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Abstract
Study design This is a narrative review of the literature on neurochemical biomarkers in spinal cord injury (SCI).
Objectives The objective was to summarize the literature on neurochemical biomarkers in SCI and describe their use in
facilitating clinical trials for SCI. Clinical trials in spinal cord injury (SCI) have been notoriously difficult to conduct, as
exemplified by the paucity of definitive prospective randomized trials that have been completed, to date. This is related to the
relatively low incidence and the complexity and heterogeneity of the human SCI condition. Given the increasing number of
promising approaches that are emerging from the laboratory which are vying for clinical evaluation, novel strategies to help
facilitate clinical trials are needed.
Methods A literature review was conducted, with a focus on neurochemical biomarkers that have been described in human
neurotrauma.
Results We describe advances in our understanding of neurochemical biomarkers as they pertain to human SCI. The
application of biomarkers from serum and cerebrospinal fluid (CSF) has been led by efforts in the human traumatic brain
injury (TBI) literature. A number of promising biomarkers have been described in human SCI whereby they may assist in
stratifying injury severity and predicting outcome.
Conclusions Several time-specific biomarkers have been described for acute SCI and for chronic SCI. These appear pro-
mising for stratifying injury severity and potentially predicting outcome. The subsequent application within a clinical trial
will help to demonstrate their utility in facilitating the study of novel approaches for SCI.

Introduction

In 2007, an international panel, supported by multiple
foundations, under the banner of International Campaign for
Cures of Spinal Cord Injury Paralysis published a set of
papers reviewing spinal cord injury (SCI) clinical trial
methodology, and providing recommendations for future
studies [1–4]. Almost a decade later, several foundations
(see Funders) sponsored another meeting to address both
new and persistent barriers to translational research success
in SCI. One result of this coalition was establishment of a
new initiative, the Spinal Trials Understanding, Design, and
Implementation (STUDI) group, to consider and report on
ways to improve participant recruitment, study protocol
design and trial outcome measures, including electro-
physiology, imaging and biomarkers. These reports are to
be presented in a series of papers, including the current
work, which specifically addresses recruitment issues and
strategies for SCI clinical trials. The first paper of this series
was published in the spring of 2019 and discussed the
challenges to recruitment for clinical trials [1]. This paper
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addresses the importance of biomarkers in facilitating the
conduct of clinical trials. This serves as an update to an
excellent review of neurochemical biomarkers published in
2017 by Hulme et al. [2], with an additional focus on the
use of biomarkers in clinical trials.

Clinical trials in acute traumatic SCI are challenged by
the relatively low incidence of the injury and the limited
sensitivity of functional outcome measures, thus creating a
significant barrier to translational research. There are many
aspects that contribute to the difficulty in conducting clin-
ical trials to translate novel treatment to human SCI (tackled
in the various STUDI manuscripts). The concept of identi-
fying and using biomarkers in SCI clinical trials is related to
some of the very fundamental challenges in human neuro-
trauma, where interventions are tested in a clinical popu-
lation that is inherently quite heterogeneous and that
experiences highly variable natural recovery. SCI bio-
markers can help categorize and stratify patients’ initial
severity of neurologic impairment and predict the extent of
spontaneous/natural neurological and functional recovery.
Biomarkers may also be used to track SCI progression and
as measures of biological responses to treatment throughout
the lifetime of a person with SCI. At present most of the
available data refer to biomarkers during the acute phase
after injury, and there is less information of biomarkers that
might monitor the recovery and chronic phases. To this end,
this paper will describe the basic principles behind the
application of biomarkers for SCI and how such biomarkers
may help to overcome these challenges. We will then
describe ongoing work in the field of neurochemical bio-
markers detected in biofluids (distinct from imaging bio-
markers such as MRI measures which are covered in a
separate paper). Finally, we will provide some practical
recommendations for the SCI research community based on
the current state of knowledge.

Why are biomarkers of SCI needed?

At first glance, it would be easy to question why biomarkers
are even needed in SCI (specifically in complete SCI)—for
even to a layperson, many of the neurologic deficits
incurred from suffering an acute SCI are fairly obvious, and
the prognosis for neurologic recovery is ostensibly poor.
Historical data that documented the recovery of SCI in the
rehabilitation setting reported very low rates of spontaneous
recovery from “complete” paralysis, suggesting that prog-
nosticating neurologic outcome after acute SCI was rela-
tively straightforward [3]. If this were indeed true and
spontaneous neurologic recovery was both modest and
predictable, then it should be possible in acute clinical trials
to discern the neurologic improvements that could be
attributable to a novel drug treatment, for example. And yet,

when looking back at the experience of the SCI field, only
four large-scale clinical trials in acute SCI have ever been
completed—three evaluating methylprednisolone and one
evaluating GM-1 ganglioside. Despite the many decades
over which these studies were run, the entire cohort of
individuals with acute SCI enrolled in these four trials falls
short of 2500. A number of more recent attempts to run
acute clinical trials have ended prematurely, due to diffi-
culties in enrolling participants and/or detecting a promising
signal of efficacy. The STUDI series of papers addresses
many of these difficulties. However, in the context of bio-
markers, the first challenge is to address the limitations of
the functional examination of neurologic impairment in
SCI, which is indeed one of the primary motivations for
identifying biomarkers in the acute phase of SCI. Aside
from prediction of outcome, biomarkers that are sensitive to
ongoing processes of recovery such as neural plasticity/
sprouting would be extremely helpful in clinical trials as
they could be used to biologically monitor treatment
responses.

