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Abstract

Background Spinal cord injury (SCI) is a devastating
event often resulting in permanent neurologic deficit.
Research has revealed an understanding of mechanisms
that occur after the primary injury and contribute to func-
tional loss. By targeting these secondary mechanisms of
injury, clinicians may be able to offer improved recovery
after SCIL.

Questions/purposes In this review, we highlight advances
in the field of SCI by framing three questions: (1) What is
the preclinical evidence for the neuroprotective agent ril-
uzole that has allowed this agent to move into clinical
trials? (2) What is the preclinical evidence for Rho
antagonists that have allowed this group of compounds to
move into clinical trials? (3) What is the evidence for early
surgical decompression after SCI?
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Methods We conducted a systematic review of
MEDLINE and EMBASE-cited articles related to SCI to
address these questions.

Results  As a result of an improved understanding of the
secondary mechanisms of SCI, specific clinical strategies
have been established. We highlight three strategies that
have made their way from bench to bedside: the sodium-
glutamate antagonist riluzole, the Rho inhibitor Cethrin,
and early surgical decompression. Each of these modalities
is under clinical investigation. We highlight the funda-
mental science that led to this development.

Conclusions As our understanding of the fundamental
mechanisms of SCI improves, we must keep abreast of
these discoveries to translate them into therapies that will
hopefully benefit patients. We summarize this process of
bench to bedside with regard to SCI.

Introduction

Epidemiologic research has demonstrated that spinal cord
injury (SCI) affects 10 to 40 persons per million popu-
lation per annum in developed countries such as the
United States [53]. This number must be interpreted with
reference to a complete picture of this devastating con-
dition: a substantial number of individuals who sustain a
SCI die before reaching the hospital; patients who do
reach the hospital have complications related to their
injury and are at high risk of morbidity and mortality;
the economic costs of this injury are estimated in the
billions of dollars in developed countries (United States);
and the personal and family suffering is incalculable
[2, 29, 54]. Those sustaining SCI tend to be either young
individuals sustaining traumatic injury at the prime of
their personal lives and economic earning potential or
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older individuals who sustain falls. In either case, the
consequence of neurologic injury is overwhelming and
has prompted intense research to understand the patho-
physiological mechanisms and discover potential thera-
peutic strategies.

At the root of such strategies is a clear understanding of
the secondary mechanisms of SCI and its distinction from
primary injury. Primary SCI refers to damage to the neural
elements sustained at the time of trauma. This can take the
form of shear forces to axons or blood vessels and results
in, to date, irreversible injury. Secondary SCI refers to the
body’s response to primary injury. A host of cellular cas-
cades has been identified that occurs immediately after
injury and may persist for months to years. These events,
although integral to the normal cellular machinery, have
been demonstrated to exacerbate underlying injury and
prevent neurologic recovery. By detailing these cascades,
researchers have established specific targets that may mit-
igate secondary SCI and have the potential to improve
patient outcomes. With this foundation, advances have
been made in both nonoperative and operative treatment
strategies. In the paragraphs that follow, we introduce
treatment options for SCI that have received recent atten-
tion. After this brief introduction, we systematically review
the literature for each of these treatments.

Riluzole is a sodium channel-blocking agent that is
approved for use in persons with amyotrophic lateral
sclerosis (ALS). It is reported to have neuroprotective
properties by blocking voltage-sensitive sodium channels
whose persistent activation (excitotoxicity) has been dem-
onstrated to have deleterious effects on neural tissue.
In addition, riluzole antagonizes presynaptic calcium-
dependent glutamate release, a mechanism that may also
reduce the deleterious effects of excitotoxicity.

Rho antagonists act at the level of the neuronal growth
cone and play a role in preventing neuronal apoptosis. It is
believed that by preventing an apoptotic fate in the setting
of SCI, one may be able to promote axonal sprouting and
regeneration.

Early surgical decompression after SCI has been a
proposed treatment for a number of years with its funda-
mental principle resting in the notion damaged neural
tissue has a propensity to swell, and when the tissue swells
in a confined space, ischemic and excitotoxic mechanisms
are left uncontrolled.

In this systematic review, we highlight some of the
recent developments in the treatment of SCI. Specifically,
we have formulated three questions whose evidence stems
from preclinical and clinical literature: (1) What is the
preclinical evidence for the neuroprotective agent riluzole
that has allowed this agent to move into clinical trials?
(2) What is the preclinical evidence for Rho antagonists
that have allowed this group of compounds to move into

clinical trials? (3) What is the evidence for early surgical
decompression after SCI?

