurgical resection of, 263
minimally invasive neurosurgery indicated 

by, 306t
and motor evoked potentials, 121
operative considerations for, 270–272, 

271–273f
pathogenesis of, 264–265, 265f
perioperative anesthetic management  

for, 267–270
preoperative management, 267

pregnancy with, 436–437
radiosurgical treatment, 264
resection, craniotomy and, 437
risks of invasive therapy, 263
spontaneous, 263
surgical resection of, 263–276
transcranial Doppler ultrasonography of, 137

Artery of Adamkiewicz, 353–354
Artificial nutrition, and hydration, 453
AS. See Ankylosing spondylitis (AS).
ASIA. See American Spinal Injury Association 

(ASIA).
Aspiration, Parkinson's disease and, 401–402
Aspiration pneumonia, pregnancy and, 434
Assist control ventilation/continuous mandatory 

ventilation (ACV or CMV), 412
Atherosclerotic lesions, angioplasty and stenting 

for, 257, 258–259f
ATP. See Adenosine triphosphate (ATP).
Auditory brainstem responses (ABR), 116–117, 

117f
Auditory nerve, 118t
Augmentative therapies, 429
Authorization, 448
Automated closed loop anesthetic 

administration, 482
Autonomic dysfunction, Guillain-Barre and, 404
Autonomic hyperreflexia, 380
Autonomic insufficiency, multiple sclerosis  

and, 405
Autoradiography, for cerebral blood flow 

measurement, 36t, 39f, 41
Autoregulation, during anesthesia, 84
Autoregulation index (ARI), 130–131

Autoregulatory failure, of cerebral circulation, 
30–33, 31f

circulatory breakthrough in, 32, 32t
hemodynamic considerations during, 32–33

cerebral steal, 33
cerebrovascular reserve, 32–33
collateral failure in, 33
vessel length in, 33
viscosity in, 33

hyperperfusion in, 32, 32t
hypoperfusion in, 30–31, 31f
ischemia in, 30–31, 31f
reperfusion injury in, 32

AVDo2. See Arteriovenous difference in oxygen 
content (AVDo2).

AVM. See Arteriovenous malformations (AVM).
Avulsion, 366
Awake craniotomy, 298–300

approach to, 298–300
adverse events and management in, 300
anesthetic options in, 299–300
brain mapping and cognitive testing in, 300
positioning in, 298, 299f
scalp block in, 298–299

in pediatric neuroanesthesia, 342–343, 343f
Awake intubation, spinal cord injury 

management with, 182–183

B
Baclofen, 426
Bacterial meningitis, increased intracranial 

pressure and, 70
Barbiturates, 79–80, 240

brain injury/treatment with, 176
for cerebral ischemia, 12

Battle's sign, 330
Beneficence, 445
Benzodiazepines, 81–82

for cerebral ischemia, 12
therapy, teratogenic effect of, 436

Berry aneurysms, 104–105
Biological therapies, 323
Biot's (ataxic) pattern, 410
Bispectral index (BIS), 149
Bleeding, arteriovenous malformations with, 

271–272
β-blockers, 284
Blood flow, anesthetic effects of genetic factors 

in, 475
Blood flow index, 481, 481f
Blood glucose control, brain injury treatment 

with, 174
Blood pressure

control, in AVM, 269
manipulation, 248
in occlusive cerebrovascular disease, 278
in spinal cord blood flow, 48

Blood supply, of pituitary gland, 458–460, 459f
Blood transfusion, spinal cord diseases/trauma 

with, 391–392
Blood volume, during pregnancy, 434
Blood-brain barrier, 154, 154f

edema and, 190
Brachial plexus, complications with positioning 

posterior fossa surgery, 211t
Brain abscess, minimally invasive neurosurgery 

indicated by, 306t
Brain bulk, supratentorial masses anesthesia for 

managing, 192–193, 192b
Brain death, ethics related to, 455–456
Brain injury, 166–177

airway management for, 170–171, 171f
barbiturates for, 176
blood glucose control for, 174
CT of epidural hematoma for, 167f
CT of subdural hematoma for, 167f
diuretics for, 176
fluid management of, 173–174
goals in care of, 171

Brain injury (Continued)
head position for, 175
hyperosmolar therapy for, 175–176
and hypertension, 173
hyperventilation for, 175
hypotension with, 172–173, 172f
maintenance of blood pressure for, 172b
monitoring intracranial hypertension 

treatment with, 175–177
neuroimaging of, 167–168, 167–168f
neurologic evaluation of, 166–167, 166b
organ systems evaluation for, 168–170, 168b

cardiovascular system, 168–169, 168b
gastrointestinal system, 168b, 169
musculoskeletal system, 168b, 169
respiratory system, 168, 168b

pathophysiology of, 3–7
ischemia, 3–7, 4f, 5b
necrosis versus apoptosis, 5–6, 6–8f
neuronal damage in, genetic influences on, 

6–7
prevention of hypoxemia in, 172, 172b
pupillary assessment for, 167b
surgical treatment for, 176–177
temperature control for, 174–175

Brain interstitial fluid, clearance of, 62
Brain mapping, in awake craniotomy, 300
Brain metabolism, 1, 2f

adenosine diphosphate (ADP) in, 1, 2f
adenosine triphosphate (ATP) in, 1, 2f
cell death and, 5b
cellular processes in, that require energy, 1–2
nicotinamide adenine dinucleotide (NAD) 

in, 1, 2f
nicotinamide adenine dinucleotide reduced 

(NADH) in, 1, 2f
Brain neoplasms, 103–104, 103f

grading of, 104, 104–105f
imaging detection for, 103
imaging of treatment effects, 104, 106f

Brain pathophysiology, supratentorial masses 
with rising ICP, 189–190

Brain tissue oxygen tension, 147
Brain Trauma Foundation, 326
Brainstem auditory evoked potentials (BAEPs), 

116
venous air embolism with, 219

Brainstem auditory evoked response (BAER), 116
Brown-Séquard syndrome, 178t, 371t, 371f, 372
Bulbar dysfunction, ALS and, 400
Burst stimulation, of spinal cord, 430, 430f
Butyrophenones, Parkinson's disease and, 402

C
Calcium blockade, for cerebral ischemia, 10
Calcium channel antagonists, for vasospasm, 229
Calories, 416–417
Capnography, 217
Carbidopa, 401
Carbon dioxide (CO2)

arterial, elevation of, neuroanesthesia pain 
management and, 426

cerebral perfusion pressure and, blood flow 
changes in relation to, 75

cerebrovascular reactivity to, 84
effects on cerebral circulation, 26–27, 26–27f
in spinal cord blood flow, 48

Carbon dioxide tension, 277–278
Cardiac dysrhythmias, 379–380
Cardiac output (CO), 25–26

during pregnancy, 434
Cardiac surgery, transcranial Doppler 

ultrasonography of, 138
Cardiopulmonary bypass (CPB), 45
Cardiovascular complications, 413–415

conduction abnormalities, 414
fat embolism syndrome, 414–415
hypertension, 414
hypotension, 414
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brain injury with evaluation of, 168–169, 168b
physiologic changes during pregnancy in, 434
spinal cord injury evaluation of, 180b, 181
spinal cord injury medical management with, 

379–380
Carotid angioplasty and stenting (CAS), 

279–280, 279t
coronary artery bypass graft (CABG) versus, 

283–284
Carotid artery disease, transcranial Doppler 

ultrasonography of, 135–136
Carotid artery stenting, versus carotid 

endarterectomy, 280–281
Carotid endarterectomy (CEA), 45, 277

carotid artery stenting versus, 280–281
coronary artery bypass graft (CABG) versus, 

283–284
risk stratification in, 282t, 283

Carotid Revascularization Endarterectomy versus 
Stenting Trial (CREST), 280

Carotid stump pressure (CSP), 290
Carotid test occlusion, 254–255
Catheter

central venous pressure versus pulmonary 
artery, 232

pulmonary artery, 217
right atrial, 216–217, 216f

Catheter angiography, 239
Cauda equina syndrome, 371t, 372
CBF. See Cerebral blood flow (CBF).
Centers for Medicare & Medicaid Services 

(CMS), carotid angioplasty and stenting 
in, 281

Central cord, 178t
Central cord syndrome, 371t, 372
Central hyperventilation pattern, 410
Central venous catheter, 232
Cerebellum, 3
Cerebral aneurysm, minimally invasive 

neurosurgery indicated by, 306t
Cerebral aneurysm surgery, anesthetic 

management of, 222–247
after intubation for, 231–234

catheter placement, 232
central venous pressure catheter versus 

pulmonary artery catheter, 232
monitoring requirements, 231–232

anesthesia maintenance for, 233
brain relaxation for, 233–234
emergence from, 239
fluid and electrolyte balance for, 234
giant aneurysms with, 239–242

barbiturates for, 240
brain protection in circulatory arrest  

for, 240–242
circulatory arrest for treatment of, 241t
hyperglycemia with, 242
hypothermia for, 240–242, 241t

induction for, 230
achieve loss of consciousness in, 230

intraoperative considerations  
for, 229–239, 230f

aneurysm rupture in, 238–239
cardiac standstill in, 236
catheter angiography in, 239
controlled hypotension versus temporary 

occlusion during, 234–236, 235f, 235t
electrophysiologic monitoring in, 237–238, 

238t
indocyanine green videoangiography in, 239
moderate hypothermia and neuroprotection 

in, 236–237, 237b
intubation for, 230–231

muscle relaxant with, 231
patient with difficult airway with, 231
patient with full stomach with, 231
prophylaxis with, 230

patient positioning for, 232–233
postoperative considerations for, 239

Cerebral aneurysm surgery, anesthetic 
management of (Continued)

preoperative considerations for, 222–229
anesthetic implications with, 225, 226t
autoregulation and carbon dioxide reactivity 

impaired with, 224
cardiac effects with, 224–225
central nervous system with, 222–224, 223t
concurrent medical treatments with, 

225–226
electrocardiographic changes with, 225
intracranial pressure with, 223–224, 224f
intravascular volume status and 

hyponatremia in, 224
myocardial function with, 225
other major medical problems with, 225
premedication for, 229
rebleeding with, 226–227
respiratory system with, 225
subarachnoid hemorrhage grading, 223t
systemic effects with, 224
timing of surgery with, 226–229, 226f
vasospasm with, 227–229

recovery from, 239
vasospasm with, 227–229

clinical manifestations of, 227
diagnosis for, 227
incidence of, 227
pathogenesis for, 227
treatment for, 227–229

Cerebral autoregulation, 130
Cerebral blood flow (CBF), 19–58, 93, 277, 481

age-related evolution of, 337f
autoregulation in children of, 338f
in cerebral metabolic rate for oxygen 

(CMRO2), 19, 19f
effects of anesthetics on, 74–90, 78f

inhalational, 76t
intracranial pressure regulation and, in 

pathologic conditions, 75
intravenous, 80t
metabolism and, in relation to functional 

changes, 74–75
in relation to cerebral perfusion pressure 

and CO2, 75
hypocapnia in, 34
induced hypertension in, 33–34, 34f
inverse steal in, 34
measurement of, 35–46

Doppler techniques for, 40–41
magnetic resonance imaging, 39–40
methodologies in, comparison of, 36t
other ultrasound methods for, 41
positron emission tomography for, 35–39
single-photon emission computed 

tomography for, 35–39, 39f
thermal clearance for, 40
transcranial Doppler ultrasonography  

for, 40–41, 41f
monitoring, 146

with thermal diffusion flowmetry, 146
with transcranial Doppler ultrasonography, 

146
optical assessment of, 42–46

clinical assessment of, 43–46
for preclinical research, 42–43

pharmacologic manipulation in, 34–35
regional, requirements, 19
regulation of, 19–20

local neural-glial, 30
spinal cord blood flow and, comparison of, 48
supratentorial masses with, 190–191, 