Currently, the best predictor of long term neurologic
outcome is the initial extent of neurologic impairment, as
measured with the International Standards for Neurological
Classification of SCI (ISNCSCI) examination. The
ISNCSCI examination represents the “gold standard” in
assessing the neurologic impairment of a spinal cord injured
individual. Performing a full ISNCSCI exam, however, is
time-consuming and requires substantial training by the
examiner in order to have consistent, reliable assessments.
The ISNCSCI exam was not designed to be necessarily
predictive of overall function, and it is well known that
changes in american spinal injury association impairment
scale (AIS) grade may not indicate meaningful changes in
abilities to perform activities of daily living [4]. However,
in the context of clinical trials, the ISNCSCI examination
has served as the foundational outcome measure, with an
improvement in AIS grade and/or an increase in motor
score historically utilized as a manifestation of therapeutic
efficacy. It should be acknowledged that, as a field, we are
fortunate to have an international standard for the conduct
of this clinical examination and a common language to
communicate (and study) neurologic impairment. But our
heavy reliance upon this clinical examination has many
limitations and implications for the field, and has served as
an obstacle to clinical trial execution (and thereby transla-
tional research).

Firstly, the ISNCSCI examination is impossible to per-
form in many acutely injured SCI patients. The examination
is relatively time-consuming and relies on the conscious
participation of the recently traumatized patient, who may
present to the emergency room unconscious, intoxicated,
sedated, intubated, and with multiple other injuries
(including potentially a traumatic brain injury)—all of
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which may affect a patient’s ability to participate in an
ISNCSCI examination. While a clinical trial might stratify
acute SCI patients based on whether they present as AIS A,
B, or C injuries, the distinction between the three grades
may only be the presence of deep anal pain sensation on the
rectal examination and the subtle ability to voluntarily flex a
toe on the motor exam—findings that may be impossible to
detect in an intubated polytrauma patient. It is true that the
inability to precisely evaluate neurologic impairment and
assign motor/sensory scores and AIS grade may not have a
major impact on the immediate clinical decision making
(for example, on whether or not surgery is indicated), but
without a baseline severity of injury, these patients typically
cannot be recruited into acute clinical trials. A conservative
estimate indicates that about a third of all patients are ren-
dered ineligible to participate in acute clinical trials based
on these considerations [5]. So, right off the mark, the acute
clinical trials are hamstrung by this recruitment limitation.
A set of acute biomarkers that make it possible to stratify
patients for admission to clinical trials would therefore be
useful both for recruitment and for clinical care decisions.

Secondly there is a need for later stage biomarkers that
monitor recovery and treatment effects. Even when the
ISNCSCI examination can be performed and a baseline
level of neurologic impairment assigned, neurologic
recovery is not necessarily easy to predict, especially very
early post injury, when acute clinical trials require a base-
line evaluation. This therefore mandates that large numbers
of subjects be enrolled in acute clinical trials in order to
distinguish treatment effect from the sheer variation in
spontaneous neurologic recovery [6]. Such recruitment can
take many years to achieve sufficient power to assess
treatment efficacy. Perhaps even more problematically,
early-stage, small clinical trials that are primarily meant to
assess feasibility and/or safety have difficulty detecting a
“signal” of treatment efficacy because of this variability in
neurologic recovery. This makes the subsequent decision to
proceed to a large-scale definitive Phase 3 study much
harder, as it may not be possible to determine whether the
treatment had the desired biological or functional effect in
small cohort of subjects recruited.

Thirdly, because the variation in spontaneous neurologic
recovery is so high, it can be very difficult in small scale,
early phase I or II trials of acute SCI to determine if there is
an “efficacy signal”. For individuals “incomplete” injuries
(AIS B, C, and D) who theoretically are best suited to novel
therapies that might leverage the spared neurologic func-
tion, their recovery is particularly heterogeneous and diffi-
cult to predict accurately, and there may be ‘ceiling effects’
of detecting their neurologic improvement with the
ISNCSCI exam. This may also be true—to a lesser extent—
for individuals in the chronic phase of living with SCI,
where subtle spontaneous changes may still occur. Without

being able to detect a signal of therapeutic efficacy in small
trials, decisions to go forward into an even lengthier and
costlier definitive clinical trial are hampered by limited
information about whether the therapeutic agent had the
desired effect at the given dose and time window of
administration. Having a biomarker of therapeutic effect
would be very helpful in this regard for informing the
clinical trial design. Of course, having such a biomarker of
therapeutic effect in human SCI would require that the
mechanism of action underlying the particular treatment
was well established in preclinical models and then could be
then directly interrogated in the clinical setting. The inter-
rogation in humans is limited by the accessibility of human
spinal cord tissue for direct observation, thus mandating the
investigation of biofluids such as cerebrospinal fluid (CSF)
or blood. Given the myriad of therapeutic approaches that
can be considered for SCI, it is unlikely that there will be a
single “biological surrogate outcome measure” for SCI;
rather, a biomarker of therapeutic effect would need to be
established based on the known (or hypothesized)
mechanism of action of the specific treatment in question.

Given these described limitations of the ISNCSCI
examination in the clinical trial setting, biomarkers would
be helpful for clinical trials by: (1) objectively stratifying
injury severity during the acute stage where neurologic
assessment is often impossible to perform, (2) more accu-
rately predicting the extent of neurologic recovery, and (3)
serving as biological surrogate outcome measures for
identifying therapeutic effect. Biomarkers may also serve as
potential therapeutic targets. In other words, factors that are
elevated in those with poor recovery may provide insights
on pathways that should be neutralized, while factors that
are elevated in those with good recovery may identify
processes or biological responses that would be desirable to
augment. An example would be the evaluation of inflam-
matory cytokines post injury and how they respond to an
antiinflammatory treatment. This is true in the chronic as
well as acute phase of SCI. As an adjunct to establishing
these tools, the search for neurochemical biomarkers in
human biofluids also has the additional broad translational
motivation of characterizing and understanding the patho-
physiologic effects of SCI in human patients, which assists
in the identification of therapeutic targets.

