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Foreword
Anesthesiologists as Clinical

Neuroscientists—One Future for

Our Specialty
Lee A. Fleisher, MD, FACC, FAHA

Consulting Editor
When you ask a candidate for an anesthesiology residency why they chose the field,
they frequently cite their interest in clinical pharmacology and physiology. However,
when you consider the mechanism of action of the agents we utilize to achieve anes-
thesia, the title of clinical neuroscientist should also be included. The neuroscience un-
derlying the mechanisms of anesthesia, care of the neurosurgical patient, and
neuromonitoring has advanced significantly over the past several decades and war-
rants a thorough discussion for all practicing anesthesiologists.
The Society for Neuroscience in Anesthesiology and Critical Care (SNACC) has been

an active multidisciplinary organization focusing on advancing the art and science of
the care of the neurologically impaired patient through education, training, and
research in perioperative neuroscience. After the decision to commission an issue
on this topic was made, it was clear that SNACC was the ideal partner. W. Andrew
Kofke, MD, MBA, the current President of SNACC, accepted the position of Editor
of the issue. He is Professor and Director Neuroscience in Anesthesiology and Critical
Care Program and Co-Director of Neurocritical Care at the Perelman School of Med-
icine of the University of Pennsylvania. He is also an NIH-funded investigator in the area
of neuroscience. He has commissioned an outstanding group of fellow Board
This work is published in collaboration with the Society for Neuroscience in Anesthesiology and
Critical Care.
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members of SNACC as the Section Editors for the issue. The issue provides a guide to
the current state-of-the-art, science, and care around the complex issues of neuroa-
nesthesia and critical care.

Lee A. Fleisher, MD, FACC, FAHA
Perelman School of Medicine

University of Pennsylvania
3400 Spruce Street, Dulles 680

Philadelphia, PA 19104, USA

E-mail address:
Lee.Fleisher@uphs.upenn.edu
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Michael L.
“Luke” James,

MD, FAHA, FNCS
Editor
Neuroanesthesiology has a long history as the essence of the practice of anesthesi-
ology, altering the brain to allow surgery and supporting systemic physiology to sup-
port the brain. As such, the field has evolved significantly from the era of finger on
the pulse and giving urea for intraoperative brain edema. We have dealt with many
historic issues, which have included induced hypotension, venous air embolism, circu-
latory arrest, neuroprotection, measurement and maintenance of cerebral and spinal
cord blood flow, neural mechanisms of anesthesia, pain management, and neurotox-
icity. Many of these transitions have been well reviewed in two historical pieces on the
history of Society for Neuroscience in Anesthesiology and Critical Care (SNACC), one
by Albin at 25 years1 and one by Kofke at 40 years of SNACC.2 This history indicates
that the field is serially changing as well, demonstrated by a series of annual reviews by
Pasternak and Lanier,3–13 such that periodic reviews such as this issue of Anesthesi-
ology Clinics are needed and welcomed.
This issue of Anesthesiology Clinics provides a timely update of several topics rele-

vant to Neuroanesthesiology. Notably, all of the authors are members of the SNACC,
and all of the editors are present or past members of the SNACC board of directors.
Although the issue has not undergone review for formal endorsement by SNACC, it
is nonetheless justifiably considered to be SNACC affiliated with approval of the
SNACC board of directors for this designation.
esthesiology and

ogy.theclinics.com
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Prefacexvi
In this issue, we review recent advances in the broad areas of basic neuroscience,
clinical anesthesia practice, intraoperative and critical care monitoring, and aspects of
neurocritical care. Within these broad areas, readers will find topics addressing anes-
thetic action, neuropathophysiology, cerebral blood flow, chronic pain, anesthesia
for endovascular management of stroke, multimodality monitoring, brain oxygen
monitoring, traumatic brain injury, subarachnoid hemorrhage, and neuromuscular
diseases.
Although not a fully comprehensive review of neuroanesthesiology, this issue of

Anesthesiology Clinics should provide an authoritative resource on some of the
most important aspects of the major areas that comprise and define neuroanesthesi-
ology: neuroscience, clinical anesthesia for neurosurgery and neuroradiology, neuro-
monitoring, and neurocritical care.

W. Andrew Kofke, MD, MBA
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Philadelphia, PA 19104-4283, USA
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KEY POINTS

� The developing and aging brain could be vulnerable to anesthesia-induced neurotoxicity.

� An important mechanism for anesthesia-induced developmental neurotoxicity is wide-
spread neuroapoptosis.

� An early exposure to anesthesia causes long-lasting impairments in neuronal communica-
tion and faulty formation of neuronal circuitries.

� Exposure to anesthesia during both extremes of brain age could result in long-lasting im-
pairments in cognitive and behavioral performance in animals and potentially in humans.
INTRODUCTION

Over thepast several decades, clinical anesthesiology hasenjoyed anenormousgrowth
with seemingly limitless ability to take careof patients in all agegroups regardlessof their
health status. More than 300 million complex and very painful procedures are being
performed annually. To achieve the level of unconsciousness and insensitivity to pain
during various interventions, human brains are being subjected to a variety of general
anesthetics, aloneor in combinations. The long-termoutcomesof this practice are being
actively investigated and scrutinized in a variety of preclinical and clinical studies.

THE PHYSIOLOGY OF NEUROTRANSMITTERS AND THEIR RECEPTORS DURING BRAIN
DEVELOPMENT

All key elements of neuronal development depend on a fine balance between various
neurotransmitters. In particular, it has been known that 2 major neurotransmitters,
glutamate and g-aminobutyric acid (GABA), control all aspects of neuronal migration,
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differentiation, maturation, and synaptogenesis, the key components of mammalian
brain development.1 Synaptogenesis involves massive dendritic branching and for-
mation of trillions of synaptic contacts between neurons thus enabling the formation
of meaningful neuronal circuitries and orderly neuronal maps. The processes by which
axonal and dendritic projections find the right “target” and the most appropriate path-
ways for growth are very complex and not within the scope of this article. However, it is
worth mentioning that the synaptogenesis and the development of neuronal pro-
cesses are based on activity-dependent remodeling, suggesting that neuronal firing
and interneuronal communications are crucial for timely and proper synaptogene-
sis.2,3 All aspects of developmental synaptogenesis are tightly controlled by glia,
which actively participate in neuron-glia signaling while providing an appropriate
milieu for neuron-neuron interaction.4 The electrical activity and synaptic signaling
are strategically important during synaptogenesis, so much so that the major inhibitory
neurotransmitter, GABA, serves as an excitatory neurotransmitter during early stages
of synaptogenesis.5 Although synapses are very pliable and undergo constant remod-
eling whereby new synapses are being formed and others are being pruned away
throughout one’s life, the bulk of fundamental neuronal networks and synaptic con-
tacts are formed during developmental synaptogenesis. In humans, that time period
occurs during the last trimester of in utero life and the first few years of postnatal
life, while being most intense during the first several months of postnatal life.3
UNPHYSIOLOGIC MODULATION OF THE NEUROTRANSMITTERS AND THEIR RECEPTOR
SYSTEMS DURING BRAIN DEVELOPMENT MAY RESULT IN NEUROTOXIC DAMAGE TO
THE IMMATURE NEURONS

The fact that neuronal activity and communication are crucial for proper formation of
synaptic contacts and for the establishment of stable receptor structures, which form
the foundation for cognitive and behavioral development, brings into focus general
anesthetics, a class of drugs commonly used in modern anesthesia. Their main goal
is unphysiologically “switching off” or “turning down” neuronal communication for
the purpose of achieving amnesia, analgesia, and hypnosis. Both gaseous (eg, nitrous
oxide, isoflurane, sevoflurane, desflurane) and intravenous (eg, benzodiazepines,
barbiturates, propofol, etomidate) anesthetics are frequently used for the purpose of
assuring patients’ comfort during painful intervention.
General anesthetics are very potent and effective in transiently inhibiting neuronal

communication.6 However, despite their widespread use, the mechanisms of their
anesthetic action are not fully understood. Based on the studies published over the
last few decades, it appears that there are specific cellular targets through which gen-
eral anesthetics act.7 In general, enhancement of inhibitory synaptic transmission
and/or inhibition of excitatory synaptic transmission have been reported. In particular,
many intravenous anesthetics, among them barbiturates, benzodiazepines, propofol,
and etomidate,7,8 as well as inhalational volatile anesthetics such as isoflurane, sevo-
flurane, desflurane, and halothane,9,10 promote inhibitory neurotransmission by
enhancing GABAA-induced currents in neuronal tissue. For this reason, they are often
referred to as GABAergic agents. On the other hand, a small number of intravenous
anesthetics (eg, phencyclidine and its derivative, ketamine)11 and inhalational anes-
thetics, nitrous oxide and xenon,12,13 inhibit excitatory neurotransmission by blocking
N-methyl-D-aspartate (NMDA) receptors, a subtype of glutamate receptors.
Although general anesthetics are powerful modulators of GABA and glutamate and

thus cause significant imbalance in their functioning, only recently has it been recog-
nized that general anesthetics, given in clinically relevant concentrations and
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combinations, are potentially damaging to neuronal cells in adult and immature brains,
thus suggesting that these agents are potentially deleterious. This newly developing
knowledge suggests the importance of maintaining a fine balance in neurotransmitters
release and their receptor activation during critical stages of synaptogenesis.
THE NEUROTOXIC POTENTIAL OF GENERAL ANESTHETICS IN THE DEVELOPING
MAMMALIAN BRAIN

More than 3 million general anesthetics are administered to pediatric patients in the
United States alone.14 In most cases, the administration of general anesthesia is the
result of an exponential increase in the frequency of operating suite visits for relatively
minor surgical interventions. However, heroic attempts to save very ill infants and
young children have led to multiple surgeries and prolonged, deep sedations in inten-
sive care units (ICUs), adding to the number of significant anesthesia interventions
during a delicate period of human development. Also, because premature births ac-
count for more than 12% of the overall live birth rate (www.marchofdimes.com),
and because an increased proportion of these premature babies, some of them as
young as 20 weeks postconception, survive in neonatal ICUs, more of them undergo
anesthesia on a daily basis (eg, surgical interventions, prolonged ICU sedation).
It would be overly simplistic to consider children as small adults when it comes to

anesthesia management. Of particular interest for this article is that the human central
nervous system (CNS) is not completely developed at birth. The brain weighs approx-
imately 335 g at birth, doubles in size by 6 months of age, and almost triples by
12 months2; this is known as the brain growth spurt period,3 or the period of synapto-
genesis. During this time, trillions of synaptic connections are being formed, while
each neuron is vastly expanding its dendritic surfaces to accommodate incoming
axonal contacts. Because of this postnatal maturation of the CNS, the effects of gen-
eral anesthetics on the immature brain deserve careful consideration.
Many years ago, it was noted that children who, during first 2 years of life, had un-

dergone surgery and general anesthesia were experiencing a higher incidence of post-
operative psychological disturbances than did older children.15,16 It was assumed that
these disturbances were a consequence of the emotional and physical trauma of sur-
gery rather than an effect of anesthesia techniques or agents. The possibility that
anesthetic agents per se might have damaging effects on the developing brain was
not rigorously addressed or systematically investigated. Now, however, rapidly
emerging animal and human data suggest that common general anesthetics could
be detrimental to the developing brain.
During early stages of brain development, neurons have to establish their final desti-

nation and to form meaningful connections, which constitute the morphologic and
physiologic bases for the formation of functional neuronal circuitries. Neurons that
are not successful in making meaningful connections are considered redundant and
are destined to die by programmed cell death (ie, apoptosis), which occurs naturally
during normal development of the mammalian CNS. Although this is a physiologic pro-
cess, apoptosis during normal development is tightly controlled, resulting in the
removal of only a small percentage of neurons.17 A disturbance of the fine balance
between glutamatergic and GABAergic neurotransmission by excessive depression
of neuronal activity and unphysiologic changes in the synaptic environment during a
crucial stage of brain development may constitute a generic signal for developing
neurons to “commit suicide.” Because the goal of surgical anesthesia is to render
the patient unconscious and insentient to pain, the ultimate question becomes
whether general anesthetics at doses that ensure substantial receptor occupancy

http://www.marchofdimes.com
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and profound depression of neuronal activity could be promoting excessive activation
of neuroapoptosis and the death of large populations of developing neurons.
It appears17–20 that general anesthetics do indeed cause significant and widespread

neuroapoptotic degeneration of developing neurons in various mammalian species.
The peak of vulnerability to anesthesia-induced neuroapoptosis in each species coin-
cides with its peak of synaptogenesis, with much less vulnerability observed during
late stages of synaptogenesis.20,21 Aside from prominent caspase-3 staining, a hall-
mark of apoptotic death that could be detected at the light microscopic level, detailed
examination at the ultrastructural level suggests that the initial insult, visible mainly in
the nucleus, is marked by the clumping of chromatin, followed by disruption of the
nuclear membrane, intermixing of the cytoplasm and nucleoplasm, and the formation
of apoptotic bodies17 (Fig. 1). In recent years, considerable effort has been put forth
into elucidating the mechanisms of anesthesia-induced developmental neuroapopto-
sis, and it was found to involve several cascades of cellular events that ultimately led to
neuronal deletion and impairment of proper synapse formation.

THE IMPORTANCE OF ANESTHESIA-INDUCED MODULATION OF NEUROTRANSMITTERS
IN THE FORMATION OF NEURONAL NETWORKS

The morphologic changes described thus far represent substantial changes in
neuronal structure that can be detected easily using histologic assessments. An
important issue that has been brought to light on several occasions is that seemingly
subtle changes that cannot be detected morphologically remain in surviving “normal”
neurons after the grossly damaged neurons have been removed. Based on presently
available evidence, these neurons may not be truly functional (ie, their communica-
tions may be faulty). The author first noted that an early exposure to general anes-
thesia causes long-term impairment in synaptic transmission in the hippocampus of
adolescent rats (postnatal day 27–33) exposed to anesthesia at the peak of their syn-
aptogenesis (postnatal day 7).17 In particular, long-term potentiation was impaired
significantly despite the presence of robust short-term potentiation. This observation
suggested a long-lasting disturbance in neuronal circuitries in the young hippocam-
pus, a brain region that is crucial for proper learning and memory development.
A deficit in long-term potentiation was confirmed when synaptic transmission was
examined using patch-clamp recordings of evoked inhibitory postsynaptic current
and evoked excitatory postsynaptic current by recording from the pyramidal layer of
control and anesthesia-treated rat subiculum, an important component of the hippo-
campal complex. Again it was noted that anesthesia-treated animals suffered from
impaired synaptic transmission with inhibitory transmission affected significantly.22

Although the precise mechanisms responsible for the long-lasting changes in syn-
aptic communication after anesthesia remain to be deciphered, some recent findings
suggest that anesthetics impair axon targeting and inhibit axonal growth cone
collapse, resulting in lack of proper response to guidance cues, thus causing errors
in axon targeting23 (Fig. 2).

EXCESSIVE MODULATION OF NEUROTRANSMITTERS DURING CRITICAL STAGES OF
BRAIN DEVELOPMENT AND LONG-TERM EFFECTS ON ANIMAL BEHAVIOR

The above pathomorphological findings make it clear that anesthesia exposure results
in neuronal deletion20,24 and long-lasting impairment of synapses in vulnerable brain
regions.25–28 The ultimate question is whether and how these observations translate
to lasting effects on behavior, and the short answer appears to be that they do. Devel-
opment of cognitive abilities of animals exposed to general anesthetics at the peak of



Fig. 1. Triple anesthetic cocktail induces apoptotic neurodegeneration. (A–L) Light micro-
graphic views of various brain regions of either a control rat (A, F, H, J) or a rat exposed
to the triple anesthetic cocktail (0.75-vol% isoflurane with midazolam at 9 mg/kg, subcuta-
neously, and nitrous oxide at 75 vol% for 6 hours) (B–E, G, I, K, L). Some sections were
stained by the DeOlmos silver method (A, B, D, F, G, K); the others were immunocytochem-
ically stained to reveal caspase-3 activation (C, E, H–J, L). The regions illustrated are the
posterior cingulate/retrosplenial cortex (A–C), subiculum (D, E), anterior thalamus (F, G),
rostral CA1 hippocampus (H, I), and parietal cortex (J–L). The individual nuclei shown in
the anterior thalamus (F, G) are laterodorsal (LD), anterodorsal (AD), anteroventral (AV),
anteromedial (AM), and nucleus reuniens (NR). (M, N) Electron micrographic scenes depict-
ing the ultrastructural appearance of neurons undergoing apoptosis. The cell in (M) displays
an early stage of apoptosis in which dense spherical chromatin balls are forming in the nu-
cleus while the nuclear membrane remains intact; few changes are evident in the cytoplasm.
The cell in (N) exhibits a much later stage of apoptosis in which the entire cell is condensed,
the nuclear membrane is absent, and there is intermixing of nuclear and cytoplasmic constit-
uents. (From Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early exposure to common
anesthetic agents causes widespread neurodegeneration in the developing rat brain and
persistent learning deficits. J Neurosci 2003;23(3):878; with permission.)
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Fig. 2. To determine whether general anesthetics interfere with axon targeting, a model
system has been used in which axons follow a clear, easily assessed trajectory. In this “slice
overlay” assay, the axons of dissociated neocortical neurons applied to the cortical plate
of an early postnatal coronal neocortex slice are directed ventrally toward the subcortical
white matter by a dorsoventral gradient of Semaphorin 3A. Eighty-five percent of control
axons take an appropriate ventral trajectory. In striking contrast, after 8 hours of treatment
with 1.2% isoflurane, only 58% of axons take a ventral trajectory, a statistically significant
reduction. Isoflurane causes immediate effects on axonal growth cone sensitivity to
Semaphorin 3A but requires a longer exposure for effects on axon guidance. A time-
response curve is shown depicting the percent axonal growth cone collapse to Semaphorin
3A at increasing time of exposure to isoflurane, which shows a loss of collapse in as little as
15 minutes (A). Trajectory diagrams from a slice overlay assay conducted at 5 hours, the
minimum time for appropriate targeting of controls (B), shows that a disruption of axon
guidance is seen with 1.8% isoflurane at this time point. Axes in (B) and (C) are measured
in microns. (From Mintz CD, Barrett KM, Smith SC, et al. Anesthetics interfere with axon
guidance in developing mouse neocortical neurons in vitro via a g-aminobutyric acid type
A receptor mechanism. Anesthesiology 2013;118(4):831; with permission.)
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synaptogenesis lagged behind those of controls, with the gap widening into adulthood
(Fig. 3). Even intravenous general anesthetics like propofol or thiopental in combina-
tion with ketamine (but not singly) at postnatal day 10 alters mouse behavior later in
young adulthood.29 Similar adult behavioral deficits were noted when mice were
exposed at postnatal day 10 to a cocktail containing ketamine and diazepam.30

Although anesthesia cocktails seem to be most detrimental, ketamine given alone
during early stages of brain development in rats also caused later deficits in habitua-
tion and in learning and memory.30 When anesthetic agents with GABAergic and
NMDA antagonist properties are combined, which is done frequently in the clinical
setting (eg, nitrous oxide and volatile anesthetics or propofol and ketamine), cognitive
deficits are more profound.17,29,30 Although causality is difficult to establish, it is
reasonable to propose that anesthesia-induced neuroapoptosis, is at least in part
responsible for the observed cognitive deficits. Some recently published studies sug-
gest that multiple, shorter-lasting exposures to anesthesia (eg, sevoflurane, ketamine)
during vulnerable periods cause significant impairments in morphologic and neuro-
cognitive development.31,32

General anesthesia is rarely administered in the absence of surgery and its associ-
ated pain and tissue injury. Thus, the reported neurotoxic potential of general anes-
thesia during brain development needs to be confirmed in the setting of surgical
stimulation. Using clinically relevant concentrations of nitrous oxide and isoflurane,
Shu and his colleagues33 found that nociception enhanced neuroapoptosis and wors-
ened long-term cognitive impairments when compared with anesthesia alone. These
results would seem to undermine the hope that surgical stimulation may somehow be
“protective” against anesthesia-induced neurotoxicity.



Fig. 3. Effects of neonatal triple anesthetic cocktail treatment on spatial learning. (A) Rats
were tested at postnatal day 32 (P32) for their ability to learn the location of a submerged
(not visible) platform. (B) Rats were retested as adults (P131) for their ability to learn a
different location of the submerged platform. The graph on the left shows the path-
length data from the first 5 place trials when all rats were tested. The graph on the right
shows the data from rats given 5 additional training days as adults. During these trials,
rats in the control group improved their performance and appeared to reach asymptotic
levels, whereas the rats given the anesthetic cocktail showed no improvement. (C) Probe
trial performance of rats given the anesthetic cocktail and control rats during adult testing.
The dotted line represents the amount of time that animals would be expected to spend in
the target quadrant in the water tank based on chance alone. (D, E) Data are shown from
the radial arm maze test done on P53 to evaluate spatial working memory capabilities. (D)
This histogram shows that rats given the anesthetic cocktail required significantly more days
to reach a criterion demonstrating learning (8 correct responses out of the first 9 responses
for 4 consecutive days) compared with controls. (E) This plot shows the days to criterion data
as the cumulative percentage of rats reaching criterion in each group as a function of blocks
of training days. Numbers in parentheses in each graph indicate sample sizes. a P<.05;
Bonferroni corrected level: b P<.005 in (A); b P<.01 in (B). DMSO, dimethyl sulfoxide; SEM,
standard error of the mean. (From Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early
exposure to common anesthetic agents causes widespread neurodegeneration in the devel-
oping rat brain and persistent learning deficits. J Neurosci 2003;23(3):880; with permission.)
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Results from rodent studies are known to translate poorly to humans, but newly
emerging behavioral studies with nonhuman primates are beginning to suggest that
translation is likely. Paule and colleagues34 examined the effects of continuous
neonatal (age 5 or 6 days) ketamine infusion (24 hour) sufficient to maintain a light sur-
gical plane of anesthesia on behavioral development in primates. They observed that
ketamine-treated primates exhibit long-term disturbances in all important aspects of
cognitive development, such as learning, psychomotor speed, concept formation,
and motivation. These effects occurred despite an absence of physiologic or meta-
bolic trespass. Although 24 hours of anesthetic exposure would be considered un-
usual, it certainly occurs, especially in critically ill patients of all ages. A very recent
monkey study showed that multiple exposures to sevoflurane during the first month
of postnatal life resulted in higher frequency of anxiety-related behaviors later in life
(at 6 months of age), suggesting the impairment of emotional behavior.35

GENERAL ANESTHESIA AND COGNITIVE AND BEHAVIORAL DEVELOPMENT IN
HUMANS AFTER CHILDHOOD SURGERY

Backman and Kopf36 were the first to suggest a relationship between anesthesia and
long-term cognitive delay. In this report, children were anesthetized with ketamine
and halothane for removal of congenital nevocytic nevi, a fairly minor procedure.
Nevertheless, the investigators reported an increased incidence of cognitive impair-
ment, described as regressive behavioral changes, lasting up to 18 months after
the procedure. Children younger than 3 years were the most sensitive. These inves-
tigators voiced concern that general anesthetics may cause long-term cognitive
effects.
Clinical investigations are still at an early stage, but the evidence that has emerged

over the last few years suggests potentially detrimental effects of anesthetic exposure
in young children on subsequent behavioral and cognitive development.
In a population-based retrospective birth-cohort study of 5357 children, Wilder and

colleagues37 found that children who received 2 or more general anesthetics before
the age of 4 years were at increased risk of learning disability as adolescents
(Fig. 4). Moreover, the risk increased with longer cumulative exposure duration
(more than 2 hours). Of particular concern is their finding that the cohort exposed to
Fig. 4. Cumulative percentage of learningdisabilities diagnosis by the age at exposure shown
separately for those that have zero, one, or multiple anesthetic exposures before age 4 years.
(FromWilder RT, Flick RP, Sprung J, et al. Early exposure to anesthesia and learning disabilities
in a population-based birth cohort. Anesthesiology 2009;110(4):800; with permission.)
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anesthesia before the age of 4 years had cognitive scores that were 2 standard devi-
ations less than predicted, implying that early exposure to general anesthesia may
have prevented achievement of full cognitive potential. In an even larger population
study, Sun and colleagues14 assessed learning disabilities in 228,961 individuals. Chil-
dren who had procedures requiring anesthesia before the age of 3 years required
more Medicaid services for learning disability than did children not having these pro-
cedures. Procedures in premature infants have also been associated with an excess
of behavioral disabilities later in life. For example, surgically treated premature infants
with patent ductus arteriosus38 or necrotizing enterocolitis39,40 had worse neurologic
outcomes than did premature infants who were treated medically, although it may be
that the severity of the disease necessitating surgical intervention contributed to the
neurologic outcome.
Some newer retrospective evidence has revealed that the longer the duration of

anesthesia, the lower the scores on academic achievement tests.41 Among otherwise
healthy Iowa children, the groups exposed to anesthesia at a very young age had a
significantly higher percentage (about 12%–14%) performing below the fifth percentile
on academic achievement tests as compared with the Iowa population as a whole
(about 5%). Although the investigators caution that there may be explanations other
than anesthesia exposure, this result is of concern. Sprung and colleagues42 reported
that after adjustment for comorbidities, children who underwent 2 or more exposures
to anesthesia before the age of 2 years had a significantly higher risk of developing
hyperactivity problems.
Collectively, this emerging clinical evidence suggests that children exposed to gen-

eral anesthesia before the age of 3 years are particularly vulnerable to developing a
variety of behavioral impairments. Furthermore, there appears to be a direct correla-
tion between the duration of exposure to general anesthesia and the risk for devel-
oping cognitive impairments (ie, longer the exposure, more likely it is that the child
will exhibit some form of learning disability later in life).
This rapidly emerging human evidence has to be assessed in view of the complexity

and interplay between different facets of child development. Not only could the age of
exposure be an important determinant of the susceptibility to anesthesia-induced
developmental impairments but also the subtlety of the neurocognitive assessment
could be a key factor in the ability to capture potential deficits at any given age.43,44

For example, when children exposed to anesthesia before the age of 3 were assessed
at the age of 10, the outcomes depended significantly on the type of assessment tools
that were used. Although the anesthesia-exposed children did not show a significant
difference in academic achievement scores as compared with unexposed children,
they showed subtle but significant impairment in language abilities (in particular in
receptive and expressive language) and increased risk of disability in cognition that
were detected even after a single exposure to anesthesia.44 These results suggest
that the choice of assessment tools and outcome measures are crucially important
in the ability to capture anesthesia-induced developmental neurotoxicity.
Although very early stages of brain development (before the age of 3 years) suggest

higher vulnerability, the latest epidemiologic report suggested that children exposed
to a general anesthetic between the ages of 3 and 10 years also may be vulnerable,
as assessed by neurodevelopment outcomes at the age of 10, although the vulnera-
bility may be of a different nature.45 Using a wide range of neuropsychological tests,
the investigators uncovered a higher propensity in anesthetic-exposed children to
develop motor deficits, even when comorbidities or earlier injures were taken
into consideration. However, the investigators concluded that there were no signifi-
cant effects on language or cognitive abilities. Thus, developmental milestones may
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be affected in complex ways by exposure to anesthesia at different developmental
stages.
Collectively, the few clinical studies to date suggest that exposure of infants

and neonates to surgery and general anesthetics may cause significant neurocogni-
tive impairment and a variety of behavioral sequelae. However, all of the studies
were done retrospectively and thus could not control for the many variables that
come into play during the perioperative period. The design of randomized,
double-blinded prospective clinical studies of very young patients is fraught with
complex issues, including ethical considerations, the lack of apoptosis biomarkers
that can be used safely in a living organism, the complexity and meaningfulness of
various clinical outcomes, especially neurocognitive ones, and the lack of appropriate
controls.

GENERAL ANESTHESIA AND THE AGING BRAIN

Although most of this article is devoted to anesthesia-induced developmental neuro-
toxicity, it is important to note that the concerns regarding the effects of general
anesthesia on the aging brain are being actively examined. Unlike the findings in chil-
dren whereby some correlation between an early exposure to general anesthesia and
lasting neurocognitive impairments have been suggested, clinical studies of postop-
erative cognitive decline (POCD) in elderly human population have been less conclu-
sive. In fact, except for the initial International Study of Postoperative Cognitive
Decline that has suggested that anesthetic duration could be a significant risk factor,
no evidence of long-lasting cognitive influences regardless of the anesthetic agent or
the anesthetic approach has been put forward. Having said that, the possibility that
the patient population with ongoing but clinically undiagnosed neuropathology may
prove to be the one most vulnerable to anesthesia-induced POCD should be seriously
considered.
When it comes to preclinical data, the findings are interesting. Using an animal

model of POCD in elderly rodents, Culley and collaborators46 have shown that isoflur-
ane and nitrous oxide exposure caused cognitive deficits that lasted at least a few
weeks, whereas isoflurane was shown in the later study to be more of a culprit than
nitrous oxide.47 Although these findings were confirmed in other animal models where
general anesthetics were examined in the absence of surgery48 and were shown to be
somewhat anesthetic dependent with isoflurane being most detrimental of all inhaled
anesthetics and intravenous anesthetics being less detrimental than any of the inhaled
anesthetics, POCD was concluded to be fairly transient in nature.
It is noteworthy that 2 hallmark lesions of Alzheimer disease, excessive plaque

formation and tauopathy, have been shown to be influenced by general anes-
thetics,49,50 thus suggesting possible interaction between anesthesia and Alzheimer
pathogenesis, which may underlie POCD. The evidence regarding the role of
anesthesia-induced calcium imbalance and modulation of inflammatory pathways in
the development of POCD is actively being investigated.

SUMMARY

Modern neuroscience reminds us of the importance of proper functioning and fine
modulation of neurotransmitters not only in aging brain but also importantly during
various stages of brain development. Any degree of “tempering” with timely neuro-
transmitter synthesis, release, receptor activation, or inhibition could have substantial
consequences on synaptogenesis, neuronal network formation, and proper cognitive
and behavioral functioning.
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stroke, cardiac arrest, or traumatic brain injury. These forms of acquired brain injury can
lead to death, or inmany cases long-termneurologic and neuropsychological impairments.

� Themechanisms of ischemic and traumatic brain injury that lead to these deficiencies result
from a complex interplay of multiple interdependent molecular pathways that include exci-
totoxicity, acidotoxicity, ionic imbalance, oxidative stress, inflammation, and apoptosis.

� This article briefly reviews several of the traditional, well-knownmechanisms of brain injury
and then discusses more recent developments and newer mechanisms.

� Although much is known concerning mechanisms of injury and the manipulation of these
mechanisms to result in protection of neurons and increased behavioral performance in
animal models of injury, it has been difficult to translate these effects to humans. Attention
is given to why this is so and newer outcome measures of injury are discussed.
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stress, inflammation, and apoptosis. This article briefly reviews several of the tradi-
tional, well-known mechanisms of brain injury and then discusses more recent devel-
opments and newer mechanisms. Although much is known concerning mechanisms
of injury and the manipulation of these mechanisms to result in protection of neurons
and increased behavioral performance in animal models of injury, it has been difficult
to translate these effects to humans. Attention is given to why this is so and newer
outcome measures of injury are discussed.
MECHANISMS OF INJURY FOLLOWING BRAIN ISCHEMIA
Excitotoxicity

The glutamate excitotoxicity hypothesis of ischemic cell damage suggests that
injury is triggered by glutamate, an excitatory amino acid, released during ischemia
from the intracellular compartment into the extracellular environment.1 Glutamate is
a major transmitter in the nervous system and, in addition to being required for rapid
synaptic transmission for neuron-to-neuron communication, glutamate plays impor-
tant roles in neuronal growth and axon guidance, brain development and matura-
tion, and synaptic plasticity. Under normal physiologic conditions, the presence
of glutamate in the synapse is regulated by active ATP-dependent transporters in
neurons and glia. However, if these uptake mechanisms are impaired by metabolic
disturbances brought about by ischemia, glutamate excessively accumulates, stim-
ulating sodium (Na1) and calcium (Ca21) fluxes into the cell through glutamate re-
ceptors, thereby injuring or killing the cell. Glutamate activates different types of
ion channel–forming receptors (ionotropic) and G-protein–coupled receptors
(metabotropic) that have an important role in brain function. The major ionotropic
receptors activated by glutamate are commonly referred to as the N-methyl-D-
aspartic acid (NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA), and kainic acid receptors. The ionotropic receptors are ligand-gated ion
channels permeable to various cations. Overactivation of these receptors leads to
an increase in intracellular Ca21 load and catabolic enzyme activity, which can
trigger a cascade of events leading to apoptosis and necrosis. These events can
include membrane depolarization, production of oxygen free radicals, and cellular
toxicity. NMDA and AMPA receptor antagonists showed great promise for providing
neuroprotection in animal models, but have failed to translate clinically. One compli-
cation with this approach is the unwanted side effects associated with blocking
receptors that are critical for normal brain function. Alternative approaches are
now being considered, such as using partial NMDA antagonists such as meman-
tine2 or blocking receptor interactions with postsynaptic scaffolding molecules
postsynaptic density protein 93/95.3,4 Therapies targeting molecules downstream
of NMDA receptors, such as calcium-calmodulin–dependent protein kinase (CAM-
KII) and death-associated protein kinase (DAPK) may also hold promise for limiting
the excitotoxic cascade. In contrast, metabotropic receptors (metabotropic gluta-
mate receptors [mGluRs]) are G-protein–coupled receptors that have been subdi-
vided into 3 groups, based on sequence similarity, pharmacology, and
intracellular signaling mechanisms. The role of mGluRs in brain injury is complex;
however, most of the evidence points to a neuroprotective role, likely via antiapop-
totic signaling and decreased excitability countering excitotoxicity.

Acidotoxicity

Metabolic acidosis can occur as a result of lactate accumulation during and following
ischemia, or when mitochondrial respiration is dysfunctional. Acid-sensing ion
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channels (ASICs) represent a group of ion channels activated by protons, and act as
sensors of tissue pH.2 They belong to the epithelial sodium family of amiloride-
sensitive cation channels and allow Na1 and Ca21 entry into neurons. There have
been at least 6 ASIC subunits cloned and ASIC1a, ASIC2a, and ASIC2b are expressed
in the brain and spinal cord. ASIC1a and ASIC2s are found in brain regions with high
synaptic density and facilitate excitatory transmission. ASICs have been shown to be
activated in ischemia and their activation contributes to neuronal cell death through
Ca21, Na1, and Zn21 influx into the cell. Remarkably, inhibition of ASIC1a following
stroke has a therapeutic window of 5 hours in experimental stroke models,5 which
is beyond that of the currently available treatment, tissue plasminogen activator (tPA).

Oxidative Stress

During normal mitochondrial respiration, cytochrome c is involved in a 4-electron
transfer to reduce oxygen to water without the production of oxygen radicals.6,7 Dur-
ing ischemia, when oxygen supply is limited, the electron transport chain becomes
highly reduced and oxygen radicals can be produced. This process can be exacer-
bated by the mitochondrial Ca21 accumulation that occurs during and following
ischemia resulting in mitochondrial dysfunction, which can result in the formation of
reactive oxygen species. Several oxygen radical species can be produced, including
superoxide, perhydroxyl, hydrogen peroxide, and hydroxyl radicals. Another pathway
for forming hydroxyl radical is through the reaction of superoxide and nitric oxide to
form peroxynitrite. All of these reactive oxygen species, especially peroxynitrite and
superoxide, can bind directly to DNA, changing its structure and causing cell injury
and enhancement of apoptosis. An antioxidant/antiinflammatory agent, edaravone,
is currently in use to treat acute ischemic stroke in Japan. However, this and other anti-
oxidant compounds (NXY-059; SAINT trials8) have failed to improve outcome
following stroke in the United States. Thus, new targeted approaches to preventing
reactive oxygen species damage are needed. Targeting downstream mediators of
oxidative stress are emerging therapies, such as inhibition of poly(ADP ribose) poly-
merase-1 or transient receptor potential melastatin-2 channels. Further research
into the biological consequences following oxidative stress may lead to new directed
therapies to reduce ischemic injury.

Inflammation

Inflammation plays an important role in the pathogenesis of ischemic brain injury.9,10

The brain responds to ischemic injury with an acute and prolonged inflammatory pro-
cess that is characterized by rapid activation of resident cells (microglia), production of
proinflammatory mediators, and infiltration of various types of inflammatory cells, such
as neutrophils, different types of T cells, macrophages, and other cells, into the
ischemic brain tissue. Cytokines and chemokines contribute to ischemic brain injury
and, during ischemia, cytokines such as interleukin (IL)-1, IL-6, tumor necrosis factor
alpha, transforming growth factor beta, and chemokines such as cytokine-induced
neutrophil chemoattractant and monocyte chemoattractant protein-1 are produced
by a variety of different activated cell types, such as endothelial cells, microglia, neu-
rons, platelets, leukocytes, and fibroblasts. The inflammatory response in brain may
have various consequences on outcome, depending on the degree of inflammatory
response and when it occurs. Although acute inflammatory events may be involved
in secondary injury processes, more delayed inflammatory events may be reparative.
However, it is difficult to elucidate the precise mechanisms of the inflammatory re-
sponses following ischemia because inflammation is a complex series of interactions
between inflammatory cells and molecules, all of which could be either detrimental or
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beneficial. Not surprisingly, acute broad-spectrum inhibitors of inflammation reduce
injury in experimental models of cerebral ischemia. The lack of success in clinical
translation points to the need for a deeper understanding regarding the role of the
various cellular and molecular contributors to postischemic inflammation. There is
also the need to better understand the complex temporal profile of the various inflam-
matory mediators.

Apoptosis

Apoptosis is a genetically controlled mechanism of cell death involved in the regulation
of tissue homeostasis.11,12 Biochemical events lead to characteristic cell changes
(morphology) and cell death. These changes include cell blebbing, cell shrinkage, nu-
clear fragmentation, chromatin condensation, chromosomal DNA fragmentation, and
messenger RNA decay. Triggers of apoptosis include oxygen free radicals, death re-
ceptor ligation, DNA damage, protease activation, and ionic imbalance. The 2 major
pathways of apoptosis are the extrinsic (Fas and other tumor necrosis factor receptor
superfamily members and ligands) and the intrinsic (mitochondria-associated) path-
ways, both of which are found in the cytoplasm. The extrinsic pathway is triggered
by death receptor engagement, which initiates a signaling cascade mediated by
caspase-8 activation, whereas the intrinsic pathway is engaged when various
apoptotic stimuli trigger the release of cytochrome c frommitochondria independently
of caspase-8 activation. Both pathways ultimately cause caspase-3 activation, result-
ing in the degradation of cellular proteins necessary to maintain cell survival and integ-
rity. In addition, there is a complex interplay of the Bcl-2 family of proteins, which either
promote (Bax, Bak, Bad, Bim, Bid) or prevent (Bcl-2, Bcl-xL, Bcl-w) injury. Bcl-2 and
its family member, Bcl-xL, are among the most powerful death-suppressing proteins
and inhibit both caspase-dependent and caspase-independent cell death. Among the
caspase-independent apoptotic cell death pathways is apoptosis-inducing factor
(AIF). AIF is stored within the same mitochondrial compartment as cytochrome c.
DNA damage (via PARP activation) and oxidative or excitotoxic stress release AIF,
which is translocated to the nucleus to induce apoptosis. Fig. 1 shows these
pathways.
Fig. 1. Glutamate, reactive oxygen species, and apoptotic cell death pathways. Fas-L, Fas
ligand; ROS, reactive oxygen species.
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Translation of these injury mechanisms to neuroprotection in humans
Translation from basic science cerebral ischemia research to treatment of patients
with ischemia remains a difficult challenge. Despite hundreds of compounds and in-
terventions that provide benefit in experimental models of cerebral ischemia, efficacy
in humans remains to be demonstrated. The reasons for failure to translate have been
the focus of discussion for years.13,14 Some clinicians attribute the failure to flaws in
clinical trial design, others question the predictive value of current animal models,
and some question the quality of preclinical data. It is likely that a combination of all
these shortcomings is to blame. All of the mechanisms of ischemic injury mentioned
earlier have been subject to interventions to block or inhibit the injury in preclinical an-
imal models. Investigators have used excitatory amino acid inhibitors, ion channel
blockers, free radical scavengers, antiapoptotic agents, and antiinflammatory agents
with great success in ameliorating the injury from ischemia in animal models. How-
ever, none of these agents have met with success in human clinical trials. Thus,
new approaches are needed that consider the complex interplay among various cell
types within the brain as well as placing emphasis on examination of long-term func-
tional recovery and plasticity.
INTERCELLULAR INTERACTIONS AND REPAIR
Neurovascular Unit

Extensive research has focused on the intracellular signaling cascades triggered by
ischemic brain injury and TBI that lead to cell death. However, despite advances in
the understanding of these intracellular pathways, neuroprotective strategies have
failed to translate into acute treatments for ischemic stroke, cardiac arrest, or TBI.
The only successful treatment to improve stroke outcome is timely revascularization
(restoration of blood flow) either mechanically15,16 or pharmacologically, with tPA.17 A
decade ago researchers began to describe the microvasculature and surrounding
parenchyma in terms of multiple cellular components, including neurons, microvas-
cular endothelial cells, astrocytes, and pericytes. The ability of astrocytes to commu-
nicate with neurons and at the same time be in close proximity to endothelial cells
provided the template for the concept of the neurovascular unit.18–20 The neurovas-
cular unit has emerged as a convenient model to conceptualize the intercellular
crosstalk in the brain regulating blood flow, integrity of the blood-brain barrier, and
ultimately outcomes following injury. More recently, myelinating oligodendrocytes
have been added to the picture, as cells that not only maintain myelin integrity but
provide trophic support for the underlying axons and signal to surrounding neurons,
astrocytes, and other components of the neurovascular unit. Thus, it is clear that
emerging new research needs to focus on intercellular signaling in order to under-
stand the mechanisms of ischemic injury in hopes of ultimately enhancing functional
recovery.
Successes using revascularization strategies or therapeutic hypothermia are

tempered by the short therapeutic time window, severely limiting the number of indi-
viduals eligible for such interventions. Therefore, it is imperative that new therapeutic
strategies are designed to repair and restore brain function following injury. The focus
here is on the role of the components of the neurovascular unit in protection and
repair, independent of their role in cerebral blood flow control. Endogenous repair
of injured brain involves several intertwined regenerative processes, including neuro-
genesis, angiogenesis, oligodendrogenesis, and synaptogenesis. In the past 2 de-
cades, promising research has shown that stroke promotes ongoing neurogenesis
in the adult and aging brain. Adult neurogenesis is the process of producing new
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neurons from endogenous neural stem cells residing in either the subventricular zone
(SVZ) or dentate gyrus of the hippocampus. Neurogenesis following brain injury re-
quires proliferation of endogenous stem cells, migration to the site of injury, and dif-
ferentiation into mature neurons. There is evidence of injury-induced neurogenesis
following various injuries, including stroke, intracranial hemorrhage, global cerebral
ischemia, and TBI. However, recent data have shown limited neuronal replacement
following injury, showing that neurogenesis alone is not sufficient to produce full func-
tional recovery. Another major consideration is angiogenesis, which is the formation
of new microvessels. As with neurogenesis, angiogenesis has been observed in the
penumbra following ischemic stroke and emerging evidence indicates that angiogen-
esis enhances neurogenesis, thus indicating that these processes may be coupled
and should be considered together to enhance recovery. For example, migration of
neural stem cells from the SVZ has been observed to be via new microvessels.21,22

Despite experimental strategies to enhance angiogenesis and/or neurogenesis, it
seems that the injured adult brain provides an environment that is not conducive to
repopulation of functional neurons. Injury causes loss of cells, which are then
replaced with extracellular matrix, termed the glial or fibrotic scar. For decades,
this was thought to be produced by surviving astrocytes migrating to the location
of injury. However, recent work has implicated nonvascular pericytes as contributors
to scar formation in the injured brain.23,24 Recent work has shown that alteration in the
composition of the scar following injury can improve the environment for repair. Thus,
future research will require consideration of various cell types and their responses to
injury and therapeutic interventions as a means to optimize recovery. In addition to
neuronal and vascular injury, white matter injury is a major component of ischemic
stroke and brain injury. Injury to myelinated axons is a consequence of oligodendro-
cyte disorder. In addition to demyelination, injury to oligodendrocytes also likely
alters vascular integrity, as shown by recent work demonstrating oligodendrocyte-
endothelial interactions in culture and during vascular remodeling.25 Thus, new stra-
tegies to enhance cellular crosstalk during the recovery phase following brain injury
are needed to enhance the repair and restoration of neuronal, vascular, and white
matter function.

