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Purpose of review

To date, prognostication of patients after acute traumatic spinal cord injury (SCI) mostly relies on the
neurological assessment of residual function attributed to lesion characteristics. With emerging treatment
candidates awaiting to be tested in early clinical trials, there is a need for wholistic high-yield prognostic
biomarkers that integrate both neurogenic and nonneurogenic SCI pathophysiology as well as premorbid
patient characteristics.

Recent findings

It is becoming clearer that effective prognostication after acute SCI would benefit from integrating an assessment
of pathophysiological changes on a systemic level, and with that, extend from a lesion-centric approach.
Immunological markers mirror tissue injury as well as host immune function and are easily accessible through
routine blood sampling. New studies have highlighted the value of circulating white blood cells, neutrophils and
lymphocytes in particular, as prognostic systemic indicators of SCI severity and outcomes.

Summary

We survey recent advances in methods and approaches that may allow for a more refined diagnosis and
better prognostication after acute SCI, discuss how these may help deepen our understanding of SCI
pathophysiology, and be of use in clinical trials.
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INTRODUCTION

Acute traumatic spinal cord injury (SCI) is a devas-
tating neurological condition, typically resulting in
severe long-term physical disability and a drastically
reduced overall quality of life; an estimated 27 mil-
lion people are believed to be presently living with
the consequences of SCI globally [1]. Management
of SCI patients and their overall health and wellbe-
ing comprises early spine surgery [2

&

] and supportive
treatment that focuses mostly on rehabilitation and
secondary complications.

The arrival of the molecular era and a more
concerted research effort around the globe have
accelerated our understanding as to what happens
inside the spinal cord once it becomes injured,
including the various factors that contribute to its
regenerative failure. This has led to the generation of
many promising therapeutic targets and interven-
tions strategies, and an increasing number of these
are now beginning to find their way into the clinic
via experimental treatment trials. Although this
provides great hope that a cure for SCI will one day
be a reality, a significant area of concern is the fact
that a great many of these new putative treatment
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KEY POINTS

� Patients with virtually identically presenting SCIs can
have distinctive recovery trajectories that are currently
challenging to predict.

� Clinical trials in acute SCI are hampered by limited
prognostication methods.

� Circulating white blood cells are increasingly
recognized for their diagnostic and prognostic utility as
biomarkers in acute SCI.

� Greater understanding of functionally critical
biomarkers is needed to generate a multivariate panel
that can facilitate patient prognostication and evaluate
the outcome of early intervention trials

White blood cell responses to SCI as biomarkers for prognosis Jogia et al.
options appear to ‘fail’ in clinical trials based on an
apparent lack ofevidence forefficacy [3,4]. Numerous
factors can contribute to poor translation of basic
science, and many of these have already been exten-
sively discussed in the literature [4]. However, there is
increasing awareness that current approaches for
diagnosing the extent of spinal cord damage at pre-
sentation are unsatisfactory, thereby likely hamper-
ing our ability to demonstrate efficacy of new
neuroprotective and pro-regenerative treatments in
human patients. It could be argued that this applies
not only to experimental treatments given during the
very early stages of SCI, i.e., when there is still much
overall uncertainty due to e.g. the presence of spinal
shock (see below), but also those administered well
beyond that, as it is widely accepted for some level of
spontaneous recovery to occur during at least the first
year postaccident [5]. More consideration also needs
to be given to SCI patient population heterogeneity,
recognizing that the term ‘heterogeneity’ here
applies not only to differences in the cause, level
and severity of the initial SCI, but likely also to
variations in individual genetics, presence or absence
of additional traumatic injuries, existing co-morbid-
ities, postinjury complications, response to medica-
tion and the pattern of pathological progression. All
of these factors are currently underrepresented in
clinical research despite their impact on outcome
trajectories [6–9,10

&&

]. This mini-review will discuss
the current state of the field regarding the diagnostic
and prognostic modalities that are being used and/or
developed, followed by a brief discussion of what we
believe the future holds for prognostication of SCI.
ACUTE NEUROLOGICAL SYMPTOMS AND
SPINAL SHOCK: WHAT DO THEY HIDE?