While the limitations of the ISNCSCI examination in the
very acute SCI setting provide the rational for biomarkers in
the acute clinical trial setting, there may also be a role for
biomarkers at more subacute or chronic time points,
reflecting the fact that the injury responses are dynamic and
definitely change over time. Biomarkers at more subacute
and chronic time points could be helpful for identifying
appropriate candidates for interventions that might, for
example, encourage neuroplasticity, or reduce chronic neu-
roinflammation within the cord. However, there are currently
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more data available about neurochemical biomarkers in the
acute setting than in the subacute or chronic setting simply
because obtaining biological samples from individuals with
SCI is practically much easier to do when they are within
their acute hospitalization than when they are back in the
community. While it might seem obvious, it should
emphasized here that in discussing the potential utility of
biomarkers in clinical trials or decision-making, their
application is very time-specific. In this regard, the utility of
a specific biomarker (or panel of biomarkers) is also quite
dependent upon the clinical trial design, with some trials
enrolling patients very soon after injury (i.e. the typical
“neuroprotection” trial), whereby others trials (particularly
for “neuro-regenerative” treatments) might enroll patients in
the subacute stages of injury when the baseline neurologic
status is more clearly defined. For acute clinical trials where
a baseline must be established early, the biomarkers of injury
severity and predictors of outcome are particularly impor-
tant. For subacute and chronic clinical trials, biomarkers may
be more helpful for discerning appropriate candidates and
following the responses to treatment.

Neurochemical biomarkers—state of the art
in neurotrauma

In the setting of neurotrauma, the identification and estab-
lishment of biomarkers in acute SCI is relatively under-
developed as compared to that in acute traumatic brain
injury (TBI). This is likely attributable to the much greater
incidence of TBI and the routine acquisition of CSF from
external ventricular drains—making it possible to identify
biomarkers within the CSF and determine if they are
detectable within the blood compartment. First, we will
briefly discuss the state of TBI biomarker research to pro-
vide and overview of how the TBI field has progressed with
regards to the identification of diagnostic and prognostic
biomarkers. This will provide some context to the sub-
sequent discussion on the state of SCI biomarker research.
A comprehensive description of TBI biomarkers is beyond
the scope of this paper, but if sought, the reader is directed
to recent reviews on this topic [7]. In addition, biofluid-
based biomarkers for neurotrauma can include protein,
microRNA, circulating nucleic acids, metabolomic aned
exosome/microvesicle-encapsulated biomarkers [7]. These
markers in general represent molecules released from
damaged cells and the acute inflammatory response (acute
markers), molecules released during the cellular and
immunological response while healing the injury (subacute)
and longer-term responses which are mostly immunologi-
cal. Since protein biomarkers are by far the most studied
and advanced, the scope of this review will focus mainly on
this class of neurochemical biomarkers.

Neurochemical biomarkers in TBI and potential
application in SCI

Because the brain and spinal cord represent tissue of the
central nervous system (CNS), there are important con-
ceptual similarities in their responses to physical trauma
with respect to the biomolecules that are released into the
CSF and blood compartments. There are a number of pro-
tein biomarkers that are CNS-enriched or CNS-specific that
have been shown to be potentially applicable in both human
and/or animal models of TBI and SCI. These markers are
conceptually promising as biomarkers of neurotrauma as
they potentially reflect specific CNS injury sequelae, such
as neuronal cell body or axonal injury, demyelination or
myelin injury, and astrocyte integrity compromise (cell
wounding, see below), cell death or astrogliosis (summar-
ized in Table 1).

The identification of protein biomarkers in acute TBI has
been accomplished through both broad mass spectrometry
approaches [8–12] and also with more narrow, targeted
approaches that evaluate specific biomarker candidates
[12, 13]. For example, UCH-L1 (ubiquitin carboxy-terminal
hydrolase L1) and GFAP (glial fibrillary acidic protein)
have been routinely demonstrated as diagnostic biomarkers
in human and animal TBI studies [14–22]. Importantly, the
extensive study of UCH-L1 and GFAP in TBI has culmi-
nated in the FDA approval in February 2018 of a serum
biomarker test for mild TBI (the “Brain Trauma Indicator”,
Banyan Biomarkers, San Diego, CA) [23]. This test of
combined UCH-L1 and GFAP not only can distinguish
mild TBI from no injury controls, but can also distinguish
those mild TBI subjects with CT-detectable pathoanatomi-
cal lesions from those that are CT normal [24].

One lesson from the TBI biomarker field is that, gen-
erally speaking, protein markers found in the CSF of
patients with severe TBI are also detectable in the blood
compartment (serum and plasma). Such protein markers
include UCH-L1, GFAP, S100β, phosphorylated neurofi-
lament heavy chain (pNF-H), myelin basic protein (MBP),
alphaII-spectrin breakdown products (SBDP), and several
others [7]. A number of these, including UCH-L1, GFAP,
Tau, S100β, and SBDP/SNTF, are also detectable in serum
at lower concentrations after mild TBI/concussion and have
clinical diagnostic properties [24]. This is obviously of
clinical significance because of the relative ease of obtain-
ing blood samples in comparison to obtaining CSF samples
in both TBI and SCI patients. There is no question that
while the CSF may be more directly representative of the
CNS injury, a blood-based test would be much preferred. In
essence, identifying biological aspects that are specific to
the CNS injury, then determining whether these can be
detected in serum/plasma in concentrations that reflect
injury severity and/or outcome has been central to the field
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of TBI biomarker research. These important lessons and
findings in TBI biomarker work will also hopefully translate
to SCI biomarker discovery and clinical validation studies.
In principle there must be similarities between TBI and SCI
given the underlying injury to neural tissue. However, in
SCI the volume of CNS tissue affected is smaller than in the
brain, leading to a smaller release of CNS material and a
smaller effect of these on serum levels. At later stages the
widespread changes to musculo-skeletal tissues after SCI
will be dominant.