Neuroinflammation

In addition to oligovascular and neurovascular coupling, this entire unit interacts with
the immune system. Inflammation is a major player in the outcome following all forms
of brain injury. The central nervous system (CNS) inflammatory response is thought to
be triggered by injured neurons. However, several recent studies have shown that all
cells are susceptible to ischemic injury, with neurons being the most sensitive to direct
injury, followed by oligodendrocytes, astrocytes, microglia, and endothelial cells being
particularly resistant to injury. The initial immune response seems to be driven by
astrocyte and microglial responses to the release of danger-associated molecular
pattern (DAMP) from injured neurons. For decades it had been assumed that massive
inflammatory responses drive ongoing injury. However, more recent studies have
confused the issue, indicating inflammation both in injury and repair. The complex
orchestrated response of the array of immune cells makes this an important and
ever-changing area of research. Microglia are brain-specific macrophages that rapidly
respond to injury and classic microgliosis produces a proinflammatory environment
that contributes to cellular injury. Recently, an alternative or M2 activation of microglia
and macrophages has been described, which produce antiinflammatory cytokines,
such as IL-10, and are likely protective. It seems that strategies that enhance the alter-
native activation pathway reduce neuronal injury and that many cells of the immune
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system have subsets that have both detrimental and protective capacities. For
example, brain injury causes the influx of both proinflammatory T cells (Th1, Th17)
and antiinflammatory Treg cells, the balance of which ultimately contributes to the
magnitude of injury and repair. Similarly, infiltrating B cells have the detrimental capac-
ity to produce antibodies against local antigens, and also antiinflammatory cytokines
such as IL-10. To further complicate the matter, emerging evidence indicates that
injury-induced alterations in vascular endothelial cells play a major regulatory role in
immune cell infiltration into the injured brain, particularly through blood-brain barrier
dysfunction. Therefore, future studies are needed to carefully dissect the relative con-
tributions of infiltrating and resident immune cells after injury; broad-spectrum immu-
notherapies are not likely to provide benefit because, in addition to blocking
detrimental proinflammatory responses, treatments may block beneficial immune re-
sponses that are critical for long-term functional recovery.
FUNCTIONAL PLASTICITY

A potential issue with animal studies is an overly narrow focus on acute histologic
outcome, rather than long-term functional outcomes, which are ultimately the criteria
for success in humans. Pharmacologic therapies targeting histologic protection have
a narrow therapeutic window, whereas neurorestorative strategies aimed at more
chronic processes are likely to have a broader window for intervention. Acute brain in-
juries alter neuronal networks by causing neuronal cell death and alterations in excit-
ability and synaptic contacts of surviving neurons. A better understanding of how
acute brain injuries alter injured and noninjured networks could provide a means to
improve function independent of neuroprotection.

Excitation/Inhibition Imbalance

A delicate balance between excitation and inhibition exists in the mammalian brain
and alterations in this balance result in dysfunctional brain activity and ultimately
impaired cognitive and behavioral outcomes. Changes in neuronal excitability
following an acute brain injury can be the result of alterations in excitatory and/or inhib-
itory signaling in brain. Glutamate and gamma-aminobutyric acid (GABA) are the
dominant excitatory and inhibitory neurotransmitters in the CNS, respectively. There
is a growing body of literature to suggest that acute brain injury results in an imbalance
between excitation and inhibition in brain. In the early stages following an acquired
brain injury the balance is shifted toward excitatory transmission with increases in
glutamate signaling and a downregulation of GABAergic signaling.1,26 This imbalance
can result in excitotoxicity that produces activation of cell death mechanisms. In the
subacute and chronic phases following brain injury the balance shifts to favor inhibi-
tory GABAergic signaling. GABA receptor activation can produce phasic inhibition
that is rapid and mediated by synaptic GABA receptors and tonic inhibition, which
is more long-lasting and associated with activation of extrasynaptic GABA receptors.
Following experimental stroke there is an increase in tonic inhibition in the cortex that
is evident at 1 week following injury and prevents functional recovery. When this tonic
inhibition is reversed with an inhibitor of GABAA a5 signaling at delayed time points
there is an improvement in functional recovery of motor and sensorimotor function
that is not the result of altering histologic outcome.27,28 Similar increases in tonic inhi-
bition have been observed in the dentate gyrus following controlled cortical impact
injury that is reversed with the GABAA a4 or d antagonist.29–31 Modulation of tonic in-
hibition may provide a novel strategy to regulate neuronal excitability and promote
plasticity in networks that are altered following ischemic brain injury or TBI. Functional
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imaging in patients with stroke supports the hypothesis that there is overinhibition of
the ipsilateral cortex, particularly from the contralateral hemisphere.32

An alternative to reducing inhibitory signaling to restore the excitation/inhibition bal-
ance and potentially improve functional recovery is to enhance excitatory transmis-
sion. Although this may seem counterintuitive given the excitotoxicity mechanisms
that occur during the acute phase, there is evidence that increasing glutamatergic
signaling in the chronic phase can be beneficial for functional plasticity and recovery.
Inhibition of the glutamate transporter to enhance glutamatergic transmission in acute
slices restored excitatory transmission to control levels in animals that had TBI. Pos-
itive allosteric modulators of AMPA receptor function administered in the subacute
phase following stroke resulted in improved motor function through enhancement of
brain-derived neurotrophic factor function.33 Similarly, administration of D-cycloserine,
which enhances NMDA receptor activation, has been shown to improve functional re-
covery and synaptic plasticity following injury.34 These results suggest that the imbal-
ance between excitation and inhibition prevents structural and synaptic plasticity in
the brain and restoring the balance by antagonizing GABA receptor activity or
enhancing glutamate receptor activity may serve as a promising therapy to enhance
functional recovery following brain injury. This emerging area of research will lead to
both new therapeutic strategies as well as a new and more complex understanding
of altered signaling in the injured brain.

Synaptic Plasticity

Another potential target for therapies to improve functional recovery is synaptic plas-
ticity, which is an experience-dependent modification of synaptic strength. Synaptic
plasticity deficits are a commonly observed consequence of acute brain injury in an-
imal models. A well-characterized form of synaptic plasticity, long-term potentiation
(LTP) of CA1 pyramidal cells, is an increase in synaptic strength that is a cellular corre-
late of learning and memory. Impairments in hippocampal LTP have been observed in
most animal models of acute brain injury including stroke, cardiac arrest, and
TBI.35–37 The loss of LTP is sustained for at least 1 month, which is well beyond the
time of neuronal cell death.38,39 This finding implies that, in addition to cell death,
these forms of brain injury can produce long-lasting changes in synaptic function of
surviving neurons, which likely contributes to a lack of recovery of function. The
mechanisms contributing to LTP deficits remain to be elucidated, but likely candi-
dates include excitatory/inhibitory imbalance, alterations of intracellular signaling,
and prolonged neuroinflammation. LTP is initiated by activation of NMDA receptors
during high-frequency stimulation and a subsequent Ca21-dependent increase in
postsynaptic AMPA receptor function. Studies examining NMDA receptor function
in injured brain are mixed, with reports of reduced or unchanged expression and func-
tion. Enhancing NMDA receptor function is capable of restoring hippocampal LTP
following TBI.40 Delayed administration of low doses of kainate 48 hours after
ischemia also promotes the restoration of LTP in the postischemic brain.41 Inhibition
of B lymphocytes with an anti-CD20 antibody can also promote recovery of plasticity,
suggesting that the loss of LTP may involve multicellular processes.42 Targeting of
synaptic plasticity deficits in the hippocampus independent of neuroprotection may
serve as a promising therapy to improve cognitive function at delayed times after
an acute brain injury. The hippocampus has been an important research target
because of its well-established role in memory deficits following injury; however, it
is likely that similar phenomena are occurring in other brain regions. Future studies
are needed to assess alterations in synaptic plasticity in various brain regions not
directly injured by ischemia.
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Structural Plasticity

Early changes in dendritic morphology have been observed in periinfarct regions
following stroke. Reduced spine density and dendritic swelling are observed during
the first 24 hours following stroke onset. Although recovery of dendritic spines is
observed in the subacute period following stroke, there is little evidence for this recov-
ery following TBI.43 This finding may have important implications for differences in
therapies targeting synaptic function to improve function following different acquired
brain injuries. Axonal damage and degeneration occur during the acute and subacute
periods following stroke and TBI.44,45 Recovery from stroke requires formation of new
connections in injured and noninjured tissues that depends on axonal sprouting. There
are many trophic and intercellular signaling processes that mediate axonal regenera-
tion and can be targeted pharmacologically or with cell-based therapies to enhance
stroke recovery.46,47 Note that aberrant axonal sprouting can contribute to hyperexcit-
ability and posttraumatic epilepsy.48,49 Therefore, it is important to take care that
restorative strategies enhance functionally appropriate synaptic contacts and avoid
maladaptive structural plasticity and hyperexcitability. Cell-based and brain stimula-
tion therapies hold promise for providing a cellular environment conducive to promot-
ing structural plasticity.

SUMMARY

A major question in experimental ischemia remains whether neuroprotection
observed in young, healthy animals can be extrapolated to the human population,
which is generally sick and aging. It is important to consider the impact of comorbid-
ities such as hypertension and diabetes that are highly associated with cerebral
ischemia. Various other risk factors have been observed, such as obesity, smoking,
and excessive alcohol consumption. In addition to these important modifiable risk
factors, it is important to consider age and gender when developing models to test
new treatments for cerebral ischemia. Animal models require consideration of various
modifiable (hypertension, diabetes, obesity) and nonmodifiable (age, gender, ge-
netics) risk factors, which all interact with each other to add to the complexities of
ischemia. Consideration of comorbidities, combined with ongoing research focused
on complex intercellular interactions in the injured brain, hold promise for improved
preclinical modeling and identification of protective strategies that may ultimately
translate to patients.
The narrow focus on brain protection has led to missed research opportunities. It is

likely that long-term functional recovery can be enhanced by combining potential pro-
tective strategies with therapies designed to allow recovery of function in both injured
and uninjured brain regions. Functional plasticity is a mechanism by which neuronal
networks that remain following an ischemic brain injury undergo structural and synap-
tic modifications to restore lost function.50 Recent advances in basic neuroscience
research following acquired brain injury has been complemented by advances in func-
tional MRI that show changes in functional connectivity that are associated with motor
impairments and spontaneous recovery.51 These changes occur within affected and
nonaffected territories and reflect a potential target for improving functional recovery
in patients with stroke. Transmagnetic stimulation of affected and nonaffected hemi-
spheres has been shown to be beneficial for recovery of motor function in patients with
stroke and was associated with functional connectivity of both hemispheres.52 Other
stimulation methods, such as vagus nerve and deep brain stimulation, are also being
investigated for their ability to provide functional benefit.53 The mechanisms by which
these methods work to improve functional recovery continue to be elucidated and
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include altered neuronal excitability, enhanced synaptic plasticity, and the release of
neurotrophins and other modulatory factors.
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Cerebral Blood Flow
Autoregulation and

Dysautoregulation
William M. Armstead, PhDa,b,*
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KEY POINTS

� Cerebral autoregulation can be assessed by static and dynamic techniques.

� Inhaled anesthetics generally depress autoregulation, except for sevoflurane. Total intra-
venous anesthesia (TIVA) is most widely used in neurocritical care of traumatic brain injury
patients.

� Autoregulation is impaired after traumatic brain injury. Cerebral perfusion pressure–
directed therapy is often used to improve outcome.

� Identification of optimal cerebral perfusion pressure in health and disease is an active area
of investigation.

� Role of age and sex in cerebral autoregulation in physiology and pathology of traumatic
brain injury is an emerging area of clinical significance.
INTRODUCTION

Cerebral autoregulation is a homeostatic process that regulates andmaintains cerebral
blood flow (CBF) constant across a range of blood pressures. The original concept was
proposed by Lassen1 as a triphasic curve consisting of the lower limit, the plateau, and
the upper limit. In healthy adults, the limits are between 50 and 150 mm Hg cerebral
perfusion pressure (CPP) or 60 and 160 mm Hg mean arterial pressure (MAP), where
CPP 5 MAP – intracranial pressure (ICP). This homeostatic mechanism ensures that
as MAP or CPP increases, resistance increases (vasoconstriction) in the small cerebral
arteries. Conversely, this process maintains constant CBF by decreasing cerebrovas-
cular resistance or vasodilation whenMAP or CPP decreases. However, given that the
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lower limit of cerebral autoregulation frequently influences clinical management, it
should be noted that this value has been challenged as being too low.2

MECHANISM OF AUTOREGULATION

At least 4 mechanisms are proposed for autoregulation:

1. Myogenic
2. Neurogenic
3. Metabolic
4. Endothelial

The myogenic component concerns the ability of the vascular smooth muscle to
constrict or dilate in response to changes in transmural pressure. The neurogenic
mechanism occurs through an extensive nerve supply to cerebral vessels. For
example, activation of a-adrenoceptors shifts the limits of autoregulation to higher
pressures, and the cerebral vessels respond to this with vasoconstriction. The meta-
bolic mechanism probably chiefly contributes to autoregulation in the microvascula-
ture, in which changes in the microenvironment such as for partial pressure of
carbon dioxide (PCO2) and pH will lead to vasodilation. Additionally, endothelial factors,
such as nitric oxide, may also contribute to autoregulation. Autoregulation is important
in the match of CBF to metabolic demand.

METHODS USED FOR ASSESSMENT OF AUTOREGULATION

Assessment of cerebral autoregulation:

1. Static
2. Dynamic

In the static method, only steady-state relationships between CBF and MAP are
considered without taking into account the time course of changes in these 2 param-
eters. Determination of a steady-state relationship can be accomplished through
administration of drugs, which change MAP but have no effect on metabolism,
yielding 2 values of CBF and their difference in relation to the MAP change being indic-
ative of autoregulation.3 Degree of intactness of autoregulation can be quantified via
calculation of the autoregulatory index (ARI), where ARI 5 % DCVR/% DCPP and
CVR is cerebrovascular resistance. A value of 0 means absent autoregulation,
whereas a value of 1 denotes perfect autoregulation.
In the dynamic method, assessment is based on determination of dynamic changes

of CBF in response to dynamic changes inMAP. The idea is that after a change inMAP,
CBFwill first react to such a change and thenwill return to its original valuewithin a finite
amount of time. The faster the return, the better is the degree of autoregulation.
Several approaches are used to assess dynamic cerebral autoregulation via CBF re-

covery time. In one, which uses the thigh cuff method introduced by Aaslid and col-
leagues,4 regulation is defined by the slope of CVR recovery, where CVR 5 CPP/
CBF; the steeper the slope of CVR, the better the autoregulation.5 In a second
approach, the CBF recovery after the cuff release is quantified as an autoregulation
index, calculated as a second-order differential equation relating changes in MAP
and CBF.5 A third method considers study of CBF response to slow oscillations in
MAP induced by paced breathing, head up tilting, or periodic thigh cuff inflation.6–8

Transfer function analysis is then performed using beat-to-beat MAP measurements
as input and CBF as output.9 Here, time delay of phase difference between MAP
and CBF as a function of frequency can be used to determine the degree of intactness
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of autoregulation. This approach is an important alternative, as the thigh cuff inflation/
deflation technique presents problems in the traumatic brain injury (TBI) patient, in
which manipulation of blood pressure (secondary to thigh cuff deflation) would occur
at a time when the injured brain may be least able to tolerate it. The mean index (Mx) is
one such measure of dynamic autoregulation. Mx is a Pearson correlation coefficient
between CPP and flow velocity measured by transcranial Doppler (TCD) and can indi-
cate autoregulation if the magnitude of CPP fluctuations is large enough to activate an
autoregulatory response (>5 mm Hg). Positive values for Mx indicate impaired
autoregulation, whereas zero or negative values indicate intact autoregulation. This
index correlates significantly with the thigh cuff test.10 Another similar measure of dy-
namic autoregulation is pressure reactivity index (PRx), defined as the correlation
coefficient between slow waves in ICP and arterial blood pressure. The PRx is nega-
tive for intact autoregulation, and is positive for impaired autoregulation.11

CBF in all of thesemethods is typically determined noninvasively via TCD. TCD, how-
ever, has the disadvantage of only being able tomeasure CBF velocity in larger vessels
such as the middle cerebral artery. Recently, it was shown that use of near infrared
spectroscopy will allow for measurement of CBF in small cerebral arterioles, yielding
a quantitative determination of dynamic autoregulation in the cerebral microvascula-
ture of the human.12 A related technique, diffuse correlation spectroscopy (DCS), is
found to obtain regional CBF noninvasively in patients under a variety of conditions,
including TBI, orthostatic stress in acute ischemia, and postoperatively in neonatal car-
diac surgery.13,14 Calibration studies of absolute CBF values obtained via DCS have
been recently completed,13 making the future outlook for use of DCS as a quantitative
method for determination of autoregulation in the microvasculature more attractive.

CLINICAL APPLICATIONS OF AUTOREGULATION TESTING

A benefit to autoregulation testing relates to management of patients with TBI in the
neuro intensive care unit, where sophisticated equipment for determination of dy-
namic indices of autoregulation is available. However, there are tangible benefits for
management of neurologic patients in the operating room through use of simpler
determination of static autoregulation. These benefits include:

1. Perioperative management of patients undergoing carotid endarterectomy.
2. Blood pressure management in uncontrolled hypertensive patients.
3. Blood pressure support in patients with carotid artery stenosis.

EFFECT OF ANESTHETICS ON AUTOREGULATION

In general, inhaled anesthetics such as isoflurane and desflurane have a depressive
effect on autoregulation.15,16 One exception is sevoflurane.17,18 In contrast, propofol
preserves autoregulation15 and is viewed as the anesthetic of choice in patients
with high ICP,19 although one study observed that high-dose propofol impaired autor-
egulation in head-injured patients.20 Others have observed that the combination of
remifentanil with propofol results in preservation of cerebral autoregulation.19,21 Cur-
rent neurocritical care of TBI is largely based on TIVA, or total intravenous anesthesia,
often involving fentanyl.

PATHOPHYSIOLOGY OF CEREBRAL AUTOREGULATION IN TRAUMATIC BRAIN INJURY:
OUTCOME AND TREATMENT

Multiple studies found that cerebral autoregulation is absent or impaired in significant
numbers of patients after TBI, even when values of CPP and CBF were normal.22
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Cerebral hypoperfusion that occurs after TBI may result from the decreased metabolic
demand caused by coma (with appropriately matched CBF) or may alternatively indi-
cate ischemia. Under normal physiologic conditions, decreases in CPP result in vaso-
dilation and increased cerebral blood volume, leading to increases in ICP in the
context of abnormal intracranial compliance. When autoregulation is impaired, de-
creases in CPP result in decreases in CBF; in moderate/severe TBI such decreases
in CBF may reach ischemic levels, further exacerbating secondary injury. Several
retrospective studies found that impaired cerebral autoregulation is associated with
worsened outcome (Glasgow Outcome Scale).23–25 Cerebral autoregulation is also
found to correlate with brain biochemistry via microdialysis in patients with severe
head injury.26 Critical autoregulatory thresholds for survival and improvement of
outcome may vary as a function of age and sex.23,24

One treatment modality has been derived with specific consideration of cerebral
autoregulation. This treatment relies on administration of vasoactive agents that in-
crease MAP to normalize reduced CPP after TBI and the identification of the optimal
CPP that maximizes the intactness of autoregulation. Those patients with CPP values
less than those considered optimal are found to be at increased risk of fatal outcome,
whereas too high a value of CPP is equally thought to be bad, as it is often associated
with increased rate of severe disability.27 Optimal CPP, as determined by PRx in TBI
patients, is found to be narrowed from a normal range and varies from 65 to 95 mmHg
in 300 patients (with total mean value of 75 mm Hg).25 Similar results were obtained
using other technologies to determine degree of intactness of autoregulation, such
as direct brain tissue monitoring and near-infrared spectroscopy.28,29 Although such
results would seem to indicate that randomized, prospective trials involving CPP
(optimal) are needed, to date no such trial has been conducted.
Given that dysregulation seems to correlate quite well with clinical outcome, one

could hypothesize that autoregulation should be therapeutically manipulated to
improve recovery.25 Although this hypothesis has never been formally prospectively
tested, a few observations have hinted that there may be support for it. For example,
Mx value was observed to improve with induction of moderate hypocapnia in TBI pa-
tients,30 but autoregulation was observed to be impaired when hyperventilation was
more intense, resulting in a robust decrease in PCO2.

31 Additionally, indomethacin is
found to decrease ICP and cerebral blood flow velocity, thereby increasing CPP,
resulting in improved dynamic cerebral autoregulation in still other TBI patients.32

Other clinical work found that other therapeutic maneuvers equally change cerebral
autoregulation status, such as hypothermia, use of mannitol or hypertonic saline, bar-
biturates, and various anesthetics.25,33
ROLE OF AGE AND SEX IN CEREBRAL AUTOREGULATION, DYSAUTOREGULATION, AND
ITS TREATMENT AFTER TRAUMATIC BRAIN INJURY
Clinical Studies

Only a few studies of cerebral autoregulation in healthy children have been published,
and clinicians often assume that there are no age- or sex-related differences in this
process.34 In one study, no age-related differences in autoregulatory capacity were
found in healthy children anesthetized with low-dose sevoflurane.35 However, counter
to the assumption that the lower limit of cerebral autoregulation in younger children is
lower, these investigators also concluded that there were no age-related differences in
lower limit, as that value in children age 6 months to 2 years receiving sevoflurane was
observed to be 60� 9 mm Hg.36 Alternatively, there may be age-related differences in
the latency of cerebral autoregulation. For example, compared with adults,
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adolescents may have a delayed return of CBF in response to brief hypotension.37

Additionally, there may be sex differences in pediatric cerebral autoregulation.34,37,38

Despite these clinical studies, the mechanisms of cerebral autoregulation in healthy
children are not understood completely.39

Several conditions can disrupt autoregulation in children, including hypoxic condi-
tions, prematurity, congenital heart defects, intracranial hemorrhage, and TBI. Risk
of dysautoregulation in preterm infants increases with severity of illness.40 TBI is the
leading cause of injury-related death in children and young adults41 and thus will be
the focus here; boys older than a larger age range and all children younger than 4 years
have particularly poor outcomes.42–44 Cerebral autoregulation is often impaired after
TBI,23 and with concomitant high ICP, leads to poor outcome. In children with
impaired autoregulation, lower blood pressure may result in diminished CPP and
CBF. Decrease in MAP causes cerebral vasodilation, increase in cerebral blood
volume, and, thus, an increase in ICP. In the context of plateau wave generation,
increased ICP will further decrease CPP, leading to more cerebral vasodilation, result-
ing in a vicious cycle, the vasodilation cascade.45 Critical closing pressure has been
defined as an arterial pressure threshold below which arterial vessels collapse. Dewey
and colleagues46 identified in their model of CBF regulation a relationship between
critical closing pressure and cerebral autoregulation indicating that cerebral autoregu-
lation mediated increases in vasomotor tone as predicted by critical closing pressure.
This concept has recently been revisited,47 but although the difference in CPP-ICP
significantly correlated with cerebral autoregulation, it lacked the power to predict
outcome after head injury. Nonetheless, by stabilizing CPP at higher levels, ICP might
be better controlled without cerebral ischemia.45 Because augmenting MAP in the hy-
peremic brain could theoretically result in worse edema or cerebral hemorrhage,44,48 it
is uncertain if empirically increasing MAP to prevent cerebral ischemia in the presence
of impaired cerebral autoregulation and cerebral hyperemia may potentially be harm-
ful.35 Moreover, a fixed blood pressure does not improve nor allow for cerebrovascular
adaptation to changing CBF metabolism requirements. Because cerebroautoregula-
tion changes with time after TBI, it is suggested that blood pressure management
strategies can neither be empiric nor fixed but should be based on the status of cere-
bral autoregulation. In this context, vasodilator mechanisms of cerebral autoregulation
may be important in improving outcome after TBI. The functional significance of this
idea rests on several clinical observations. For example, cognitive outcome and risk
of death are correlated with degree of cerebral autoregulatory impairment in children
after TBI.23,34 Additionally, severity of impaired cerebral autoregulation may be greater
in those children who are victims of intentional or abusive TBI compared with children
with noninflicted TBI.49

Current 2012 Pediatric Guidelines recommendmaintaining CPP greater than 40mm
Hg, noting that an age-related continuum for the optimal CPP is between 40 and
65 mm Hg.50,51 Despite these current therapeutic targets, guidelines are lacking
regarding how this should be achieved. For example, maintaining CPP within these
levels is often managed by use of vasopressors to increase CPP and optimize CBF.
However, vasoactive agents clinically used to elevate MAP after TBI, such as phenyl-
ephrine (Phe), dopamine (DA), epinephrine and norepinephrine (NE)52,53 have not
sufficiently been compared regarding effect on CPP, CBF, autoregulation, and survival
after TBI, and clinically, current vasopressor use is variable. A recent single-center
study found that: (1) Phe was used nearly twice as often as any other vasopressor;
(2) young children tended to receive DA and epinephrine, whereas older children
received Phe and NE; (3) blood pressure was managed with 1 drug during the first
3 hours; and (4) NE was associated with a higher CPP and lower ICP 3 hours
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afterinjury.54 Nonetheless, CPP-directed therapy has remained somewhat controver-
sial because it has been observed to have no effect or worsen outcome.55 Further
complicating this issue is that most pressors are neurotransmitters, which normally
have no effect on the brain when given peripherally. However, with a disrupted
blood–brain barrier, these drugs may cross the blood–brain barrier and impact cere-
bral metabolism. Additionally, CPP has been considered a poor surrogate for CBF,56

as regional or local CBF may be markedly reduced even if CPP is normal.55 Therefore,
there remains an unmet need to have available appropriate noninvasive bedside mon-
itors, which may enable identification of the optimal vasopressor and whether pressor
choice determines outcome as a function of age and sex in pediatric TBI.

Basic Science Studies

Although several rodent models of TBI have been described,57 all have the disadvan-
tage of not permitting repeated measurements of systemic physiologic variables and
regional CBF because of the small size of the subjects. Additionally, rodents have a
lissencephalic brain containing more grey than white matter. In contrast, pigs have
a gyrencephalic brain similar to humans that contains substantial white matter, which
is more sensitive to ischemic damage than grey matter.
Because ethical considerations constrain mechanistic studies in children with TBI,

we have used an established porcine model of fluid percussion injury (FPI) that mimics
TBI to corroborate clinical observations regarding cerebral autoregulation after TBI.58

Newborn and juvenile pigs may approximate the human neonate (6 months–2 years
old) and child (8–10 years old).59

Armstead and Vavilala60 have recently taken a bidirectional translational approach
to investigate the role of vasoactive agent choice in outcome after TBI. Clinical obser-
vations were used to inform study design of procedures conducted in pigs after FPI,
with intent to use information so derived to improve outcome in brain-injured children,
for example, a bedside to bench and back again arrangement. Early studies focused
on Phe, given that it is the predominant vasoactive agent administered clinically in
young children after TBI.54 It was surprising to observe that although Phe is protective
of cerebral hemodynamics, particularly for autoregulation, in newborn female piglets,
it aggravates cerebrovascular dysregulation in male newborn piglets after injury.60

Because of this perplexing observation, we speculated that pressor choice may influ-
ence outcome. Indeed, another pressor, DA, produced equivalent cerebrohemody-
namic protection in both male and female piglets after TBI.61

Mechanistic studies were designed to further explore these observations. First, it
was found that autoregulation was impaired more in the male compared with the fe-
male piglet after FPI, resulting from a shift in the constrictor/dilator ratio, with greater
brain concentration of the spasmogen, endothelin-1 (ET-1), and little to no increase in
the endogenous vasodilator peptide, adrenomedullin (ADM), a K channel opener
(Fig. 1).62,63 Autoregulation was previously observed to be dependent on opening of
K channels (particularly atp sensitive and calcium sensitive K channels [Katp and
Kca]), whereas ET-1 is known to impair opening of K channels via release of activated
Fig. 1. Comparison of proposed mechanisms for Phe (A) and DA (B) in control of cerebral
hemodynamics after FPI in newborn piglets. Arrow thickness in proportion to probability
of action. O2-, oxygen free radical. (From Armstead WM, Vavilala, MS. Age and sex differ-
ences in hemodynamics in a large animal model of brain trauma. In: Lo EH, Lok J, Ning
M, et al. editors. Vascular mechanisms in CNS trauma. New York: Springer; 2014. p. 278;
with permission.)
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oxygen, which then activates (phosphorylates) the extracellular signal-regulated
kinase (ERK) isoform of mitogen-activated protein kinase (MAPK), a distal signaling
system important in control of cerebral hemodynamics (see Fig. 1).58 Because more
ERK MAPK is released after FPI in the male compared with the female,62,64 there is
correspondingly greater impairment of autoregulation and Katp and Kca channel
agonist–mediated cerebrovasodilation after injury in males compared with females.65

Although Phe blunted ET-1 and ERK MAPK upregulation in female piglets after FPI,
there was an unanticipated and unwanted Phe-mediated aggravation of ET-1 and
ERK MAPK upregulation in male piglets after injury (see Fig. 1).60 The latter com-
pounded the already greater release of ET-1 and ERK MAPK in males compared to
females after FPI and seemed to contribute to the sex-dependent impairment of autor-
egulation.60 The ET-1 antagonist, BQ-123, blocked elevation of cerebrospinal fluid
ERK MAPK and the aggravation of such elevation by Phe after FPI.60 Co-
administered BQ-123 with Phe also prevented impairment of autoregulation after
FPI, supportive of the intermediary role for ET-1 in sex-dependent Phe-mediated he-
modynamic dysregulation. Alternatively, Phe also promoted the increase in brain
levels of ADM in females but not males after FPI.60 In the context of ADM being an
opener of K channels, Phe can be viewed as upregulating an endogenous neuropro-
tectant in females after FPI. Therefore, Phe augments impairment of autoregulation in
males after TBI because it promotes release of a spasmogen and subsequent block of
Katp and Kca channels because it simultaneously limits release of an endogenous
neuroprotectant (see Fig. 1).66 In contrast, DA completely blocked ET-1 and ERK
MAPK upregulation in both newborn male and female piglets after FPI (see
Fig. 1),61 which explains the equivalent protection of autoregulation after injury in
male and female piglets.
A third vasoactive drug, NE, has recently been investigated. In the first study, we

observed that NE preferentially protected cerebral autoregulation and prevented
neuronal cell necrosis in hippocampal areas CA1 and CA3 in female newborn piglets
after FPI.67 However, NE had no protective effect on cerebral autoregulation and
potentiated neuronal cell necrosis in male newborn pigs, despite achievement of a
similar CPP.67 In the second study, NE protected cerebral autoregulation and limited
hippocampal neuronal cell necrosis after FPI in both male and female juvenile pigs,68

indicating that the same vasoactive drug elicits both age- and sex-dependent differ-
ences in outcome under equivalent injury intensity conditions.
Mechanistically, 2 mediators were investigated in the above studies: ERK MAPK

and interleukin (IL)-6. Clinically, IL-6 was observed to be increased in the cerebral
spinal fluid of children after severe TBI.69 The role of IL-6 in central nervous system
pathology, however, is less well understood. For example, IL-6 may mediate motor
coordination deficits after TBI,70 appears associated with poor neurologic outcome
after hemorrhagic stroke,71 and may also be involved in regenerative and repair
processes.69 In our first study, NE increased ERK MAPK upregulation in young
males, but blocked upregulation in young females after FPI.67 In contrast, in the
second study using older pigs, NE blunted ERK MAPK and IL-6 upregulation in
both males and females after FPI.68 Coadministration of the ERK MAPK antagonist,
U0126, preserved autoregulation and maintained CBF after FPI in newborns,
regardless of sex.67 U0126 also prevented hippocampal neuronal cell necrosis
associated with FPI.64 IL-6 was similarly increased after FPI more in young males
compared with females, and NE aggravated such upregulation in an ERK MAPK–
dependent manner in males; the ERK MAPK antagonist, U0126, blocked IL-6
release.64 In contrast, NE blocked IL-6 upregulation in young females after FPI.64

These data indicate that ERK MAPK mediates elevation of IL-6, which is associated
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with greater hemodynamic impairment and hippocampal cell necrosis after FPI in
young males.
In the context of the neurovascular unit, we hypothesize that CBF contributes to

neuronal cell integrity; for example, normalization of CBF via administration of vasoac-
tive drugs that elevate MAP should limit neuronal cell necrosis associated with TBI.
Administration of NE to increase CPP after TBI in the piglet prevented impairment of
cerebral autoregulation and neuronal cell necrosis in the CA1 and CA3 hippocampal
areas of the brain.67 Clinically, degree of impairment of autoregulation is significantly
correlated with Glasgow Coma Scale.23,34 Although cognition depends on more than
the hippocampus, and formal cognitive testing was not performed in these studies,
these data nonetheless support the idea that targeting CPP and thereby protecting ce-
rebral autoregulatory capacity may improve cognitive outcome. The neurovascular
unit concept and its potential role in cognition may be somewhat more universal
than prior appreciated. For example, administration of tPA-S481A, a catalytically inac-
tive tPA variant that competes with wild-type tPA for binding, cleavage, and activation
of N-Methyl-D-aspartate receptors, after TBI in the pig, similarly improved cerebral he-
modynamics and prevented impairment of cerebral autoregulation and CA1 and CA3
hippocampal cell necrosis.72 We speculate that choice of pressor may influence
cognitive outcome as a function of age and sex in the setting of TBI.
Vasoactive agents clearly have complex sex-dependent effects on CBF and may

potentiate impairment (Phe), prevent impairment (DA), or have no effect (NE) on
impairment of cerebral autoregulation in newborn boys after TBI. Additionally,
when considering age, NE may have no effect in the newborn, or prevent impair-
ment in the juvenile male after TBI. These studies strengthen the idea that choice
of vasoactive agent is important in determining outcome after pediatric TBI as a
function of sex and age. To our knowledge, similar studies have not been conduct-
ed in the adult.

SUMMARY

This article emphasized a bidirectional translational research approach in summari-
zing state-of-the-art aspects of cerebral autoregulation that range from the traditional
to the newly emerging. Enhanced cross-talk between basic science and clinical disci-
plines will speed the transfer of knowledge, resulting in better therapeutic approaches
toward improving outcome in patients with central nervous system conditions such as
TBI, in which there is cerebral dysautoregulation.
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Chronic Pain in
Neurosurgery
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KEY POINTS

� Chronic pain is an experience resulting from a wide variety of derangements leading to the
abnormal processing of pain.

� Providers caring for patients with chronic pain undergoing neurosurgery should use multi-
modal analgesia strategies to improve perioperative comfort and reduce the risk of post-
operative sedation.

� There are few studies that have investigated specific anesthetic approaches for patients
with chronic pain, and this requires a personalized approach to perioperative care.
INTRODUCTION

Providing safe and effective care for patients with chronic pain undergoing neurosur-
gery requires a carefully planned anesthetic strategy. If the anesthesiologist errs on the
side of safety through conservative analgesic dosing, patients may emerge with
harrowing pain, accompanied by unstable hemodynamics that may compromise the
delicate operation. On the other hand, if the provider overdoses patients with opioids
and other sedatives, patients may be too impaired to comply with the postoperative
neurologic examination, may sustain respiratory failure, or the adrenergic response
may be blunted and, thus, compromise perfusion to the spinal cord or brain.
Chronic pain has an estimated prevalence of 30% of the general population or 100

million people in the United States.1,2 A proliferation of opioid prescribing has paral-
leled this epidemic as there has been a 4-fold increase in opioid prescriptions from
1999 to 2010.3 A 2011 to 2012 survey reported 6.9% of adults taking an opioid in
the last 30 days.4 The implications of chronic opioid therapy (COT) and the pathophys-
iology of complex pain processing are separate but have overlapping clinical chal-
lenges. Pain is first and foremost an experience and should be understood in a
biopsychosocial context that is influenced by musculoskeletal, nervous system,
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emotional, and environmental factors. Patients undergoing craniotomies for tumor
staging or debulking may present with diffuse, severe cancer-related pain and patients
with abnormal spine conditions may have associated chronic pain. Not surprisingly,
there is a particularly high occurrence of chronic pain in patients undergoing lumbar
and cervical surgery.5

There is an association with altered pain perception and patients living with chronic
pain. Experimental human studies have measured lower pain thresholds with pres-
sure,6 cold,7 and heat8 stimuli in chronic pain conditions compared with healthy con-
trols. Prediction models consistently document chronic or preexisting pain as an
independent risk factor for poorly controlled postoperative pain.9–11 Interestingly,
Chapman and colleagues12 demonstrated that patients with chronic pain on COT re-
ported clinically significant greater pain levels up to 15 days postoperatively compared
with patients with chronic pain off long-term opioids.
Investigations into models of pain continue to evolve as newer evidence elaborates

on older theoretic mechanisms. A quantum leap in the field occurred in 1965, when
Melzack and Wall13 published the gate control theory of pain (Fig. 1A). Previously,
pain was described as a unidirectional pathway that was first transduced by small
nociceptive peripheral nerves (C- and A-delta fibers) that were transmitted to afferent
pathways along the spinal thalamic tract in the spinal cord before synapsing on
neurons in the brain where pain perception occurs. According to the gate control the-
ory, pain is not an unimpeded pathway from periphery to brain but results from an
interaction between ascending afferent input carried by small-diameter nerve fibers
and descending, inhibitory input carried by larger-diameter nerve fibers. Specialized
neurons in the brain and spinal cord create an elaborate neural network that exerts
a tonic inhibitory effect on interneurons that synapse in the substantia gelatinosa of
the dorsal horn. According to Melzack and Wall,13 “the substantia gelatinosa acts
as a gate control system that modulates the synaptic transmission of nerve impulses
from peripheral fibers to central cells.”13

Various pain pathologies may be explained by an abnormally opened gate, where
chronic inflammation or other neurologic derangements may create an imbalance of
excitatory and inhibitory signaling. A windup of the dorsal horn has been demon-
strated in some neuropathic pain states, which may give rise to the clinical findings
of hyperalgesia or allodynia, whereby patients show an exaggerated response to light
noxious or non-noxious stimuli, respectively.14

Decades after the gate control theory was introduced, researchers, including Mel-
zack, have shifted attention from the dorsal horn to the brain. A new model proposes
the presence of a “pain neuromatrix”, which describes sensory and cognitive pro-
cesses imprinting a representation of the “body-self” through a widely distributed neu-
ral network (Fig. 1B).15,16 In this view, chronic pain is the output of the pain
neuromatrix whereby nociceptive and non-nociceptive input results in an amplified
experience of hurting.17 Supporting this theory, brain imaging studies have correlated
structural and functional differences in the anterior cingulate, prefrontal cortex, insula,
somatosensory cortex, and parahippocampal gyrus in patients with fibromyalgia and
central sensitization.18,19

Anesthesiologists must understand that pharmacologic regimens, which predict-
ably treat acute pain in most adults, may fail in certain patients with complex derange-
ments of their pain processing network. This article reviews perioperative
management principles for chronic pain and focuses on clinical evidence emerging
from neurosurgical studies. It is hoped that the reader will enrich his or her understand-
ing of chronic pain and identify a broader palette of strategies that may be used to
personalize a multimodal plan for patients undergoing a spinal or cranial procedure.
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Another caveat to care pertains to the prevention of chronic pain developing from an
acute surgical stimulus. This subject has become a hot area of investigation in many
surgical procedures, including cranial and spinal surgeries.20 Even cranial surgery,
which historically was considered a low-pain-burden procedure, has been associated
with a high incidence of chronic postsurgical headache.21 The present state of evi-
dence has not identified the precise genetic, environmental, and intraoperative man-
agement factors to predict the transition from acute to chronic pain; but there is a
belief that providing superlative acute pain care can lower the risk of developing
this crippling long-term comorbidity.22
PATIENT EVALUATION

Surgery introduces a new acute pain source that will be superimposed on a chronic
pain experience. Evaluating the surgical plan may help anesthesiologists better pre-
pare for the preemptive treatment of the noxious stimuli. For spinal surgeries, a com-
plex, open, multilevel fusion that requires a larger incision; more dissection and injury
to soft tissue, fascia, paraspinal muscles, and ligaments; and manipulation of dura,
nerve roots, intravertebral discs, zygapophyseal facet joints, and other bony struc-
tures creates a greater pain stimulus in the immediate recovery period than a fusion
performed through minimally invasive techniques.23–25 In addition, the harvesting of
patients’ iliac crest bone to serve as a graft for fusion has also been associated with
a greater pain burden.26 For craniotomies, infratentorial procedures are associated
with greater pain reports compared with supratentorial approaches.27 In posterior
fossa surgery, a cranioplasty after a craniectomy has been documented to increase
the risk of postoperative headache compared with craniotomy alone.28,29

Providers should also evaluate unique patient factors related to their pain experi-
ence. Neuropathic pain pathologies may be associated with preexisting nerve dam-
age and providers should perform a targeted history and physical examination to
investigate motor and sensory deficits. In addition, the vegetative effects of chronic
pain may promote the avoidance of healthy habits and thereby lead to a decreased
cardiopulmonary reserve.
Studies have identified prognostic indicators associated with poor long-term out-

comes occurring with maladaptive behavioral pain behaviors, such as COT, particu-
larly at high doses (>100 mg a day of morphine equivalents), low socioeconomic
status and support, unemployment, poorly controlled depression, fear of movement
(kinesophobia or fear avoidant behaviors), catastrophizing, anxiety, and substance
use disorders.30,31 The presence of these factors can help providers risk stratify
care. Paying attention to patients’ psychological infrastructure can also enhance
communication, reduce preoperative anxiety, and better define postoperative pain ex-
pectations. It is unfortunately common to provide a negative connotation for chronic
pain patients. Instead, it is more constructive to develop empathy to the fact that
this person hurts every day. In this perspective, common maladaptive behavioral re-
sponses are symptoms of a chronic illness, rather than an easily modifiable character
flaw.
Patients with chronic pain may have long medication lists that may include gaba-

pentin, pregabalin, antidepressants, anticonvulsants, nonsteroidal antiinflammatory
drugs (NSAIDs), muscle relaxants, and opioid medications. Table 1 lists common
adjunctive pain medications and some anesthetic implications.
Opioid management is covered in detail in a later section, but it is critical to identify

patients with COT preoperatively. During the patient evaluation, providers should
perform a chart review and discuss with patients the frequency of breakthrough opioid
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Fig. 1. (A) Model of the gate control theory of pain. Ascending nociceptive stimulus is trans-
ferred by C- and A-delta fibers to the dorsal root ganglion (DRG), substantia gelatinosa (SG),
and then the spinal thalamic tract (and spinoreticular tract). When it reaches the brain, it is
processed by the anterior cingulate (ACing), prefrontal cortex (PFC), somatosensory cortex
(SS), limbic, reward centers, and other networks. Inhibitory signals carried by large-
diameter fibers bind to the SG and prevent nociceptive signals from traveling centrally.
The balance of inhibitory and excitatory input contributes to the transmission and experi-
ence of pain. (B) Model of the pain neuromatrix. A distributed neural network in the brain
imprints a perception of the body-self. Pain results from a combination of sensory and
cognitive input that projects the stimulus onto the neuromatrix.

