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Abstract The gold standard for assessing neurological
function is the bedside clinical examination. However, in
neurocritical patients, the signs and symptoms related to the
severity of illness can often be ambiguous. It can be hard to
distinguish between a severe but stable disease state and
one that is dynamic and in a critical decline. Clinicians and
family members alike may struggle with the uncertainty of
functional outcome prediction. Intermediate biomarkers of
brain injury can assist with ongoing clinical management of
patients, and in some circumstances can guide prognosis.
Used in the right setting, biomarkers in neurocritical care
can also aid with decisions to intensify treatment or avoid
prolonged and unnecessary therapy. The term biomarker is
used in various ways, and here we use it to refer to 3
general types: 1) circulating blood macromolecules, 2)
brain imaging, and 3) continuous invasive monitors.
Despite its promise, biomarkers have several limitations
and should be interpreted in the context of the overall
clinical assessment.
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Introduction

There are many challenges to the diagnosis and manage-
ment of patients with neurocritical illness. Although serial

neurological exams are a cornerstone of care, the severity of
disease often obscures neurological assessments in the patients
with acute brain injury. In this setting, biomarkers can act as a
surrogate measure and may serve a variety of capacities. They
may assist in diagnosis or help monitor a response to treatment.
In some circumstances, biomarkers can help clarify the
severity of disease or can provide risk stratification and risk
prediction. Equally important, biomarkers can serve to guide
treatment decisions in a dynamic clinical situation [1].
However, in practice individual biomarkers rarely replace
other elements of clinical assessment, but are better viewed as
adjuncts to decision making (Table 1).

In general, biomarkers tend to be more informative the
more closely related they are to the underlying pathogenesis
of the disease. Yet even in that setting, it can be difficult to
dissociate whether a given biomarker is causally linked to
outcome or simply associated with it. The aim of this
review is to provide an outline of the types, strengths, and
limitations of biomarkers used in neurocritical care.

A Common Endpoint in Neurocritical Care

While there are varied types of acute brain injuries in the
neurocritical care setting, a unifying goal is the prevention
of secondary neurological injury. Secondary insults take
numerous forms, including elevated intracranial pressure,
brain edema, impaired tissue perfusion, disordered cerebro-
vascular autoregulation, and focal tissue shifts from mass
lesions. In each of these cases, therapeutic interventions are
designed to support brain tissue at risk and ultimately
prevent brain energetic failure. Many biomarkers aim to
measure some aspects of brain metabolism or quantify the
degree of brain injury. Given the diversity of insults that
threaten the brain, it is unlikely that any single biomarker is
capable of acting as a universal surrogate.
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Elevated Intracranial Pressure

Perhaps the most recognizable neurocritical emergency is
the acute elevation of intracranial pressure (ICP). Once ICP
reaches a critical threshold, it prevents adequate blood flow
and impairs cerebral perfusion, which in turn leads to
irreversible ischemia. Therefore, invasive ICP monitors play
a central role in the management of patients suspected of
having elevated ICP. These devices not only give diagnostic
information, but the continuous measurement can guide
targeted therapy thereafter. In addition to measuring the ICP
level itself, the cerebral perfusion pressure (CPP) can also be
followed if the patient has an arterial line. CPP is a reflection
of the pressure gradient between the systemic and cerebral
circulation, and indirectly provides a measure of cerebral
blood flow. It can be readily derived from the equation: CPP =
mean arterial pressure−ICP. In this way, ICP and CPP
measurements are a surrogate for adequate brain perfusion
and for sustaining the bio-energetic homeostasis of the brain.
An ICP of 20 mmHg is a common threshold for treatment.
Available animal studies suggest that an important CPP
threshold exists at approximately 50 mmHg [2]. ICP- and
CPP-guided therapy is a useful tool in neurocritical care,
because decisions as to treatment with osmotherapy or
potentially surgical management can be made in real time,
based on continuous monitoring.