Search Strategy and Criteria

This systematic review aims to address the most recent
topics in the treatment of acute traumatic SCI as framed in
the three questions listed. As such, we have outlined a
general search strategy along with individual key words
and operators for each question.

Using the OVID interface, we queried the MEDLINE
database (1950 to May Week 1, 2010) and the EMBASE
database (1980 to 2010, Week 19). We included all original
research papers in the English language. We excluded all
clinical case reports, in vitro experiments, photochemically
induced injury models, and nerve root or peripheral ner-
vous system injury models. Lastly, we read all review
articles to ensure that we captured relevant papers but did
not include the review papers themselves in the results.
After articles were chosen (based on the inclusion and
exclusion criteria and key words listed subsequently), we
applied the Downs and Black criteria to assess the meth-
odological quality of each study (see subsequently).

For Question 1 we queried “riluzole” AND “spinal cord
injury.” This search returned 69 results. With application
of our inclusion/exclusion criteria and eliminating irrele-
vant articles, we were left with eight studies. Review
articles provided no additional references.

For Question 2 we queried “Rho” AND “antagonist”
AND “spinal cord injury.” This search returned nine
results. With application of our inclusion/exclusion criteria
and eliminating irrelevant articles, we were left with six
studies. Review articles provided an additional three arti-
cles that were not captured by our original search, bringing
the total to nine studies.

For Question 3 we queried “timing” AND “decom-
pression” AND “spinal cord injury.” This search strategy
revealed 66 results. With application of our inclusion/
exclusion criteria and eliminating irrelevant articles, we
were left with 38 studies. Review articles provided an
additional three articles that were not captured by our
original search bringing the total to 41 studies (19 pre-
clinical and 22 clinical studies).

Clinical studies were assessed for methodological
quality using the Downs and Black criteria [23]. Their
27-item quality assessment checklist evaluates the quality
of reporting, external validity, internal validity (bias and
confounding), and power with a maximal quality index
(QI) of 32. Quality scores were presented as proportions of
the total possible score (ie, 32) of the quality assessment
scale (where 100% represents the maximum quality).
Studies were not excluded based on the quality of methods.
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Both authors (DWC, MGF) reviewed the clinical studies
independently for quality. Disagreements were resolved by
discussion and consensus between the two authors.

Results

Question 1

Recent advances in our understanding of the pathobiology
of SCI continue to drive the development of new thera-

peutic agents and clinical strategies. The neuroprotective
agent riluzole, currently in use to treat patients with ALS,

has been the focus of eight preclinical studies (Table 1)
[3, 33,39, 43, 44, 53, 55, 56]. Its neuroprotective properties
are the result of blocking voltage-sensitive sodium chan-
nels and antagonism of presynaptic calcium-dependent
glutamate release. Each of these investigations has been
carried out in a rat model of SCI that used the following
outcome measures: nonbehavioral: tissue-sparing, reduced
MAP-2 loss (MAP-2 is a microtubule-associated protein
that decreased lipid peroxidation and improved electro-
physiological recordings); behavioral: improved locomotor
scores (BBB) and improved performance on inclined plane
testing. A single study investigated spasticity. Seven of
eight studies reported on nonbehavioral outcome measures.

Table 1. A summary of preclinical animal literature studying the effect of the neuroprotective agent riluzole in spinal cord injury

Reported outcomes

2 mg/kg IV administered 30 minutes after Riluzole decreased the amount of necrosis in the

gray and white matter; riluzole-treated animals
recovered SSEPs (amplitude, duration, and
latency), whereas control animals did not; in
terms of behavior, treated animals were able
to sit upright (using paws), whereas control
animals were not

Behavioral outcomes not reported; riluzole
decreased the amount of MAP-2
(microtubule-associated protein) loss after SCI

Riluzole alone did not affect spinal cord cavitation;
however, when combined with
methylprednisolone, the combination resulted in
decreased spinal cord cavitation; similarly, only
the combination was able to improve locomotor
scores

Behavioral outcomes not investigated; riluzole
treatment resulted in improved mitochondrial
function and enhanced glutamate and glucose
uptake; lipid peroxidation was decreased with
riluzole