Biomarkers of Acute SCI

We and others have investigated blood and CSF from acute
SCI patients in an effort to establish neurochemical bio-
markers of acute SCI. CSF being closer in proximity to the
injured spinal cord is intuitively more representative of the

parenchymal injury. However, because CSF is not routinely
collected in the clinical management of SCI (unlike in TBI
where it is easily obtained in patients with external ven-
tricular drains), human biomarker studies that examine CSF
from SCI patients have been relatively limited and typically
involve a fairly small number of patients.

An example of this is a paper by Yokobori et al. [25],
where they conducted a literature review of biomarkers for
SCI but also reported on seven acute SCI patients whose CSF
was evaluated to measure UCH-L1, SBDP, MBP, and GFAP
[25]. They reported that all four proteins were elevated tran-
siently in the CSF, and there was a correlation between GFAP
levels and SCI injury severity and recovery. Subsequent work
from this same group employed a broader proteomics
approach to biomarkers discovery in both rodent and human
CSF samples. This work identified additional protein bio-
marker candidates such as transferrin, cathepsin D,

Table 1 TBI and SCI protein biomarker candidates with potential diagnostic, prognostic, and therapeutic development/monitoring utilities

Origin/ Pathobiological
mechanisms

Biomarker Candidates Temporal Profile Evidence for animal/human TBI
detection (Key ref.)

Evidence for animal/human SCI
detection (Key ref.)

Neuronal cell body injury UCH-L1 Superacute/acute Rat: Liu, 2010 [50]
Human: Papa, 2012, 2016 [51, 52],
Bazarian 2018 [24]

Human: Yokobori, 2015 [25]

NSE Acute Rat: Agoston, 2012 [53]
Rat: Liu, 2015 [54]
Human: Berger, 2002; [55]

Human: Pouw, 2014 [56]
Rat: Cao, 2008 [57]
Rat: Loy, 2005 [58]
Human: Ahadi, 2015 [59]

Astroglial injury, demise
and Astrogliosis

GFAP & GFAP- BDPs Acute Rat: Svetlov, 2012 [60]
Human: Papa, 2016 [52]
Human: Okonkwo, 2013 [61];
Bazarian 2018 [24]

Human: Yokobori, 2015 [25]
Rat: Moghieb, 2016 [26]
Rat:Yang, 2018 [62]
Human: Kwon, 2010, 2017 [28, 29]

S100B Superacute/acute Rat: Liu, 2015 [54]
Human: Vos, 2010 [22]

Rat: Yang, 2018 [62]
Human: Pouw, 2014 [56]
Human: Kwon, 2010, 2017 [28, 29]

ALDOC subacute Human: Halford, 2017 [12] Human and mouse astrocyte culture: Levine,
2016 [11]; Halford, 2017 [12]

BLBP/FABP7 Acute/subacute Human: Halford, 2017 [12]
Human: Pelsers, 2004 [63]

Human and mouse astrocyte culture: Levine,
2016 [11]; Halford, 2017 [12]

PEA15 Acute Halford, 2017 [12] Rat: Moghieb, 2016 [26]
Human and mouse astrocyte culture: Levine,
2016 [11]; Halford, 2017 [12]

Axonal injury; Brain cell
Necrosis-Apoptosis

SBDPs (SBDP150,
SBDP145,
SBDP120, SNTF)

Acute/Subacute Rat: Pike, 2001 [64]
Human: Mondello, 2010 [65]
Human: Brophy, 2009 [66]
Human: Papa, 2015 [67]
Human: Siman, 2009 [68]

Human: Yokobori, 2015 [25]
Rat: Yang, 2018 [62]

Axonal injury pNF-H or NF-L Subacute Rat: Anderson, 2008 [69]
Human: Al Nimer, 2015 [70]
Human: Shahim, 2016 [71]
Rat: Rostami, 2012 [72]

Human: Kuhle, 2014 [33]
Human: Ahadi, 2015 [59]
Human: Pouw, 2014 [56]

Neuroinflammation Inflammatory
cytokines (IL-6; et al.)

Subacute Kumar, 2015 [73]
Woodcock, 2013 [74]

Kwon, 2010, 2017 [28, 29]

Demyelination MBP Subacute Human: Berger, 2007 [75]
Liu, 2015 [54]

Rat: Yang, 2018 [62]

Autoimmunity AutoAb[GFAP] Subacute/chronic Human: Zhang, 2014 [76]
Human: Wang, 2016 [77]
Yang, 2017 [78]

Human: Yokobori, 2015 [25]

Other Biomarkers Tau, P-Tau
MAP2
Neurogranin
BDNF

Subacute/chroniic [Tau]: Mouse: Yang, 2015 [79]
Human/Rat: Rubenstein, 2015, 2017 [80, 81]
[MAP2]: Human: Mondello, 2012 [82]
Papa, 2015 [67]
[Neurogranin]: Human: Yang, 2015 [83]
[BNDF]: Human: Korley, 2016 [84]

[Tau]: Human: Kwon, 2010, 2017 [28, 29]

All proteins listed are elevated in biofluid after neurotrauma (TBI/SCI). For the Temporal Profile we used the following definitions of
“Superacute”: < 6 h. “Acute”: 6–48 h. “Subacute”: 3–10 days. “Chronic” > 10 days. (NOTE: References are listed in supplemental reference file)
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triosephosphate isomerase-1, and astrocytic phosphoprotein
PEA-15 that were found to be elevated in both rodent and
human SCI [26]. PEA15 is also shown to be released from
wounded mouse and human astrocytes in an in vitro trauma
model associated with depletion from integrity-compromised
astrocytes [11, 12]. Interestingly, PEA15 is also depleted
acutely after mouse crush SCI injury followed by upregula-
tion during subsequent reactive astrogliosis [11]. Since
PEA15 is also elevated in in CSF and blood of moderate-to-
severe TBI patients as well as within hours after injury in
serum of mild TBI patients, this is another example of a
biomarker of both SCI and TBI (Table 1, [12]).