Neurological symptoms in acute SCI patients typi-
cally reflect the level and severity of spinal cord
1350-7540 Copyright � 2021 The Author(s). Published by Wolters Kluwe
damage; however, the likely presence of acute spinal
shock, which describes the transient depression of
all reflex activity and sensorimotor function below
the level of injury, also precludes the accurate assess-
ment of any residual neurological function associ-
ated with structurally intact neural tissue [11,12].
Paralysis due to spinal shock is typically initiated
immediately after injury, and can last for many
days, if not weeks, as determined via assessment
of the bulbocavernosus reflex [13]. With a signifi-
cant proportion of SCIs being anatomically incom-
plete, it is important to consider the areflexic time
period in conjunction with the progression of early
SCI pathophysiology. Specifically, while the pri-
mary injury – that is, the damage caused to the
spinal cord by mechanical forces at the time of
the accident – is a key determinant for recovery
[3], secondary injury cascades involving both neu-
rogenic and inflammatory components cause a fur-
ther spread of damage into the neighbouring spinal
cord tissue [14]. Acute spinal shock can thus not
only skew the initial presentation of lesion severity
but also mask its secondary progression. Clinical
observations add another perspective here. Sir Lud-
wig Guttmann noted that the duration of the spinal
shock is not uniform and can be influenced by
secondary events. Acquired infections in particular
were associated with a prolonged, extended spinal
shock phase [15]. A delayed resolution of spinal
shock in case of acquired infection corroborates a
direct and early impact of the latter on the
residual circuitry.
EXTRAPOLATING PROGNOSIS FROM
DIAGNOSIS – AN ONGOING ART OF
EXPLORATION

Clinical diagnosis for SCI has largely been
unchanged for the past few decades, with the Amer-
ican Spinal Injury Association (ASIA) International
Standards for Neurological Classification of SCI
(ISNCSCI) remaining the globally accepted test of
choice for categorising SCI-associated neurological
impairments in motor and sensory function
[11,16,17]. Clinical scores extrapolated from this
early diagnostic assessment, typically performed
within days of injury onset, are often also used to
gain at least some level of prognostic insight
[11,17,18]. Indeed, the neurological level and sever-
ity of the initial injury, as described by ASIA
Impairment Scale (AIS) grading, are amongst the
strongest predictors of long-term neurological out-
come [19–21]. The Spinal Cord Independence Mea-
sure III (SCIM III) can provide additional insights in
terms of an individual’s practical level of disability
when attempting everyday activities [16]. Although
r Health, Inc. www.co-neurology.com 797



Trauma and rehabilitation
both tools are indispensable for early clinical assess-
ment and documenting a patient’s progression over
time, there are obvious caveats in relation to prog-
nostication. Specifically, conducting these exami-
nations soon after patient admission is often
impractical, too time-consuming and unreliable in
emergency situations, especially if the patient is
unresponsive or compromised [9]. Furthermore,
and as alluded to earlier, broadly categorising SCIs
via these grading systems can overlook its complex-
ity, particularly in the acute phase where spinal
shock may interfere with the very neurological
assessments designed to obtain clinical evidence
for spinal cord tissue sparing and residual function
[22].

Imaging techniques such as MRI can reveal
additional detail of the extent of damage to the
spinal cord and thus hold promise for prognostica-
tion. For example, intramedullary MRI signal abnor-
malities can be informative when the patient is
unconscious, and they also correlate with AIS grad-
ing [23–25]. Unfortunately, the clinical utility of
these surrogate indicators over existing clinical
examinations is disputed [19,24], and a reliable
correlation (or translation) of imaging findings to
functional impairments is hence not guaranteed
[22]. Advanced MRI techniques may provide more
detailed insights into microstructural integrity of
the spinal cord [17,26], but they are not routinely
used yet in clinical practice due to time, significant
postprocessing considerations, and a lack of consis-
tent clinical guidelines. At least some of these hur-
dles may now be overcome by the establishment of
consensus acquisition protocols for quantitative
MRI of the human spinal cord, which should gener-
ate reproducible and reliable data for analysis
[27

&&

,28]. Time considerations around the process-
ing and analysis of quantitative MRI data remain an
issue, however, at least if required for patient selec-
tion in early intervention trials where treatments
may need to commence within 6–12 h post-SCI to
combat early secondary injury progression.