=

Table 1
Nonopioid medications used for the management of chronic pain and their anesthetic
implications

Medication Anesthetic Implications

Tricyclic antidepressants
� Amitriptyline
� Nortriptyline
� Desipramine

� There are antimuscarinic, antihistaminergic, and anti-a1-
adrenergic effects.
� Hypotension, constipation, sedation/delirium, dry mouth

� It may reduce the seizure threshold.
� EKG effect are as follows: QRS widening, QT prolongation
� There is potentiation of sympathomimetic medications like

ephedrine.

Selective serotonin
norepinephrine
reuptake inhibitors

� Duloxetine
� Venlafaxine
� Milnacipran

� It may increase the risk of PONV.
� It may increase blood pressure (mild effect in chronic use).
� There is a slight bleeding tendency via decreased platelet

binding affinity.

Selective serotonin
reuptake inhibitors

� Sertraline
� Escitalopram

� There is a slight bleeding tendency via decreased platelet
binding affinity.

� It may increase the risk of PONV.

Calcium-channel
blocking agents

� Gabapentin
� Pregabalin

� It may prevent an increase in intraocular pressure and blood
pressure with direct laryngoscopy.

� It may increase sedation.

Antiepileptic drugs
� Oxcarbazepine
� Carbamazepine
� Topiramate

� There is increased resistance to nondepolarizing neuromuscular
blockers (more frequent dosing).

� There is a predisposition to hyponatremia.
� May increase sedation
� May induce hepatic microsomal enzymes leading to decreased

plasma levels of various drugs, such as macrolide antibiotics,
beta-blockers, calcium channel blockers, and amiodarone

Muscle relaxants
� Cyclobenzaprine
� Carisoprodol
� Tizanidine
� Baclofen
� Methocarbamol

� There is increased sensitivity to neuromuscular blockers.
� Cyclobenzaprine has antimuscarinic, antihistaminergic, and

anti-a1-adrenergic effects.
� Methocarbamol may exacerbate myasthenia gravis symptoms.
� It may increase sedation.
� Tizanidine may further reduce blood pressure.
� It may reduce minimum alveolar concentration.

Abbreviations: EKG, electrocardiogram; PONV, postoperative nausea and vomiting.
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dosing. This information can be used to calculate daily maintenance opioid require-
ments measured in oral morphine equivalents (milligrams per day). Table 2 lists com-
mon conversion factors.
Spinal cord stimulators (SCS) and intrathecal drug delivery systems (IDDSs) are

emerging technologies for a growing number of chronic pain conditions. SCS systems
consist of electronic leads placed in the epidural space connected to an implantable
pulse generator that is buried subcutaneously in the flank or buttocks. Patients are
able to control the stimulator and should disable the device preoperatively if undergo-
ing general anesthesia (GA). IDDSs consist of a flexible catheter placed in the intra-
thecal space that is attached to a medication reservoir pump that is implanted
subcutaneously in the lower abdominal quadrant. Providers should continue the infu-
sion perioperatively to maximize analgesic benefits. Neuraxial anesthesia is possible
in the presence of these devices, but providers will need to investigate the spinal levels
where the leads or catheters are placed. Spinal anesthesia should be uncomplicated
assuming the intrathecal space is accessed at a lower intervertebral level than the de-
vice. If an epidural catheter is desired in the setting of SCS, coordination with a pain
specialist may be warranted to avoid lead migration.

PHARMACOLOGIC TREATMENT OPTIONS

There are few studies in patients with chronic pain undergoing surgery. Because there
are no best practice guidelines, anesthesiologists must optimize and individualize a
care strategy using multiple modalities and mechanisms of action. Multimodal anal-
gesia is the hallmark of perioperative care and is the preferred approach advocated
by the American Society of Anesthesia (ASA) acute pain task force.32 By combining
multiple pharmacologic classes and procedural interventions during perioperative
care, the total dose of any single agent may be lowered, thereby decreasing the
side effect burden. In addition, this approach leverages the additive or synergistic ef-
fects when coadministrating different drug classes. In spinal surgery, several studies
have demonstrated superior analgesia when using a multimodal analgesia strategy
(Table 3) compared with opioid only controls.33–35 This section summarizes the evi-
dence of various medication classes and highlights neurosurgical trials to identify op-
tions for treatment strategies that can be personalized for patients with chronic pain.
Table 2
Equianalgesic opioid dosing

Drug

Equianalgesic Doses (mg)

Parenteral Oral

Morphine 10 30

Hydromorphone 1.5 7.5

Oxycodone NA 20

Fentanyl IV** 0.1 NA

Hydrocodone NA 30

Methadone 10 10

Oxymorphone 1 10

Nalbuphine 10 10

Abbreviations: IV, intravenous; NA, not applicable .
** Fentanyl patch conversion: According to package insert, fentanyl transdermal 12 mcg/

h 5 45 mg/24 hours of oral morphine.



Table 3
Summary of adjunctive medications for establishing a multimodal analgesia strategy

Medication, Dosing Strategy Issues

NSAIDs
Ketorolac 30–60 mg IVa

Celecoxib 200–400 mg POb

� It is contraindicated in patients with compromised
renal function.

� It is used with caution in patients with a history of CAD
or previous CVA.

� Avoid it with concomitant antiplatelet,
anticoagulation.

Acetaminophen 1000 mg IVb,
POa, and PRb

Make sure patients are not taking high doses the day of
surgery.

Ketamine 0.5 mg/kg bolus IV,
infusion 2–10 mcg/kg/minb

� Use caution with a history of psychosis or significant
psychiatric illness.

� It may cause nystagmus and increased intraocular
pressure.

� It may increase blood pressure and heart rate.
� It may increase muscle tone or induce myoclonus.

Dexmedetomidine 1 mcg/kg IV
bolus over 10 min, infusion at
0.2–1.0 mcg/kg/hb

� It may induce transient hypertension during bolus and
then bradycardia, hypotension with infusion.

� Use caution with concomitant use of vasodilators of
negative chronotropic agents.

Gabapentin 600 mg POa

Pregabalin 150–300 mg POa

� It may increase sedation after surgery.
� It may increase risk of visual disturbance.

Lidocaine 1.5 mg/kg bolus IV,
infusion at 2.0 mg/kg/hb

� Toxic doses may predispose to seizures and cardiovas-
cular collapse.

� It lowers the seizure threshold (pertinent in cortical
surgery).

Dexamethasone IV 8.0 mg
or 0.1 mg/kgb

� It increases the risk for the following:
� Infection
� GI bleed
� Blood glucose elevation
� Thromboembolism
� Delirium, psychosis, depression, and anxiety

Methadone (IV and PO)
0.2 mg/kgba

� Avoid it if QTc is >475 ms.
� There is an unpredictable pharmacokinetic half-life

that may lead to delayed respiratory depression.

Abbreviations: CAD, coronary artery disease; CVA, cerebral vascular disease; GI, gastrointestinal;
PR, per rectum.

a Dosing before induction.
b Dosing intraoperatively; use caution to complete infusions to facilitate emergence in a timely

manner.
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NONSTEROIDAL ANTIINFLAMMATORY DRUGS AND ACETAMINOPHEN

Acetaminophen may be administered orally, rectally, and intravenously (IV). A
Cochrane review reported that a single IV dose is associated with a 30% decrease
in opioid use and that approximately 37% of patients report adequate analgesia
postoperatively for approximately 4 hours.36 Although some hospitals may not carry
IV formulations because of the expense, providers could consider rectal or oral
administration.
NSAIDs, both traditional and selective cyclooxygenase-2 inhibitors, also demon-

strate clinical efficacy.35,37 A small prospective double-blind controlled study in
patients undergoing lumbar decompressive surgery demonstrated that intraoperative
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ketorolac was associated with significant opioid sparing and lower pain scores
throughout the entire postoperative recovery period.38

NSAIDs are often avoided in cranial and spinal surgery because of the known risk of
bleeding, cardiovascular events, and impaired hardware to bone fusion. Much of this
risk is exposed in animal models and medical datasets that reflect chronic use.39,40 In
addition, the bleeding association is typically associated with the coadministration
with antiplatelet or anticoagulation therapy.41Most studies in surgical settings, however,
support a favorable perioperative safety profile when selectively used in well-
resuscitated patients. Richardson and colleagues42 and Magni and colleagues43

published retrospective reviews of pediatric and adult neurosurgeries, respectively,
demonstrating that ketorolac was not associated with an increased risk for bleeding.
Regarding the inhibition of osteoblast and bone metabolism, NSAIDs at low doses
and a short time exposure (<14 days) have shown a strong safety profile when used
with spinal fusion.35

Ketamine

Ketamine has been investigated as a therapeutic adjuvant for the chronic manage-
ment of neuropathic pain,44 complex regional pain syndrome,45–47 and as a strategy
to reduce daily opioid requirements.48 Although infusions may show promise in the
outpatient clinical setting, there is a lack of robust controlled trials and the literature
is mixed.46,49 In the perioperative setting, on the other hand, there is consistent evi-
dence of benefit.50–53 It has been shown particularly useful in patients with chronic
pain54 or opioid abuse disorders.55

Loftus and colleagues54 investigated the use of ketamine in patients with COT un-
dergoing lumbar fusion. An opioid-sparing effect and improved pain reports were
found to be clinically and statistically significant after an intraoperative 0.5-mg/kg
bolus, followed by a 10-mcg/kg/min infusion. In lumbar spinal and scoliosis surgery,
studies reported a benefit after a bolus and infusion56–58; but a negative finding was
reported in pediatric spinal surgery.59

To date, there are no data reporting the analgesic effects of ketamine in brain sur-
gery; this may be due to historical association with an increase intracranial pressure
(ICP). Clinical investigations into this phenomenon have shown the contrary. In fact,
even when used for patients with traumatic brain injury, ICP measurements remained
similar to opioid administration, with some studies showing that a ketamine bolus may
lower ICP.60–65

There exists clinical and experimental evidence that a bolus dose of ketamine and
intraoperative infusion augments somatosensory evoked potentials andmotor evoked
potential (MEP) monitoring.66,67 Studies have shown improved cortical signal ampli-
tude68 and that infusions do not increase voltage required to elicit maximum MEP
amplitude.69

Lidocaine

Lidocaine has recently garnered attention as an analgesic adjunct. A Cochrane review
reported low to moderate evidence to support perioperative lidocaine infusion.70 A
116-patient study demonstrated statistically significant improved pain scores and
physical function and a lower 30-day complication rate when undergoing spinal sur-
gery with a perioperative lidocaine infusion versus a placebo infusion.71 In neurosur-
gical patients, especially with pathology in the temporal lobe, caution should be
exercised as lidocaine can lower the seizure threshold in a dose-dependent manner,
which has been shown to start in the amygdala.72,73
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Corticosteroids

For palliative care, corticosteroids have been used as adjuvant therapy for metastatic
bone pain, neuropathic pain, and visceral pain.74 In the perioperative setting, a meta-
analysis conducted by Waldron and colleagues75 concluded that dexamethasone is
associated with a small but statistically significant improvement in pain scores and
a 13% reduction in opioid use. De Olivera and colleagues76 identified a 0.1-mg/kg
perioperative dose as the most effective dose in achieving these results. Although
evidence from the corticosteroid randomisation after significant head injury (CRASH)
trial found the use of steroids for ICP management less favorable,77 in chronic pain,
this may be a reasonable adjunct to care.

Dexmedetomidine

Dexmedetomidine is one of the newer anesthetic agents andmay serve as an effective
adjuvant in multimodal analgesia practices. A meta-analysis conducted by Schnabel
and colleagues78 concluded that intraoperative dexmedetomidine is associated with
lower postoperative pain scores, opioid sparing, and a lower risk for respiratory
adverse events. A separate meta-analysis that compiled randomized controlled trials
in intracranial procedures demonstrated more stable perioperative hemodynamics,
less intraoperative opioid consumption, and fewer postoperative antiemetic
requests.79

Gabapentin and Pregabalin

Yu and colleagues80 performed a systemic review and meta-analysis and provided a
level I rating supporting gabapentin and pregabalin in lumbar surgery with evidence
associated with improved pain levels and lower opioid requirements. Ho and
colleagues81 support these conclusions in a systematic review of randomized
controlled trials and added that gabapentin was associated with an increased risk
of sedation but less opioid-related side effects, such as vomiting and pruritus. It is
important to note that gabapentin and pregabalin are first-line agents for many neuro-
pathic pain states. It is highly likely that patients living with chronic pain are either
currently taking this medication or have discontinued it because of adverse events
or lack of perceived benefit.

OPIOID MANAGEMENT

Opioids are foundational to an effective multimodal analgesia plan, but in the setting of
tolerant patients, a strategic approach to administration is required to maximize
benefits and minimize harm. It is important to meet a patient’s opioid requirements
to avoid acute withdrawal or undertreating pain. With that said, it has been demon-
strated in several studies that high opioid doses is associated with greater postoper-
ative pain levels, poorer functional outcomes, higher likelihood of postoperative ileus
and a longer hospital length of stay when undergoing surgery.12,82–84 Although opioid-
induced respiratory depression is a concern when providing high doses, the closed
claims database only documented preexisting COT in 8% of the 92 documented
claims associated with opioid overdose.85 Although this may ease providers into
believing that long-term use leads to a reduction in the ventilatory risk, the administra-
tion of other respiratory depressants and the co-occurrence of central and obstructive
sleep apnea demand clinical vigilance perioperatively.
To date, there are no controlled trials that guide intraoperative management for

patients on COT. Brill and colleagues86 and Mitra and Sinatra87 wrote comprehensive
reviews of perioperative management strategies for opioid-dependent patients.
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Whenever possible, patients should resume their regimen on the day of the operation,
either by taking long-acting opioids with small sips of water or continuing the fentanyl
patch. It is important to avoid forced-air warming devices directly over fentanyl patch
sites as heat can increase transdermal absorption. If patients are unable to take oral
medications preoperatively, providers should calculate equianalgesic IV doses (see
Table 2) and provide half the daily requirements before or on induction, even if regional
or neuraxial anesthesia is provided. The dose may be reduced to account for lower
oral bioavailability drugs, such as morphine and hydromorphone (20%–35% bioavail-
ability) with less adjustments needed for methadone, oxycodone, hydrocodone, and
fentanyl patch (70%–90% bioavailability).86

Front-loading opioids by titrating to a respiratory effect to approximate opioid re-
quirements is a practice commonly performed at the author’s institution, particularly
for spinal surgery. This practice stems from a study performed by Davis and col-
leagues88 whereby 20 patients on COT undergoing a multilevel spinal fusion were
administered a fentanyl infusion at 2 mcg/kg/min until the respiratory rate decreased
to 5 breaths per minute. This practice allowed for the calculation of the serum plasma
concentration of 30% of the level associated with respiratory depression and applied
this dose calculation postoperatively to set patient controlled analgesia (PCA) settings.
Although a protocol of this nature may be impractical clinically, a modification that in-
volves intermittent boluses of hydromorphone, fentanyl, or morphine while patients
are conscious to generate a safe, yet effective dose range intraoperatively has value.
Anecdotally, after induction of a general anesthetic with this technique, the provider
may have to manage temporary hypotension before the surgical stimulus.
Methadone is a viable alternative for a long-acting alternative to opioid management

for patients both on and off COT. In one study, a single bolus of 0.2 mg/kg of metha-
done provided a 50% decrease in pain reports and reduction of postoperative opioid
requirements after complex spinal surgery compared with sufentanil infusion.89 Meth-
adone is associated with QTc prolongation and risk for torsades de pointes at high
doses (greater than 60 mg/d), but most pain medicine regimens provide a lower
dose; therefore, the risk is not as significant.90 In addition, the variable pharmacoki-
netics of methadone can predispose to delayed respiratory depression postopera-
tively; therefore, it should be carefully selected for opioid-tolerant patients. Patients
may also require closer postsurgical ventilatory and oxygenation monitoring.

NONINTRAVENOUS PHARMACOLOGIC TREATMENT OPTIONS

Peripheral and central neural blockade through regional anesthesia techniques pro-
vide superior analgesia than systemic medications, and this has been recognized
by the ASA acute pain task force.32 When appropriate, patients with chronic pain
should be offered neuraxial or peripheral anesthesia.91 Although neurosurgery is not
classically associated with regional techniques, there are several methods that are
reviewed.

NEURAXIAL ANESTHESIA FOR LUMBAR LAMINECTOMY OF DISC SURGERY

Institutional practices typically guide the anesthetic choice between regional or GA for
spinal surgery. A 2014 review reported that spinal and even epidural anesthesia for
single- or double-level decompressive surgery has reported more stable hemody-
namic profile and better pain control compared with GA.92 Although this may offer
distinct advantages for patients with chronic pain undergoing low complexity laminec-
tomies or discectomies, anesthesiologists should coordinate this approach with
surgeons.
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Scalp Block

The scalp block has been most commonly performed in awake craniotomies before
the placement of cranial pins; however, evidence supports this technique as a useful
adjunct to care in patients with GA. The scalp block was first reported in 1996 by
Pinosky and colleagues93; a subsequent review by Ortiz-Cardona and Bendo94 pro-
vides detailed procedural description and figures. The block involves the infiltration
of local anesthetic through soft tissue layers to the skull to anesthetize the supraor-
bital, zygomatico-temporal, auriculo-temporal, greater occipital, and lesser occipital
nerves. This block can be performed before pinning or after skin closure and has
been associated with an opioid-sparing effect and improved pain scores.94

Infiltration

In spinal and cranial surgeries, wound infiltration has also been investigated as an
adjunct to a multimodal strategy. Historically, scalp infiltration has been considered
inferior to selective scalp block, with minimal postoperative benefit.94 However, a
small single-blinded study by Batoz and colleagues95 reported that infiltration at the
surgical site with ropivacaine can lead to a small decreased risk in the development
of postsurgical neuropathic pain.
In lumbar spinal surgery, infiltrating longer-acting local anesthetics like bupivacaine

into the incision site have been investigated, with many studies showing an opioid-
sparing effect and improved pain scores.96–100 Some evidence suggests that preinci-
sional infiltration has been shown superior to infiltration during wound closure.96,97,100

Bone graft harvesting of the anterior superior iliac spine for spinal fusion surgeries is
associated with significant postoperative pain, including chronic pain at the harvest
site. Continuous infusion catheters with bupivacaine at the bone harvest site have
been investigated in randomized, double-blind controlled trials, with one group report-
ing significant analgesia and reduction in opioid requirements101 and another showing
no effect.102 It is pertinent to note that liposomal bupivacaine, a compound that pro-
vides a sustained release of bupivacaine from multivesicular liposomes, has been
approved by the Food and Drug Administration in 2015 for a single-shot infiltration
of surgical incisions. Although it has not been trialed in neurosurgical patients, most
studies have documented analgesia and opioid sparing lasting up to 72 hours
compared with the 8 to 12 hours of relief in conventional bupivacaine.103
SUMMARY

Patients with chronic pain undergoing neurosurgery may induce concern in anesthe-
siologists, especially when considering the delicate nature of the procedure. Yet, this
challenge should be seen as an opportunity to impact patient care acutely, subacutely
and chronically. It is all too common for patients on COT to undergo a surgical proce-
dure, have poorly treated pain, and then leave the hospital with a higher daily opioid
dose that remains long-term. Providing the most comfortable experience possible
during the recovery period through a multimodal strategy can have lasting benefits.
This point is particularly important in spinal and cranial surgery whereby the immediate
rehabilitation efforts are critical to improving long-term outcomes.
In the end, after appraising existent evidence, more research is needed to better

define best practices, identify treatment dangers, and risk stratify patients with chronic
pain when undergoing neurosurgical procedures. At present, anesthesiologists should
become familiar with various analgesic techniques to adapt a personalized multimodal
strategy to each unique patient undergoing surgery.
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KEY POINTS

� There is a need for anesthetic management in most of the patients undergoing endovas-
cular therapy of stroke, which includes but is not limited to an anesthetic plan of sedation
or general anesthesia; hemodynamic, respiratory, intravascular fluids, glycemic control,
and neuroprotection are also essential for a favorable outcome.

� Despite multiple retrospective studies showing a better outcomewhen general anesthesia
is avoided if possible, there is still a need for prospective well-designed studies.

� Currently the Society for Neurosciences in Anesthesiology and Critical Care consensus on
the anesthetic management of patients undergoing endovascular treatment is the best
available guide.

� Neuroprotection is an evolving topic in neuroanesthesia mostly due to difficulties in trans-
lation of animal data to humans. Remote ischemic perconditioning might be a very prom-
ising field that needs further investigation.
INTRODUCTION

Despite recent advances in acute ischemic stroke (AIS) treatment, this disease
still remains a major contributor to mortality and morbidity. The outcome is entirely
dependent on rapid diagnosis and early treatment, namely the time factor. A delay
in diagnosis can limit the number of patients eligible for effective treatment to stop pro-
gression and reverse the course of its pathophysiology. Although the US Food and
Drug Administration has approved recombinant tissue plasminogen activator to be
used intravenously up to 3 hours after onset of AIS,1 only approximately 2% to 5%
of patients affected with AIS receive thrombolytic therapy.2 This approach
especially after the publication of European Cooperative Acute Stroke study has
been used up to 4 to 5 hours after the initiation of the symptoms but benefited a small
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population.3,4 Intra-arterial treatment of AIS is a new strategy that is intended to
expand the population eligible for treatment, that is, attenuates the time limitation
and patient’s resistance to intravenous thrombolytic therapy. Currently intra-arterial
treatment is being used up to 6 hours after an AIS resulting frommiddle cerebral artery
occlusion, although a futile recanalization is not uncommon especially in an older
patient population and those with more severe neurologic deficits.5 The additional
benefit of intra-arterial thrombolysis beyond intravenous thrombolysis is under inves-
tigation. A systematic review andmeta-analysis6 show a benefit of intra-arterial throm-
bolysis over standard therapy but not a clear benefit over intravenous thrombolysis.
In most centers, endovascular treatment requires anesthetic intervention, necessi-

tating a better understanding of the effect of anesthetic technique on the disease
process to improve outcome. A team-based approach involving the stroke neurolo-
gist, neuroanesthesiologist, neurointerventionalist, and neurocritical specialist is
essential. Sharing information regarding current studies with these subspecialties
adds a piece to the puzzle of “best acute stroke therapy.”
This article summarizes recent advances relevant to neuroanesthesia for interven-

tional treatment of AIS with focus on 3 areas: anesthetic method, hemodynamic man-
agement, and brain protecting measures during endovascular treatment.
ANESTHETIC MANAGEMENT

The importance of anesthetic management in patients with AIS is not a matter of
debate, but the effect of the anesthetic technique on the success of reperfusion is
still a topic for discussion. The literature is rich with nonanesthesiologists commenting
on the anesthetic method and hemodynamics during endovascular procedures.7–10

One of the most important hurdles in describing the best anesthetic method is the
not-so-clear understanding of what general anesthesia (GA) is, especially for nonanes-
thesiologist researchers.11 Also there is the variability in anesthetic techniques for the
wide range of what is known as GA.12 There is a gap in well-designed prospective
studies that investigate the effect of anesthetic method isolated from confounding
factors. Due to different effects of anesthetics and their individual potential for protec-
tive or harmful consequences, it is wrong to generalize the effect of one method to all.
A recent meta-analysis of 9 studies enrolling 1956 patients showed a worse outcome
in patients undergoing GA.13 The results of this meta-analysis showed that GA had
higher odds of mortality, lower odds of favorable functional outcome, but fewer
adverse respiratory events. The investigators accepted that the difference within the
stroke severity may have been the confounding factor in the result, again stressing
the need for a better randomized study.
The debate on the best anesthetic management for intravascular treatment of AIS

started fading following the release of the Society for Neurosciences in Anesthesiology
and Critical Care (SNACC) Clinical Consensus Statement in 2014.14 One main reason
is the realization by both anesthesia and neurointerventional groups of the paucity of
well-designed studies. The published statement was the product of a task force that
did not limit itself to a concise literature search. The significance of the task force was
the involvement of the Society of Neurointerventional Surgery, as well as the Neuro-
critical Care Society and soliciting multispecialty input. The recommendations were
thus published as an endorsement of SNACC in the Journal of Neurosurgical Anesthe-
siology as well as Stroke, making it more acceptable to clinicians on both sides. How-
ever, the level of evidence for most recommendations mentioned in the consensus
was not very high. Specifically for the anesthetic technique for the endovascular treat-
ment of AIS, the task force points out the selection bias in available literature on the
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better outcome in using local anesthesia with sedation compared with GA for these
procedures. The level of evidence was according to the standard of American Heart
Association evidence rating scheme, and regarding the anesthetic method were at
best class II with level of evidence B, especially those related to use of GA in uncoop-
erative patients and patients with posterior circulation ischemic strokes. In fact this
translates into “additional studies are needed” and evidence is based on single trials
and nonrandomized studies. The same level of evidence has been given to the feasi-
bility of using local anesthesia with sedation in patients who are able to control their
airway, without the definite consensus that this is the preferred option according to
strong evidence. However one relevant and appropriate recommendation related to
the anesthetic method is the importance of speed in the management of AIS, which
could, perhaps mistakenly, imply that using local anesthesia and sedation can be
faster compared with GA. Thus, we see that there is still a lack of adequate evidence
showing the superiority of one method of anesthesia over the other.
Even after the consensus statement, other studies have been published investi-

gating the role of anesthetic methods in the outcome after treatment of AIS.15

Although the studies were better designed with an investigation focusing on con-
founding variables and improvement in a more scientific inference, there is still a
lack of hard evidence and a need for larger prospective randomized multicenter
studies to evaluate the effect of anesthetic technique.16 The calculation of the size
of a study that has enough power to show a benefit of one method over the other is
very complex considering all the many confounding factors in addition to a large
variable patient population. A very important determinant of outcome is the National
Institutes of Health Stroke Scale (NIHSS) score at presentation time. Comorbidities
in patients with AIS are also an important element of the outcome regardless of
the extent of ischemic area, timing, and presence or absence of initial thrombolytic
therapy. Thus, the NIHSS subscores or other measures of illness severity that encom-
pass non-neurologic factors may be better prognostic identifiers.17

The class of anesthetic agents used and their doses alsomay have an impact on level
of brain protection or harm, which is discussed later in this article. Moreover, one
cannot underestimate the importance of blood pressure (BP) and its deviation from pa-
tient’s baseline, and PaCO2 and temperature during the treatment period and beyond in
the outcome. Thus, to obtain reliable data, a large sample size may be needed in future
studies so as to be able to account for each of these and other confounding variables.
This scientific rigor could be a daunting challenge for investigators. This difficult study
design is in contrast with the flawed current information and necessary reliance on
common sense, or better yet theoretic consideration in generalizing some of the estab-
lished observations in AIS patient management. A very good example is the knowledge
about hypotension and its deleterious effect on stroke outcome. Thus, any intervention
that may lower BP should be discouraged. Regardless of evidence, it is universally
accepted that induction of GA in a patient with a history of hypertension, along with
altered cerebral autoregulation and some degree of dehydration, plus a partially
depleted sympathetic drive has a higher chance of hypotension. In summary, there
is an overall assumption that GA is the culprit for poor outcome but in reality it is
most likely related to the hypotension that might happen during induction.
Another often-stated inference is that induction of GA may delay the surgical

procedure. The anesthesiologist should take a leadership role and help coordinate
the different teams to work simultaneously and in parallel so as to expedite this pro-
cess; that is, start the preparation and draping of the patient in parallel to the induction
process. Large institutions with sizable anesthesia departments may have a higher
rate of variations in practice, but with dedicated subspecialty anesthesia sections
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where anesthesia and procedure personnel have a higher rate of interaction, fewer de-
lays are expected in the workflow. This may be as a result of a dedicated neuroanes-
thesiology subspecialist attending to these cases during as well as out of regular
hours, or protocols prepared by this subspecialist group for the general anesthesiol-
ogist. Implementing checklists and protocols for proceduralist and anesthesiologist
can decrease variability. Preparation and access for intervention can start parallel to
but should not be disruptive of a safe anesthetic induction. The nursing team should
be available to assist the anesthesiologist if needed. A potential for delay can be the
time required to start an invasive BP monitoring. Again this could be done in parallel
with the procedure or by getting a side line from the access catheter placed by the pro-
ceduralist until a different dedicated arterial line is established. In situations in which
GA is necessary in an unstable patient to the point that initiation of an arterial moni-
toring device is essential even before induction of anesthesia, a team-based approach
with involvement of proceduralist is recommended.
For quality improvement purposes, definition of delay and time to readiness is also

important.11 The definition should be well established, as one can interpret it as when
the anesthesia teamgets thepatient ready for theprocedure versus time to vascular ac-
cess or revascularization, the latter of which is affected by the occluded vessel involved
and the interventionalist experience. However, there seems to be a consensus that use
of GA prolongs patient readiness for revascularization.18 But there can be a higher
chance of patient movement if patient is not under GA, making the procedure more
technically challenging19 and a longer time to revascularization. Procedure time itself
is a determinant of outcome with longer procedure times leading to worse outcome.20

A review of patient medication is also important in determining an anesthetic plan
and course. A special attention should be given to antihypertensive therapy, dis-
cussed later in this article, and antiplatelet or anticoagulant medications, including
prior thrombolytic. In all emergent surgical cases one is concerned about the latter
medications because they can increase the possibility of intraoperative or postopera-
tive hemorrhage or complicate intra-arterial BP monitoring. In a recent study including
a patient registry, a multivariate analysis did not show a detrimental outcome for pa-
tients on antiplatelet therapy as far as increasing the number of symptomatic intracra-
nial hemorrhages.21 Prior use of statins is also a subject of interest. A review of registry
results did not show an improved outcome in patients who were on statins before the
stroke and the meta-analysis of prior data22 showed no benefit or detrimental effect. A
higher dose of statin, however, may be responsible for an increase in symptomatic
intracranial hemorrhage, as shown in another study, although it still showed an
improvement in 3 months.23 A European cohort study did not show higher 30-day
mortality in patients who before admission for AIS were on calcium channel or beta
blockers.24 Another study in the same population showed that current preadmission
use of angiotensin-converting enzyme inhibitors or angiotensin receptor antagonists
reduced 30-day mortality after stroke.25
HEMODYNAMIC MEASURES

The importance of having adequate perfusion to the brain after an ischemic stroke is
well-known. More than 60% of patients will have systolic BP (SBP) of more than
160 mm Hg during the first hours of AIS.1 An SBP of more than 185 mm Hg or a dia-
stolic BP (DBP) of more than 105mmHg is contraindicated for intravenous tissue plas-
minogen activator (tPA) and should be immediately addressed. If tPA is not
administered, an SBP of more than 220 mm Hg or a DBP of more than 120 mm Hg
should be treated.
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Hypotension is also a risk factor for poor neurologic outcomes after AIS.26 As
mentioned previously, a shortcoming of GA is a higher chance of hypotension
because there is a sudden decrease in sympathetic activity as well as redistribution
of blood volume after induction of anesthesia and initiation of positive pressure venti-
lation. Therefore, the usual physiologic response to ischemic stroke, which is an in-
crease in BP to ensure adequate perfusion from collaterals, is lost. Multiple
retrospective studies review the BP during this procedure showing lower BPs during
GA when compared with sedation.10,27 In another study, although the maximum BP
was higher, and the minimum BP was lower in the GA group, this did not show a sta-
tistically significant difference despite measurement of hypotensive episodes and
number of times a vasopressor was given; however, they did not measure the number
of vasopressors as well as the total dose.18 Löwhagen Hendén and colleagues28 re-
ported that a drop of greater than 40% from baseline in mean arterial pressure resulted
in a bad outcome. However, it is not only the drop in the BP that is important, but its
variability. BP variability, according to a recent study, has been independently shown
to be associated with the development of neurologic deterioration in the early stage of
AIS.29 This underscores the importance of avoiding BP variation, which is challenging
during GA. A recent study has shown an association between BP variability and hem-
orrhagic transformation in the early stages of intravenous thrombolysis.30

The SNACC consensus statement has recommended hemodynamic monitoring as
soon as AIS is diagnosed with specific goals of SBP of greater than 140 mm Hg using
fluids and vasopressors and less than 180 mm Hg and DBP less than 105 mm Hg.
Monitoring of BP is recommended to be continuous or at least every 3 minutes. There
is no consensus on the type of vasopressor; however, one should use judgment on the
amount of fluids in accordance with the patient’s history and cardiac function so as to
maintain euvolemia. The BP at the end of the procedure also should be closely moni-
tored because it correlates with the success rate of revascularization and complica-
tions after the procedure. However, there is no guideline on where to maintain the
BP after the reperfusion. A high BP may increase the chance of hemorrhagic transfor-
mation and a low BP may cause hypoperfusion or reocclusion, especially in cases in
which the stroke is a result of in situ thrombosis. In many cases, the original BP before
the occurrence of ischemic event is not known and even if it is, it may not be the ideal
BP for the patient. Communication with the proceduralist is important to determine the
best postprocedure BP in these patients.14

Attention to oxygenation and ventilation is also an important component of the
anesthetic, and is an element of interpreting hemodynamic data. Despite its obvious
nature, it is worth mentioning that avoiding hypoxemia is important in management
of these patients. The SNACC consensus recommends administering oxygen to
keep the saturation above 92% and PaO2 more than 60 mm Hg; it also recommends
avoiding respiratory depression–induced hypercarbia.14 Hyperoxia has theoretic
negative interaction after ischemic stroke31 but should be studied with reperfusion.
Hyperventilation on the other hand can cause vasoconstriction and decreased blood
flow, although this effect has yet to be studied in patients with ischemic stroke, the
deleterious effect has at least been shown in patients with traumatic brain injury.32

Thus, in intubated patients, special attention should be given to minute ventilation
and PaCO2 levels. End-tidal CO2 level may not be the best measure because there
could be a large discrepancy in patients with chronic CO2 retention, but it is nonethe-
less an essential monitor. A study comparing the end-tidal CO2 level of patients under-
going endovascular therapy has shown hyperventilation in patients under conscious
sedation with median end-tidal level of 26.57 mm Hg, but this could be because of
inaccurate measurement of end-tidal CO2 in patients with spontaneous ventilation.33
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Interestingly, this study has not mentioned the respiratory rate difference and corre-
sponding PaCO2, making the claim of hyperventilation unreliable.
NEUROPROTECTION

The basic goals for stroke treatment strategies are to restore perfusion as quickly as
possible through mechanical or pharmacologic thrombolysis and minimize detri-
mental effects of reperfusion injury. There is a current need for adjunctive therapies
that can have a protective effect on brain against ischemia or to increase collateral
blood flow so as to extend the time window before permanent injury occurs. The
search for an anesthetic that would offer a neuroprotective mechanism has been re-
ported since Goldstein, Wells and Keats34 described barbiturate to have such effect.
Although many anesthetics are thought to have a neuroprotective effect, no clinical
study has to date demonstrated that neuroprotection is feasible in humans. Hence,
this topic warrants discussion.
The biochemical pathways involved in neuronal death during ischemia include exci-

totoxicity, oxidative stress and peri-infarct depolarization followed by inflammation
and apoptosis.35 The lack of perfusion and consequent ATP depletion causes a reduc-
tion in energy-dependent processes while simultaneously promoting adverse path-
ways. As a result, there is an increase in cytosolic calcium and sodium that is
further enhanced by glutamate-mediated activation of N-methyl-D-aspartate
(NMDA) and AMPA receptors. Increased levels of cytosolic calcium contribute to
cell apoptosis. Perfusion restoration will cause further damage through excessive pro-
duction of superoxide free radicals and other damaging processes largely related to
endothelial and blood-brain barrier dysfunction.36

Neuroprotection is a broad term that can be defined as promotion of neuronal sur-
vival. It can be mediated by methods that decrease neuronal metabolic demand,
maintain blood flow in the penumbra area, or minimize the secondary effects of sub-
stances released by cell death. Common neuroprotective approaches include phar-
macologic, hemodilution, hypothermia, hyperoxia, and ischemic conditioning.
Pharmacologic neuroprotection has been a recurrent theme of interest for neuroa-
nesthesiologists, mostly because of encouraging animal studies. More than 23,000
publications discuss stroke and its treatment in various animal models and approx-
imately 2700 clinical trials are listed on the Internet Stroke Trials Registry based on
this extensive volume of preclinical work. Although a strong body of literature exists
supporting in vivo and in vitro strategies,37,38 most clinical trials have failed to repro-
duce these data in humans. This is particularly true for NMDA receptor antagonists,
sodium channel blockers, g-aminobutyric acid agonists, calcium channel blockers,
lipid peroxidation inhibitors, and intercellular adhesion molecule (ICAM-1) antibodies,
just to name a few. Many explanations have been offered and thoroughly debated to
justify this discrepancy.39–41 Donnan42 emphasized the need for scientific rigor to
achieve valuable clinical data or alternatively the adoption of new strategies. Gins-
berg43 attributed the failure of human translation to a few factors: study variation
in time window to treat; absence of solid preclinical data and rigorous experimental
design, lack of efficacious drug plasma concentration, and poor follow-up. The
Stroke Therapy Academic Industry Roundtable (STAIR) VII44 addressed these issues
with some recommendations for future trials. Importantly, this group suggested that
stroke therapy and neuroprotective agents should be administered in a timely
fashion. The route of administration also should be considered to achieve this
goal. They also highlighted that it is advisable to focus on treatment strategies
with multiple and/or combined mechanism of action so as to achieve broader effects.



