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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.



We thank our respective departments of anesthesiology,
each of which has provided, despite recent economic adver-
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
thanks are also due to David S. Warner for the new Foreword;
Theon Doobay for editorial assistance; Tania Baron for co-
ordinating the project; the publishing staff at Elsevier, Helen

Leng and William R. Schmitt; and especially the contributing
authors whose expertise has been particularly important in
making this edition possible. We also thank our families for
helping us find time to complete such an undertaking.

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

Asan erudite neuroanesthesiologist,  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



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
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[.S. Kass ® J.E. Cottrell e 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.! 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 brains 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 —94mV.
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 0mV 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
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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.

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.*’

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. 1.2 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: FA. Davis; 2009.)

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
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the territory of the cerebral artery blocked determines what
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).* These ion changes cause the neurons to depolar-
ize and release excitatory amino acids such as glutamate.” 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.® High levels of glu-
tamate further depolarize the neurons by activating AMPA
(a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) and
NMDA (N-methyl-p-aspartate) receptors, increasing sodium
and potassium ion conductance.” 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.® 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.’

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
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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; 1, increase; |, decrease.

reticulum (Fig. 1.4).° 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.’
One of the most damaging free radicals is peroxynitrite, which
is formed by the combination of nitric oxide and another free
radical.” Free radicals are known to damage proteins and lip-
ids, whereas free fatty acids interfere with membrane function.
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BOX 1.1 Brain Metabolism and Cell Death: Triggers,

Effectors, and Functional Changes

Triggers
Adenosine triphosphate |
Extracellular potassium 1
Intracellular sodium 1t
Intracellular calcium 1
Free radical levels 1
Depolarization 1
Glutamate level 1
Effectors
Protease activity 1
Free radical action t
DNA damage 1
Phospholipase activity 1
Mitochondrial factors 1 (cytochrome ¢ — caspase activation)
Critical Functional Changes
Mitochondrial damage 1
Apoptotic cascade activation 1
Antiapoptotic factors |
Protein damage 1
Protein synthesis |
Cytoskeletal damage 1
End Stage
Apoptosis 1 (programmed cell death)
Necrosis 1 (cell disintegration)

1, increases; |, decreases; —, leads to
Adapted from Lipton P. Ischemic cell death in brain neutrons. Physiol Rev
1999; 79:1431-1568.

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.'” 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.'"

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."
Lymphocytes, polymorphonuclear cells, and macrophages
can invade the central nervous system, leading to additional
damage.'*"> Although histamine receptor activation is gener-
ally associated with immune system activation, the histamine
receptor involved with this is the H, receptor. In the central
nervous system, the H, receptor is the one primarily activated,
and it reduces immunologic processes and improves recovery
from ischemia.'®"” Blocking immune system activation can re-
duce damage.' It is clear there is also programmed cell death as
a result of the insult.'® 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 islost; it is characterized by a disintegration

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

of the cell and an activation of microglia and the immune re-
sponse.” 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.” 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.'"®"” 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).2** 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.*” Blockade of caspases has been shown to
block apoptosis.”’ Because these enzymes are now known to be
present as proenzymes before ischemia, new protein synthe-
sis is not needed to induce apoptosis.”> 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.”>** Thus the
fate of ischemic neurons rests on the balance between apop-
totic inhibitory and activating processes (Fig. 1.6).* The
synthesis of certain trophic factors can improve neuronal sur-
vival by inhibiting apoptosis (see Fig. 1.5). The activation and
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Fig. 1.5 Trophic factors and apoptosis. ADP, adenosine diphosphate; ATP, adenosine triphosphate; Cyt ¢, cytochrome c; PIl, phosphoinositide;
PKB, protein kinase B (also called Akt); other abbreviations (Akt, Apaf, Bad, Bax, Bcl, 14-3-3) are names of proteins. When the intrinsic apoptotic
pathway is activated: (1) Bad protein inhibits Bcl-2, Bcl-xl proteins; (2) these proteins can no longer inhibit Bax or Bak and, therefore, Bax and Bak
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caspase 9 and apoptosis. When apoptosis is inhibited (1) trophic factor binds to a receptor and activates protein kinases; (2) this leads to the
phophorylation of Bad and its inactivation; (3) Bad can no longer inhibit Bcl-2 and Bcl-xI and these 2 proteins can now inhibit Bax and Bak, blocking
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.)

release of certain cytokines, such as tumor necrosis factor and
interleukin-1p, are thought to be damaging.*>*’

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.”** 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.’**

Genetic Influences on Neuronal Damage

Genetic factors play an important role in an individuals
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.”>* In addition, poly-
morphisms of both apolipoprotein B and apolipoprotein E
have been found to enhance the susceptibility to stroke.***
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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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.’

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.”® 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,”*' 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.’**** Thus detecting,
classifying, and treating stroke rapidly after its onset is critical
to a successful outcome.* 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.”

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. 1.7 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,
intracellular; 1, increase; |, decrease; large arrows indicate damaging pathways.

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.* 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 (DWT) 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.*

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."® Recent studies have demonstrated that
the Solitaire FR and Trevo stent retrievers are superior to the
Merci device.*”* 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.” Recent studies have found a clear outcome benefit of
mechanical intra-arterial treatment for stroke;”*"*% 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



provide clinical benefit in selected patients with acute ischemic
stroke. Systems of care should be organized to facilitate the
delivery of this care” Patients for mechanical thrombectomy
should have confirmed occlusions in the proximal anterior in-
tracranial circulation and an absence of large ischemic-core
lesions.”’ 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.”*' 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.*

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.”** 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. ™ A

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

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.”® 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.”*
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.” 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.”** 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.””**

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.'*' 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.*® 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.**** 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.*

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.*** The theoretical
basis for choosing drugs that block specific damaging path-
ways is sound. Blocking one pathway to damage may not be
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efficacious, however, owing to the many parallel paths that
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.’*® However, some agents do appear promising
in animal studies and may yet prove to be efficacious clini-
cally.***>% 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. “ 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.*”’ Blocking sodium influx delays and attenuates the
depolarization and delays the drop in ATP during anoxia and
ischemia.”" 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.”>”*
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.”” 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.” 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.”” 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.”*”*
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.” The recovery was, however, similar to that of
demographically similar non-neurosurgical patients.** 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.’®®" A large clinical study of the effective-
ness of nimodipine after stroke was discontinued due to higher
mortality in the nimodipine group.* 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.®** 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 jons. 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.® There was a subgroup of lacunar stroke
that did show benefit with magnesium, but this would require a
large new trial to confirm.* A study of the use of magnesium in
preterm birth to protect infant brains from damage did not yield
significant improvement with magnesium treatment.” 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.*® 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.* Blockade of
secondary calcium activated pathways during and after isch-
emia appears promising in animal studies.”

