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Abstract

There is an urgent need for both the scientific development and clinical validation of novel therapies for acute
spinal cord injury (SCI). The scientific development of novel therapies would be facilitated by a better under-
standing of the acute pathophysiology of human SCI. Clinical validation of such therapies would be facilitated
by the availability of biomarkers with which to stratify injury severity and predict neurological recovery.
Cerebrospinal fluid (CSF) samples were obtained over a period of 72 h in 27 patients with complete SCI (ASIA A)
or incomplete SCI (ASIA B or C). Cytokines were measured in CSF and serum samples using a multiplex
cytokine array system and standard enzyme-linked immunosorbent assay (ELISA) techniques. Neurological
recovery was monitored, and patient-reported neuropathic pain was documented. IL-6, IL-8, MCP-1, tau, S1004,
and glial fibrillary acidic protein (GFAP) were elevated in a severity-dependent fashion. A biochemical model
was established using S100f, GFAP, and IL-8 to predict injury severity (ASIA A, B, or C). Using these protein
concentrations at 24-h post injury, the model accurately predicted the observed ASIA grade in 89% of patients.
Furthermore, segmental motor recovery at 6 months post injury was better predicted by these CSF proteins than
with the patients” baseline ASIA grade. The pattern of expression over the first 3 to 4 days post injury of a
number of inflammatory cytokines such as IL-6, IL-8, and MCP-1 provides invaluable information about the
pathophysiology of human SCI. A prediction model that could use such biological data to stratify injury severity
and predict neurological outcome may be extremely useful for facilitating the clinical validation of novel
treatments in acute human SCL
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Introduction fortunately, while a handful of these therapies have emerged
from the laboratory to be tested in humans, none have suc-

ACH YEAR, MORE THAN 10,000 INDIVIDUALS in North ceeded in demonstrating convincing neurological benefit in

America and many thousands more around the globe are
paralyzed after sustaining an acute spinal cord injury (SCI),
leaving them to endure one of the most physically and psy-
chologically devastating of injuries known to mankind.
More than four decades of passionate research in this field
have generated numerous therapeutic interventions that
have shown promise in animal models of cord injury. Un-

large-scale clinical trials (Fehlings and Baptiste, 2005; Lam-
mertse, 2004; Ramer et al., 2000). Without any effective
treatments to offer patients who suffer this catastrophic in-
jury, an urgent need obviously exists for not just the scientific
development of novel therapeutic interventions, but also the
subsequent clinical validation of these treatments in human
clinical trials.
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Both of these urgent needs, however, are met with signifi-
cant challenges. First, the scientific pre-clinical development
of new therapies for SCI is almost entirely dependent on the
use of rodent and murine models of cord injury. Such thera-
pies aim to influence specific aspects of spinal-cord physi-
ology and/or injury pathophysiology, such as post-traumatic
neuro-inflammation, in order to improve neurological out-
come. It is assumed that many of these biological and physi-
ological aspects will be comparable between the commonly
utilized animal models and the injured human spinal cord.
However, the fact that no treatment to date has demonstrated
convincing neurological efficacy in human clinical trials, de-
spite showing some positive effects in animal models of cord
injury, highlights the possibility that important biological
differences exist between the two. Given the plethora of ani-
mal studies on the biology and pathophysiology of acute
spinal cord injury and the paucity of comparable investigation
in human patients, a strong translational rationale exists to
study the latter in order to discern similarities and differences
with animal models that are potentially important for the
clinical applicability of novel experimental treatments.

Second, while it is a significant achievement for a novel ex-
perimental therapy to take the “translational leap” from bench
to bedside and enter into a human SCI trial, the subsequent
process of clinical validation to establish neurological efficacy is
exceedingly difficult (Tator, 2006), a point often overlooked by
scientists and clinicians alike. This difficulty is illustrated by the
15 years it took to evaluate the now-abandoned drug Sygen
(GM-1 ganglioside), which began its clinical evaluation in 1986
(Geisler et al., 1991) and ended it in 2001 with the publication of
the monumental — yet negative — 760-patient Phase 3 ran-
domized clinical trial (Geisler et al., 2001b). A major impedi-
ment to the clinical validation of such drugs is the singular
dependence upon functional neurological measures to classify
the severity of neurological injury in SCI patients who are po-
tential candidates for clinical trials. The American Spinal Injury
Association (ASIA) grading system is universally used to
classify injury severity (American Spinal Injury Association/
International Medical Society of Paraplegia, 2000), and is
currently the most accurate prognosticator of a patient’s neu-
rological outcome (Burns and Ditunno, 2001; Marino et al.,
1999). The functional nature of this classification, however,
makes it impossible to establish accurately in patients with
concomitant head injuries, multi-system trauma, or drug in-
toxication (Burns et al., 2003). Without the ability to establish a
baseline injury severity, these patients are ineligible for acute
SCI clinical trials, severely limiting the pool of “recruitable”
patients for such studies. Furthermore, even amongst patients
with the same baseline ASIA grade, the extent of spontaneous
neurological recovery is extremely variable (Fawcett et al.,
2007). This imprecision with which the functional ASIA grad-
ing predicts eventual neurological outcome forces investigators
to spend years enrolling large numbers of patients to achieve
adequate statistical power (as witnessed in the Sygen Phase 3
trial). This fact combined with the low “recruitability” of these
patients because of factors that preclude the establishment of a
baseline injury severity pose enormous problems for the clini-
cal validation of novel therapies. With promising new experi-
mental treatments being reported on an almost weekly basis
from laboratories around the world, the inability to validate
them efficiently clinically will be a stifling bottleneck to the SCI
community. Clearly, a new approach is needed.
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In this study, we enrolled acute SCI patients into a clinical
trial in which lumbar intrathecal catheters were inserted prior
to surgery, and cerebrospinal fluid (CSF) samples were ob-
tained over a period of approximately 72 h. In these samples,
we measured the concentration of a series of inflammatory
cytokines and neural tissue markers to describe the temporal
expression of proteins that influence the regulation of the
post-traumatic neuroinflammatory response. This neuro-
inflammation is thought to be one of the most important
mediators of secondary damage after SCI (Jones et al., 2005;
Trivedi et al., 2006), and it is therefore quite likely that any
therapy administered in the acute SCI setting will either in-
fluence or be influenced by inflammation — a notion sup-
ported by laboratory studies of pharmacological agents
(Gorio et al., 2005), growth factors (Bouhy et al., 2006), gene
therapy vectors (Abdellatif et al., 2006), and cell transplants
(Pearse et al., 2004; J. Yan et al., 2004). Characterizing these
aspects of the inflammatory response therefore has substan-
tial rationale as a therapeutic strategy, both for identifying
targets of intervention and for determining factors that will
influence the success (or failure) of experimental treatments
(Demjen et al., 2004; Genovese et al., 2006; Ghirnikar et al.,
2001; Gonzalez et al., 2003; Lacroix et al., 2002). Doing this in
animal models is facilitated by the ability to harvest the spinal
cord and directly study it. Obtaining samples of cord tissue to
perform such molecular, biochemical, and histological in-
vestigations is obviously not possible in live human patients
for risk of inducing further damage, and hence, the most
representative tissue available for human study is the CSF
that bathes the spinal cord. Animal studies that have mea-
sured cytokine concentrations in the cord, CSF, and serum
after SCI have established the utility of using CSF as a bio-
logical representation of what is occurring within the spinal
cord (Harrington et al., 2005; Wang et al., 1997).

In addition to our interest in describing the temporal pat-
tern of expression of various inflammatory cytokines after
acute human SCI, we sought to establish whether these in-
flammatory proteins could be used as biological markers of
injury severity. We also evaluated structural proteins such as
tau, S100f, and glial fibrillary acidic protein (GFAP) that have
been previously assessed as potential biomarkers in other
human neurological disorders but have not been investigated
extensively in human SCI (Pouw et al., 2009). Such markers
could potentially be used to stratify patients more precisely
upon enrolment into clinical trials of novel therapies, and thus
reduce the number of patients required to achieve adequate
statistical power. The ability to measure such biological
markers without requiring the patient to be able to provide a
valid functional assessment could greatly enhance patient
recruitment in clinical trials of acute SCL

Methods
Spinal cord injury patient enroliment

Patients sustaining an acute SCI were recruited at a single
Level 1 regional trauma institution by one of six fellowship-
trained spinal surgeons, from March 2006 to March 2008. In-
clusion criteria for this prospective trial included: ASIA grade
A (motor and sensory complete paralysis) or B (motor com-
plete, sensory incomplete paralysis) and C (incomplete motor
and sensory paralysis) SCI upon presentation; spinal injury
between C3 and T11 inclusive; within 48 h of injury; the ability



CSF BIOMARKERS OF INJURY SEVERITY AFTER HUMAN SCI

to provide a valid, reliable neurological examination. Patients
were excluded if they had concomitant head injuries, con-
comitant major trauma to the chest, pelvis, or extremities that
required invasive intervention (e.g., chest tube, internal or
external fixation), or if they were too sedated or intoxicated to
provide a valid neurological examination.