190–191f, 191t
Cerebral blood volume (CBV), 24, 93
Cerebral circulation

anatomic considerations for, 22–23, 22f
autoregulatory failure with, 30–33, 31f

circulatory breakthrough in, 32, 32t
hemodynamic considerations during, 32–33
hyperperfusion in, 32, 32t

Cerebral circulation (Continued)
hypoperfusion in, 30–31, 31f
ischemia in, 30–31, 31f
reperfusion in, 32

cerebral vasomotion, cellular mechanisms of, 
20–22

endothelin in, 22
enhancing perfusion in, therapy for, 33–35

hypocapnia, 34
induced hypertension, 33–34, 34f
inverse steal, 34
pharmacologic manipulation, 34–35

hemodynamic factors with, 23–26
cardiac output, 25–26
pressure regulation, 23–24, 24–25f
pulsatile perfusion, 25
rheologic factors, 26
venous physiology of, 24

metabolic and chemical influences in, 26–29
carbon dioxide, 26–27, 26–27f
oxygen, 27, 28f
pharmacology, 28–29, 28f
temperature, 27–28

neurogenic influences, 29–30, 30f
nitric oxide in, 20–21
physiology of, 19–30
potassium channels in, 21
prostaglandins in, 22
regional cerebral blood flow requirements, 

19, 19f
regulation in, 19–20
vasoactive peptides in, 21

Cerebral circulatory changes, in arteriovenous 
malformations, 265–267, 266f

Cerebral cortex, neuroanatomy of, 2, 3f
Cerebral edema, brain interstitial fluid clearance 

with, 62
Cerebral hemispherectomy, 305
Cerebral hemodynamics, with AVM, 269
Cerebral ischemia, 135, 476, 477f

complications with positioning posterior fossa 
surgery, 211t

Cerebral microdialysis, 148–149
Cerebral oxygenation monitoring, 146–148

brain tissue oxygen tension in, 147
jugular venous oxygen saturation in, 146–147
near-infrared spectroscopy in, 147–148

Cerebral perfusion pressure (CPP), 23–24, 
24–25f, 61, 277, 333

CO2 and, blood flow changes in relation to, 75
monitoring of, 145
noninvasive assessment of, 133–134
traces of, 134f

Cerebral protection
in head injury, 332–333
in occlusive cerebrovascular disease, 288–289

Cerebral salt wasting syndrome (CSWS), 224, 
334, 416

Cerebral spinal fluid removal, 268
Cerebral steal, 33
Cerebral vascular resistance (CVR), 277
Cerebral vasomotion, cellular mechanisms of, 

20–22
endothelin in, 22
nitric oxide in, 20–21
potassium channels in, 21
prostaglandins in, 22
vasoactive peptides in, 21

Cerebral vasospasm, 136–138
Cerebrospinal fluid (CSF), 59–73

anesthetic- and drug-induced changes in, 
64–66

anesthetics' effects on formation/reabsorption 
of, 63–67

experimental animals, 63–64
humans, 64
inhaled, 64t
methods of determining, 63–64
opioids and, 65t
sedative-hypnotics and antagonist drugs, 65t
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Cerebrospinal fluid (CSF) (Continued)
circulation of, 61, 61f
composition of, 59–60, 59t
diuretic effects on, 66
drainage, supratentorial masses anesthesia 

with, 193
dynamics and intracranial pressure, 67–69

acute subarachnoid hemorrhage, 70
anesthetics' effects on, 70
bacterial meningitis in, 70
chronic changes after subarachnoid 

hemorrhage, 70
conditions in, 68–69f, 70
head injury in, 70
increased intracranial pressure, causes of, 70
intracranial mass in, 70
pseudotumor cerebri in, 70
responses in, 70

equilibrium between formation and 
reabsorption of, 67, 67f

extracellular fluid spaces in, 59
formation of, 60–61

at choroid plexus, 60, 60f
extrachoroidal, 60, 61f
glucose in, 60
intracranial pressure on, 61
protein in, 60–61

function of, 62–63
in chemical environment, 63
in excretion, 63
in intracerebral transport, 63
in nutrition, 62

leakage
neuroanesthesia pain management  

and, 426–427
during surgery for pituitary tumor, 463

macroscopic spaces of, 59
metabolic regulation of, 67
neurogenic regulation of, 66–67

functional aspects in, 67
structural aspects in, 66–67

pressure and volume in humans, 59t
properties of, 59
reabsorption of, 62, 62f

brain interstitial fluid in, clearance of, 62
increase intracranial pressure in, 62
normal intracranial pressure in, 62

spaces, anatomy of, 59
steroids on, 66
volume of, in intracranial volume, 69, 69f

Cerebrovascular reactivity, 145–146
Cerebrovascular reserve, 32–33
Cervical disk herniation, 357, 357f
Cervical orthoses, 386f
Cervical radiculopathy, 356, 356f
Cervical spine disorders, 356–357
Cervical spine immobilization techniques, 386t
Cervical spine teardrop fracture, 377f
Cervical spine trauma, 370t
Cervical spine-injured patient, emergency airway 

management in, 384–387, 387f
Cervical spondylosis, 356, 356f
Cervical spondylotic myelopathy (CSM), 

356–357
Cervicomedullary syndrome tetraplegia, 

371–372, 371t
Chemical environment, cerebrospinal fluid in, 63
Chest trauma, 413
Cheyne-Stokes pattern, 410
Choline, 96
Choroid plexus, cerebrospinal fluid formation 

at, 60, 60f
Chronic pain

deep brain stimulation and, 320b
management of, 427

Chronic pain syndromes, spinal cord injury with, 
381

Chronic subdural hematoma, 328
Chronic vegetative state, 455
Circle of Willis, 251

Circulatory breakthrough, autoregulatory failure 
with, 32, 32t

Circulatory resistance, 23
Clinical assessment, 142
Clinical decision support (CDS), 468–469
Clinical ethics, 444
Clinical Randomization of an Antifibrinolytic 

in Significant Hemorrhage (CRASH-2) 
trial, 334

Clinical research, 470
Clonidine, for acute pain management, 425–426
Clopidogrel, 251
Closed head, transcranial Doppler 

ultrasonography of, 137–138, 137f
Cluster breathing, 410
CMAP. See Compound muscle action potential 

(CMAP).
CO2. See Carbon dioxide (CO2).
Coagulation

brain injury with evaluation of, 169
spinal cord injury medical management with, 

380
Coagulopathy, 312

in head injury, 334
Cognitive testing, in awake craniotomy, 300
Cold xenon, for cerebral blood flow 

measurement, 36t
Colloid cysts, minimally invasive neurosurgery 

indicated by, 306t
Colloids, 156, 173

fluid management for craniotomy with, 
160–161

Combined injuries, 366–367
Committee on Emerging Surgical Technologies 

(CESTE), 454
Common Rule, 454
Communicating hydrocephalus, 100
"Compartment syndrome," complications with 

positioning posterior fossa surgery, 211t
Competence, 447
Complex partial seizures, 300–301
Compound muscle action potential (CMAP), 

117–118, 120
Compression, 364, 366f
Computed tomography (CT), 91

and acute strokes, 108, 109f
of epidural hematoma, 167f
scanning rules for minor head injury with, 

329, 329b
spinal cord trauma in, 369
of subdural hematoma, 167f

Computed tomography angiography (CTA), 92, 
93f

Computed tomography myelography, 92–93, 93f
Computerized Physician Order Entry (CPOE), 

469t
Concussion, 103
Confidentiality, 446
Consent, 448

informed
elements of, 447b
history of, 445
process, 446–447

Continuous positive airway pressure (CPAP), 
after pituitary surgery, 463

Controlled hypotension, versus temporary 
occlusion, 234–236, 235f, 235t

Controlled Substances Act, 452
Conus medullaris syndrome, 371t, 372
Cord segment, with roots, ganglia, and branches, 

354f
Coronary artery bypass graft (CABG), patients 

undergoing, 281, 283–284
Cortical arteriovenous fistulas, 105–108
Cortical brain contusions, 102–103
Cortical response, 115
Corticosteroid Randomization After Significant 

Head Injury (CRASH) trial, 326
Corticosteroids, after uncomplicated surgery, 202
Coup and contrecoup injuries, 328

CPP. See Cerebral perfusion pressure (CPP).
Cranial nerve dysfunction, Guillain-Barre and, 404
Cranial nerve monitoring, 118–119, 118t

venous air embolism with, 219
Cranial nerve palsies, after carotid 

endarterectomy, 293
Cranial synostosis, minimally invasive 

neurosurgery indicated by, 306t
Craniopharyngiomas, 344–345, 462
Craniosynostosis, in pediatric neuroanesthesia, 

344
Craniotomy. See also Awake craniotomy

awake, anesthesia management issues with, 203
fluid administration during, 159–162

albumin for, 161
colloids for, 160–161
crystalloids for, 159–160, 160f
dextrans for, 161
hetastarch for, 160–161
intraoperative fluids for, 159–161
mannitol for, 160
plasma for, 161–162
preoperative deficits with, 159, 159t
red blood cells for, 161–162

during pregnancy, 437–439, 438b
Creatine/phosphocreatine, 95–96
CREST. See Carotid Revascularization 

Endarterectomy versus Stenting Trial 
(CREST).

Cricothyroidotomy, spinal cord injury 
management with, 182

Critical care, 410
Critical care and end-of-life decision making, 

451–453
Critical closing pressure, 134
Crystalloid resuscitation fluid, for head injury, 

330
Crystalloids, 155–156, 173

fluid management for craniotomy with, 
159–160, 160f

CSM. See Cervical spondylotic myelopathy 
(CSM).

CSWS. See Cerebral salt wasting syndrome 
(CSWS).

CT. See Computed tomography (CT).
CTA. See Computed tomography angiography 

(CTA).
Cushing, Harvey, 468
Cushing response, and brain injury, 168–169
Cushing's disease, 461

anesthetic considerations for, 463, 464t
Cushing's triad, 331
Cytochrome c oxidase (CCO), 148
Cytokines, for cerebral ischemia, 11
Cytotoxic edema, 99

D
Data security, and confidentiality, 471
DAVF. See Dural arteriovenous fistula (DAVF).
DBS. See Deep brain stimulation (DBS).
"de novo" scoliosis, 361–362
Death, in occlusive cerebrovascular disease, 292
Death with Dignity Act, 452
Decarboxylase inhibitor, with levodopa, 401
Decision making

advance directives and proxy appointments 
in, 449

critical care and end-of-life, 451–453
importance of prior discussions in, 448–449
for incapacitated patients, 448–450
role of anesthesiologist in, 453
surrogate, 449–450
team, dilemmas in, 453
treatment and, 450–451

Decisional authority, of patient, 447
Decompressive craniectomy, 333
DECRA Trial: Early Decompressive Craniectomy 

in Patients With Severe Traumatic Brain 
Injury, 333
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anesthesia for, 319
general, 321
local, 321
second stage in, 321

anesthesia-related complications with, 322
cardiovascular, 322
respiratory and airway, 322
venous air embolism, 322

battery replacement in, 321
complications with, 321–322
conscious sedation in, 321
effects of anesthetic agents on 

neuromonitoring for, 319
history on, 317
indications for, 317
macrostimulation testing in, 319
mechanism and target of, 317–318, 318f
microelectrode recordings in, 319
monitored anesthesia care for, 321
monitoring and positioning for, 320–321
for Parkinson's disease, 401
pediatric procedures for, 322
postoperative care for, 322
pre-existing, for other surgery, 322–323
preoperative evaluation and preparation  

for, 319–320, 320b
remote location in, 320
surgery-related complications with, 321–322

intracranial bleeding, 322
postoperative cognitive problems, 322
seizures, 322

surgical techniques for, 318–319, 319f
target localization in, 319

Deep brain stimulator device, 318
Deep cervical plexus block, 286
Deep vein thrombosis, 413
Degenerative spondylolisthesis, 358–359, 359f
Delivery, timing of craniotomy in relation to, 

437–438
Dementia, 3

Alzheimer's type, 402–403
deep brain stimulation and, 320b

Demyelinating diseases, 404–406
Guillain-Barre, 404
multiple sclerosis, 404–405
nitrous oxide induced myeloneuropathy, 

405–406
Department of Health and Human Services 

(DHHS), 454
Depressed skull fractures, 328
Desflurane, 79

effects on cerebral blood flow (CBF) and 
cerebral metabolic rate for oxygen 
(CMRO2), 11t

Dexmedetomidine, 250–251, 287
for acute pain management, 425–426
for awake craniotomy, 299
for cerebral ischemia, 12
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

epilepsy and, 301
and evoked potentials, 123
Parkinson's disease and, 402
for pediatric sedation, 347–348

Dextrans, fluid management for craniotomy 
with, 161

Dextrose solutions, 157–159
DHHS. See Department of Health and Human 

Services (DHHS).
Diabetes insipidus

and brain injury, 170
fluid management in, 347, 347f
neurogenic, 416
pituitary surgery and, 465
post-traumatic, 334

Diabetes mellitus, carotid endarterectomy  
for, 285

Diaphragma sella, 458

DIC. See Disseminated intravascular coagulation 
(DIC).