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.’*”'~** Anti-
inflammatory drugs such as methylprednisolone have also not
been demonstrated to improve recovery after cortical trauma
or ischemia.” 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 studies’ but has not
been found to benefit patients with ischemia.’®*

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.’**>* 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.’**®

An alternative to blocking excitatory activity is enhancing
inhibitory activity, which would also reduce excitotoxicity.



Clomethiazole and diazepam, 2 GABA enhancers, did not im-
prove outcome following stroke.””*

Antiapoptotic Agents

Work with apoptosis indicates that specific blockers of
caspases and modulators of apoptosis might improve recovery
after ischemia, trauma, or epilepsy.”***** 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-x1, by inducing precondition-
ing with certain volatile anesthetics.

Cytokines and Trophic Factors

Cytokines such as tumor necrosis factor-alpha and interleukin-1f3
can activate the immune system and enhance damage; indeed,
antibodies to these compounds have been shown to reduce
cerebral ischemic damage in some animals.”” 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.”>* If these growth factors are not present, the receptors
are not activated and the proteins are not phosphorylated; the
neurons then undergo apoptosis.”>** 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.'” Despite
continuing investigation there is no convincing evidence of
clinical benefit with erythropoietin.*®!*-1?

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

Table 1.1 Effects of Anesthetics on Cerebral Blood
Flow (CBF) and the Cerebral Metabolic
Rate for Oxygen (CMRO,)
Direct Cerebral
Anesthetic CBF CMRO, Vasodilation
Halothane 11 | Yes
Enflurane N l Yes
Isoflurane 1 1l Yes
Desflurane 1 1l Yes
Sevoflurane 1 1 Yes
N,O ) T -
N,O with volatile ™ 1 —
anesthetics
N,O with intravenous 0 0 —
anesthetics
Thiopental L L No
Etomidate 1 W No
Propofol 1 1 No
Midazolam | | No
Dexmedetomidine l 0 No
Ketamine M 1 No
Fentanyl 1/0 1/0 No

1, increases |, decreases (number of arrows indicates relative strength
of effect); O, no effect; —, not determined

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.'””'® 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.'” Since all the studies
of anesthesia type in endovascular treatment of acute stroke

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

Protects Electrophysiologic Delays Hypoxic Reduce Improves Adenosine Reduce

Agent Response Depolarization Na* In Triphosphate Ca?" In
Thiopental (600 pM) Yes Yes Yes Yes Yes
Midazolam (100 uM) Yes — — Yes Yes
Propofol (20 pg/mL) No No Yes Yes Yes
Etomidate (3 pg/mL) No - No No —
Lidocaine (10 uM) Yes Yes Yes Yes No
Lidocaine (100 pM) 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

—, not determined, experiment not done; Na* in, cytosolic sodium; Ca?* in, cytosolic calcium
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are retrospective, the caveat was that patients requiring gen-
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.**** 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.'”'”” 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).'°>!%” 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.'” In vitro studies also showed improved efficacy with
very high doses.'*

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.>>'*!* 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.'” 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.'*!"!* Propofol demonstrated
similar protection to pentobarbital and was beneficial when
compared to awake animals.'">'® 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.''”"® No studies have demonstrated
clinical protective efficacy.

Xenon

Xenon isan 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.'"” 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.'” 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.'?"'?

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.'”>'*
Midazolam improved neuronal recovery after anoxia and
ischemia in animals, but there are no studies showing a better
clinical outcome.'**** 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."**

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.”>10012612% 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)."%
There is an indication that isoflurane, but not sevoflurane, in-
creases cytosolic Ca levels and can be cytotoxic to neurons in
cell culture.””! 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.'*>'*
Desflurane was also protective in brain slices and after cere-
bral ischemia in vivo.'?*

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."” 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.'”” 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



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.'*! Sevoflurane has been shown to induce precon-
ditioning in vitro and in vivo if present only shortly before
the ischemia.”” 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.””
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).”

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."**'** Social interaction in mice treated with
sevoflurane in the neonatal period is reduced, confirming that
behavioral function is altered by anesthetic exposure.'*>!*
These observations indicate that clinical studies examining be-
havioral deficits in children subsequent to anesthetic exposure
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Fig. 1.8 CA1 pyramidal neurons after global cerebral ischemia. A to D, Representative hematoxylin and eosin—stained cryostat sections

(16 um) from the CA1 pyramidal cell layer of the experimental groups 6 weeks after the global cerebral ischemia are shown at approximately x 250
magnification. A, Tissue from naive 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-um length
of stratum pyramidale in each hemisphere at the same level of coronal section under light microscopy (250x 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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may be warranted. There is some indication that there may be
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.* 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.'”

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.’**!

SEIZURE INDUCED DAMAGE

Epileptic activity (status epilepticus) consists of sudden, ex-
cessive, and synchronous discharges of large numbers of neu-
rons.' 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.'*® Activation
of metabotropic glutamate receptors can contribute to the ex-
cess excitability and prolong seizures.'*” 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."® 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."” 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 iv. 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.'*” 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."*’

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."”' 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.'*"*?
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.”*> 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.'” 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."”> 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),




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.'*>!>>!*
Cerebral ischemia was a common finding in histologic stud-
ies of terminal trauma cases.””*** 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."”"** 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.'” 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.””* 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.'>>'**

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)."! 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 (CMRO,) 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).>* Intravenous anesthetic agents
such as propofol seem to preserve flow-metabolism coupling
better than volatile agents.” In humans, this coupling is evident
during anesthetic-induced electroencephalogram (EEG) burst
suppression, as demonstrated by transcranial Doppler ultraso-
nography (TCD) studies during normothermia®” and during
mild-to-moderate hypothermic cardiopulmonary bypass.*

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.”"” Contralateral cortical areas manifest increased flow
with hand movement, and a variety of motor and cognitive
tasks can be mapped with CBF techniques."""* Visual stim-
ulation results in almost immediate increases in flow veloc-
ity through the posterior cerebral arteries. Positron emission
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Fig. 2.1 Cerebral blood flow (CBF) as a function of the cerebral
metabolic rate for oxygen (CMRO,) 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 lowa.)
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Fig. 2.2 Cerebral blood flow (CBF) as a function of the cerebral
metabolic rate for oxygen (CMRO,) 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 CMRO, 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.)