The clinical trial protocol was granted approval from both
the university human ethics committee and the hospital
clinical trials administrative body, and was registered with
the US National Institutes of Health (ClinicalTrials.gov iden-
tifier NCT00135278). The clinical trial randomized patients to
one of two groups: either receiving “CSF drainage” through
their intrathecal catheter, in an effort to reduce intrathecal
pressure, or “no CSF drainage”. The drains were inserted (and
the first CSF sample obtained) pre-operatively, and irrespec-
tive of randomization, the actual drainage was not initi-
ated until after the patient was awake and neurologically
examinable post-operatively. The initial CSF samples were
therefore generally drawn before CSF drainage was even
instituted, and so for the purpose of this analysis, we evalu-
ated all of the patients as a single cohort. Furthermore, we
discovered that, in the end, very little CSF was actually
drained (due to restrictions in the protocol that mandated that
CSF drainage only occur when the patients were examinable),
and hence, the intrathecal pressures of the patients random-
ized to “CSF drainage” were essentially identical to that of the
patients randomized to “no CSF drainage” (Kwon et al., 2009).
This further justified the evaluation of all of the patients as a
single cohort.

Nonspinal cord injury patient enroliment
as “noninjured controls”

To interpret the CSF concentrations of the proteins of in-
terest in our SCI patients, we enroled “non-injured” control
individuals from whom we obtained consent to acquire CSF.
We enroled individuals with hip or knee osteoarthritis who
were undergoing hip or knee replacements under spinal an-
aesthesia, or individuals with lumbar disc herniations or ste-
nosis who were undergoing open laminectomies. For the
individuals undergoing hip and knee replacements under
spinal anaesthesia, the anesthesiologist punctured the dura
with a spinal needle, a 1.0-1.5mL sample of CSF was col-
lected, and then the anaesthetic agent was injected. For the
individuals undergoing lumbar spine surgery, after the la-
minectomy-decompression and/or fusion was completed and
the thecal sac exposed, a spinal needle was used to puncture
the dura for CSF collection.

Intrathecal catheter insertion and cerebrospinal
fluid collection

Prior to their spinal decompression/stabilization surgery,
patients were log-rolled into the lateral position under the
supervision of the spinal surgeon who maintained the cervical
and thoracolumbar spine in neutral alignment during the
placement of the catheter. Using a strict aseptic technique, a
lumbar puncture was performed at L2/3 or L3/4, and a
3—-4 mL sample of CSF was collected. Following this, an intra-
thecal catheter (PERIFIX® Custom Epidural Anesthesia Kit; B.
Braun Medical Inc., Bethlehem, PA) was inserted and ad-
vanced 15-20 cm from the entry point on the skin surface. The
catheters remained in place for approximately 72 h.
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Post-operatively, CSF samples of 3-4 mL were drawn from
the catheter using a strict sterile technique every 6 to 8h (dis-
carding the first 1mL of CSF aspirated from the line). The
sample was divided into 500 ul aliquots, centrifuged at 1000 rcf
for 10 min, and the supernatant then immediately frozen in an
ethanol/dry-ice bath and stored at — 80°C. At the same time as
the CSF sample was obtained, a 5-6 mL sample of blood was
also drawn. The blood was left to clot at room temperature for
15min and then centrifuged at 10,000 rcf for 5min, and the
supernatant frozen in ethanol/dry ice, and stored at — 80°C.

Biochemical analysis

The human CSF and blood were analyzed on a Bio-Plex
system (Bio-Rad, Hercules, CA) using a 25-plex human cy-
tokine kit that included: TNF-o, TNF-R1, IL-1f, IL-2, IL-2R,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-13, IL-15, IL-17,
IP-10, MCP-1, IEN-«, IFN-y, eotaxin, GM-CSF, MIG, MIP-1«,
MIP-1, and RANTES (Cytokine human 25-plex panel cata-
logue number LHC-0009; Invitrogen, Carlsbad, CA). We
added to this kit the cytokine IL-16, and also the following
growth factors: BDNF, FGF-basic, GDNF, and VEGF (BDNF
human singleplex, catalogue number LHC-7071, FGF-basic
human singleplex, catalogue number LHG-0021, GDNF hu-
man singleplex, catalogue number LHC-7041; VEGF human
singleplex, catalogue number LHG-0111; Invitrogen). We also
performed standard enzyme-linked immunosorbent assays
(ELISAs) on tau (Tau [Total] Human ELISA Kit, catalogue
number KHB0042; Invitrogen), S1008, and GFAP (51005
Human ELISA, Glial Fibrillary Acidic Protein Human ELISA,
catalog numbers RD192090100R and RD192072200R; Bio-
vendor, Modrice, Czech Republic). Due to the inability to
detect IL-1$ and TNF-o with the multiplex bead technology,
we also tested CSF samples taken early post injury (<30h) on
the Meso Scale Discovery® platform (MA2400 Human IL-1f
Ultra-Sensitive Kit, catalogue number K151AGC-1, MA2400
Human TNF-alpha Ultra-Sensitive Kit, catalogue number
K151BHC-1; Meso Scale Discovery, Gaithersburg, MD).

Functional analysis

The severity of neurological impairment was graded ac-
cording to the ASIA standards of neurological testing, with
motor scores recorded separately in the upper and lower ex-
tremities. All baseline testing and the assigning of the baseline
ASIA grade (A, B, or C) were conducted by one of three study
nurses to confirm the initial examination of the patients. ASIA
motor assessments were conducted at 3, 6, and 12 months
post injury. To assess neuropathic pain, a structured ques-
tionnaire was administered, in which patients reported on an
11-point numerical rating scale the presence and severity of
sensations characteristic of neuropathic pain (Sawatzky et al.,
2008). These included “dysesthetic” (numb, tingly, pins and
needles, prickly), “paroxysmal” (stabbing, shooting, electric),
and “other” (sensitive, achy, sharp) pain sensations (Bennett
et al., 2007). The patients also reported on a scale of 0 to 10
their pain intensity, pain intolerability, pain interference with
functioning, and confidence/satisfaction with pain manage-
ment. Baseline pain assessments were performed within the
first 6 weeks post injury when the patients were out of the ICU
setting and could reasonably provide responses to the ques-
tionnaire, while follow-up pain assessments were performed
at least 6 months post injury.
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Statistical analysis

The CSF sample taken at around 24 h post injury was used
to explore the potential of using the cytokine and protein
concentrations as a method of classifying injury severity.
Ordinal logistic regression was conducted on the cytokine
concentrations, and then a backward selection procedure was
carried out on bootstrap samples of the original data, using all
of the cytokines and structural proteins measurable in the
CSF. This bootstrap method produced a ranking of the im-
portance of each measurable cytokine/protein as a predictor
of injury severity (Austin and Tu, 2004). Then a series of
prediction models were generated by combining each of the
predictors sequentially in the order of their ranking, and the
corresponding Akaike Information Criteria (AIC) was calcu-
lated. The constituents of the “final” prediction model were
chosen based on the combination with the lowest AIC. Fi-
nally, the concentrations observed in each individual patient’s
CSF at 24 h post injury were input into the model to generate
the “predicted” ASIA impairment grade (A, B, or C), based on
the biochemical information. This was then compared against

KWON ET AL.

the observed ASIA impairment grade to determine the
model’s accuracy at predicting the “true” injury severity of the
patient. The c-index (a predictability measurement analogous
to the area under the curve [AUC] in a receiver operating
characteristics [ROC] analysis for binary outcomes) was then
calculated. Similar modeling was performed to predict motor
recovery in the upper extremities in patients with cervical
cord injury (i.e., “segmental” or “local” motor recovery). (See
Appendix A, Supplemental Data, for details of statistical
modeling for predicting ASIA grade and segmental motor
recovery.)

To assess the relationship between the inflammatory cy-
tokines and neuropathic pain, Pearson correlation coefficients
(SCC) were calculated between the 24-h concentrations of
each cytokine and the baseline and final follow-up patient-
reported pain scores.

