
CE: Namrta; MCC/260217; Total nos of Pages: 6;

MCC 260217

REVIEW

C

 CURRENT
OPINION Molecular biomarkers in the neurological ICU:

is there a role?
1070-5295 Copyright � 2020 Wolte

opyright © 2020 Wolters 
a b a
Ramon Diaz-Arrastia , Pashtun Shahim , and Danielle K. Sandsmark
Purpose of review

The aim of the article is to summarize recent advances in the field of molecular biomarkers in neurocritical
care.

Recent findings

Advances in ultrasensitive immunoassay technology have made it possible to measure brain-derived
proteins that are present at subfemtomolar concentrations in blood. These assays have made it possible to
measure neurofilament light chain (NfL) in serum or plasma, and early studies indicate that NfL is a
promising prognostic and pharmacodynamic biomarker across a broad range of neurologic disorders,
including cardiac arrest and traumatic brain injury. However, as acquired brain injury is a complex and
heterogeneous disorder, it is likely that assays of panels of biomarkers will ultimately be needed to
maximally impact practice. Micro-RNAs are a novel but exciting class of molecules that also show potential
to provide clinically actionable information.

Summary

Although not yet ready for adoption into routine clinical practice, several molecular biomarkers are on the cusp
of clinical validation. The availability of such tests likely will revolutionize the practice of neurocritical care.
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INTRODUCTION

Biomarkers are molecules that can be measured in
accessible biological fluids that reflect physiological,
pharmacological, or disease processes and can sug-
gest the cause of, susceptibility to, activity levels of,
or progress of a disease. According to the Food and
Drug Administration, biomarkers fall into several
categories (which are not mutually exclusive)
[1,2]. In the management of neurologically critically
ill patients, prognostic, predictive, and pharmacody-
namic biomarkers are particularly relevant. Prognos-
tic biomarkers are baseline measurements that
categorize patients by degree of risk for disease
progression and informs about the natural history
of the disorder. Predictive biomarkers are baseline
characteristics that categorize patients by their like-
lihood of response to a particular treatment. Finally,
pharmacodynamic biomarkers are dynamic measure-
ments that show that a biologic response has
occurred in a patient after a therapeutic interven-
tion. Biomarkers have historically been critical to
progress in a broad range of clinical conditions.
Therapeutic advances in fields as disparate as
rs Kluwer Health, Inc. All rights rese
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cardiology and oncology have relied on the ability
to measure biomarkers that are reliable indicators of
the underlying disease. The absence of validated
biomarkers in the neurocritical care field is a major
factor limiting our understanding the natural his-
tory and the long-term effects of acute brain injury,
as well as a barrier to drug development in this area.

Blood and cerebrospinal fluid (CSF) levels of
structural protein components of brain cells that
are released in the aftermath of brain injury have
been widely studied for the past two decades and are a
promising adjunct to detect and monitor secondary
brain injury in the neurological ICU setting [3–10].
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KEY POINTS

� Molecular biomarkers that provide prognostic,
predictive, and pharmacodynamics information are
particularly relevant to neurocritical care.

� Biomarkers such as GFAP and UCH-L1 may be used as
aid in the evaluation of mild TBI.

� NfL appears to be a useful biomarker across a range of
neurological disorders that involve
axonal degeneration.

� A panel of brain injury biomarkers will likely be
required to provide actionable information rather than
use a single biomarker.

� mi-RNAs well suited to assess complex and
heterogeneous clinical situations and have shown
promise as prognostic biomarkers for OHCA.

Acute neurological problems

Cop
More recently, studies on small noncoding RNA mol-
ecules, particularly micro-RNAs (mi-RNAs), show
promise to provide complementary prognostic infor-
mation and to identify molecular pathways involved
in the neurodegenerative process. This review will
focus on publications over the past 2–3 years that
represent importantadvances, and onthebiomarkers
that are on the cusp of adoption in routine critical
care.
CONTEXT OF USE OF MOLECULAR
BIOMARKERS IN NEUROCRITICAL CARE