Anesthesia for Endovascular Ischemic Stroke Treatment 503
This multimodal strategy has been extensively discussed and identified as a prom-
ising approach in stroke management.41,45,46

Induced hypothermia is a widely accepted therapy for patients with cardiac arrest
and children with hypoxic ischemic encephalopathy,47 but its efficacy has not yet
been demonstrated as a reliable neuroprotective strategy in clinical trials after AIS.
There are multiple neuroprotective mechanisms of hypothermia. It decreases the
metabolic rate, reduces oxygen demand, preserves energy stores, and decreases
lactate production. Zhang and colleagues48 reported a modulation of apoptosis
mediated by a reduction in proapoptotic factors and increasing antiapoptotic proteins.
Hypothermia also has an impact on the inflammatory pathway with a net anti-
inflammatory effect,49 overall suppression of excitatory amino acids release,50 and
preservation of blood-brain barrier integrity.51 Although physical hypothermia seems
like a very attractive adjunct therapy for patients with AIS, there are multiple factors
that can affect its efficacy, including timing of initiation, duration, technique to achieve
adequate temperature, rewarming speed, and return of cerebral perfusion. There are
also some limitations to hypothermia related to side effects, such as hemodynamic
instability, arrhythmias, coagulopathy, and shivering. Some of these limitations might
be ignored in the laboratory setting but should be addressed before clinical transla-
tion. Combination of hypothermia with other neuroprotective therapies also should
be considered and further investigated.49

Remote ischemic conditioning has been extensively studied in the past few years as
a promising approach for neuroprotection in AIS. The use of remote sublethal
ischemic stimulation to a different organ before an ischemic event is known as remote
ischemic preconditioning (RIPrC). This method has limited application in the treatment
of AIS due to the unpredictable nature of the disease, although it may be a feasible in
patients with prior transient ischemic episodes who are at risk for imminent strokes.
Additionally, ischemic stimulation of a limb delivered during ischemia and before
reperfusion is defined as remote ischemic perconditioning (RIPerC). Hahn and col-
leagues52 showed that RIPerC and RIPrC are effective in reducing cerebral infarct
size, with superior results for neuroprotection in RIPerC comparatively. Multiple
studies in young male rodents were reviewed by Hess and colleagues53 reporting
an overall reduction of the infarct size. The investigators also made special remarks
on RIPerC timing in relation to reperfusion with a lower efficacy of the method when
paired with reperfusion. This therapeutic approach was also proven to be effective
in female ovariectomized mice with and without intravenous-tPA at 4 hours.54 The
importance of this model consists in the inclusion of higher-risk patients for stroke,
such as postmenopausal women who could benefit from RIPerC therapy.
The suggested molecular mechanism of RIPerC is probably related to remote trans-

fer of protection through humoral and neurogenic pathways partially or alterations in
genomic regulation of transcription and translation of neuroprotective/toxic proteins.
After brief induction of limb ischemia–reperfusion, there is a release of autacoids,
such as adenosine, bradykinin, or opioids,55–57 in response to local muscle ischemia.
These substances reach the brain through the circulation and bind receptors in the
cerebral endothelium causing ischemic neuroprotection. Opioid receptors ultimately
can activate the AKT signaling pathway that mediates responses, such as cell survival,
growth, proliferation, cell migration, and angiogenesis. The activation of the parasym-
pathetic nervous system may increase cerebral blood flow,58 and may also have an
impact by decreasing ischemic injury through the cholinergic anti-inflammatory
pathway.59

Hougaard and colleagues60 compared patients treated with tPA followed by me-
chanical thrombectomy with or without RIPerC. Follow-up MRI and NIHSS were
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performed after 24 hours and 1 month and a clinical examination was performed after
3 months. The investigators concluded that RIPerC during transportation to the
hospital had no statistically significant effect on salvage, infarct size, or infarct
progression as measured by MRI in a subgroup of patients and 3-month clinical
outcome. On adjustment of data to baseline severity of hypoperfusion, there was an
increase in tissue survival after 1 month, suggesting a possible neuroprotective role.
Future studies need to address the sites and number of limbs to be conditioned, stim-
ulation duration and timing, and possible association of perconditioning and
postconditioning.
Volatile anesthetics also have been suggested for neuroprotection in AIS. Their

mechanism is most likely related to reduction in glutamate excitotoxicity and,
possibly, opening of potassium channels.61 Promising preclinical data show beneficial
effects of isoflurane in ischemic preconditioning62,63 and postconditioning.64,65 These
findings may have a major impact in intraoperative management of patients with AIS.
Intravenous gabaergic anesthetics, such as thiopental and propofol, also have been
considered as neuroprotective agents based on global brain ischemia66 and tempo-
rary focal brain ischemia67 in nonhuman primate studies. As for other approaches,
the results have not successfully translated to humans. A recent retrospective study
of endovascular management of AIS suggests superiority of volatile anesthetics
over intravenous agents, but results need to be validated by prospective clinical
trials.12
GLYCEMIC CONTROL

The occurrence of hyperglycemia and hypoglycemia are known to be associated with
increased mortality and poor recovery after AIS. Suggested association mechanisms
between hyperglycemia and cerebral injury exacerbation include increased oxidative
load, blood-brain barrier disruption, cerebral edema, hemorrhagic transformation due
to impairment of vascular reaction, and inflammation.68,69 These data have led to
many studies investigating the impact of intensive hyperglycemic control on patients
with stroke as a neuroprotective strategy. Unfortunately, currently available evidence-
based data fail to identify any clinical benefit of this approach,70 mostly due to the high
risk of hypoglycemia.71,72

The updated Cochrane review of 11 randomized controlled trials reiterates the lack
of advantage in maintaining serum glucose within lower ranges in the first hours of AIS,
reporting no impact on functional outcome, death, or improvement in final neurologic
deficit. It was again demonstrated a higher incidence of hypoglycemic episodes in that
group.73 Interestingly, experimental investigation of glucose metabolism in a focal
ischemia model with preserved collaterals has demonstrated hypermetabolism in
the ischemic penumbra. Arnberg and colleagues74 speculate that these would be a
“physiologic” response to increased energy demands questioning even further tight
glucose control in the setting of AIS. There is ample discussion around the impact
of hyperglycemia on patients with stroke with or without prior history of diabetes.
Capes and colleagues75 reported that patients without diabetes with acute stroke
are more negatively affected by high admission glucose, including increased risk of
in-hospital mortality and poor functional recovery. Cochrane73 subgroup analysis
was unable to demonstrate such difference in outcome at 30 or 90 days.
The SNACC consensus statement does have a recommendation on the glycemic

control, which includes obtaining baseline serum glucose of patients with AIS. As a
level II evidence, it recommends hourly glucose checks and preferentially a
protocol-driven insulin treatment of blood sugars in excess of 140 mg/dL, serum
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glucose maintenance of 70 to 140 mg/dL, and treatment of hypoglycemia for initiated
for levels less than 50 mg/dL.14

COMPLICATIONS OF INTRAVASCULAR TREATMENT OF ACUTE ISCHEMIC STROKE

Complications during intravascular treatment of AIS is an area that needs more inves-
tigation.76 Multiple studies have shown the impact of the anesthetic technique in the
size of infarction, rate of hemorrhagic transformation, and pneumonia just to name a
few. Recently a rat model showed lessening of infarction volume and intracranial hem-
orrhage after isoflurane treatment in tPA exaggerated brain injury.64 In the same
context, intravenous pentobarbital was more protective in a rat ischemia model
compared with isoflurane.77 In a human study, intraparenchymal hemorrhage was
more frequent in patients who underwent GA for intravascular treatment of AIS.18

Regardless of the type of procedure or surgery, there are certain complications attrib-
uted to GA. Intubated patients have a higher incidence of pneumonia. This is usually a
consequence of aspiration during induction or a delay in extubation due to complica-
tions of the procedure or inability to control the airway.78 The severity and location of
the AIS also play a major role in the need of airway protection. Intubation is a necessity
in patients that aspirated or are at risk for aspiration as well as patients with inade-
quate oxygenation or ventilation; however, elective intubation to fulfill the plan of GA
may contribute to a worse outcome.
Inadvertent rupture of an intracranial artery is a dire complication that is recognized

with extravasation of the dye during angiography as well as sudden hemodynamic
changes consistent with increased intracranial pressure. Close communication with
the proceduralist regarding need for reversal of heparin with protamine is recommen-
ded. Rapid control of hemodynamic changes and need for intubation and hyperven-
tilation in patients under sedation is necessary to reduce chance of increased
intracranial pressure following intracranial or subarachnoid hemorrhage.
Rarely, dissection or puncture of systemic arteries may arise anywhere from the

point of vascular access to the occluded artery being treated. In addition, ischemia
distal to the point of vascular access also may arise. Ongoing monitoring for these
complications is required throughout the endovascular procedure.
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3. Bluhmki E, Chamorro A, Dávalos A, et al. Stroke treatment with alteplase given
3.0-4.5 h after onset of acute ischaemic stroke (ECASS III): additional outcomes
and subgroup analysis of a randomised controlled trial. Lancet Neurol 2009;
8(12):1095–102.

4. la Rosa FD, Khoury J, Kissela BM, et al. Eligibility for intravenous recombinant
tissue-type plasminogen activator within a population: The Effect of the European
Cooperative Acute Stroke Study (ECASS) III Trial. Stroke 2012;43(6):1591–5.

http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref1
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref2
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref2
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref2
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref3
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref3
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref3
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref3
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref4
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref4
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref4


Avitsian & Machado506
5. Hussein HM, Georgiadis AL, Vazquez G, et al. Occurrence and predictors of
futile recanalization following endovascular treatment among patients with acute
ischemic stroke: a multicenter study. Am J Neuroradiology 2010;31(3):454–8.

6. Nam J, Jing H, O’Reilly D. Intra-arterial thrombolysis vs. standard treatment or
intravenous thrombolysis in adults with acute ischemic stroke: a systematic re-
view and meta-analysis. Int J Stroke 2015;10(1):13–22.

7. Gupta R. Local is better than general anesthesia during endovascular acute
stroke interventions. Stroke 2010;41(11):2718–9.

8. Abou-Chebl A, Lin R, Hussain MS, et al. Conscious sedation versus general
anesthesia during endovascular therapy for acute anterior circulation stroke:
preliminary results from a retrospective, multicenter study. Stroke 2010;41(6):
1175–9.

9. Jumaa MA, Zhang F, Ruiz-Ares G, et al. Comparison of safety and clinical and
radiographic outcomes in endovascular acute stroke therapy for proximal middle
cerebral artery occlusion with intubation and general anesthesia versus the non-
intubated state. Stroke 2010;41(6):1180–4.

10. Davis MJ, Menon BK, Baghirzada LB, et al. Anesthetic management and
outcome in patients during endovascular therapy for acute stroke. Anesthesi-
ology 2012;116(2):396–405.

11. Avitsian R, Somal J. Anesthetic management for intra-arterial therapy in stroke.
Curr Opin Anaesthesiol 2012;25(5):523–32.

12. Sivasankar C, Stiefel M, Miano TA, et al. Anesthetic variation and potential impact
of anesthetics used during endovascular management of acute ischemic stroke.
J Neurointerv Surg 2015. [Epub ahead of print].

13. Brinjikji W, Murad MH, Rabinstein AA, et al. Conscious sedation versus general
anesthesia during endovascular acute ischemic stroke treatment: a systematic
review and meta-analysis. AJNR Am J Neuroradiol 2015;36(3):525–9.

14. Talke PO, Sharma D, Heyer EJ, et al. Society for Neuroscience in Anesthesiology
and Critical Care Expert Consensus Statement: anesthetic management of endo-
vascular treatment for acute ischemic stroke endorsed by the Society of Neuro-
Interventional Surgery and the Neurocritical Care Society. J Neurosurg
Anesthesiology 2014;26(2):95–108.

15. Anastasian ZH. Anaesthetic management of the patient with acute ischaemic
stroke. Br J Anaesth 2014;113(Suppl 2):ii9–16.

16. Li F, Deshaies EM, Singla A, et al. Impact of anesthesia on mortality during endo-
vascular clot removal for acute ischemic stroke. J Neurosurg Anesthesiol 2014;
26(4):286–90.

17. Abdul-Rahim AH, Fulton RL, Sucharew H, et al. National Institutes of Health
Stroke Scale Item Profiles as predictor of patient outcome: external validation
on independent trial data. Stroke 2015;46:395–400 [Erratum appears in Stroke
2015;46(5):E128].

18. John S, Thebo U, Gomes J, et al. Intra-arterial therapy for acute ischemic stroke
under general anesthesia versus monitored anesthesia care. Cerebrovasc Dis
2014;38(4):262–7.

19. Brekenfeld C, Mattle HP, Schroth G. General is better than local anesthesia
during endovascular procedures. Stroke 2010;41(11):2716–7.

20. Hassan AE, Chaudhry SA, Miley JT, et al. Microcatheter to recanalization (proce-
dure time) predicts outcomes in endovascular treatment in patients with acute
ischemic stroke: when do we stop? AJNR Am J Neuroradiol 2013;34(2):354–9.

21. Meseguer E, Labreuche J, Guidoux C, et al. Outcomes after stroke thrombolysis
according to prior antiplatelet use. Int J Stroke 2015;10(2):163–9.

http://refhub.elsevier.com/S1932-2275(16)30004-0/sref5
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref5
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref5
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref6
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref6
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref6
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref7
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref7
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref8
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref8
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref8
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref8
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref9
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref9
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref9
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref9
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref10
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref10
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref10
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref11
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref11
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref12
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref12
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref12
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref13
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref13
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref13
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref14
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref14
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref14
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref14
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref14
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref15
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref15
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref16
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref16
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref16
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref17
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref17
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref17
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref17
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref18
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref18
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref18
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref19
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref19
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref20
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref20
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref20
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref21
http://refhub.elsevier.com/S1932-2275(16)30004-0/sref21


Anesthesia for Endovascular Ischemic Stroke Treatment 507
22. Meseguer E, Mazighi M, Lapergue B, et al. Outcomes after thrombolysis in AIS
according to prior statin use: a registry and review. Neurology 2012;79(17):
1817–23.
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Multimodality
Neuromonitoring
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KEY POINTS

� The clinical neurologic examination is the cornerstone of neuromonitoring, but a complete
clinical assessment is not possible in intubated and sedated/anesthetized patients.

� There are several techniques that permit global or regional monitoring of cerebral hemo-
dynamics, oxygenation, metabolism, and electrophysiology, invasively or noninvasively.

� Given the pathophysiological complexity of acute brain injury, a single neuromonitor is un-
able to detect all instances of cerebral compromise.

� Multimodality neuromonitoring is widely used to individualize patient management after
acute brain injury.

� High-quality outcome studies are necessary to demonstrate any outcome effects of multi-
modal neuromonitoring-guided treatment.
INTRODUCTION
Systemic and central nervous system physiologic monitoring is used to guide the
management of patients with neurologic disease in the perioperative and critical
care settings. Although the clinical neurologic examination is the cornerstone of neuro-
monitoring, a complete clinical assessment is not possible in intubated or sedated/
anesthetized patients. Several techniques are available for global or regional moni-
toring of cerebral hemodynamics, oxygenation, metabolism, and electrophysiology
to guide patient management.
The pathophysiology of acute brain injury (ABI) is complex, involving changes in

cerebral blood flow (CBF), oxygen and glucose delivery and utilization, and electro-
physiologic derangements. A single monitoring modality is, therefore, unable to detect
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all instances of cerebral compromise. Multimodality neuromonitoring is the simulta-
neous measurement of several variables and provides a more comprehensive picture
of the pathophysiology of the injured brain and its response to treatment. It allows an
individually tailored approach to the management of patients with ABI in which treat-
ment decisions are guided by monitored changes in pathophysiologic variables rather
than generic one-size-fits-all treatment targets. General indications for neuromonitor-
ing are shown in Box 1.
This article reviews the neuromonitoring techniques commonly used in periopera-

tive and critical care settings. Some important modalities are covered elsewhere in
this edition and are not discussed here. The reader is referred to (see Koht A, Sloan
TB: Intraoperative Monitoring: Recent Advances in Motor Evoked Potentials;and
KirkmanMA, Smith M: Brain Oxygenation Monitoring, in this issue) for detailed discus-
sions of intraoperative neurophysiological monitoring and brain oxygenation moni-
toring, respectively.

INTRACRANIAL PRESSURE

The monitoring and management of intracranial pressure (ICP) is the cornerstone of
neuromonitoring in patients with traumatic brain injury (TBI) and increasingly used in
other brain injury types. In addition to measuring absolute ICP, ICP monitoring permits
the calculation of cerebral perfusion pressure (CPP), a therapeutic target in itself; iden-
tification and analysis of pathologic ICP waveforms; and derivation of indices of cere-
brovascular pressure reactivity.

Intracranial Monitoring Methods

ICP is most commonly measured using an intraventricular catheter or parenchymal
microtransducer device.1 Ventricular catheters measure the pressure of the cerebro-
spinal fluid (CSF) in the lateral ventricles, which is an assessment of global ICP. This
measurement can be achieved using a standard ventricular catheter connected via
a fluid-filled system to an external pressure transducer or a catheter incorporating
microstrain gauge or fiberoptic technology. Both allow in vivo calibration and thera-
peutic drainage of CSF.2 Ventricular catheter insertion can be technically challenging
Box 1

Indications for neuromonitoring

� Monitoring the healthy but at-risk brain
� Intraoperative monitoring during selected procedures, including cardiac and carotid
surgery

� Early detection of secondary adverse events after ABI
� Intracranial hypertension
� Reduced cerebral perfusion
� Impaired cerebral glucose delivery/utilization
� Cerebral hypoxia/ischemia
� Cellular energy failure
� Nonconvulsive seizures

� Guiding individualized, patient-specific therapy after ABI
� Optimization of intracranial and cerebral perfusion pressures
� Optimization of brain tissue oxygenation
� Optimization of cerebral glucose delivery/utilization
� Monitoring cerebral vasospasm after subarachnoid hemorrhage
� Prognostication

http://dx.doi.org/10.1016/j.anclin.2016.04.006
http://dx.doi.org/10.1016/j.anclin.2016.04.006
http://dx.doi.org/10.1016/j.anclin.2016.04.007
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and associated with placement-related hemorrhage and catheter-associated ventri-
culitis. The risk of ventriculitis increases with time following catheter insertion but
can be reduced by the use of antibiotic-impregnated or silver-coated catheters.
Two broad categories of parenchymal microtransducer ICP monitoring systems

exist. Solid-state piezoelectric strain gauge devices incorporate pressure-sensitive
resistors, which translate pressure-generated changes in resistance to an ICP value.
Fiber-optic devices transmit light towards a mirror at the catheter tip, which becomes
distorted by changes in ICP. The difference in the intensity of reflected light as the
mirror distorts is translated into ICP values. Compared with ventricular catheters,
parenchymal ICP measurement devices are easy to insert and have a better safety
profile, particularly with regard to hematoma and infection risk.1 They are usually
placed approximately 2 cm into brain parenchyma through a cranial access device
or at craniotomy when they can also be sited subdurally. Intraparenchymal devices
measure localized pressure but provide equivalent pressure measurements to ventric-
ular catheters in most circumstances. Zero drift, whereby there is a change in baseline
ICP readings, is associated with microtransducer systems and can result in measure-
ment error over several days. Furthermore, in vivo recalibration is not possible with
parenchymal devices.
Several noninvasive ICP monitoring techniques are available, but most have limita-

tions.3 A pulsatility index derived from transcranial Doppler (TCD) ultrasonography is
an imprecise assessment of ICP compared with invasive measurement alternatives.
Optic nerve sheath diameter, measured by ultrasound or computed tomography
(CT), is related to ICP and has been used to identify intracranial hypertension. All
currently available noninvasive ICP monitoring techniques fail to measure ICP suffi-
ciently accurately for routine clinical use, and most are unable to monitor intracranial
dynamics continuously.4

Indications for Intracranial Pressure Monitoring

There are no high-quality data confirming an association between ICP-guided
management and improved outcomes in any brain injury type. Nevertheless, ICP
monitoring is a standard of care after severe TBI in most neuroscience centers.2

Guidelines from the Brain Trauma Foundation (BTF) published in 2007 contain recom-
mendations for the use of ICP monitoring,5 and a more recent expert statement
provides updated guidance.6 The key features of these recommendations are summa-
rized in Box 2.
Aside from TBI, ICP monitoring provides valuable information to guide the critical

care management of aneurysmal subarachnoid hemorrhage (SAH)7 and intracerebral
hemorrhage (ICH).8 It is also standard in the management of hydrocephalus, including
chronic monitoring of normal pressure hydrocephalus, and becoming so in the periop-
erative management of patients with neoplastic lesions and associated mass effect.
However, these indications are not as well defined or well studied as those for TBI.

Intracranial Pressure Monitoring–Guided Treatment

Normal mean ICP is 5 to 10 mm Hg in healthy, resting supine adults. It is generally
advised that ICP greater than 20 to 25 mm Hg requires treatment after TBI,5 but higher
and lower thresholds have also been recommended.2 It is well known that intracranial
hypertension is detrimental to outcome, but crucially it is the time spent above a
defined ICP threshold as well as absolute ICP values that are important determinants
of poor outcome. Changes in the ICP waveform are observed as ICP increases, and
waveform analysis has been used to predict the onset of intracranial hypertension.9



Box 2

Indications for intracranial pressure monitoring in traumatic brain injury

BTF 20075

� All salvageable patients with severe TBI and an abnormal cranial CT scan

� A normal scan and 2 or more of
� Age greater than 40 years
� Unilateral or bilateral motor posturing
� Systolic blood pressure less than 90 mm Hg

The Milan consensus conference 20146

� ICP should be monitored
� In comatose patients

- With cerebral contusions
- When clinical examination is unreliable
- When interruption of sedation to check neurologic status is dangerous

� Following secondary decompressive craniectomy

� ICP monitoring should be considered
� After evacuation of an acute supratentorial intracranial hematoma in salvageable patients
at increased risk of intracranial hypertension, including those with
- Glasgow coma score motor score of 5 or less
- Pupillary abnormalities
- Prolonged/severe hypoxia and/or hypotension
- Cranial CT findings suggestive of raised ICP
- Intraoperative brain swelling
- Or when interruption of sedation to check neurologic status is dangerous

� In patients with extracranial injuries requiring multiple surgical procedures and/or
prolonged analgesia and sedation
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Evidence that this translates into more timely intervention and improved outcomes is
currently lacking.
A meta-analysis incorporating 14 studies of 24,792 patients with severe TBI found

that ICP monitoring–guided management of intracranial hypertension was associated
with no significant overall mortality benefit compared with treatment without ICP
monitoring, although mortality was lower in those who underwent ICP monitoring in
studies published after 2012.10 The only randomized controlled trial of ICP-guided
management after TBI (Benchmark Evidence from South American Trials: Treatment
of Intracranial Pressure [BEST:TRIP]) found similar 3- and 6-month outcomes in
patients in whom treatment was guided by ICP monitoring compared with treatment
guided by imaging and clinical examination in the absence of ICP monitoring.11 Those
in the non-ICP monitored group received protocol-specified but empirical treatment
on a fixed schedule basis, and the wider applicability of such an approach is question-
able given that one of the interventions (mannitol) has been shown to have a more
beneficial effect when directed by monitored increases in ICP. In contrast to previous
studies,12 those undergoing ICP monitoring in the BEST:TRIP trial received signifi-
cantly fewer days of ICP-directed treatment (hyperventilation, hypertonic saline/
mannitol, and barbiturates) compared with those in the non-ICP monitored group,
although the length of intensive care unit stay was similar. Whether the findings of
this study, which was conducted in Bolivia and Ecuador, are applicable to populations
with access to superior prehospital care and rehabilitation services remains to be
seen. However, this study is important because it reinforces the principle that the
evaluation and diagnosis of intracranial hypertension, whether by monitoring ICP or
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assessment of clinical and imaging variables, is central to the management of patients
with severe TBI.
ICPmonitoring cannot, and is not designed to, assess the adequacy of cerebral perfu-

sion. Several studies confirm that brain hypoxia/ischemia can occur when ICP and CPP
are within established thresholds for normality.13 Moreover, elevated ICP values can
arise from both increased CBF (hyperemia) and reduced CBF secondary to cerebral
edema, highlighting the nonspecific nature of ICP readings. There is also evidence that
multimodality monitoring incorporating brain tissue partial pressure of oxygen (PtiO2)
monitoring in addition to ICP can identify cerebral hypoperfusion more reliably than
ICP monitoring alone.14 ICP monitoring is, therefore, best considered as one part of a
multimodal neuromonitoring strategy rather than as a monitoring modality in isolation.

Cerebral Perfusion Pressure

CPP is calculated as the difference between mean arterial pressure (MAP) and ICP.
Accurate calculation of CPP requires that the zero reference points for both MAP
and ICP should be the same, that is, at the level of the brain using the tragus of the
ear as the external landmark.15 Identical reference points for MAP and ICP are partic-
ularly important if the head of the bed is elevated, as is routine in the management of
ABI. Under such circumstances, measuring arterial blood pressure (ABP) at the level of
the heart and ICP at the level of the brain results in an erroneously high calculated CPP;
a measured CPP of 60 mm Hg may actually represent a true CPP of less than 45 mm
Hg.15 Such measurement discrepancies are exacerbated in tall patients, with varying
elevations of the head of the bed, and different sites of arterial cannulation. Although
international management guidelines recommend target values for CPP, the calibra-
tion of blood pressure, which directly influences calculated CPP values, is not
described. A recent narrative reviewwas unable to determine howMAPwasmeasured
in the calculation of CPP in 50% of 32 widely cited studies of CPP-guided manage-
ment.16 There have been recent calls for the adoption of international standardization
of CPP measurement methods, not only in clinical practice but also in clinical trials.17

Cerebral Perfusion Pressure–Guided Treatment

The indications for CPP monitoring are similar to those for ICP, with a predominant
application in TBI15 and emerging indications in other brain injury types.2

The recommendations relating to CPP thresholds after TBI have changed over time.
The most recent guidelines from the BTF recommend that CPP be maintained
between 50 and 70 mm Hg after TBI, with evidence of adverse outcomes with lower
or higher values.5 CPP that is too low risks cerebral hypoperfusion and ischemia,
whereas targeting a higher CPP does not guarantee a favorable outcome and is
associated with a substantial risk of acute lung injury related to the administration of
large fluid volumes and inotropes/vasopressors to increase MAP.15 Multimodality
monitoring incorporating PtiO2 monitoring and autoregulatory indices has been
used to identify an optimal CPP value (CPPopt) in an individual patient. Targeting
CPPopt rather than a generic CPP threshold minimizes the risks of excessive CPP
and associated complications on the one hand and cerebral hypoperfusion and
worsening secondary brain injury on the other.2

CEREBROVASCULAR REACTIVITY

Cerebrovascular reactivity is a key component of cerebral autoregulation (CA), which
can be disturbed or abolished by intracranial pathology as well as by some anesthetic
and sedative agents. This reactivity may result in uncoupling of regional CBF and
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metabolic demand and increase the risk of secondary cerebral ischemia. Standard
methods of testing static and dynamic CA are interventional and intermittent with
limited applicability in anesthetized or critically ill patients. Methods for the continuous
monitoring of cerebrovascular reactivity at the bedside have recently been described.

Pressure Reactivity Index

The pressure reactivity of cerebral vessels determines the ICP response to changes in
ABP, with disturbed reactivity implying disturbed pressure autoregulation. In the
normal brain, increases in ABP result in cerebral vasoconstriction within 5 to
15 seconds, with an associated reduction in cerebral blood volume (CBV) and ICP.
If cerebrovascular reactivity is impaired, CBV and ICP increase passively with ABP,
with opposite changes when ABP is reduced. The pressure reactivity index (PRx),
calculated as the moving correlation coefficient of consecutive time averaged data
points of ICP and ABP over a 4-minute period, can be measured continuously as a
marker of autoregulatory status.18 An inverse correlation between ABP and ICP, indi-
cated by a negative value for PRx, represents normal cerebrovascular reactivity,
whereas an increasingly positive PRx defines a continuum of increasingly nonreactive
cerebrovascular circulation when changes in ABP and ICP are in phase. After ABI,
cerebral vasoreactivity varies with perfusion pressure and optimizes within a narrow
range of CPP (CPPopt) specific to an individual patient. Targeting PRx-defined CPPopt

allows individualized management of ABP and ICP and minimizes the risks of exces-
sively high or low CPP that can be associated with reliance on a generic CPP
threshold.19

Other Autoregulatory Indices

Cerebrovascular reactivity can alternatively be assessed with an oxygen reactivity
index (ORx), defined as the moving correlation between PtiO2 and CPP. The correla-
tion between ABP and TCD-derived CBF velocity (mean velocity index), and several
near-infrared spectroscopy (NIRS)–derived variables (eg, cerebral oximetry index)
have also been described.20 Recently, an innovative technique incorporating
ultrasound-tagged NIRS for the measurement of microcirculatory CBF has been
used to monitor CA continuously during cardiac surgery.21

Autoregulation-Guided Treatment

The assessment of cerebrovascular reactivity, particularly using PRx, has become
popular in some centers during the management of TBI and, more recently, after
SAH and ICH. Abnormal PRx values, indicating autoregulatory dysfunction, are asso-
ciated with poor outcome after TBI; in small studies, PRx-guided optimization of CPP
has been associated with improved outcomes.19 A recent systematic review
confirmed that monitoring cerebrovascular reactivity, in addition to allowing optimiza-
tion of CPP, is important in evaluating relationships between CBF, oxygen delivery and
demand, and cellular metabolism after TBI.22

PRx is considered a global measure of autoregulatory status, whereas ORx repre-
sents regional autoregulation because of the focal nature of PtiO2. Thus, findings of
deranged ORx but normal PRx after ICH strongly suggests the presence of focal
but not global autoregulatory failure.23

NIRS-derived measures of cerebrovascular reactivity have also been used to guide
brain protection protocols during cardiac surgery. The duration and magnitude of
blood pressure less than the lower limit of CA are independently associated with major
morbidity and mortality after cardiac surgery according to NIRS-derived data.24



Multimodality Neuromonitoring 517
CEREBRAL BLOOD FLOW MONITORING

Under normal physiologic conditions cerebral pressure autoregulation maintains CBF
constant over a wide range of CPP. CA is often impaired after ABI, and CBF becomes
increasingly pressure dependant as autoregulatory failure worsens. Monitoring CBF
can, therefore, provide information not only about absolute or relative blood flow
but also autoregulatory status.
Kety and Schmidt described the first practical method for measuring CBF in 1945.

Their method incorporated the Fick principle and forms the basis of many current CBF
measurement techniques. Two bedside methods for the continuous assessment of
CBF are available.

Transcranial Doppler Ultrasonography

TCD is an established, noninvasive technique for the real-time assessment of cerebral
hemodynamics. Ultrasound waves are used to measure blood flow velocity (FV)
through large cerebral vessels from the Doppler shift resulting from red blood cells
moving through the field of view. The FV waveform resembles an arterial pressure
pulse wave, and waveform analysis permits quantification of peak systolic, end dia-
stolic, and mean FVs. The pulsatility index, which provides an assessment of distal ce-
rebrovascular resistance, can also be measured. The main disadvantages of TCD are
its measurement of relative changes as opposed to absolute CBF, and operator
dependency. Long-term recordings are limited by the need for accurate and immov-
able probe fixation; TCD is, therefore, best considered an intermittent monitoring
technique.

Indications

TCD has several perioperative indications but is most widely used to monitor changes
in cerebral perfusion during carotid endarterectomy. There is good correlation
between TCD-monitored variables and electroencephalogram changes of ischemia,
and this has been used to guide the need for shunt placement.25 TCD can also detect
emboli as characteristic short-duration, high-intensity chirps; waveform analysis
allows differentiation between air and particulate emboli.26

TCD is also used in the intensive care management of SAH whereby regular assess-
ments assist in both the diagnosis and management of cerebral vasospasm. Middle
cerebral artery (MCA) FV greater than 120 to 140 cm/s or FV increases greater than
50 cm/s/d from baseline indicate developing or established cerebral vasospasm-
related delayed cerebral ischemia (DCI). Mean MCA FV thresholds of 100 cm/s and
160 cm/s have been identified as the most accurate thresholds for the detection of
angiographic and clinical vasospasm, respectively.27 Changes in CBF influence FV,
and the Lindegaard ratio, which compares ipsilateral MCA and extracranial internal
carotid artery FVs, is often preferred to the measurement of FV in a basal cerebral
vessel in isolation.28 Vasospasm is diagnosed by a Lindegaard ratio index greater
than 3 and severe spasm by a ratio greater than 6.
Although TCD can detect severe vasospasm with a sensitivity of 97%,29 it is an

operator-dependent tool requiring skilled personnel for interpretation and can only
assess a small number of large arteries. Further, in an analysis of 1877 TCD exam-
inations, almost 40% of patients with clinical evidence of DCI never had FVs that
exceeded 120 cm/s.30 Such findings are likely to be related to interindividual vari-
ability as well as causes of DCI other than vasospasm, highlighting that treatment
decisions in the management of SAH-related DCI should not be based on TCD
results alone.
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TCD has been used to monitor the integrity of carbon dioxide reactivity as well as
pressure autoregulation after ABI and, as noted earlier, to provide a noninvasive but
imprecise estimate of ICP. Clinical data on the use of TCD in brain injury types other
than TBI and SAH are limited, and there have been concerns about accuracy and
reliability.4

Thermal Diffusion Flowmetry

Thermal diffusion flowmetry (TDF) is an invasive, continuous, and quantitative monitor
of regional CBF. The TDF catheter consists of a thermistor heated to a few degrees
greater than the tissue temperature and a second, more proximal, temperature probe.
The temperature difference between thermistor and temperature probe is a reflection
of heat transfer, which can be translated into a measurement of CBF in milliliters per
100 g/min. A commercial TDF catheter is available, but clinical data using this technol-
ogy are limited.

CEREBRAL MICRODIALYSIS

Cerebral microdialysis (MD) is a well-established laboratory tool that was introduced
as a bedside monitor of brain tissue biochemistry more than 2 decades ago. Because
it monitors cellular metabolism as well as substrate supply, MD is able to identify both
ischemic and nonischemic causes of cellular energy dysfunction and the ensuing
metabolic crisis.31

The technical aspects of cerebral MD have been described in detail elsewhere.32 In
brief, a miniature MD catheter is placed into brain tissue and diffusion of molecules
across the semipermeable dialysis membrane at its tip allows collection of substances
that pass from the brain extracellular fluid (ECF) into the dialysis fluid. This fluid is
collected at regular (usually hourly) intervals; the concentrations of glucose, lactate,
pyruvate, glycerol, and glutamate can be measured in a semiautomated analyzer at
the bedside. Subsequent off-line analysis of the dialysate allows measurement of a
myriad of other biomarkers for research purposes.

Interpretation of Cerebral Microdialysis Variables

Each of the biochemical substances measured in the clinical setting is a marker of a
particular cellular process associated with glucose metabolism, hypoxia/ischemia,
or cellular energy failure.33 A dramatic increase in cerebral glucose utilization (cerebral
hyperglycolysis) may follow ABI, resulting in critical reductions in cerebral glucose
levels despite adequate supply. Glucose is the main substrate for brain metabolism,
and periods of low cerebral glucose concentration are associated with unfavorable
outcomes after TBI.34

Glucose is metabolized via glycolysis to pyruvate, which, in the presence of normal
oxidative conditions, enters the highly efficient energy-producing tricarboxylic acid
(TCA) cycle. Under hypoxic conditions, or if mitochondrial function is compromised,
pyruvate is metabolized to lactate outside the TCA cycle, resulting in a lower energy
yield. The ECF lactate to pyruvate (LP) ratio is a marker of cellular redox state, and
an elevated LP ratio is associated with poor outcome. An increased LP ratio may result
from both ischemic and nonischemic causes; it is, therefore, important that absolute
lactate and pyruvate concentrations are considered when interpreting the LP ratio. An
elevated LP ratio in the presence of low pyruvate (and brain tissue oxygen tension) in-
dicates classic ischemia, whereas an elevated LP ratio in the presence of normal or
high pyruvate indicates a nonischemic cause, that is, mitochondrial dysfunction.35

LP ratio, in combination with ECF glucose levels, therefore, provides useful clinical
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information about the brain’s metabolic state; this ability to assess glucose meta-
bolism is a particular strength of cerebral MD monitoring.36

Cerebral MD monitored glutamate is a marker of hypoxia/ischemia and excitotoxic-
ity and glycerol is a marker of hypoxia/ischemia-related cell membrane breakdown.33

Because cerebral MD measures change at the cellular level, it may identify cerebral
compromise before it is detectable clinically or by other monitored variables.37

Indications for Cerebral Microdialysis Monitoring

Cerebral MD should be considered in all patients at risk of developing cerebral
hypoxia/ischemia, cellular energy failure, and glucose deprivation.2 It has been most
widely used in the critical care management of TBI and SAH but may also have utility
after ICH and acute ischemic stroke. Although the timely detection of impending
hypoxia/ischemia would be of significant benefit intraoperatively, a recent systematic
review reported limited and low-quality evidence supporting the use of cerebral MD for
diagnostic purposes during neurosurgery.38 Furthermore, the temporal resolution of
the only commercially available clinical system (hourly sampling rate) is unlikely to
be adequate for intraoperative monitoring. A continuous rapid-sampling cerebral
MD technique has been described for research use, but such systems are not
currently available for clinical applications.
The heterogeneity of the pathophysiologic changes after ABI means that brain

chemistry varies in different regions of the brain. Cerebral MD is a focal technique,
so changes in tissue chemistry must be interpreted with knowledge of catheter
location. This location can be confirmed by CT visualization of a gold marker at the
MD catheter tip. Placement of the catheter in at-risk tissue is generally advocated
to facilitate assessment of biochemical changes in the region most susceptible to
secondary injury.39

Reference Values and Thresholds for Intervention

Absolute normal or abnormal thresholds for monitored brain tissue chemistry are
difficult to define based on current data, and a combination of variables hasmost often
been used to relate brain chemistry to outcome. The importance of distinguishing
between normal values derived from studies in awake and anesthetized patients
undergoing surgery for benign intracranial lesions from those that characterize
pathophysiologic disturbance of brain chemistry has recently been emphasized.39

Further, the trend of variables is as important, or possibly more important, than indi-
vidual measurements or threshold values.
Cerebral MD monitored glucose, lactate, and LP ratio are now considered more

useful in the clinical management of brain-injured patients than glutamate and glyc-
erol.39 Values that are usually recommended to guide clinical intervention are glucose
less than 0.8 mmol/L and LP ratio greater than 40,34 although a lower LP ratio
threshold is recommended by some.33 When interpreting an elevated LP ratio, lactate
concentration greater than 4 mmol/L is generally considered abnormal.34

Cerebral hypoglycemia in association with elevated LP ratio is a sign of severe
hypoxia/ischemia. If brain glucose is very low (<0.2 mmol/L), a trial of increasing serum
glucose (even if within normal limits) should be considered.39 If the LP ratio indicates
ischemia, augmentation of CPP is a therapeutic option, whereas if elevated LP ratio is
associated with low brain tissue oxygenation, several interventions that improve
oxygen delivery, including judicious increases in CPP or fraction of inspired oxygen
or correction of anemia, can be considered. Although the LP ratio has been used to
guide CPP optimization after TBI, some studies have found that it may be abnormal
despite CPP values that are customarily considered to be adequate.40 This finding
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is perhaps unsurprising given the several nonischemic causes of elevated LP ratio,
and further highlights the importance of using multimodality physiologic data to guide
individualized patient management.

Future Perspectives

Cerebral MD has contributed substantially to our understanding of the pathophysi-
ology of brain injury, but its clinical utility is still debated. Although there is a large
body of evidence demonstrating an association between abnormal brain tissue
chemistry and clinical outcome after ABI, there are no data to confirm whether
cerebral MD-guided therapy can influence outcomes. Future clinical research should
focus on assessing the clinical effectiveness of cerebral MD as a component of multi-
modality monitoring to guide decision-making in acute brain-injured patients and its
integration into treatment paradigms in neurocritical care.39

NEUROINFORMATICS

Multimodality neuromonitoring produces large and complex datasets. To maximize
the clinical effectiveness of monitoring, systems have been developed to analyze
and present clinically relevant data in a user-friendly and timely manner at the
bedside.2 Some systems are commercially available, although many have been
designed around the needs of individual researchers or institutions.41 There are
several challenges that hinder the integration of data from multiple monitoring modal-
ities, including situations in which one or more monitored variables remain normal in
the face of derangements in others and lack of standardization across different moni-
toring devices, which have often been developed as standalone tools. In the future,
incorporation of advanced algorithms is likely to allow automatic recognition and
rejection of anticipated and expected fluctuations in data, such as transient increases
in ICP associated with suctioning or repositioning of a patient.
There is also interest in the incorporation of computational models of cerebral

oxygenation, hemodynamics, and metabolism to interpret complex datasets and
provide timely summary outputs that can guide clinical decision-making.42 Such
approaches can also be used to produce patient-specific simulations of clinically
important but unmeasured physiologic variables, such as cerebral metabolism.
Model-based interpretation of multimodal neuromonitoring data has potential to
provide clinicians with information about the underlying processes that are driving
the pathophysiologic state of the brain, rather than simply the end points of the
injurious processes.

SUMMARY

There is now clear evidence that no single neuromonitor can comprehensively detect
all instances of cerebral compromise, and this has driven the development of multimo-
dality neuromonitoring in neurocritical care. The continuous monitoring of multiple
physiologic variables, including ICP, CPP, cerebral oxygenation, brain chemistry,
and electrophysiology, allows individualized, targeted treatment guided by actual
physiologic derangements rather than by generic and often arbitrarily defined thresh-
olds. A multimodal monitoring approach also permits cross-validation between moni-
tored variables and improves confidence in treatment decision-making. However, it
remains unclear how a derangement in one physiologic variable in the presence of
normal values in others should be managed. Crucial to the widespread implementa-
tion of multimodality neuromonitoring is the development of high-quality outcomes
studies to determine whether adoption of a multimodal neuromonitoring approach
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improves outcomes and which modalities are more useful than others in guiding treat-
ment of the acutely injured brain.
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Intraoperative Monitoring
Recent Advances in Motor Evoked
Potentials
Antoun Koht, MDa,b,c,*, Tod B. Sloan, MD, MBA, PhDd
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KEY POINTS

� Advances in transcranial and direct cortical stimulation have allowed a wider application
of motor evoked potentials for mapping and monitoring during procedures on the central
nervous system.

� The D-wave amplitude has minimal variability allowing it to be used as a measure of neural
injury with mapping and monitoring cortical tumor resection near the motor cortex, and
monitoring of surgery on intramedullary spinal cord tumors.

� Stimulation techniques have been developed to measure the proximity of the cortical
spinal tract in subcortical and brainstem surgery.