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.'**¢ As in
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most specialized vascular beds, this flow-metabolism coupling
is critical during times of stress or extreme physiologic condi-
tions, such as hypotension hypoxia and hypothermia.® 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."” 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.'® 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.'”*

Since Roy and Sherrington* 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).”” 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.® Evidence shows that flow, independent
of pressure, may affect vascular resistance.”* 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.'”** Both neurons and astrocytes seem to participate in
flow-metabolism coupling.”>** Endothelium-derived factors”
such as nitric oxide (NO) enable the endothelium to function
as a transducer that controls the tone of the vascular smooth
muscles.”® 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 Ca**
as their final common pathway. However, no single mecha-
nism seems to play a preeminent role in regulating blood flow
to the brain.***

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 O, consumption (CMRO,, ~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 CMRO, raise
the possibility of anaerobic metabolism in the brain.*

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.” On the other
hand, evidence of an early rapid increase in tissue deoxyhemo-
globin concentrations during cortical activity suggests a rise
in oxygen use.”” 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.” 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.” 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 CMRO, 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 CMRO,.*

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 PaCO,, is mediated by a number of
cellular mechanisms. These mechanisms involve nitric oxide,
prostaglandins (PGE,, PGI,, and PGF,,), vasoactive peptides,
potassium channels, and endothelin.?***

Nitric Oxide

Although it is unlikely to be directly involved in pressure au-
toregulation itself,” NO is the subject of intense scrutiny as a
mediator of vascular tone*” and as a neurotransmitter.’** The
interest in NO results from the identification of the multiple
biologic roles it plays as a messenger molecule.’® 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”*

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).* 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.”” NO action has been studied



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," as well as the
endothelium-dependent response to acetylcholine in cerebral
arteries*” and vasogenic dilation from stimulation of nonad-
renergic, noncholinergic nerves.* In general, topical, systemic,
and intra-arterial application of NO donors increases CBF in
several animal species.*** Intra-arterial injection of the NO
donor nitroprusside into angiographically normal territories
in patients with cerebral arteriovenous malformations failed
to augment CBE** A similar failure of intra-arterial nitro-
prusside was seen in healthy primates.”*" 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 CBE*>*' 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.” NO may also
act partly through calcitonin gene-related peptide (CGRP) and
ATP-sensitive potassium (KATP) channels.”” NO partly acts
also by suppressing endothelial generation of vasoconstrictors
such as thromboxane A,. 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.” Inhibition of Rho
kinase increases cerebral blood flow.”* In middle cerebral ar-
tery occlusion models, Rho kinase inhibition improves neu-
rologic outcome.”* Rho kinase inhibition increases eNOS
synthesis, and Rho kinase seems to negatively regulate eNOS
activity.”” 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 (CO,) remains to be
coherently defined. For example, nonspecific inhibition of
NOS in primates does not affect pressure autoregulation but
impairs response to CO,.** However, in humans, nonspecific
inhibition of NOS results in a decrease in CBF but does not
affect response to hypercapnia.”’ In rodents, nonspecific inhi-
bition of NOS impairs autoregulatory response to hypotension
in basilar artery irrigation.”® 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.” In canines, 7-nitroindazole decreases col-
lateral blood flow during middle cerebral artery occlusion.®

Some investigators have reported that NO appears to play a
role in dilation in response to CO,.°"* In other experiments,
however, its participation in hypocapnia-induced vasocon-
striction could not be demonstrated.* Tadecola and Zhang®
proposed that NO plays either an “obligatory” or a “permis-
sive” role in CO,-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.’” The site of action for CO,-induced NO produc-
tion may not be in the endothelium but, rather, in the perivas-
cular structures, such as astrocytes.'

The participation of NO in hypoxia-induced vasodilation
does not appear to be physiologically important.®>*>*” In re-
gard to anesthetic effects on CBF, NO appears to interact with
the cerebral vasodilatory effects of both halothane® and iso-
flurane.® 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 depth™
and cerebral ischemic states,”””! in particular the pathogen-
esis of vasospasm after subarachnoid hemorrhage (SAH).”
Inhibition of NO synthesis leads to vasoconstriction due to
unopposed effects of endothelial prostanoids, such as throm-
boxane A, and prostaglandin F,,.”> 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.*

Vasoactive Peptides

In the cerebral circulation, perivascular nerves contain several
vasodilator peptides, including CGRP, substance P, and neu-
rokinin A.”*”7¢ 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.”>”® CGRP probably does not play a role in vasodi-
lator response to hypoxia or hypercapnia.”” 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.”

Potassium Channels

Of the several potassium channels in the cerebral vessels,” 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.”
KATP channels are opened by a decrease in intracellular pH
and are inhibited by an increase in intracellular ATP concen-
trations and by sulfonylureas.® Activation of KATP channels
may partly mediate vasodilation by acetylcholine, CGRP, or
norepinephrine (noradrenaline).” KATP channels may play
some role in vasodilation during hypotension, hypercapnia,
acidosis, and hypoxia.*" % 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.®’ These channels
can be selectively blocked by tetraethylammonium, charybdo-
toxin, and iberiotoxin.** 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.*” BKCa channels are ac-
tivated by cGMP, cyclic adenosine monophosphate, and NO
and are partly responsible for hypoxia-induced vasodilation of
cerebral arteries.”®%50%7
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Prostaglandins

Prostaglandins such as PGE, and PGI, are vasodilators but
thromboxane A, and PGF,, are vasoconstrictors in the cere-
bral circulation. Synthesis of prostaglandin H, from membrane
phospholipids involves two critical enzymes, phospholipase
and cyclooxygenase. Prostaglandin H, is converted into other
prostaglandins by subsequent enzymatic steps. Although cy-
clooxygenase can be inhibited by aspirin, naproxen, and in-
domethacin,®*° only indomethacin impairs hypercapnic
vasodilation in humans.”**!

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

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).” 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.”® 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.”*” Endothelin most likely acts through influx of
extracellular calcium, which is probably mediated by protein
kinases.'” The vascular smooth muscle contraction caused
by endothelin is sustained, suggesting that endothelin is not
involved in rapid adjustment of cerebrovascular resistance
(CVR).""" Topical applications of endothelin receptor antag-
onists do not alter resting CVR.'”” Endothelin has been im-
plicated in vascular spasm after SAH.'*'" In experimental
models of SAH, ETA and ETB receptor antagonists prevent
evolution vasospam.'” 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.'”®'"” 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.'””
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.'™

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”'” 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."® Physiologically, a more precise term might
be “equal pressure boundary;”'"" 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

A2

M1

Vertebral

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.)



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.""? 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.'” 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.'"* 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.'” 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 capillaries'® and larger conductance arteries to
regulatory activity is a subject of controversy.''*'"” There is
probably a continuum of varying participation in autoreg-
ulatory function as one proceeds distally along the arterial
tree."'”"'¥ 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:

F-bh 2.1)

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

The term P,— P, 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,'”” which may be particularly important in patients
with cerebral AVMs.'” 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:

r-8Mm_P-F
rt F

where [ is length of conduit; p 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.'”’ 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.'*

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,
itis 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.'** 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.”**'*® The relevance of the idealized
cerebral autoregulation curve, in particular the lower limit of
autoregulation, has been questioned by some writers."*

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

(2.2)
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Fig. 2.4 |dealized 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.)

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
colleagues'”” 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.'”’"'*

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.'*

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
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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.)

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.*! 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.'*
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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
20mmHg 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.)