Patients who have suffered severe acquired brain
injuries, for example, from hypoxic–ischemic
insults, traumatic brain injury (TBI), hemorrhagic
stroke, or ischemic infarction, are at high risk for
secondary brain injury from brain edema, tissue
ischemia, hematoma expansion, and metabolic
derangements, among other insults. Biomarkers
may be used to identify tissue at risk, ideally while
the injury is reversible, and so allow for the institu-
tion of therapeutic interventions to potentially limit
secondary injury. In addition, biomarkers may also
be used to provide prognostic information to inform
decisions about the potential benefits of referral to
neurorehabilitation units, or about decisions about
withholding care. Finally, predictive and pharmaco-
dynamic biomarkers could help select patients for
clinical trials of targeted neuroprotective and neuro-
restorative therapies. In this review, the term ‘context
of use’ is conceptualized more broadly to encompass
different settings where biomarkers could be useful in
clinical research, and eventually in clinical practice.
Consideration of the context of use is important, as
the particular purpose for which the biomarker is
2 www.co-criticalcare.com
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used greatly impacts issues related to the required
specificity, sensitivity, and analytical details.
NEUROFILAMENT LIGHT CHAIN

The past two years have witnessed an explosion of
interest in neurofilament light chain (NfL) as a
biomarker in a wide range of neurological disorders.
NfL is an intermediate filament protein abundantly
expressed in the long myelinated subcortical axons
[11

&

]. It is the smallest and most abundant of the
three major neurofilament subunits (Nf-light chain,
Nf-medium chain, and Nf-heavy chain) and conse-
quently the most likely to be found in circulation
after neurologic insults [12]. Most pathological pro-
cesses that cause axonal damage release neurofila-
ments into extracellular fluid, CSF, and blood [11

&

].
High levels of neurofilaments are general indicators
of axonal damage in many neurologic conditions,
including multiple sclerosis [13,14

&

,15], HIV-associ-
ated encephalopathy [16,17], neurodegenerative
disorders [18–20], aging [21], stroke [22,23], and
TBI [24–27]. Although not diagnostically specific,
blood levels of neurofilaments are potentially useful
to monitor and predict disease progression in a
spectrum of acute and chronic neurological dis-
eases, and to assess treatment efficacy.

NfL has been widely studied over the past three
decades as a biomarker of axonal injury, and there is
an extensive literature supporting the value of mea-
suring NfL in CSF in human disease [28–30]. How-
ever, only the advent of fourth-generation Single
Molecule Array (SiMoA) technology [31–33] has
made possible reliable quantification of NfL in blood,
across the range of concentrations observed in dis-
ease and physiological conditions [13,16,34]. The
analytical sensitivity of SiMoA is 100–1000-fold
higher than that obtained using the same antibodies
in an enzyme-linked immunoabsorbent assay for-
mat. Further, reliable measurement of the low NfL
concentrationspresent in bloodsamples from young,
healthy individuals allows even minor changes in
levels of this protein that occur with neural injury to
be monitored. There is a strong correlation between
CSF and serum or plasma levels of NfL, which has
been demonstrated in numerous studies and various
neurological diseases [13,14

&

,18,20,26]. These find-
ings provide confidence that NfL measurements in
peripheral blood closely monitor neurodegenerative
processes in the central nervous system.

The evolving literature of serum NfL in multiple
sclerosis is particularly relevant, as it points to the
usefulness of this molecule as a pharmacodynamic
biomarker of therapeutic efficacy. Multiple sclerosis
is a chronic disease of presumed autoimmune
origin, which is characterized, at least initially, by
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episodes of inflammation in the brain and spinal
cord that predominantly affect the white matter
[35]. The formation of new lesions can be visualized
with MRI, the only established biomarker of disease
activity in routine clinical practice [36]. However,
MRI does not allow selective detection of axonal
degeneration, which seems to be the most impor-
tant determinant of long-term disability [37]. CSF
NfL has been widely studied as an multiple sclerosis
biomarker [38], but the requirement for invasive CSF
sampling limited its widespread adoption in multi-
ple sclerosis research and clinical practice. Recent
studies, using the highly sensitive SiMoA assay,
demonstrate that not only can serum NfL distin-
guish between patients with multiple sclerosis and
healthy controls [13], but can distinguish between
patients with enhancing MRI lesions from patients
without such lesions [13]. Serum NfL levels in mul-
tiple sclerosis patients have been independently
associated with disability and relapse status
[13,39

&

], and the risk of future relapses is higher
among patients with higher serum neurofilament
light chain (NF-L) levels [13,39

&

]. In a longitudinal
observational study, patients with higher serum NfL
levels at baseline, independent of other clinical and
MRI variables, experienced significantly more brain
and spinal cord volume loss over two years and five
years of follow-up [39

&

]. Finally, serum NfL shows
promise as a pharmacodynamic biomarker in mul-
tiple sclerosis, as starting disease-modifying treat-
ments leads to reductions in serum NfL [14