As central as ICP measurement is for clinical manage-
ment, the optimal ICP and CPP thresholds are not
necessarily fixed. In many pathological circumstances, the
appropriate ICP target level may vary geographically and
chronologically. For example, traumatic brain injury results

in regionally varied sensitivity to blood flow [3], and a CPP
target of >50 mmHg may be too low [4, 5]. Another
example is the use of hyperventilation in ICP management.
Acute reductions in arterial PaCO2 through hyperventila-
tion result in a rapid decrease in ICP. However, this is
achieved by inducing cerebral arterial vasoconstriction,
which can deprive the injured brain of much-needed arterial
blood flow. In traumatic brain injury, this may paradoxi-
cally lead to brain oxygen desaturation [6] and a worse
outcome [7], demonstrating how targeting ICP therapy to a
threshold can be an imperfect surrogate for brain energy
homeostasis.

Ischemic Stroke

In ischemic stroke, secondary neurological decline can
occur as a result of either hemorrhagic complication of
thrombolysis or malignant cerebral edema. Symptomatic
hemorrhage, defined as a decline in the National Institutes
of Health Stroke Scale (NIHSS) score of ≥4 in the setting of
a new hemorrhage [8], occurs in approximately 5% of
patients treated with intravenous recombinant tissue plas-
minogen activator (IV t-PA) [9, 10]. By definition, this
presents within the first 36 hours of treatment and is the
most feared complication of IV t-PA. Malignant cerebral
edema is associated with large hemispheric strokes in
relatively young patients [11], and ensues within 48 to 72
hours of stroke onset. For each of these conditions, there
are neuroimaging and blood-based biomarkers used for risk
stratification and clinical decision making.

Table 1 A summary of the types of biomarkers used in neurocritical care

Neuroimaging Blood Invasive Other

Intracranial hypertension ICP monitor

Stroke Head CT MMP-9

Brain MRI S100-beta

c-fibronectin

Intracerebral hemorrhage Head CT

Head CT angiography

Traumatic brain injury Head CT S100-beta ICP monitor

Brain MRI GFAP PbO2

SWI, DWI, MRS UCH-L1 Microdialysis

FLAIR, DTI SjO2

SAH vasospasm Cerebral angiography PbO2 TCDs

Head CT angiography Microdialysis EEG

CT = computed tomography; DTI = diffusion tensor imaging; DWI = diffusion weighted imaging; EEG = electroencephalography; FLAIR = fluid
attenuated inversion recovery; GFAP = glial fibrillary acid protein; ICP = intracranial pressure; MMP-9 = matrix metalloproteinase 9; MRI = magnetic
resonance imaging; MRS = magnetic resonance spectroscopy; SAH = subarachnoid hemorrhage; SWI = suscetibility weight imaging; TCDs =
transcranial Doppler ultrasounds; UCH-L1 = ubiquitin C-terminal hydrolase L1 protein
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Hemorrhagic Transformation

Neuroimaging biomarkers for hemorrhagic conversion
include computed tomography (CT) and magnetic reso-
nance imaging (MRI). Head CT assessment at 24 hours is
the standard of care after thrombolysis, and detects
hemorrhage in approximately 11% of patients [9, 10]. CT
detects two types of hemorrhage, termed hemorrhagic
infarction and parenchymal hematoma [12]. On the one
hand, petechial hemorrhagic infarction is associated with
increased rates of recanalization and improved outcomes
[13, 14]. On the other, parenchymal hematoma is associated
with worse outcomes [15, 16], particularly if it causes mass
effect. Brain MRI has also been studied as a neuroimaging
biomarker for hemorrhagic transformation, and its sensitiv-
ity for the detection of petechial hemorrhage is increased
compared to CT. However, there is no difference in the
detection of the more clinically significant parenchymal
hematoma [17].