Overall, the limitations associated with existing
neurological examinations and imaging hinder
translational investigations that are targeting these
critical early hours. This poses a risk for premature
conclusions on intervention efficacy and the trans-
latability of preclinical research efforts more gener-
ally, not because of poor experimental design and/or
cross-species differences, but rather due to signifi-
cant constraints in the sensitivity and use of both
neurological examination and imaging for prognos-
tication. To combat these limitations, randomised
controlled trials often use large sample sizes to
account for the uncertainty around in natural tra-
jectory of recovery between SCI patients [4,9]. This
798 www.co-neurology.com
brings its own challenges, however, in terms of
meeting recruitment targets [29], and also does
not necessarily overcome pitfalls associated with
an ultimately imbalanced study design due to our
present inability to more accurately stratify patients
by SCI severity at the outset. Lastly, and perhaps
most crucially, both clinical examination and imag-
ing reflect the product of the initial trauma and any
additional spread of tissue damage (i.e. resultant
pathology), but not the drivers of injury progression
(i.e. underlying pathophysiology), and they will
therefore always be inescapably restricted in
prognostic utility.
EMERGING MOLECULAR BIOMARKERS
FOR STRATIFICATION AND PROGNOSIS
OF SPINAL CORD INJURY

There is growing awareness that the pathophysio-
logical changes induced by SCI itself may provide
rich and mostly untapped opportunities for assess-
ing injury severity and patient prognostication [30].
At the molecular level, pioneering work by Kwon
et al. demonstrated the predictive utility of several
proteins (these being either cytokines or intracellu-
lar proteins) in the cerebrospinal fluid (CSF) of SCI
patients as candidate biomarkers for detecting local
inflammation and tissue destruction at the lesion
site [9,31,32

&&

]. A significant number of other stud-
ies have also described links between nontraditional
biomarkers of injury and neurological recovery from
SCI, with varying strengths of association and clini-
cal utility (reviewed in detail in [9,33]). However,
none of these have as of yet been accepted and
incorporated into routine clinical practice [22]. A
contributing factor here may be the fact that their
prognostic ability is yet to be conclusively demon-
strated [22,34] (reviewed in [22]). In addition, there
are also impracticalities around inserting indwelling
intrathecal catheters and having to sample CSF very
acutely from unstable patients for baseline measure-
ments in early intervention trials where treatment
typically must be initiated within hours of injury
[35,36]; blood contamination may also be an issue.
In summary, although candidate CSF protein bio-
markers continue to be of interest and certainly hold
promise for predicting longer-term patient out-
comes [37,38], there is an ongoing pressing need
for biomarkers that are derived from routinely col-
lected data that can be easily incorporated into
clinical care protocols, particularly so during acute
SCI patient management.

Patient blood samples may provide a convenient
alternative to CSF here. Blood-spinal cord barrier
breach following traumatic injury to the cord means
that many biomarkers found in CSF are often also
Volume 34 � Number 6 � December 2021
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detectable in serum, albeit at a lower concentration.
It is important to note here that each ‘CSF-derived’
biomarker should be carefully considered, as not all
will translate in terms of their usefulness for SCI
diagnosis and/or prognosis when measured system-
ically. Specifically, protein biomarkers in the CSF
will better reflect local central nervous system (CNS)
sources and likely also be more informative about
evolving pathophysiological changes, including
metabolic alterations and inflammation [22,34,
39]. In the blood, the specificity and value of at
least some of these protein biomarkers may be
blurred, or lost even, in the systemic acute phase
response, that is, the generalised response of the
body to a traumatic injury, or contributions from
non-CNS sources. The same considerations apply to
nonprotein-based biomarkers such as cell-free DNA
[40] and microRNAs [41]. We would add that these
limitations, real or perceived, may also be time-
dependent, with emerging research suggesting that
cytokine measurements can be more useful during
the postacute phase [42]. The risk of confounding
peripheral responses can be easily mitigated, how-
ever, by focusing on nongeneric molecular biomark-
ers that have high CNS tissue specificity. Indeed,
intracellular proteins released from damaged CNS
neurons or glia tend to correlate better with injury
severity and outcomes following a major neurotrau-
matic event like SCI, with glial fibrillary acidic pro-
tein (GFAP), S100 calcium-binding protein B
(S100B), neurofilament-light (NfL), neuron-specific
enolase (NSE), tau and ubiquitin C-terminal hydro-
lase-L1 (UCH-L1) being amongst the most promis-
ing [43,44]. Irrespective of their potential, none are
currently measured as part of routine care; consid-
erations around the time it takes to run specialised
assays for these markers and analyse the data again
also factor into their practicality for prognostication
and patient selection in early intervention trials.
CIRCULATING LEUKOCYTES: AN
UNTAPPED SOURCE FOR SPINAL CORD
INJURY PROGNOSTICATION?