Diffuse axonal injury (DAI), 103
Diffuse cerebral swelling, 327–328
Diffuse correlation spectroscopy, 480–481, 481f
Diffuse photon density waves, 481
Diffuse reflectance spectroscopy, 481
Diffusion tensor imaging, 94–95, 95f
Diffusion-weighted magnetic resonance imaging, 

94–95, 95f
Diffusive waves, 481
Digital subtraction angiography (DSA), 92
Direct thrombin inhibitors, 251
Discussions, importance of, 448–449
Disease modifying therapies (DMT), for multiple 

sclerosis, 405
Disseminated intravascular coagulation (DIC), 415
Diuretics

brain injury treatment with, 176
effects on cerebrospinal fluid, 66

"Do not resuscitate" orders, 450–451
Donepezil, for Alzheimer's disease, 403
Dopamine agonists, for Parkinson's disease, 401
Doppler techniques, for cerebral blood flow 

measurement, 36t, 40–41
Dorsal horn, 427
Dorsal respiratory group, 410
Dorsal root ganglion (DRG), 427

spinal stimulation, 430, 431f
Dural arteriovenous fistula (DAVF), 256–257, 

264
Dural tear, spinal cord diseases and, 393
D5W solution, 417–418
Dynamic cerebral autoregulation (dRoR), 

130–131
Dysautonomia, Guillain-Barre and, 404
Dysphagia, ALS and, 400
Dysrhythmias, complications with positioning 

posterior fossa surgery, 211t
Dystonia, deep brain stimulation and, 320b

E
Eclampsia, transcranial Doppler ultrasonography 

during, 138
Ectopic gastrin, 434
Edema

airway, 411, 412f
blood-brain barrier and, 190
cerebral, 62
cytotoxic, 99
of face, tongue, neck, complications with 

positioning posterior fossa surgery, 211t
imaging for, 99
interstitial, 99
neurogenic pulmonary, 413, 413f
upper airway mucosal, during pregnancy, 433
vasogenic, 99

Electrocorticography, 149–150
in detection of seizure foci, 342
indications for, 150
thresholds for treatment and evidence for, 150

Electrodes, internalization of, 318–319
Electroencephalogram, 114

venous air embolism with, 219
Electroencephalography, 149
Electrolyte imbalances, 416

brain injury with evaluation of, 169
Electromyographic monitoring, 117–119, 118f

of cranial nerve, 118–119, 118t
facial nerve, 118, 118t
peripheral nervous system, 119, 119t
reflex responses, 119

Electronic Medical Record (EMR), 469t
Electronic textbooks, 471–472
Eloquent cortex, 104, 106f
Emboli, on TCD, 135
Endarterectomy versus Angioplasty in Patients 

with Symptomatic Severe Carotid 
Stenosis (EVA-3S) trial, 280

Endocrine abnormalities, 417–418
End-of-life decision making, 451–453
Endoscopic cervical diskectomy, 311–312
Endoscopic strip craniectomy, 308–309
Endoscopic third ventriculostomy, 344
Endoscopic transsphenoidal hypophysectomy, 

308
Endothelin, in cerebral vasomotion, 22
Endotracheal intubation, spinal cord injury with, 

183–184, 183f
Enflurane

effects on cerebral blood flow (CBF) and 
cerebral metabolic rate for oxygen 
(CMRO2), 11t

effects on cerebrospinal fluid, 68, 68f
epilepsy and, 302

Enteral nutrition (EN), 416
Ephedrine, 435
Epidural abscess, 360
Epidural arterial vessels, during pregnancy, 435
Epidural hematoma, 101–102

CT of, 167f
Epidural infusion therapy, neuroaxial, 426
Epidural vascular changes, physiologic changes 

during pregnancy in, 434–435
Epidural venous pressure, during pregnancy, 

434–435
Epilepsy, 298–316

classification of, 300–301
deep brain stimulation and, 320b
in pediatric neuroanesthesia, 345

Epilepsy surgery, 300–305
anesthetic management of, 302–303

goals of, 302
preoperative evaluation in, 303

cerebral hemispherectomy for, 305
diagnostic surgical procedures for, 303
emergence from anesthesia following, 305
pharmacology of anesthetic agents for, 

301–302
muscle relaxants, 302
nitrous oxide, 302
opioids, 301–302
sedative-hypnotic agents, 301
volatile inhalational agents, 302, 302f

postoperative management for, 305
preoperative evaluation for, 303

medication history, 303
neurologic history, 303
patient preparation, 303

resection of brain under general anesthesia for, 
303–305, 304f

vagal nerve stimulator placement for, 305
Epileptogenic damage, 14
Essential tremors, deep brain stimulation and, 320b
Ethics, medical

artificial nutrition and hydration in, 453
authorization in, 448
competence in, 447
confidentiality in, 446
consent in, 448
critical care and end-of-life decision making 

in, 451–453
decision making for incapacitated patients in, 

448–450
"do not resuscitate" orders and, 450–451
history of, 444–445
information in, 447
informed consent process in, 446–447, 447b
innovative neurosurgery in, 453–455
issues of clinical decision making with, 

445–456
never competent in, 451
origins of contemporary, 444–445
principles of, 445
related to brain death, 455–456
self-determination in, 445–446
team decision making in, 453
theory of, 444–445
understanding in, 448



IN
D

E
X

495

Etomidate, 80, 123
for acute pain management, 425
for cerebral ischemia, 11t, 12
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

epilepsy and, 301
Euglycemia, 417
Euthanasia, active, 452
Evoked potentials, 114–126, 290–291

anesthetic considerations during monitoring 
of, 122–123, 124t

auditory brainstem responses, 116–117, 117f
basics of, 114, 114f
brainstem auditory, 219
electromyographic monitoring with, 117–119, 

118f
of cranial nerve, 118–119, 118t
facial nerve, 118, 118t
peripheral nervous system, 119, 119t
reflex responses, 119

motor, 120–122, 120f, 122f
somatosensory, 114–116, 115f

cortical monitoring using, 115
mapping using, 115
recording from spinal column, 116
spinal surgery monitoring in, 116, 116f
venous air embolism with, 219

visual, 117
Ewing's sarcoma, 361f
Excretion, cerebrospinal fluid in, 63
Exhaled gas monitoring, 482
External pulse generator (EPG), 430
Extra-axial lesions, 101, 102f
Extradural spinal tumors, 360
Extreme lateral interbody fusion (XLIF), 312
Extremity surgery, pain management plan for, 

427
Extubation, spinal cord diseases and, 392
Eye compression, complications with positioning 

posterior fossa surgery, 211t

F
Facial nerve, 118, 118t
Fasting regimens, for pediatric neuroanesthesia, 

339, 339t
Fat embolism syndrome, 414–415
Feedback loops, 482
Fentanyl, 82

effects on cerebral blood flow (CBF) and 
cerebral metabolic rate for oxygen 
(CMRO2), 11t

effects on cerebrospinal fluid, 68, 68f
Fetal heart rate (FHR) monitoring

craniotomy and, 438
emergency cesarean section and, 442

Fetus, radiation exposure of, 441
Fluid management, 152–165

arteriovenous malformations with, 268–269
brain injury treatment with, 173–174
during craniotomy, 159–162

albumin for, 161
colloids for, 160–161
crystalloids for, 159–160, 160f
dextrans for, 161
hetastarch for, 160–161
intraoperative fluids for, 159–161
mannitol for, 160
oncotic pressure in, 153, 153f
osmolality in, 152–153, 153f
osmotic pressure, calculation of, 152b
plasma for, 161–162
preoperative deficits with, 159, 159t
red blood cells for, 161–162

and electrolyte, pediatric, 341, 341t
fluid movement between capillaries and the 

brain, 154–155, 154–155f
fluid movement between vasculature and 

tissues, determinants of, 153–154, 154f

Fluid management (Continued)
intravenous use solutions for, 155–159

dextrose solutions in, 157–159
hyperglycemia in, 157–159
hyperosmolar solutions, 156–157, 156f

osmolality in, calculation for saline solution, 
152b

spinal cord diseases/trauma with, 391–392
Fluid-attenuated inversion recovery (FLAIR) 

sequence, 91–92
Fluoroscopy, bi-temporal, 463
Food and Drug Administration (FDA), 454
Foraminotomy, 311–312
Full Outline of Unresponsiveness (FOUR)  

score, 142
Functional brain imaging, 42–43
Functional residual capacity (FRC), during 

pregnancy, 433–434
Furosemide, 176

effects on cerebrospinal fluid, 68–69, 69f
and hypertonic solutions, 157

G
Gastric acid, production of, during pregnancy, 

434
Gastric emptying, during pregnancy, 434
Gastroesophageal sphincter, during pregnancy, 

434
Gastrointestinal abnormalities, 416–417
Gastrointestinal system

brain injury with evaluation of, 168b, 169
physiologic changes during pregnancy in, 434
spinal cord injury medical management with, 

380
5 Gauss (5-G) line, 98–99
Gene therapy, 323
General anesthesia

for awake craniotomy, 298
for deep brain stimulation, 321
for occlusive cerebrovascular disease, 287–288

Generalized seizures, 300–301
Genitourinary system, spinal cord injury medical 

management with, 380
Genomic signature, application of therapies to, 

477
Genomic therapy, for spinal cord injury, 479
Genomics, 475–477

anesthetic effects of genetic factors, 475–476
in blood flow and metabolism, 475
comorbidities in, risk of, 477
in ischemic tolerance, 476–477, 477f
in MAC, 476
pharmacokinetics and, 476

application of, 477
in hibernation, 478
in hypothermia, 478
in infrared light lasers, 478
in intracranial pressure management, 480
multimodality approach to neuroprotection 

in, 479–480
in neuroprotection, 478–480
in spinal cord injury, 479
in stem cells, 477–478

Giant cerebral aneurysms, 239–242
anesthetic considerations for, 242
barbiturates for, 240
brain protection in circulatory arrest for, 240–242
circulatory arrest for treatment of, 241t
hyperglycemia with, 242
hypothermia for, 240–242, 241t

cardiovascular effects of, 241
hematologic effects of, 242

Glasgow Coma Scale (GCS), 142, 166–167, 326, 
327t, 410

Gliomas, 103
Glossopharyngeal nerve, 118t
Glucose

in brain metabolism, 1
for cerebral ischemia, 9

Glucose (Continued)
in cerebrospinal fluid formation, 60
control, arteriovenous malformations with, 

268–269
Glutamate, 96
Glutamine, 96
Glycolysis, anaerobic, 1
Gosling index, 129
Growth hormone (GH), 461
Guideline repositories, 472
Guillain-Barre, 404