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."”” During cardiopulmonary bypass,
the pulsatile variations in blood pressure transmitted to the
cerebral vasculature appear to influence CBE, perhaps by in-
teraction with endothelium-derived mediators of vascular
tone."? Although the importance of these effects has not been
completely determined, the loss of pulsatility may worsen the
outcome of a cerebral ischemic event.'”” Sudden restoration of
pulsatile perfusion to a previously dampened circulatory bed
may be a mechanism to explain certain instances of cerebral
hyperemia.'**

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

Pressure
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Flow

A Time

Arbitrary units

0 20 40 60 80 100 120 140 160 180 200 220

Pressure (mmHg)

Resistance (this model)
= CBF (this model)
------ Effective diameter (this model)
CBF (MacKenzie et al., 1976 and 1979)
® Resistance based on data of Kontos et al., 1978

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 pm) or 70mmHg for
the large vessel (diameter =300 pm). 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.)

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.'” 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. 2.9 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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either normotension or induced hypertension. Some investi-
gators suggest, however, that during deliberate drug-induced
hypotension, a decrease in cardiac output might be reflected
by a decrease in CBE, even when blood pressure is kept above
the lower autoregulatory threshold.”** 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,'”” and, as shown in Eq. 2.2, blood viscosity is a major
determinant of vascular resistance. Muizelaar and associates'*
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 CBE A continuing controversy concerns whether
this relationship is, in fact, purely rheologic or a function of
changes in oxygen delivery to the tissue.'”

Todd and coworkers'*” demonstrated a significant CBF
increase, from 30+ 14mL/100 g/min (baseline Hct=42+2%,
mean + SD) to 100420 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
CBE. This finding suggests that blood viscosity alone may not
significantly affect CBE.'*!

The Hagen—-Poiseuille model does not accurately describe
the behavior of flow at the microcirculatory level."*>'** 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).'** 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 PaCO,'*” 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

CO, is a powerful modulator of CVR. At one time, CO, was
thought to be the “coupler” between flow and metabolism,
because an increase in metabolism generates CO, and there-
fore releases a cerebral vasodilator into the local environment.
Rapid diffusion across the blood-brain barrier (BBB) allows
CO, to modulate extracellular fluid pH and affect arteriolar
resistance."** 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 CO, 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.*
By active, though somewhat sluggish, exchange of HCO," the
CSF eventually buffers itself against alterations in pH by CO,
diffusion. Although CO,-induced cerebral vasoconstriction
wanes over a period of 6 to 10 hours,'" 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 PaCO, can result in relative hypoper-
fusion or hyperperfusion.

Atnormotension, thereisanearlylinear response of CBF ata
PaCO, between 20 and 80 mmHg (CBF changes approximately
2% to 4% for each mmHg change in PaCO,). 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. CO,, carbon dioxide; H*,
hydrogen ion. (Modified from Brian JE Jr: Carbon dioxide and the
cerebral circulation. Anesthesiology 1998,88:1365-1386.)



the response breaks down as PaCO, approaches the extremes.
The values quoted for either percentage change or absolute
levels in CBF change per unit CO, are highly variable, depend-
ing on the methods employed and whether hemispheric or
cortical flow is measured."*"'"

In general, doubling PaCO, from 40 to 80 mmHg doubles
CBE and halving PaCO, from 40 to 20 mmHg halves CBE
This highly reproducible cerebrovascular CO, response is of-
ten used as a way of validating and comparing different CBF
methods.'"*

In a fashion analogous to blood pressure autoregulation,
the CO, 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.”® Severe hypocapnia (approximately
10mmHg) can result in anaerobic glucose metabolism and
lactate production.'****> 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 PaCO, levels below 25 mmHg are best avoided except in
extraordinary circumstances. The routine use of profound
hypocapnia in all neurosurgical settings should undergo
reevaluation.'>*"**

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

Effects of alteration in PaCO, 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-, 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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Fig. 2.12 Influence of PaCO, on pressure autoregulation of
cerebral blood flow. (Modlfied from Paulson OB, Strandgaard S,
Edvinsson L: Cerebral autoregulation. Cerebrovasc Brain Metab Rev
1990;2:161-192.)

There might be gender-based differences in CO, reactiv-
ity due to the underlying levels of prostaglandins. For exam-
ple, suppression of prostaglandin synthesis by indomethacin
treatment causes a greater attenuation of CO, reactivity in
premenopausal women than in men.””” PaCO, responsive-
ness also varies by region.'”® 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% CO, inhalation than male subjects. This finding confirms
a gender-dependent response to CO, in healthy subjects.’”
Decreased CO, 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,'® SAH,'*""'® and
ischemic cerebrovascular disease.'”® In comatose patients, im-
paired CO, reactivity suggests a poor prognostic outcome.'**

Oxygen

Within physiologic ranges, PaO, does not affect CBE
Hypoxemia, however, is a potent stimulus for arteriolar dila-
tion,'® 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.'® CBF begins to increase at a PaO, of about
50 mmHg and roughly doubles at a PaO, of 30 mmHg. States
that impair CO, reactivity are likely to interfere with O, reac-
tivity as well. The response of CBF to changes in both PaO, and
the oxygen content of blood is shown in Fig. 2.13. Hyperoxia
decreases CBE, producing a modest 10% to 15% decrease at
1 atmosphere. Hyperbaric oxygenation in humans decreases
CBE but high atmospheric pressure alone probably does not
affect CBE.'*’

Temperature

As is true for other organ systems, cerebral metabolism de-
creases with diminishing temperature. For each 1°C decrease
in body temperature, CMRO, drops by approximately 7%.
Alternatively, this relationship may be characterized by the
metabolic temperature coefficient, Q10, which is defined as
the ratio of CMRO, at temperature T, divided by the CMRO,
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. 2.13 Influence of oxygen content (CaO,) and PaO, on cerebral flood flow (CBF). A, CBF is inversely proportional to CaO,. B, Replotting the
straight line in A by applying a sigmoid O, dissociation curve and taking the reciprocal produces the more familiar asymptotic curve of PaO, versus
CBF, which disguises the dependence of CBF on Ca0,. 5kPa 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.)

2.0 and 3.0.'°® 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 CMRO,), and the higher
Q10 between 17° and 27 °C is due to the additive effect of the
decrease in neuronal function.””'*® 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 CMRO, is important.'*’

The regulation of CBF is known to be closely coupled
to cerebral metabolism and it is not surprising that this
hypothermia-induced reduction in CMRO, is reflected by a
parallel decrease in CBE 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.'”

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 CMRO,."”" CMRO, 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 maintained'”> and is determined by
arterial blood pressure and not pump flow rate.'”>'”* 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.'”

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 CMRO,, which is paralleled by an addi-
tional decrease in CBE. Although similar effects on CMRO,
can be brought about by isoflurane, no additional drop in CBF
appears to take place.'”®

Autoregulation, as well as CO, reactivity, is well preserved
during cardiopulmonary bypass at moderate hypothermia.'”!
Some investigators suggest, however, that autoregulation may
become impaired if the CO, content of blood is allowed to
rise. This effect can occur when exogenous CO, is adminis-
tered to provide a “normal” PaCO, corrected to the patient’s
actual temperature during “pH-stat” acid-base manage-
ment."”” Recalculating the PaCO, 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.'”'”