Reference Species Injury model Riluzole dose and route of delivery
Stutzmann et al., Rat Thoracic
1996 [56] compression injury and twice daily for 10 days
with Fogarty
catheter
Springer et al.,  Rat Thoracic 8 mg/kg IP administered 15 minutes
1997 [55] impactor before injury and 2 hours after injury
Mu et al., Rat Thoracic 8 mg/kg IP administered 2 hours and
2000 [44] impactor 4 hours after injury and then daily
for 7 days
Mu et al., Rat Thoracic 8 mg/kg IP administered 15 minutes
2000 [43] impactor and 2 hours after injury
Schwartz and Rat Cervicothoracic 5 mg/kg IP administered at the time of
Fehlings, clip injury; *note: authors compare other
2001 [53] compression neuroprotective agents (see reference
for details)
McAdoo et al.,  Rat Thoracic 2 mM administered through microdialysis
2005 [39] impactor fiber at the time of injury; *note:
authors compare other neuroprotective
agents (see reference for details)
Ates et al., Rat Thoracic 8 mg/kg IP administered at the time of
2007 [3] contusion injury; *note: authors compare other
(weight drop) neuroprotective agents (see reference
for details)
Kitzman, Rat Sacral cord 8 mg/kg IP administered at 4 weeks
2009 [33] transection

after injury and then daily for 3 days;

10 mg/kg IP administered at 4 weeks
after injury and then daily for 3 days

Riluzole resulted in greater retrograde labeled
neurons in the brain stem (especially red nucleus);
there was also reduced cavitation in riluzole-
treated animals; riluzole also improved locomotor
scores and incline plane testing

Behavioral outcomes not investigated; riluzole did
not decrease glutamate release after SCI

Riluzole resulted in greater myelin and neuronal
gray matter sparing and smaller lesion area in
comparison to controls; both motor function
scores and inclined plane angles were improved
with riluzole

Only behavioral outcomes; 8 mg/kg resulted in
diminished tail spasticity; 10 mg/kg also resulted
in diminished spasticity but also resulted in
lethargy and locomotor ataxia in two of three
animals

IV = intravenous; IP = intraperitoneal; SSEP = somatosensory-evoked potential; SCI =
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Ates et al. [3] report greater myelin and neuronal gray
matter-sparing and overall smaller lesion areas in riluzole-
treated animals. Using retrograde labeling and cell count-
ing techniques, Schwartz and Fehlings [53] reported
greater numbers of neurons after injury in riluzole-treated
animals. With regard to oxidative stress, Mu and col-
leagues [43] report that riluzole in combination with
methylprednisolone improves mitochondrial function and
enhances glutamate uptake. The same group reports
increased spared tissue rather than cavitation [44].
Stutzmann et al. [56] report a combination of less white
matter hemorrhage and improved somatosensory-evoked
potentials in riluzole-treated animals over controls. The
only negative study, reported by McAdoo et al. [39],
demonstrated that riluzole had no direct effect on glutamate
release as measured by microdialysis. In terms of behav-
ioral outcomes, five of eight studies reported this metric
with mixed results [3, 33, 43, 53, 56]. Riluzole was
reported to demonstrate improved BBB scores and/or
inclined plane angles in three studies [3, 43, 53]. Mu et al.
[43] only report an improvement in behavioral scores with
the addition of methylprednisolone. Finally, Kitzman
reported transient improvement in spasticity [33].

Question 2

Rho antagonists (Cethrin is the commercial form currently
available) are specific inhibitors of Rho, a signaling mol-
ecule for myelin and extracellular matrix inhibitors of
regeneration. This compound is directly applied to the dura
at the time of surgery after injury. In our systematic review
we identified nine preclinical studies that examined the
effect of Rho antagonists in the setting of SCI [12, 20, 24,
26, 38, 46, 57, 58, 63]. These investigations made use of a
combination of mouse and rat models consisting of dorsal
hemisection, impactor injury, transection, and hemisection
(Table 2). Outcome measures in these studies can be
classified into nonbehavioral (histologic, biochemical, and
physiological) and behavioral (locomotor function as
measured by the BBB test). In addition, a number of
studies compared immediate treatment (within minutes of
SCI) or delayed treatment (usually weeks after SCI).
Dubreuil et al. [24] provided fundamental proof that
endogenous cells within a damaged spinal cord are able to
take up and retain the rho antagonist C3 transferase (termed
Cethrin in human clinical trials). The outcome of other
nonbehavioral investigations can be broadly summarized
into those that demonstrate a change in the amount of
damaged tissue and those that demonstrate increased
sprouting of cell populations and those that affect axonal
growth. Five of nine studies report directly on the extent of
damaged tissue, each showing reduced spinal cord lesion

