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Evidence of treating spasticity before it
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outcomes in acute spinal cord injury
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Introduction: Spasticity is a common consequence of spinal cord injury (SCl), estimated to
affect up to 93% of people living with SCI in the community. Problematic spasticity affects
around 35% people with SCI spasticity. The early period after injury is believed to be the most
opportune time for neural plasticity after SCI. We hypothesize that clinical interventions in

the early period could reduce the incidence of spasticity. To address this, we evaluated the
spasticity outcomes of clinical trials with interventions early after SCI.

Methods: We performed a systematic review of the literature between January 2000 and May
2021 to identify control trials, in humans and animals, that were performed early after SCI that
included measures of spasticity in accordance with PRISMA guidelines.

Results: Our search yielded 1,463 records of which we reviewed 852 abstracts and included

8 human trial peer-reviewed publications and 9 animal studies. The 9 animal trials largely
supported the hypothesis that early intervention can reduce spasticity, including evidence
from electrophysiological, behavioral, and histologic measures. Of the 8 human trials, only
one study measured spasticity as a primary outcome with a sample size sufficient to test the
hypothesis. In this study, neuromodulation of the spinal cord using electric stimulation of the
common peroneal nerve reduced spasticity in the lower extremities compared to controls.
Conclusion: Given the prevalence of problematic spasticity, there is surprisingly little research
being performed in the early period of SCI that includes spasticity measures, and even fewer
studies that directly address spasticity. More research on the potential for early interventions

to mitigate spasticity is needed.
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Introduction

Spasticity is a common consequence of spinal cord
injury (SCI) and is estimated to affect around 65%
of patients with SCI discharged from acute reha-
bilitation and up to 93% of people living in the
community.!»? Spasticity has been defined as a sen-
sorimotor control disorder resulting from an upper
motor neuron lesion, presenting as intermittent or
sustained involuntary activations of muscles, and
resulting in a number of impairments including
hyperreflexia, hypertonia, dyssynergia, and clonus,
to name a few.? Problematic spasticity, defined as

one that either limits function and/or requires anti-
spasticity medications, has been estimated to affect
around 35% of people living with SCI in the
chronic stage, with 11-14% considered as moder-
ate to severe problematic spasticity.!»%5

Spasticity after an acute SCI develops gradually.
There is usually an initial phase of areflexia
following an acute SCI with flaccid tone below
the level of injury.® This period is known as spinal
shock.%7 This phase may last from days to weeks
and sometimes even months.%7 As a patient starts

Ther Adv Neurol Disord
2022, Vol. 15: 1-16

DOI: 10.1177/
17562864211070657

© The Authorl(s), 2022.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Argyrios Stampas

TIRR Memorial Hermann,
1333 Moursund Street,
Houston, TX 77030, USA.

Department of

Physical Medicine and
Rehabilitation, McGovern
Medical School, The
University of Texas Health
Science Center at Houston,
Houston, TX, USA

argyrios.stampasfuth.
tmc.edu

Michelle Hook
Department of
Neuroscience

and Experimental
Therapeutics, Texas A&M
College of Medicine,
College Station, TX, USA

Radha Korupolu

Lavina Jethani

Mahmut T. Kaner
Department of

Physical Medicine and
Rehabilitation, McGovern
Medical School, The
University of Texas Health
Science Center at Houston,
Houston, TX, USA

Erinn Pemberton
McGovern Medical School,
The University of Texas
Health Science Center at
Houston, Houston, TX, USA

Sheng Li

Gerard E. Francisco
Department of

Physical Medicine and
Rehabilitation, McGovern
Medical School, The
University of Texas Health
Science Center at Houston,
Houston, TX, USA; TIRR
Memorial Hermann,
Houston, TX, USA

*Argyrios Stampas and
Michelle Hook are co-
primary authors

journals.sagepub.com/home/tan

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tan
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:argyrios.stampas@uth.tmc.edu
mailto:argyrios.stampas@uth.tmc.edu