Pharmacology

Dose-related anesthetic or drug effects (eg, isoflurane, des-
flurane, and sevoflurane) can alter vasoactive responses just
as blood pressure and CO, do (Fig. 2.14)."%>'8! The significant
vasodilatory effects of volatile anesthetic agents are apparent

----- 1.4% Isoflurane
——2.8% Isoflurane

Cerebral blood flow
(relative change)
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Fig. 2.14 Influence of vasodilators on blood pressure autoregulation
and CO, 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 PaCO, (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 PaCO,
of 40mmHg, so that raising PaCO, 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.)



at minimum alveolar concentrations (MACs) exceeding 1.5.
At higher MACs, volatile anesthetic agents can blunt the CO,
response or render CBF pressure passive. Absolute CO, reac-
tivity is preserved during intraoperative use of a narcotic, such
as fentanyl or remifentanil."®> CO, reactivity is also preserved
with intravenous propofol anesthesia. Total intravenous anes-
thesia with propofol and remifentanil generally preserves re-
sponse to CO, 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 CBE. In contrast, volatile
anesthetic agents in concentrations exceeding 1.5 MAC are
associated with a disproportionate increase in CBE Although
intravenous anesthetic agents such as propofol seem to pre-
serve flow-metabolism coupling better than volatile agents,'®’
the addition of nitrous oxide further impairs flow-metabolism
coupling.'™ 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."®® 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 CMRO, in some brain regions. In anesthetized patients,
however, these effects can be reduced by coadministration
of benzodiazepines and controlled ventilation."®® Ketamine
did not abolish auto-regulation in normocapnic pigs.'"
Dexmedetomidine, an intravenous a2 receptor agonist, re-
duces CBF'**'® but animal studies have demonstrated it does
not decrease CMRO,."”" 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 CMRO,.'*

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.”* Independent of
autoregulatory impairment,'” anesthesia with volatile drugs
appears to result in a trend for CBF to decrease over time in
animal models.”*"'** This does not, however, involve an effect
on CSF pH. Not only do absolute flow levels decrease, but CO,
responsiveness changes as well.'*>'* This time-dependent CBF
decrease has been proposed to be operative during cardiopul-
monary bypass in humans.'”

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.'””'* 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.'”

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,”**! 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.”” Thus in monkeys, acute sympathetic denervation has
no effect on CBE, 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.*"

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 a-adrenergic re-
ceptor blockade does not affect CBE** In contrast, Hernandez
and colleagues®* 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’Alecy”” 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.””® Sympathetic stimulation is also associated with a
small decrease in the hyperemia seen during hypercapnia in
normotensive rabbits.””” The cerebrovascular effects are more
pronounced during bilateral sympathetic nerve stimulation.**
These effects are seen despite acidosis, which inhibits the re-
lease of norepinephrine.?*?!°

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 CBE. In such situations,
metabolic factors are the overwhelming determinants of CBE
with only a minimal contribution from the sympathetic ner-
vous system.!!

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.”* Thus when
reflex sympathetic constriction of larger cerebral arteries in
response to hypotension is prevented by acute surgical sym-
pathectomy or a-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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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.

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.?"* Any protective effect, however, may be overshad-
owed by an increase in postischemic hyperemia mediated by
stimulation of these same fibers.?'* Parasympathetic fibers may
also attenuate cerebral hyperemia after release of carotid ar-
terial occlusion. Parasympathetic vasoconstrictor response is
probably mediated by neuropeptide Y.?'*"*"” 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.”® 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.”® 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.*"

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.” 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 PGE,) and epoxyeicosatrienoic acids (EETs),
all of which are arachidonic acid metabolites.”* Others have
proposed that elevations in astrocyte calcium concentration

activates large-conductance Ca**-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 Ca*" entry via voltage-gated Ca®* channels.”***!

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.””” Whether astrocytes ultimately
mediate prorelaxant or procontractile effects may depend on
the existing vascular tone*** and local O, concentration.*

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 vasormo-
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.””**** Furthermore,
Paulson and associates* coined the term “dissociated vasopa-
ralysis” to describe retained CO, responsiveness with loss of
autoregulatory capacity to changes in blood pressure.'* This
response can be observed in regions contralateral to tumor or
infarction or during hyperperfusion after AVM resection.””
Such a dissociation between two preeminent vasomotive stim-
uli emphasizes that pressure regulation is much more vulner-
able than loss of CO, reactivity or, possibly, other metabolic
influences on regulatory mechanisms. Total loss of CO, re-
sponsiveness is probably a preterminal event. A related phe-
nomenon is diaschisis, the occurrence of hypoperfusion and
hypometabolism remote from a damaged area.”****’

“False autoregulation” is an additional phenomenon that
has been described in the setting of head injury.*” 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.”*

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. 2.16 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 (CMRO,), 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.)

metabolic consequences, and, most importantly, regional or
focal ischemia carries with it the possibility of collateral sup-
ply of CBE

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 CBE. When
oxygen extraction is maximum, CMRO, 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*,
Ca’, 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.””” 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
colleagues™ 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.
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Fig. 2.17 Interaction of extent and duration of flow reductions on
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Hyperperfusion and Circulatory
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.”>?>*! 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)** or
“circulatory breakthrough® 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 endarterectomy*' and after obliteration of
a jugular-carotid fistula*** 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.”® 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.”® Young and colleagues®” reported that after AVM
resection, cerebral hyperemia—not feeding artery pressure—
was the predictor of “breakthrough” complications.”” This

Table 2.1 Types of Brain Swelling

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

finding argues against a simple hydraulic explanation of the
breakthrough complications and points toward other possible
causes.” There is growing interest in the notion that neuroef-
fector mechanisms'>* 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.” Specifically in regard to CBE, the syndrome of
delayed hypoperfusion is evident.**

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-
emia®*'; however, certain areas of the brain may be left with
a mismatched CBF-metabolism ratio.” 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.”*> Reperfusion
injury can also be mitigated by aminoguanidine, a selective
inhibitor of inducible NOS, and ifenprodil, a polyamine site
N-methyl-p-aspartate (NMDA) receptor antagonist.”****

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;**
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 CO, are used.**

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. PET*” and
single-photon emission computed tomography (SPECT)**
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
CO, reactivity.”” 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



and previous sections concerning hemodynamic regulation.
Pavlakis et al.**® and Prohovnik et al.**” 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.*" 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.””* 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.”*

If an ischemic area is maximally vasodilated, the addition
of CO, 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)."”” 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.”?* 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.”> 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.'”” 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,"’* 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).”° 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,”>*’ these
concerns are less important. However, pharmacologically in-
duced hypertension with any attendant tachycardia would
raise the risk of cardiac ischemia; hence, a-adrenergic agonists
may be preferable in these settings.”*

Applications

Application of induced hypertension during acute thrombo-
embolic stroke is controversial** 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.””>*****" Both
anastomotic CPP,***" as measured in the distal stump of the
carotid artery after clamping, and CBF*” 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* Despite claims that distal stump pressures do not cor-
relate with CBF changes during carotid endarterectomy,*' the
technique is a simple, low-risk, and cost-effective method to
assess the adequacy of CPP.** 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.**® Temporary occlusion techniques require some mod-
ification of the traditional anesthetic management of cerebral
aneurysm clipping.””*** During temporary vascular occlusion
of a major intracranial artery, not only must systemic hypoten-
sion be avoided but blood pressure augmentation may also be
necessar}f‘l34,256,265

[

O
m
By)
m
oY)
0
>
Z
>
Z
O
[%2)
T
Z
>
E
Q
o
)
w)
w
B
o
O
O
s
L
o
=3




CEREBRAL AND SPINAL CORD BLOOD FLOW

2

Normal

CBF

A CPP

Occlusion

B CPP

Occlusion with
collateral failure

Occlusion with
collateral failure
after induced
hypertension

D CPP

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.)