There has been considerable interest in CSF biomarkers
of acute SCI in Vancouver, BC, Canada, that began with
the initiation of a clinical trial of CSF drainage with
intrathecal catheters after acute SCI (ClinicalTrials.gov:
NCT01279811) [27]. CSF samples were obtained over
3 days and analyzed with ELISAs and Luminex bead assays
to characterize the temporal pattern expression of a series of
inflammatory cytokines (e.g. interleukin (IL)-6, IL--8, and
monocyte chemotactic protein (MCP)-1) and structural
proteins (tau, S100β, and GFAP) (Fig. 1a) [28]. At 24 h post
injury, it was found that these proteins were distinct between
AIS A, B, and C grades (Fig. 1b) and could be used in an
ordinal logistic regression model to classify baseline AIS
grade with an accuracy of 89%. In this study, the “baseline
AIS grade” was determined by specifically trained spine
research nurses based on the initial examination of the
patient in the emergency room (i.e. before the patient went to
the operating room and had the first sample of CSF drawn).

Subsequent studies that focused on the CSF collected
around the 24-h postinjury time point revealed that these
proteins were also distinct between those who improved
(“converted”) an AIS grade and those who did not (Fig. 2)

[29]. Using the inflammatory proteins and structural proteins
in a prediction model could predict AIS grade conversion
with an accuracy rate of 83.3%. Importantly, even amongst
AIS A patients, the concentrations of the CSF biomarkers
IL-6 and S100β were significantly different in those who did
or did not improve over time, indicating that the biology (as
represented by the CSF biomarkers at this 24 h time point)
could distinguish recovery potential at 6 months post injury
within this group with the same baseline severity of neuro-
logic impairment. This finding indicates that even within the
most severely injured “phenotype” of AIS A, there is con-
siderable heterogeneity in terms of injury severity and neu-
rologic prognosis that can be characterized biologically with
neurochemical biomarkers. Certainly, the ability to predict
outcome and identify patients with the potential to recover
most likely with the current standards of care would be

Fig. 1 CSF biomarkers after acute SCI. a. CSF concentrations of
inflammatory cytokines and neural/glial proteins over the first
3–5 days post injury. Note that the concentrations are very time
dependent, with the greatest increases occurring immediately after
injury, then subsiding back to baseline levels within days. This

suggests that the proteins are largely released from cells damaged at
the time of injury and “spilled” into the surrounding CSF. b. CSF
biomarker concentrations at 24 h post injury are dependent upon injury
severity. (From Kwon et al, J Neurotrauma 2010, permission granted
by Mary Ann Liebert, Inc. New Rochelle, NY)

Fig. 2 CSF biomarkers are significantly higher in those who do not
convert their AIS grade (NO) as compared to those who do (YES). The
y-axis is a log 10 scale, so that a one-point difference is a 10× dif-
ference in concentration. Modified from Kwon et al. [29]
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useful for early clinical trials to stratify their inclusion.
Clinical trials with longer inclusion time windows may be
able to utilize a baseline neurological examination at, for
example, 72 h to 1 week post injury—in such cases, an early
biomarker at 24 h may not be as useful. However, in acute
clinical trials, such early biomarkers of injury severity are
likely to play an important role.

Based on the biomarkers, individuals who would be
predicted to experience recovery might also be the most
likely to benefit from novel treatments targeting a particular
pathway. Conversely, for patients predicted by their bio-
marker profile to experience little spontaneous recovery
with the current standards of care, therapeutic improvement
from a novel treatment might be more clearly detectable—
this may in fact be the most practical advantage of utilizing
biomarkers in early clinical trials where the small sample
size limits the ability to discern therapeutic effect. Acute
cell injury/cell death released biomarkers that rise within
minutes and early hours postinjury bear the potential to
differentiate between tissue compromise and atrophy (see
below; [12]). Such injury-defined biomarkers may be able
to capture lateral white matter sparing that is critical for any
degree of functional recovery later on.

While these studies describe the investigation of a dis-
crete series of proteins within the CSF, there is also great
interest in more broadly screening CSF (and blood) for
other neurochemical biomarkers, to determine new diag-
nostic and prognostic biofluid injury signatures. For
example, proteomic studies are emerging that report distinct
patterns of protein release after neurotrauma in TBI and SCI
[12, 26]. Such larger scale investigations of the proteome,
metabolome, or genome may reveal ‘biomarker signatures’
that could be helpful for distinguishing injury severity,
predicting outcome, or highlight targets for intervention that
could be used as a biomarker of therapeutic response
[30–32]. These ‘omic’ studies may also help to resolve
which biomolecules could be studied in the blood rather
than in CSF, although it is recognized that the detection of
biomarkers is very challenging in serum/plasma samples
due to the high abundance of nontrauma related proteins
that require significant sample depletion and processing to
detect low-abundant SCI associated biomarkers.