Current evidence suggests that parenchymal hemorrhage
results from an increased disruption of the blood brain
barrier [18, 19]. Matrix metalloproteinase 9 (MMP-9) is a
proteolytic enzyme that degrades basement membrane
components, including laminin and fibronectin, which are
2 major constituents of the blood brain barrier [20].
Therefore, MMP-9 has been studied as a blood-based
biomarker for risk stratification in symptomatic hemor-
rhage. Measurement of baseline MMP-9 prior to IV t-PA
treatment demonstrates that a higher baseline level is
associated with increased risk of subsequent parenchymal
hematoma [20–22]. Using a cutoff value of ≥140 ng/ml, 1
study found there was 92% sensitivity and 74% specificity
for detecting parenchymal hematoma [21]. However, to
develop this for clinical utility, a rapid method would be
needed to assist with clinical decision making and/or
triaging.

Malignant Cerebral Edema

Malignant cerebral edema develops in approximately
10% of ischemic strokes, and has a mortality rate that
exceeds 50% [11]. The only treatment shown to improve
outcome is decompressive craniectomy [23], but it can be
difficult to predict which patients will develop a malignant
course that would necessitate surgery. Neuroimaging bio-
markers for malignant edema include early hypodensity on
CT, involvement of >50% of the MCA territory [24] and
midline shift >5 mm within the first 48 hours [25].
However, the positive predictive value of these imaging
surrogates is insufficient to prompt a decision for surgery in
the absence of clinical deterioration. More recently, MRI-
based imaging biomarkers for edema have been developed
to predict early neurological deterioration. The percent of

hemispheric growth on the side of the lesion can predict
neurological deterioration with an area under the curve of
0.92 (K. Sheth, personal communication).

Blood-based biomarkers that correlate with size of
infarction, such as S100B, can help predict which patients
will be at higher risk of developing a malignant syndrome.
S100B is a glial-derived protein that is released by
astrocytes in proportion to the degree of brain injury [26].
One study found a 24-h S100B value >1.03 ug/l provided a
sensitivity of 94% and a specificity of 83% for the
development of malignant edema [27]. A second protein
that is a constituent of the blood brain barrier (cellular
fibronectin) had a sensitivity of 90% and a specificity of
100% for the prediction of a malignant course of infarction
when a cutoff value >16.6 ug/ml was used [28, 29].

Intracranial Hemorrhage

Intracerebral hemorrhage is a particularly deadly form of
stroke, with a mortality of 33% at 3 months and 60% at
1 year [30]. The prevention of hematoma expansion is a
major focus of medical management, and expansion is quite
common, being observed in 40% of patients who present
within the first 3 hours of onset [31–33]. Several ongoing
clinical trials are aimed at the prevention of hematoma
expansion, either through blood pressure management or
hemostatic therapy. However, the complexity of using
hematoma expansion on head CT as a surrogate biomarker
was recently illustrated by the factor VIIa trial. Although a
statistically significant decrease in hematoma expansion
was demonstrated with treatment, there was no difference
in clinical outcome [34].

More recently, the presence of ongoing hemorrhage
detected on contrast-enhanced head CT (“spot sign”) has
been recognized as a more refined imaging biomarker for
continued hematoma expansion [35, 36]. Current efforts in
treating intracerebral hemorrhage in the acute setting are
focused on patients in whom a spot sign is present,
although the efficacy of those therapies is under active
investigation.

Traumatic Brain Injury

Severe traumatic brain injury (TBI) is a major cause of
death and disability, particularly in the young population. A
major challenge in the clinical management of TBI is its
heterogeneity, reflected by the myriad classification
schemes in use. For example, classification can be based
on clinical severity (i.e., Glasgow coma score), physical
mechanism or pathoanatomic subtype [37]. Pathoanatomic
classification is most often used for acute management in
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the neurocritical care setting, and includes epidural,
subdural, and subarachnoid traumatic hemorrhages, paren-
chymal contusion, diffuse axonal injury, and cerebral
edema [37]. Several neuroimaging and invasive biomarkers
assist clinicians in acute management at the time when
secondary injury can occur. Other biomarkers are helpful in
refining long-term prognosis, many of which are under
active investigation.