There is long-standing awareness that SCI (and
trauma in general) impacts on circulating white
blood cell (WBC) numbers and differentials. Any
potential use of such changes for SCI prognostica-
tion would be both practical and convenient as full
blood counts (FBCs) are fast, routinely conducted
upon patient admission, and often also measured
frequently during the first-week postinjury, at least
for critically ill patients. We recently conducted a
retrospective study to carefully examine the WBC
response to SCI, its relationship to lesion level,
overall trauma severity and patient outcomes, and
1350-7540 Copyright � 2021 The Author(s). Published by Wolters Kluwe
evaluated whether these associations may hold
value for prognostication [45

&&

]. Using both an
exploration and a validation cohort, we uncovered
a strong relationship between significantly elevated
neutrophil numbers in the blood of patients with an
acute traumatic SCI and the likelihood of little to no
functional improvement at hospital discharge, that
is, no AIS grade conversion compared to admission
data; the odds ratio for an unfavourable outcome in
association with acute neutrophilia remained signif-
icantly increased after adjusting for age, sex, overall
trauma severity, initial AIS grade and infectious
complications.

In contrast to neutrophils, circulating lympho-
cytes did not increase in number in response to
traumatic SCI. Rather, and consistent with previous
reports [46,47], they instead often fall to below their
normal clinical reference range during the first-week
postaccident [45

&&

]. Although traditionally consid-
ered a hallmark of SCI-immune depression syn-
drome (SCI-IDS) – a neurogenic condition of
immune compromise that can be experienced by
individuals with high-level SCI [47–49], we did not
find a lesion level dependency for early lymphope-
nia in this particular study. Intriguingly, however,
we did observe that patients presenting with an
isolated SCI and clinical lymphopenia during the
first 3 days postaccident were more likely to have a
substantial improvement in their neurological sta-
tus (i.e. AIS grade conversion) during their hospital
stay [45

&&

]. A further probing of lymphocyte sub-
types and function (vide infra) is now required to
better understand their putative contribution(s)
and/or causative involvement in intraspinal inflam-
mation, lesion site development and SCI-IDS.

Irrespective of these knowledge gaps, receiver-
operator characteristics and precision-recall analy-
ses confirmed that, when modelled appropriately,
both neutrophilia and lymphopenia can serve as
independent prognostic markers of long-term neu-
rological recovery in acute SCI [45

&&

]. These latter
findings are consistent with the reports of others
that increased neutrophil-to-lymphocyte ratios may
be predictive of poor neurological recovery after SCI
[50

&&

,51]. Possible use of blood products in acute
care may require some additional consideration
here, as transfusion-related leukocytosis can occur
in critically ill patients [52], although that also does
not necessarily confound the use of WBC differ-
entials as biomarkers for SCI prognostication. Lastly,
incorporating platelet counts and other blood
parameters may refine the value of models using
systemic WBC responses to predict SCI outcomes
[53

&

,54]. The next steps will be to prognostically
study WBC types of interest at much greater resolu-
tion, aiming to better appreciate their functional
r Health, Inc. www.co-neurology.com 799
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roles, capacity and predictive value in relation to
SCI recovery.