after induced trauma [26, 38, 57, 58, 63]. Yamagishi et al.
further classified the change as reducing microtubule and
neurofilament breakdown suggesting delayed Wallerian
degeneration in treated animals [63]. Most recently, Lord-
Fontaine et al. [38] showed reduced lesion extent combined
with increased spared white matter tracts. Three studies
comment on neuronal sprouting: Nishio et al. [46] report
sprouting of corticospinal neurons with immediate appli-
cation of Fasudil (another form of a Rho kinase inhibitor)
but not delayed treatment. Similarly, Tanaka et al. [58]
report that three different Rho kinase inhibitors (Y-27632,
HA-1077, and GST-ANLS-p21-PTD-myc protein) led to
substantial sprouting. Fournier et al. [26] report that C3
transferase has no effect on sprouting. Lastly, there were
two studies that demonstrate axonal regeneration [12, 20]
and a single study that showed no effect on regeneration of
injured axons [26].

Seven of nine studies reported on behavioral outcomes.
The results are mixed with the majority of research groups
reporting improved locomotor ability with treatment
of Rho kinase inhibitors. Of the negative results,
C3-transferase was associated with three severely emaci-
ated rats with a poor behavioral response [57] and low-dose
Y27632 was associated with worse neurologic recovery
[12]. When given at high doses, Y27632 resulted in
improved neurologic outcomes compared with controls
[12]. This positive result was echoed by the majority
of available studies with the following observations:
(1) behavioral improvements tend to appear weeks after
drug delivery [26, 38]; (2) immediate treatment results in
improved outcomes but not delayed treatment [46]; and
(3) improvements in behavioral outcomes occur with dif-
ferent Rho antagonists (C3 transferase, Y-27632, HA-1077,
and GST-ANLS-p21-PTD-myc protein) [20, 58]. In sum-
mary, there is substantial evidence both in terms of
nonbehavioral outcomes and behavioral outcomes for the
use of Rho antagonists after SCI.

Question 3

Surgical decompression after SCI is founded on a solid
basis of animal studies demonstrating improved neurologic
outcomes with early decompression. Not surprisingly,
human clinical trials, and the complexity of caring for
acutely injured patients, have been less convincing.
We systematically identified 19 preclinical studies and
22 clinical studies that address the question of early sur-
gical decompression after SCI. (Supplemental materials are
available with the online version of CORR.) The timing of
decompression in animal models ranges from minutes
through the 24-hour mark with earlier decompression
usually associated with greater neurologic improvement.
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The definition of early surgery in the clinical context is
open to interpretation, but most spinal surgeons would
agree that early surgery is that which is undertaken within
24 hours. In the paragraphs that follow, we review the
evidence available for both preclinical and clinical studies.

The majority of preclinical animal models stated that
either the degree of compression (for example, the amount
of weight applied during a compression study) or the length
of time the spinal cord was compressed directly correlated
to the degree of recovery. Keeping in mind that these are
animal experiments conducted under ideal circumstances,
we review the preclinical literature with regard to the
timing of decompression after traumatic SCI in the fol-
lowing three domains: (1) histopathologic correlation
between the injury model and the damage caused to the
spinal tissue; (2) animal models that did not show a func-
tional benefit of early decompression; and (3) animal
models that showed a functional benefit of early
decompression.

Histopathologic Correlation

Three studies examined either the electrophysiological or
histologic consequences of spinal cord compression with a
fixed duration of time [4, 6, 34]. The collective results of
these early investigations into SCI suggest direct pressure
to the spinal cord, likely resulting in direct damage to the
neural cell membranes, combined with hypotension and
resultant ischemia result in a loss of neurologic function.
Animals that showed recovery after injury demonstrated
either a normal microscopic examination of the spinal cord
or evidence of central gray necrosis, peripheral demyelin-
ization, or laceration. Animals that failed to recover
showed more pronounced evidence of damage to the
neuroanatomic circuits of the spinal cord at the level of the
anterior horn cells or laceration of either the gray or white
matter.