Results

A total of 27 acute SCI patients were prospectively enrolled
(Table 1), and CSF samples were acquired over a period of

TABLE 1. PATIENT DEMOGRAPHICS AND BASELINE NEUROLOGICAL STATUS

ASIA
ID Mechanism of injury Spinal injury Age Sex grade Level
1 Blow to head C5 burst fracture 29 M C Cervical
2 Fall from ladder C5/6 fracture-dislocation 34 M B Cervical
3 MVA T3 burst fracture 47 M B Thoracic
4 MVA C6/7 fracture-dislocation 42 M B Cervical
5 Mountain biking C5/6 hyperflexion 64 F C Cervical
with spondylosis
6 Fall from standing C4/5 hyperextension 66 M C Cervical
height with laminar fracture
7 Fall from ladder C6/7 fracture-dislocation 46 F A Cervical
8 MVA T8/T9 fracture dislocation 37 M B Thoracic
9 MVA C6/7 fracture-dislocation 33 M A Cervical
10 Diving C4/5 fracture dislocation 37 M A Cervical
11 Fall from moving car ~ T9 & T10 burst fractures 55 F B Thoracic
12 MVA C5/6 fracture dislocation 50 F A Cervical
13 Mountain biking T3/4 fracture dislocation 40 M A Thoracic
14 MVA (head-on C6 teardrop fracture 23 M A Cervical
collision)
15 Blow to head C6/7 bilateral facet 23 M A Cervical
(work-related) dislocation
16 MVA (rollover) T9 burst fracture 31 F A Thoracic
17 Fall down stairs C5/6 fracture dislocation 45 F A Cervical
18 Fall off balcony C5 burst fracture 46 F A Cervical
19 MVA (rollover) C5/6 fracture dislocation 30 M A Cervical
20 Fall from ladder C5/6 facet subluxation 60 M B Cervical
with spondylosis
21 Bicycle accident C5 burst fracture 46 M C Cervical
22 MVA (rollover) C6/7 fracture dislocation 30 M A Cervical
23 Mountain biking C5/6 fracture dislocation 28 M A Cervical
24 MVA C6/7 bilateral facet 20 M B Cervical
dislocation
25 Fall from roof T4-T5 fracture dislocation 46 F A Thoracic
26 Mountain biking C4/5 hyperextension 39 M C Cervical
with no fracture
27 MVA C5/6 flexion-distraction 54 M C Cervical
Totals 40.84+2.4 years 19 male 14A,7 B, 21 cervical

8 female 6 C 6 thoracic

MVA, motor vehicle accident.
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FIG. 1. Time course of expression of cytokines and neural tissue proteins within the cerebrospinal fluid (CSF) after human
spinal cord injury (SCI). The concentrations of these proteins within the CSF are plotted over time according to the baseline
spinal cord injury severity of the patients (ASIA A, B, or C). The color figure legend at the bottom applies to all graphs. The
blue inset within each graph is the CSF concentration in 12 non-SCI, control individuals who underwent lumbar puncture for
spinal anesthesia prior to hip/knee replacement surgery, or intra-operatively during lumbar decompression/fusion surgeries.
The range (minimum and maximum CSF concentration) for the non-SCI control individuals is noted in parentheses within
each blue inset. For IL-6 and IL-16, all non-SCI controls had concentrations “below detectable limits,” which were 4 pg/mL for
IL-6 and 33 pg/mL for IL-16. Note that because of the very low concentrations in the non-SCI control individuals, the units of
measure in the blue inset are an order of magnitude less than on the y axis for IL-6, IL-8, MCP-1, tau, and glial fibrillary acidic

protein (GFAP). Color image is available online at www liebertonline.com/neu.

72 h. Importantly, careful monitoring of the patients during
these 72 h revealed no device-related adverse events such as
nausea/vomiting (related to CSF leakage), meningitis, or
neurological deterioration. CSF samples were also obtained
via a single lumbar puncture from 12 non-SCI patients whose
CSF served as the “normal” uninjured controls.

Biochemical analysis of cerebrospinal fluid

The analysis of the CSF samples revealed that IL-6, IL-8, IP-
10, MCP-1, IL-16, TNF-R1, tau, S100f3, and GFAP were present
in measurable concentrations. Plotting the raw protein con-
centrations (mean + SEM) according to the baseline severity
of paralysis (ASIA A, B, or C) that was documented at the time
of patient presentation revealed a severity-dependent ex-
pression of IL-6, IL-8, MCP-1, tau, S100f, and GFAP early in
the post-injury period (Fig. 1). In general, the concentrations

of these proteins were highest during the first 24 to 36 h, and
then decreased to low levels by 72h post injury. In the non-
SCI control patients, the concentrations of these six proteins
were very low, and in many cases below detectable limits
(Fig. 1). The remaining cytokines and growth factors that were
included on the Multiplex kit were not expressed at measur-
able levels in the CSF at any time point.

Many of the cytokines and all of the growth factors that
were included in our multiplex analysis were not expressed at
measurable levels at any time point. These included IL-1, IL-
2, IL-4, IL-5, IL-7, IL-10, IL-12p40, IL-13, IL-15, IL-16, IL-17,
IFN-o, IFN-p, eotaxin, GM-CSF, MIG, MIP-1a, MIP-1p,
RANTES, TNF-o, IL-2R, BDNF, FGF-basic, GDNF, and VEGF.
The observation that both IL-18 and TNF-o« were below de-
tection levels with the multiplex bead assay (approximately
1.5 pg/mL and 0.25 pg/mL respectively) was somewhat sur-
prising to us, given their reported importance in the early
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FIG. 2. Cerebrospinal fluid (CSF) concentrations of IL-6, IL-

8, MCP-1, tau, S1008. and glial fibrillary acidic protein
(GFAP) are increased according to injury severity at 24 h post
injury. Plotting the concentrations of IL-6, IL-8, MCP-1, tau,
51008, and GFAP from the CSF sample around 24h post
injury (a time point that would be clinically feasible to ob-
tain such a sample in future patients) revealed substantial
differences between patients with ASIA A, B, or C injury
severities. This figure simply illustrates the injury-severity-
dependent pattern of expression for these proteins. While
statistically significant differences are indicated (*), the sta-
tistical modeling approach to classifying injury severity uti-
lizes a combination of different proteins, and therefore is not
dependent upon the significant differences within ASIA
impairment grades for a single cytokine/protein (*p <0.05,
Wilcoxon signed-rank test). Color image is available online at
www liebertonline.com /neu.

neuroinflammatory response to injury. We repeated this
analysis on samples drawn within 36 h of injury utilizing the
Meso Scale technology, which has greater sensitivity for both
IL-1 and TNF-o than the Multiplex technology, and again
were unable to detect these two pro-inflammatory cytokines.

Classifying injury severity with cerebrospinal
fluid proteins

The raw cytokine data at 24h post injury revealed that
substantial differences existed between the ASIA A, B, and C
patients for IL-6, IL-8, MCP-1, tau, S100$, and GFAP (Fig. 2). A
comparison between the CSF and serum concentrations of
these proteins at 24h post injury revealed that the CSF con-
centrations were at least 10 times greater than in serum; in
ASIA A patients in particular, the CSF levels were often orders
of magnitude greater than in serum (Fig. 3). While significant
differences were noted for individual cytokines/proteins in the
24-h post-injury CSF sample between ASIA A, B, and C pa-
tients (Fig. 2), we explored the potential of combining these CSF
markers to create a prediction model that would be stronger at
predicting the baseline severity of neurological deficit. Ordinal
logistic regression was applied to CSF concentrations of IL-6,
IL-8, MCP-1, tau, 5100, and GFAP from the 24-h post-injury
sample, and a backward step-wise predictor selection was re-
peated 1000 times (“bootstrapping”) to identify those proteins
that most frequently predicted injury severity. These were
51008, GFAP, and IL-8, which were then included in the final
prediction model. By adding the actual concentrations of these
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proteins from the 24-h post-injury sample into the model, a
“predicted” ASIA impairment grade (A, B, or C) was gener-
ated, and this was compared against the “observed” ASIA
impairment grade. The biochemical prediction model accu-
rately classified the patients” ASIA impairment grade in 24 out
of 27 cases (88.9%; Table 2). The c-index of this model was 0.987
(with a model no better than sheer chance having a c-index of
0.5, and a perfect test having a c-index of 1.0).