Therapeutic Advances in Neurological Disorders 15

emerging from spinal shock, various reflexes
return.%” Incomplete injuries with spared sensa-
tion and motor activity below the level of injury
are prone to develop severe spasticity.! Following
the return of reflexes, various pathophysiological
changes result in hyperreflexia, spasms, and clo-
nus.® In a recent retrospective study, emergence
of spasticity in the first month after SCI was
found to be associated with significantly decreased
mobility and function.® Poorly treated spasticity
interferes with activities of daily living, transfers,
gait, and quality of sleep and can cause joint con-
tractures, skin breakdown, and ultimately
decreases the potential of neurologic recovery.7

Despite the potentially negative impact of spasticity,
clinicians are left to treat spasticity after it has devel-
oped, rather than implementing preventive strate-
gies. Although there are anecdotal spasticity
management successes, overall treatment options
are suboptimal based on systematic reviews.
Beginning with physiotherapy and pharmacologic
interventions, as is often the initial treatment, there
is no high-quality evidence to support either to
decrease spasticity.!%11 Next steps in management
often involve chemodenervation for treatment of
limb spasticity, which has shown some evidence for
reduction of spasticity, without improvement in
function.!? Intrathecal baclofen showed a significant
effect in reducing spasticity and improving activity
performance, but there are risks of surgical compli-
cations, infections, pump failure, and life-threaten-
ing mismanagement.!:13 Even some of the latest
advances, like robot-assisted gait training in SCI,
have not shown clinically meaningful reductions in
spasticity in a meta-analysis.!* Finally, barriers to
treatment exist, including inadequate funding, lack
of access to providers skilled at managing spasticity,
and limited access to treatment options such as
intrathecal baclofen pumps, alcohol/ phenol neu-
rolysis, and botulinum toxin injections.!> Thus,
treatment of spasticity after it has developed has not
been an overall successful approach.

The objective of this systematic review is to iden-
tify control trials, in humans and animals, that
were performed during the acute phase of SCI
that may have an impact on mitigating the devel-
opment of spasticity in SCI.

Methods
A systematic literature review was performed in
accordance with PRISMA (2020) guidelines

(Figure 1). The initial search was performed in
July 2020 to identify relevant abstracts published
between January 2000 and July 2020. After
screening, the search was updated to include pub-
lications up to May 2021. Combinations of search
terms including ‘spinal cord injuries’, ‘spasticity’,
‘acute’, ‘early’, and ‘recent’ were queried in
PubMed, Scopus, Embase, CINAHL, Cochrane,
and ClinicalTrials.gov databases (Supplemental
Appendix 1). Abstracts and manuscripts were
screened independently by at least two authors
(L], MK, EP, MH, and AS) and differences were
resolved by unanimous agreement. Abstracts
included in this systematic review were (1) human
and animal studies, (2) that included SCI, and
(3) mentioned spasticity outcome measures.
Abstracts were excluded if (1) the manuscripts
were not written in English, (2) duration of injury
exceeded 6 months in humans and 4 weeks in
animals, and (3) if the intervention lacked an
active control group (i.e. not a historical control
group). Manuscripts were evaluated for numbers
of subjects, diagnoses, duration of SCI, interven-
tion, primary outcome, sample size justification,
secondary outcomes, spasticity measures, and
spasticity  treatment effects (Supplemental
Appendix 2). Complications related to the inter-
ventions were also included. Risk of bias was per-
formed using RoB 2 (2019) for human studies.!®
For animal studies, the SYRCLE’s risk of bias
tool was used.!” Risk of bias was assessed by at
least two authors independently, for human and
animal studies, and discrepancies were resolved
after discussion with unanimous agreement.

Data from the manuscripts are presented in narra-
tive form. Whenever possible, means and ranges are
presented for continuous variables and numbers
with percentages for categorical variables. For the
instances where group means and standard devia-
tions were published, they were combined using
the calculation recommended in the Cochrane
Handbook.!® This systematic review has been
registered with PROSPERO (CRD42021250836).