� Conditioning stimuli have been developed to enhance the tcMEPwhen it is difficult to record.
INTRODUCTION

Advances in electrophysiological monitoring have improved the ability of surgeons to
make procedural decisions and reduce complications during surgery and interven-
tional procedures when the central nervous system (CNS) is at risk. Monitoring
continues to be done using a multimodality approach using several techniques;
each modality provides key aspects for identifying or mapping the location and
pathway of critical neural structures or to monitor the progress of procedures so as
to reduce the risk of CNS injury. Advances in our understanding of the
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electrophysiology of the neural tracts involved have allowed advances in the use of
these techniques so that they can evolve to match the needs of complex procedures.
Perhaps the most rapidly advancing technique of electrophysiological monitoring is
using motor evoked potentials (MEPs).
MOTOR EVOKED POTENTIAL TECHNIQUES

MEPs are produced by stimulation of the motor cortex with recording of responses
from the cortical spinal tract (CST) and from the muscles activated by the motor stim-
ulation (Fig. 1). The motor cortex can be stimulated by several means. The most
Fig. 1. Stimulation of the motor cortex initiates a traveling wave that descends via cortico-
spinal pathway through the brainstem and through the lateral cortico-spinal pathway to
the anterior horn cells in the spinal cord, which results in a muscle contraction through
lower motor neurons. The response can be recorded in the epidural space as a D wave
and I waves and as a CMAP in the periphery. Stimulation of the corticobulbar motor cortex
initiates a traveling wave through the corticobulbar pathway to the brainstem and can be
recorded as CMAP in muscles innervated by motor cranial nerves. Int, internal, NMJ, neuro-
muscular junction.
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common technique uses transcranial electrical stimulation with scalp electrodes
(tcMEP). Activation of the motor cortex also can be accomplished using the direct
application of electrical stimulation to the motor cortex (DCS-MEP).
THE CORTICOSPINAL TRACT

Advances in our understanding of the neuroanatomy of the motor pathways
activated by motor cortex stimulation have improved our utilization of MEPs. Trans-
cranial stimulation is thought to activate the motor cortex by direct stimulation of
the pyramidal cells and indirectly through synaptic effects in internuncial neurons.
This produces a traveling wave in the CST, which consists of a “D” wave
(from direct stimulation) and 1 or more “I” waves (from indirect activation). These
waves travel in 4% to 5% of the CST, which are fast-conducting fibers.1 Axons
descend from the primary motor and other fronto-parietal cortex in the corona radi-
ata then converge at the internal capsule into a tract that continues down to the
spinal cord.
Normally 75% to 90% of the CST crosses the midline at the pyramidal decussation

and then descends in the lateral corticospinal tract. The CST is primarily involved with
conscious control of skilled movements of the distal extremities and, in particular,
facilitation of spinal motor neurons that innervate the distal flexor muscles. Most
CST axons coordinate muscular activity through their termination on spinal cord
interneurons that eventually reach the anterior horn cell through intermediary synap-
ses. Approximately 2% of the CST neurons directly synapse with anterior horn cells,
especially those innervating distal limb muscles, and these represent the key motor
function for voluntary muscle activity making them important for monitoring clinical
motor function. In addition, these neurons are thought to bemore sensitive to ischemic
insults than the somatosensory evoked potential pathway (SSEP), reinforcing their
value in monitoring.2

When the descending volley of D and I waves reach lamina 5 in the spinal cord, they
summate to depolarize the anterior horn cells to enable an alpha motor neuron to relay
the stimulation down to the neuromuscular junction, which in turn will generate a
muscular response.
Several motor tracts besides the CST descend to the spinal cord (including vestibu-

lospinal, reticulospinal, ruprospinal, and tectospinal tracts) and are responsible for the
involuntary and automatic control of muscle tone, balance, posture, and locomotion.
These do not directly contribute to tcMEPs, but probably influence muscle tcMEPs
through background synaptic facilitation and alterations in the excitability of the
anterior horn cell.1,3 Because of varying activity in these pathways, the activation of
distal muscles may vary and proximal limb muscles may frequently not be activated
by cortical stimulation. As such, the distal limb muscles are preferred for recording
MEPs but may vary from stimulation to stimulation.
Advances in our understanding of stimulation have led to recognition of where the

motor pathway is actually stimulated. It is important that the stimulation be proximal
to the area of neural risk so that the recording is distal and changes represent changes
in neural function related to the risk. This is particularly important where the motor
cortex is at risk (eg, mapping cortical tumors or identifying motor cortex ischemia).
The transcranial method normally stimulates through the anode electrode placed
over the motor cortex to be stimulated. However, strong stimulation can result in
stimulation of both cortical hemispheres and stimulation of the CST deep within the
brain.1 It has been postulated that subcortical stimulating locations include the internal
capsule and brainstem/foramen magnum. The avoidance of subcortical stimulation is
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paramount for surgery on the cortex, such as tumors and vascular lesions, where the
stimulation needs to be in the area at risk or cephalad.

THE CORTICOBULBAR PATHWAY

Stimulation of the lateral motor cortex activates the corticobulbar pathway, which
passes along the CST, terminating in the brainstem cranial nerve nuclei. This pathway
mediates conscious control over eye, jaw, and face muscles and is involved in swal-
lowing, phonation, and movements of the tongue.

RECORDING D-WAVE RESPONSES

TcMEP can be monitored using the D wave recorded in the epidural space. Because
anesthesia impacts neural functioning through changes in synaptic function and no
synapses are involved in the D-wave production, the D-wave amplitude usually
does not vary more than 10%with static stimuli.2 As such, its amplitude is proportional
to stimulus and reflects the number of recruited fast corticospinal axons.1 The ampli-
tude gets smaller as the CST descends the spinal cord until insufficient CST is present
for a recordable response (at T11–T12).
Advances in D-wave recording have allowed it to be used as a quantitative measure

of the CST for procedures involving the motor cortex, subcortical areas, and in spinal
cord tumor surgery. Amplitude changes can be used to indicate significant alterations
in the motor cortex or CST axons. Of note, the D-wave amplitude is sensitive to the
distance of the epidural recording electrode from the CST. Amplitude changes have
been seen, without changes in CST function, with spine derotation during the correc-
tion of scoliosis when the CST rotates farther from the recording electrode.4

In some patients, the D wave may be difficult to record even when muscle tcMEPs
can be recorded. This is thought to be due to varying conduction speeds of axons in
the CST leading to desynchronization.3 This happens in approximately 20% of pa-
tients with spinal cord pathology including intramedullary spinal cord tumors or after
radiation-induced myelopathy. Because the D wave is a product of white matter
tracts, motor deficits can occur due to gray matter injury without D-wave changes.1

Similarly, the D wave is less sensitive to ischemia than muscle tcMEP, as gray matter
is more sensitive to ischemia than white matter.2

RECORDING MUSCLE RESPONSES

The most commonly recorded tcMEP responses are compound muscle action poten-
tials (CMAP), which can be recorded in muscles innervated by the neural pathway at
risk. Advances in our understanding of the neuroanatomy indicate that the distal limb
muscles are usually used because (1) the volume of motor gyrus innervating distal
limb muscles is much greater than proximal muscles giving rise to better activation,
(2) tcMEP preferentially activates the CST to these muscles, and (3) the direct CST
innervation of the anterior horn cells for these muscles minimizes anesthetic
depression.5

The CMAP response is the product of multiple motor units so that the CMAP is usu-
ally multipeaked and the amplitude depends on the number of motor units firing. The
amplitude is quite variable due to small changes in the anterior horn cell excitability.1,3

Because anesthesia has its primary effect at synapses, distal limb muscles inner-
vated by the 2% of CST neurons, which directly connect to the anterior horn cell,
are less sensitive to anesthesia than pathways that contain multiple synapses. How-
ever, because the production of a muscle response depends on bringing the anterior
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horn cell to threshold by the summation of D and I waves, loss of I waves from anes-
thesia effects on the internuncial neurons explains why the currently used high-
frequency train technique produces multiple D waves and some I waves, facilitating
production of a muscle response.1,2

The marked variability of the muscle response gives rise to evolving controversy
regarding warning criteria during spinal surgery. The most common alert occurs
when a reliably recorded muscle tcMEP is significantly reduced in amplitude (eg,
70%–80%) or can no longer be recorded (ie, “all or none”). Other criteria have been
suggested but, until a method to reduce variability emerges, the alert criteria will likely
evolve and may be procedure specific.
DIRECT CORTICAL STIMULATION

Advances in direct motor cortex stimulation during craniotomy using grid electrodes
or a handheld stimulator (DCS-MEP) have facilitated more focal cortex mapping
and monitoring techniques. This technique also helps avoid subcortical activation,
which could obscure mapping and monitoring. As a more focal form of stimulation,
DCS-MEP usually produces a 1-sided CMAP response seen in the arm or leg
contralateral to the side of stimulation. However, its value is limited to monitoring
1 side only and it may require supplementation with transcranial techniques if moni-
toring of bilateral motor pathways is needed. TcMEP and DCS-MEP do not differ in
their capacity to detect an impending lesion of the motor cortex or its efferent
pathways.6

This stimulation is associated with no or minimal movement of the patient, allowing
more frequent monitoring during critical periods when movement would otherwise
disrupt the operating surgeon. Other methods used to negate or minimize movement
are timing the stimulation with a surgical pause or placing stimulation electrodes
closer to the midline to minimize activation of head and neck muscles (unless those
muscles are needed for monitoring), and also the controlled use of muscle relaxation
discussed later in this article.
MONITORING AND MAPPING THE MOTOR CORTEX

Advances in mapping of the location of the motor cortex can be helpful when pathol-
ogy, such as epileptogenic tissue, needs to be resected but is near the motor cortex,
or when distortion of the cortex obscures the margins of normal and abnormal tissue.
This has become important during peri-rolandic surgery, such as surgery of tumors
near or in the motor cortex when the procedure cannot be accomplished using an
awake craniotomy.1 Three possible tcMEP methods can be used for monitoring:
CMAP, D waves, and I waves. TcMEP assists in mapping the border of the tumor
and functioning neural tissue. Monitoring during tumor resection can warn when
resection encroaches on motor cortex. Perhaps because motor cortex surgery in-
volves alteration of CST activation, a substantial loss of muscle CMAP amplitude
(>75%–80%) has been suggested as the threshold criteria indicating pathway
disruption1

Quantitative D-wave monitoring can be used because the D wave is generated by
the motor cortex pyramidal cells. A 50% loss of D-wave amplitude has been used
as warning criteria (30% amplitude loss in a bilaterally generated D wave). Because
I waves are produced in the motor cortex, they could also be a logical monitor, but
anesthetic suppression limits their usefulness. Their use is being explored using
DCS-MEP when they are recorded with a cervical epidural electrode.3
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MONITORING INTRACRANIAL VASCULAR LESIONS

Because of the ability to detect ischemia, motor monitoring is being used with intracra-
nial aneurysm and arteriovenous malformation procedures. The SSEP is well recog-
nized for this application, but advances in understanding of motor pathway injury
from perforating arteries are prompting tcMEP or DCS-MEP monitoring.7 Studies
have shown a clear relationship of tcMEP loss and permanent postoperative neural
deficit during aneurysm occlusion of basilar, vertebral, and middle cerebral artery an-
eurysms.8 TcMEPs also may be more sensitive and show changes faster than SSEPs
for brainstem ischemia caused by perforating artery occlusion during basilar tip aneu-
rysm surgery.9

Neurophysiological monitoring is particularly helpful during special procedures with
intracranial aneurysms such as temporary clip placement, trapping (occlusion of all
arterial supply to isolate an aneurysm), trapping with internal carotid balloon occlusion,
and clip reconstruction. In these cases, changes can be unilateral, bilateral, hemi-
spheric, or global. Understanding such procedures by the monitoring team is essen-
tial. Changes from temporary clipping are limited to the contralateral side, whereas
trapping with multiple temporary clips may result in bilateral changes. Trapping with
internal carotid balloon occlusion and temporary clips of ipsilateral anterior, middle,
and posterior cerebral arteries may lead to changes on the contralateral hemisphere.
In these cases, surgeons may be able to respond to monitoring changes by releasing
clips, thereby restoring blood flow and reversing ischemia. Monitoring signals can be
used to gauge the safety of these maneuvers. However, during clip reconstruction, the
time for completing the reconstruction is key. Changes in tcMEP usually occur
approximately 15 to 20 minutes ahead of SSEPs, which can lead to earlier warning
and action that may prevent neurologic deficits (Koht et al, Unpublished data, 2016).
MAPPING AND MONITORING SUBCORTICAL PATHOLOGY

Due to advances in our ability to stimulate and record motor pathway responses, there
has been a growing interest in subcortical CST mapping (during surgery) to integrate
with neuronavigation and diffuser tensor imaging along the corona radiata, internal
capsule, and cerebral peduncles. Referred to as subcortical MEP, it involves direct
stimulation along the edge of subcortical pathology to assess the proximity of the
CST so that the CST is not injured during lesion resection. Using a handheld sterile
stimulator, the distance from the CST is measured as 1.0 to 1.5 mA of stimulation
for each millimeter of distance.10 This dynamic mapping avoids the effect of tissue
distortion as brain shift occurs making neuronavigation less accurate. Using this prox-
imity mapping, a 2-mA to 5-mA threshold has been used to halt surgery. This allows a
“safe” corridor with sufficient distance from the CST to avoid iatrogenic CST
damage.10
MAPPING AND MONITORING THE BRAINSTEM

Monitoring of procedures on brainstem structures usually involves recording the mus-
cle responses to stimulation of the brainstem nuclei or cranial nerves serving those
monitored muscles. This technique, however, requires the participation of the surgeon
and leaves gaps in the monitoring when the surgeon is not stimulating (unless they are
using electrified operating instruments connected to a source of stimulation). Ad-
vances in evoked responses produced by transcranial stimulation of the corticobulbar
motor cortex (Co-MEPs) have allowed continual assessment of the cranial nerve
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motor pathway. This also includes nerve portions that are proximal to the surgical site,
which might be at risk with intra-axial tumors or with large extra-axial tumors.11

At present, methods have been described for monitoring of the vagus/recurrent
laryngeal nerve (cranial nerve [CN] X) and facial nerve (CN VII). Co-MEPs in the larynx
(CN X) are best done using hook-wire electrodes in the vocalis muscle and have been
successfully used during skull base surgery, carotid endarterectomy, anterior spine
surgery, thyroid resection, neck tumors, and craniotomies in the motor area.12 Unfor-
tunately, larger recording electrodes (such as those of specialized endotracheal tubes)
can detect far field activity of other neck muscles also activated by cortical stimulation
and potentially miss a loss of response in the cricothyroid muscle.
Techniques for Co-MEP monitoring of the facial nerve have also been reported in

surgeries including those of cranial base, brainstem, posterior fossa, and for large cer-
ebello pontine angle (CPA) tumors where proximal access to CN VII is not
permitted.11,13 Transcranial stimulation could also activate the facial nerve extracrani-
ally bypassing the corticobulbar tracts. To help distinguish facial muscle activity from
this direct stimulation, the muscle response from single pulse transcranial stimulation
can be compared with the usual multipulse technique at the same stimulation inten-
sity. The single pulse may activate the muscle directly but will be blocked in the cor-
ticobulbar pathway by the effects of anesthesia.13,14

In addition to monitoring specific cranial nuclei, general monitoring of the brainstem
also helps avoid injury. Monitoring of the SSEP and auditory brainstem response pro-
vides vigilance for only approximately 20% of the cross-section of the brainstem. Add-
ing monitoring of the tcMEP increases the brainstem tissue monitored and is thought
to be of value to reduce motor tract injuries, particularly with the removal of lesions in
the midbrain near the cerebral peduncle (floor of the fourth ventricle).14 In these sur-
geries, the CST also can be mapped using a handheld stimulating probe with
recording of the D wave using lower cervical/upper thoracic epidural electrodes
(similar to subcortical techniques mentioned previously).
MONITORING SPINAL SURGERY

It has been known for some time that the risk of paralysis during the correction of
scoliosis is reduced using monitoring.15 This assessment was conducted when moni-
toring was largely conducted with SSEP, which would occasionally fail to warn of a
motor deficit. Since the introduction of tcMEP monitoring, an evidence-based review
reinforced the value of monitoring in spine surgery.16 Due to advances in tcMEP, this
technique has been embraced by spine and neurologic surgeons as a method to help
improve outcome and reduce risk in a wide variety of surgeries for correction of axial
skeletal deformities.
The muscle response of the tcMEP is more sensitive to CST ischemia because it

involves synapses in the spinal gray matter.17 The white matter of the SSEP and
CST (including the D wave) are less sensitive. Given this sensitivity to ischemia and
the relative greater importance of motor function, tcMEP monitoring is being used
to monitor the vascular supply of the spinal cord in situations such as surgery on
thoraco-abdominal aneurysms or spinal arteriovenous malformations. In the latter,
the importance of a feeding artery can be determined by test clamping or by the effect
on the tcMEP and SSEP by the injection of sodium amytal (which blocks synaptic
transmission of the tcMEP) or lidocaine (which blocks axonal conduction of the
SSEP and tcMEP).18 Experience with tcMEP monitoring during spine surgery has
changed our concept of the safe acceptable blood pressure, as alterations in tcMEP
responses have been seen at blood pressures previously thought to be acceptable.
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MONITORING INTRAMEDULLARY SPINAL CORD TUMORS

Advances in tcMEP monitoring have resulted in its role in improving long-term motor
function with intramedullary spinal cord tumor resection.19 For monitoring, the D wave
and muscle responses of the tcMEP are used (the SSEP is frequently lost during a
midline myelotomy).1 Because many of these tumors are benign and in the cervical
region, the focus is on removing as much tumor as possible without causing undue
motor tract injury. The D wave is used as a semiquantitative measure of the CST.2

As long as the D-wave amplitude remains higher than 50%, motor function will be
preserved, even if the tcMEP muscle response is lost (in which case a temporary
deficit occurs).2,19 In the absence of a D wave, muscle tcMEPs are monitored with a
limit of 50% amplitude drop.2

Methods are currently being developed to localize the CST within the spinal cord us-
ing a handheld stimulation probe. Current study is focused on “collision” studies in
which stimulation of the spinal cord using a probe blocks conduction in the CST
such that a distal D wave and muscle CMAP is prevented when the probe is near
the CST.20,21
DEVELOPMENT OF ENHANCING MOTOR STIMULATION TECHNIQUES

Advances in our understanding of the effects of anesthesia and the development of
total intravenous anesthetic techniques have markedly increased the ability to
routinely record tcMEP during surgery. In particular, refinements in propofol and
opioid infusions with supplementation with ketamine and lidocaine have improved
success of tcMEP recording and patient management. However, as surgical proce-
dures have expanded into more complex procedures, more patients present with
preexisting neurologic deficits in which tcMEPs are difficult to acquire. These patients
include adults with diabetes, spinal cord or nerve root injury, vascular disease,
cerebral palsy, brain injury, and muscle or axonal conduction impairment. This group
also includes individuals in whom anesthesia management is difficult to conduct with
total intravenous anesthesia (TIVA) and children who have an immature CNS.6

Advances in tcMEP stimulation techniques have been helpful in acquiring
responses in these patients. These techniques use stimulation paradigms using
enhancement by using a preconditioning stimulus before the test stimulus. Two types
of conditioning stimulation have been explored. The first type is referred to as homon-
ymous stimulation because both conditioning and test stimuli are applied at the same
site. The most common technique uses a preconditioning tcMEP stimulation train
similar to the test train (referred to as double-train tcMEP).1 The effect is thought to
build up alpha motor neuron excitability and recruit additional neuron pools. The
time between the conditioning and test train is referred to as the intertrain interval
(ITI). Facilitation appears to be most effective when the muscle responses would
otherwise be small or absent.22 The best facilitation occurs with an ITI of 10 to
35 ms with an inhibitory effect at longer ITI, and then a second window of enhance-
ment at still longer ITI (100–1000 ms).
Simply conducting a series of tcMEP test stimuli can act as a conditioning stimulus if

the rate of testing has a favorable ITI (1–10 Hz). In general, the faster the tcMEP moni-
toring rate in this range, the higher the tcMEP muscle amplitude, but a 2-Hz rate has
been suggested to minimize possible cortical injury.2

The second type of preconditioning stimuli is referred to as heteronymous condi-
tioning because the stimuli are delivered at different sites. The effect appears to be
through central mechanisms for some stimuli, as enhancement can be reduced by
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lorazepam.23 This suggests some techniques of enhancement may be affected by
anesthesia choice.
Several types of heteronymous conditioning stimuli have been used:

1. Stimulation of the plantar region of the foot or palmar region of the hand with pulse
trains.24

2. Peripheral sensory nerve stimulation (thought to produce lower motor neuron
facilitation). This effect is segmental and lateralized, so that one might be able to
focally enhance tcMEPs of the arms or legs.3

3. High-frequency foot sole stimulation 50 to 100 ms before tcMEP, producing a
subliminal withdrawal reflex.25 This facilitates tibialis anterior responses so much
that they can be evoked with a single transcranial pulse.

4. Peripheral sensory stimulus in the receptive field of the withdrawal reflex of the
anterior tibialis muscle.26

5. Tetanic stimulation, as discussed later in this article.

MONITORING DURING PARTIAL NEUROMUSCULAR BLOCKADE

Because of patient movement and difficulties in providing anesthesia for the tcMEP
technique, there is a growing interest in the use of partial muscle relaxation (pNMB).
Ample experience with pNMB has demonstrated that this can be used when the
patient otherwise has robust tcMEP muscle responses and the residual muscle
response after pNMB is adequate as long as a steady state degree of relaxation is
maintained.27 However, in patients with poor responses, this may prevent monitoring
and has led to the usual recommendation to avoid neuromuscular blockade during
monitoring. When pNMB must be used, tetanic stimulation to motor nerves has
been studied as a means of enhancing the tcMEP muscle responses similar to the
effect of tetanic stimulation on traditional assessment of neuromuscular blockade.
Studies show the percentage of patients with recordable responses and muscle
amplitudes are both increased following tetanic stimulation.28

Interestingly, tetanic stimulation produces tcMEP amplitude enhancement in
muscles in addition to those innervated by the stimulated nerve, suggesting central
enhancement.28 Unfortunately, this central enhancement by tetany does not occur
in the presence of sensory deficits or motor dysfunction.28

SUMMARY

The techniques of electrophysiological mapping and monitoring continue to evolve to
match the need of procedures in which the CNS is at risk. Like other tools in the sur-
geon’s and interventional physician’s tool box, its role in patient care will likely
continue to increase. Advances in MEPs have expanded their use for mapping and
monitoring during procedures.
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Brain Oxygenation
Monitoring
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KEY POINTS

� The maintenance of adequate cerebral oxygenation is a key goal in the management of
patients with acute brain injury (ABI) and in certain perioperative settings.

� A mismatch between cerebral oxygen supply and demand can lead to cerebral hypoxia/
ischemia and deleterious outcomes; cerebral oxygenation monitoring is, therefore, an
important aspect of multimodality neuromonitoring.

� There is abundant evidence of an association between low cerebral oxygenation and out-
comes, but limited evidence that increasing cerebral oxygenation improves outcome.

� Advances in cerebral oxygenation monitoring will be driven by improved technology and
randomized studies proving the utility of different monitors.
INTRODUCTION

Maintenance of cerebral oxygen supply sufficient to meet metabolic demand is a key
goal in the management of patients with ABI and in perioperative settings. A mismatch
between oxygen supply and demand can lead to cerebral hypoxia/ischemia and
deleterious outcomes, with time-critical windows to prevent or minimize permanent
ischemic neurologic injury. The clinical manifestations of cerebral hypoxia/ischemia
may remain occult in unconscious or sedated/anesthetized patients, and brain moni-
toring is required to detect impaired cerebral oxygenation in such circumstances.
Cerebral oxygenation monitoring assesses the balance between cerebral oxygen

delivery and utilization, and, therefore, the adequacy of cerebral perfusion and oxygen
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delivery. It can be used to guide treatment to prevent or minimize cerebral hypoxia/
ischemia, and is established as an important component of multimodality neuromoni-
toring in both perioperative and ICU settings.
This article describes the different methods of bedside cerebral oxygenation

monitoring, the indications and evidence base for their use, and limitations and future
perspectives.
METHODS OF MONITORING CEREBRAL OXYGENATION

There exist several imaging and bedside methods of monitoring global and regional
cerebral oxygenation, invasively andnoninvasively (Table 1). Differentmonitors describe
different physiologic variables and, for this reason, they are not interchangeable.

Imaging Techniques

In addition to providing structural information, several imaging techniques are able to
evaluate cerebral hemodynamics andmetabolism over multiple regions of interest. Im-
agingprovidesonly asnapshotof cerebral physiologyat aparticularmoment in timeand
may miss clinically significant episodes of cerebral hypoxia/ischemia, so continuous,
bedside monitoring modalities are preferred during clinical management. Readers are
referred elsewhere for a detailed description of the role of imaging after ABI.1

Jugular Venous Oxygen Saturation Monitoring

Jugular venous oxygen saturation monitoring (SvjO2) was the first bedside monitor of
cerebral oxygenation, but its use is being superseded by other monitoring tools.
Table 1
Bedside monitors of cerebral oxygenation

Advantages Disadvantages

SjvO2 � Real time
� Global trend monitor

� Invasive insertion procedure with risk of
hematoma, carotid puncture, and vein
thrombosis during prolonged monitoring

� Insensitive to regional ischemia
� Assumes stable CMRO2 to infer CBF changes

PtiO2 � Focal monitor permitting
selective monitoring of critically
perfused tissue

� Real time
� The most effective bedside

method of detecting cerebral
ischemia

� Relatively safe with low
hematoma rate (<2%, usually
small and clinically insignificant)

� No reported infections

� Focal monitor – the position of the probe is
crucial

� May miss important pathology distant from
the monitored site

� Invasive
� Small degree of zero and sensitivity drift
� One-hour run-in period required and thus

critical early hypoxic/ischemic episodes may
go undetected

� Technical complication rates (dislocation or
drift) may reach 13.6%

NIRS � Real time
� High spatial and temporal

resolution
� Noninvasive
� Assessment of several regions of

interest simultaneously

� Extracerebral circulation may contaminate
cerebral oxygenation measurements

� Lack of standardization between
commercial devices

� Thresholds for cerebral hypoxia/ischemia
undetermined

� Current devices only monitor relative
changes in oxygenation



Brain Oxygenation Monitoring 539
SvjO2 can be measured through intermittent sampling of blood from a catheter with
its tip sited in the jugular venous bulb, or continuously using a fiberoptic catheter. SvjO2
represents a global measure of cerebral oxygenation and provides a nonquantitative
estimate of the adequacy of cerebral perfusion based on the simple tenet that
increased cerebral oxygen demand in the face of inadequate supply increases the
proportion of oxygen extracted from hemoglobin and thus reduces the oxygen
saturation of blood draining from the brain.2 The range of normal SvjO2 values is
55% to 75%, and interpretation of changes is straightforward. Low SvjO2 values
may indicate cerebral hypoperfusion secondary to decreased cerebral perfusion
pressure (CPP) or hypocapnea, or increased oxygen demand that is not matched
by increased supply, whereas high values may indicate relative hyperemia or arterio-
venous shunting. The arterial to jugular venous oxygen content concentration differ-
ence, and other derived variables, have been studied extensively as an assessment
of CBF.3

SjvO2 monitoring has been used during cardiac surgery and craniotomy, although its
primary role is in the neuro-ICU, where it has been used to detect impaired cerebral
perfusion after traumatic brain injury (TBI) and subarachnoid hemorrhage (SAH), to
optimize CPP and, historically, to guide therapeutic hyperventilation. No interventional
trials, however, have confirmed a direct benefit of SjvO2-directed therapy on outcome,
and there are several limitations associated with its use (see Table 1). It may miss
critical regional ischemia because it is a global, flow-weighted measure. Furthermore,
high SjvO2 values are not necessarily reassuring because they may be associated with
pathologic arteriovenous shunting, and brain death.2

Brain Tissue Oxygen Tension Monitoring

Recent years have seen an increasing trend toward the direct measurement of brain
tissue partial pressure of oxygen (PtiO2), particularly in patients in whom intracranial
pressure (ICP) monitoring is indicated. PtiO2 monitoring has the most robust evidence
base of all cerebral oxygenation monitors and is now considered the gold standard for
monitoring cerebral oxygenation at the bedside.4 It has contributed significantly to the
understanding of the pathophysiology of ABI and emphasized the importance of multi-
modality neuromonitoring.5

Evidence from studies of patients with TBI demonstrate that cerebral hypoxia/
ischemia can occur when ICP and CPP are within established thresholds for
normality.6 As well as highlighting that ICP and CPP do not directly assess the
adequacy of cerebral perfusion, these data suggest that reliance on a single moni-
toring modality is insufficient to detect cerebral compromise.7 PtiO2 monitoring has
also challenged the role of some components of triple-H therapy in the treatment of
SAH,8 such that induced hypertension alone is now preferred in patients with
suspected delayed cerebral ischemia (DCI).

Technical aspects
PtiO2 catheters are similar in size to intraparenchymal ICP monitors and are placed in
subcortical white matter through single or multiple lumen bolts, via a burr hole, or at
craniotomy. PtiO2 readings are unreliable in the first hour after insertion, and a run-in
period is essential. This limits intraoperative applications unless the monitor is already
in situ. Correct functioning of the probe is confirmed prior to commencing monitoring
through an oxygen challenge, which should be repeated on a daily basis thereafter. A
normal probe response is an increase of 200% or more from baseline PtiO2 after an
increase in fraction of inspired oxygen (FiO2) to 1.0 for approximately 20 minutes,
although impaired pulmonary function can affect responsiveness.
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PtiO2 is a focal measure; the region of interest interrogated by a PtiO2 probe is
approximately 17 mm2. Probe placement is, therefore, crucial, and location in at-
risk and viable brain tissue is considered optimal by many (Fig. 1). Thus, in patients
with focal lesions, such as intracerebral hemorrhage (ICH) or traumatic contusions,
a perilesional location is favored, whereas in aneurysmal SAH, probe placement in
appropriate vascular territories is advised. Such precise placement can be technically
challenging or impossible and risks inadvertent intralesional placement, which does
not yield useful information. There is, therefore, an argument for routine PtiO2 probe
placement in normal-appearing brain, typically in the nondominant frontal lobe,
Fig. 1. Axial CT scan of the head demonstrating positioning of a PtiO2 probe (arrow) (A) in
normal-appearing white matter of the right frontal lobe to measure global cerebral oxygen-
ation; (B) suboptimally within a contusion, which does not yield useful information; and (C)
adjacent to a penumbral region to monitor cerebral oxygenation in at-risk tissue. (From Le
Roux PD, Oddo M. Parenchymal brain oxygen monitoring in the neurocritical care unit. Neu-
rosurg Clin N Am 2013;24(3):431; with permission.)
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when it effectively acts as a global measure of cerebral oxygenation and can guide
maintenance of normal physiologic function in uninjured brain. This is the preferred
site in cases of diffuse brain injury. Satisfactory probe location must always be
confirmed with a nonenhanced cranial CT scan to allow appropriate interpretation
of PtiO2 readings. One major caveat of PtiO2 monitoring is that heterogeneity of brain
oxygenation, even in undamaged areas of brain, is well recognized.9

Indications for brain tissue oxygen tension monitoring
PtiO2 monitoring has been used in both ICU and perioperative settings (Table 2), but its
primary role, and the one for which there is most evidence, is in the intensive care
management of severe TBI.6,10 Recent guidelines from the Neurocritical Care Society
recommend that PtiO2 monitoring can be used to titrate individual targets for CPP,
arterial partial pressure of carbon dioxide (PaCO2), arterial partial pressure of oxygen
(PaO2), and hemoglobin concentration, and to manage intracranial hypertension in
combination with ICP monitoring.11 The Brain Trauma Foundation recommends moni-
toring and managing PtiO2 as a complement to ICP/CPP-guided treatment in patients
with severe TBI.12 It has also been used in poor-grade aneurysmal SAH13 and in ICH14

and has recently been recommended by the Neurocritical Care Society as a means of
detecting DCI in sedated or poor-grade SAH patients.15

There have been several published reports of intraoperative PtiO2 monitoring but no
established role for this indication (see Table 2). A patient with an indwelling PtiO2
monitor already in place, however, should have monitoring continued during an oper-
ative procedure.

Normal brain tissue oxygen tension values and thresholds for treatment
PtiO2 is a complex and dynamic variable representing the interaction between cerebral
oxygen delivery and demand4 as well as tissue oxygen diffusion gradients.16 Both ce-
rebral and systemic factors influence PtiO2 values (Box 1), and PtiO2 is best considered
a biomarker of cellular function as opposed to a simple monitor of hypoxia/ischemia.
This makes it an appropriate therapeutic target.
Normal brain PtiO2 is reported to lie between 20 mm Hg and 35 mm Hg (2.66 kPa

and 4.66 kPa). PET studies of patients with TBI suggest that the ischemic threshold is
less than 14 mm Hg (<1.86 kPa)17 and clinical studies indicate that PtiO2 below
10 mm Hg (<1.33 kPa) should be considered an indicator of severe brain hypoxia.9

The threshold for treatment of low PtiO2 remains, however, undecided, with recom-
mendations for initiation of treatment varying from PtiO2 less than or equal to
20 mm Hg (�2.66 kPa) to less than or equal to 15 mm Hg (�2 kPa). It is important
to appreciate that these thresholds have been determined through patient outcomes
in small studies rather than pathophysiologic evidence of ischemic damage at the
cellular level.
Crucial to the interpretation of PtiO2 in the clinical setting is the severity, duration,

and chronologic trend of cerebral hypoxia and not absolute PtiO2 values in isolation,
because it is the overall burden of hypoxia/ischemia that is the key determinant of
outcome.6,9 Many uncertainties remain about when and how to treat reduced PtiO2,
and this should be the focus of future research efforts. In particular, the efficacy and
safety of increasing FiO2 to normalize PtiO2 are uncertain given the (low-quality)
evidence of a relationship between arterial hyperoxia and increased mortality after
ABI.18 It also remains to be determined whether PtiO2 values above a certain
threshold ensure adequate cerebral oxygenation or whether or how a mildly
elevated ICP should be managed in the presence of normal PtiO2 values (discussed
later).



Table 2
The main indications for brain tissue oxygen tension monitoring and near-infrared spectroscopy in the perioperative and intensive care settings, based on
clinical data

Modality Indications Evidence Highest Quality Evidence

PtiO2 ICU
Severe TBI Low PtiO2 is associated with worse mortality,47 lower GOS,6,9 and increased

neuropsychological deficits.48
Prospective observational

Treatment of low PtiO2 may improve outcomes.10,20 Randomized controlled trial
PtiO2 can help define individual CPP thresholds.49 Prospective observational
Response to PtiO2-guided therapy is associated with reduced mortality.50 Retrospective analysis of

prospective observational data
Poor-grade SAH Low PtiO2 values are associated with increased mortality, but the relationship

with morbidity is less clear.51
Prospective observational

PtiO2-derived ORx autoregulation assessment can predict the risk of DCI13

and unfavorable outcome.52
Prospective observational

Response to PtiO2-guided therapy is associated with improved long-term
functional outcomes.19

Retrospective analysis of
prospective observational data

ICH PtiO2 monitoring may help identify optimal CPP targets.53 Retrospective
Reduced perihematomal PtiO2 values are associated with poor outcome.53 Retrospective

AIS PtiO2-derived CPP-ORx may predict the development of malignant MCA
infarction.54

Prospective observational

Perioperative
Cerebral angiography Low PtiO2 values are correlated with severe intracranial angiographic arterial

caliber reduction in patients with poor-grade SAH.55
Retrospective

Aneurysm surgery PtiO2 threshold of 15mmHg is found a sensitive indicator of the likelihood of
developing procedure-related ischemia.56

Prospective observational

AVM surgery Correlation is observed between reduced PtiO2 values and development of a
periprobe ischemic infarction.57

Case report
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NIRS ICU

TBI There is an association between increasing length of time with rScO2 �60%
and mortality, intracranial hypertension, and compromised CPP.58

Prospective observational

SAH Time-resolved NIRS was able to predict angiographic-proved vasospasm with
100% sensitivity and 85.7% specificity and confirm vasospasm when TCD
was not diagnostic.59

Prospective observational

AIS May help predict cerebral edema in patients with complete MCA
infarction.33

Prospective observational

rScO2 predicts poor outcome during endovascular therapy for AIS.60 Prospective observational
Perioperative
Cardiac surgery Intraoperative cerebral desaturations may be associated with more major

organ morbidity and mortality.34
Randomized controlled trial

The role of intraoperative cerebral desaturations in postoperative cognitive
decline is unclear.34,35,37

Randomized controlled trial

Intraoperative cerebral desaturations may be associated with protracted
ICU34 and hospital35 LOS, although other authors disagree.36

Randomized controlled trial

Carotid surgery There are similar accuracy and reproducibility in the detection of cerebral
ischemia compared with TCD and stump pressure.39

Prospective observational

Head-up (beach chair)
position surgery

Hypotension-associated decreases in rScO2 are not associated with a higher
incidence of postoperative cognitive dysfunction or serum biomarkers of
brain injury.61

Prospective observational

Abbreviations: AIS, acute ischemic stroke; AVM, ateriovenous malformation; GOS, Glasgow Outcome Scale score; LOS, length of stay; MCA, middle cerebral artery;
ORx, oxygen reactivity index; TCD, transcranial Doppler.
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Box 1

The main variables known to influence brain tissue oxygen tension values

Systemic variables

� PaO2

� PaCO2

� FiO2

� Mean arterial blood pressure

� Cardiopulmonary function

� Hemoglobin level

Brain-specific variables

� CPP and ICP

� CBF

� Cerebral vasospasm

� Cerebral autoregulatory status

� Brain tissue gradients for oxygen diffusion

� Composition of the microvasculature around the probe and the relative dominance of
arterial or venous vessels

Kirkman & Smith544
Management of low brain tissue oxygen tension
There is currently no consensus on how low PtiO2 should be treated. A stepwise
approach has been recommended in a manner akin to the treatment of raised ICP,
incorporating knowledge of the factors that influence PtiO2 values (Fig. 2). Exactly
which intervention, or combination of interventions, is most effective in improving
PtiO2 remains unclear. It seems that it is the responsiveness of the hypoxic brain to
a given intervention that is the prognostic factor, with reversal of hypoxia associated
with reduced mortality.19

Evidence for brain tissue oxygen tension–guided therapy on outcomes
There is a substantial body of evidence corroborating the relationship between low
PtiO2 values and adverse outcomes after TBI and SAH, but little for other conditions.
Furthermore, although there is evidence that interventions, such as CPP augmenta-
tion, normobaric hyperoxia, and red blood cell transfusions, can improve low PtiO2
values after ABI, robust evidence that this translates into improved outcomes is lack-
ing. In TBI, most outcome-based studies of PtiO2-guided therapy have compared
standard ICP/CPP-guided therapy with PtiO2-guided therapy in association with
ICP/CPP-guided therapy, with conflicting findings (Table 3). Such variations in re-
ported outcomes may be the result of heterogeneity in study design, including
different patient populations, different thresholds for intervention, and the interven-
tions used to treat low PtiO2 as well as variable study endpoints. Despite difficulties
in controlling for these variations, a systematic review of 4 studies incorporating 491
patients found overall outcome benefits from PtiO2-directed therapy compared with
ICP/CPP-guided therapy alone (odds ratio of favorable outcome 5 2.1; 95% CI, 1.4
–3.1).10 All studies included in this systematic review, however, were nonrandomized,
and only 2 (with small sample sizes) were truly prospective.
Preliminary results have recently been released from a prospective, phase II ran-

domized controlled brain tissue oxygen in TBI (Brain Tissue Oxygen Monitoring in



Fig. 2. Schematic for the management of low PtiO2 values. EEG, electroencephalography; ETCO2, end-tidal carbon dioxide; MAP, mean arterial pressure;
PEEP, positive end-expiratory pressure.
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Table 3
Summary of studies comparing outcome after brain tissue oxygen tension–directed therapy versus intracranial pressure/cerebral perfusion pressure–
directed therapy in patients with severe traumatic brain injury

Reference Study Type

Brain Tissue
Oxygen
Tension–Guided
Therapy, n

Intracranial
Pressure/Cerebral
Perfusion Pressure–
Guided Therapy, n

Brain Tissue
Oxygen Tension
Threshold for
Intervention Endpoint(s) Principal Findings

Adamides
et al,62 2009

Prospective 20 10 2.66 kPa
(20 mm Hg)

GOS at 6 months No significant difference in mean GOS
score between the 2 groups (PtiO2
group 5 3.55, ICP/CPP group 5 4.40;
P 5 .19)

Meixensberger
et al,63 2003

Retrospective
(historical
controls)

53 40 1.33 kPa
(10 mm Hg)

GOS at 6 months A nonsignificant trend toward improved
outcomes in the PtiO2 group (GOS score
of 4 or 5 in PtiO2 group 5 65%, in ICP/
CPP group 5 54%; P 5 .27)

Stiefel et al,64

2005
Retrospective

(historical
controls)

28 25 3.33 kPa
(25 mm Hg)

In-hospital
mortality

Mortality rate in PtiO2 group (25%)
significantly lower than ICP/CPP group
(44%; P<.05)

Martini et al,65

2009
Retrospective

cohort study
123 506 2.66 kPa

(20 mm Hg)
In-hospital

mortality, FIM
at hospital
discharge

Slightly worse adjusted mortality in PtiO2
group compared with ICP/CPP group
(adjusted mortality difference 4.4%,
95% CI, �3.9%–13%)

Worse functional outcomes at discharge
in the PtiO2 group (adjusted FIM
score difference �0.75; 95% CI, �1.41
to �0.09)

McCarthy
et al,66 2009

Prospective 81 64 2.66 kPa
(20 mm Hg)

In-hospital
mortality, GOS
every 3 mo
postdischarge

No significant difference in mortality
rates between PtiO2 group (31%) and
ICP/CPP group (36%; P 5 .52). A
nonsignificant trend toward improved
outcome (GOS score of 4 or 5) in PtiO2
group (79%) compared with ICP/CPP
group (61%; P 5 .09).
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Narotam
et al,67 2009

Retrospective
(historical
controls)

139 41 2.66 kPa
(20 mm Hg)

GOS at 6 mo Higher mean GOS score in PtiO2 group
(3.55 � 1.75) compared with ICP/CPP
group (2.71 � 1.65; P<.01). OR for good
outcome in PtiO2 group 5 2.09 (95%
CI, 1.03–4.24). Reduced mortality rate
in the PtiO2 group (26% vs 41.5%; RR
reduction 37%) despite higher ISS
scores in PtiO2 group

Spiotta
et al,68 2010

Retrospective
(historical
controls)

70 53 2.66 kPa
(20 mm Hg)

In-hospital
mortality, GCS
at 3 months

Mortality rates significantly lower in PtiO2
group (26%) than ICP/CPP group (45%;
P<.05). A favorable outcome (GOS score
of 4 or 5) was also observed more
commonly in the PtiO2 group (64% vs
40%; P 5 .01).

Green et al,69

2013
Retrospective
cohort study

37 37 2.66 kPa
(20 mm Hg)

In-hospital
mortality, GOS
and FIM at
discharge

No survival difference offered by PtiO2-
guided therapy (64.9% vs 54.1%,
P 5 .34) or difference in discharge GCS
or FIM. Of note, the PtiO2-guided
therapy group had significantly lower
ISS at baseline.

Shutter,20

2014
Prospective
phase II RCT

53 57 2.66 kPa
(20 mm Hg)

Proportion of
time PtiO2
<20 mm Hg,
safety, feasibility
of protocol
implementation,
nonfutility
(mortality, GOS-
extended at
6 mo)

Median proportion of time with PtiO2
<20 mm Hg significantly lower in the
ICP/PtiO2 group (0.14) compared with
the ICP group (0.44, P<.00001). No
significant difference between adverse
events, and protocol violations were
infrequent. Lower overall mortality
and poor outcome on the 6-mo GOS-
extended in the ICP/PtiO2 group, but
neither reached statistical significance
(P 5 .229 and P 5 .221, respectively).