Five studies failed to demonstrate a benefit of early
decompression after SCI. This generalized conclusion is
closely linked to the experimental design of each of these
studies. Of those that compared time of compression with
outcome [1, 17, 61], the maximum time of compression
was 2 hours. To elaborate, Croft et al. [17] showed that
with a graded pressure and time up to a maximum of 58 g
for 20 minutes, the electrophysiological changes observed
(somatosensory-evoked potentials [SSEPs]) were com-
pletely reversible. The weakness of this investigation was
that no statistical analysis was carried out. Thienprasit et al.
[61] subjected a group of cats to a compression model of
SCI and then stratified the animals into those that demon-
strated electrophysiological recovery within 6 hours and
those that did not. Each group would then be stratified to

receive decompression or decompression + hypothermia.
Of the animals that had electrophysiological recovery,
there was no difference between the control group and the
groups that received decompression or decompression +
cooling. Of the animals that had no electrophysiological
recovery, there was no difference between the control
group and the group that received early decompression;
however, the early decompression 4 cooling group did
show better behavioral outcomes suggesting a possible
neuroprotective role for hypothermia after SCI. Aki and
Toya [1], using a dog model, showed that compression for
either 30 minutes or 60 minutes resulted in similar elec-
trophysiological and histologic outcomes. The remaining
two studies that failed to demonstrate a correlation between
the time of compression and outcome attempted to model
cauda equina injury [19] and studied a novel hydrogel [30]
with the hypothesis that this agent would act as a scaffold
for neural repair after transection. Neither demonstrated an
effect of early treatment.

The number of animal studies that showed benefit from
early decompression far outweighed those that did not.
Using a primate model of SCI, Kobrine and others [35]
showed that the duration of compression correlated to the
neurologic outcome of these animals and that physical
injury to the neuronal membrane could account for a lack
of recovery. In a rat model that used five times as many
animal subjects, Dolan et al. [22] found the degree of
functional recovery was directly proportional to the dura-
tion and the force of compression whereby greater recovery
was observed with lower forces and less time of com-
pression. Guha et al. [28] further delineated this
observation using a rat model and concluded that the major
determinant of recovery was the intensity of the compres-
sion and that the time of compression was important only
with lighter compressive forces. These results were echoed
by a similar study conducted 1 year later [47]. Zhang et al.
[64] expanded on this notion by measuring concentrations
of energy-related metabolites in the spinal cord after injury.
They concluded that animals with a larger compressive
force had higher concentrations of lactate and inosine in the
extracellular compartment of the spinal cord and that these
higher concentrations were associated with less neurologic
recovery. Delamarter et al. [18] used a canine model to
show that compression of the cauda equina for 6 hours or
longer resulted in a lack of motor recovery despite
decompression. This lack of recovery was associated with
central necrosis of the spinal cord. In a set of two experi-
ments using a canine model of SCI, Carlson et al. [9, 10]
showed that the duration of compression could be corre-
lated to electrophysiology recordings and spinal cord blood
flow whereby a shorter duration of compression was
associated with return of blood flow and SSEP recovery.
Dimar et al. [21] added the fact that longer duration of
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compression was associated with an extension of the injury
in a cephalad and caudal direction resulting in more pro-
nounced cavitation and necrosis of the spinal cord. As
technology improved, Carlson and others made use of MRI
to further our knowledge with regard to lesion volumes
relative to the time of spinal compression [8]. They dem-
onstrated a difference in MRI-based lesion volumes
between a 30-minute compression group and a 180-minute
compression group. Perhaps the most hypothesis-driven
study of recent times was carried out by Rabinowitz et al.
[50] who compared not only the timing of decompression,
but also the use of methylprednisolone. Using a random-
ized design, the authors demonstrated dogs randomized to
surgical decompression, with or without methylpredniso-
lone administration, offers greater neurologic improvement
than with the use of methylprednisolone alone. This is an
important study that compared two therapies at the fore-
front of human treatment that have yet been compared head
to head. The authors rightfully comment on the value of
such a trial. In summary, this collection of animal studies
demonstrates a substantial body of evidence, across many
species, that both the degree of initial force and the dura-
tion of compression are related to the degree of neurologic
improvement.