Results

Our search yielded 1463 records of which we
reviewed 852 abstracts (Figure 1). After screen-
ing based on exclusion criteria, 61 manuscripts
met eligibility; 36 studies were conducted in
humans and 25 in animals. After reviewing the
manuscripts with human participants, eight pub-
lications described controlled interventions in
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Human trials (n=8)
Animal trials (n=9)

Figure 1. PRISMA flow diagram.
SCI, spinal cord injury.

people with SCI between 0 and 6 months of
injury with an assessment of spasticity outcomes.
Of the 25 eligible abstracts involving animal stud-
ies, nine publications described control trials with
interventions performed within 4 weeks of SCI
with spasticity measurements.

Demographics

Animal trials. With the exception of one mouse
study,!? all trials used the rat model (Table 1).
Samples ranged from 21 to 71 animals, and age
ranges, when provided, were from 8 to 16 weeks
old. Interventions were performed within 3 days
of SCI in six trials, at day 8 in two trials, and at
14 days after SCI in one trial. The three earliest
trials used thoracic transection models at levels 4
and 6. Only the Marcantoni er al.!® trial used
transection in the mouse at the S2 level. Other-
wise, moderate contusions models were used at

T8 and T9, and two studies at C6/7, and both
Hou et al.2° and van Gorp et al.?! utilized an L3
compression as their model. Five studies used
female rats, three studies used male rats, and the
mouse study used both sexes.

Human trials. There were 195 patients enrolled in
interventional trials that included people within 6
months of injury, with only three participants greater
than 6 months of injury. An additional three patients
were excluded from Kumru et al.?8 study, due to
infections and severe spasticity, leaving a total of 189
patients (Table 2). Sample sizes ranged from 7 to 54
patients, and age ranges, when provided, were from
18 to 70 years old. The duration of injury, when pro-
vided, ranged from 15 to 195 days at enrollment. All
studies reported on SCI phenotypes of complete
versus incomplete and tetraplegia versus paraplegia.
Many provided information about etiology of SCI,
traumatic versus nontraumatic.
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Table 1. Description of animals, injury model, and intervention.

Manuscript Species n Age, Sex Injury Time of intervention? Assessment
weeks duration?
Ryu et al.2 Rat 27  Adult F Moderate T8 contusion 1 day 4weeks
Hou et al.? Rat 30  Young F C6/7 moderate Day 8 (treadmill training) 8weeks
adult contusion Day 14 (magnetic stimulation)
Marcantoni et al.’? Mouse 40 8-16 B S2 transection 1 or 42days 15weeks
Hou et al.20 Rat 38  Adult F Cé/7 moderate Day 8 (treadmill training] 7weeks
contusion
van Gorp et al.! Rat 42 12 F L3 compression 3days 8weeks
(15min)
Avila-Martin et al.?*  Rat 54 10 M Moderate T9 contusion  0-28days 4Lweeks
Rabchevsky et al.? Rat 21 Adult F T4 transection 14-21days 3weeks
Advokat?¢ Rat 71 Adult M Té transection 1 or 31days 1 or 31days
Duke & Advokat?’ Rat 33  Adult M Té transection 2 or 41days 2 or 41days

B, both sexes; C6/7, cervical levels 6/7; F, female; L3, lumbar level 3; M, male; S2- sacral level 2; T(4,6,8,9), thoracic levels.

aPost-injury.

Study designs, interventions, and outcome
measures

Animal trials. Six of the nine trials described ran-
domization of treatment allocation, and no studies
used crossover designs (Table 3). Five of the stud-
ies investigated a single medication administered
early after SCI to reduce spasticity: pentobarbi-
tal,2” clonidine,?® gabapentin,?> nimodipine, and
escitalopram.?? One pharmacologic study investi-
gated several medications: albumin (Alb), oleic
acid (OA), Alb-OA, and Alb-elaidic acid.?* Hou
et al. incorporated treadmill training in both of his
studies, with the addition of early spinal cord mag-
netic stimulation in the 2020 publication.?? van
Gorp er al.?! performed instraspinal grafting of
clinical grade human fetal spinal cord-derived
neural stem cells (HSSC) 3 days after SCI.