Induced hypertension has been used in the management
of aneurysmal SAH.****% 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.”®

Inverse Steal

Undoubtedly, inverse steal can redistribute CBF to ischemic
areas, as demonstrated unequivocally in animal studies.”””
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,””'*”* 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.”’* Some of the early animal models used prolonged
ischemia that could have masked benefits of hypocapnia.”””
Furthermore, human studies showing trends of improved out-
come with hypocapnia lacked sufficient statistical power.”**”
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.”®>”’%”? 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.?>*** Despite this idea,
the clinical role of barbiturates remains a controversial topic.
Except in cardiopulmonary bypass, outcome studies are lack-
ing, if not impractical.'"! 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.”!

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.” 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.”**** Owing to transient
neurologic complications, calcium channel blocking drugs,
such as verapamil and nicardipine, are emerging as alterna-
tives to papaverine.”* ¥ Because of the risk of increased ICP
with intra-arterial vasodilator therapy, optimum treatment
of cerebrovascular insufficiency during vasospasm requires
monitoring of ICP**

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.”***>*%** 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 CBE*'*** 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



as to the role of blood flow manipulations in augmenting drug
deposition in brain tissue.****** 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.””® In other centers, cardiac
output, and thereby CBE, is increased during intra-arterial
chemotherapy to enhance local delivery.™ 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.”” Modern optical technology promises to overcome
this limitation with tissue-noninvasive, high-speed drug
concentration measurements.””>*** Another, major hurdle to
intra-arterial delivery of drugs is the precise control of BBB
disruption.’” Intra-arterial mannitol is often used to disrupt
the BBB.”® Reducing CBF seems to augment dose response to
intra-arterial mannitol.*” Monitoring CBE, 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.!

Positron Emission Tomography

Current PET technology allows precise imaging of glucose
and oxygen metabolism, CBV, CBE, pH, numerous presyn-
aptic and postsynaptic receptor and transmitter events, and
protein synthesis.**"*® For example, critical reduction in CBF
after SAH can be assessed by studies using '*O-labeled water
(H,0).310 'C-labeled flumazenil may be able to demon-
strate irreversible cell damage after ischemic brain injury.”"
However, disadvantages of this technique include its cost and
complexity.’'*"?

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 y 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, ''C, N, and
'30) or isotopes that can be used to label biologically occurring
molecules, such as *F. The positron-emitters are all short lived
and, except for '*F, 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 *O-labeled CO,. The O (half-life 123 seconds)
is rapidly transferred to H,"O 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 "*F-fluromethane and *O-butanol.*
Albumin microspheres have also been used.?’ The many meth-
odologic issues are beyond the scope of this chapter, but parti-
tion coefficient and the flow limitations of H,"O 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 '**Xe methods) that is reconstructed
in three dimensions by some form of rotating or moving cam-
era (Fig. 2.24).°7 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 9mm) 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 '**Xe can be
used, it provides poor resolution, and '*Xe is preferable be-
cause of its higher energy. Unfortunately, however, '¥’Xe has a
significantly longer half-life. Administration and CBF calcu-
lations are roughly similar to those for the two-dimensional
1¥3Xe 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-
1% ;-iodoamphetamine) and Ceretec (*"Tc-HMPAO, a
propylene-amine oxime).””® SPECT tracers are generally
heavier metallic elements with longer half-lives (hours) that
decay by single-photon y emission, as opposed to PET trac-
ers, which are low-atomic number organic elements with
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Table 2.2 A Comparison of Cerebral Blood Flow Measurement Methodologies

Repeated Relative Flow Values*
Human (H) Relative Measurement (mL/100 g/min unless
Methodology or Animal (A) Costf Resolution Time Scale Possible? Invasiveness Tracer(s) Radiation? noted)
Hemispheric
Kety-Schmidt H + Hemispheric 15min Yes Jugular puncture N, No 50
133Xe Yes
8Kr Yes
AVDO, H + Hemispheric <1min Yes Jugular puncture NA No Relative change
Two-Dimensional
Clearance
Intracarotid '*Xe H + 3-4cm cortical® <1min for Yes Carotid puncture 183Xe Yes 80 gray matter
gray matter or transfemoral 20 white matter
3-11min for catheter 50 initial slope index
white matter (mean hemispheric flow)
Intravenous '*3Xe H + 3-4cm cortical 3-11min Yes \% 133Xe Yes As intracarotid '**Xe
Inhaled '*¥Xe H + 3-4 cortical 3-11min Yes No 133Xe Yes As intracarotid '*3Xe
Thermal clearance H + <1-2cm cortical <1min Yes Exposed cortex Heat No Relative change
Hydrogen clearance A + <5mm cortical <1min Yes Exposed cortex, H, No 150-220
electrode
placement
Cold xenon H +++ <1cm, Several Limited No sXe Yes'l
three-dimensional minutes
Perfusion-computed H ++ 2-3cm sections Several Limited \% lodinated contrast Yes'
tomography minutes
Positron emission H ++++++ <1cm, Several Limited \% Short t,,, lighter- Yes 50-70 gray matter
tomography three-dimensional minutes per weight positron 20 white matter
section level emitters; see text
Single-photon H +++ <1cm, Several Limited \% (1) Longer t,,, Yes Relative change for
emission computed three-dimensional minutes per heaver-weight y y emitters; quantitive
tomography section level emitters or change for Xe

(2) 12"Xe or '3Xe;
see text



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

Perfusion-weighted
magnetic resonance
imaging Spin-labeling

Autoradiography

Other Methodology

Microspheres

Doppler Methods

Laser Doppler
flowmetry

Transcranial Doppler
ultrasonography

Mixed
Methodologies

Sagittal sinus outflow

H1

+++

+++

++

+++

<1lcm,
three-dimensional

<1cm,
three-dimensional

<5mm,
three-dimensional

<icm

<5mm

Hemispheric

Hemispheric

Several
minutes

Several
minutes

<1min

<1min

<1min

<1min

<1min

Limited

Limited

No

Yes

Yes

Yes

Yes

None

Sacrifice

Sacrifice

Exposed cortex

No

Sagittal sinus
cannulation

Gadopentate
dimeglumine
(Gd-DTPA)

None

SHY MC! 18F

1536(:‘, 5700, 141Cey
51Cr, 113Sn, 199Rd,
463, 853y, BNb

NA

NA

NA

Magnetic™

Magneticl

Yes

Yes

Light

Ultrasound

No

90-150gray matter
20-30 white matter

50-70 gray matter
20 white matter

Relative changes

40-80cm/s

50

Does not separate equipment investment from individual study cost.
#alues are approximate normal values for rough comparison between methods; for precise details, refer to reference citations in text.
SDepends on detector size and collimator angle.