&

].
The management of out of hospital cardiac

arrest (OHCA) represents an area where highly sen-
sitive and specific prognostic biomarkers can make
an impact in clinical practice. Neural proteins such
as S100b and neuron-specific enolase (NSE) have
been studied for many years in this setting. How-
ever, because of the high false-positive rates, neither
is recommended to be used alone in the 2015 Amer-
ican Heart Association Guidelines [40]. A recently
published study from the Target Temperature Man-
agement After Cardiac Arrest (TTM) trial [41

&&

] indi-
cates that serum NfL substantially outperforms
S100b, NSE, and Tau for predicting poor outcome
in OHCA. This study included 717 participants in
the TTM trial, of whom 360 (50%) had poor neuro-
logic recovery six months after OHCA, based on the
Cerebral Performance Category Scale. NfL was mea-
sured in serum using the Simoa HD-1 analyzer at 24,
48, and 72 h after resuscitation. NfL levels increased
between 24 and 48 h, but remained stable at 72 h.
NfL levels were higher in patients with poor out-
come than in those with good outcome at all three
time points. Only 29 patients had poor neurologic
outcomes despite low or only moderately elevated
NfL levels (<100 pg/ml, corresponding to the upper
1070-5295 Copyright � 2020 Wolters Kluwer Health, Inc. All rights rese
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inter-quartile range for patients with good out-
come). The area under the curve (AUC) of a Receiver
Operator Characteristic curve for predicting poor
outcome was 0.94 for NfL, compared with AUCs
in the range of 0.75–0.81 for NSE, S100b, and tau.
At an NfL cutoff of 478 pg/ml, corresponding to 98%
specificity, the sensitivity was 69%, and the false-
positive rate was under 1%. At a specificity of 98%,
NfL had greater sensitivity for poor outcome com-
pared with electroencephalography, somatosensory
evoked potentials, head computed tomography,
and both pupillary and corneal reflexes [41

&&

].
NfL also shows substantial promise as a prognos-

tic biomarker in TBI. Axonal injury is a prominent
finding in TBI, and it has been known for decades
that NfL is elevated in CSF after severe TBI [42] and
even after mild brain injuries sustained during par-
ticipation in contact sports, such as boxing [43]. The
advent of highly sensitive SiMoA assays has made
possible detailed studies settings where CSF sam-
pling is not routinely feasible [24,25,44,45]. There
was a high correlation between CSF and serum NF-L
levels (r¼0.88), providing confidence that serum
NfL levels mirror NfL release in brain. Unlike most
other structural protein components, which are
found at highest concentrations in biological fluids
soon after the injury and are promptly cleared [46

&&

],
CSF, and serum NfL, although elevated within a few
hours of injury, continues to rise over the first two
weeks [24,46

&&

]. One year after injury serum levels
had substantially decreased but remained elevated
over uninjured controls. The delayed release of NfL
into the circulation suggests that it may be a marker
of secondary neural injury, rather than primarily a
marker of the initial insult, potentially making it
useful as a pharmacodynamic biomarker for neuro-
protective therapies. High NfL levels within the first
24 h are weakly associated with poor neurologic
outcome 12 months later [24], although including
NfL in a predictive model only marginally improves
the predictive ability compared with a model based
on clinical variables alone (AUC increases only from
0.65 to 0.7). Hence, NfL may not be useful as a stand-
alone biomarker in TBI in routine clinical settings.
PROTEIN BIOMARKER PANELS

As the neural proteins studied as potential biomark-
ers in brain injury are produced by different cell
types and may reflect different features of the injury
[47], it is likely that a panel that measures several
biomarkers may outperform a single biomarker for
prognostic, predictive, or pharmacodynamic pur-
poses. This hypothesis was recently directly tested.
Thelin et al. [46

&&

] measured S100b, NSE, glial fibril-
lary acidic protein (GFAP), ubiquitin carboxyl-
rved. www.co-criticalcare.com 3
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terminal hydrolase L1 (UCH-L1), tau, and NfL in
serial samples obtained over the first two weeks in
patients with severe TBI admitted to a single neuro-
logical ICU. All biomarkers were associated with
injury severity as classified on cranial computed
tomography at admission. In univariate analysis,
all biomarkers outperformed other known outcome
predictors for predicting unfavorable outcome, with
UCH-L1 displaying the best discriminative ability
(pseudo R2 0.260). A correlation matrix showed
substantial covariance between all biomarkers, with
the strongest correlation between UCH-L1, GFAP,
and tau (r¼0.83–0.88). NfL was weakly correlated
with the other biomarkers (r¼0.27–0.44), and a
principal component analysis showed that NfL
was orthogonal to the other biomarkers, suggesting
that it provides unique information about the injury
process. After adjusting for known TBI outcome
predictors, such as those used in the IMPACT model
[48], GFAP and NfL added the most independent
information to predict favorable versus unfavorable
outcome, improving the multivariate model from
0.38 to 0.51 pseudo-R2. This innovative study pro-
vides convincing proof of principle that a panel of
brain injury biomarkers will likely be required to
provide actionable information that will impact
clinical practice in a complex and heterogeneous
condition such as TBI.
MICRO-RNAS