The neurologic outcomes after early decompressive
surgery in clinical studies have been less promising than
those in animal models. This is somewhat expected given
the difficulty of controlling factors associated with acute
injury in combination with an inherent rate of clinical
improvement with proper medical management. Studies
have therefore focused on the safety and feasibility of early
surgery in addition to improvement in neurologic function.
In the paragraphs that follow, we review the clinical evi-
dence according to the level of evidence of each study. The
methodological quality of the studies ranged from 7/32 to
25/32 according to the criteria of Downs and Black [23].
(Supplemental materials are available with the online
version of CORR.)

No Level I evidence exists to guide clinicians with
regard to the timing of surgical decompression after SCI.
We identified two Level II studies [11, 62]. Vaccaro and
others [62] studied 62 patients who presented with a spinal
injury between C3 and T1. They defined the early surgery
group as those who were treated within 72 hours and the
late surgery group as those who were treated after 5 days.
These authors found no difference between groups with
regard to the length of stay in the intensive care unit or
inpatient rehabilitation and no difference with regard to the
American Spinal Injury Association (ASIA) motor score.
In contrast, Cengiz et al. [11] studied 27 patients who
sustained a traumatic SCI from T8 to L2. They defined
early surgery as that occurring within 8 hours of injury and
late surgery as that occurring from 3 to 15 days after
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surgery. There were several differences between the groups
at followup. The early surgery group showed more
improvement on the ASIA Impairment Scale, no compli-
cations in-hospital, and a shorter length of stay both
in-hospital and in the intensive care unit (ICU). The later
surgery group had four complications: three cases of lung
failure and one case of sepsis. The authors concluded there
are statistical differences between patients treated early and
those treated late both with regard to neurologic improve-
ment and overall morbidity. There were no mortalities in
either group. The majority of clinical studies that attempt to
address the question of timing of decompression after
traumatic SCI are Level III evidence. (Supplemental
materials are available with the online version of CORR.)

Although space constraints prevent a detailed overview
of each study, we provide an overview of investigations
that outline the following: (1) length of stay in the hospital;
(2) medical complications after SCI; and (3) neurologic
outcome. We did not identify any Level IV evidence to
guide clinicians with regard to the timing of surgical
decompression after SCI.

When attempting to study the effect of early surgery on
SCI, a relatively easy metric to follow is the length of time
a patient spends in the ICU or inpatient unit. This mea-
surement considers not only the severity of injury, but also
the accessibility of the medical system at stabilizing the
patient and allowing them to proceed with rehabilitation.
Of the 22 clinical studies identified in this review, nine
Level III studies measured the length of stay [7, 11, 14, 16,
27, 32, 37, 40, 42, 52]. Early surgical decompression was
associated with a shorter hospital length of stay in eight
studies [7, 14, 16, 27, 32, 37, 40, 42] (although Guest et al.
[27] reported no p values), whereas the other only recorded
the length of stay in the ICU [52]. A subset of these studies
further divided overall length of stay with the duration of
stay in the ICU [14, 16, 27, 32] and found this time point
was also less in patients receiving early decompressive
surgery. Only one study [32] that measured these values
found no correlation between timing of surgical decom-
pression and the length of stay in the ICU. An obvious
extension to this measurement is the rate at which patients
are readmitted to the hospital. This was measured in only
one study [40] and the authors found no difference between
the early and late surgical intervention groups.

The following complications were recorded in eight of
the 22 studies: respiratory care, wound infections, decubi-
tus ulcers, cardiac complications, urinary tract infections,
gastrointestinal hemorrhage, deep vein thrombosis (DVT),
and death. Four studies [7, 36, 37, 41] reported no differ-
ence in the rate of medical complications between the early
and late surgical groups, whereas four studies found overall
fewer complications in the persons receiving early surgical
decompression. Specifically, Mirza et al. [42] reported
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fewer complications in persons receiving surgery within
72 hours of injury; Croce et al. [16] reported lower rates of
pneumonia and DVT in persons receiving surgery within
24 hours; Chipman et al. [14] reported a lower frequency of
all complications in patients with an Injury Severity Score
(ISS) greater than 15 and receiving surgery within 72 hours
of injury (although this same group reports equal medical
complications in persons with low ISS [less than 15]
regardless of the time of decompression); McKinley et al.
[40] report higher rates of pneumonia in the late surgery
group but equal rates of other complications (DVT, pul-
monary embolism, ulcers).