In most of the studies (7/9), spasticity was not
present at baseline. Spasticity outcome indices
included behavioral measures, electrophysiologic
measures, and measures of torque during joint
movement. Behavioral measures included (num-
ber of studies) tail flick responses during stimula-
tion (3) and evidence of spasms or clonus during
swimming (1). Electrophysiologic measures
included H-reflex (3) and electromyogram
(EMG) recordings of limb/tail (7). The two stud-
ies by Hou er al. utilized velocity-dependent ankle

torque and van Gorp et al.?! measured gastrocne-
mius muscle resistance.

Human trials. All of the studies used randomiza-
tion for treatment allocation (Table 4). Most
studies used parallel groups, while two studies
used crossover designs.31:35 Five studies evaluated
the effects of neuromodulation techniques in con-
junction with therapy: repetitive transcranial
magnetic stimulation (f'TMS) in two, functional
electric stimulation (FES) in one, transcutaneous
spinal stimulation (TSS) in one, and transcutane-
ous electrical nerve stimulation (TENS) in one.
One study evaluated a progressive resistance
strength training program. The remaining two
studies utilized biological interventions: autolo-
gous bone marrow cell transplant (BMCT) and
granulocyte-colony stimulating factor (G-CSF).

Only two of the eight studies reviewed evaluated
spasticity as a primary outcome measure.2%3* The
remainder of the studies evaluated spasticity as a
secondary outcome, except for one which meas-
ured spasticity as a possible adverse event.30
Sample size calculations were described in three
studies, in which one used a secondary outcome
measure to determine the sample size.3? Three of
the studies justified the lack of a sample size cal-
culation because they were pilot trials, while two
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Table 2. Demographics of participants in the assessed human studies.

Manuscript n Age, years Duration of Male Tetraplegia Complete Traumatic
injury, days
Mean (range) Mean (range) n (%) n (%) n (%) n (%)

Estes etal.? 16 44.4(18-65) 100.3 (36-195) 14 (78%) 15 (94%) 0 (0%) Unknown
Derakhshanrad et al.302 54 33.9(12) 113.9 (55.9)° 49 (91%) 23 (43%) 0 (0%) 54 (100%)
Gharooni et al.3! 7 46.6 (29-70) 107.1 (90-150) 5 (71%) 7 (100%) 0 (0%] 5(71%)
Bye et al. 32 30 46 (25-65)¢ 60 (42-93)¢ 24 (80%) 24 (80%) 8 (27%) Unknown
Chhabra et al.3 21 27.7 (18-40) 9.5(1-15) 18 (86%) 0 (0%) 21 (100%) 21 (100%])
Kumru et al.?8 31 47.6 (19-69) 84.7 (15-180) 24 (77%) 14 (45%) 0 (0%]) 14 (45%)
Ood42 16 37 (13.7)° 95.7 (53.9)0 15 (94%) 8 (50%) 6 (38%) 16 (100%)
Ralston et al.% 14 25 (22-32)¢ 118 (64-135)c 11 (79%) 8 (57%) 13 (93%) Unknown

n, subjects in the trial.

aCalculation used to combine means and SD.
bMean and SD.

¢Median and interquartile range.

did not provide any information on sample size.
Seven of the eight trials included people with SCI
that already had spasticity as baseline, and one of
the studies did not provide information on base-
line spasticity.