Recognizing that the performance of this prediction model
is enhanced by the fact that the model itself was derived from
the data that is then used to assess its accuracy at predicting
ASIA impairment grade, we performed a 2:1 “internal as-
sessment” by establishing the model on the first 18 patients
(the “derivation cohort”), and then testing it on the last nine
patients (the “validation cohort”). The model correctly clas-
sified the observed ASIA impairment (A, B, or C) in seven of
nine patients (for an accuracy rate of 78%). We additionally
generated 1000 bootstrap samples of a nine-patient “valida-
tion” data set and tested the prediction model on this data set
to establish the variability with which the model accurately
classified injury severity. In the 1000 bootstrap samples, the
accuracy rate was 77%, with a 95% CI of 0.44 to 1.00. (Fig. 4)

Predicting neurological recovery
with cerebrospinal fluid proteins

It is well established that the baseline severity of neuro-
logical impairment after SCI is the most important determi-
nant of eventual neurological recovery. It is therefore
reasonable to expect that a valid biomarker of injury severity
would also be able to predict neurological recovery. Con-
ceptually, the extent of motor recovery immediately around
the injury site (termed “local” or “segmental” recovery) is the
most representative of the extent of local damage, but because
this is not measurable in thoracic SCI patients, this analysis of
segmental recovery is limited to cervical SCI patients. Like the
prediction model for classifying the ASIA grade, bootstrap
modeling was done to generate a model to predict the extent
of segmental upper-extremity motor recovery at 6 months
post injury using S100f, GFAP, and IL-8. The 6-month post-
injury time point has been shown to be the time at which
segmental recovery in tetraplegics plateaus (Waters et al.,
1993, 1994), and it has been used as the endpoint for neuro-
protective trials because, beyond that, other factors unrelated
to the initial injury likely influence motor function (e.g.,
community physiotherapy resources). Given these consider-
ations, we compared our cytokine prediction model to how
well the standard clinical classification of ASIA grade (ASIA
A, B, or C) predicted local motor recovery at 6 months post
injury. We found that our biochemical prediction model was
comparable (if not marginally better) than the current clinical
ASIA grading scale at predicting the extent of local motor
recovery at 6 months post injury (accuracy of 70% vs. 65% for
the biomarkers vs. the functional ASIA grade, with a c-index
of 0.867 and 0.773 respectively; Table 3).

Correlation between inflammatory cytokines
and neuropathic pain

Neuropathic pain is a common and often intractable
problem for acute and chronic SCI patients (Siddall et al.,
1999, 2003). While substantial evidence from animal models
of SCI points to the post-traumatic neuro-inflammatory
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FIG. 3. Cerebrospinal fluid (CSF) concentrations of IL-6, IL-8, MCP-1, tau, S1008, and glial fibrillary acidic protein (GFAP)
far exceed serum concentrations. Blood samples were drawn at the same time as CSF samples to compare CSF and serum
concentrations. Here, the ratio between CSF and serum concentrations of IL-6, IL-8, MCP-1, tau, 5100, and GFAP at 24 h post
injury are plotted on a logarithmic scale to illustrate that the CSF concentrations represent a CNS-specific process. Even in the
least severely injured ASIA C patients, the CSF concentrations are at least 10 times that of the serum. Color image is available

online at www liebertonline.com/neu.

response as an important contributor to the genesis of neu-
ropathic pain (Moalem and Tracey, 2006), the pathophysi-
ology in human patients is poorly understood. Elucidating the
mechanisms by which such pain is initiated is a matter of great
interest, as it may lead to better treatments for an often in-
tractable problem for these patients (Burchiel and Hsu, 2001;
Siddall and Middleton, 2006). The patients reported the in-
tensity of their pain and the interference of their pain with
their function, and were asked to report specifically the extent

TABLE 2. BlocHEMICAL MODEL FOR PREDICTING ASIA
IMPAIRMENT GRADE WITH CEREBROSPINAL FLUID (CSF)
LeveLs or S100f, GFAP, anD IL-8 AT 24 H PosT INJURY

Predicted ASIA grade
A B C Total
Observed ASIA grade A 14 0 0 14
B 1 5 1 7
C 0 1 5 6
Total 15 6 6 27

GFAP, glial fibrillary acidic protein.

The biochemical model that utilizes the patient’s CSF levels of
5100p, GFAP, and IL-8 at 24h post injury correctly classifies the
patient’s baseline ASIA impairment grade with an accuracy of 89%
[(14+5+5)/27 =88.9%]. The prediction model has a c-index of
0.987.
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FIG. 4. Validation of biochemical model for predicting
baseline ASIA grade. To assess how well the biochemical
model based on the first 18 “derivation” patients would
perform on an independent sample of nine “validation” pa-
tients, 1000 bootstrap samples of a nine-patient validation
data set were generated. The accuracy rate for predicting
injury severity in these 1000 samples was 77%, with a 95% CI
of 0.44 to 1.00.
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TABLE 3. PREDICTION OF UPPER-EXTREMITY MOTOR RECOVERY WITH EITHER THE 24-H POST-INJURY CEREBROSPINAL
FLuip CoNcENTRATIONS OF S100f, GFAP, AND IL-8, orR THE INITIAL ASIA GRADE OF THE PATIENT

Predicted upper-extremity motor recovery at 6 months post injury(ASIA motor points)

Biomarker model

(utilizing S100p, GFAP, IL-8)

Functional model
(utilizing patients’ observed ASIA grade)®

Observed upper-extremity <5 points ~ 5-10 points ~ >10 points  Total ~ <5 points ~ 5-10 points <10 points  Total
motor recovery (ASIA
motor points)
<5 points 7 0 1 8 7 0 1 8
5-10 points 2 0 2 4 1 0 3 4
>10 points 1 0 7 8 2 0 6 8
Total 10 0 10 20 10 0 10 20

*Accuracy rate: 14/20 =70%,; c-index = 0.867. bAccuracy rate: 13/20 =65%; c-index=0.773. GFAP, glial fibrillary acidic protein.

Segmental motor recovery in the upper extremity at 6 months post injury (as measured by ASIA motor points) was predicted with either
the concentration of 5100, GFAP, and IL-8 in the 24-h post-injury CSF samples or the initial ASIA grade. The biochemical model was
comparable to the initial ASIA grade at predicting segmental motor recovery, with a slightly higher c-index.

of such characteristic neuropathic symptoms as “stabbing/
shooting/electric sensations, and “tingling/numbness/pins
andneedles” sensations. We were particularly interested in
patients with cervical SCI, in which “at level” neuropathic
pain extends down into their upper extremities. None of the
CSF inflammatory cytokines or structural markers that dem-
onstrated severity-dependent patterns of expression (i.e., IL-6,
IL-8, MCP-1, tau, S1008, or GFAP) were found to be positively
correlated with neuropathic pain sensations at baseline test-
ing (25.0 £4.6 days post injury). However, a strong positive
association was observed between TNF-R1 levels in the CSF at
the 24-h post-injury time point and all descriptors of neuro-
pathic pain (Table 4). At a later follow up (211.8 +34.6 days
post injury), there were no signficant associations between
any of the CSF proteins and the patients’ self-reported symp-
toms of neuropathic pain.

Cellular analysis of cerebrospinal fluid

Hemocytometer counts were performed on daily samples
of CSF, providing a unique description of the temporal change
in both erythrocytes and leukocytes within the CSF after
human SCI (Fig. 5). In the first 24 to 48 h post injury, there were
significant numbers of erythrocytes present in the CSF, par-
ticularly in the ASIA A and to a lesser extent the ASIA B
patients, indicating that the most severe injuries are associated
with the greatest extent of bleeding within the intrathecal
space (Fig. 5A). Large numbers of leukocytes were also
present, also most notably in the ASIA A patients (Fig. 5B). A
strong relationship between CSF red and white blood cells
indicates that, for the most part, the presence of leukocytes
within the CSF is the result of bleeding. A random-effect
model analysis was conducted to discern the influence of in-
jury severity on the leukocyte response. This analysis revealed
that while the leukocyte count is strongly influenced by the
erythrocyte count (F=37.76, p <0.0001), injury severity, as
represented by the ASIA grade of the patient, also has a sta-
tistically significant effect (F =3.45, p=0.048). This suggests
that the leukocyte response is indeed quantitatively influ-
enced by the severity of the injury. The percentage of neu-
trophils, lymphocytes, and monocytes was consistent
between the groups, suggesting that the leukocyte response in
these three injury severities is qualitatively similar. As de-

scribed by Weaver and colleagues, the neutrophils are the
predominant leukocyte in the early inflammatory response to
human SCI (Fleming et al., 2006).