H
Halm index, 282, 282t
Halothane, 77

effects on cerebral blood flow (CBF) and 
cerebral metabolic rate for oxygen 
(CMRO2), 11t

Head injury
classification of, 326–328
critical care for, 333–334

cerebral monitoring in, 333
coagulopathy in, 334
post-traumatic seizure in, 333–334
refractory intracranial hypertension in, 333
systemic sequelae for, 334

emergency therapy for, 328–333
anesthetic management in, 332, 332b
cerebral protection in, 332–333
emergency department management with, 

329, 329b
prehospital management with, 328–329
severe traumatic brain injury with, 329–331

epidemiology of, 326
Glasgow Coma Scale (GCS) for, 326, 327t
guidelines for, 326, 327b
impact of hypoxia/hypotension on outcome of, 

327, 328t
increased intracranial pressure and, 70
perioperative management of adult patients 

with, 326–336
postoperative and intensive care for, 410–423
secondary insults contributing for, 326, 327b

Head Injury Retrieval Trial (HIRT), 329
Head position, brain injury treatment with, 175
Health information technology (HIT), 468, 469t

challenges and future developments for, 470
for clinical and operations research, 470
for clinical decision support, 468–469
for compliance tracking, 470
data security and confidentiality, 471
informatics resources, as educational and 

research tools, 471–472
managerial functions of, 470
for Ongoing Professional Practice Evaluation 

(OPPE), 470
professionalism and, 471
for quality management, 470
return on investment and, 470
understanding informatics hardware, 471

Health Information Technology for Economic 
and Clinical Health Act (HITECH), 468

Health Insurance Portability and Accountability 
Act (HIPAA), 446, 471

Healthcare proxy, 449
Heat exchange techniques, hypothermia and, 478
Hematologic complications, 415
Hematoma

acute subdural, 328
after carotid endarterectomy, 293
epidural, 167f, 393
intracerebral, 328
minimally invasive neurosurgery indicated 

by, 306t
subacute or chronic subdural, 328
subdural, 167f
traumatic epidural, 328

Hemispherectomy, cerebral, 305
Hemodynamic monitoring, pediatric, 342, 342f
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in autoregulatory failure, 32–33
cerebral, with AVM, 269

Hemopneumothorax, 332
Hemorrhage

arteriovenous malformations with, 270
imaging of, 99–100
traumatic intraventricular, 102

Heparin, 251
placental transfer of, 435
teratogenic effect of, 436

Heparin-induced thrombocytopenia, 251
Hepatic system, physiologic changes during 

pregnancy in, 434
Herniated disk, 357–358, 358f
Herniation, 100

subfalcine, 100
tonsillar, 100
transtentorial, 100

Hetastarch, fluid management for craniotomy 
with, 160–161

Hibernation, genomics with, 478
High-frequency stimulation 10,000Hz, of spinal 

cord, 430, 430f
Hippocrates, 444
Hippocratic cult, 444
Hippocratic Oath, 444
Homeostasis, salt and water, abnormalities of, 465
Hormonal replacement, 418
Huntington gene (HTT), 399
Huntington's disease, 399
Hydration, artificial, 453
Hydrocephalus, 100–101

communicating, 100
minimally invasive neurosurgery indicated 

by, 306t
obstructive, 100–101
in pediatric neuroanesthesia, 344

Hydrogen clearance, for cerebral blood flow 
measurement, 36t

Hydromorphine, 425
Hydrostatic pressure, 152
Hydroxyethyl starch (HES), 173
Hyperextension, 364, 366f
Hyperflexion, 364–366, 366f
Hyperglycemia, 417

and brain injury, 169–170
craniotomy and, 439
giant cerebral aneurysms with, 242
intravenous solutions for, 157–159

Hypernatremia, 416–418
from hyperosmolar solutions, 156

Hyperosmolar solutions, 156–157, 156f
Hyperosmolar therapy, brain injury treatment 

with, 175–176
Hyperperfusion, autoregulatory failure with, 32, 

32t
Hyperperfusion syndrome, occlusive 

cerebrovascular disease complicated by, 
292–293

Hyperreflexic syndromes, 380
Hyper-secretory pituitary adenomas, 461
Hypertension, 414

brain injury treatment with, 173
induced, in cerebral circulation, 33–34, 34f
intracranial

management of, 331, 331b
refractory, 333

spinal cord injury with, 374
supratentorial masses anesthesia for managing, 

192–193, 192b
Hypertensive therapy, for vasospasm, 229
Hyperthermia, multiple sclerosis and, 405
Hypertonic saline, 156–157, 173–174, 420

and hyperosmolar therapy, 176
therapy, for refractory intracranial 

hypertension, 333
Hyperventilation, 250

maternal, 438
supratentorial masses anesthesia with, 192–193

Hyperventilation pattern, 410
Hypnosis, measurement of depth of, 482
Hypocalcemia, 416
Hypocapnia, 34
Hypoglossal nerve, 118t
Hypoglycemia, 285, 417
Hypokalemia, 416

and brain injury, 169–170
Hypomagnesemia, 416
Hyponatremia, 416

and brain injury, 170
Hypoperfusion, autoregulatory failure with, 

30–31, 31f
Hypophysis, 458
Hypopituitarism, 417–418
Hypotension, 414

brain injury treatment with, 172–173, 172f
complications with positioning posterior fossa 

surgery, 211t
controlled, 234–236, 235f, 235t, 439
on head injury, 327, 328t
neuroanesthesia pain management and, 426
spinal cord injury with, 379

Hypothalamus, 3
Hypothermia, 9, 9b

arteriovenous malformations with, 269–270
cerebral aneurysm surgery with moderate, 

236–237, 237b
genomics with, 478
spinal cord injury with, 374

Hypovolemia, 417–418
Hypoxemia, and brain injury, 168

treatment with prevention of, 172
Hypoxia, on head injury, 327, 328t

I
Ice crystals, hypothermia and, 478
ICP. See Intracranial pressure (ICP).
Idiopathic scoliosis, 361–362
Incapacitated patients, decision making for, 

448–450
Incomplete neurologic injury, 371
Indocyanine green (ICG), 481
Indocyanine green videoangiography, 239
Infections

neuroanesthesia pain management and, 427
spinal, 359–360
spinal cord injury with, 380–381

Infectious complications, 418
Inflammatory arthritides, spinal, 362–363

ankylosing spondylitis, 362–363, 363f
osteoporosis, 363
rheumatoid arthritis, 362

Informatics hardware, understanding, 471
Informatics resources, as educational and 

research tools, 471–472
Information, 447

management, and technology, 468–474
Informed consent

elements of, 447b
history of, 445
process, 446–447

Infrared light lasers, genomics with, 478
Infrared thermal imaging, 42
Infundibular process, 458
Inhalational anesthetics, 75–79, 76t

and motor evoked potentials, 123
placental transfer of, 435
during pregnancy, requirements for, 433
teratogenic effect of, 436

Inhaled Xe method, for cerebral blood flow 
measurement, 36t

Innovative neurosurgery, ethical issues in, 
453–455

Institutional review boards (IRBs), 454
Insulin-like growth factor 1 (ILGF-1), 461
Intensive care, 410–423
International Carotid Stenting Study (ICSS), 

280–281

International Standards for Neurological 
Classification of Spinal Cord Injury 
(ISNCSCI), 367

Interstitial edema, 99
Interventional neuroradiology, 248–262

anesthetic technique for, 249–251
anticoagulation in, 251
choice of, 249
general anesthesia in, 250
intravenous sedation in, 250–251
monitoring, 249–250

angioplasty and stenting for atherosclerotic 
lesions, 257, 258–259f

angioplasty of cerebral vasospasm for, 254
anticoagulation in

antiplatelet agents for, 251
direct thrombin inhibitors for, 251
heparin for, 251
interventional neuroradiology with, 251
reversal of, 251

brain arteriovenous malformations for, 
255–256, 255–256f

carotid test occlusion for, 254–255
craniofacial venous malformations for, 257
deliberate hypertension with, 251
deliberate hypotension with, 252
dural arteriovenous fistulas for, 256–257
future directions for, 260
intracranial aneurysm ablation for, 252–254, 

253–254f
management of intracranial catastrophes with, 

250b
management of neurologic/procedural crises 

with, 252
patient preparation for, 248–251, 249f
postoperative management for, 259
in pregnancy, 440–442, 441t
preoperative planning for, 248–251, 249f
specific procedures for, 252–259, 252t
therapeutic carotid occlusion for, 254–255
vein of Galen malformations for, 257

Intervertebral disk, 353f
Intra-axial lesions, 102
Intracardiac tumors, 303
Intracarotid radioactive Xe method, for cerebral 

blood flow measurement, 36t, 38f
Intracerebral hematomas, 328
Intracerebral transport, cerebrospinal fluid in, 63
Intracranial aneurysms, 104–105, 107f
Intracranial disease, pregnancy with, 436–437
Intracranial hematomas, anesthesia for, 203–204

emergence from, 204
general considerations with, 203
induction of, 203–204
maintenance of, 204
management issues with acute, 203–204
monitoring of, 204
technique with, 204

Intracranial hypertension
brain injury treatment with monitoring, 

175–177
management of, 331, 331b
refractory, 333

Intracranial lesions, stereotactic biopsy of, 323
Intracranial mass, increased intracranial pressure 

and, 70
Intracranial pathophysiology, in anesthetics, 75, 76f
Intracranial pressure (ICP), 333

anesthetic- and drug-induced changes in, 
67–69, 68–69f

anesthetics on, 74–90
inhalational, 76t
intravenous, 80t
regulation, cerebral blood flow and, in 

pathologic conditions, 75
in brain interstitial fluid, clearance of, 62
cerebral aneurysm with, 223–224, 224f
cerebrospinal fluid and

acute subarachnoid hemorrhage, 70
anesthetics, 70
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Intracranial pressure (ICP) (Continued)
bacterial meningitis, 70
chronic changes after subarachnoid 

hemorrhage, 70
dynamics and, 67–69
dynamics change, conditions in, 70
formation of, 61
head injury, 70
intracranial mass, 70
pseudotumor cerebri, 70
reabsorption of, 62
volume change in, 69, 69f

increased
causes of, 70
responses to, 70

management of, genomics in, 480
monitoring of, 143–145

indications for, 144
technical aspects of, 144
thresholds for treatment and evidence in, 

144–145
noninvasive assessment of, 133–134, 134f
secondary brain injury and, 419–420
supratentorial masses anesthesia for managing, 

192–193, 192b
supratentorial masses pathophysiology with, 

189–190, 190t, 190f
vasospasm treatment with reduction of, 228

Intracranial surgery, pain management plan for, 
427

Intracranial vascular disease, transcranial 
Doppler ultrasound of, 136–137

Intractable epilepsy, diagnostic surgical 
procedures for, 303

Intradural extramedullary tumors, 361
Intraoperative cell salvage, 391–392
Intraoperative magnetic resonance imaging, 

96–99, 98f
Intraoperative monitoring, in occlusive 

cerebrovascular disease, 285
Intraoperative xenon 133 (Xe) cerebral blood 

flow (CBF) and transcranial Doppler 
ultrasonography (TCD) studies, 46f

Intrathecal therapy (IT), 429
Intra-vascular pressures, transduction of, 267
Intravenous anesthetics, 79–82, 80t

continuous blood levels of, 482
Intravenous radioactive Xe method, for cerebral 

blood flow measurement, 36t, 39f
Intravenous solutions, 155–159

dextrose solutions in, 157–159
hyperglycemia in, 157–159
hyperosmolar solutions, 156–157, 156f