Spasticity outcome measures, both objective and
subjective, varied across studies. For the objec-
tive measures, seven of the eight trials used some
form of the Ashworth Scale (AS), or Modified
Ashworth Scale (MAS). Gharooni er al.3! com-
bined the scores of the MAS of the bilateral
elbow and wrist extensors. Ralston ez al.3> com-
bined the AS of the quadriceps, hamstrings,
calves, and hip adductors to generate one score.
Kumru er al.?® measured the MAS at both knees,
while Chhabra er al.3? used a decrease in the
MAS by one grade or more to indicate successful
treatment. As noted previously, the MAS was
also used to measure spasticity as an adverse
event in one study. Win Min Qo3¢ utilized the
composite spasticity score (CSS) which includes
a modified double-weighted five-point AS, rang-
ing from 0 to 8. The CSS also includes an ankle
jerk score and ankle clonus score. Estes ez al.?®
also measured ankle clonus with the ankle clonus
drop test. For their primary outcome of spastic-
ity, however, Estes ez al. utilized the Wartenberg
pendulum test.3¢ They also used the Spinal Cord
Assessment Tool for Spastic reflexes (SCATS).
Three studies incorporated subjective measures

of spasticity. Estes ez al. used the modified SCI-
spasticity evaluation test (mSCI-SET). Gharooni
et al. used the Leeds Adult Spasticity Impact
Scale (LASIS) and the Visual Analog Scale for
spasticity (VAS-S). Ralston ez al. used the
Patient-Reported Impact of Spasticity Measure
(PRISM).

Outcomes and spasticity treatment effect

Animal trials. None of the animal studies pro-
vided sample size justification or anticipated
treatment effect of the intervention. Although pri-
mary/secondary objectives were not explicitly
mentioned, the titles and study design elements
all would suggest that spasticity outcomes were
the primary objectives. Thus, we assessed the risk
of bias of all included animal manuscripts using
the SYRCLE’s risk of bias tool (Table 5).17 We
found all of the included animal studies to have a
high risk of bias, largely based on the lack of
blinding animal researchers, caregivers, and out-
come assessors. Description of attrition and the
reporting of outcomes had a low risk of bias in all
the studies.

Nonpharmacologic interventions. Hou er al
investigated early treadmill training (Tm; 2014)
and early Tm plus spinal cord magnetic stimula-
tion (TMSCS; 2020). They demonstrated that
early Tm initiated 8 days after SCI, 5 days weekly
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Table 5. Risk of bias in animal and human studies reviewed.

Animal manuscript? Selection Performance Detection Attrition Reporting Overall
Ryu et al.2 High High High Low Low High
Hou et al.23 Low High High Low Low High
Marcantoni et al.’? High High High Low Low High
Hou et al.20 Low High High Low Low High
van Gorp et al.?! Low High High Low Low High
Avila-Martin et al.?4 Low High High Low Low High
Rabchevsky et al.% High High High Low Low High
Advokat?¢ High High High Low Low High
Duke and Advokat?’ High High High Low Low High
Human manuscript Randomization Deviation from Outcome Missing Data Reporting Overall
protocol Measurement

Estes etal.? Low Low Low Some Some Some
Derakhshanrad et al.30 Low Low Low Low Some Low
Gharooni et al.3! Low Some Some Some Some Some
Bye et al.3? Low Low Low Low Low Low
Chhabra et al.3 Low Some Low Some Some Some
Kumru et al.?8 Some Some Low Some Some Some
Oo3 Low Low Low Low Low Low
Ralston et al.® Low Low Low Low Low Low

alf the manuscript did not report measures to decrease bias (for example, blinding of outcome assessors), we assumed these measures were not

taken.

for two 20-min sessions, reduced spasticity based
on velocity-dependent ankle torque (VDAT)
measurements and EMG recording during ankle
dorsiflexion at 4 and 7 weeks compared with con-
trols. At week 7, the Tm group demonstrated
improved gait parameters compared with injured,
untrained controls, and gait speeds similar to
their baseline pre-SCI measures. Using the same
Tm protocol, Hou ez al.??> added magnetic spinal
cord stimulation across the injury site along with
Tm, beginning on week 2 post-injury every other
day for 6 weeks. They were able to replicate the
findings of their previous studies, demonstrating
reduced spasticity in the TMSCS group at 4- and
8-weeks, as well as rate-dependent depression of
the H-reflex in the TMSCS group appearing simi-
lar to noninjured controls at 10-weeks. In both

studies, immunohistochemistry of the lumbar
spinal cord showed increased expression of signal
markers known to be involved in (1) regulation of
excitability [gamma-aminobutyric acid (GABA)/
GABAB, glutamate decarboxylase (GAD67),
and dopamine beta-hydroxylase (DBH)] and (2)
neuroplasticity [brain-derived neurotrophic factor
(BDNF)], compared with untreated injured con-
trols.