Discussion

The challenges facing the scientific community seeking to
improve the neurological function of sufferers of SCI are
twofold: developing effective treatments in the research lab-
oratory, and then validating them in clinical trials. History has
revealed that neither is trivial. That treatments showing great
promise in the laboratory have universally gone on to fail in
clinical SCI trials (Tator, 2006) raises the possibility that the
biological processes successfully targeted in animal SCI
models are sufficiently different from that which is occurring
in the human condition, a consideration being similarly
voiced by stroke researchers, who have suffered far greater
disappointment in the clinical translation of promising ther-
apies (O’Collins et al., 2006). This challenge is difficult to
address, given the paucity of data on the biology and patho-
physiology of human SCI. Additionally, the outcome instru-
ments that clinicians depend upon to evaluate and then
validate novel therapies in human SCI trials are gross and
imprecise measures of cord physiology, requiring the enrol-
ment of hundreds of patients to achieve statistical validity
(Fawcett et al., 2007; Lammertse et al., 2007). While this
practical clinical consideration may seem trivial compared to
the ethereal mechanistic intricacies of cord biology, the fact
that the clinical evaluation of GM-1 ganglioside (Sygen) for
acute SCI took almost a decade and a half to complete (and the
combined effort of 28 neurotrauma institutions) (Geisler et al.,
1991; Geisler et al., 2001a, 2001b) infers that many decades
may be necessary to complete the evaluation of only those
therapies that are currently in early clinical trials or are about
to begin, let alone the many promising treatments that are in
the scientific pipeline. Approaches to reduce this inevitable
clinical bottleneck on the growing stream of emerging thera-
pies are sorely needed.

Our study attempts to address both of these challenges.
Our study is the first description of the temporal pattern of
inflammatory cytokines and structural proteins such as tau,
51008, and GFAP released from the spinal cord in a series of
living SCI patients, and thus differs in scope from the detailed
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FIG. 5. Cellular analysis of cerebrospinal fluid (CSF) after acute spinal cord injury. Hemocytometry counts revealed an
injury-severity-dependent increase in both red and white blood cells, particularly early post injury (A and B). A strong
correlation was noted between the RBC and WBC counts (C), reflective of bleeding within the intrathecal space. Despite this,
ASIA injury severity also had a significant influence on WBC count. The relative proportion of neutrophils, lymphocytes, and
monocytes were comparable across all three injury severities. Note that the neutrophils are the predominant early leukocyte,
with lymphoctyes and monocytes emerging after 48 h. Color image is available online at www liebertonline.com/neu.

post-mortem description of the cellular response to SCI re-
ported by Weaver and colleagues (Fleming et al., 2006). Our
results suggest that IL-6, IL-8, MCP-1, IP-10, IL-16, and TNF-
R1 are released in quantities that are measurable with multi-
plex bead or standard ELISA technology. While we did not
detect the majority of the cytokines and all of the growth
factors included in our multiplex kit, this is most likely to be a
measurement phenomenon related to technological limita-
tions, the dilutional effect of the CSF, and possibly the
breakdown of some cytokines while in the intrathecal space.
We were nonetheless surprised that IL-1f and TNFo — two
cytokines with important roles in the early inflammatory
response — were not detected despite detection limits of ap-
proximately 1.5 pg/mL and 0.25pg/mL respectively. These
analyses for IL-18 and TNFx were repeated using the MSD
Multi-Array® microplate platform (Meso Scale Discovery),
but, again, we were unable to measure either cytokine (un-
published results).

The finding of elevated CSF levels of IL-6, IL-8, and MCP-1,
IP-10, IL-16, and TNF-R1 are notable given that each has been
reported in animal SCI models to be involved in the complex
pathophysiological cascade of acute secondary damage, and
therapeutic strategies may be developed to target their ac-
tivity (Ghirnikar et al., 2000, 2001). IL-6 mRNA expression, for
example, is significantly increased within hours of injury in
both rodent (Nakamura et al., 2003) and human SCI (Yang
et al., 2004), and antibody-blockade of its receptor IL-6R has
been shown to reduce glial scarring, neutrophil and mono-
cyte/macrophage invasion, and improve functional recovery
after SCI (Nakamura et al., 2005; Okada et al., 2004). Kerr and
colleagues reported that IL-6 was dramatically elevated in the
CSF of patients during the acute onset of idiopathic transverse
myelitis, and that IL-6 infused intrathecally in a rodent model
was sufficient to induce axonal degeneration and demyelin-
ation (Kaplin et al., 2005). Interestingly, while these authors

described their patients” CSF IL-6 levels to be “among the
highest reported in any human disease (up to 4209 pg/mL),”
we observed CSF levels in our ASIA A patients that ex-
ceeded 114,000 pg/mL, with an average peak IL-6 level of
29,378 pg/mL in this most severely injured subset of patients.
These exceedingly high levels, and the important role that IL-6
appears to have in the mediating secondary damage in animal
models of SCI, are of therapeutic interest, given that a hu-
manized IL-6 receptor antibody is currently available and
already engaged in clinical evaluation for rheumatoid ar-
thritis (Nishimoto et al., 2009). Such an approach using
function-blocking antibodies to MCP-1, IP-10, and CINC-1
(rat analogue of IL-8) has also been reported to have thera-
peutic benefit in models of acute SCI and cerebral ischemia-
reperfusion injury (Glaser et al., 2004, 2006; Gonzalez et al.,
2007; Ousman and David, 2001; Yamasaki et al., 1997). From a
clinical perspective, characterizing the temporal pattern of
expression in human SCI of these particular inflammatory
cytokines, which have previously been evaluated in animal
models, has a number of translational implications: estab-
lishment that these individual cytokines are in fact measur-
able in human SCI using relatively non-invasive techniques;
confirmation of the potential human clinical relevance of a
therapeutic approach utilizing specific antagonists to that
which we have characterized, particularly given the avail-
ability of specific antibodies against these cytokines, and the
demonstration of the efficacy of a treatment approach in-
volving antibody administration — either intrathecally as is
currently being done for the anti-Nogo antibody (Freund et al.,
2006), or intravenously as have been investigated for the anti-
CD11d antibody (Ditor et al., 2006); establishment of the time
window during which these cytokines appear to be most
elevated (for planning inclusion criteria around how late
one would enroll patients for a clinical trial involving a spe-
cific cytokine antagonist); establishment that the severity-
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dependent nature of expression for some cytokines and not
others, which would influence the inclusion criteria of what
ASIA categories of patients to include in such a clinical trial of
a specific antagonist.

The finding of elevated TNF-R1 levels within the CSF and
its association with neuropathic pain is intriguing, in part
because of the strong associations across the board in all
specific descriptors of neuropathic pain, the lack of associa-
tion between neuropathic pain and any other measurable
cytokine, and the severity-independent pattern of both TNF-
R1 expression and the suffering of neuropathic pain symp-
toms. Mounting evidence exists that links TNFu to the genesis
of neuropathic pain behavior in animal models of SCI (Detloff
etal., 2008; Peng et al., 2006), and the clinically available TNF«
blocker etanercept (Enbrel®; Immunex, Thousand Oaks, CA)
has recently been shown to reduce mechanical allodynia in an
animal model of SCI (Marchand et al., 2009). TNFu is recog-
nized as an important factor in the development of neuro-
pathic pain after peripheral nerve injury, and this has been
attributable to signaling through TNF-R1 but not TNF-R2
(Sommer, 1999). The local expression of TNF-R1 increases
rapidly after contusion SCI in animal models (Harrington
et al., 2005; P. Yan et al., 2003), and our observed correlation
between neuropathic pain and the CSF levels of TNF-R1
suggests that such an increase may also be an important
phenomenon with respect to the development of these pain
symptoms in SCI patients.

Outside of providing a description of the inflammatory
response to human SCI, we studied other non-inflammatory
neural markers such as tau, S1008, and GFAP because of their
potential use as biomarkers of injury severity. Interest in these
markers within CSF has been particularly intense in traumatic
brain injury (TBI) and during thoracolumbar aortic aneurysm
surgery, where intrathecal drains are frequently inserted and
thus provide access to CSF samples. Increased levels of tau, a
microtubule associated protein, have been measured in the
CSF of TBI patients, with a worsened long-term outcome
correlating with higher tau levels (Ost et al., 2006). S1008 is a
calcium-binding protein that has been found to be elevated in
both serum and CSF after TBI, although its release from adi-
pose tissue may limit its utility as a serum biomarker of injury
(Chatfield et al., 2002). GFAP released from injured glial cells
and the light subunit of neurofilament protein (NFL) released
from axons after trauma were evaluated by Guez and asso-
ciates (2003) in a small series of six SCI patients who under-
went lumbar punctures to obtain single samples of CSF. The
authors did report that increased levels of GFAP and NFL
correlated with severity of paralysis, but this was based on
only three patients with CSF samples obtained acutely (the
rest were obtained at 3 weeks post injury).