Intra-vital microscopy, 42
Invasive therapy, risks of, 263
Ischemia, 3–7, 4f

apoptosis subsequent to, 7f
autoregulatory failure with, 30–31, 31f
cerebral, 211t
consequences of, 5b
and evoked potentials, 114
global versus focal, 6
necrosis subsequent to, 8f
neuronal damage in, genetic influences on, 6–7
potential treatments for cerebral, 7–14

anesthetic agents in, 11–14, 11t
antiapoptotic agents in, 11
barbiturates in, 12
benzodiazepines, 12
calcium blockade in, 10
cytokines in, 11
dexmedetomidine in, 12
etomidate in, 12
excitotoxicity in, 10–11
free radical scavenging in, 10
glucose in, 9
hypothermia in, 9, 9b
nitrous oxide in, 12
pharmacologic agents in, 9–11
preconditioning in, 12–13, 13f

Ischemia (Continued)
propofol in, 12
reperfusion strategies in, 7–9
sodium blockade in, 10
trophic factors in, 11
volatile anesthetic agents in, 12
xenon in, 12

Ischemic axes, 477, 477f
Ischemic preconditioning, 476
Ischemic strokes, 108–110
Ischemic tolerance, anesthetic effects of genetic 

factors in, 476–477, 477f
Isoflurane, 77–78, 78f

effects on cerebral blood flow (CBF) and 
cerebral metabolic rate for oxygen 
(CMRO2), 11t

Iso-osmolar crystalloids, 173
Isotonic crystalloid, spinal cord injury with, 379

J
Jugular venous oximetry, 43
Jugular venous oxygen saturation, monitoring 

with, 146–147

K
Kant, Immanuel, 445
Ketamine, 81

for acute pain management, 425
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

effects on intracranial pressure, 68
epilepsy and, 301
and evoked potentials, 123
Parkinson's disease and, 402

Kety-Schmidt technique, for cerebral blood flow 
measurement, 36t, 38f

Kussmaul's pattern, 410
Kyphoplasty and vertebroplasty, 311

L
Lactate, 96
Laryngeal edema, post-extubation, therapy flow 

chart for, 412f
Laryngoscopy

direct, spinal cord injury management with, 
182

fiberoptic, 182–183
Laryngospasm, Parkinson's disease and, 401
Laser Doppler measurements, for cerebral blood 

flow measurement, 36t, 42
Laser Doppler perfusion imaging, 42
Lateral recess syndrome, 356
Lawton-Young AVM grading system, 270
Lead aprons, 441
Levodopa (L-DOPA), for Parkinson's disease, 

401
Lewy body, 400
Lhermitte's sign, 406
Lidocaine, 83
Liver transplantation, orthoptic, 138, 139f
Living will, 449
Local anesthetics

during pregnancy, requirements for, 433
teratogenic effect of, 436

Lumbar spinal stenosis, 358, 358f
Lumbar spine disorders. See Thoracic and 

lumbar spine disorders.
Lumbar spondylosis, 358

M
Macrostimulation testing, 318–319
Magnetic resonance angiography (MRA), 92, 

93f
Magnetic resonance image-guided focused 

ultrasound, 323

Magnetic resonance imaging (MRI), 91–92
and acute strokes, 108–110
for cerebral blood flow measurement, 36t, 

39–40
intraoperative, 96–99, 98f
in operating room, 483
spinal cord trauma in, 370, 370f

Magnetic resonance spectroscopy (MRS), 95–96, 
97f

Mannitol, 331
fluid management for craniotomy with, 160
and hyperosmolar therapy, 175

MAO. See Monoamine oxidase (MAO).
Mass effect, 100
McSleepy, 482
Mean arterial blood pressure (MAP), 278
Mean transit time (MTT), 93
Medical literature, 472
Memantine, for Alzheimer's disease, 403
Meningitis, bacterial, increased intracranial 

pressure and, 70
Mental status, neuroanesthesia pain management 

and, 426
MEP. See Motor evoked potentials (MEP).
Meperidine, 425

Parkinson's disease and, 402
Metabolism, anesthetic effects of genetic factors 

in, 475
Methohexital, epilepsy and, 301
Meticulous fluid management, spinal cord injury 

and, 389
Microdiskectomy and percutaneous disk space 

treatment, 312
Microelectrode recordings, 319
Microspheres, for cerebral blood flow 

measurement, 36t, 41–42
Midazolam, 176

for cerebral ischemia, 11t
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

Middle cerebral artery (MCA), examination 
of, with transcranial Doppler 
ultrasonography, 128

Mild cognitive impairment (MCI), 402
Mild head injuries, 329
Minimally invasive cranial neurosurgery, 

306–309
anesthetic goals for, 306
background on, 306
endoscopic strip craniectomy for, 308–309

intraoperative concerns with, 309
positioning for, 309f
postoperative concerns with, 309
preoperative concerns with, 308–309

endoscopic transsphenoidal hypophysectomy 
for, 308

indications for, 306t
neuroendoscopy for, 306–309, 306f

intraoperative concerns with, 307–308, 307f
postoperative concerns with, 308
preoperative issues with, 306–308

Minimally invasive spinal fusion, 312
Minimally invasive spine surgery, 309–312

endoscopic cervical diskectomy, 311–312
foraminotomy, 311–312
kyphoplasty and vertebroplasty for, 311
microdiskectomy and percutaneous disk space 

treatment for, 312
video-assisted thoracoscopic surgery for, 

310–311
intraoperative concerns with, 310–311, 310f
versus open thoracotomy, 310t
preoperative concerns with, 310
risk of blood loss with, 311t

Minimum alveolar concentration (MAC), 
pregnancy and, 433

Moderate hypothermia, arteriovenous 
malformations with, 269

Monitoring, technology for, 480–482
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Morphine, 425
Motor evoked potentials (MEP), 120–122, 120f, 

122f, 343
and anesthetic agents, 122–123
and inhalational agents, 123
and nitrous oxide, 123

Motor mapping, 121
Moyamoya syndrome, 345
MRA. See Magnetic resonance angiography 

(MRA).
MRI. See Magnetic resonance imaging (MRI).
MRS. See Magnetic resonance spectroscopy 

(MRS).
MS. See Multiple sclerosis (MS).
Multimodality brain monitoring, 482
Multi-modality neurologic monitoring, 142–151, 

142f, 143t
cerebral blood flow monitoring in, 146

with thermal diffusion flowmetry, 146
with transcranial Doppler ultrasonography, 

146
cerebral microdialysis in, 148–149
cerebral oxygenation monitoring in, 

146–148
brain tissue oxygen tension in, 147
jugular venous oxygen saturation in, 

146–147
near-infrared spectroscopy in, 147–148

cerebrovascular reactivity in, 145–146
challenges of, 150
clinical assessment in, 142
electroencephalography and 

electrocorticography in, 149–150
indications for, 144b
intracranial and cerebral perfusion pressures 

in, 143–145
Multiple sclerosis (MS), 404–405
Multisystem sequelae, postoperative and 

intensive care for, 410–423
Muscle relaxants, 83, 170, 197, 231

ALS and, 400
in epilepsy, 302
teratogenic effect of, 436

Musculoskeletal system, brain injury with 
evaluation of, 168b, 169

Myelography, 92–93, 93f
Myeloneuropathy, nitrous oxide induced, 

405–406
Myocardial infarction, occlusive cerebrovascular 

disease complicated by, 292
Myocardial Infarction and Cardiac Arrest 

(MICA) tool, 283

N
N-acetyl aspartate (NAA), 96
NAD. See Nicotinamide adenine dinucleotide 

(NAD).
NADH. See Nicotinamide adenine dinucleotide 

reduced (NADH).
Near-infrared spectroscopy (NIRS), 43–46, 

147–148, 480–481
blood flow index, 481
cerebral, 290
cerebral blood flow, 481
indications of, 148
indocyanine green, 481
technical aspects of, 147–148
thresholds for treatment and evidence in, 148

Necrosis
apoptosis versus, 5–6
subsequent to hypoxia and ischemia, 8f

Neonatal emergencies, in pediatric 
neuroanesthesia, 343–344

Neoplasm, resection of, craniotomy and, 438
Neoplastic lesions, with pregnancy, 437
Nerve injury, neuroanesthesia pain management 

and, 427
Nerve root monitoring, 343

Nervous system
dysfunction, Parkinson's disease and, 402
physiologic changes during pregnancy in, 433

Neuraxial anesthesia, in parturients, with 
intracranial pathology, 439, 440f

Neuraxial surgery, pain management plan for, 
427

Neuroablative therapies, 429
Neuroanatomy, of brain, 2–3, 3f
Neuroanesthesia

future advances in, 475–489
pain management, complications of, 426–427

Neuroaxial epidural infusion therapy, 426
Neurodegenerative disease

Alzheimer's type dementia, 402–403
amyotrophic lateral sclerosis, 399–400
Huntington's disease, 399
Parkinson's disease, 400–402

Neuroendoscopy, 306–309, 306f
intraoperative concerns with, 307–308, 307f
in pediatric neuroanesthesia, 346
postoperative concerns with, 308
preoperative issues with, 306–308

Neurofibromatosis, 303
Neurogenic control, in spinal cord blood flow, 48
Neurogenic pulmonary edema, 334, 413, 413f
Neurogenic shock, 181, 379
Neurohypophysis, 458
Neurologic deficit, spinal cord diseases and, 392
Neurologic disease, and anesthesia, 399–409
Neurologic evaluation

brain injury treatment with, 166–167, 166b
spinal cord injury with, 177–178

Neurologic monitoring, in occlusive 
cerebrovascular disease, 289–291, 289t

Neurologists, brain death and, 455
Neuromuscular blockade, 123

during surgery for pituitary tumor, 463
Neuromuscular complications, 415–416
Neuropathic pain agents, 426
Neurophysiologic monitoring, pediatric, 342
Neuroprotection

genomics and, 478–480
multimodality approach to, 479–480
for spinal cord injury, 479

Neuroradiology, 91–113. See also Interventional 
neuroradiology

imaging modalities in, 91–99
computed tomography, 91
computed tomography angiography, 92, 93f
computed tomography myelography, 92–93, 

93f
conventional cerebral angiography, 92
diffusion tensor imaging, 94–95, 95f
diffusion-weighted magnetic resonance 

imaging, 94–95, 95f
functional, 93–96
intraoperative magnetic resonance imaging, 

96–99, 98f
magnetic resonance angiography, 92, 93f
magnetic resonance imaging, 91–92
magnetic resonance spectroscopy, 95–96, 

97f
myelography, 92–93, 93f
perfusion computed tomography, 93–94, 94f
perfusion-weighted magnetic resonance 

imaging, 95, 96f
plain radiographs, 91
structural, 91–93

intracranial disorders with, 99–110
arteriovenous malformations, 105–108
brain neoplasms, 103–104, 103f
edema, 99
eloquent cortex, 104, 106f
hemorrhage, 99–100
herniation, 100
hydrocephalus, 100–101
imaging patterns of, 99–101
intracranial aneurysms, 104–105, 107f
ischemic strokes, 108–110

Neuroradiology (Continued)
mass effect, 100
surgical, 101–110
traumatic brain injury, 101–103

in pediatric neuroanesthesia, 346
Neurosurgeons, brain death and, 455
Neurosurgery, innovative, ethical issues in, 453–455
Neurosurgical disease, ethical considerations in 

care of, 444–457
Neurotonic discharges, 117
Neurotrophin therapy, for spinal cord injury, 479
Nicotinamide adenine dinucleotide (NAD), 1, 2f
Nicotinamide adenine dinucleotide reduced 

(NADH), 1, 2f
Nidus, 255
NIRS. See Near-infrared spectroscopy (NIRS).
Nitric oxide (NO), in cerebral vasomotion, 20–21
Nitrous oxide, 75–76

in carotid endarterectomy, 287
for cerebral ischemia, 11t, 12
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

for epilepsy surgery, 302
and motor evoked potentials, 123
myeloneuropathy induced by, 405–406
supratentorial masses anesthesia with, 192
teratogenic effect of, 436