Propelled by modern omics, multidimensional
analysis and integrated bioinformatics approaches,
this work has already begun. Specifically, and taking
advantage of the fact that WBCs both sense and
rapidly response to damage-associated molecular
patterns (DAMPs), Kyritsis et al. analysed the tran-
scriptome of circulating WBC that were harvested
from SCI patients [50

&&

]. Unbiased gene expression
analysis indeed showed that patients with SCIs have
divergent gene expression profiles, not only from
healthy controls but also nonneurological trauma,
with nearly 200 differentially expressed genes; these
genes were also associated with SCI severity. Indeed,
extensive modelling and gene network analyses
showed that co-expression signatures of WBCs such
as natural killer cells, mast cells and granulocytes
could predict an AIS grade of A and D. Although
limited by sample size and an as of yet unknown
value of the identified transcriptional fingerprints
for predicting AIS grade conversion, this seminal
work highlights the enormous potential for reliable
and even more advanced prognostication in human
SCI patients via RNA-based blood biomarkers. It also
demonstrates how the unbiased analysis of such
large omics datasets can be both hypothesis-gener-
ating and used to uncover novel biomarkers. That
said, a drawback of modern ‘omics’ approaches is
that data analysis can be tedious and time-consum-
ing, making them again less suitable at present for
patient stratification and selection purposes in early
intervention trials. Nevertheless, these methods
extend significantly from those used in Jogia et al.
[45

&&

], in that they allow for a more global under-
standing of how WBCs respond to and/or are mod-
ulated by SCI.
TOWARDS BETTER DIAGNOSIS AND
PROGNOSIS FOR ACUTE SPINAL CORD
INJURY: THE ROAD AHEAD

Current clinical assessment methods for SCI diag-
nosis have limited predictive power to be of value for
prognostication, at least not in the context of early
intervention trials where individuals presenting
with virtually identical injuries can have very diver-
gent trajectories in terms of their natural recovery
[3,9,55

&

]. Going forward, a systematic framework for
the selection of valuable biomarkers and prognostic
tools is needed to maximally improve prediction
accuracy. Undoubtedly, this will require multivari-
ate considerations to account for SCI heterogeneity
and other patient-specific factors more generally
[19]; such approaches are now beginning to emerge
as discussed. Ideally, biomarkers for SCI severity and
800 www.co-neurology.com
prognosis would be (1) easily extractable from clini-
cal data, (2) reliable and routinely used across differ-
ent healthcare systems, and (3) sensitive to patient-
specific variables, including the consequences of
treatment, to allow for optimal translation. Our
own recent work [45

&&

] and that of independent
others [50

&&

] has widened the horizons of SCI bio-
marker research by demonstrating the utility of
WBC responses to SCI for the purpose of patient
stratification and prognosis. However, more work is
needed to better understand if and/or how general-
ised immune cell responses to tissue damage are
altered by SCI itself, quite possibly in a lesion level-
and severity-dependent manner [49]. The impor-
tance of this is highlighted by the findings of Pr€uss
et al. who showed that reversing acute SCI-induced
lymphopenia does not necessarily alleviate the
increased susceptibility to infections in this condi-
tion [47]. This observation is in agreement with our
own findings that, although limited by sample size,
lymphopenia itself was not associated with infectious
complications early after SCI [45

&&

]. How altered
immunity and infectious complications may ulti-
mately interfere with rehabilitation [6,7,56] remains
incompletely understood, but ongoing efforts involv-
ing deep immunophenotyping, gene expression pro-
filing and other assessments of WBC function will
likely provide answers to these outstanding questions.

Digging deeper into putative changes in WBC
function after SCI will also require careful consider-
ation of a range of extraneous factors. The gut micro-
biota has already received considerable attention
because of its immunomodulatory influence (for
review, see [57]). Indeed, analysis of faecal samples
from animals with SCI demonstrate SCI-associated
metabolic alterations, including changes in short-
chain fatty acids [58,59

&

]; manipulating these may
positively affect immune function after SCI [60,61].
Beyond the gut microbiota, hepatic inflammation
and associated metabolic changes following SCI
were recently also demonstrated to increase tissue
inflammation and secondary damage at the lesion
site [62,63]. On the topic of metabolic (dys)regula-
tion, the importance of immunometabolism needs
to be recognised and explored [64], with inflamma-
tory processes dictating the energetic and substrate
needs of WBCs [65]. Immunometabolism is a rela-
tively untapped concept in neurotrauma that may
yield additional intrinsic and functionally relevant
biomarkers that could also be manipulatable to
improve patient outcomes.