Data from the Vancouver group show that biomarkers
elevated in the CSF may also be elevated in the blood, but at
levels several orders of magnitude lower, the challenge is in
detecting biomarker signals within blood that are both
specific to the injury and prominent enough to be detected
over the systemic injury response of the human patient [28].
Kuhle et al. [33] reported in 27 acute SCI patients that
serum neurofilament light chain concentrations were closely
correlated with injury severity and that the minocycline
treatment appeared to reduce these concentrations. This
study importantly reveals the potential utility of using a

biomarker as a surrogate measure of biological effect from a
pharmacological treatment. Ahadi et al. [34] reported in 35
acute SCI patients that GFAP, pF-H, and neuron specific
enolase (NSE) were elevated in the serum, and that GFAP
levels were correlated with injury severity. In individuals
with acute SCI, Bloom et al. identified elevated levels of
inflammatory cytokines, macrophage migration inhibitory
factor (MIF) and high mobility group box 1 (HMGB1),
regardless of injury level or grade, which raises the concept
that while some factors elevated acutely after SCI may have
potentially importent biological effects, not all will neces-
sarily serve as biomarkers of injury severity [35, 36].

At this stage, there is a paucity of data around com-
parative serum levels of the proteins that have been thus far
identified in the CSF after acute SCI. This may relate in part
to the relatively small “volumetric damage” of the injured
spinal cord as compared to the injured brain in TBI patients.
With a smaller volume of tissue damage in the spinal cord,
there may not be sufficient concentrations of proteins
released into the systemic circulation to be readily detected
as a biomarker signal. Nonetheless, work to investigate
blood biomarkers is definitely worthwhile and ongoing.

Biomarkers in chronic SCI

While there are 17,000 new persons with traumatic SCI
each year in the US, there are more than 350,000 persons
living with chronic SCI, typically defined as at least 1 year
from initial injury [37]. There are currently 18 clinical trials
of cells, drugs, and surgical interventions and 55 rehabili-
tation and technology to improve neurological and func-
tional outcomes for people in the chronic phase of living
with SCI (link to SCOPE tables updated March 2018).
Similar to acute trials, the AIS grade based upon an
ISNCSCI examination is typically part of the inclusion
criteria for trials in the chronic phase of SCI.

In contrast to the acute trauma setting, scheduling of the
ISNCSCI examination and obtaining a more reliable
ISCNSCI exam is much easier in the chronic phase of SCI.
However, people with the same AIS grade and neurological
level of injury may have different neuropathologic patterns
of injury, different biochemical profiles (Fig. 3), different
genetic backgrounds, and different medication profiles, all
of which may influence potential efficacy of therapeutic
interventions. The biomarker profile in chronic phase peo-
ple will be influenced greatly by events outside the spinal
cord, for instance local infections, respiratory, and cardio-
vascular events. The confluence of all of these different
factors of course confounds the interpretation of serum
inflammatory biomarkers in the chronic condition, and
undoubtedly contributes to the variability that is demon-
strated in Fig. 3. This of course will be a significant chal-
lenge for the biomarker field in developing markers that are
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meaningful representations of the biology of the SCI at
these chronic time points. Utilizing biomarkers in the
chronic setting to test experimental interventions will need
to accommodate variations in standard care treatments. For
example, neuropathic pain is experienced by most persons
living with SCI, but clinical responsiveness to available
pain medications is poor and variable [38]. It is reasonable
to suggest that SCI consumers would be better served by a
personalized medicine approach whereby persons with
elevated panels of biomarkers of pain were treated with
drugs that were prescribed according to proposed mechan-
isms of pain generation.

Since CSF is rarely obtained for clinical purposes in the
chronic phase of living with SCI, sera has been the most
common biological fluid sampled. Kwon et al. [28]
demonstrated that in persons with acute SCI, levels of
inflammatory mediators in blood mirrored those in CSF,
albeit at concentrations at least tenfold lower [28]. Given
the pivotal role of systemic inflammation in promoting
many of the medical consequences of SCI (e.g. neuropathic
pain, type II diabetes, elevated risk of heart disease), the fact
that many inflammatory mediators are directly neurotoxic at
high levels, and the ease of obtaining sera from this popu-
lation, most data on potential biomarkers in chronic SCI
have focused on immune mediators in sera.

In a study examining the relationship of cytokine levels to
pressure ulcers in persons with chronic SCI, circulating
plasma levels of IL-6, IL-2R, and ICAM-1 were significantly
elevated in participants with chronic SCI as compared to
able-bodied controls [39]. In that study, cytokine levels were
higher in participants with slow resolving pressure ulcers. In
a later study implicating the IL-2 pathway, participants with
chronic SCI had higher levels of IL-2 and TNFα than able-
bodied controls [40]. Subsequently, persons with chronic
SCI were shown to have higher levels of C reactive protein,
but not IL-6 or TNFα, than able-bodied controls [41]. In a
larger study, elevated serum levels of IL-6 and TNFα were
confirmed, as significantly elevated as compared to able-

bodied controls, but not IL-2, IL-4, or IL-10 [42]. Supporting
the concept of inflammatory mediators as biomarkers, per-
sons with SCI with the highest levels of IL-6 or IL-1RA had
neuropathic pain, urinary tract infections, or pressure ulcers.
As mentioned above, two potent pro-inflammatory cytokines
that are present constitutively at high amounts in both neu-
ronal and immune cell types, MIF and HMGB1, were found
to be elevated in all participants with chronic SCI, regardless
of injury severity or level [36, 43].