van Gorp et al.?! studied the effect of intraspinal
grafting of human fetal spinal cord-derived neural
stem cells 3 days post-injury in a rat L3 spinal
compression model. In those with the most
spasticity as measured by gastrocnemius muscle
resistance and EMG during motor-driven ankle
dorsiflexion, the interventional group had reduced
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spasticity compared with both vehicle-controls
and no-injection controls at 8 weeks post-injury.

Pharmacologic interventions. Ryu et al.?? injected
intraperitoneal escitalopram (selective serotonin
reuptake inhibitor) versus saline for 28 days start-
ing on Day 1 after SCI and measured outcomes at
3- and 4- weeks post-injury. They found a reduc-
tion of spastic behaviors during the swimming
test, without significant electrophysiologic changes
of the H-reflex or improved locomotor recovery.
They also evaluated the expression of serotonin
(5-hydroxytryptamine; 5-HT) and potassium-chlo-
ride cotransporter (KCC2) in spinal motor neurons
in the lumbar spinal cords. Consistent with other
studies,?”3° the expression of 5-HT receptors was
significantly higher in SCI compared with uninjured
control animals, while KCC2 was reduced. The
5-HT upregulation was mitigated in the escitalo-
pram group compared with the SCI vehicle control
group. Escitalopram did not increase the expression
of KCC2.

In the mouse model of SCI, Marcantoni ez al.!®
administered nimodipine (L-type calcium
channel blocker) or vehicle, subcutaneously
daily for 6-weeks starting on Day 1 (early) or at
Week 6 (late) after SCI. Early treatment with
nimodipine prevented the development of
tonic muscle contractions and muscle spasms
in the mouse tail, compared with controls and
the late treatment group. Spinal cord tissue
histology of the early treatment group was not
provided.

Avila-Martin er al.?* evaluated the intrathecal
administration of several medications immedi-
ately after SCI and then every third day for 28
days. Intrathecal administration of albumin (Alb),
oleic acid (OA), and Alb-OA reduced spasticity
based on nociceptive reflex response via EMG of
the tibialis anterior at 28 days after SCI, com-
pared with controls. Immunohistochemical anal-
ysis revealed an increase in 5-HT innervation
density in the lumbar cord in the Alb-OA group
compared with saline controls. This increased
5-HT expression, associated with reduced spas-
ticity, seems to be opposite to the findings of Hou
et al. As the authors note, however, there are
many 5-HT receptor subtypes with mixed inhibi-
tory and facilitatory neuronal effects. OA is an
allosteric factor for the 5-HT7, receptor, which is
present in the dorsal horn and may play a role in
analgesia. Thus, spasticity generated from

noxious stimulus could be mediated by 5-HT7,
receptor activation.

Rabchevsky ez al.?5 injected intraperitoneal gabap-
entin versus saline vehicle 2- and 3- weeks after
SCI at 1 hr prior to outcome measurements.
Gabapentin reduced spasticity as measured by a
5-point behavioral scale of tail responses to stim-
ulation compared with controls at both 2- and 3-
weeks after SCI. No spinal cord tissue histology
was provided.