Abbreviations: FIM, functional independence measure; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Score; ISS, injury severity score; LOS, length of stay;
MAP, mean arterial pressure; OR, odds ratio; RCT, randomized controlled trial; RR, relative risk.
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Traumatic Brain Injury [BOOST]-2) trial, which evaluated the safety and efficacy of
PtiO2-directed therapy in 110 adult patients with nonpenetrating severe TBI.20 Partic-
ipants were randomized to receive either treatment based on ICP monitoring and
management alone (target ICP <20 mm Hg) or treatment based on ICP (same target
ICP) and PtiO2 monitoring based on a prespecified protocol to maintain PtiO2 greater
than 20 mm Hg. The time spent with PtiO2 less than 20 mm Hg was significantly lower
in those in the ICP/PtiO2 group, and there was no difference in adverse events between
the 2 treatment arms. There was a trend toward lower overall mortality and less poor
outcome in the ICP/PtiO2 group, although these differences were not statistically sig-
nificant (P5 .229 and P5 .221, respectively), which is unsurprising because this study
was not powered for outcome. A larger phase III trial is required to clarify the potential
outcome benefits of PtiO2-guided therapy in TBI as well as in other brain injury types.

Near-infrared Spectroscopy

Near-infrared spectroscopy (NIRS)-derived cerebral oximetry is currently the only
noninvasive, bedside monitor of cerebral oxygenation. Commercial devices measure
regional cerebral oxygen saturation (rScO2) with high temporal and spatial resolution
and permit simultaneous measurement over multiple regions of interest. Despite inter-
est in the clinical application of NIRS for more than 3 decades, widespread translation
into routine clinical practice has not occurred.

Technical aspects
Full technical details of the principles of NIRS are beyond the scope of this review, and
for further information readers are referred elsewhere.21 In brief, NIRS systems are
based on the transmission and absorption of near-infrared (NIR) light (wavelength
range 700–950 nm) as it passes through tissue. Several biological molecules, termed
chromophores, have distinct absorption spectra in the NIR, and their concentrations
can be determined by their relative absorption of light in this wavelength range.
From a clinical perspective, oxyhemoglobin and deoxyhemoglobin are the most
commonly measured chromophores, although cytochrome-c oxidase (CCO), the ter-
minal complex of the electron transfer chain, is increasingly investigated as a marker
of cellular metabolism and may prove clinically more relevant.22 In adults, NIR light
cannot pass across the whole head so the light source and detecting devices are
located a few centimeters apart on the same side of the head (reflectance spectros-
copy), allowing examination of the superficial cortex.
NIRS interrogates arterial, venous, and capillary blood within the field of view, so

rScO2 values represent a weighted tissue oxygen saturation measured from these 3
compartments. rScO2 values are also influenced by several physiologic variables,
including arterial oxygen saturation, PaCO2, systemic blood pressure, hematocrit, ce-
rebral blood flow (CBF), cerebral blood volume, cerebral metabolic rate for oxygen
(CMO2), and cerebral arterial:venous (a:v) ratio.21

Most commercial devices use spatially resolved spectroscopy to derive a scaled
absolute hemoglobin concentration representing the relative proportions of oxyhemo-
globin and deoxyhemoglobin within the field of view, from which rScO2 is calculated
and displayed as a percentage value. Frequency (or domain)-resolved spectroscopy
and time-resolved spectroscopy allow measurement of absolute chromophore con-
centration with obvious advantages.23 More recently, diffuse correlation spectroscopy
techniques have been developed to monitor CBF and derive CMRO2.

24,25

There are several concerns over the clinical application of NIRS, in particular
contamination of the signal by extracranial tissue. Some commercial cerebral oxi-
meters use 2 detectors and a subtraction-based algorithm to deal with this problem,
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assuming that the detector closest to the emitter receives light that has passed mainly
through the scalp and that the farthest light has passed mainly through brain tissue.
Although there is weighting in favor of intracerebral tissue with an emitter-detector
spacing greater than 4 cm, even spatially resolved spectroscopy is prone to some de-
gree of extracerebral contamination,26 and this is particularly problematic during low
CBF states. The NIRS-derived CCO signal is highly specific for intracerebral changes,
potentially making it a superior biomarker to hemoglobin-based NIRS variables.27

Indications
There are many Food and Drug Administration–approved NIRS devices available for
clinical use. Because the specific algorithms incorporated into commercial devices
vary, and are often unpublished, it is difficult to compare rScO2 values between de-
vices and, therefore, between studies using different devices. There are few numbers
of high-quality clinical studies to guide the clinical use of NIRS, and prospective ran-
domized studies are required not only to establish its potential role in patient moni-
toring but also to assess the relative efficacy of the multitude of devices on the
market.28

Recent years have seen a significant increase in the use of perioperative cerebral
oximetry (see Table 2), particularly during cardiac and carotid surgery, and surgery
in the head-up (beach chair) position.21 Although secondary ischemic injury after
ABI is common, and low rScO2 values have been associated with poor outcome in
case series, data on the use of NIRS in the ICU management of ABI are limited and
no outcome studies of NIRS-guided treatment have been published.
There are emerging applications for NIRS as a noninvasive monitor of cerebral

autoregulation, using standard signal processing techniques29 and also novel analyt-
ical techniques of multimodal monitoring of slow-wave oscillations.30 NIRS has also
been used to determine optimal CPP noninvasively in patients with TBI.31 Because
of the key role of CCO in mitochondrial metabolism, monitoring CCO concentration
in addition to oxygenation variables may aid in the determination of ischemic thresh-
olds after ABI by providing additional information about cellular metabolic status.22

One challenge in the application of NIRS after ABI is that the presence of intracranial
hematoma, cerebral edema, or subarachnoid blood may invalidate some of the as-
sumptions on which NIRS algorithms are based.21 This has been used to advantage
in the identification of intracranial hematomas and cerebral edema.32,33

Normal regional cerebral oxygen saturation values and thresholds for treatment
The normal range of rScO2 is usually reported to lie between 60%and 75%, but there is
substantial intraindividual and interindividual variability; NIRS-based cerebral oximetry
is, therefore, best considered as a trend monitor. There are no validated rScO2-derived
ischemic thresholds,21 but clinical studies andmanagement protocols often use abso-
lute rScO2 values of less than or equal to 50% or a greater than or equal to 20% reduc-
tion from baseline as a trigger for initiating measures to improve cerebral oxygenation.

Evidence of near-infrared spectroscopy–guided therapy on outcomes
The only evidence for outcome effects of NIRS-guided treatment is from 3 randomized
controlled trials in patients undergoing cardiac surgery34–36 (Table 4). In small studies,
intraoperative cerebral oxygen desaturation has been associated with early and late
cognitive decline after cardiac surgery, but a recent systematic review concluded
that only low-level evidence links intraoperative desaturation with postoperative
neurologic complications.37 There is also insufficient evidence to conclude that inter-
ventions to prevent or treat reductions in rScO2 are effective in preventing stroke or
postoperative cognitive dysfunction after cardiac surgery. NIRS-guided therapy may



Table 4
Summary of the randomized studies evaluating outcomes after near-infrared spectroscopy–guided management of cerebral desaturations

Reference
Surgery
Type

Intervention
arm, n

Control
arm, n

Target Regional Cerebral
Oxygen Saturation Values
in Intervention Arm Endpoint(s) Principal Findings

Murkin
et al,34 2007

CABG 100 100 �75% of baseline
threshold

30-d postoperative
morbidity and
mortality

Prolonged cerebral desaturations (P 5 .014) and
ICU stay observed in the control group (P5 .029)

MOMMa higher in the control group (P 5 .048)
and associated with lower baseline and mean
rScO2, more cerebral desaturations, longer ICU
and hospital LOS

Slater
et al,35 2009

CABG 125 115 �80% of baseline
threshold

Cognitive function
(using a battery
of tests) up to 3 mo
and hospital LOS

A high rScO2 desaturation scoreb (>3000% second)
associated with early postoperative cognitive
decline (P 5 .024) and hospital stay >6 d
(P 5 .007)

Benefits of the intervention on cognitive
outcomes lost in multivariate analysis

Deschamps
et al,36 2013

High-risk
cardiac
surgeryc

23 25 �80% of baseline
threshold for 15 s

Desaturation load
(% desaturation
� time), ICU and
hospital LOSs

Half of the patients had cerebral desaturations
that could be reversed 88% of the time.
Interventions resulted in smaller desaturation
loads in the operating room and ICU. No
difference in hospital or ICU LOS

Abbreviations: CABG, coronary artery bypass grafting; LOS, length of stay; OR, odds ratio.
a Major organ morbidity and mortality (MOMM) composed of the following variables as determined by the Society of Thoracic Surgeons: death, stroke, reop-

eration for bleeding, mediastinitis, surgical reintervention, renal failure requiring dialysis, and ventilation time greater than 48 hours.
b Desaturation score calculated by multiplying rScO2 less than 50% by duration in seconds.
c High-risk cardiac surgery defined by the authors as redo surgery, adult congenital surgery, thoracic aortic surgery with andwithout circulatory arrest, and com-

bined procedures surgery.
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improve overall organ outcome after cardiac surgery, suggesting a role for NIRS as a
monitor of overall organ perfusion.34 A systematic review of the role of rScO2 in pedi-
atric patients undergoing surgery for congenital heart disease also concluded that
there is no evidence that rScO2 monitoring andmanagement lead to a clinical improve-
ment in short-term neurologic outcome in this patient population.38

Several methods are used to assess the adequacy of CBF and oxygen delivery
during carotid surgery to inform the critical decision regarding shunt placement during
the vessel cross-clamp period. Cerebral oximetry has similar accuracy for the detec-
tion of cerebral ischemia compared with other commonly used monitoring modalities
and has advantages in terms of simplicity.39 Various thresholds have been used to
determine the need for shunt placement, ranging from a 10% to 20% reduction in
ipsilateral rScO2 from baseline.40 Cerebral oximetry has higher temporal and spatial
resolution compared with other modalities and thus may find a role in guiding the
manipulation of systemic physiology to minimize the risk of cerebral hypoxia/ischemia
during carotid surgery.21 Recently, the use of a time-resolved optical imaging system,
which allows simultaneous acquisition of data from 32 regions of interest over both
hemispheres, has been described.41 Distinct patterns of changes in hemoglobin
and oxyhemoglobin were observed in ipsilateral brain cortex, suggesting that nonin-
vasive optical imaging of brain tissue hemodynamics may find a role during carotid
surgery.
There has been intense interest in the application of cerebral oximetry in patients

undergoing surgery in the beach chair position because of the risk of hypotension-
related cerebral ischemic events in anesthetized patients in the steep head-up
position. In a recent study of 50 patients undergoing shoulder surgery in the beach
chair position, the incidence of intraoperative cerebral desaturation events (defined
as decreases in rScO2 of �20% from baseline) was 18%.42 Of those experiencing
desaturation, the mean maximal decrease in rScO2 was 32% from preoperative base-
line, and the mean number of separate desaturation events was 1.89 with an average
duration of more than 3 minutes. Despite this apparently alarming high burden of
cerebral desaturation, these authors and other investigators have not identified an
association between desaturation events and postoperative neurocognitive dysfunc-
tion in this patient population. It has been suggested that changes in intracranial
geometry and cerebral a:v ratio related to movement from supine to upright position
might account, at least in part, for the changes in measured cerebral saturations.23

Finally, there is no evidence that monitoring and early detection of cerebral desatu-
rations to guide targeted interventions improves perioperative outcomes during other
surgical procedures under general anesthesia.40
FUTURE PERSPECTIVES

Technological developments are likely to be key drivers in advancing cerebral
oxygenation monitoring and its adoption in the ICU and perioperative settings. A multi-
parameter probe that combines ICP, PtiO2, and temperature measurements is
available commercially (Raumedic, Münchberg, Germany), allowing multimodality
monitoring via a single invasive device. The addition of CBF quantification into such
a probe is likely. Advances in PtiO2 technology should allow for improved insertion
techniques and more durable devices, and stereotactic placement of invasive probes
may help target regions of interest with improved accuracy.
Cerebral arterial oxygen saturation has been estimated using fiberoptic pulse

oximetry,43 and a prototype invasive probe that combines NIRS and indocyanine
green dye dilution has been investigated for the simultaneous monitoring of ICP,
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CBF, and cerebral blood volume, avoiding NIRS signal contamination by extracerebral
tissues.44 Combined NIRS/electroencephalography provides a unique opportunity to
acquire, noninvasively and simultaneously, regional cerebral electrophysiologic and
hemodynamic data to elucidate on neurovascular coupling mechanisms.45 A proto-
type device combining diffuse correlation spectroscopy and NIRS for the bedside
measurement of CBF and cerebral oxygenation respectively has been described.46

In the future, a single NIRS-based device may be able to provide noninvasive
monitoring of cerebral oxygenation, hemodynamics, and cellular metabolic status
over multiple regions of interest, although substantial technological advances are
necessary before any of these techniques can be introduced into routine clinical
practice.

SUMMARY

Cerebral oxygenation represents the balance between cerebral oxygen supply and
demand, and a mismatch may lead to cerebral hypoxia/ischemia with deleterious
outcomes. There are several tools available for the detection of cerebral hypoxia/
ischemia, each with inherent advantages and disadvantages. Although there is a large
body of evidence supporting an association between cerebral hypoxia/ischemia and
poor outcomes, it remains to be determined whether restoring cerebral oxygenation
improves outcomes. The adoption of a multimodality neuromonitoring approach
(see Kirkman MA, Smith M: Multimodality Neuromonitoring, in this issue) that incorpo-
rates cerebral oxygenation monitoring in addition to more established ICP and CPP
monitoring is required, along with large randomized prospective studies to address
the current uncertainties about such approaches.
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KEY POINTS

� In the United States, an estimated 1.7 million people sustain a traumatic brain injury annu-
ally, with an annual mortality of 52,000 people.

� The management of traumatic brain injury has been standardized with the publication of
the Brain Trauma Foundation Guidelines; however, much of the evidence for these guide-
lines is poor or conflicting.

� One of the main aims of treatment of traumatic brain injury is to prevent or treat increased
intracranial pressure.
EPIDEMIOLOGY

Often referred to as the silent epidemic, the after-effects of traumatic brain injury (TBI),
including changes in cognition, sensation, language, and emotions, are not always
readily apparent. In addition, the general public’s awareness about TBI seems
limited,1 and long-term disability after TBI may be overlooked.2

TBI is a worldwide source of significant social and health care burden that results
from assaults, motor vehicle accidents, falls, sports collisions, and combat-related
injuries. In the United States alone, an estimated 1.7 million people sustain a TBI
annually, with an annual mortality of 52,000 people.1 In 2003, 124,626 people experi-
enced long-term disability following TBI,3 some requiring lifelong assistance to
perform activities of daily living.2 On average, the direct medical cost for severe TBI
was $65,600 per patient in 2002.4
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Men have greater incidence of TBI compared to women,5 presumably related to
more risky behavior in men. Although TBI is particularly prevalent in the younger pop-
ulation, the average age of TBI in the United States is increasing with the overall age of
the population. According to the Centers for Disease Control and Prevention, approx-
imately 81% of TBIs in senior citizens are caused by falls.1

PATHOPHYSIOLOGY
Autoregulation

Cerebral autoregulation (CA) is the brain’s mechanism of maintaining adequate and
stable blood flow despite changes in perfusion pressure. As mean arterial pressure
(MAP) changes, cerebral vascular resistance changes to maintain constant flow
(Fig. 1) via arteriolar vasodilation and constriction, consistent with Poiseuille’s law
for laminar flow through a vessel:

Flow5
p ðpressure differenceÞ ðr Þ4

8 ðviscosityÞ ðlengthÞ
CA applies not only to the brain as a whole; regional areas of high metabolic demand

and neuronal activity will receive greater blood flow.6

Cerebral blood flow is maintained over a range of a cerebral perfusion pressure of 60
to 160 mm Hg (cerebral perfusion pressure is the total of intracranial pressure [ICP]
subtracted from MAP). Above and below this range, CA is lost, and blood flow
depends on MAP in a linear fashion (see Fig. 1). In this setting, if cerebral blood
flow decreases because of hypotension, compensation includes increased oxygen
extraction. Once this compensatory mechanism is exhausted, cerebral ischemia
and infarction can occur. Alternatively, if cerebral blood flow increases because of
hypertension, vascular constriction is overcome by excessive intravascular pressure.
This increased pressure experienced by the cerebral endothelium may lead to edema
formation and eventual herniation.
CA is often impaired in severe TBI. Thus, techniques to evaluate the integrity of the

autoregulatory mechanism have been extensively studied. One such method involves
using a linear correlation coefficient between arterial blood pressure and ICP. This
Fig. 1. Cerebral autoregulation. Maintenance of cerebral blood flow by autoregulation
typically occurs within a MAP range of 60 to 160 mm Hg.
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method is known as the Cerebrovascular Pressure Reactivity Index.7 Negative values
suggest that CA is intact, whereas positive values suggest impairment (essentially ICP
trends with MAP). As clinicians recognize the heterogeneity of TBI, there is increasing
interest in individualizing management. With knowledge of the integrity of CA and in-
formation from advanced multimodality monitoring, it may be possible to individualize
therapy. For example, with intact CA, a decision could be made to increase the ICP
threshold that would otherwise prompt intervention. Because no large-scale trial
has evaluated TBI outcomes using this approach, multimodality monitoring remains
experimental.

Phases of Brain Injury

There are 2 pathophysiologic phases of neurologic damage in TBI: primary and sec-
ondary injury. Primary injury refers to initial damage occurring at the moment of
impact, which involves mechanical forces that shear and compress neurons, glia,
and vascular tissue. This initial damage leads to physical disruption of cell membranes
and their infrastructure with subsequent increase in membrane permeability and
disturbance of ionic homeostasis. This initial damage in turn leads to cellular swelling,
relative hypoperfusion, and a cascade of neurotoxic events.8–13

Secondary injury that occurs in TBI is an escalating cyclical positive feedback pro-
cess of cerebral edema, increasing ICP, decreasing cerebral blood flow and oxygen
supply, and cell death.14 This secondary injury, which occurs in the ensuing hours
and days after the primary insult, leads to physiologic consequences such as brain tis-
sue ischemia and reperfusion injury.15 Cerebral edema results in increased ICP, which
can cause mechanical damage by cerebral herniation or by impingement of cerebral
blood flow that then results in ischemia. This ischemia may be exacerbated by sys-
temic hypotension and hypoxia experienced before resuscitation.16–18
CLASSIFICATION

Classification schemas allow succinct communication about the severity of a patient’s
status in a standardized fashion. They allow the tracking of patients’ clinical progress
and provide a means of prognostication, which is important to guide clinical decision
making. Although many ways to classify TBI exist, the following are the most
commonly used.

Head Injury Classification Based on Clinical Examination

Glasgow Coma Scale
The Glasgow Coma Scale (GCS) is an assessment tool used to objectively charac-
terize neurologic status, ranging from scores of 3 to 15 based on the best eye, verbal,
and motor responses (Table 1). Developed at the University of Glasgow in 1974, the
scale standardizes observations of level of consciousness in patients with brain dam-
age caused by traumatic injury, vascular insults, infection, metabolic disorders, or
drug overdose.19 It has been subjected to extensive interrater and intrarater reliability
testing and is now widely accepted and used.20–22 This scale has especially high utility
because it can be graded rapidly with no need for diagnostic equipment. A patient’s
initial GCS score after resuscitation conveys prognostic information about mortality
and functional outcomes at 6 months.23 There is a linear relationship with a poor
outcome, including death, vegetative state, or severe neurologic disability, in the
GCS range of 3 to 9,24 although there are notable exceptions to this. For example, pa-
tients with head injury who have epidural hematomas and display the “talk and die”
syndrome initially have no deficits (the lucid interval), but eventually lapse into a



Table 1
GCS

E V M

4 5 Spontaneous
3 5 To speech
2 5 To pain
1 5 None

5 5 Oriented
4 5 Disoriented
3 5 Inappropriate
2 5 Incomprehensible
1 5 None

6 5 Obeys commands
5 5 Localized to pain
4 5 Withdraws from pain
3 5 Decorticate posture
2 5 Decerebrate posture
1 5 None

CGS 5 E 1 V 1 M
Minimum score 5 3
Maximum score 5 15

Abbreviations: E, eye opening; M, motor response; V, verbal response.
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coma and may suffer herniation and death if not detected within an appropriate time
period.
Patients with a GCS score between 13 and 15 are considered to have a mild TBI,

usually a concussion. Despite potential short-term memory loss or difficulty concen-
trating, full neurologic recovery is expected. A GCS score between 9 and 12 is consid-
ered a moderate TBI, and patients may initially be lethargic or stuporous. Severe TBI is
classified as a GCS between 3 and 8, meaning that patients are comatose.24 Any
patient with a GCS of 8 or lower after TBI has a high likelihood of requiring mechanical
ventilation for airway protection. Deterioration of a patient’s GCS score may indicate a
developing cerebral bleed that may require surgical evacuation, increased edema, or
medication effects. It is important to consider that patients with TBI may have
abnormal GCS scores that are not only altered because of the head injury itself but
also because of hypotension, hypoxemia, or ingestion of neurologic depressants.
The adult GCS can be used in patients 5 years of age or older. The pediatric scale is

modified to account for the immaturity of the pediatric nervous system.15

There are multiple shortcomings associated with the scale, including interrater
disagreement,20,22 failure to incorporate brainstem reflexes,25 and inability to accu-
rately calculate the GCS in intubated, sedated, paralyzed, and immobilized patients,
and those with significant periorbital swelling. Despite these shortcomings, the GCS
score remains the most utilized level-of-consciousness scale worldwide.25

Pupil reactivity
The pupillary examination is a key component of the neurologic assessment. A pupil
examination includes assessment of the pupil’s size and equality, shape, and reac-
tivity to light. It is imperative to be aware of any ophthalmologic procedures a patient
has undergone because these may affect the examination. For example, pupillary
constriction is reduced after cataract surgery.
Reactivity to light is assessed in the ipsilateral and contralateral pupils, and they are

recorded as equally round and reactive to light, unilaterally or bilaterally nonreactive,
fixed, and/or dilated. The rate at which pupils react is described as brisk or sluggish.
In patients with TBI, the pupillary examination may at first be benign but can change

with evolving intracranial pathology hours after the primary injury. Serial pupillary
examinations are crucial to detect subtle changes in the patient’s neurologic status.
The pupillary examination is particularly useful because it is one of the few neurologic
examinations that are noninvasive and that can be performed on unconscious,
sedated, and paralyzed patients.26 Fig. 2 shows various cerebral lesions and the
resulting pupillary examination.



Fig. 2. Pupillary examination. Cerebral lesions and the resulting pupillary examinations.
(Adapted from Seder D, Mayer SA, Frontera JA. Management of elevated intracranial pres-
sure. In: Frontera JA, editor. Decision making in neurocritical care. New York: Thieme Med-
ical Publishers; 2009. p. 201; with permission.)
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Head injury can affect pupil size and reactivity via multiple mechanisms, including
direct injury to the eye and optic nerve, cranial nerve (CN) III injury or compression
along any point of its course, or midbrain and pontine hypoperfusion.27–32

The pupillary reflexes travel along the oculomotor nerve, which is sensitive to mass
effect such as brain stem compression and ischemia. When CN III is compressed
because of an increase in supratentorial pressure, ipsilateral mydriasis and loss of light
reactivity ensues.33 A pupil that is oval may be an early indication of compression of
CN III caused by increased ICP. Nonreactive pupils are often associated with severe
increases in ICP and/or severe brain damage/herniation. Thus, an abnormal or
changed pupillary examination in a patient with TBI can provide valuable information
regarding deterioration in ICP from edema and any expanding hematomas. Pupillary
changes also occur with disruptions in brainstem oxygenation and perfusion, and
may not always indicate herniation.34

Chen and colleagues35 created a pupil index based on the pupillary examination
performed using a portable hand-held pupillometer. They found an inverse trend in
the relationship between decreasing pupil reactivity and increasing ICP and that pupil
reactivity is an early indicator of increasing ICP in patients with TBI, aneurysmal
subarachnoid hemorrhage, or intracranial hemorrhage. Patients with an abnormal
pupillary light reactivity had an average peak ICP of 30.5 mm Hg versus 19.6 mm
Hg in the normal pupil reactivity population. Patients with nonreactive pupils had
the highest mean ICP of 33.8 mm Hg. In the group of patients with abnormal pupillary
reactivity, the first evidence of pupil abnormality occurred on average 15.9 hours
before the time of peak ICP. This study indicates that the pupillary examination
can provide useful predictive information even in patients with an indwelling ICP
monitor.
The pupillary examination has prognostic significance. Studies have found that

patients with severe TBI with postresuscitation bilaterally fixed pupils (<4 mm) were
associated with a 70% to 90% chance of death or vegetative state, whereas patients
whose postresuscitation pupil examination showed bilaterally reactive pupils had a
30% chance of poor outcome.24,27–32 Multiple analyses have shown that a combina-
tion of pupil reactivity and the motor component of the GCS outmatches the predictive
accuracy of the GCS score alone.23,36,37

Some of the drawbacks of the manual pupillary examination include that the
interreader agreement rate is low at 39%,38 physician or nurse measurements may
be imprecise,39 early changes in pupillary function may not be detectable to the
naked eye,40 and the examination may not be measurable in patients with extensive
facial trauma. Given the critical prognostic information offered by the pupil examina-
tion combined with the poor interreader reliability and subjectivity of the bedside
manual pupillary examination, the pupillometer has been introduced as an infrared
device that provides a quantitative and reliable examination.40 Measurements
made by the pupillometer include pupil size, latency, constriction velocity, and
dilation velocity. Studies have found that the pupillometer is more accurate and
reliable than physician and nurse estimates of pupillary size and that subtler changes
in a patient’s pupillary examination can be detected earlier compared with the
manual examination.39,40 For these reasons, such a device, although not currently
designated as standard of care, could provide an advancement in TBI management.

Head Injury Classification Based on Imaging

Marshall Classification
Certain computed tomography (CT) scan findings are ominous for developing intracra-
nial hypertension and eventual catastrophic outcomes, particularly in patients who did
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not appear to be severely injured based on their clinical examination.41,42 Thus, the
Marshall Criteria for categorizing diffuse injury in patients with moderate to severe
TBI from a nonpenetrating injury were developed in 1991 and have become the de
facto standard for CT classification.15

The grading system applies to CT scans performed in patients with nonfocal
injury and accounts for the status of the mesencephalic cisterns, the degree of
midline shift in millimeters, and the presence or absence of 1 or more surgical
masses (Fig. 3, Table 2). Each category of diffuse injury has a progressively
higher risk for intracranial hypertension and death. Patients with both severe TBI
and abnormality detected on head CT on admission have a greater than 50%
chance of intracranial hypertension.24 A predictive model showed that a patient’s
Marshall CT classification combined with age and postresuscitation GCS motor
score has an excellent direct relationship with mortality.41,42 This risk association
applies to CT scans performed during or after resuscitation, usually within 4 hours
of injury.
Shortcomings of the Marshall system include significant interobserver variability28,43

and the lack of a normal imaging category, such as in individuals with pathologically
mild head injury but low GCS (eg, resulting from intoxication).
As the availability and speed of CT scanning improves, there is increasing

risk of missing operable lesions in the initial CT scan; thus, serial imaging
should be considered, and optimal timing for prognostic CT imaging is yet to be
determined.
Fig. 3. Head CT scan showing compression of the lateral ventricles, midline shift greater
than 5 mm, and a mixed-density lesion greater than 25 cm3. This CT scan has a Marshall Clas-
sification of nonevacuated mass.



Table 2
Marshall Classification of CT head findings

Category Definition

Diffuse injury I No visible intracranial disorder

Diffuse injury II Cisterns present
Midline shift <5 mm
And/or no high-density or mixed-density lesion >25 cm3

Diffuse injury III Cisterns are compressed or absent and
Midline shift is 0–5 mm with no high-density or mixed-density

lesion >25 cm3

Diffuse injury IV Midline shift >5 mm with no high-density or mixed-density
lesion >25 cm3

Evacuated mass Any lesion surgically evacuated

Nonevacuated mass High-density or mixed-density lesion >25 cm3 not surgically evacuated

Jinadasa & Boone564
MANAGEMENT

The overarching goal of treatment in patients with TBI is to minimize the progression of
secondary brain injury, namely ischemia, by reducing cerebral edema and ICP while
maintaining cerebral perfusion, oxygen delivery, and energy to the brain.14 Simply
put, the goal is to squeeze oxygenated blood through a swollen brain.24

Management of increased ICP has evolved toward standardized strategies that use
a tiered approach of escalating treatment as follows: intubation and mechanical venti-
lation, sedation and analgesia, cerebrospinal fluid (CSF) drainage, hyperosmolar
agents, induced hypocapnia, hypothermia, barbiturates, and decompressive crani-
otomy (Fig. 4).44 Although most of the evidence for these treatment strategies is level
II at best, expert opinion drives some of the approaches to care.
The Brain Trauma Foundation (BTF) developed the “Guidelines for the Management

of Severe Traumatic Brain Injury,” first in 1995 and most recently in 2007, to improve
mortality and morbidity and to address the considerable variability in the care of pa-
tients with TBI.45–47 The publication reviews evidence-based methodologies and the
quality of the scientific literature validating them. Despite such guidelines, many of
the treatment strategies remain highly controversial, and the best practice is yet to
be determined.

Intracranial Pressure and Multimodal Monitoring

Up to 50% of patients with severe TBI may have intracranial hypertension, which is
defined as an ICP greater than 20 mm Hg for longer than 5 minutes. Based on this
observation, the BTF recommended monitoring ICP for patients with a GCS less
than 8 and an abnormal head CT or for those patients with GCS 8 or less, a normal
head CT, and 2 or more of the following: age greater than 40 years, motor posturing,
or systolic blood pressure less than 90 mm Hg. Therapeutic strategies are directed at
keeping ICP less than 20 mm Hg. Although widely adopted as the standard of care,
there are notably limited data to support therapeutic decisions based on ICP.
A recent trial conducted by Chesnut and colleagues,48 the Benchmark Evidence

from South American Trials: Treatment of Intracranial Pressure (BEST:TRIP), cast
doubt on the relative value of ICP monitoring compared with frequent neurologic
examinations and CT imaging. They showed no difference in outcome between
groups and concluded that a strategy to maintain ICP at less than 20 mm Hg in pa-
tients with an ICP monitor in place was not superior to a treatment strategy that relied



Fig. 4. Tiered approach to treatment of increased intracranial pressure. (From Stocchetti N, Maas AIR. Traumatic intracranial hypertension. N Engl J Med
2014;370(22):2126; with permission.)
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on the clinical examination and CT imaging. Significant controversy followed the pub-
lication of this trial, which included a debate as to the value of ICP monitoring and the
ability to generalize to developed countries. In response, a group of experts, including
R.M. Chesnut, recently published a consensus statement that addressed many of
these concerns.49 Most experts agreed that the results of the study should not change
practice for centers that already monitor ICP.
Brain tissue oxygen (PbtO2) monitoring is used in many neurotrauma centers. The

Brain Tissue Oxygen Monitoring in Traumatic Brain Injury (BOOST-2) clinical trial
was a phase 2 randomized controlled trial designed to show the safety and efficacy
of a treatment protocol for patients with TBI based on PbtO2 monitoring. The investi-
gators showed that a protocol designed to maintain PbtO2 at more than 20 mm Hg
effectively reduced the duration of brain tissue hypoxia.50 A phase 3 trial to evaluate
its impact on neurologic outcomes is underway.
Multimodality monitoring measures surrogate markers of cellular metabolism,

including probes that are inserted into cerebral white matter to measure PbtO2 and
temperature, and cerebral microdialysis catheters that can measure lactate, pyruvate,
glutamate, and glucose levels. Cerebral microdialysis is still considered experimental,
although it is increasingly used at tertiary care trauma centers.

Osmotherapy

When sedation, intubation, and postural repositioning fail to decrease ICP, osmotic
agents are frequently administered. Hypertonic saline and mannitol are the most
commonly used agents and both are effective in reducing ICP. Both work presumably
by establishing an osmotic gradient between the brain and cerebral vasculature,
which results in a net water loss in brain tissue. Thus, in order to effectively achieve
a gradient, the blood-brain barrier must be intact. The superiority of one particular
agent continues to be debated, although until recently mannitol was considered the
gold standard. Recently, Boone and colleagues51 reviewed the existing literature
comparing mannitol and hypertonic saline and found only a small number of trials
with generally limited enrollment. A meta-analysis of the same studies found that hy-
pertonic saline may decrease ICP more effectively and for a longer duration than
mannitol.52 Without definitive data, the decision to choose one drug rather than the
other may be based on several factors, including the physical condition and comorbid-
ities of the patient, drug availability, side effects, and clinician comfort in administering
a potentially unfamiliar agent.
Hypertonic saline is administered in a variety of concentrations ranging from 2% to

23.4% and may be the ideal hyperosmolar agent in patients who also require volume
resuscitation. Typically, 23.4% NaCl is administered as a bolus over 10 minutes,
whereas less concentrated forms (3% NaCl) can be given either as a bolus or infusion.
For patients whose initial serum Na level is 140 mmol/L, the initial goal may be to in-
crease the Na level to 145 to 150 mmol/L. A stepwise, titrated increase in serum Na
level may be needed for ongoing control of ICP, with an upper limit of 160 mmol/L.
Care should be taken to avoid inducing heart failure in patients who would otherwise
not tolerate a large fluid load or in those with hyponatremia, because of concerns
about central pontine myelinolysis (which is rare). Frequent serum sodium and osmo-
larity checks are indicated. Solutions greater than 3% must be administered via cen-
tral venous access.
Mannitol is dosed at 0.25 to 1 g/kg every 4 to 6 hours. Because mannitol is an os-

motic diuretic, care should be taken in patients presumed to be hypovolemic. A serum
osmolarity greater than 320 mOsm/L is often cited as the upper limit for mannitol
administration because of concerns for inducing kidney injury. Although the theoretic
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concern exists, there is no definitive human evidence to support this claim. Instead,
there may be a ceiling effect, above which increasing serum osmolarity has a limited
effect on decreasing ICP. Mannitol may be redosed by calculating the osmolar gap
(typically when <10 mOsm/L). Both hypertonic saline and mannitol should be weaned
slowly, because the brain responds to the osmotic gradient by creating idiogenic
osmoles, which could potentially reverse the osmotic gradient on discontinuation.53,54

Hypothermia

The therapeutic potential of hypothermia in patients with TBI has been noted from the
time of Hippocrates (460–377 BC), who stated that “a man will survive longer in winter
than in summer, whatever be the part of the head in which the wound is situated.”55

Contemporary thinking followed that if hypothermia protocols could impart a mortality
benefit and neuroprotection to patients after cardiac arrest,56,57 then it might also pro-
vide a similar benefit to patients with TBI. In patients with TBI, hypothermia has been
used both as a prophylactic neuroprotectant, in which it is thought to reduce blood-
brain barrier dysfunction, levels of excitatory neurotransmitters, free radical produc-
tion, the cerebral metabolic rate, and inflammatory responses,58 as well as a means
to treat increased ICP by reducing cerebral blood flow and blood volume. Adverse
effects of hypothermia include a higher incidence of cardiac arrhythmias, hypotension,
pulmonary infections, coagulopathies, electrolyte derangements, hyperglycemia, and
hypothermia-induced diuresis.59–64 Until very recently, there has been conflicting
evidence for and against the use of hypothermia in patients with TBI.
The 2007 BTF guidelines reported that there was insufficient evidence to support

the routine use of prophylactic hypothermia and recommended further study.47 These
recommendations were based on a meta-analysis performed by the BTF using level III
data demonstrating that hypothermia in TBI patients had no consistent or statistically
significant mortality benefit. It was, however, unclear whether prophylactic hypother-
mia may have higher chances of reducing mortality when cooling was maintained for
more than 48 hours. Despite a lack of mortality benefit, their analysis did indicate that
therapeutic hypothermia was associated with significantly more favorable neurologic
outcomes, defined by Glasgow Outcome Scale (GOS) scores of 4 or 5, compared to
normothermic controls.
Recently, Andrews and colleagues65 conducted The European Study of Therapeutic

Hypothermia (32�C–35�C) for Intracranial Pressure Reduction after Traumatic Brain
Injury (Eurotherm3235) trial. This international, multicenter, randomized controlled trial
assessed the use of at least 48 hours of hypothermia to reduce increased ICP in
patients with TBI. The trial aimed to enroll 600 patients; however, it was halted during
interim analysis after 387 patients were enrolled because of safety concerns. In
patients with TBI, therapeutic hypothermia plus standard care successfully reduced
ICP but did not improve neurologic recovery compared with standard therapy. A
favorable outcome with Extended GOS (GOS-E) scores of 5 to 8 occurred in 26%
of patients in the hypothermia group and in 37% of patients in the control group.
The Eurotherm3235 trial provides convincing evidence against the routine use of
hypothermia as a means of reducing increased ICP after TBI.

Decompressive Craniectomy

Decompressive craniectomy is a treatment option for severe refractory intracranial
hypertension, in which a substantial portion of the cranium is removed and the dura
opened to increase the volume of the cranial cavity and, thus, decrease the ICP.
This option is an effective means of controlling increased ICP; however, risks include
wound infection, meningitis, cerebral abscess, CSF leak, hematoma, and cerebral
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infarction. There is divided neurosurgical opinion on the benefits of decompressive
craniectomy in patients with TBI.
Although the 2007 BTF “Guidelines for the Surgical Management of Traumatic Brain

Injury”66 provide recommendations for surgical evacuation of posttraumatic intracra-
nial mass lesions, there are no recommendations on the use of decompressive cra-
niectomy for controlling increased ICP after severe TBI because of a lack of
conclusive evidence of improved quality of life.
The Decompressive Craniectomy (DECRA) trial, published in 2011, was a random-

ized controlled trial that challenged the presumed benefits of the decompressive
craniectomy in patients with TBI with intracranial hypertension. Patients with diffuse
brain injury with intracranial hypertension refractory to first-tier therapies were ran-
domized to bifrontotemporal decompressive craniectomy or standard care. Patients
in the craniectomy group had less time with ICP above the treatment threshold, fewer
interventions for increased ICP, and fewer days in the ICU compared with the control
group. However, 6-month mortality was not affected, and patients who underwent
craniectomy had worse outcome scores compared with the control group (odds ratio
[OR] 5 1.84; 95% confidence interval, 1.05–3.24; P 5 .03) and greater risk of an
unfavorable outcome (OR 5 2.21; 95% confidence interval, 1.14–4.26; P 5 .02).
One explanation may be that craniectomy allows expansion of the swollen brain
outside the skull but causes axonal stretch leading to neuronal injury.67

There have been many criticisms of this study. Baseline characteristics, including
pupil reactivity, were imbalanced between groups. There was a high crossover rate
from the standard-care arm to the surgical arm. The results have a poor ability to be
generalized given that the study only assessed patients with diffuse brain injury less
than the age of 60 years. Among other criticisms, the decision to use only bifrontotem-
poral craniectomy, which removes a large portion of the cranium, was seen as not
following common clinical practice. Because of such criticisms, many authorities
view these results with skepticism.
Randomized Evaluation of Intracranial Pressure (RESCUEicp) is an ongoing trial

that compares medical therapy with decompressive craniectomy in patients with a
sustained increase in ICP greater than 25 mm Hg resistant to initial medical therapy.
Patients are randomized to continued medical therapy (including barbiturate use) or
decompressive craniectomy. The results of this study will further define the role of
decompressive craniectomy in patients with TBI.14,44,68

Steroids

Previously, steroid use in patients with TBI was controversial; however, at present the
only BTF guideline that is classified as a level I recommendation is avoiding use of
steroids in patients with moderate or severe TBI. This definitive recommendation is
a result of the Corticosteroid Randomisation After Significant Head Injury (CRASH)
multicenter trial published in 2004.69 This study, which was designed to randomize
20,000 patients with TBI to 48 hours of intravenous methylprednisolone or placebo,
was halted after interim analysis by the data monitoring committee after 10,008
patients were enrolled and analyzed. The interim analysis showed a significant differ-
ence in 2-week mortality, 21.1% in the steroid arm versus 17.9% in the placebo arm,
and 6-month mortality, 25.7% in the steroid arm versus 22.3% in the placebo arm.69,70

Tranexamic Acid

The Clinical Randomization of an Antifibrinolytic in Significant Haemorrhage (CRASH-
2) trial, published in 2010, assessed the effects of early administration of tranexamic
acid to adult patients with trauma with or at risk of significant hemorrhage within
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8 hours of injury. The trial showed significant reduction of all-cause mortality (Relative
Risk 5 0.91; 95% confidence interval, 0.85–0.97; P 5 .0035) with no increase in
vascular occlusive events. Although there was no direct evidence, the investigators
considered part of the mortality benefit of tranexamic acid to be a result of decreased
intracranial bleeding in patients with trauma with brain injury.71,72
OUTCOMES

Moderate and severe TBI are associated with high mortality in the acute period. While
managing the acute needs of patients with TBI, it is important to recognize the long-
term morbidities of this condition. Management efforts must focus not only on mortal-
ity benefit but also on functional, neurocognitive, and emotional outcomes. There is
increasing emphasis on studying outcomes beyond the acute phase of TBI. Various
outcome scores have been developed to track and compare outcomes in patients
with TBI, including the GOS and the Modified Rankin Scale (mRS).