Nociceptive afferents, visceral, 427
Nondepolarizing muscle relaxants, 83
Nonfunctional pituitary tumors, 460–461
Non-neurosurgical applications, of transcranial 

Doppler ultrasonography, 138
Non-neurotoxic anesthetics, 483
Nonpharmacologic cerebral protection, 268, 268t
Nonsteroidal anti-inflammatory drugs 

(NSAIDs), 419
for acute pain management, 426

Normothermia, 419
NSAIDs. See Nonsteroidal anti-inflammatory 

drugs (NSAIDs).
Number of patients needed to treat (NNT), 279
Nutrition, 416–417

artificial, 453
cerebrospinal fluid function and, 62

O
Obstructive hydrocephalus, 100–101
Obstructive sleep apnea, after pituitary surgery, 

463
Occlusive cerebrovascular disease

anesthetic considerations, 277–297
anesthetic management for, 285–293

carotid angioplasty and stenting procedures 
in, 288

cerebral protection in, 288–289
choice of technique in, 285–286, 286t
emergence from anesthesia in, 291
general anesthesia in, 287–288
intraoperative monitoring in, 285
neurologic monitoring in, 289–291, 289t
regional anesthesia in, 286–287

complications in, 291–293
death, 292
hyperperfusion syndrome, 292–293
myocardial infarction, 292
stroke, 292

physiologic considerations for, 277–278
blood pressure, 278
carbon dioxide tension, 277–278

postoperative care for, 291
preoperative considerations for, 278–285

carotid angioplasty and stenting in, 
279–280, 279t

carotid artery stenting versus carotid 
endarterectomy in, 280–281

patient selection, 279, 279t
preanesthesia assessment in, 281–285, 

282–283t
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Olfactory nerve, 118t
Oncotic pressure, 153, 153f
Ondansetron, Parkinson's disease and, 402
Ongoing Professional Practice Evaluation 

(OPPE), 470
Ontario Prehospital Advanced Life Support 

(OPALS) Major Trauma Study, 329
Open thoracotomy, video-assisted thoracoscopic 

surgery versus, 310t
Operations research, 470
Opioids, 419

for acute pain, 425
for chronic pain, 425
deaths from, 428, 428f
in epilepsy surgery, 301–302
placental transfer of, 435
synthetic, 82–83

Optic nerve, 118t
Optical coherence tomography (OCT), 43
Orthoptic liver transplantation, transcranial 

Doppler ultrasonography of, 138, 139f
Osmolality, 152–153, 153f

calculation for saline solution, 152b
of commonly used intravenous fluids, 153t

Osmotic diuresis, with mannitol, 438
Osteomyelitis, 359–360, 360f
Osteoporosis, 363
Oxidative phosphorylation, 1
Oxygen

arterial, reduction of, neuroanesthesia pain 
management and, 426

cerebral circulation and, 27, 28f
tension, in spinal cord blood flow, 48

Oxygen reactivity index (ORx), in 
cerebrovascular reactivity, 145

P
Pain

after uncomplicated surgery, 202
control, postoperative, spinal cord diseases 

and, 392
definition of, 427–428
evolution of algorithm for, 428, 428f
management of, 424–432

ablative vs. augmentative therapies in, 429
acute, systemic medications for, 425–426
case-specific plan for, 427
chronic, 427
future directions for, 431
intrathecal therapy in, 429
neuroanesthesia, complications of, 426–427
peripheral nerve stimulation in, 430, 431f
selected interventions for, 429–430
spinal cord stimulation in, 429–430

taxonomy of, 427–428
Panda sign, 330
Parasellar regions

diseases of, 460–462
lesions, 462

Parenchymal microtransducer, for intracranial 
pressure monitoring, 144

Parkinson's disease (PD), 3, 400–402
deep brain stimulation and, 320b
minimally invasive neurosurgery indicated 

by, 306t
Partial seizures, 300–301
Parturients, neuraxial anesthesia in, with 

intracranial pathology, 439, 440f
Passive diffusion, determinants of, 435–436
Patient state index (PSI), 482
PCT. See Perfusion computed tomography 

(PCT).
PD. See Parkinson's disease (PD).
Pediatric neuroanesthesia

cerebral blood flow and
age-related evolution of, 337f
autoregulation in children of, 338f

child blood volume for, 345t
critical care and, 337–350

Pediatric neuroanesthesia (Continued)
developmental considerations for, 337–338
fasting regimens for, 339, 339t
head size and surface area in, 338, 338f
intraoperative management of, 339–343

airway management in, 340, 340f
fluid and electrolyte in, 341, 341t
induction of anesthesia, 339
maintenance of anesthesia, 341, 341f
positioning in, 340, 340t
vascular access in, 340–341

monitoring for, 342–343
awake craniotomy in, 342–343, 343f
detection of seizure foci in, 342
hemodynamic, 342, 342f
motor evoked potentials, 343
nerve root, 343
neurophysiologic, 342
somatosensory evoked potentials in, 343
spinal cord and nerve root integrity, 343

open fontanels and cranial sutures in, 338, 338f
postoperative care for, 346–348

fluid management in, 347, 347f
general considerations in, 346
hemodynamic support in, 347
intracranial pressure in, 348
respiratory support in, 346
sedation in, 347–348
seizures in, 348

preoperative evaluation and preparation in, 
338–339, 339t

special issues for, 343–346
craniosynostosis, 344
epilepsy, 345
hydrocephalus, 344
neonatal emergencies, 343–344
neuroendoscopy, 346
neuroradiology, 346
spine surgery, 346
trauma, 345–346
tumors, 344–345, 344t
vascular anomalies, 345

PEEP. See Positive end-expiratory pressure 
(PEEP).

Pentaplegia, in spinal cord injury, 371
Pentobarbital, 176
Percutaneous disk space treatment, 312
Percutaneous hemonucleolysis, 312
Perfusion computed tomography (PCT), 93–94, 

94f
Perfusion-weighted magnetic resonance imaging, 

95, 96f
Perioperative Data Warehouse (PDW), 470
Perioperative Information Management System 

(PIMS), 469t
Perioperative Ischemic Evaluation (POISE) study, 

284
Peripheral nerve

blockade, 426
injuries, 389
stimulation of, 430, 431f

Peripheral nervous system, 119, 119t
Periventricular tumor, minimally invasive 

neurosurgery indicated by, 306t
Peroneal nerve, complications with positioning 

posterior fossa surgery, 211t
Persistent vegetative state, 455
PET. See Positron emission tomography (PET).
Pharmacokinetics, 476
Pharmacology, 483

on cerebral circulation, 28–29, 28f
fast on fast off, 483
non-neurotoxic anesthetics in, 483

Pharyngeal pack, 463
Phenothiazines, Parkinson's disease and, 402
Photo-acoustic tomography (PAT), 42–43
Picture Archiving Communication System 

(PACS), 469t
Pituitary adenomas, hyper-secretory, 461
Pituitary apoplexy, 461

Pituitary gland
anatomy of, 458–460, 459f
neurodevelopment of, 458
pathologic states and, 458–467
physiology of, 458–460
radiologic examination of, 460, 460f

Pituitary stalk, 458
Pituitary tumors, 460–462

anesthetic management of surgery for, 
462–465

approach in, 462–463
considerations for specific disease states in, 

463–464, 464t
intraoperative considerations in, 462
postoperative management of, 465
pre-operative evaluation in, 462

minimally invasive neurosurgery indicated 
by, 306t

Plain radiographs, spinal cord trauma in, 369, 
369f

Plasma, fluid management for craniotomy with, 
161–162

Pneumonia, 411
Polyneuritis, acute idiopathic, 404
Pontine respiratory group (PRG), 410
Portal system, of pituitary gland, 458–460
Positive end-expiratory pressure (PEEP), 412

venous air embolism with, 215
Positron emission tomography (PET), for 

cerebral blood flow measurement, 35–39, 
36t

Postcentral gyrus, 2
Posterior cerebral artery (PCA), examination 

of, with transcranial Doppler 
ultrasonography, 128

Posterior cord syndrome, 178t, 371t, 371f, 372
Posterior fossa surgery, anesthetic management 

for, 209–221
anesthetic considerations in, 211–213
emergence from, 213
general monitoring issues with, 209–210, 209b
induction of, 212
maintenance of, 213
patient positioning with, 210–211

complications associated with, 211t
intraoperative surgical problems by, 212t
lateral position, 211
park-bench position, 211
physiologic changes, in sitting position, 210
prone position, 210–211
risk-benefit analysis of position in, 211, 

211–212t
sitting position, 210
three-quarter prone position, 211

preoperative evaluation and preparation in, 
209

venous air embolism with, 213–219, 213t
brainstem auditory evoked potentials for, 

219
capnography for, 217
complications from, 217–218, 217t
cranial nerve monitoring for, 219
Doppler ultrasound transducer for, 

215–216, 215t
electroencephalogram for, 219
electrophysiologic monitoring for, 218–219
historical perspective on, 213t
incidence of, 214, 214t
intraoperative complications from, 217
intraoperative period, treatment of, 218, 

218b
monitoring for, 215–217, 215t
pathophysiology of, 214
PEEP for, 215
postoperative complications from, 217–218
postoperative period, treatment of, 218, 

218b
prevention of, 218
pulmonary artery catheter for, 217
right atrial catheter for, 216–217, 216f
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risk of, 215
risks of paradoxical air embolism, 215
somatosensory evoked potentials for, 219
transesophageal echocardiography for, 217
treatment of, 218, 218b

Postoperative care, 410–423
Postoperative cognitive dysfunction (POCD), 

403
Postoperative nausea, after uncomplicated 

surgery, 202
Postoperative visual loss (POVL), 392–393
Postoperative vomiting, after uncomplicated 

surgery, 202
Postsynaptic dorsal column (PSDC), 427
Potassium channels, in cerebral vasomotion, 21
Pourcelot index, 129
Power of attorney, for healthcare, 449
Pre-Botzinger complex (pre-BOTC), 410
Precentral gyrus, 2
Pregnancy

anesthesia during, 436
anesthesia for craniotomy during, 437–439, 

438b
aneurysm with, 436–437
arteriovenous malformation with, 436–437
interventional neuroradiology in, 440–442, 

441t
intracranial disease in, 436–437
maternal physiologic changes during, 

433–435
in cardiovascular system, 434
epidural vascular changes, 434–435
in gastrointestinal system, 434
in nervous system, 433
in renal and hepatic systems, 434
in respiratory system, 433–434

neoplastic lesions with, 437
neuraxial anesthesia and, 439, 440f
spontaneous spinal epidural hematoma with, 

439–440
subarachnoid hemorrhage with, 436–437
transcranial Doppler ultrasonography during, 

138
Pressure control ventilation (PCV), 412
Pressure reactivity index (PRx), in 

cerebrovascular reactivity, 145
Pressure ulcers, spinal cord injury with, 381
Primary injury, 327–328
Primary vertebral tumors, 360
Privacy Rule of HIPAA, 446
Professionalism, 471
Prolactin, 461
Prolactinomas, 461

anesthetic considerations for, 464
Propofol, 80–81, 176, 287

for acute pain management, 425
for cerebral ischemia, 11t, 12
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

epilepsy and, 301
and evoked potentials, 123

Prostaglandins, in cerebral vasomotion, 22
Protein, 475

in cerebrospinal fluid formation, 60–61
Provider-patient relationship, 445–448
Proxy appointments, 449
Pseudotumor cerebri, increased intracranial 

pressure and, 70
Psychiatric patients, deep brain stimulation and, 

320b
Psychogenic nonepileptiform seizures (PNES), 

300–301
Pulmonary artery catheter, 217, 232
Pulmonary aspiration, Parkinson's disease and, 

401–402
Pulmonary edema, and brain injury, 168
Pulmonary embolism, 413

Pulmonary system, spinal cord injury medical 
management with, 377–379, 378t, 378b