Ultimately, the future of SCI prognostication
lies in the development of highly sensitive bio-
marker panels that can provide a detailed general
assessment of injury severity and temporal evolu-
tion of the lesion site, and also help facilitate
Volume 34 � Number 6 � December 2021
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Immunological biomarkers
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Flow cytometry
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GFAP, S100β, NfL, NSE, tau, UCH-L1

Neurological Examination

Imaging biomarkers
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Biomarker integration for rapid, accurate and pragmatic prognosis

FIGURE 1. Complementing systemic biomarkers integrate neurogenic and nonneurogenic pathophysiology as well as
individual premorbid patient characteristics. Diagram showing proposed multidimensional integration of clinical data (e.g.
neurological examination, imaging and full blood counts) with emerging molecular biomarkers in the blood and/or CSF, to
allow for better diagnosis of SCI severity and prediction of outcomes. For simplicity, only select immunological and structural
biomarkers are shown; other promising molecular candidates are referred to in the main text. CSF, cerebrospinal fluid; SCI,
spinal cord injury.
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selection of the right treatment option(s) as part of
personalised medicine approaches to acute SCI.
We envisage that immunological biomarkers will
be used and integrated here with structural bio-
markers of tissue damage (DAMPs), along with
quantitative imaging methods that are in the pipe-
line for eventual clinical use [26,33,66,67], yield-
ing an all-encompassing and empirically tested
panel that can account for the complexity of SCI
pathophysiology and patient heterogeneity (Fig. 1).
Ultimately, and complementary to markers of struc-
tural damage (proxy for the ‘lesion affected net-
work’), genetic biomarkers may also need to be
included to characterize the individual capacity
to respond to an injury of the CNS. Genetic dispo-
sition can determine the capacity to form new
neuroaxonal connections, and for these to be
integrated into a ‘recovery related network’. A
key modification known thus far affects the
brain-derived neurotrophic factor (BDNF) gene, a
well-known denominator of activity-dependent
1350-7540 Copyright � 2021 The Author(s). Published by Wolters Kluwe
neuroplasticity. Early work suggests that modifica-
tions of BDNF (val66 polymorphism) are associated
with restricted plasticity and worsened outcomes in
SCI, a finding corroborated by observations in other
acute CNS injury paradigms [68–70]. Another
example relates to the apolipoprotein E polymor-
phism (ApoE), with subjects carrying the ApoE 4
allele having blunted recovery profiles as well [71].

Lastly, most emerging biomarkers presently
require specialised research service, and data analy-
sis can be both costly and prohibitively time con-
suming, hampering their acceptance and
integration into routine clinical laboratory opera-
tions. Yet, if not adopted into routine prognostica-
tion, we posit that many future SCI trials may fail,
not necessarily because of weaknesses in the preclin-
ical data, but rather due to the inherent heteroge-
neity of SCI, our current inability to stratify patients
accordingly, and to accurately predict what level of
spontaneous recovery they are likely to experience.
For these reasons, the design of early intervention
r Health, Inc. www.co-neurology.com 801
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trials in acute SCI may need to be reconsidered,
given that the required level of informed decision-
making around patient selection may simply not be
feasible or practical due to time constraints. Ran-
domised controlled trials remain the gold standard
in evidence-based medicine, but the adoption of
studies with a nested case-control design where
each test subject is matched to a selection of study
controls, i.e., those with very similar individual
characteristics based on a comprehensive panel of
biomarkers, may overcome some of the issues that
currently hamper early intervention trials because of
prognostic uncertainty. Alternatively, suitable con-
trol subjects could be randomly selected from pro-
spective, purposely build registries with associated
specimen biobanks (cohort study design). In both
instances, the risk of bias could be reduced by
matching test and control subjects without knowl-
edge of the (final) outcome measures.
CONCLUSION

Irrespective of what the future holds for clinical trial
design in acute SCI, it is without question that there
is pressing need for improved prognosis of patient
outcomes. The fast-moving multidisciplinary fields
of cellular, molecular and neuroimaging biomarker
research will likely address this need, providing
clarity on the effectiveness of experimental treat-
ments, and also what interventions should be pur-
sued by treating teams and their patients for optimal
rehabilitation and enhanced quality of life.
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