Glasgow Outcome Scale and Extended Glasgow Outcome Scale

After moderate and severe TBI, there often is persisting mental and physical disability.
As the apropos description indicates, the silent epidemic renders a patient after TBI
with disabilities, especially mental disabilities that are difficult to detect.
In 1975, Jennett and Bond73 published the 5-point GOS, which provided an objec-

tive, standardized, accurate assessment of outcome after severe brain damage. The
GOS is the most widely used outcome measure after traumatic brain damage.74 This
scale allows monitoring of clinical progress to ensure adequate and efficacious care
and rehabilitation. Many research studies use the GOS at 6 months after injury as a
primary outcome measure because most of the improvement occurs during this
period.24 The 5-point scale is outlined in Table 3.
Table 3
GOS and GOS-E

Score GOS Grade Explanation Score GOS-E Grade

1 Death — 1 D

2 Persistent
vegetative state

Patient shows no cortical function and
remains unresponsive and speechless

2 VS

3 Severe disability Patient is conscious but disabled and
dependent on others for daily
support because of mental or physical
disability or both

3 SD�
4 SD1

4 Moderate
disability

Patient is disabled but independent in
activities of daily living. Disabilities
include varying degrees of dysphasia,
hemiparesis, or ataxia as well as
intellectual and memory deficits and
personality change

5 MD�
6 MD1

5 Good recovery Patient has resumption of normal life
even though there may be minor
neurologic and psychological deficits

7 GR�
8 GR1

Abbreviations: D, death; GR�, lower good recovery; GR1, upper good recovery; MD�, lower mod-
erate disability; MD1, upper moderate disability; SD�, lower severe disability; SD1, upper severe
disability; VS, vegetative state.
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The creators of this scale hoped to prevent underestimation or overestimation of a
patient’s disabilities, and carefully decided on the definitions of each level. For
example, good recovery was not classified as return to work because some patients
who are generally functional may not be able to return to work because of socioeco-
nomic factors, whereas others who may have considerable disability may be fully
employed because their disability continues to be compatible with their work.
One of the criticisms of the GOS is that the categories are broad and insensitive to

change, which prompted the development of the GOS-E. The GOS-E extends the
original 5 GOS categories to 8, in which the original scale’s highest 3 categories, 3
to 5, which describe patients who regain consciousness, are subdivided to allow
more sensitivity in measurement of recovery. These 3 categories were subdivided
into upper and lower divisions; however, no criteria were given for making these dis-
tinctions. Compared with the GOS, the GOS-E is more sensitive to change in mild to
moderate TBI.74,75

The main criticisms of both the GOS and GOS-E are the reliability of the interviewer
and the subjectivity involved in assigning the patient’s score. Because of this, struc-
tured interviews have been created and are recommended to facilitate consistency
in ratings.74 Good interrater reliability and content validity have been shown for the
GOS-E structured interview.75

Modified Rankin Scale

The original Rankin scale was introduced in 1957 by Dr John Rankin of Glasgow,
United Kingdom.76 The mRS was introduced by the Warlow group in the late 1980s
to accommodate language disorders and cognitive defects.77 The mRS has historical-
ly been used to assess recovery after stroke. However, the functionality it assesses is
not specific to stroke, and thus it is widely used to assess neurologic dysfunction in a
broad range of neurologic and neurosurgical conditions.78 It is a 6-level ordinal
outcome scale (0–5) used to assess the functional status of patients, encoding the
range from no symptoms or functional impairment (mRS 5 0) to severe disability
requiring constant nursing care (mRS 5 5) (Table 4). Unlike other scales, the mRS
takes into account independence rather than performance of specific tasks, and in
this way incorporates mental as well as physical adaptation to the neurologic deficits
that patients face.
The first study to assess the interrater reliability of the mRS found it to be satisfac-

tory79; however, there has been continued controversy over the subjective nature of
Table 4
mRS

Score Description

0 No symptoms

1 No significant disability despite symptoms; able to perform all usual duties and
activities

2 Slight disability; unable to perform all previous activities, but able to look after own
affairs without assistance

3 Moderate disability; requiring some help, but able to walk without assistance

4 Moderately severe disability; unable to walk without assistance and unable to attend
to own bodily needs without assistance

5 Severe disability; bedridden, incontinent, requiring constant nursing care and
attention
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the scale. There have been multiple efforts to reduce the subjectivity and improve the
interrater reliability of the mRS. These efforts include the creation of a structured inter-
view that can be answered by the patient or caregiver over the phone or in person,80

and multimedia training for the clinical personnel conducting the interview; Web-
based calculators have also been created.78

Outcomes After Publication of the Brain Trauma Foundation Guidelines

The Journal of Neurotrauma has published 3 editions of the “Guidelines for the Man-
agement of Severe Traumatic Brain Injury” under the sponsorship of the BTF. The
first was published in 1995, revised in 2000, and the most recent in 2007. There
are only a few studies that examine the impact of application of these guidelines
on TBI outcomes, and data show that compliance reduces mortality and improves
outcomes.81 Gerber and colleagues82 calculated that TBI mortality between 2001
and 2009 in New York State experienced significant reduction from 22% to 13%,
whereas there was a significant increase in guideline adherence, from 56% to 75%.
Arabi and colleagues46 conducted a retrospective pre-post study in a single trauma

center in Saudi Arabia and found a reduction in hospital mortality (OR 5 0.45; 95%
confidence interval, 0.24–0.86; P 5 .02) in patients with severe TBI after implementa-
tion of a management protocol that was derived from the 1995 and 2000 BTF guide-
lines. They also found that the use of the protocol was not associated with an increase
in the need for tracheostomies, mechanical ventilation duration, or ICU or hospital
length of stay, suggesting that the improved survival was not associated with an
increased number of surviving patients with severe disability and that functional status
might have also improved.
Faul and colleagues2 applied a cost-benefit analysis of adoption and compliance of

the 2000 BTF guidelines for the treatment of adults with severe TBI. They found that
widespread adoption of these guidelines would result in substantial medical, rehabil-
itation, and societal savings in costs, with savings of $4.08 billion annually after ac-
counting for implementation costs. They estimated that there would be a
simultaneous mortality benefit and that 3607 lives would be saved annually. They
also determined that the proportion of patients with good outcomes (GOS score 4–
5) would increase from 35% to 66%and the proportion of patients with poor outcomes
(GOS 2–3) would decrease from 34% to 19%, and thus the burden on families would
likely be reduced.
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Subarachnoid Hemorrhage
An Update
Jeremy S. Dority, MD*, Jeffrey S. Oldham, MD
KEYWORDS

� Subarachnoid hemorrhage � Delayed cerebral ischemia � Vasospasm
� Cerebral salt wasting � Coiling

KEY POINTS

� Target euvolemia, not hypervolemia, in the management of delayed cerebral ischemia in
subarachnoid hemorrhage.

� Delayed cerebral ischemia is the most prominent complication of subarachnoid hemor-
rhage and can occur independent of angiographic vasospasm.

� Based on large, randomized trials, initiation of statin therapy does not improve outcomes
in subarachnoid hemorrhage.

� Oral nimodipine therapy remains the mainstay of neuroprotective therapy in subarachnoid
hemorrhage.

� Hyponatremia is common in subarachnoid hemorrhage and is associated with longer
length of stay, but not increased mortality.
INTRODUCTION

Subarachnoid hemorrhage (SAH) is a debilitating, although uncommon, type of stroke
with high morbidity, mortality, and economic impact. Occurring with an incidence
between 2 and 22 per 100,000 persons per year with regional world variation, SAH
accounts for about 5% of all strokes. In the United States, the incidence is about 10
per 100,000 persons per year.1 Modern 30-day mortality is as high as 40%, and about
50% of survivors have permanent disability. Care at high-volume centers with dedi-
cated neurointensive care units is recommended, although subspecialty expertise
may be more important than clinical volume. Euvolemia, not hypervolemia, should
be targeted, and the aneurysm should be secured early. Although nimodipine remains
the mainstay of treatment for neurologic protection after SAH, neither statin nor
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magnesium infusions should be initiated for delayed cerebral ischemia (DCI). Cerebral
vasospasm is just one component of DCI. Hyponatremia is common in SAH and is
associated with longer length of stay, but not increased mortality. This article focuses
on selected points of management of these critically ill patients with an emphasis on
the newest understanding and care recommendations relevant to anesthesiologists
and neurointensivists.
MANAGEMENT BEFORE ANEURYSM OBLITERATION

Anesthesiologists are typically consulted after diagnosis of SAH has been made. Eval-
uation of the patient’s ability to protect the airway and hemodynamic monitoring and
control are paramount in this first assessment, especially as the patient is transported
to the intensive care unit or prepared for aneurysm obliteration in the angiography or
operating suite (Fig. 1).
Neurologic examination, including mental status, is important, because anesthesia

masks subtle changes. Ensuing neurologic deterioration should be expected and
plans developed (Table 1).
An aneurysm that has caused an SAH can rebleed. Although the size of the aneu-

rysm is the strongest predictor of rupture, rebleeding of the aneurysm may be partly
attributable to uncontrolled hypertension. A titratable agent (eg, nicardipine) is pref-
erentially used to prevent extreme hypertension, and specific blood pressure goals
should be individualized based on the patient’s age, cardiac and baseline blood
pressure history, and aneurysm size. Hypotension should also be avoided because
it may cause oligemia through compromised cerebral perfusion pressure and in-
crease the risk and size of stroke. The Interpretation and Implementation of Intensive
Blood Pressure Reduction in Acute Cerebral Hemorrhage Trail (INTERACT-2)2

showed the safety of targeting systolic blood pressure less than 140 mm Hg
compared with a target of less than 180 mm Hg. Similarly, The Intracerebral Haemor-
rhage Acutely Decreasing Arterial Pressure Trail (ICH ADAPT)3 trial compared a
Fig. 1. Noncontrast head computed tomography (CT) showing subarachnoid blood. (Cour-
tesy of Justin Fraser, MD, Lexington, KY.)



Table 1
Time course can be used to prioritize differential considerations of causes of acute neurologic
decline in SAH

Early: First 24 h Late: Days 3–10

Rebleed Vasospasm

Acute hydrocephalus Infection

Seizure Intracranial hypertension

— Delirium

— DCI

— Seizure

— Sodium abnormalities

— Pituitary dysfunction
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target of less than 150 mm Hg with less than 180 mm Hg and did not find a reduction
in blood flow on computed tomography (CT) perfusion. Our practice is to target sys-
tolic blood pressure less than 140 mm Hg using nicardipine as the first-line agent.4

Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH-II),5 a multi-
center, randomized, controlled, phase III trial, has enrolled 1000 subjects and will
evaluate intensive systolic blood pressure reduction to 140 mm Hg using nicardipine
compared with 180 mm Hg in the control arm. Ultimately, definitive treatment to pre-
vent rebleeding involves aneurismal obliteration. The aneurysm should be obliter-
ated through neurointerventional approaches or operative microsurgical clipping
as early as feasible, because the risk of rehemorrhage is up to 26% in the first
2 weeks without treatment.6 Early aneurysm obliteration is associated with reduced
mortality and is likely the most significant improvement in care for patients
with SAH.7–9
Antifibrinolytics: A Resurgence?

Historically, surgical intervention was delayed given the challenges of operating
on an edematous, inflamed brain. To lessen the risk of early rebleeding,
antifibrinolytic agents were administered. Because rebleeding was thought to be
caused by breakdown of fresh thrombus on the aneurysm wall, tranexamic
acid or e-aminocaproic acid were administered to prevent clot lysis through
plasminogen activation. However, this approach was associated with increased
risk of cerebral ischemia and infarction, thromboembolism, and shunt-dependent
hydrocephalus.10 Subsequently, de Gans and Siddiq7,9 showed that early
(<24 or 48 hours) aneurysm occlusion improved outcomes, primarily through
reducing risk of rebleeding. As such, current recommendations are to secure the
aneurysm as early as feasible. In the event of an insurmountable delay in microsur-
gical or endovascular treatment, antifibrinolytic therapy remains an option to
reduce the risk of rebleed (Table 2). Although this renewed but short-term applica-
tion of antifibrinolytic drugs is promising, further studies are needed to definitively
establish their roles in the care of these patients. It should be emphasized that anti-
fibrinolytic agents offer a possible temporizing approach and should never be
applied to significantly delay aneurysm obliteration.11 A prospective, randomized,
multicenter study evaluating the effect of ultraearly tranexamic acid after SAH is
underway.12



Table 2
Conclusions and recommendations for management of SAH

Treatment
Decision

American Heart Association/American
Stroke Association Neurocritical Care Society

European Stroke Organization Guidelines
for Management of SAH

Hospital/system
characteristics

Low-volume hospitals (eg, <10 SAH cases
per year) should consider early transfer
of patients with SAH to high-volume
centers (eg, >35 SAH cases per year) with
experienced cerebrovascular surgeons,
endovascular specialists, and
multidisciplinary neurointensive care
services (class I, level B)

After discharge, it is reasonable to refer
patients with SAH for comprehensive
evaluation, including cognitive,
behavioral, and psychosocial assessments
(class IIa, level B)

Patients with SAH should be treated at
high-volume centers (moderate quality
of evidence, strong recommendation)

High-volume centers should have
appropriate specialty neurointensive
care units, neurointensivists, vascular
neurosurgeons, and interventional
neuroradiologists to provide the
essential elements of care (moderate
quality of evidence, strong
recommendation)

—
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Aneurysm
treatment

Surgical clipping or endovascular coiling of
the ruptured aneurysm should be
performed as early as feasible in most
patients to reduce the rate of rebleeding
after SAH (class I, level B)

For patients with ruptured aneurysms
judged to be technically amenable to
either endovascular coiling or
neurosurgical clipping, endovascular
coiling should be considered (class I,
level B)

Complete obliteration of the aneurysm is
recommended whenever possible (class I,
level B)

Stenting of a ruptured aneurysm is
associated with increased morbidity and
mortality (class III, level C)

For patients with an unavoidable delay in
obliteration of aneurysm, a significant
risk of rebleeding, and no compelling
medical contraindications, short-term
(<72 h) therapy with tranexamic acid or
aminocaproic acid is reasonable to
reduce the risk of early aneurysm
rebleeding (class IIa, level B)

Early aneurysm repair should be
undertaken when possible and
reasonable to prevent rebleeding (high
quality of evidence, strong
recommendation)

An early, short course of antifibrinolytic
therapy before early aneurysm repair
(begun at diagnosis and continued up to
the point at which the aneurysm is
secured or at 72 h postictus, whichever is
shorter) should be considered (low
quality of evidence, weak
recommendation)

Delayed (>48 h after the ictus) or
prolonged (>3 d) antifibrinolytic therapy
exposes patients to side effects of
therapy when the risk of rebleeding is
sharply reduced and should be avoided
(high quality of evidence, strong
recommendation)

Intensive continuous observation at least
until occlusion of the aneurysm

Continuous electrocardiogram monitoring
Start with GCS, focal deficits, blood

pressure, and temperature at least every
hour

Aneurysm should be treated as early as
logistically and technically possible to
reduce the risk of rebleeding; if possible
it should be planned to intervene at least
within 72 h after onset of first symptoms

This decision should not depend on
grading (class III, level C)

The best mode of intervention should be
discussed in an interdisciplinary dialogue
between neurosurgery and
neuroradiology

Based on this discussion, patients should be
informed and included in the process of
decision making whenever possible

If the aneurysm seems to be equally
effectively treated either by coiling or
clipping, coiling is the preferred
treatment (class I, level A)

(continued on next page)
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Table 2
(continued )

Treatment
Decision

American Heart Association/American
Stroke Association Neurocritical Care Society

European Stroke Organization Guidelines
for Management of SAH

Blood pressure
control

Between the time of SAH symptom onset
and aneurysm obliteration, blood
pressure should be controlled with a
titratable agent to balance the risk of
stroke, hypertension-related rebleeding,
and maintenance of cerebral perfusion
pressure (class I, level B)

The magnitude of blood pressure control
to reduce the risk of rebleeding has not
been established, but a decrease in
systolic blood pressure to <160 mm Hg is
reasonable (class IIa, level C)

Treat extreme hypertension in patients
with an unsecured, recently ruptured
aneurysm. Modest increases in blood
pressure (mean blood pressure of
<110 mm Hg) do not require therapy.
Premorbid baseline blood pressures
should be used to refine targets and
hypotension should be avoided (low
quality of evidence, strong
recommendation)

Stop antihypertensive medication that the
patient was using

Do not treat hypertension unless it is
extreme; limits for extreme blood
pressures should be set on an individual
basis, taking into account age of the
patient, pre-SAH blood pressures, and
cardiac history; systolic blood pressure
should be kept <180 mm Hg, only until
coiling or clipping of ruptured aneurysm,
to reduce risk for rebleeding

If systolic pressure remains high despite
these treatments, further lowering of
blood pressure should be considered
(class IV, level C)

If the blood pressure is lowered the mean
arterial pressure should be kept at
least >90 mm Hg (GCP)

Intravascular
volume
status

Maintenance of euvolemia and normal
circulating blood volume is
recommended to prevent DCI (class I,
level B)

Intravascular volume management should
target euvolemia and avoid prophylactic
hypervolemic therapy. In contrast, there
is evidence for harm from aggressive
administration of fluid designed to
achieve hypervolemia (moderate quality
of evidence, strong recommendation)

—
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Cardiopulmonary
complications

No recommendations given Baseline cardiac assessment with serial
enzymes, ECG, and echocardiography is
recommended, especially in patients
with evidence of myocardial dysfunction
(low quality of evidence, strong
recommendation)

Monitoring of cardiac output may be
useful in patients with evidence of
hemodynamic instability or myocardial
dysfunction (low quality of evidence,
strong recommendation)

—

Seizures The use of prophylactic anticonvulsants
may be considered in the immediate
posthemorrhagic period (class IIb, level B)

The routine long-term use of
anticonvulsants is not recommended
(class III, level B)

Routine use of anticonvulsant prophylaxis
with phenytoin is not recommended
after SAH (low quality of evidence,
strong recommendation)

If anticonvulsant prophylaxis is used, a
short course (3–7 d) is recommended (low
quality of evidence, weak
recommendation)

Continuous electroencephalogram
monitoring should be considered in
patients with poor-grade SAHwho fail to
improve or who have neurologic
deterioration of undetermined cause
(low quality of evidence, strong
recommendation)

Antiepileptic treatment should be
administered in patients with clinically
apparent seizures (GCP)

There is no evidence that supports the
prophylactic use of antiepileptic drugs
(class IV, level C)

(continued on next page)
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Table 2
(continued )

Treatment
Decision

American Heart Association/American
Stroke Association Neurocritical Care Society

European Stroke Organization Guidelines
for Management of SAH

Fever treatment Aggressive control of fever to a target of
normothermia by use of standard or
advanced temperature-modulating
systems is reasonable in the acute phase
of SAH (class IIa, level B)

During the period of risk for DCI, control of
fever is desirable; intensity should reflect
the individual patient’s relative risk of
ischemia (low quality of evidence, strong
recommendation)

Surface cooling or intravascular devices are
more effective and should be used when
antipyretics fail in cases in which fever
control is highly desirable (high quality
of evidence, strong recommendation)

There are neither controlled studies on the
effect of cooling in patients with SAH nor
studies that have shown that treatment
of fever does improve outcome

Increased temperature should be treated
medically and physically (GCP)

Glucose control Careful glucose management with strict
avoidance of hypoglycemia may be
considered as part of the general critical
care management of patients with SAH
(class IIb, level B)

Hypoglycemia (serum glucose level of
<80 mg/dL) should be avoided (high
quality of evidence, strong
recommendation)

Serum glucose level should be maintained
at <200 mg/dL (moderate quality of
evidence, strong recommendation)

Hyperglycemia >10 mmol/L (180 mg/dL)
should be treated (GCP)

Deep venous
thrombosis
prophylaxis

Heparin-induced thrombocytopenia and
deep venous thrombosis are frequent
complications after SAH. Early
identification and targeted treatment
are recommended, but further research is
needed to identify the ideal screening
paradigms (class I, level B)

Measures to Prevent deep venous
thrombosis should be used in all patients
with SAH (high quality of evidence,
strong recommendation)

The use of unfractionated heparin for
prophylaxis could be started 24 h after
undergoing aneurysm obliteration
(moderate quality of evidence, strong
recommendation)

Patients with SAH may be given
thromboprophylaxis with pneumatic
devices and/or compression stockings
before occlusion of the aneurysm (class II,
level B)

In case deep venous thrombosis prevention
is indicated, low-molecular-weight
heparin should be applied not earlier
than 12 h after surgical occlusion of the
aneurysm and immediately after coiling
(class II, level B)

Compression stockings and intermittent
compression by pneumatic devices in
high-risk patients
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DCI Oral nimodipine should be administered to
all patients with SAH (class I, level A)

Maintenance of euvolemia and normal
circulating blood volume is
recommended to prevent DCI (class I,
level B)

Prophylactic hypervolemia or balloon
angioplasty before the development of
angiographic spasm is not recommended
(class III, level B)

Transcranial Doppler is reasonable to
monitor for the development of arterial
vasospasm (class IIa, level B)

Perfusion imaging with CT or MRI can be
useful to identify regions of potential
brain ischemia (class IIa, level B)

Induction of hypertension is recommended
for patients with DCI unless blood
pressure is increased at baseline or
cardiac status precludes it (class I, level B)

Cerebral angioplasty and/or selective intra-
arterial vasodilator therapy is reasonable
in patients with symptomatic vasospasm,
particularly those who are not
responding to hypertensive therapy
(class IIa, level B)

Oral nimodipine (60 mg every 4 h) should
be administered after SAH for a period of
21 d (high quality of evidence, strong
recommendation)

The goal should be maintaining euvolemia,
rather than attempting hypervolemia
(moderate quality of evidence, strong
recommendation)

Transcranial Doppler may be used for
monitoring and detection of large artery
vasospasm with variable sensitivity
(moderate quality of evidence, strong
recommendation)

Digital subtraction angiography is the gold
standard for detection of large artery
vasospasm (high quality of evidence,
strong recommendation)

Patients clinically suspected of DCI should
undergo a trial of induced hypertension
(moderate quality of evidence, strong
recommendation)

Endovascular treatment using intra-arterial
vasodilators and/or angioplasty may be
considered for vasospasm-related DCI
(moderate quality of evidence, strong
recommendation)

Nimodipine should be administered orally
(60 mg/4 h) to prevent delayed ischemic
events (class I, level A)

If oral administration is not possible
nimodipine should be applied
intravenously (GCP)

Magnesium sulfate is not recommended
for prevention of DCI (class I, level A)

Statins are < study
There is no evidence from controlled

studies for induced hypertension or
hypervolemia to improve outcome in
patients with delayed ischemic deficit
(class IV, level C)

Anemia and
transfusion

The use of packed red blood cell
transfusion to treat anemia might be
reasonable in patients with SAH who are
at risk of cerebral ischemia. The optimal
hemoglobin goal is still to be determined
(class IIb, level B)

Patients should receive packed red blood
cell transfusions to maintain hemoglobin
concentration >8–10 g/dL (moderate
quality of evidence, strong
recommendation)

—

(continued on next page)
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Table 2
(continued )

Treatment
Decision

American Heart Association/American
Stroke Association Neurocritical Care Society

European Stroke Organization Guidelines
for Management of SAH

Hyponatremia The use of fludrocortisone acetate and
hypertonic saline solution is reasonable
for preventing and correcting
hyponatremia (class IIa, level B)

Fluid restriction should not be used to treat
hyponatremia (weak quality of evidence,
strong recommendation)

Early treatment with hydrocortisone of
fludrocortisone may be used to limit
natriuresis and hyponatremia (moderate
quality of evidence, weak
recommendation)

Mild hypertonic saline solutions can be used
to correct hyponatremia (very low quality
of evidence, strong recommendation)

There is no proof that steroids are effective
in patients with SAH (class IV, level C)

Hydrocephalus — — In patients with CT-proven hydrocephalus
and the third or fourth ventricle filled
with blood, an external ventricular drain
should be applied; this drain can be used
to reduce and monitor pressure and to
remove blood; for this last reason the
level of evidence is low (GCP)

In patients who are not seated and who
deteriorate from acute hydrocephalus,
lumbar puncture might be considered if
the third and fourth ventricle are not
filled with blood and supratentorial
herniation is prevented (class IV, level C)

In patients who are sedated and have CT-
proven hydrocephalus, lumbar drainage
should be considered if the third and
fourth ventricles are not filled with blood
(class IV, level C)

Patients with symptomatic chronic
hydrocephalus require
ventriculoperitoneal or ventriculoatrial
shunting (GCP)

Abbreviations: GCP, good clinical practice; GCS, Glasgow Coma Scale.
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ANEURYSM OBLITERATION
Endovascular Evolution

Although various factors may make surgical clipping versus endovascular emboliza-
tion preferable, a clear consensus is not yet held for the individualized care of most
patients13–15 (Table 3). Surgical clipping offers the advantage of immediate aneu-
rysm exclusion from the cerebral circulation and direct irrigation of blood burden,
which is associated with cerebral vasospasm. It is also associated with a lower
risk of aneurysm recurrence or rebleed.13 However, the patient is exposed to an
open craniotomy with surgical brain retraction, and Molyneux and colleagues16 in
2005 showed an increased rate of seizures (4.1% vs 2.5%). The primary benefit of
endovascular techniques (summarized later), is the less invasive nature of the proce-
dure. Understanding of the rapid technical progress of endovascular techniques is
necessary for fruitful conversations with proceduralists and warrants a brief summary
here.
COILING

Considerable progress has been made in endovascular approaches to cerebral aneu-
rysm obliteration. Beginning with Guglielmi and colleagues17 in 1991 with the first
detachable coils, many patients have been treated successfully with variations on
this minimally invasive approach13,14 (Fig. 2).
Experience with this technique revealed necessary anatomic considerations. For

example, Standhardt and colleagues18 found in 2008 that the successful aneurysmal
occlusion rate was considerably lower in wide-neck aneurysms (dome/neck ratio <2
or neck size�4 mm): 77.1% versus 35.8%. Another corollary of the shape of the aneu-
rysm and its neck is the concern that coils will protrude into the parent arterial lumen,
possibly occluding flow and causing thromboembolic complications. In an effort to
mitigate this risk, the remodeling or balloon-assisted coiling technique was
developed.19
Table 3
Factors affecting approach to aneurysm obliteration

Factor Angiographic Intervention (Coiling) Operative Intervention (Clipping)

Aneurysm
properties

� Posterior circulation aneurysms
� Basilar tip aneurysms
� Intercavernous internal carotid
artery aneurysms

� Small aneurysm neck
� Top-of-the-basilar aneurysm

� Middle cerebral artery aneurysms
� Fusiform aneurysms
� Aneurysms with wide neck
� Aneurysms at arterial bifurcations
� Aneurysm associated with large

parenchymal hematoma
� Normal arterial branches arising

from dome or body of aneurysm

Age �70 y Younger patients

Intracerebral
hemorrhage
properties

Space-occupying ICH not present Presence of space-occupying ICH

Clinical
considerations

� Comorbidities
� Poor clinical grade
� High surgical risk
� Clinical stasis

—

Abbreviation: ICH, intracranial hemorrhage.



Fig. 2. Saccular aneurysm with coils in place.
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Balloon-assisted Coiling

In Pierot and colleagues’20 study (Aneurysms treated by endovascular approach
Trial 2008), 37% of 739 nonruptured aneurysms were treated using balloon-
assisted coiling (Fig. 3). They saw a reduction from 7.3% to 5.5% thromboembolic
complications using this technique, but a review from Pierot and colleagues21 in
2012 showed an increased risk of procedural complications with balloon-assisted
coiling of 14.1%, versus 3.0% seen with coiling without balloon assist.

Stent-assisted Coiling

With the development of the self-expanding stents made from nitinol, stent-assisted
coiling (SAC) became an alternative to balloon-assisted coiling. Nitinol is a unique
nickel titanium metal with exceptional shape memory and superelasticity, which allow
it to automatically expand to the desired shape on deployment.22 Piotin and col-
leagues23 in 2010 retrospectively analyzed 206 SACs and, compared with 1109
treated with coiling only, found a lower rate of aneurysm recurrence (14.9% vs
33.5%, respectively). Higher long-term aneurysm occlusion rates have been found
in multiple studies24–26 (Fig. 4).
Fig. 3. Balloon-assisted coiling.



Fig. 4. SAC.
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Flow Diversion

Further drawing on this evolution of experience led to the development of flow divert-
ers. By using a higher mesh density than the stents used in SAC, the aneurysm can be
obliterated over time by diverting flow through the parent artery instead of through the
high-resistance mesh into the aneurysm. Only 1 such device, The Pipeline Emboliza-
tion Device (Chestnut Medical Technologies, Menlo Park, CA), is approved for use in
the United States.27 Over time, blood stasis in the aneurysm and stent endothelializa-
tion lead to aneurysm obliteration. In the Pipeline Embolization Device for the Intracra-
nial Treatment of Aneurysm (PITA) trial, 93.3% of treated aneurysms were fully
occluded at 180-day follow-up.28 Notably, this approach is not recommended for
ruptured aneurysms, because it does not lead to rapid, complete obliteration and is
associated with increased mortality in aneurysmal SAH. In the multicenter study by
Lylyk and colleagues29 in 2009, of 53 patients with 63 aneurysms, only 8% had imme-
diate aneurysm occlusion (Fig. 5).

NEUROCRITICAL CARE
Neurogenic Pulmonary Edema

Neurogenic pulmonary edema is defined as any respiratory compromise that accom-
panies an acute neurologic insult that cannot be explained by coexisting cardiac or pul-
monary derangement.30 Although a nebulous definition, this disorder can complicate
an already tenuous clinical course for patients following SAH. It is estimated that up
to 23% of patients with SAH develop some form of pulmonary edema, with 2% to
8% being attributed to neurogenic pulmonary edema.30,31 Of those patients who
develop neurogenic pulmonary edema, mortality has been reported as high as 50%.30

The clinical presentation of neurogenic pulmonary edema includes dyspnea,
tachypnea, tachycardia, cyanosis, pink frothy sputum, and/or crackles on auscultation
of lung fields. Radiographic imaging reveals bilateral diffuse alveolar infiltrates30 that
may develop with early onset, beginning within minutes to hours, or delayed onset,
beginning 12 to 24 hours after the neurologic insult.30

The pathophysiology behind neurogenic pulmonary edema is not fully understood
but may be related to excess sympathetic nervous system activity. This sympathetic
surge presumably causes pulmonary venoconstriction with a concomitant increase in
capillary permeability from the release of inflammatory cytokines, which results in an
increase in extravascular lung water and impaired oxygenation.30,32 Also, lungs can
incur direct damage from release of inflammatory cytokines triggered by either global
or localized ischemia to areas of the hypothalamus and medulla oblongata, which



Fig. 5. Flow diversion.
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causes leaky alveolar capillaries and extravasation of fluid into the lung parenchyma.30

Pulmonary edema may be exacerbated by aggressive fluid resuscitation to treat
vasospasm.
Treatment of neurogenic pulmonary edema is largely supportive. Although hypervo-

lemia was previously endorsed in the management of SAH, lack of supportive
outcome data has led to a current trend towards normovolemia.31 Lung protective
measures such as low tidal volume, administration of positive end-expiratory pressure
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and titration of inhaled oxygen fraction to maintain oxygen saturation are recommen-
ded.30 Permissive hypercapnia, a lung protective technique often used in acute respi-
ratory distress syndrome, should be avoided because this exacerbates increased
intracranial pressure.
New research in the treatment of neurogenic pulmonary edema has targeted antag-

onism of the P2X7 receptor, an adenosine triphosphate–gated ion channel involved in
cytotoxicity and apoptosis.33 Blockade of these receptors is thought to provide neuro-
protection in the setting of SAH.33 Brilliant blue G (BBG) is a drug currently undergoing
study as a P2X7R receptor antagonist. BBG administered after SAH resulted in
improved neurologic function and reduced brain edema in rat studies.33 Specifically
in relation to neurogenic pulmonary edema, BBG was found in a rat model to reduce
pulmonary edema (as determined by pulmonary index measurements) by decreasing
breakdown of the cellular tight junctions in the alveolar-capillary membrane.34 Howev-
er, human studies are lacking.
Stress Cardiomyopathy

Cardiac complications following SAH are numerous and include electrocardiogram
changes (abnormalities in ST and T waves, QT prolongation, U waves), ventricular
and supraventricular arrhythmias, troponin level increase, and myocardial dysfunction
in the absence of coronary vasospasm.35 The incidence of arrhythmias is 35%
following SAH, with roughly 5% being life threatening.31 The reported incidence of
left ventricular wall motion abnormalities is 22%, with troponin level increase found
in 68% of patients with SAH.36

Takotsubo cardiomyopathy is a unique form of cardiac dysfunction found in patients
with SAH (Box 1). This syndrome consists of transient wall motion abnormalities of the
left ventricle that are often triggered by extreme emotional or physical stress.37 Spe-
cifically, the apex of the left ventricle balloons outward with relative sparing of the
basal segments.38 The cause of this ventricular abnormality is unknown but proposed
Box 1

Mayo Clinic criteria for diagnosing apical ballooning syndrome (takotsubo or stress

cardiomyopathy)

� Transient hypokinesis, akinesis, or dyskinesis of the left ventricular midsegments with or
without apical involvement; the regional wall motion abnormalities extend beyond a
single epicardial vascular distribution; a stressful trigger is often, but not always presenta

� Absence of obstructive coronary disease or angiographic evidence of acute plaque ruptureb

� New electrocardiographic abnormalities (ST-segment elevation and/or T-wave inversion) or
modest increase in cardiac troponin level

� Absence of:
� Pheochromocytoma
� Myocarditis

a There are rare exceptions to these criteria, such as those patients in whom the regional wall
motion abnormality is limited to a single coronary territory.

b It is possible that patients with obstructive coronary atherosclerosis may also develop apical
ballooning syndrome. However, this is very rare in our experience and in the published litera-
ture, perhaps because such cases are misdiagnosed as an acute coronary syndrome.

From Prasad A, Lerman A, Rihal CS. Apical ballooning syndrome (Tako-Tsubo or stress cardio-
myopathy): a mimic of acute myocardial infarction. Am Heart J 2008;155(3):408–17; with
permission.
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mechanisms include coronary microvascular dysfunction, coronary artery spasm,
catecholamine-induced myocardial stunning, reperfusion injury following acute coro-
nary syndrome, myocardial microinfarction, and abnormal cardiac fatty acid meta-
bolism.39 It is also postulated that catecholamine surge could be responsible for the
changes in the myocardium, as shown by a greater concentration of adrenoreceptors
in the left ventricular apex compared with the base.39 Histologic evaluation of affected
heart tissue reveals myocardial contraction band necrosis.36 Cardiac MRI may be
used to help assist with diagnosis because it can assess wall motion abnormalities
and left ventricular ejection fraction. Cardiac MRI may also be used to differentiate
takotsubo cardiomyopathy from other potential diagnoses, such as myocarditis and
myocardial infarction, which show delayed gadolinium enhancement.40

Complications associated with takotsubo cardiomyopathy include hypotension, ar-
rhythmias, heart failure, ventricular rupture, and thrombosis formation in the dilated left
ventricular apex.40 Treatment of takotsubo cardiomyopathy is largely supportive. At-
tempts should be made to minimize myocardial oxygen demand while maximizing
myocardial oxygen supply. Arrhythmias should be treated promptly. Intra-aortic
balloon pump counterpulsation may be needed to support severely decompensated
patients.38 Left ventricular outflow obstruction in this setting should be treated with
resuscitation, beta-blockade, and blood pressure support with an alpha-agonist
such as phenylephrine.40 Although complications of takotsubo may increase
morbidity, overall prognosis is good because myocardial dysfunction is typically
reversible after 3 to 5 days.38 Most patients show improved systolic function in as little
as 1 week, with complete recovery in 3 to 4 weeks.40

Pituitary Dysfunction

Pituitary dysfunction in the setting of SAH is underappreciated and can continue to
affect patients’ quality of life long after the acute phase of recovery. Patients recov-
ering from SAH often report symptoms of fatigue and impaired memory and planning,
which are symptoms of growth hormone deficiency. Khajeh and colleagues41 pro-
spectively evaluated pituitary dysfunction in SAH at a single institution. In their study
of 88 patients, 39% of survivors of SAH showed at least 1 pituitary hormone defi-
ciency, with gonadotropin and/or growth hormone deficiency occurring more
frequently than adrenocorticotrophic hormone or thyroid-stimulating hormone. Hydro-
cephalus was identified as an independent predictor for persistent pituitary dysfunc-
tion at 6 months. As such, restoration of normal anterior pituitary hormone levels and/
or timely treatment of hydrocephalus could potentially improve rehabilitation and may
warrant screening in select patients.42

Disorders of Sodium

Sodium dysregulation is common in patients with SAH, with hyponatremia occurring
most commonly followed by hypernatremia and then mixed presentation. Hyponatre-
mia may be caused by cerebral salt wasting (CSW) or syndrome of inappropriate an-
tidiuretic hormone (SIADH). Although fluid restriction is typical in the management of
SIADH, it is inappropriate in the setting of SAH, because hypovolemia and negative
fluid balance worsen the outcome.35

Hypernatremia is associated with increasedmortality, poor outcome, and acute kid-
ney injury.43–45 Usually secondary to osmotic therapy for intracranial hypertension,
such as hypertonic saline and mannitol, hypernatremia may also be caused by dia-
betes insipidus (DI). In addition, fludrocortisone may be useful to maintain a positive
fluid and sodium balance (Box 2).



Box 2

Sodium dysfunction in SAH: diagnosis and treatment summary

DI

� [ UOP (>250 mL/h)

� Dilute urine (urine SG<1.005)

� N or [ serum Na

� Vasopressin or desamino-D-arginine vasopressin

� Vigorous hydration with half-normal saline to euvolemia

SIADH

� Urine Na greater than 18

� Y Na 1 Osm

� Na less than 134, Osm less than 280

� HTS 1 loop diuretics

� Demeclocycline

� Conivaptan and tolvaptan

CSW

� Hypovolemia

� Y Na

� [ K1 supports CSW more than SIADH

� Avoid fluid restriction

� [ Plasma BUN/Cr

Abbreviations: [, increased;Y, decreased; BUN, blood urea nitrogen; Cr, creatinine; HTS, hyper-
tonic saline; N, normal; Osm, serum osmolality; SG, specific gravity; UOP, urine output.
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DELAYED CEREBRAL ISCHEMIA

DCI is defined as the occurrence of focal neurologic impairment or a decrease of at
least 2 points on the Glasgow Coma Scale lasting at least 1 hour and not attributable
to other causes. DCI occurs in up to 40% of patients surviving the initial hemorrhage
and is the primary cause of mortality if it leads to infarction. Historically, DCI was
thought to be caused by cerebral vasospasm, and the terms were used nearly inter-
changeably. However, although cerebral vasospasm can contribute to DCI, the two
phenomena are not equivalent. The term vasospasm should be reserved for those pa-
tients with angiographic evidence of arterial narrowing and this condition can be
screened for with noninvasive daily transcranial Doppler assessment of cerebral blood
flow velocities.46 Although vasospasm is one cause of DCI, other pathophysiologic
mechanisms occur. In 70% of patients with SAH, angiographic evidence of vaso-
spasm is seen, but only up to 40% develop DCI. Furthermore, regions of hypoperfu-
sion are observed in patients without concomitant angiographic vasospasm.47

Cortical Spreading Depolarization

Cortical spreading depolarization (CSD) is described as self-propagating tissue depo-
larization waves that lead to ischemia and are associated with increase in extracellular
potassium levels, compromise of the blood-brain barrier, formation of vasogenic and
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cytotoxic edema, and change in regional cerebral blood flow.46,48 During these waves
of depolarization, a failure of homeostasis leads to neuronal swelling and increased
metabolic rate, resulting in acidosis. Regional cerebral blood flow changes then occur
in 2 phases: first, a hyperemic response with vasodilation up to 2 minutes; then a
longer, reactive vasoconstrictive epoch lasting up to 2 hours and leading to oligemia.
Described as an inverse neurovascular response, vasoconstriction persists even dur-
ing a depolarization wave with associated increased metabolic needs. Although the
processes involved in CSD are not entirely understood, some overlap with cerebral
vasospasm does occur. The time course is similar, occurring on approximately post-
bleed day 4 to 10.49 However, Woitzik and colleagues50 showed that nicardipine pel-
lets reduced angiographic vasospasm, but not CSD. Ketamine has been associated
with reduced CSD in patients with brain injury and warrants further investigation.

Microthrombi

On aneurysm rupture, an inflammatory reaction is initiated involving reduced nitric ox-
ide levels and increased fibrin and platelet aggregation leading to a hypercoagulable
state. Microthrombi may form and contribute to DCI. In this setting, the antifibrinolytic,
tranexamic acid, as described earlier, was associated with increased ischemic com-
plications when used for blood clot stabilization before aneurysm obliteration. More
broadly, experimentation with anticoagulants may yet hold promise in improving out-
comes in SAH. One study of enoxaparin administration showed more intracranial
hemorrhages but no change in 3-month outcome.51 However, another study using
low-dose enoxaparin showed improved outcome and less DCI.52 Further studies
are needed.

Dysfunctional Cerebral Autoregulation

Defective cerebral autoregulation is seen early after SAH. Measures of dynamic cere-
bral autoregulation (see Kirkman MA, Smith M: Multimodality neuromonitoring, in this
issue) have been correlated with the development of angiographic vasospasm and,
more critically, to the development of DCI. Impaired cerebral autoregulation can be
detected before changes in mean blood flow velocities by transcranial Doppler. This
early detection can be used to optimize individual therapy for DCI. With continued clin-
ical investigation, scores may be developed that can be used to assess risk of vaso-
spasm and DCI and help define optimal cerebral perfusion pressures.53–55
THERAPIES
Euvolemic Hypertensive Therapy

Hyperdynamic, hypertensive, hemodilutional therapy (triple H) is no longer consistent
with the current understanding of SAH management and DCI. Insufficient data exist to
recommend iatrogenic hemodilution, and prophylactic hypervolemia via fluid adminis-
tration may worsen cardiopulmonary status. However, euvolemia maintenance is crit-
ical, and it seems that hypertension may be the most important H. Therefore,
euvolemic hypertensive therapy is currently recommended for patients with DCI.56

Although clinical experience and anecdotes report reversal of signs of DCI with initia-
tion of hypertension, randomized trials are still needed. The Hypertension Induction in
the Management of Aneurysmal Subarachnoid Haemorrhage with Secondary
Ischaemia (HIMALAIA) trial is a multicenter randomized controlled trial that will
compare hypertension induction with no blood pressure augmentation in the treat-
ment of DCI. The primary focus will be on outcome, but CT perfusion studies

http://dx.doi.org/10.1016/j.anclin.2016.04.005
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assessing changes in cerebral blood flow will also be performed and will likely refine
the understanding of DCI.57

Calcium Channel Blockers

Oral nimodipine therapy is the mainstay of SAH treatment. Based largely on the
landmark trial published in 1983 evaluating oral nimodipine,58 patients with SAH
should be given 60 mg orally every 4 hours for 21 days to reduce the rate of DCI
and improve outcome. Nimodipine administration remains the only class 1, level A
recommendation in the management of SAH. In addition to its vasodilating effects
mediated through inhibition of L-type calcium channels, nimodipine also seems to
offer neuroprotection through fibrinolytic activity and inhibition of CSD. Another dihy-
dropyridine calcium channel blocker, nicardipine, is used extensively in patients with
SAH for intravenous blood pressure control. Haley and colleagues59 showed reduced
angiographic vasospasm, but no improvement in outcomes with intravenous nicardi-
pine. Administration of intraventricular and intra-arterial nicardipine has also shown
reduced evidence of vasospasm.55

Statins

SAH and DCI involve a complex and incompletely understood inflammatory cascade.
3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) have many ef-
fects that may be beneficial in SAH:

� Improve endothelial vasomotor function
� Increase nitric oxide availability
� Act as antioxidants
� Induce angiogenesis
� Suppress cytokines in cerebral ischemia

Statin therapy in SAH was shown to decrease DCI in small trials of pravastatin. How-
ever, recent larger trials failed to showbenefit. TheSimvastatin inAneurysmalSubarach-
noid Hemorrhage (STASH)60 trial evaluated 800 patients given 40 mg of simvastatin
versus placebo for 21 days and was unable to show improved short-term or long-term
outcomes. Pilot trials used higher-dose simvastatin, so 80 mg of simvastatin were
compared with 40 mg but still failed to show any benefit in the High-dose Simvastatin
for Aneurysmal SAH (HDS-SAH) trial.61 Therefore, initiation of statin therapy after SAH
cannot be recommended for routine administration in SAH care. The Neurocritical
CareSociety recommends that patients taking statins beforeSAHhave theirmedication
continued, although this recommendation is based on low-quality evidence.61 The in-
vestigators’ practice is to continue but not initiate statin therapy in SAH.