The biomarker model that we established is based upon the
simple concept that cord damage and the spilling of neural
tissue proteins such as tau, S100$, and GFAP would be pro-
portional to the severity of parenchymal damage and subse-
quent neurological impairment (as reviewed recently by
Pouw et al., 2009). In our study of 27 patients, the addition of
some inflammatory cytokines such as IL-8 to the model re-
flects how the local inflammatory response and cellular in-
vasion may in some ways be “titrated” to the extent of cord
damage, a phenomenon that has been demonstrated in con-
tusive models of SCI (Yang et al., 2005), and we too confirmed
it here with the three cytokines IL-6, IL-8, and MCP-1. While
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the model includes a combination of inflammatory cytokines
(e.g., IL-8) and structural proteins (e.g., GFAP), it is unclear at
this point whether either inflammatory cytokines alone or
structural proteins alone would be the better instrument
to assess the “biological effect” of a particular treatment for
human SCI. A particular treatment may have anti-inflammatory
effects after human SCI, but whether this is best detected by
measuring levels of IL-6, IL-8, and MCP-1, or by measuring
downstream changes in terms of neuronal and/or astrocytic
responses with tau, S100f, or GFAP, is unknown. There is no
doubt that the accessibility of blood would make serum bio-
markers far easier to use as a clinical tool, and future efforts to
identify such markers are still warranted. We nevertheless
observed that the serum concentrations of our proteins of
interest were far below that measured in the CSF (Fig. 3),
confirming the somewhat intuitive fact that the CSF is more
specifically representative of what is biologically occurring
within the spinal cord. Our experience mirrors that of Ost and
colleagues (2006), who reported that CSF levels of tau corre-
lated strongly with 1-year outcomes after traumatic brain in-
jury, but that serum tau levels were not even detectable.

It is worth noting that because the proposed biomarker
panel utilizes the 24-h post-injury CSF concentrations to
classify ASIA grade, and then compares this to the observed
ASIA grade, the “performance” of the biomarkers will never
exceed that of the baseline assessment of neurological im-
pairment (which, in this case, represents the comparative
“gold standard”). Our intention was to demonstrate that the
biochemical data could in fact accurately predict the func-
tional impairment, recognizing that, in many cases, obtaining
a valid functional examination is either difficult or impossible.
At our institution, we estimate that in more than half of acute
SCI patients, a valid baseline neurological status cannot be
established because of associated head injury, intoxication, or
pharmacological sedation. Therefore, our biochemical model,
which classifies ASIA impairment with almost 90% accuracy
and a c-index of 0.98, is a promising step forward for devel-
oping a new approach for biologically stratifying acute SCI
patients. Arguably of greater importance is the fact that the
biomarker panel was superior at predicting the extent of
segmental motor recovery than the initial functional injury
severity. Here, the biomarkers profile is evaluated not for its
ability to classify an already established outcome (the baseline
injury severity), but rather for its ability to predict an outcome
6 months down the road. While the abilities of the biomarker
model and the standard ASIA classification at predicting
segmental motor recovery 6 months post injury were not
dramatically different, the fact that the biomarker model was
even slightly better is encouraging for the future development
of such a system whereby biological measures are used to
predict outcome better, rather than traditional gross func-
tional measures.

There is indeed biological variability in the CSF protein
concentrations, as shown in Figures 1 and 2, and this con-
tributes to the less than 100% accuracy of the model. As
illustrated in Figure 2 with the 24-h post-injury CSF con-
centrations, there is a large difference between ASIA A
(completely paralyzed) patients and the ASIA B and C (in-
completely paralyzed) patients, but less of a distinction be-
tween the ASIA B and the ASIA C patients. Consistent with
this, the biochemical model was best at identifying the ASIA
A patients, but less successful at distinguishing ASIA B and C
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patients. All 14 ASIA A patients were correctly predicted by
their S100b, GFAP, and IL-8 levels to be ASIA A, but there
were mistakes in distinguishing the ASIA B and C patients.
Patient 1 was an ASIA C who was predicted to be an ASIA B;
patient 2 was an ASIA B predicted to be an ASIA A; and
patient 25 was an ASIA B predicted to be an ASIA C. Further
work will be necessary to determine if better distinction of
ASIA B and C patients can be achieved.

An additional limitation in our study is that the ability of
the biomarker model to classify injury severity was evaluated
on the cohort of patients from which the data was accrued.
Therefore, while it is fairly evident that there are differ-
ences between the ASIA A, B, and C patients in CSF cytokine/
protein concentrations at 24 h post injury (as shown in Fig. 2),
the biomarker model’s performance at actually distinguishing
between these injury severities is naturally optimal when
tested against the data upon which it was derived. This is
demonstrated to some extent by dividing the 27-patient co-
hort into the initial 18-patient “derivation” data set and the
final nine-patient “validation” data set, where the accuracy at
predicting outcome was 78% (seven out of nine patients). This
accuracy could easily have been 89% with one more correct
classification, or 66% with one more mistaken classification,
although the distribution of 1000 accuracy rates shown in
Figure 4 reveals that the majority were in the 70-100% range.
In a sense, it is fortuitous for the observed accuracy to be 78%,
as it illustrates the important point that the model works best
on data that was used to derive it, and we should anticipate
that it might not work as well on an “independent” sample.
Clearly, the validity of the biomarker model needs to be
confirmed using a larger, independent sample of SCI patients.
We have continued to recruit SCI patients locally for this, and
have recently launched a similar multi-center initiative across
Canada to assist in patient accrual.

In conclusion, our study provides a unique description of
the changes that occur in the concentration of a number of
inflammatory cytokines during the early post-injury phase of
acute SCI. A number of these were expressed in an injury-
severity-dependent manner, and when combined with other
neural markers (tau, S100f, and GFAP), a biochemical model
was established to classify injury severity. The CSF concen-
trations of these cytokines were able to classify the injury se-
verity of the patients accurately, and importantly, could be
used to predict motor outcome better at 6 months than the
standard functional classification. As indicated earlier, our
field is in dire need of new approaches for classifying injury
severity and improved methods of predicting outcome if we
are to break the gridlock that is imminent with the emergence
of many new SCI therapies that are seeking validation in
clinical trials.

Acknowledgments

The authors wish to acknowledge the generous support of
the Paralyzed Veterans Association (PVA), Michael Smith
Foundation for Health Research (MSFHR), the Vancouver
Coastal Health Research Institute, and the Rick Hansen Man
in Motion Foundation. We also thank the staff of the BC
Center for Disease Control for allowing us access to their
BioPlex device. BKK holds a CIHR New Investigator Award,
and MFD holds the Paetzold Chair in Spinal Cord Injury
Research.

KWON ET AL.

Author Disclosure Statement

No competing financial interests exist.

References

Abdellatif, A.A., Pelt, ].L., Benton, R.L., Howard, R.M., Tsoulfas,
P., Ping, P., Xu, X.M., and Whittemore, S.R. (2006). Gene de-
livery to the spinal cord: Comparison between lentiviral, ad-
enoviral, and retroviral vector delivery systems. J. Neurosci.
Res. 84, 553-567.

American Spinal Injury Association/International Medical So-
ciety of Paraplegia. (2000). International standards for neuro-
logical and functional classification of spinal cord injury
patients.

Austin, P.C., and Tu, J.V. (2004). Bootstrap methods for devel-
oping predictive models. Am. Stat. 58, 131-137.

Bennett, M.I,, Attal, N., Backonja, M.M., Baron, R., Bouhassira,
D., Freynhagen, R., Scholz, J., Tolle, T.R., Wittchen, H.U., and
Jensen, T.S. (2007). Using screening tools to identify neuro-
pathic pain. Pain 127, 199-203.

Bouhy, D., Malgrange, B., Multon, S., Poirrier, A.L., Scholtes, F.,
Schoenen, J., and Franzen, R. (2006). Delayed GM-CSF treat-
ment stimulates axonal regeneration and functional recovery
in paraplegic rats via an increased BDNF expression by en-
dogenous macrophages. FASEB ]. 20, 1239-1241.

Burchiel, KJ., and Hsu, F.P. (2001). Pain and spasticity after
spinal cord injury: Mechanisms and treatment. Spine 26, S146—
S160.