To date, there have been two independent functional
genomics studies performed in persons with chronic SCI
[44, 45]. The first was a study of leukocyte gene expression in
13 males with chronic SCI and 7 able-bodied men that
showed elevated expression of autoimmune-promoting cyto-
kines, A Proliferation-Inducing Ligand (APRIL), B-cell
Activating Factor (BAFF) and B-cell Maturation Antigen
(BCMA) [45]. The second functional genomics study in
chronic SCI was of 31 individuals with SCI and 26 able-
bodied individuals (males and females) identified broad
changes in whole blood gene expression of persons with
chronic SCI, including a dramatic reduction in NK cell genes
and upregulation of proinflammatory genes [44]. Another
interesting observation from this study was that several factors
identified by Kwon et al. [28] as elevated in acute SCI were
also elevated in persons with chronic SCI, such as S100A9,
ENO2, and B2M [46]. This prompts the question of how
biomarkers elevated acutely relate to biochemical changes
made during or sustained through the chronic phase of SCI.
Validating the potential impact of this approach on clinical
care, this study also identified genes elevated in persons with
chronic SCI that are targets of already FDA-approved drugs,
such as JAK2 and the beta adrenergic receptor [44].

Emerging concepts in identifying “cell-specific”
biomarkers of acute SCI

While the discussion to this point has primarily been around
human TBI and SCI markers of injury, it is also

Fig. 3 Individuals with chronic SCI with the same AIS grade have
heterogeneous levels of immune mediators. MIF, MIG, MCSF, and
IL-3 were significantly elevated in individuals with chronic (≥1 year
from initial injury) SCI as compared to uninjured individuals [43].
Here, we show the levels of immune mediators by AIS grade: A (n=

14), B (n= 0), C (n= 3), D (n= 5). Levels of (A) MIF P < 0.27 (B)
MIG/CXCL9, P < 0.01 (C) MCSF, P < 0.03 (D) IL-3, P < 0.3 by AIS
group. *P < 0.01. P values determined by Kruskal–Wallis test, with
multiple comparisons. Symbols represent a single plasma sample from
each subject. Data abstracted from Stein et al. [43]
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acknowledged that in the development of biomarkers spe-
cific to SCI, an intuitive approach is to measure proteins that
are specific to cells within the CNS. One emerging approach
has been to examine astrocyte-specific proteins as bio-
markers of acute SCI. Astrocytes are as abundant as neurons
and make up a substantial protein mass in the CNS, which
increase the chances for astrocyte and thereby CNS-specific
protein detection in biofluids [47]. Levine and colleagues
identified over 59 astroglial proteins with significant chan-
ges in fluid around traumatized mouse astrocytes using a
targeted quantitative proteomic approach in a stretch-injury
culture model [11, 48]. Aldolase C (ALDOC) and the
astroctytic phosphoprotein 15 (PEA15) are depleted from
injured astrocytes after SCI in perilesional astrocytes as
examples, and both are elevated in fluids after trauma [11].
Selecting for astrocyte-enriched proteins from the trauma-
release proteome yielded a small panel of new candidate
neurotrauma biomarkers that include ALDOC, brain lipid
binding protein (BLBP), also called brain fatty acid binding
protein (FABP7), glutamine synthetase, PEA15 and small
breakdown products (BDPs) of GFAP [12]. The temporal
pattern of release of these astrocyte-specific proteins may
provides insights into distinguishing stages of cell injury
and cell death after trauma (Fig. 4). Recent data obtained
from a swine contusion SCI model reveal significant CSF
elevation of ALDOC and BLBP in addition to the known
biomarker GFAP (Fig. 5). This analysis in pig SCI reveals a
kinetic patterns of prolonged ALDOC elevation and rapid
GFAP decline—a temporal profile similar to that seen in
TBI patients [12, 49]. It is again worth pointing out here that
the timing is very important in interpreting these bio-
markers, such that biomarkers obtained very early (e.g. 12 h
post injury) and at a subacute time frame (e.g. 72 h post
injury) are likely to be very different and therefore should
be only applied to the time frame at which they were
measured.

Neurochemical biomarkers in SCI: Where to from
here?

There is mounting evidence that the investigation of bio-
fluids such as blood and CSF can reveal neurochemical
biomarkers that provide insights into the biology of SCI.
Such biomarkers provide objective measures of injury
severity, predictors of neurologic recovery, potential sur-
rogate outcome measures for interventions, and possible
therapeuutic targets. The question then becomes “how do
we apply this to facilitate clinical trials in SCI?”.

It should be acknowledged at the outset that while the
biomarkers reviewed in this paper show promise, none have
undergone formal validation studies and so they remain
investigational in nature. But to advance the field, it is
necessary for future clinical trials—particularly early-stage
trials—to at least start collecting such biofluids for the
evaluation of biomarkers. It is clear that clinical trials will
continue to depend upon the ISNCSCI examination for
recruitment and stratification of subjects for clinical trials;
there are no neurochemical biomarkers that could currently
supplant this clinical examination. However, neurochemical
biomarkers could certainly be measured in order to help
balance treatment groups and interpret neurologic recovery
in early-stage clinical trials. For example, in the Kwon et al.
[29] study, the combination of inflammatory (IL-6, IL-8,
and MCP-1) and ‘structural’ (tau, S100β, and GFAP) bio-
markers in CSF could be used within a prediction model to
correctly predict the failure to convert the AIS grade with an
accuracy of over 90%]. While this still requires independent
prospective validation, the measurement and analysis of
these proteins could provide an investigator with important
insights into whether the observed neurologic improvement
in a clinical trial was related to the therapeutic intervention
or to spontaneous recovery.