Pulsatile perfusion, 25
Pulsatility, waveform, 129
Pulsatility index (PI), 129, 133
Pulse generator, implantation of, 318–319
Pupillary assessment, for brain injury treatment, 

167b

Q
Quadriplegia, in spinal cord injury, 371
Quinlan, Karen Ann, 445

R
RA. See Rheumatoid arthritis (RA).
RAC. See Right atrial catheter (RAC).
Radiographs, plain, 91
Radiologic evaluation, for spinal cord injury, 

178–179, 178–180f, 180t
Radiology. See Interventional neuroradiology; 

Neuroradiology.
Randomised Evaluation of Surgery with 

Craniectomy for Uncontrollable Elevation 
of Intra-Cranial Pressure (RESCUEicp), 
333

Rathke's cleft cysts, 462
Rathke's pouch, 458
Reconstruction, and motor evoked potentials, 

121
Red blood cells, fluid management for 

craniotomy with, 161–162
Reflex responses, 119
Refractory intracranial hypertension, 333
Refractory status epilepticus, 348
Regional analgesic options, 426
Regional anesthesia, for occlusive 

cerebrovascular disease, 286–287
Remifentanil, 82–83, 287
Renal system, physiologic changes during 

pregnancy in, 434
Reperfusion injury, autoregulatory failure with, 32
Research ethics, 444
Resistance index (RI), 129
Respiratory complications, 410–413

acute lung injury, 411–412
acute respiratory distress syndrome, 411–412
alteration in ventilatory control, 410, 411f
anatomic considerations in, 411–413
apneustic pattern, 410
ataxic pattern, 410
central hyperventilation pattern, 410
chest trauma, 413
Cheyne-Stokes pattern, 410
cluster pattern, 410
deep vein thrombosis, 413
Kussmaul's pattern, 410
neurogenic pulmonary edema, 413, 413f
pneumonia, 411
pulmonary embolism, 413

Respiratory dysfunction, Parkinson's disease 
and, 401

Respiratory system
brain injury with evaluation of, 168, 168b
physiologic changes during pregnancy in, 

433–434
spinal cord injury evaluation of, 179–181, 

180t, 180b
Resting potential, of neuron, 1–2
Restorative therapy, activity-based, for spinal 

cord injury, 479
Resuscitation fluid, for head injury, 330
Retrograde tracheal intubation, spinal cord 

injury management with, 183
Return on investment, information management 

systems and, 470
Rexed laminae, 427
Rhabdomyomas, 303
Rheologic factors, 26

Rheumatoid arthritis (RA), 362
Right atrial catheter (RAC), 216–217, 216f
Rivastigmine, for Alzheimer's disease, 403
"Robin Hood" effect, 277
Robotic-assisted spine surgery, 312
Rotation, 366, 366f

S
SAFE principles, 428
Saline versus Albumin Fluid Evaluation (SAFE) 

Study, 330
SAPPHIRE. See Stenting and Angioplasty with 

Protection in Patients at High Risk for 
Endarterectomy (SAPPHIRE) trial.

Scalp block, in awake craniotomy, 298–299
SCBF. See Spinal cord blood flow (SCBF).
SCI. See Spinal cord injury (SCI).
Sciatic nerve, complications with positioning 

posterior fossa surgery, 211t
Scientific journals, 472
Scoliosis, 361–362
Secondary brain injury, 418–420

brain physiologic monitoring for, 420
control of intracranial pressure for, 419–420
normothermia and, 419
sedation and analgesia for, 418–419, 419b

Secondary insults, head injury and, 326, 327b
Sedative premedication, craniotomy and, 438
Sedative-hypnotic agents, in epilepsy surgery, 301
Seizure foci, detection of, 342
Seizures

in awake craniotomy, 300
deep brain stimulation and, 322
pediatric, postoperative care for, 348
prevention of, after uncomplicated surgery, 

202
Selegiline, for Parkinson's disease, 401
Self-determination, 445–446
Sella turcica, 458, 459f
Sellar regions

diseases of, 460–462
lesions, 462

Sevoflurane, 78–79, 123
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
(CMRO2), 11t

epilepsy and, 302, 302f
Shear, 366
Shear-injury, 103
Shift, 100
SIADH. See Syndrome of inappropriate 

antidiuretic hormone secretion (SIADH).
Simple partial seizures, 300–301
Single nucleotide polymorphisms (SNPs), 475
Single-photon emission computed tomography 

(SPECT), for cerebral blood flow 
measurement, 35–39, 36t, 39f

siRNAs, for spinal cord injury, 479
Social media, 472
Sodium blockade, for cerebral ischemia, 10
Sodium nitroprusside, during pregnancy, 439
Somatosensory evoked potentials (SSEPs), 

114–116, 115f, 343
cortical monitoring using, 115
mapping using, 115
recording from spinal column, 116
spinal surgery monitoring in, 116, 116f
venous air embolism with, 219

Specialized Applications, 469t
Speckled laser Doppler flow mapping, 42
SPECT. See Single-photon emission computed 

tomography (SPECT).
Spetzler-Martin grading scale, 270–271
Spinal accessory nerve, 118t
Spinal angiography, 92
Spinal cord, 3

anatomy of, 351–353, 354f
blood supply to, 353–354, 355f
and nerve root integrity, 343
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Spinal cord blood flow (SCBF), 47–48, 354–355, 
356f

anatomy of, 47–48
anesthetics in, 48
blood pressure in, 48
carbon dioxide in, 48
cerebral blood flow and, comparison of, 48
cord compression on, 48
neurogenic control in, 48
oxygen tension in, 48
temperature in, 48

Spinal cord diseases/trauma, 351–398
anatomy of, 351–354

spinal cord blood supply in, 353–354, 355f
spinal cord in, 351–353, 354f
vertebral column in, 351, 352–353f

anesthetic induction/maintenance for, 
388–389

blood transfusion, 391–392
complications with, 392–393
disorders of cervical spine, 356–357

cervical disk herniation, 357, 357f
cervical radiculopathy, 356, 356f
cervical spondylosis, 356, 356f
cervical spondylotic myelopathy, 356–357
syringomyelia, 357

disorders of thoracic and lumbar spine, 
357–359

degenerative spondylolisthesis, 358–359, 
359f

herniated disk, 357–358, 358f
lumbar spinal stenosis, 358, 358f
lumbar spondylosis, 358

fluid management for, 391–392
infections of spine, 359–360

epidural abscess, 360
osteomyelitis, 359–360, 360f

inflammatory arthritides of spine, 362–363
ankylosing spondylitis, 362–363, 363f
osteoporosis, 363
rheumatoid arthritis, 362

monitoring of, 390–391
physiology of, 354–355

blood flow in, 354–355, 356f
positioning for, 389–390, 390f

head, 390
postoperative care for, 392
radiologic considerations of, 355, 367–370, 

368t
computed tomography, 369
magnetic resonance imaging, 370, 370f
plain radiographs, 369, 369f

scoliosis, 361–362
spinal tumors, 360–361, 361f, 361b
surgical, 356–363
trauma of spine/spinal cord, 363–381

avulsion, 366
biomechanical considerations in spinal 

injury, 363–367, 364f, 365t
combined, 366–367
compression, 364, 366f
hyperextension, 364, 366f
hyperflexion, 364–366, 366f
neurologic assessment, 367, 368t, 368f
rotation, 366, 366f
shear, 366

Spinal cord injury (SCI), 177–184, 370–381
acute

anesthetic management of patients with, 
388–389

secondary mechanisms of, 373b
airway management for, 181–184

awake intubation in, 182–183
basic maneuvers in, 181–182
effects of maneuvers on cervical spine with, 

181–183
endotracheal intubation management for, 

183–184, 183f
laryngoscopy in, 182
retrograde tracheal intubation in, 183

Spinal cord injury (SCI) (Continued)
transtracheal jet ventilation for, 182
urgent airway control techniques in, 182

anatomic/physiologic considerations for, 372
anesthetic consideration in surgery for, 382–393

airway evaluation in, 382–383
airway management for cervical spine 

surgery, 384–387, 385t, 387f
cardiac evaluation, 383
laboratory studies, 383, 384b
neurologic evaluation in, 383
pharmacology, 383–384
premedication, 384
preoperative evaluation/preparation in, 

382–388, 382b
pulmonary evaluation in, 383

associated injuries with, 181
cardiovascular system evaluation for, 180b, 181
chronic, medical problems in, 382t
complete versus incomplete, 371–372
and corresponding respiratory function, 378t
epidemiology of, 370–371
extent of injury evaluation for, 177, 177f, 178t
goals in care of, 184, 184b
hypertension for, 374
hypothermia for, 374
incomplete, 371–372, 371t
medical management of, 377–381

acute, 381b
autonomic hyperreflexia in, 380
cardiovascular system in, 379–380
chronic pain syndromes, 381
coagulation in, 380
gastrointestinal system in, 380
genitourinary system in, 380
hyperreflexic syndromes in, 380
infections in, 380–381
pressure ulcers, 381
pulmonary system in, 377–379, 378t, 378b
temperature control in, 380

neurologic evaluation for, 177–178
neuroprotection for, 479
organ systems evaluation for, 179–181
pathophysiology of, 372

primary/secondary injury, 372, 373f, 373b
pharmacologic therapies for, 372–374

corticosteroids, 372–374
emerging therapies, 374

protective strategies for, 372–377
radiologic evaluation for, 178–179, 178–180f, 

180t
respiratory system evaluation for, 179–181, 

180t, 180b
spine immobilization for, 177–178
surgical therapies for, 374–377, 375b

closed reduction/decompression, 374–375
early surgical therapy following, 376
neurologic/radiologic evaluation of, 374
spinal stability determination in, 375–376
surgical approaches, 376–377

syndromes with, 178t
temperature control for, 181
terminology for, 371

Spinal cord stimulation (SCS), 429–430
Spinal disease, minimally invasive neurosurgery 

indicated by, 306t
Spinal dysraphism, 346
Spinal shock, 181, 379
Spinal stability, 375–376, 376f
Spinal tumors, 360–361, 361f, 361b
Spine immobilization, 177–178
Spine surgery

and motor evoked potentials, 121
in pediatric neuroanesthesia, 346

Spinothalamic tract (STT), 427
Spirometric pulmonary function tests, spinal 

cord injury and, 378
Spondylolisthesis, 359, 359f
Spontaneous spinal epidural hematoma (SSEH), 

pregnancy with, 439–440

Spreading cortical depolarization (SDs), 149
SSEH. See Spontaneous spinal epidural 

hematoma (SSEH).
SSEPs. See Somatosensory evoked potentials 

(SSEPs).
Stalk effect, 462
Starling equation, 153
Statin, 284
Stem cell therapy, for spinal cord injury, 479
Stem cells, 477–478

for Parkinson's disease, 401
Stenting

atherosclerotic lesions with, 257, 258–259f
occlusive cerebrovascular disease with, 

279–280, 279t
Stenting and Angioplasty with Protection in 

Patients at High Risk for Endarterectomy 
(SAPPHIRE) trial, 280

Stent-Supported Percutaneous Angioplasty of 
the Carotid Artery vs. Endarterectomy 
(SPACE) trial, 280

Stereotactic biopsy, of intracranial lesions, 323
Steroids, effects on cerebrospinal fluid, 66
Stress ulcer, 416
Stroke

ischemic, 108–110
occlusive cerebrovascular disease complicated 

by, 292
transcranial Doppler ultrasonography of, 138

Subacute combined degeneration (SCD), 
405–406

Subarachnoid hemorrhage, 99–100, 102
angioplasty of cerebral vasospasm for, 254
electrocardiography and myocardial 

dysfunctions in, 226t
grading of

Fisher grades, 223t
modified Hunt and Hess clinical grades, 

223t
surgical mortality and major morbidity 

according to, 223t
World Federation of Neurological Surgeons' 

grades, 223t
increased intracranial pressure and, 70
pregnancy with, 436–437
transcranial Doppler ultrasonography of, 136