Biomarkers for Acute Management

After the acute trauma, severe TBI patients are at high
risk for developing subsequent injury. This may result from
global or focal increased intracranial pressure. The correla-
tion between elevated ICP and poor outcomes in severe
TBI is well-described [38–40], and comatose patients with
a glasgow coma score (GCS) <9 are at highest risk for
developing high ICP [41]. Although the placement of an
intracranial pressure monitor in severe TBI is nearly
universal, ICP- and CPP-targeted therapy has not formally
been shown to improve outcomes in randomized controlled
trials [42, 43]. Nevertheless, in patients who respond to
therapy that successfully lowers ICP, better outcomes have
been observed [44, 45]. Treatment can be targeted to an ICP
threshold, a CPP threshold, or both. However, the appro-
priate thresholds may vary from patient to patient [46, 47].

Because ICP and CPP do not perfectly reflect brain
physiology and energy homeostasis, brain tissue oxygen
monitoring has emerged as a complementary tool. Brain
oxygenation can be measured by jugular venous oxygen
saturation (SjO2) [48] or by brain tissue oxygen tension
(PbO2) [49]. Lower SjO2 values (<50%) or PbO2 values
less than 15 mmHg have been associated with worse
outcomes [50]. Given the correlation of lower oxygen
values with poor outcome, it raises the question whether
treatment directed at increasing those values can improve
outcomes. One nonblinded, nonrandomized study has
suggested that SjO2 targeted treatment may improve
outcome [51]. Similarly, PbO2-targeted therapy with a
comparison to historical controls supports the notion that
treatment to a threshold can improve outcome [49].
However, definitive conclusions are limited due to the lack
of randomized trials, and this has led to substantial center-
to-center variation in the implementation of these tools.

Another biomarker designed to assess brain energy
homeostasis is cerebral microdialysis [52]. This bedside
diagnostic tool has the capability to assess energy metab-
olism of the extracellular fluid of the brain through frequent
measurements of the lactate/pyruvate ratio, glycerol (a
measure of degeneration), and glutamate (as a measure of
excitotoxicity). Biochemical changes in the lactate/pyruvate
ratio (i.e., a ratio >25) have been reported to occur prior to
detecting elevated ICP or low CPP [53] and also predict

poor outcome in TBI [54]. However, it remains to be
determined whether tailoring treatment to certain target
levels can influence outcome.

Biomarkers for Prognosis

Prognosis in the acute setting of TBI is often imprecise,
yet discussions as to whether to proceed with aggressive
supportive care are frequently made early in the course of
care. Existing clinical prognostic tools, based on age, pupil
reactivity, and initial GCS [55] do not provide the level of
detail that many families seek in their decision-making
[26]. Several neuroimaging and blood proteins are used as
prognostic biomarkers. Using the Marshall classification,
the presence of significant brain swelling on head CT
predicts poor outcome [56]. Further refinement on the
classification of abnormalities on admission head CT have
suggested that presence of subarachnoid blood, “massive”
focal, or diffuse injury are independent prognostic variables
for death [57]. More recently, advancement in brain MRIs
has revealed diffuse axonal injury that is not visible on a
routine head CT, which is associated with a degree of
functional outcome rather than mortality. For example,
lesion volumes on fluid attenuated inversion recovery
(FLAIR), susceptibility weighted imaging, and diffusion-
weighted imaging all demonstrate a significant correlation
with 6-month outcome [58, 59]. Similarly, magnetic
resonance spectroscopy is capable of detecting spatial
variations in several markers of neuronal and axonal health,
including creatine, choline, and N-acetyl aspartate. Mag-
netic resonance spectroscopy has been shown to improve
prediction of 6-month outcome, particularly when a ratio of
choline to creatine is used [60]. Finally, diffusion tensor
imaging is a relatively new tool that can assess patency of
the white matter tracts of the brain [61]. These tools, while
improving the accuracy of functional outcome prediction,
may not be easily implemented in all centers.