miRNAs are synthesized from longer primary RNA
precursors and, after processing, are incorporated
into an RNA-induced silencing complex that directs
the miRNA to target miRNAs. miRNAs also are
secreted from cells, and play a signaling role in nearby
cells and remote tissues [49]. In the circulation, miR-
NAs are found in association with exosomes [50–52],
lipoproteins [50,53], and other macromolecular com-
plexes. A single miRNA can target and block numer-
ous mRNAs, many of which may encode multiple
components of complex-signaling cascades and
intracellular networks. In this way, miRNAs can act
to fine-tune gene expression, alter cellular function at
a network level, and operate as potent governors of
cell biology. As such, miRNAs are also attractive
disease biomarkers, as they are found in accessible
biological fluids, are resistant to RNAase activity, are
stable in human plasma, and are readily measurable
using robust and highly sensitive analytical techni-
ques [49]. The ability to measure all miRNAs (the
miRNA-ome) in plasma, through unbiased techni-
ques such as RNA-sequencing methods or with
highly multiplexed arrays such as Nanostring [54]
makes miRNAs well suited to assess complex and
heterogeneous clinical situations.
4 www.co-criticalcare.com
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Several recent studies from the TTM trial collab-
orators have explored the value of candidate miRNAs
as prognostic biomarkers for OHCA. So far, these
studies have focused on candidate miRNAs, chosen
based on prior associations with cardiovascular
metabolism and ischemic heart disease. Further,
these miRNAs were analyzed using relatively simple
statistical models, such as multivariate logistic regres-
sion and Cox proportional hazard models, and thus
only scratch the surface of the potential value of this
technology. Deveaux et al. [55] measured circulating
levels of miR-122-5p and miR-124-3p in blood sam-
ples obtained 48 h after resuscitation in 590 patients
enrolled in the TTM trial. Levels of miR-122-5p were
lower in patients with poor outcome, independent of
the assigned target temperature, and were weakly
predictive of poor recovery (AUC 0.62). miR-124-3p
levels were weakly correlated with levels of miR-122-
5p (r¼0.35), and a model including both miRNAs
showed modest improvement in the predictive accu-
racy, compared with a model based on clinical var-
iables along. The same group of investigators [56

&

]
recently published analysis on miR-574-5p in the
same cohort (n¼590). This miRNA was elevated in
patients with poor outcome, and independently pre-
dicted neurologic outcome in women but not men.
These studies, while early, point to the promise that
miRNAs have for providing clinically actionable
information in complex disorders.
CONCLUSION

Identification and validation of biomarkers that can
guide the management of critically brain-injured
patients has been a holy grail in the field for over
30 years. Although much progress remains to be
made, the last several years have witnessed mean-
ingful advances, and it is likely that at least some of
the biomarkers under current intense investigation
will become adopted into routine clinical practice
over the next several years. In particular, GFAP and
UCH-L1, which were recently cleared by the Food
and Drug Administration as an aid in the evaluation
of mild TBI (https://www.fda.gov/news-events/
press-announcements/fda-authorizes-marketing-
first-blood-test-aid-evaluation-concussion-adults)
also show promise as prognostic biomarkers in
severe TBI and other acute neurologic conditions.
In addition, NfL appears to be a useful biomarker
across a range of neurological disorders that involve
axonal degeneration and has potential both as a
prognostic and a pharmacodynamic biomarker. Fur-
ther over the horizon, the use of biomarker panels
promises to provide additional information beyond
what is available from measurements of single mol-
ecules. Finally, studies aiming to unlock the
Volume 26 � Number 00 � Month 2020
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potential utility of miRNAs as biomarkers in neuro-
critical illness have successfully established proof-
of-principle. Further progress will rely on availabil-
ity of large sample collections from well-character-
ized patients with neurocritical illness.
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