Subarachnoid space, 458
Subaxial Injury Classification (SLIC) and 

Severity Scale, 376
Subdural hematoma, 102

CT of, 167f
subacute, 328

Subfalcine herniation, 100
Sub-labial approach, to pituitary gland, 462
Succinylcholine, 83

ALS and, 400
Sufentanil, 82
Suicide, assisted, 452
Superficial cervical plexus block, 286
Supratentorial masses, anesthetic considerations, 

189–208
blood-brain barrier and edema with, 190
cerebral blood flow with, 190–191, 190–191f, 

191t
cerebrospinal fluid drainage with, 193
diuretics and osmotic agents with, 193
emergence from, 199–201, 199f

aims of emergence after neurosurgery, 200, 
200b

conduct for early, 201, 201b
differential diagnosis of unplanned delayed, 

201
early versus late, 200, 200t
indications for late, 200
preconditions for early, 200–201, 201f, 201b

epidemiology of, 189–203
general anesthetic management in, 193–201

determination of strategy for, 195
patient's general state, 194
patient's neurologic state, 193–194, 194b
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muscle relaxants for, 197
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intracerebral perfusion with, 190–191
intravenous anesthetics, 191–192, 191–192f
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choice of technique for, 198–199
fluid therapy for, 199
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intraoperative ventilation for, 199
management of intracranial pressure and 
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in, 202
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volatile anesthetics, 191–192
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Surgical Risk Calculator, 283
Surrogate decision making, 449–450
Sympathetic nervous system, 353
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mode (SIMV), 412
Syndrome of inappropriate antidiuretic hormone 

secretion (SIADH), 334, 417
pituitary surgery and, 465

Synthetic opioids, 82–83
α synuclein, 400
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Systemic hypertension, 414
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management, 425–426

T
Takotsubo stress cardiomyopathy, and brain 

injury, 169
TBI. See Traumatic brain injury (TBI).
TCD. See Transcranial Doppler ultrasonography 

(TCD).
Technology, 480–483

for feedback loops, 482
for magnetic resonance in operating room, 

483
for monitoring, 480–482

TEE. See Transesophageal echocardiography (TEE).
Telomerase reverse transcriptase (TERT), for 

spinal cord injury, 479
Temperature

cerebral circulation and, 27–28
in spinal cord blood flow, 48

Temperature control
brain injury treatment with, 174–175
spinal cord injury medical management with, 

380
spinal cord injury with, 181

Temporary occlusion, controlled hypotension 
versus, 234–236, 235f, 235t

Teratogenic potential, 436
Teratology, principles of, 436
Tetraplegia, in spinal cord injury, 371
Thalamus, 3
Theophylline, effects on cerebrospinal fluid, 

67–68, 68f
Therapeutic carotid occlusion, 254–255
Therapeutic stereotactic radiosurgery, 323
Thermal clearance, for cerebral blood flow 

measurement, 36t, 40
Thermal diffusion flowmetry, cerebral blood flow 

monitoring with, 146
Thiopental

for cerebral ischemia, 11t
effects on cerebral blood flow (CBF) and 

cerebral metabolic rate for oxygen 
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Thoracic and lumbar spine disorders, 357–359
degenerative spondylolisthesis, 358–359, 359f
herniated disk, 357–358, 358f
lumbar spinal stenosis, 358, 358f
lumbar spondylosis, 358

Thoracic scoliotic curves, 362
Thromboembolic stroke, thrombolysis/

thrombectomy of, 257–259
Thromboprophylaxis, after uncomplicated 
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Thyroid shields, 441
Thyrotropin secreting hormone (TSH), 461
Thyrotropin secreting hormone adenomas, 461

anesthetic considerations for, 464
Time correlation method, 132–133, 133f
Time to bolus peak (TTP), 93
Tonic spinal cord stimulation, 429–430
Tonsillar herniation, 100
Total body water deficit, 417–418
Total intravenous anesthesia (TIVA), 359

for awake craniotomy, 299
Total parenteral nutrition (TPN), 416
Tourette's syndrome, deep brain stimulation and, 

320b
Tranexamic acid (TXA), for hemorrhage, 334
Transcranial Doppler ultrasonography (TCD), 

127–141, 289–290
of arteriovenous malformations, 137
in cardiac surgery, 138
of carotid artery disease, 135–136
in carotid endarterectomy, 135
for cerebral blood flow measurement, 36t, 

40–41, 41f
cerebral blood flow monitoring with, 146
cerebral hemodynamics in, 129–135

cerebral pressure autoregulation in, 130–133
cerebrovascular reactivity to CO2 in, 

129–130, 130f
continuous monitoring of cerebral 

autoregulation in, 132–133
leg-cuff test in, 130–131, 131f
static autoregulation, 131
transient hyperemic response test, 131–132, 

132f
in clinical practice, 135–138
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continuous monitoring of cerebral 

autoregulation in, 132–133
autoregulation index-transfer function 
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phase shift between superimposed 
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time correlation method, 132–133, 133f
critical closing pressure in, 134, 136f
of intracranial vascular disease, 136–137
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in multimodality monitoring, 134–135

Transcranial Doppler ultrasonography (TCD) 
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noninvasive assessment of cerebral perfusion 
pressure and intracranial pressure with, 
133–134

non-neurosurgical applications of, 138
of orthoptic liver transplantation, 138, 139f
of pregnancy and eclampsia, 138
principles of, 127
of stroke, 138
of subarachnoid hemorrhage, 136

Transesophageal echocardiography (TEE), 389
venous air embolism with, 217

Transforaminal lumbar interbody fusion (TLIF), 
312

Transluminal angioplasty, vasospasm treatment 
with, 229

Trans-nasal approaches, to pituitary gland, 462
Transtentorial herniation, 100
Transtracheal jet ventilation, spinal cord injury 

management with, 182
Trauma, 14. See also Spinal cord diseases/trauma; 

Traumatic brain injury (TBI)
in pediatric neuroanesthesia, 345–346

Traumatic brain injury (TBI), 14–15, 101–103, 
326

concussion, 103
cortical brain contusions, 102–103
diffuse axonal injury, 103
epidural hematoma, 101–102
extra-axial lesions, 101, 102f
indications for imaging, 101
intra-axial lesions, 102
subarachnoid hemorrhage, 102
subdural hematoma, 102
traumatic intraventricular hemorrhage, 102

Traumatic epidural hematoma, 328
Traumatic intraventricular hemorrhage, 102
Traumatic spinal cord injury

surgical intervention following, 375b
treatment after, 375b
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450–451

Trigeminal nerve, 118t
Trigeminal nucleus caudalis, 427–428
Trochlear nerve, 118t
Tu index, 282, 282t
Tuberous sclerosis, 303
Tumors, in pediatric neuroanesthesia, 344–345, 

344t
Two-photon microscopy, 43

U
Ultrasonography, principles of, 127
Unconsented touching, 445
Understanding, 448
Unstable patient, care of, 166–188

brain injury as, 166–177
airway management for, 170–171, 171f
barbiturates for, 176
blood glucose control for, 174
cardiovascular system evaluation for, 

168–169, 168b
CT of epidural hematoma for, 167f
CT of subdural hematoma for, 167f
diuretics for, 176
fluid management of, 173–174
gastrointestinal system evaluation for, 168b, 

169
goals in care of, 171
head position for, 175
hyperosmolar therapy for, 175–176
and hypertension, 173
hyperventilation for, 175
hypotension with, 172–173, 172f
maintenance of blood pressure for, 172b
musculoskeletal system evaluation for, 168b, 

169
neuroimaging of, 167–168, 167–168f
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Unstable patient, care of (Continued)
neurologic evaluation of, 166–167, 166b
organ systems evaluation for, 168–170, 

168b
prevention of hypoxemia in, 172, 172b
pupillary assessment for, 167b
respiratory system evaluation for, 168, 168b
surgical treatment for, 176–177
temperature control for, 174–175

spinal cord injury in, 177–184
airway management for, 181–184
associated injuries with, 181
cardiovascular system evaluation for, 180b, 

181
endotracheal intubation management for, 

183–184, 183f
extent of injury evaluation for, 177, 177f, 

178t
goals in care of, 184, 184b
neurologic evaluation for, 177–178
organ systems evaluation for, 179–181
radiologic evaluation for, 178–179, 

178–180f, 180t
respiratory system evaluation for, 179–181, 

180t, 180b
spine immobilization for, 177–178
syndromes with, 178t
temperature control for, 181

Upper airway mucosal edema, during pregnancy, 
433

Upper respiratory tract, complications, 411
Uterine arterial pressure (UAP), 435
Uterine blood flow, anesthetic interventions' 

effects on, 435
Uterine vascular resistance (UVR), 435
Uterine venous pressure (UVP), 435
Uteroplacental drug transfer, and teratogenesis, 

435–436
Utilitarianism, 445

V
Vagal nerve stimulator placement, 305
Vagus nerve, 118t

Vascular anomalies, in pediatric 
neuroanesthesia, 345

Vasoactive peptides, in cerebral vasomotion, 21
Vasodilation, on cerebral circulation, 26–27, 26f
Vasogenic edema, 99
Vasopressin, 418
Vasospasm, 227–229

anesthetic considerations for, 229
angioplasty of cerebral, 254
clinical manifestations of, 227
diagnosis for, 227
incidence of, 227
pathogenesis for, 227
treatment for, 227–229

hypervolemic, hypertensive, and 
hemodilution therapy for, 228

ICP reduction, 228
nonpharmacologic, 228–229
pharmacologic, 227–228
surgical, 228
transluminal angioplasty, 229

VATS. See Video-assisted thoracoscopic surgery 
(VATS).

Vegetative state, 455
Vein of Galen malformations, 257
Venous air embolism, 213–219, 213t, 322

brainstem auditory evoked potentials for, 219
capnography for, 217
complications from, 217–218, 217t
cranial nerve monitoring for, 219
Doppler ultrasound transducer for, 215–216, 

215t
electroencephalogram for, 219
electrophysiologic monitoring for, 218–219
historical perspective on, 213t
incidence of, 214, 214t
intraoperative complications from, 217
intraoperative period, treatment of, 218, 218b
monitoring for, 215–217, 215t
pathophysiology of, 214
pediatric, neurosurgical positioning for, 342, 342f
PEEP for, 215
postoperative complications from, 217–218
postoperative period, treatment of, 218, 218b

Venous air embolism (Continued)
prevention of, 218
pulmonary artery catheter, 217
right atrial catheter for, 216–217, 216f
risk of, 215
risks of paradoxical air embolism, 215
somatosensory evoked potentials for, 219
transesophageal echocardiography for, 217
treatment of, 218, 218b

Venous physiology, 24
Venous thromboembolism (VTE), 380, 393
Ventilation, during pregnancy, 434
Ventilatory impairment, Guillain-Barre and, 404
Ventral respiratory group (VRG), 410
Ventricular catheters, in intracranial pressure 

monitoring, 144
VEPs. See Visual evoked potentials (VEPs).
Vertebral column, anatomy of, 351, 352–353f
Vertebral osteomyelitis, 359, 360f
Vertebroplasty, 311
Video-assisted thoracoscopic surgery (VATS), 

310–311
intraoperative concerns with, 310–311, 310f
versus open thoracotomy, 310t
preoperative concerns with, 310
risk of blood loss with, 311t

Visual evoked potentials (VEPs), 117
Vitamin B12 deficiency, 405–406
Volatile anesthetics, Parkinson's disease and, 402
Volatile inhalational agents, in epilepsy surgery, 

302, 302f
Von Recklinghausen's disease, 303

W
Warfarin

placental transfer of, 435
teratogenic effect of, 436

Wernicke's area, 2

X
Xenon, 77

for cerebral ischemia, 12
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