Glucose Management

Dysglycemia following SAH has been associated with poor clinical outcomes,62

including DCI, and was reported in the literature as early as 1925.63 The most recently
published guidelines address hyperglycemia as a risk factor for complications.62–64

Association between hyperglycemia and poor SAH outcome may relate to the pro-
gression from ischemia to infarction, caused by increased inflammatory response,
increased vasoconstriction, and increased coagulation with decreased fibrinolysis.65

Several mechanisms contribute to the occurrence of hyperglycemia in SAH: activa-
tion of the sympathetic autonomic nervous system, resulting in increased levels of
stress hormones (eg, cortisol, catecholamines) and hormones of the hypothalamic-
pituitary-adrenal axis; release of cytokines, accompanying an increased inflammatory
response; and hypothalamic dysfunction.66
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Cerebral microdialysis can be an effective neuromonitoring technique for the detec-
tion of metabolic disruption.65 More data are needed to more precisely define the role
of glucose management in neuroprotection.67,68

SUMMARY

SAH remains a cerebrovascular disease with high morbidity and mortality. Outcomes
can be improved when care is provided at high-volume centers with dedicated neuro-
intensive care units and specialized staff. Trials relating to virtually every component of
management are still ongoing, with an emphasis on neuroprotective mechanisms and
therapies. Through deliberate practice, adherence to evolving best evidence, and
developing understanding of secondary brain injury, progress will be made.
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KEY POINTS

� Knowledge about the management of critically ill patients with neuromuscular disease is
required for anesthesiologists, because these patients are frequently encountered in the
intensive care unit and operating room.

� Acute inflammatory demyelinating polyneuropathy, that is, Guillain-Barre syndrome, is a
rapidly progressive peripheral neuropathy that may affect multiple organ systems. Main-
stay therapies include intravenous immunoglobulins or plasma exchange.

� The most common cause of death from amyotrophic lateral sclerosis is respiratory failure.
This disease requires special attention to airwaymanagement andprevention of aspiration.

� Myasthenia gravis encompassesmultiple known subtypes, all of which respond differently
to the variety of available treatments. If symptomatic treatment with an acetylcholines-
terase inhibitor is unsatisfactory, immunosuppressive therapy should be started.

� Critical illnesspolyneuropathy andmyopathy areconditionsof significantmorbidity, including
prolonged mechanical ventilation. Management is mainly preventative and supportive.
NEUROMUSCULAR DISEASE IN THE NEUROINTENSIVE CARE UNIT

Neuromuscular diseases are different syndromes that affect nerve, muscle, and/or
neuromuscular junction (Fig. 1, Table 1). Afflictions encompassed in this category pre-
sent a myriad of challenges for anesthesiologists in the operating room, pain clinic,
and intensive care unit (ICU). These challenges and advances in management will
be reviewed for neuromuscular diseases most commonly encountered.
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Fig. 1. Sites of neuromuscular disease in the spinal cord, peripheral nerves, and muscle.
(Adapted from Horlings CG, van Engelen BG, Allum JH, et al. A weak balance: the contribu-
tion of muscle weakness to postural instability and falls. Nat Clin Pract Neurol 2008;4:504–
15; with permission.)
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Anesthetic Considerations

The anesthetic plan for any individual involves thoughtfully weighing risks against ben-
efits, often from a range of choices. When the potential risks and benefits of possible
interventions are not well known or misunderstood, decisions regarding the appro-
priate course of action are fraught with the possibility of unintended consequences.
One such instance is the decision to provide general versus neuraxial or regional anes-
thesia to a patient with neuromuscular disease. General anesthesia with endotracheal
intubation provides unconsciousness with a secure airway. However, general anes-
thesia often requires the use of neuromuscular blocking agents (NMBA); thus, removal
of the endotracheal tube after the end of surgery may be challenging in patients with
advanced neuromuscular disease, especially those with pre-existing respiratory or
bulbar involvement. Neuraxial techniques generally preclude endotracheal tube place-
ment but may cause profound respiratory impairment in patients with neuromuscular
disease with only minimal involvement of accessory respiratory muscles. Perhaps the
greatest concern regarding regional (including neuraxial) anesthesia in this patient
population is the uncertainty of its effects on disease progression and symptoms.
Regional anesthesia has been documented as safe and without neurologic sequelae
in the setting of pre-existing neuromuscular disease by multiple sources.1–3 However,
neuromuscular disease exacerbations have been reported, although possibly influ-
enced by a variety of confounding factors.3–5 A causal link between regional anes-
thesia and neuromuscular disease exacerbation has not been established.
Regardless of anesthetic type, patients with neuromuscular disease may present to

the ICU after surgery and anesthesia. Preoperative optimization of the patient may
greatly decrease the need for postoperative mechanical ventilation and improve



Table 1
Neuromuscular diseases

Pathophysiology Diagnosis Treatment

AIDP Immunologic � Clinical features
� Raised protein

concentration in
CSF

� Neurophysiological
studies7

� IVIg or PLEX
� Supportive

ALS Unknown, but
mutations in c9orf72,
TDP-43, FUS, SOD-1;
glutamate-mediated
excitotoxicity have
been implicated

� Clinical features
� Electrophysiological

confirmation26

� Riluzole
� Noninvasive and
invasive ventilation
support as needed

� Other supportive
therapies

MG Autoimmune,
antibodies target the
postsynaptic
membrane of the
NMJ

� Antibodies against
AChR, MUSK, or
LRP4

� Neurophysiologic
testing if antibodies
are undetectable

� Pyridostigmine
� Steroids
� Azathioprine
� Other immuno-
suppressive agents

� Thymectomy in
thymoma

� IVIg or PLEX for
exacerbations

Critical illness
polyneuropathy/
CIM

Likely the same
metabolic, cellular,
and microcirculatory
mechanisms as
multiorgan
dysfunction5

� Clinical features
� Neurophysiologic

testing
� Muscle biopsy if

needed to
distinguish CIM
from other
myopathies

� Preventative
(intensive insulin
therapy)

� Supportive
� Treat and prevent
sepsis

Abbreviations: CSF, cerebrospinal fluid; NMJ, neuromuscular junction.
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pain management. During general anesthesia, conservative dosing of intravenous and
volatile anesthetics as well as opioids and sedatives may also improve postoperative
respiratory function. Patients with neuromuscular disease may be best suited to the
use of rapidly reversible opioids and anesthetics.6 Patients with denervation or
prolonged paralysis may develop extrajunctional acetylcholine receptors (AChR).
For this reason, succinylcholine may trigger fatal hyperkalemia and should be avoided.
Meanwhile, the same mechanism causes increased resistance to nondepolarizing
NMBAs; thus, larger doses of these agents may be warranted.1 Of course, ultimately,
the need for paralysis should be cautiously weighed against the potential for pro-
longed weakness. Adequate reversal of NMBA should be confirmed with train-of-4
monitoring, and removal of the endotracheal tube should take place once the patient
is completely awake.6 Myasthenia gravis (MG) is notably different regarding NMBAs,
given neuromuscular junction involvement. Additional anesthetic considerations
specific to this disease are reviewed in Box 1.
Ultrasound guidance while performing regional blocks is advocated to prevent com-

plications and allow for smaller doses of local anesthetics.2 During regional anesthesia,
patients should be closely monitored for signs and symptoms of impaired ventilation
and/or oxygenation. The increased risk of aspiration on some patients with neuromus-
cular disease should be taken into consideration when administering sedation.



Box 1

Additional anesthetic considerations in myasthenia gravis

Preoperative management controversy

� Continuing AChE-I preoperatively:
� Improves muscle strength
� Improves patient comfort
� Decreases risk of respiratory stress

� Discontinuing AChE-I preoperatively:
� Avoids reduced cholinesterase activity
� Facilitates quicker onset and smaller doses of nondepolarizing NMBA
� May decrease the risk of vagal responses

� Therapy, such as a cycle of PLEX, should be attempted preoperatively in patients with acute
exacerbations who must undergo surgery urgently

� If surgery during an acute exacerbation can be postponed, it should be, because surgery is
best performed when patients are in their optimal state

Effects of neuromuscular blocking agents

� Patients who are not taking pyridostigmine:
� Are resistant to succinylcholine, due to reduced number of AChR
� Are sensitive to nondepolarizing NMBAs, due to reduced number of AChR

� Patients who are taking pyridostigmine:
� May have prolonged succinylcholine and ester local anesthetics effect, due to inhibition of
plasma cholinesterase (PLEX may also have this effect)

� May experience slower onset and require higher doses of nondepolarizing NMBAs.
Reversal may be difficult if AChE has already been maximally inhibited

Increased sensitivity to the muscle relaxation of volatile anesthetics, for which train of 4 moni-
toring is recommended.

Suboptimal pain control may precipitate a myasthenic crisis. Opioids should be short-acting
and titrated carefully, given its effects on respiratory and gastrointestinal function. Regional
anesthesia is an alternative for postoperative pain management.

Data from Romero A, Joshi GP. Neuromuscular disease and anesthesia. Muscle Nerve
2013;48(3):451–60; and Blichfeldt-Lauridsen L, Hansen BD. Anesthesia and myasthenia gravis.
Acta Anaesthesiol Scand 2012;56(1):17–22.
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ACUTE INFLAMMATORY DEMYELINATING POLYNEUROPATHY
Overview

Acute inflammatory demyelinating polyneuropathy (AIDP), commonly known as
Guillain-Barre syndrome, affects peripheral nerve axons via demyelination or direct
axonal injury. Characterized by an acute onset of rapidly progressive and symmetric,
ascending peripheral weakness, AIDP most commonly presents with lower extremity
weakness in the setting of hyporeflexia or areflexia. Commonly preceded by an infec-
tious process, underlying immunologic pathophysiology is suspected.7 In distinction
to chronic inflammatory demyelinating polyneuropathy (CIDP), the acute phase of
AIDP may consist of respiratory failure and autonomic dysfunction, and neuropathic
pain may ensue over the first 4 weeks after symptom onset.

Immunotherapy

Current mainstay therapies include plasma exchange (PLEX) or intravenous immuno-
globulin (IVIg) to reduce recovery time. Table 2 summarizes differences between and
uses of IVIg and PLEX. The American Academy of Neurology recommends that PLEX



Table 2
Intravenous immunoglobulin and plasma exchange summary

IVIg PLEX

What is it? Pooled polyclonal IgG derived from
thousands of donors’ serum

Procedure that centrifuges or
filters blood to separate and
remove plasma from cellular
components

Mechanism of
action

Potential anti-inflammatory and
immunomodulatory pathways
include

� Blockade of cellular receptors
� Cytokines, complement and auto-

antibodies neutralization
� Blocking autoantibody from

binding to FcgR or modulation of
immune effector cells and B cells
via upregulation/downregulation
of FcgRI/FcgRIIB

� Saturation of FcRn

Potential therapeutic
mechanisms include

� Removal of plasma containing
pathologic substances

� Sensitization of lymphocytes
to immunosuppressant and
chemotherapeutic agents via
alterations in their prolifera-
tion and function

� Alterations in B and T cells

What
neuropathies
does it treat?

� FDA-approved for CIDP, MMN
� “Off-label” uses with evidence

from controlled trials: AIDP, MG,
dermatomyositis, stiff-person
syndrome, and others

AIDP, CIDP, paraproteinemic
polyneuropathies, MG, and
others

Therapy
administration

Typically 2 g/kg IV divided in 2–5
daily doses. Maximum dose is
arbitrary. If responsive to IVIg,
maintenance dose (typically 1 g/
kg/mo) is required, but dose and
frequency should be determined
by the efficacy of treatment and
the duration of its benefits

Typically 1–1.5 plasma volumes
exchanged per procedure per
day, 3–5 d. May be prolonged
for chronic disease,
depending on the patient’s
response. Removed filtrate is
replaced with colloid or
combination colloid/
crystalloid solutions

Adverse effects � Headache, fever, hypertension,
chills, nausea, myalgia

� Chest or back pain at initiation of
infusion (management includes
discontinuing and restarting
30 min later at a lower rate)

� Fatigue, fever, nausea after infu-
sion up to 24 h

� Thromboembolic events
� Severe headache secondary to

aseptic meningitis (w24–48 h)
� Migraine in patients with a history
� Skin reactions up to 30 d, may

occur 2–5 d postinfusion, more
common with high doses

� Allergic reactions are not more
common in IgA deficiency by itself

� ATN is rare, but creatinine may
increase 1–10 d after infusion and
back to baseline in 2–60 d

� Paresthesias secondary to
hypocalcemia, caused by
citrate administered to
prevent coagulation in the
apheresis device

� Urticaria
� Pruritus
� Hypotension
� Tachycardia
� Fever
� Nausea
� Vomiting

(continued on next page)
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Table 2
(continued )

IVIg PLEX

Advantages/
disadvantages

� Considered safe
� More convenient, simple, and
comfortable for the patient

� May be infused via peripheral
cannula

� Expensive (data regarding cost-
effectiveness as compared with
PLEX is limited)

� Considered safe
� May not be more readily

available in facilities with
poor resources

� May require central line
placement or 2 large-bore
catheters that withstand the
required pressures and flows
for multiple cycles

� Expensive (data regarding
cost-effectiveness as
compared with IVIg is limited)

Abbreviations: AIDP, Guillain-Barre syndrome; ATN, acute tubular necrosis; FcgR, Fcg receptor;
FcgRI, Fcg receptor I; FcgRIIB, Fcg receptor IIB; FcRn, neonatal Fc receptor; FDA, US Food and
Drug Administration; IgG, immunoglobulin G; IV, intravenous; MMN, multifocal motor
neuropathy.

Data from Refs.81–86
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be started within 4 weeks of onset of neuropathy in nonambulating patients and within
2 weeks of onset of neuropathy in ambulating patients.2 This recommendation is sup-
ported by meta-analysis8 of 5 trials comparing PLEX to standard supportive care.9–13

These trials all reported more patients with one or more disability grade improvement
at 4 weeks in the PLEX-treatment group than in the control group (57.1 vs 34.9%,
respectively; relative risk 5 1.64, 95% confidence interval [CI] 1.37–1.96
P<.00001).8 The mean grade improvement for 4 of these trials is 1.1 after PLEX treat-
ment and 0.4 for standard care (P<.001).9,10,12,13 Similarly, IVIg is recommended to
begin within 2 to 4 weeks of neuropathy onset in patients requiring aid to walk. This
recommendation is supported by meta-analysis14 of 2 trials comparing IVIg versus
PLEX.15,16 Because PLEX efficacy in AIDP had been determined before crafting the
IVIg trials, comparison of IVIg to placebo does not exist. However, in patients with
AIDP, median time until recovery of unaided ambulation was the same (approximately
50 days) in one trial15 and shorter in the IVIg-treated group compared with PLEX treat-
ment (55 vs 69 days, P<.05) in the second trial.16 Nonetheless, with a z-score of 0.61
(P5 .54) for recovery of ambulation and nonsignificant difference in disability grade at
4 weeks after symptom onset of 0.11 (95%CI5�0.14–0.37) in meta-analysis,14 PLEX
and IVIg are comparably efficacious, even in advanced disease. However, PLEX
may represent greater risks and difficulty of administration. Administering both
treatments has not proved to be superior to administering either treatment alone,
and there is concern that PLEX may interfere with IVIg efficacy by removing the anti-
body. Corticosteroids, once thought to be beneficial for patients with AIDP, no longer
play a role in treatment, because significant benefits in recovery have not been
found.17

Because of the different immunologic causes of various subtypes of AIDP, which
are beyond the scope of this review, the use of certain therapies that target the im-
mune system have been proposed. Some of these include immunoabsorption, med-
ications that inhibit the complement cascade, medications that inhibit T cells, and
interferon-b1a. Insufficient evidence on efficacy of these therapies is available at
this time.7
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Airway Management

Although prognosis for AIDP is usually good, up to 25% of patients affected by AIDP
will require mechanical ventilation for respiratory failure. Thus, respiratory function
should be closely monitored even in mild AIDP, because respiratory muscles weak-
ness and bulbar dysfunction may develop rapidly as the disease progresses before
eventual improvement. Impending respiratory failure may be predicted by a vital ca-
pacity less than 20 mL/kg, maximum inspiratory pressure (MIP) less than 30 cm
H2O, and MIP less negative than �40 cm H2O. In intubated patients, tracheostomy
should be considered if pulmonary function tests have not improved from baseline af-
ter several days of mechanical ventilation. With improvement in pulmonary function,
the need for tracheostomy should be reassessed periodically before extubation.18

Noninvasive positive pressure ventilation is typically not useful in patients with AIDP
due to longevity of impairment and, in the setting of bulbar dysfunction, may be con-
traindicated.19 Notably, bulbar dysfunction can occur in isolation from respiratory
muscle weakness; thus, endotracheal intubation may be required for airway protec-
tion, despite satisfactory pulmonary function studies. In the setting of severe bulbar
weakness, gastrostomy feeding tubes may be required if oral intake is unsafe. In
fact, a variety of AIDP variants exist that preferentially affect different muscles groups,
and patients may have profound bulbar weakness with only modest extremity weak-
ness, or vice versa.

Pain Management

Pain, thought to be predominantly neuropathic, has been reported in up to 89% of pa-
tients with AIDP.20 However, systematic review on pharmacologic interventions for
pain in AIDP found insufficient evidence to support use of any specific pharmacologic
agent or agents.20 Two small, randomized control trials (RCTs) found improvement in
pain scales (1–10 scale) with gabapentin in the acute phase of AIDP.21,22 Mean pain
scores improved from 7.2 � 0.83 (day 0) to 2.06 � 0.63 (day 7) after treatment with
gabapentin but did not improve after placebo (7.83 � 0.78 [day 0] to 5.67 � 0.91
[day 7]).21 Compared with placebo, carbamazepine treatment after AIDP does not
decrease median pain scores between day 1 and day 3 (3.0 vs 4.0 for each day) of
treatment but is effective between day 4 and day 7 (carbamazepine vs placebo: 4.0
vs 6.0 on day 4 to –3.0 vs 6.0 on day 7; P<.05).22 A large RCT did not reveal an
improvement in pain scores with a 5-day course of methylprednisolone.23 Acetamin-
ophen and nonsteroidal anti-inflammatory drugs may be used in the management of
pain in patients with AIDP, but these medications often fail to provide full pain relief.18

Opioids may be useful but must be carefully considered and titrated, because these
may lead to negative repercussions, especially in the setting of autonomic or respira-
tory dysfunction. Adjuvant therapy for long-term pain management may also include
tricyclic antidepressants, tramadol, gabapentin, carbamazepine, and mexiletine.18

Autonomic Dysfunction Management

Autonomic dysfunction occurs in approximately two-thirds of patients with AIDP.
Symptoms may include bradyarrhythmias, hypertension, hypotension, bladder and
bowel dysfunction, and pupillary and sweating abnormalities.18 These symptoms
more commonly affect patients with advanced generalized weakness and respiratory
failure. Blood pressure and heart rate should be closely monitored until ventilatory
support is no longer required or until patients have begun to recover without needing
ventilatory support.18 Pharmacologic interventions or transcutaneous cardiac pacing
may be needed in the setting of recurrent or refractory arrhythmias. Blood pressure
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should be supported with fluid resuscitation to maintain normovolemia and vasoactive
agents in the setting of refractory hypotension. Similarly, hypertension may require
treatment with scheduled antihypertensives or continuous parenteral infusions in
extreme cases or with large, frequent fluctuations. Bowel sounds and passage of stool
should be evaluated daily for possible paralytic ileus. If interruption or discontinuation
of enteral feeding is required, erythromycin and neostigmine may be useful in the
setting of ileus, whereas promotility agents should be approached with caution to
avoid possible bowel perforation.18 Finally, patients should be monitored for urinary
retention and bladder catheters placed, or intermittent catheterization should occur
to avoid discomfort and bladder rupture.

Rehabilitation

Evidence-based recommendations on long-term rehabilitation for patients who have
endured AIDP are currently lacking.24 However, physical (PT) and occupational ther-
apy (OT) are obvious critical elements in recovery after AIDP. Factors to consider while
planning for AIDP rehabilitation include the possibility of fatigue, muscle shortening,
joint contractures, postural hypotension, weight loss, and decubitus ulcers. Rehabili-
tation should focus on muscle-strengthening exercises during the acute phase, and
proper limb positioning, posture, orthotics, and nutrition thereafter.18 Finally, because
severe cases of AIDP may require prolonged ICU stays, superimposed critical illness
myopathy (CIM) and polyneuropathy (CIP) may occur and should be factored into
rehabilitation planning (see later discussion).

Conclusion

AIDP is a rapidly progressive peripheral neuropathy that may affect multiple organ sys-
tems. Although prognosis is usually good, this syndrome may result in life-threatening
complications early in its course. Early treatments include immunotherapy with IVIg or
PLEX. Supportive treatment is also essential, including airway, pain, and autonomic
dysfunction management. Residual deficits after the acute phase may be life altering,
for which rehabilitation should be sought.
AIDP should be distinguished from CIDP by clinical history, presentation, and

course. CIDP may be related to AIDP and, in many ways, might be considered its
chronic counterpart. Presenting with sensory neuropathy and progressive weakness,
CIDP is most common in young men. As in AIDP, treatment of CIDP may include PLEX
and IVIg, but, in contrast to AIDP, may also include steroids and immunosuppres-
sants, and the prognosis varies widely.
AMYOTROPHIC LATERAL SCLEROSIS
Overview

Amyotrophic lateral sclerosis (ALS) is a progressive, incurable, and fatal, yet tempo-
rarily manageable, neurodegenerative disease that affects both upper and lower
motor neurons (LMNs). Upper motor neuron (UMN) dysfunction is characterized by
spasticity, weakness, and brisk deep tendon reflexes. LMN dysfunction is character-
ized by fasciculations, muscle wasting, and weakness.25 Different varieties of ALS
exist, broadly classified as limb-onset ALS, featuring a combination of UMN and
LMN signs; bulbar-onset ALS, characterized by early dysarthria and dysphagia
with subsequent UMN and LMN signs after disease progression; primary lateral
sclerosis, with UMN involvement only; or progressive muscular atrophy, with
LMN involvement only.25 Frontal lobe cognitive impairment and frontotemporal de-
mentia may often be associated with ALS.26,27 Half of ALS patients succumb within



Neuromuscular Disease 609
30 months of the onset of symptoms, although approximately 20% survive between
5 and 10 years after the onset of symptoms.25 Factors associated with shorter sur-
vival time are older age at symptom onset, early respiratory muscle dysfunction, and
bulbar-onset disease.25 In contrast, independent predictors of prolonged survival
include younger age at the onset of symptoms, longer diagnostic delay, and limb-
onset disease.25

The pathogenesis of ALS appears multifactorial and complex, and the exact
mechanisms of abnormality are still unknown. Although glutamate-mediated excito-
toxicity is emerging as a relevant molecular mechanism leading to ALS, multiple
factors, genetic and molecular, have been implicated. Some of the most relevant
gene mutations that could play an important role in the pathogenesis of ALS include
mutations in chromosome 9 open reading frame 72 (c9orf72), TAR DNA-binding
protein 43 (TDP-43), and fused in sarcoma (FUS) that dysregulate RNA metabolism,
which leads to intracellular aggregates formation.28 In addition, mutations of the
copper/zinc superoxide dismutase-1 (SOD1) gene may lead to neurodegeneration
through multiple proposed mechanisms, including increased oxidative stress, intra-
cellular aggregates formation, neurofilament accumulation, and axonal transport
dysfunction.28

Pharmacologic Treatment

Advances in knowledge of the cause of ALS may lead to advances in treatment in the
near future. Evidence supporting the use of stem cells transplantation, gene expres-
sion modulation, and autoimmune strategies has been flourishing.28 One such
promising advancement is the development of ISIS 333611 (also referred to as ISIS-
SOD1-Rx), an antisense oligonucleotide that targets messenger RNA (mRNA) in a
sequence-specific manner. ISIS 333611 causes degradation of mRNA by activating
the nuclear enzyme RNase H, decreasing the concentration of SOD1 mRNA and
protein in the cerebrospinal fluid of rats.29 During a phase I trial, this drug was admin-
istered as an intrathecal infusion to individuals with SOD1-positive familial ALS and
was found to be well tolerated.30 Although further investigations are ongoing, contro-
versy exists over the clinical relevance of this drug, because only 2% of all ALS cases
(20% of familial cases) are caused by SOD1 mutations.25

Another therapeutic advance in ALS is the development of ozenazumab, an anti-
Nogo A antibody that promotes axonal regeneration.28 Nogo A is a neurite outgrowth
inhibitor isoform that is upregulated in ALS and may be a biomarker of the disease.31

Human trials have deemed this drug well tolerated when administered intravenously,
and studies assessing its pharmacokinetic and pharmacodynamic effects are
ongoing.31 Despite a wealth of rapidly growing research, riluzole, an antiglutaminergic
agent, is the only disease-modifying drug available for ALS at this time.26,27 A system-
atic review examining riluzole and the survival of patients with ALS concluded that
riluzole probably prolongs median survival by approximately 2 to 3 months.32 It is
considered a safe drug, but it should be discontinued if liver function tests exceed 5
times the upper level of normal or if neutropenia develops.26

Airway Management

The most common cause of death from ALS is respiratory failure. Forced vital capacity
(FVC) is the most commonly used pulmonary measurement to determine impending
respiratory failure in ALS. However, FVC is not an overly sensitive predictor, because
patients with FVC greater than 70% of predicted value may have respiratory failure, as
evidenced by MIP less negative than�60 cmH2O. An FVC cutoff of 75%may bemore
appropriate for monitoring of respiratory function and the need for ventilatory



Crespo & James610
assistance.26 In addition, sniff nasal pressures and sniff transdiaphragmatic pressures
have been suggested as possible superior alternatives to FVC, given strong correla-
tion with nocturnal oximetry and carbon dioxide measurements, respectively, as
well as apnea-hypopnea index in polysomnography, in patients without bulbar
dysfunction.
Both invasive and noninvasive ventilatory support play significant roles in the treat-

ment of respiratory failure in patients with ALS. Noninvasive ventilation typically con-
sists of bilevel positive airway pressure (BPAP). In an RCT, investigators found that
ALS patients without severe bulbar dysfunction treated with noninvasive ventilation
had a median survival benefit of 205 days and improved quality of life compared
with those who underwent standard care.33

Ventilation via tracheostomy should be offered as an alternative to patients who do
not tolerate noninvasive ventilation. This option should also be presented to patients
who tolerate noninvasive ventilation during early discussions about goals of care,
because this may be an alternative in the future, given that BPAP will eventually
become ineffective as the disease progresses. Tracheostomy also prolongs survival
of ALS patients (10.39 months mean survival for patients who agree to tracheostomy
vs 0.83 months for patients who refuse tracheostomy; P<.0001 in prospective
study).34 However, most patients cannot afford the costs associated with such pro-
tracted mechanical ventilation.26 In addition, although quality of life with tracheostomy
may be comparable to quality of life with noninvasive ventilation for patients with ALS,
caretakers have rated their own quality of life lower than that of the patients’ after tra-
cheostomy. Once a tracheostomy is in place, the most common cause of mortality in
ALS patients is acute respiratory tract infection.35,36

Diaphragmatic pacing once seemed like a promising and attractive procedure for
individuals with ALS after a pilot study of 16 subjects reported increased diaphrag-
matic movement, increased muscle thickness, and decreased decline in FVC, without
safety issues.37 However, an RCT later rejected diaphragmatic pacing as routine treat-
ment for patients with ALS and respiratory failure.38 In this study, patients who were
treated with diaphragmatic pacing in addition to noninvasive ventilation had
decreased survival and increased number of adverse events, compared with the pa-
tients who were treated with noninvasive ventilation alone (11.0 months survival vs
22.5 months survival, respectively, P 5 .006).38

Patients with ALS often encounter progressive bulbar weakness leading to difficulty
handling oral secretions. These issues are further exacerbated by sialorrhea and dif-
ficulty coughing because of weakness of expiratory muscles.27 Evidence-based
data for the management of oral secretions in patients with ALS are limited; thus,
much of the management is based on data from non-ALS patients.27 Medical man-
agement includes b-receptor agonists, anticholinergic bronchodilators (such as ipra-
tropium), nebulized saline, and mucolytics, such as guaifenesin. Procedural
treatments include injection of botulinum toxin39 and radiotherapy to the salivary
glands.40 The benefits of treating sialorrhea must be weighed against the risks of
increased viscosity of secretions, resulting in difficulty expectorating, mucus plugs,
and atelectasis.27

Mechanical insufflation-exsufflation aids in clearing secretions by increasing the
peak cough expiratory flows, especially in patients without bulbar disease.41,42 In pa-
tients ventilated through a tracheostomy, mechanical insufflation-exsufflation with an
inflated cuff may be more efficacious in clearing oral secretions than the traditional
tracheal suctioning.43 In an RCT, high-frequency chest wall oscillation was helpful in
decreasing the symptom of breathlessness, but did not significantly change any of
the measured pulmonary parameters, such as FVC.44
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Dysphagia

As ALS progresses, dysphagia from bulbar weakness increases the patient’s risk for
aspiration. Gastrostomy feeding tube placement may stabilize weight and provide an
alternate route for medication administration. The optimal time for this procedure is
uncertain. Placement before FVC decreases to less than 50% of predicted value has
been recommended to decrease the risks of the procedure. Two small retrospective
studies have recently suggested that the patient’s level of respiratory impairment
may not correlate with increased periprocedural risks for gastrostomy tube place-
ment. One found no statistically significant difference in the rate of complications
and survival between ALS patients with FVC less than 30% than in ALS patients
with FVC more than 30% of predicted value at the time of gastrostomy tube place-
ment.45 Another study reported no difference in the mean survival rate after percuta-
neous endoscopic gastrostomy tube placement between ALS patients with FVC
more than 50% compared to ALS patients with FVC less than 50% of predicted
value.46 Placement of percutaneous endoscopic gastrostomy, radiologically inserted
gastrostomy, and per-oral gastrostomy are all considered equally safe in patients
with ALS.47

Conclusion

ALS is a condition of progressive UMN and LMN loss resulting in global muscle weak-
ness that ultimately impairs respiratory and laryngeal muscles. For this reason, special
attention to airway management is required. Goals of care should be discussed early
after diagnosis and frequently reassessed during disease progression, as respiratory
failure is the most common cause of death for ALS patients. Once the trachea
has been intubated in advanced disease, patients may not be able to separate
from mechanical ventilation. In fact, as the disease progresses to include cranial
nerves, patients may remain in a functionally locked-in state, implicating extraordinary
psychological and economic repercussions for the patient, caregivers, and loved
ones.
MYASTHENIA GRAVIS
Overview

MG is an autoimmune disease that affects the neuromuscular junction at the level of
the postsynaptic muscle membrane. MG is now being categorized by individual
antibodies targeting different components of the postsynaptic membrane, including
AChR, muscle-specific kinase (MUSK), and lipoprotein-related protein 4 (LRP4).
Clinically, MG is characterized by fatigable weakness of voluntary muscles. In
contrast, Lambert-Eaton myasthenic syndrome, an autoimmune disease directed at
calcium channels on the presynaptic membrane of the neuromuscular junction,
causes a brief increase in muscle strength with exertion, with subsequent fatigue.48

A diagnosis of MG is confirmed by positive serum testing for antibodies against
AChR, MUSK, or LRP4 in individuals with symptoms consistent with the disease.
Neurophysiologic tests, such as repetitive nerve stimulation and single-fiber electro-
myography, are unnecessary in individuals with the characteristic clinical symptoms
and positive antibody testing. However, neurophysiologic tests become helpful in
diagnosing symptomatic patients with undetectable antibodies. An edrophonium
(Tensilon) test should be used only when diagnosis is urgent and in a facility with
the appropriate resources for resuscitation, because of bradycardia and/or hypoten-
sion elicited by this test.49 The test involves intravenous injection of edrophonium, a
fast-onset and short-acting acetylcholinesterase inhibitor (AChE-I), to assess
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momentary improvement of muscle weakness. Of note, this test can be positive in
subjects with other conditions and even in normal subjects.49

Symptomatic Treatment

Symptom alleviation for MG is most commonly achieved through chronic oral
administration of pyridostigmine. Pyridostigmine is AChE-I that raises the level of
acetylcholine (ACh) available in the neuromuscular junction by reducing its break-
down.50 Doses rarely exceed 450 to 600 mg/d, as a higher dose could result in
increased muscle weakness and precipitate a cholinergic crisis.50 Interestingly, indi-
viduals with MUSK antibody-positive MG are more likely to have poor response or
intolerance to AChE-I.51

Immunosuppressive Treatment

If symptomatic treatment does not achieve satisfactory functional status, immunosup-
pressive therapy is often started. A combination of immunosuppressive agents is
usually preferred, in order to maximize benefits and minimize side effects. Evidence
on this type of treatment is limited, for which recommendations are largely based
on limited data and practitioners’ experiences.
Steroids are the fastest-acting immunomodulating medications available for MG at

this time.52 Prednisolone and prednisone are usually started at high doses, such as
0.75 to 1 mg/kg/d, and titrated until optimization of symptoms is achieved. The
dose should then be gradually tapered, until the lowest dose needed to remain in
remission is found. Alternate-day dosing has been suggested to minimize side
effects. Of note, patients with MG will often notice worsening of their symptoms
with steroid initiation with gradual improvement over the first few weeks.
Long-term azathioprine, a purine analogue, in combination with short-term cortico-

steroids is a first-line immunosuppressive therapy. Azathioprine in combination with
alternate-day prednisolone may increase remission time and decrease relapses,
side effects, and prednisolone dose (at 2 and 3 years), when compared with
alternate-day prednisolone alone.53 Second-line immunosuppressive agents for the
treatment of MG include methotrexate, cyclophosphamide, mycophenolate mofetil,
tacrolimus, and cyclosporine. Cyclosporine and cyclophosphamide should be consid-
ered last, given their serious adverse-effects profile.54

Rituximab is a monoclonal antibody that binds to transmembrane antigen CD20 and
leads to B-lymphocytes depletion. It has been approved for the treatment of some
lymphomas and certain patients with rheumatoid arthritis.52 Nevertheless, it has
been successfully applied to the treatment of refractory MG in multiple small uncon-
trolled trials and case reports.54–59 Rituximab has also been particularly beneficial in
the treatment of MUSK antibody-positive MG.55–59

The benefits of a thymectomy in patients with MG and a thymoma are clear. How-
ever, the efficacy of thymectomy in nonthymomatous MG patients remains controver-
sial, mainly due to the lack of prospective randomized studies.60 Multiple controlled
studies have reported increased rate of remission and improvement of symptoms,
especially in patients with generalized and severe MG.60 For this reason, it is recom-
mended as an option for the treatment of MG.60 Many experts do not recommend this
procedure for MUSK antibody-positive MG, because efficacy has not been found and
there is minimal to nonexistent thymic abnormality in these individuals.61

IVIg and PLEX (see Table 2) are usually reserved for the treatment of severe MG
exacerbations and MG crises.62 An RCT comparing IVIg and PLEX concluded these
therapies are equally effective in patients with moderate to severe MG, the duration
of the effect is similar, and both are well tolerated.63 Patients positive for ACh receptor
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antibodies and those with more severe disease at baseline may be more responsive to
therapy.63 Another RCT found no significant difference between the efficacy of IVIg
1 g/kg and IVIg 2 g/kg in the treatment of MG exacerbation.64 Data are currently insuf-
ficient to determine whether IVIg or PLEX is beneficial as maintenance therapy for pa-
tients with chronic MG without exacerbation.

Conclusion

MG is a complex autoimmune disease with multiple known subtypes, all of which
respond differently to different treatment modalities. AChE-I, immunosuppressive
drugs, and immunosuppressive therapies all play important roles in the treatment of
MG. More research is needed on how and when to use these different treatment
modalities on each MG subtype.
CRITICAL ILLNESS POLYNEUROPATHY AND MYOPATHY
Overview

CIP affects motor and sensory nerve axons. Clinically, CIP is most commonly
characterized by patients with critical illness (eg, sepsis, multiorgan dysfunction)
experiencing limb weakness or difficulty with weaning from mechanical ventilation.
On neurophysiologic testing, CIP demonstrates axonal neuropathy with reduced
amplitude of compound muscle action potentials (CMAPs) and sensory nerve action
potentials, as well as normal conduction velocities and normal responses to repetitive
nerve stimulation.
CIM affects muscles directly, not through muscle denervation. Clinically, it presents

similarly to CIP, but sensory function remains intact. Therefore, as expected, ampli-
tude of CMAPs is reduced, whereas sensory nerve action potentials remain normal.
CMAP duration is increased, unlike in CIP. Muscle biopsy, although invasive and often
impractical, might aid in distinguishing CIM from other myopathies, if necessary. The
most common histologic finding in CIM is thick myosin filament loss. Given all the sim-
ilarities between CIP and CIM, the limitations of neurophysiologic testing that are
beyond the scope of this review, and the fact that these 2 diseases may often coexist,
differentiating between CIP and CIM may sometimes not be possible.65 Furthermore,
rapidly advancing neuromuscular disease of any cause, warranting admission to the
ICU on presentation, may be confused with CIP/CIM, especially when patients fail
to extubate. Finally, weakness related to a patient’s underlying cause of critical illness
may be confused as or exacerbated by CIP/CIM.

Treatment

Many strategies have been proposed for the management of CIP and CIM, but no
specific regimen has emerged as a definitive treatment strategy. For this reason,
the management is mainly preventative and supportive.
Several reports and studies have suggested a causal relationship between NMBA

use and ICU-acquired weakness.66 A causal relationship is plausible, because NMBAs
have been associated with functional denervation of the muscle, presumably causing
denervation atrophy of the muscle. Furthermore, increased capillary permeability
caused by sepsis may allow a direct toxic effect of NMBAs on peripheral nerves.67

For this reason, conservative use of these drugs has been advocated as a preventative
measure for many years. However, study designs addressing this question contain
multiple confounding factors, such as the concomitant administration of corticoste-
roids, sedation, and greater severity of illness in those who developed ICU-acquired
weakness after the administration of an NMBA.66
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Steroids have faced a similar history in this regard. Prospective studies have been
unable to definitively link corticosteroid use to CIP or CIM.68,69 An RCT assessing the
use of corticosteroids in persistent acute respiratory distress syndrome did not find a
significant difference in the rate of clinically suspected neuromyopathy.70 The investi-
gators suggest that perhaps corticosteroids increase the severity but not the inci-
dence of neuromyopathy, given that all 9 reports of serious adverse effects related
to neuropathy or myopathy in this trial were in the corticosteroid group.70 On the other
hand, the absence of steroid treatment during ICU hospitalization had the strongest
positive correlation with longer ambulation distances greater than 6 minutes at
3 months after discharge. In multivariate regression analysis (R2 5 0.31) from a pro-
spective study, lack of steroid administration achieved the highest b coefficient
(127.0� 47.5) with the lowest P value (.009) of all the independent variables studied.71

Notably, independent variables studied included age, female sex, total days in the
ICU, slope of Lung Injury Score, and APACHE II (Acute Physiology and Chronic
Health Evaluation) score.71 Similarly, a separate prospective cohort reported the
administration of corticosteroids as an independent predictor of the development of
ICU-acquired paresis.72

Although conservative use of NMBAs and steroids (reduced doses and duration of
administration) in critically ill patients may be prudent, and perhaps even intuitive,
cause-and-effect relationships have not been definitively established between
NMBAs, steroids, CIP, or CIM.
Intensive insulin therapy has been validated as amethod for preventing CIP and CIM

by 2 RCTs.73,74 After multivariate logistic regression analysis and correction for known
risk factors, blood glucose control was an independent protective factor against the
development of CIP in the intensive insulin therapy group (odds ratio [OR] 1.26,
95% CI 1.09–1.46 per millimole blood glucose, P 5 .002).73 Likewise, in a separate
multivariate logistic regression analysis, intensive insulin therapy was an independent
protective factor against a diagnosis of CIP/CIM (OR 0.61, P 5 .02, 95%CI
0.43–0.92).74 Although intensive insulin therapy did increase the risk of hypoglycemia
in these studies, the risk of death within 24 hours of the hypoglycemic events did not
increase.73,74

The benefits of PT/OT in patients who have been critically ill are documented.75–78

However, an RCT evaluating outcomes after early (median 1.5 days after intubation in
the intervention group vs 7.4 days after intubation in the control group) PT/OT in
sedated ICU patients requiring mechanical ventilation did not find a significant differ-
ence in the incidence of ICU-acquired paresis at hospital discharge.79 Evidence is
currently insufficient to determine whether or when PT/OTmay be effective in prevent-
ing CIP/CIM. Nevertheless, PT/OT should be considered as soon as possible in the
critically ill, because early intervention may be beneficial in other ways, such as
increasing the likelihood of return to independent functional status at hospital
discharge, shorter duration of delirium, and more ventilator-free days.79

Electrical muscle stimulation throughout the ICU admission may be beneficial in the
prevention of CIP/CIM, although this topic requires further research.80

Finally, IVIg, nutritional interventions, antioxidant therapy, testosterone, and growth
hormone have all been proposed as interventions for the treatment and prevention of
CIP/CIM, but data are currently limited.65
SUMMARY

CIP and CIM are conditions of significant morbidity, including prolonged mechanical
ventilation. Modification of risk factors, such as systemic inflammatory response
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syndrome and hyperglycemia, is of utmost importance. PT and OT are important in the
return of functional status after discharge from the hospital. Other therapies require
further study.
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