1No 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.

NA Not applicable
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Tracer activity or concentration

0 15
Time (min)

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 (C,) and venous
(C,) concentrations. The area between the two curves is proportional
to CBF.

40
=
£
> 30
o
o
E
e 20
m
O
10 T T T T T T T T
A 30 32 34 36 38 40 42 44 A4
6 - == Sufentanil
—@— |soflurane
= B9
X
©°
>
=~ 4
(@)
S
< 3
22 I I I I I I I I
30 32 34 36 38 40 42 44 46
B PaCO, (mmHg)

Fig. 2.20 A and B, Simultaneous cerebral blood flow (CBF) and
arteriovenous difference in oxygen content (AVDO,) measurements.
Comparison of CBF and AVDO, values for sufentanil (open circles) and
isoflurane (closed circles) anesthesia. The abscissa is PaCO, for both
A and B. There was a significant effect of PaCO, concentration on the
increase in CBF (P<.0001) and the decrease in AVDO, (P <.001); the
product of CBF and AVDO,, 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.)

short half-lives (minutes) decaying by positron emission. A
problem with repeat SPECT studies in patients with subacute
ischemic strokes is hyperfixation of *"Tc-HMPAO, which
may lead to spuriously high subsequent estimates of CBE*"
Technetium-99 m-1,L-ethyl cysteinate dimer (ECD) has been
proposed as a chemical microsphere for SPECT studies. It has
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Fig. 2.21 Depiction of cerebral blood flow (CBF) calculations for

the intracarotid radioactive ('**Xe) 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 A (assumed to be 0.87) and the factor for
converting base 10 to natural logarithms. G, Compartmental analysis,
in which the curve is resolved into fast-clearing (gray matter) and slow-
clearing (white matter) components, calculated from the half-times (t;,,)
on a semilog plot. cpm, counts per minute; D,, 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.)

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

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 CO, or acetazolamide to assess
cerebrovascular reserve.””** 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. 2.22 |dealized input functions and washout curves recorded

at the scalp after intracarotid and intravenous injections of radioactive
xenon (*3Xe). 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 *3Xe), 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 '*Xe
cerebral blood flow measurements by intravenous versus intracarotid
methods. Anesthesiology 1990;73:637-643.)

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/100g/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 lowa.)

In addition to CBE, CBV can be assessed with plasma or
RBC labeling.'*> Some units can image "°F, 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 [d,], cholinergic, muscarinic, and some types of benzodi-
azepine and opiate receptors). '*F 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

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;
81-iodoamphetamine) and cerebral blood volume (rfCBV) (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.)

paramagnetic tracers that can be excited in a magnetic field, so
that one may directly examine cerebral perfusion.*” 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.**>*** CBF values are
similar when CBF is determined by contrast MRI and H,*O
PET imaging. However, it is possible that MRI values are more
weighted toward the more numerous smaller (30- to 4-pm)
blood vessels and hence are more suitable for investigating
flow changes in small blood vessels, such as those in tumors.*”
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.*

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.”” 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.”* %

MRI resolution and the ability to correlate CBF informa-
tion with structural information could make this the “gold
standard. ”*** MRI also can image other cerebral physiologic
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functions, such as hemoglobin saturation, intracellular en-
ergy stores, sodium, and pH.*****332 The noninvasive nature
of MRI permits longitudinal follow-up of physiologic and
anatomical parameters, thus providing valuable insights into
brain diseases.””

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 CO, reactiv-
ity).”* Thermal conductivity of cortical tissue varies propor-
tionally with CBE, and measurement of thermal gradients
(diffusion) at the cortical surface can be used for quantitative
CBF determination.” 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 CBE so that the following
equation would apply:

1CoCBF :q{l-ij 2.3)
AV AV,
where 1CoCBF is local cortical CBF; ¢ is a constant value used
as a scale factor; AV, is maximum temperature difference at
zero blood flow; and AV 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.”**
The time resolution is 1 to 2 seconds.” 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.**

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 AV, 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.**

Doppler Techniques
Transcranial Doppler Ultrasonography

TCD was introduced by Aaslid and colleagues®>** 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:**!

_ Systolic velocity - Diastolic velocity (2.4)
Mean velocity

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.**

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 5cm 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:

PI

F=dv (2.5

Ample criticisms of the technique have been made.** 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 CBE. 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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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.)

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.”"** 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.’*® 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.””” 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.*>*%3*

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.”® 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.®"

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.””*** It might have potential as a powerful
monitoring method during anesthesia and critical care. Also,
it can be used to study functional® and pressure’* 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, MCAFYV,
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.” TCD may also provide in-
formation about the venous circulation."”

Some writers have proposed absolute values for TCD that
correspond to EEG ischemic thresholds during carotid endar-
terectomy.”™ 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.”™ 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 CO,.””® Relative
CO, reactivity of TCD velocities is roughly similar to those re-
ported for CBE****% Possible routes of development for TCD, in
addition to monitoring of hemispheric perfusion, include non-
invasive ICP monitoring,’*' determining the adequacy of pulsa-
tile perfusion during cardiopulmonary bypass,’** and detection
of intracranial arterial air emboli.””® 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.***

Other Ultrasound Methods

With a 20-MHz probe, direct interrogation of surface vessels
exposed during neurosurgical procedures is possible.’***®
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.’**

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.””
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Optical Assessment of Cerebral
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 CBE*7*°
In preclinical research, for example, three-dimensional opti-
cal imaging methods can image cerebral vasculature at near
micrometer resolution.”*~*”” 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.””® 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.”**' 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.”** High-
speed intra-vital microscopy (IVM) with strobe illumination
can determine vascular geometry, shear stress and axial red
cell flow velocity.*® 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.** 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.’®
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.** The contact device usually samples a small volume of
cortical tissue. The cortical area interrogated by the probe is

probably only about a mm® in volume. The depth of CBF mea-
surements is approximately 100 to 400 pm.**® 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.” 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,**
and improved probe design, such as small-diameter implant-
able fiberoptic probes, may widen applications in human sub-
jects.” % Although current instruments claim to be calibrated
in terms of absolute flow (mL/100g/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.*** 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 CO, reactivity.” However, the brain surface shows het-
erogeneous response to physiologic and pathologic challenges
that limits applications of such scans.”* 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.’”