In addition to this, the collection of biofluids in clinical
trials will allow for the testing of secondary hypotheses
around mechanisms of action and potentially identify neu-
rochemical biomarkers that are reflective of the treatment
response. This too would facilitate early-stage clinical trials
in both the acute and chronic phases of SCI. Of course, it is
recognized that in order to do this, investigators must be
encouraged and supported to collect biofluids in interven-
tional SCI clinical trials and either develop their specific
assays or establish collaborations for biomarker analysis.
This would be the logical “next step” from prospective
observational SCI studies such as the Canadian Multicenter
CSF Pressure and Biomarker Study, “CAMPER” (Clin-
icalTrials.gov NCT01279811), the Biomarkers of Sponta-
neous Recovery from Traumatic Spinal Cord Injury, “SCI-
MARK” (NCT02731027), and Transforming Research and
Clinical Knowledge in SCI, “TRACK-SCI”, where biofluid
collection occurs for the characterization of human biology

Fig. 4 Release stages of astrocyte injury biomarkers. Traumatic shear
and stretch forces inflict acutely membrane disruption, cell wounding,
as well as cell death, with lysis, both cause astrocyte protein release.
Protracted astrocyte cell death leads to additional delayed protein
release. Surviving traumatized astrocytes can become reactive

Neurochemical biomarkers in spinal cord injury 827



after SCI and the identification/validation of neurochemical
biomarkers.

Alongside these efforts, there are still questions to be
addressed to establish useful neurochemical biomarkers
for SCI:

1. Are combinations of biomarkers better than one single
biomarker?

In theory, a combination of biomarkers that represents a
“signature” of an injury “phenotype” would be a stronger
biomarker tool than a single protein, metabolite, or gene,
although this has yet to empirically proven. To some extent,
efforts to date have been hindered by the typically small
sample sizes in acute SCI, and so statistical methods to
establish relationships between the biomarker being studied
and clinical outcome generally utilize multiple biomarker
candidates. For example, the UCLA team utilized factor
analysis to decipher two distinct biomarker signatures in
clinical neurotrauma biofluid data [12]. This is not to say,
however, that in the end, two or three of the “strongest”
biomarkers will form a clinically applicable biomarkers
tool, as UCH-L1 and GFAP have done for distinguishing
mild from severe TBI.

2. Should biomarkers be used as continuous variables or
should there be arbitrary cut-off values to define separate
categories?

This will to some extent depend upon the nature of the
clinical “phenotype” that is being associated with the bio-
marker in question. One theoretical example would be the
determination of the baseline severity of neurologic
impairment in an individual who presents as a “complete”
AIS A injury. Clearly, there is a degree of mechanical force
that—when imparted violently to the spinal cord—causes
sufficient parenchymal disruption so as to result in a

complete AIS A SCI. Tripling this mechanical force may
increase the parenchymal disruption, but the end result will
be no different from a functional standpoint (still AIS A).
Distinguishing these two injuries with biomarkers may be
feasible; for example, we have shown that IL-6 and S100b
were significantly higher in AIS A individuals who
improved their AIS grade as compared to AIS individuals
who did not. But whether there could be a “cut-off” applied
whereby certain concentrations of IL-6 and S100β in the
CSF at 24 h post injury could be utilized to distinguish two
“classes” of AIS A individuals with different chances of
neurologic recovery is yet to be seen. Again, this comes
back to the notion that the use of neurochemical biomarkers
remains investigational at this time, with none being clini-
cally validated.

3. Will biomarkers be useful across different time points
post injury?

Given that the pathophysiologic responses to cord injury
change over time, it is pretty clear at this point in time that a
biomarker of acute injury that might help in stratifying the
injury severity of an obtunded, multi-trauma SCI patient is
unlikely to be applicable to a chronically injured individual
(and vice versa). Furthermore, while biomarkers of acute
injury might be focused on damage to the spinal cord par-
enchyma and be utilized in clinical trials of neuroprotective
interventions, useful biomarkers of chronic injury might be
focused on secondary issues such as bone loss or muscle
atrophy and be utilized in clinical trials to restore these
tissues.

Despite the many questions that still remain, the trans-
lational importance of biomarkers should stimulate further
efforts to collect biofluids from SCI patients and establish
clinically useful tools to facilitate the validation of novel
therapies in SCI. Given the huge cost of running clinical
trials, it is understandable that investigators may be

Fig. 5 Kinetic profile of astrocyte injury biomarkers in CSF after swine
contusion SCI. Shown are Immunoblot optical densities (OD) of
biomarkers GFAP, aldolase C (ALDOC) and brain lipid binding
protein (BLBP) in CSF of contused (red) and sham (gray) swine.
Plotted are temporal profiles of medians and 68% confidence intervals
(±1 SEM) at baseline (BS), 20 min (min), 2.7 h (h), 2 and 7 days (d)

post SCI on log-spaced axes. Mixed repeated measures ANOVA
(unequal variances) document significant differences between sham
and SCI (gray/red asterisks) as well as over time (red and gray
asterisks on lines). Largest effect sizes (1.2–2.1) occur acutely after
SCI for all three biomarkers (GFAP and ALDOC at 20 min and for
BLBP at 2.7 h post SCI)
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discouraged from adding biofluid collection component to
their interventional studies, particularly when there is not
yet a “validated” neurochemical biomarker. This will
require some compromise at the level of funding/granting
agencies where there must be acknowledgment of the early
state of the biomarker field, but at the same time recognition
of the translational importance biomarkers for facilitating
interventional trials and the need to evolve from an entire
generation of trials that have depended solely upon the
neurologic examination of the patient (with all its afore-
mentioned limitations). If we as a field cannot get past this,
we will surely continue to witness the excruciatingly slow
progress of clinical trials in SCI. Ultimately, a combination
of neurochemical and imaging biomarkers may pave the
way to a better understanding of a given patient’s injury and
the ability to personalize his/her treatment.
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