All studies reported whether or not patients recovered
neurologic function after surgical intervention and the
majority (16 studies) attempted to compare the effect of
early treatment on the timing of surgery. Four studies
demonstrated early surgical decompression afforded better
neurologic outcomes: Clohisy et al. [15] report surgical
decompression within 48 hours resulted in improvement in
the modified Frankel scale; McLain and Benson [41] report
better neurologic improvement (no p value reported) with
surgical decompression within 24 hours; Mirza et al. [42]
showed surgery within 72 hours resulted in major
improvements in the ASIA motor score, whereas surgery
after 72 hours resulted in no improvement in the mean
motor score; lastly, Papadopoulos et al. [48] found patients
who received surgical decompression within 12 hours
(£ 1.3 hours) had better neurologic improvement than
those with surgery outside this time window. In a similar
fashion, seven of the other studies with the same level of
evidence reported no neurologic benefit to early surgical
decompression [13, 16, 27, 37, 40, 49, 51]. Four studies
showed equivocal results [5, 25, 36, 59].

Discussion

An improved understanding of the secondary mechanisms
of SCI has resulted in novel strategies aimed at improving
outcome for patients. In this review, we highlight three
treatment strategies that have promise to demonstrate
improved outcomes: neuroprotection (riluzole), Rho
antagonists (Cethrin and other compounds), and early
surgical decompression. We formulated specific questions
for each and systematically reviewed the literature to
answer these questions.

There are two main limitations to this systematic review.
The first is we searched only the English language. Without
access to scientific work published in other parts of the
world we cannot be certain that the most important work in
the fields of riluzole, Cethrin, or early surgical decom-
pression has been reviewed. The second limitation of this
work is the inherent bias of preselecting three treatment

strategies for a condition in which many more are being
studied. We chose to systematically review riluzole,
Cethrin, and early surgical decompression because these
treatment strategies are at a point in their development
where large clinical trials are either being planned or are
underway. The aim of this work is to bring clinicians up to
date on works that will likely affect patients with SCI over
the next several years.

Studies involving the neuroprotective agent riluzole
focus on local tissue protection, functional neurologic
recovery, and a single study on spasticity. There has not
been a dose-response study for the application of riluzole
in the setting of SCI, but the agent is FDA-approved for use
in the setting of ALS. Based on the available preclinical
evidence, riluzole has moved into human clinical trials
under the direction of the North American Clinical Trials
Network.

Rho antagonists have been studied in rat and mouse
models of SCI. Only one animal study involved the cer-
vical spine; all others involved the thoracic spine. A
number of compounds exist that are directly applied to the
spinal cord after injury. Detailed dosing studies and the
establishment of a therapeutic window of application have
not been conducted. The commercial form of Rho antag-
onist is termed Cethrin; this agent is currently undergoing a
human clinical trial.

Early surgical decompression is playing an increasing
role in the treatment of acute SCI. Although still contro-
versial, evidence is mounting for its safety, clinical, and
neurologic outcomes. The definition of early surgery is not
fixed, but most consider early to be less than 24 hours. In
terms of safety, the treating surgeon must balance the
potential benefits of early surgery versus the risk. The
benefits include relieving cord compression and therefore
limiting secondary injury. The risks include aggravating
secondary injury by hypotensive episodes or blood loss.
Several studies point out that patients should be treated
with early surgery if medically stable to do so [2, 11].
Clinical benefits of early surgery possibly include shorter
length of both ICU and overall hospital stay with fewer
medical complications (such as pneumonia and DVT) [60].
This claim has been challenged by other studies. In terms
of neurologic outcome, the field of SCI research is torn
between substantive evidence from preclinical animal
models favoring early surgery [29, 31, 48] and mixed
evidence from human clinical trials. Recent preliminary
results from the Surgical Treatment for Acute Spinal Cord
Injury Study (STASCIS) suggest decompression of the
spinal cord within 24 hours of injury is associated with
improved neurologic recovery in persons with cervical
injury [45]. A final report from this multicenter prospective
cohort study is expected within the next year after long-
term followup is complete.
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This systematic review presents some of the recent ideas
in SCI research and how these have translated into both
clinical trials of biologic compounds and clinical practice.
With continued research at the basic science and clinical
levels, new strategies will surely evolve to optimize care of
this devastating condition.
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