Speckled Laser Doppler Flow Mapping

In speckled imaging, coherent light is diffused over a large
area and is imaged by a charge-coupled device.”****” 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 1-10s) 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.”*

Infrared Thermal Imaging

Imaging regional variations in brain temperature is significant
in two ways. First, brain temperature is a marker of cerebral
metabolism.*’ 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.*”

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



thermo-elastic effect. A highly sensitive ultrasonic detector or
a detector array reconstructs anatomical images from these
vibrations.*”! Depending of the wavelength of the exciting la-
ser, images to a depth of 5cm 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."”” Typically, for vascular imaging, a
570 nm laser is used which is isosbestic with deoxyhemoglo-
bin and oxyhemoglobin.*”” A second laser with a wavelength
of 560 or 580nm 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.** In addition,
optical tracers such as indocyanine green (ICG) can be used
to generate detailed angiograms.>** 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.”” 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.****”

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.*!**!*

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.*’” 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.””>*”* 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."***

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.*®* While OCT im-
aging can give 3—4 pm resolution, it requires exposure of the
cortex and often implantation of a cranial window.*"**'” 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.*'*** 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.*?"*** 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."”” An alternate approach
to assess CBF with jugular venous oximetery is to measure the
transit of a thermal or dye indicator or both."

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.*>

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 1300nm is minimal,
such that considerable tissue penetration can be achieved
by light in this spectral range.*”* The ideal window for NIRS
measurements is between 650 and 950 nm. Below 650 nm, the
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absorption by hemoglobin is fairly strong, and beyond 950 nm,
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.*” 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.”® 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.*”~*** These light
transfer models can be tested in digital, and physical mod-
els.”**** 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 850nm, light is equally absorbed
by both hemoglobin and deoxyhemoglobin and at the second
wavelength, usually 690-760nm, 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.*?’

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.*® Time domain methods are being
applied in the clinical arena for functional brain mapping,
assessment of CBF and cerebral tissue oxygenation, and
autoregulation.””**

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
HZI427,428,4417443

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.?7##4
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.*” In addition to regional hypoperfusion,
several other clinical parameters also affect regional O, satu-
ration. These include mean arterial pressure, cardiac output,
arterial pH, hyper- or hypocapnia, position, thickness of the
skull, inspired O, 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



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.”® Each side in this debate can present anec-
dotal evidence where the NIRS had worked or failed.****** 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.*’ 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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2. Measurement of cerebral blood flow: There are two critically ill neonates.”® The alternative method is to use

approaches to determine CBF by using the NIRS method; ICG whose concentrations can be measured by the NIRS
both employ the FicK’s principle. The first method is to method. Both the oxygen challenge and the ICG clearance
increase the FiO2, while the second uses clearance of methods have been validated as methods to determine
ICG.*""** In the oxygen challenge method arterial oxygen cerebral blood flow.**?

saturation is abruptly increased by increasing the FiO2.

The consequent increase in rSO2 is used to deduce the Synthesis and Comment

CBE 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 CBE. Furthermore, ethics of increasing
FiO2 are questionable when there is potential for oxygen-
induced retinopathy. The oxygen challenge method

has been validated against '**Xe CBF measurements in

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 ('*¥Xe) 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 6cm 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 3Xe CBF study, PaCO, reactivity was preserved in both hemispheres. Values for '*3Xe washout, which measures tissue perfusion in the cortex
underlying the detectors, were similar in the two hemispheres. The TCD responses to increased PaCO, 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 CO,
pressure (PetCO,). 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
(R,oma) decreases with increasing PaCO,, as follows:

1 _ 1 4 1

total RAVM Rnormal

R

where R, is total resistance and Ry, is resistance of the AVM shunt. The extremely low resistance of the AVM shunt (R,,,), 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 PaCO, because Ry, changes so little. (From Young W: Clinical Neuroscience Lectures. Munster, Cathenart, 1999.)
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Compared with the voluminous literature about regulation
of CBE 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 SCBE. 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.”” An often-asked question is whether the spinal cord is a
vascular microcosm of the brain.***

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.*’

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 20mL/100 g/min for white mat-
ter and from 41 to 63 mL/100 g/min for gray matter."

A variation of the 133Xe clearance technique was used by
Smith and colleagues®’ 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 PaCO, 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 PaCO,, PaCO,,
and blood pressure on SCBF in dogs.*'**> 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 30mL/100 g/min. Under halothane anesthesia,
an increase in PaCO, from 43 to 80 mmHg led to a 57% rise in
SCBE. In a fashion analogous to CBE, SCBF does not change
with decreased O, tension unless PaO, drops below 60 mmHg,
at which point there is a rise in SCBE 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 110mmHg in some cases.
With hypercapnia to a PaCO, 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.*®
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.**

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 8.9mL/100 g/min, blood volume approximately
1.2mL/100g, and contrast transit time 1.9seconds. These
measurements differ from data obtained by MRI; CT measure-
ments, however, are consistent among observers and with dif-
ferent methods of data analysis.” In rodents, SCBF has been
measured with arterial spin labeling technique during MRI.
The spinal gray matter blood flow value (330+90mL/100/
min) is similar to the brain gray matter value (295+22mL/
min).”® Pre- and post-contrast administration image analysis
during MRI yields a spinal blood volume in humans of
approximately 4.3+0.7mL per 100mL of tissue volume.*”
During surgery the exposure of the spinal cord offers the pos-
sibility of measuring blood flow directly. Doppler ultrasound
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techniques have been used to measure distal arterial blood flow
during aortic clamping.*® SCBF changes can be investigated
with laser Doppler flow measurements in experimental ani-
mals and in clinical settings.*”*! 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 colleagues'™® 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."’

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.*”
Using hydrogen clearance in the monkey, Kobrine and asso-
ciates** determined that, as a result of compensatory vaso-
constriction, there was no change in SCBF with MAP values
between 50 and 135mmHg. 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 SCBE. Hickey and
coworkers®™® 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 colleagues™® 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.*' 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 CO, 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."”* Nitric
oxide plays a major role in CO, responsiveness in the spinal
cord. Inhibition of NOS by NG-nitro-l-arginine normally

decreases SCBF; however, after spinal cord injury it may cause
aregional increase in blood flow."® The manipulation of SCBF
by regulation of arterial CO, 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.””

Temperature

Studies have confirmed that SCBF decreases with hypother-
mia.””® Local spinal cord hypothermia within 4 hours of injury
has been advocated for limiting the progression of spinal cord
injury.””” 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.*%

Neurogenic Control

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

Anesthetics

SCBF is affected by anesthetics in much the same way as CBE.
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.*®” 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 SCBE due attention must be paid to their
hemodynamic effects.”* Low doses of midazolam preserved
SCBE, but higher doses result in a decrease owing to the reduc-
tion in perfusion pressure.*s

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.”® 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




remaining in its infancy in regard to the clinical care of pa-
tients.”” 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.
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