Burns, A.S., and Ditunno, J.F. (2001). Establishing prognosis and
maximizing functional outcomes after spinal cord injury: A
review of current and future directions in rehabilitation
management. Spine 26, S137-5145.

Burns, A.S., Lee, B.S., Ditunno, J.F., Jr., and Tessler, A. (2003).
Patient selection for clinical trials: The reliability of the early
spinal cord injury examination. ]J. Neurotrauma 20, 477-482.

Chatfield, D.A., Zemlan, F.P., Day, D.J., and Menon, D.K. (2002).
Discordant temporal patterns of S100beta and cleaved tau
protein elevation after head injury: A pilot study. Br. J. Neu-
rosurg. 16, 471-476.

Demjen, D., Klussmann, S., Kleber, S., Zuliani, C., Stieltjes, B.,
Metzger, C., Hirt, U.A., Walczak, H., Falk, W., Essig, M.,
Edler, L., Krammer, P.H.,, and Martin-Villalba, A. (2004).
Neutralization of CD95 ligand promotes regeneration and
functional recovery after spinal cord injury. Nat. Med. 10, 389-
395.

Detloff, M.R., Fisher, L.C., McGaughy, V., Longbrake, E.E., Po-
povich, P.G., and Basso, D.M. (2008). Remote activation of
microglia and pro-inflammatory cytokines predict the onset
and severity of below-level neuropathic pain after spinal cord
injury in rats. Exp. Neurol. 212, 337-347.

Ditor, D.S., Bao, F., Chen, Y., Dekaban, G.A., and Weaver, L.C.
(2006). A therapeutic time window for anti-CD 11d mono-
clonal antibody treatment yielding reduced secondary tissue
damage and enhanced behavioral recovery following severe
spinal cord injury. J. Neurosurg. Spine 5, 343-352.

Fawecett, JW., Curt, A., Steeves, ].D., Coleman, W.P., Tuszynski,
M.H., Lammertse, D., Bartlett, P.F., Blight, AR., Dietz, V.,
Ditunno, J., Dobkin, B.H., Havton, L.A., Ellaway, P.H., Fehl-
ings, M.G., Privat, A., Grossman, R., Guest, ].D., Kleitman, N.,
Nakamura, M., Gaviria, M., and Short, D. (2007). Guidelines
for the conduct of clinical trials for spinal cord injury as de-
veloped by the ICCP panel: Spontaneous recovery after spinal
cord injury and statistical power needed for therapeutic clin-
ical trials. Spinal Cord 45, 190-205.



CSF BIOMARKERS OF INJURY SEVERITY AFTER HUMAN SCI

Fehlings, M.G., and Baptiste, D.C. (2005). Current status of
clinical trials for acute spinal cord injury. Injury 36 Suppl 2,
B113-B122.

Fleming, J.C., Norenberg, M.D., Ramsay, D.A., Dekaban, G.A.,
Marcillo, A.E., Saenz, A.D., Pasquale-Styles, M., Dietrich,
W.D., and Weaver, L.C. (2006). The cellular inflammatory
response in human spinal cords after injury. Brain 129, 3249-
3269.

Freund, P., Schmidlin, E., Wannier, T., Bloch, J., Mir, A., Schwab,
M.E., and Rouiller, EM. (2006). Nogo-A-specific antibody
treatment enhances sprouting and functional recovery after
cervical lesion in adult primates. Nat. Med. 12, 790-792.

Geisler, F.H., Coleman, W.P., Grieco, G., and Poonian, D.
(2001a). Measurements and recovery patterns in a multicenter
study of acute spinal cord injury. Spine 26, S68-586.

Geisler, F.H., Coleman, W.P., Grieco, G., and Poonian, D.
(2001b). The Sygen multicenter acute spinal cord injury study.
Spine 26, S87-598.

Geisler, F.H., Dorsey, F.C., and Coleman, W.P. (1991). Recovery
of motor function after spinal-cord injury — A randomized,
placebo-controlled trial with GM-1 ganglioside. N. Engl. J.
Med. 324, 1829-1838.

Genovese, T., Mazzon, E., Crisafulli, C., Di Paola, R., Muia, C.,
Bramanti, P., and Cuzzocrea, S. (2006). Immunomodulatory
effects of etanercept in an experimental model of spinal cord
injury. J. Pharmacol. Exp. Ther. 316, 1006-1016.

Ghirnikar, R.S., Lee, Y.L., and Eng, L.F. (2000). Chemokine an-
tagonist infusion attenuates cellular infiltration following
spinal cord contusion injury in rat. J. Neurosci. Res. 59, 63-73.

Ghirnikar, R.S., Lee, Y.L., and Eng, L.F. (2001). Chemokine an-
tagonist infusion promotes axonal sparing after spinal cord
contusion injury in rat. J. Neurosci. Res. 64, 582-589.

Glaser, J., Gonzalez, R., Perreau, V.M., Cotman, C.W., and
Keirstead, H.S. (2004). Neutralization of the chemokine
CXCL10 enhances tissue sparing and angiogenesis following
spinal cord injury. J. Neurosci. Res. 77, 701-708.

Glaser, J., Gonzalez, R., Sadr, E., and Keirstead, H.S. (2006).
Neutralization of the chemokine CXCL10 reduces apoptosis
and increases axon sprouting after spinal cord injury. J.
Neurosci. Res. 84, 724-734.

Gonzalez, R., Glaser, J., Liu, M.T., Lane, T.E., and Keirstead, H.S.
(2003). Reducing inflammation decreases secondary degener-
ation and functional deficit after spinal cord injury. Exp.
Neurol. 184, 456-463.

Gonzalez, R., Hickey, M.]., Espinosa, ].M., Nistor, G., Lane, T.E,,
and Keirstead, H.S. (2007). Therapeutic neutralization of
CXCL10 decreases secondary degeneration and functional
deficit after spinal cord injury in mice. Regen. Med. 2, 771-783.

Gorio, A., Madaschi, L., Di Stefano, B., Carelli, S., Di Giulio,
AM., De Biasi, S., Coleman, T., Cerami, A., and Brines, M.
(2005). Methylprednisolone neutralizes the beneficial effects of
erythropoietin in experimental spinal cord injury. Proc. Natl.
Acad. Sci. USA 102, 16379-16384.

Guez, M., Hildingsson, C., Rosengren, L., Karlsson, K., and
Toolanen, G. (2003). Nervous tissue damage markers in cere-
brospinal fluid after cervical spine injuries and whiplash
trauma. J. Neurotrauma 20, 853-858.

Harrington, J.F., Messier, A.A., Levine, A., Szmydynger-
Chodobska, J., and Chodobski, A. (2005). Shedding of tumor
necrosis factor type 1 receptor after experimental spinal cord
injury. J. Neurotrauma 22, 919-928.

Jones, T.B., McDaniel, E.E, and Popovich, P.G. (2005).
Inflammatory-mediated injury and repair in the traumatically
injured spinal cord. Curr. Pharm. Des. 11, 1223-1236.

681

Kaplin, A.L, Deshpande, D.M., Scott, E., Krishnan, C., Carmen,
J.S., Shats, 1., Martinez, T., Drummond, J., Dike, S., Pletnikov,
M., Keswani, S.C., Moran, T.H., Pardo, C.A., Calabresi, P.A.,
and Kerr, D.A. (2005). IL-6 induces regionally selective spinal
cord injury in patients with the neuroinflammatory disorder
transverse myelitis. J. Clin. Invest. 115, 2731-2741.

Kwon, B.K., Curt, A., Belanger, L.M., Bernardo, A., Chan, D,
Markez, J.A., Gorelik, S., Slobogean, G.P., Umedaly, H., Giffin,
M., Nikolakis, M.A., Street, J., Boyd, M.C., Paquette, S., Fisher,
C.G., and Dvorak, M.F. (2009). Intrathecal pressure monitor-
ing and cerebrospinal fluid drainage in acute spinal cord in-
jury: A prospective randomized trial. J. Neurosurg. Spine 10,
181-193.

Lacroix, S., Chang, L., Rose-John, S., and Tuszynski, M.H. (2002).
Delivery of hyper-interleukin-6 to the injured spinal cord in-
creases neutrophil and macrophage infiltration and inhibits
axonal growth. J. Comp. Neurol. 454, 213-228.