Several blood-based biomarkers have also shown some
promise as prognostic measures for outcome in TBI.
S100beta is a protein in glial cells that when elevated can
predict poor outcome [62], particularly around a threshold
of 2.0 ug/l. However, S100B expression is not limited to
the central nervous system, and it can be elevated in the
setting of significant extra-cranial injuries which are
common in TBI patients [26]. Glial fibrillary acid protein
is a brain-specific protein that is expressed in high levels in
astrocyte; it is released in the blood after acute brain injury
and has been reported to predict clinical outcome and
mortality [63, 64]. Finally, ubiquitin C-terminal hydrolase
L1 protein is specifically expressed in neurons and is also
released into the bloodstream after injury. The levels of
these proteins not only correlate with the severity of TBI,
but they also predict mortality at 6 months [65].
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Vasospasm After Subarachnoid Hemorrhage

Aneurysmal subarachnoid hemorrhage (SAH) has a high
mortality rate and poor outcome, with more than half of the
patients experiencing death or dependency [66, 67]. Those
who survive the initial hemorrhage face the risk of further
secondary injury, which results in additional disability.
Delayed cerebral ischemia (DCI), is a leading cause of
subsequent neurological injury [68]. DCI overlaps with
vasospasm, but is also distinct from it; vasospasm is a
radiographic descriptor of abnormal cerebral arterial narrow-
ing. Because poor grade SAH patients can experience DCI
and/or vasospasm in the absence of detectable neurological
deterioration, surrogate measures are needed. Often, bio-
markers for DCI and vasospasm are used interchangeably,
even though one may occur without the other. Aside from
frequent neurological examinations, accurate detection of
DCI relies on head CT and MRI. CT can detect clinically
asymptomatic infarcts, particularly in patients with low GCS
[69, 70]. MRI can detect a larger proportion of asymptomatic
infarcts compared to CT [71], and importantly the overall
burden of infarcts is correlated with outcome [72, 73].

For the detection of vasospasm, several modalities are
used, including digital subtraction angiography, CT angi-
ography and transcranial Doppler ultrasound. Emerging
biomarkers include electroencephalography and invasive
cerebral monitoring of PbO2 and microdialysis. Digital
subtraction angiography (DSA) is considered the gold
standard for detection of vasospasm, and CT angiography
has a high correlation with DSA arterial narrowing [74, 75].
Transcranial Doppler ultrasounds are frequently used for
daily monitoring, but have less sensitivity compared to
DSA [76]. Electroencephalography monitoring of alpha
variability has shown correlation with vasospasm and
clinically significant ischemia in preliminary studies [77].
Similar observational trials with PbO2 monitoring [78] and
microdialysis [79] have shown feasibility of these techni-
ques, but no studies have demonstrated efficacy of
treatment based on these monitors. Taken together, modal-
ities for the monitoring of vasospasm are an important part
of the care of SAH patients, but further work is needed to
determine whether targeting treatment of the abnormalities
influences clinical outcome.

Conclusions

Although biomarkers can help reduce uncertainty as to
neurocritical disease and its prognosis, no single biomarker
is universally suitable for all clinical situations. Rather, the
incorporation of salient biomarkers into the overall clinical
assessment will continue to be an important tool for
neurointensivists. Because many biomarkers address com-

plementary aspects of brain energy homeostasis and brain
injury, it is likely that multimodal measurements will
increasingly become a part of practice. A major challenge
in moving forward will be to validate current biomarkers as
surrogate endpoints and to demonstrate that treatment
decisions based on abnormal values can influence outcome.
Multi-institution collaborations will be a necessity to
adequately address these questions and advance the care
of patients with neurocritical illness.
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