Lammertse, D., Tuszynski, M.H., Steeves, ].D., Curt, A., Fawcett,
J.W.,, Rask, C., Ditunno, J.F., Fehlings, M.G., Guest, ].D., Ell-
away, P.H., Kleitman, N., Blight, A.R., Dobkin, B.H., Gross-
man, R., Katoh, H., Privat, A., and Kalichman, M. (2007).
Guidelines for the conduct of clinical trials for spinal cord
injury as developed by the ICCP panel: Clinical trial design.
Spinal Cord 45, 232-242.

Lammertse, D.P. (2004). Update on pharmaceutical trials in
acute spinal cord injury. J. Spinal Cord Med. 27, 319-325.

Marchand, F., Tsantoulas, C., Singh, D., Grist, J., Clark, AK,
Bradbury, E.J.,, and McMahon, S.B. (2009). Effects of Eta-
nercept and Minocycline in a rat model of spinal cord injury.
Eur. J. Pain 13, 673-681.

Marino, R.J., Ditunno, J.F., Jr., Donovan, W.H., and Maynard, F.,
Jr. (1999). Neurologic recovery after traumatic spinal cord in-
jury: Data from the Model Spinal Cord Injury Systems. Arch.
Phys. Med. Rehabil. 80, 1391-1396.

Moalem, G., and Tracey, D.J. (2006). Inmune and inflammatory
mechanisms in neuropathic pain. Brain Res. Brain Res. Rev.
51, 240-264.

Nakamura, M., Houghtling, R.A., MacArthur, L., Bayer, B.M,,
and Bregman, B.S. (2003). Differences in cytokine gene ex-
pression profile between acute and secondary injury in adult
rat spinal cord. Exp. Neurol. 184, 313-325.

Nakamura, M., Okada, S., Toyama, Y., and Okano, H. (2005).
Role of IL-6 in spinal cord injury in a mouse model. Clin. Rev.
Allergy Immunol. 28, 197-204.

Nishimoto, N., Miyasaka, N., Yamamoto, K., Kawai, S., Ta-
keuchi, T., and Azuma, J. (2009). Long-term safety and efficacy
of tocilizumab, an anti-interleukin-6 receptor monoclonal an-
tibody, in monotherapy, in patients with rheumatoid arthritis
(the STREAM study): Evidence of safety and efficacy in a 5-
year extension study. Ann. Rheum. Dis. 68, 1580-1584.

O’Collins, V.E., Macleod, M.R., Donnan, G.A., Horky, L.L., van
der Worp, B.H., and Howells, D.W. (2006). 1,026 experimental
treatments in acute stroke. Ann. Neurol. 59, 467-477.

Okada, S., Nakamura, M., Mikami, Y., Shimazaki, T., Mihara,
M., Ohsugi, Y., Iwamoto, Y., Yoshizaki, K., Kishimoto, T.,
Toyama, Y., and Okano, H. (2004). Blockade of interleukin-6
receptor suppresses reactive astrogliosis and ameliorates
functional recovery in experimental spinal cord injury. J.
Neurosci. Res. 76, 265-276.

Ost, M., Nylen, K., Csajbok, L., Ohrfelt, A.O., Tullberg, M.,
Wikkelso, C., Nellgard, P., Rosengren, L., Blennow, K., and
Nellgard, B. (2006). Initial CSF total tau correlates with 1-year
outcome in patients with traumatic brain injury. Neurology
67, 1600-1604.



682

Ousman, S.S., and David, S. (2001). MIP-1alpha, MCP-1, GM-
CSF, and TNF-alpha control the immune cell response that
mediates rapid phagocytosis of myelin from the adult mouse
spinal cord. J. Neurosci. 21, 4649-4656.

Pearse, D.D., Marcillo, A.E., Oudega, M., Lynch, M.P., Wood,
P.M., and Bunge, M.B. (2004). Transplantation of Schwann
cells and olfactory ensheathing glia after spinal cord injury:
Does pretreatment with methylprednisolone and interleukin-
10 enhance recovery? J. Neurotrauma 21, 1223-1239.

Peng, X.M., Zhou, Z.G., Glorioso, J.C., Fink, D.J., and Mata, M.
(2006). Tumor necrosis factor-alpha contributes to below-level
neuropathic pain after spinal cord injury. Ann. Neurol. 59,
843-851.

Pouw, M.H., Hosman, A.J., van Middendorp, ].J., Verbeek,
M.M,, Vos, P.E., and van de Meent, H. (2009). Biomarkers in
spinal cord injury. Spinal Cord 47, 519-525.

Ramer, M.S., Harper, G.P., and Bradbury, E.J. (2000). Progress in
spinal cord research — A refined strategy for the International
Spinal Research Trust. Spinal Cord 38, 449-472.

Sawatzky, B., Bishop, C.M., and Miller, W.C. (2008). Classifica-
tion and measurement of pain in the spinal cord-injured
population. Spinal Cord 46, 2-10.

Siddall, P.J., and Middleton, J.W. (2006). A proposed algorithm
for the management of pain following spinal cord injury.
Spinal Cord 44, 67-77.

Siddall, P.J., McClelland, J.M., Rutkowski, S.B., and Cousins,
M.]J. (2003). A longitudinal study of the prevalence and char-
acteristics of pain in the first 5 years following spinal cord
injury. Pain 103, 249-257.

Siddall, P.J., Taylor, D.A., McClelland, ].M., Rutkowski, S.B., and
Cousins, M.J. (1999). Pain report and the relationship of pain
to physical factors in the first 6 months following spinal cord
injury. Pain 81, 187-197.

Sommer, C. (1999). [Animal studies on neuropathic pain: The
role of cytokines and cytokine receptors in pathogenesis and
therapy]. Schmerz 13, 315-323.

Tator, C.H. (2006). Review of treatment trials in human spinal
cord injury: Issues, difficulties, and recommendations. Neu-
rosurgery 59, 957-982.

Trivedi, A., Olivas, A.D., and Noble-Haeusslein, L.J. (2006). In-
flammation and spinal cord injury: Infiltrating leukocytes as
determinants of injury and repair processes. Clin. Neurosci.
Res. 6, 283-292.

Wang, C.X., Olschowka, J.A., and Wrathall, J.R. (1997). Increase
of interleukin-lbeta mRNA and protein in the spinal cord

KWON ET AL.

following experimental traumatic injury in the rat. Brain Res.
759, 190-196.

Waters, R.L., Adkins, R.H., Yakura, ].S., and Sie, 1. (1993). Motor
and sensory recovery following complete tetraplegia. Arch.
Phys. Med. Rehabil. 74, 242-247.

Waters, R.L., Adkins, R.H., Yakura, ].S., and Sie, 1. (1994). Motor
and sensory recovery following incomplete tetraplegia. Arch.
Phys. Med. Rehabil. 75, 306-311.

Yamasaki, Y., Matsuo, Y., Zagorski, J., Matsuura, N., Onodera,
H., Itoyama, Y., and Kogure, K. (1997). New therapeutic
possibility of blocking cytokine-induced neutrophil chemoat-
tractant on transient ischemic brain damage in rats. Brain Res.
759, 103-111.

Yan, J., Welsh, A.M., Bora, S.H., Snyder, E.Y., and Koliatsos, V.E.
(2004). Differentiation and tropic/trophic effects of exogenous
neural precursors in the adult spinal cord. J. Comp. Neurol.
480, 101-114.

Yan, P., Liu, N., Kim, G.M., Xu, J., Xu, J., Li, Q., Hsu, C.Y., and
Xu, X.M. (2003). Expression of the type 1 and type 2 receptors
for tumor necrosis factor after traumatic spinal cord injury in
adult rats. Exp. Neurol. 183, 286-297.

Yang, L., Blumbergs, P.C., Jones, N.R., Manavis, ]., Sarvestani,
G.T., and Ghabriel, M.N. (2004). Early expression and cellular
localization of proinflammatory cytokines interleukin-1beta,
interleukin-6, and tumor necrosis factor-alpha in human
traumatic spinal cord injury. Spine 29, 966-971.

Yang, L., Jones, N.R., Blumbergs, P.C., Van Den, H.C., Moore,
E.J., Manavis, J., Sarvestani, G.T., and Ghabriel, M.N. (2005).
Severity-dependent expression of pro-inflammatory cytokines
in traumatic spinal cord injury in the rat. J. Clin. Neurosci. 12,
276-284.

Address correspondence to:

Brian K. Kwon, M.D., Ph.D., F.R.C.S.C.
D6 Heather Pavilion

Vancouver General Hospital

Department of Orthopaedics

University of British Columbia

2733 Heather Street

Vancouver, BC

Canada V5Z 3]5

E-mail: brian.kwon@vch.ca