Advokat?® administered intrathecal clonidine versus
saline to rats 1 day after a complete transection SCI
and tested their tail flick response and hind limb
flexion reflex at 30, 60, and 90 min after injections.
Early administration of intrathecal clonidine did
not affect the spasticity outcome measures com-
pared with saline controls. However, clonidine did
reduce the hindlimb flexion response when admin-
istered in a more chronic stage of SCI (on average
31 days post-injury), commensurate with other
studies. Finally, Duke and Advokat?7 injected intra-
peritoneal pentobarbital versus saline to rats 2 days
after SCI and tested H-reflex and hindlimb flexion
reflex 30 min after injection. They found mixed
results, with no differences in the H-reflex or flex-
ion reflex between groups, but the rate-dependent
depression of the H-reflex showed decreased ampli-
tudes and increased latency compared with the
control group. No spinal cord tissue histology was
reported for these studies.

Human trials. The human studies overall had
‘low’ to ‘some concerns’ for risk of bias (Table 5).
Low concern was seen in the randomization and
the outcome measurements. Some concerns for
risk of bias were found in deviations from proto-
col, missing data, and the reporting of the find-
ings. Only two of the studies had sufficient sample
sizes based on power calculations to evaluate a
treatment effect of the intervention, and only one
measured spasticity as the primary outcome.
First, Bye er al.3? evaluated a progressive resis-
tance strength training program in subacute SCI
for the primary objective of improving maximum
voluntary isometric strength of the trained limb,
compared with the contralateral limb. The study
was powered for the primary aim. They found a
significant strength increase with this program,
but the 95% confidence interval spanned the
clinically meaningful treatment effect. Spasticity
was measured using the AS as a secondary out-
come comparing the trained wersus contralateral
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muscle. The mean AS at baseline of 0.57 (0.97)
suggests that spasticity was present in many of
the participants. They found no significant
between-group differences in the AS after the
trial.

The sample size in the study by Win Min Oo was
calculated using the composite spasticity score
(CSS) as the primary outcome measure, with the
effect size estimated as a reduction of 29.5% from
baseline and a between-group difference of 0.71.40
They tested the effects of TENS applied to the
bilateral common peroneal nerves for 60 min, 5
days weekly, for 3 weeks during inpatient reha-
bilitation, to reduce spasticity based on the CSS.
After 3 weeks, the TENS group had reduced
spasticity by 2.75 (99% CI: 1.31-4.19), about a
23.4% reduction from baseline. The between-
group CSS difference was 2.13 (99% CI: 0.59—
3.66). No significant changes in CSS were seen in
the control group. Overall, the study was found to
have a low risk of bias (Table 5).

Human pilot trials. Several pilot trials meas-
ured spasticity as a secondary outcome measure.
Findings from these studies must be considered
with an abundance of caution considering that
the sample sizes used may not be able to deter-
mine a true treatment effect.

Neuromodulation. There were four studies that
evaluated various neuromodulation techniques
to improve SCI outcomes. The study by Ralston
et al.3> evaluated the effects of FES cycling on
urine output in 14 subjects. They found no signif-
icant difference in the primary measure of urine
output, nor a change in spasticity. The AS of the
lower extremities was measured at the quadri-
ceps, hamstrings, calves, and hip adductors, and
summed up as one overall measure. The baseline
AS was 5.6 (4.6) with a range of 0-32, indicating
some spasticity in many of the patients. They also
assessed spasticity with PRISM.

The study by Kumru ez al.?8 assessed rTMS to
improve the 10-m walk test (10MWT) in 31 sub-
jects. They found no significant change between
rTMS and sham TMS. Spasticity was measured
by the MAS at both knees. At baseline, the mean
MAS was 1.1 *= 0.8, and no significant change
was seen after the trial. Gharooni ez al.3! also eval-
uated rTMS in a feasibility trial in 7 patients, with
secondary outcomes of spasticity. They combined
the MAS of the elbow and wrist extensors

(possible range 0—40) and had a baseline mean of
11.7 with a range of 7.5-16.5. They found that
r'TMS reduced the MAS by 2.67 (95% CI: =5.17
to —0.17). The LASIS and VAS-S, as well as their
other outcome measures (motor, sensory, and
functional), had 95% confidence intervals that
spanned zero.

Finally, the study by Estes ez al.?? piloted trans-
cutaneous spinal stimulation (TSS) in 16 sub-
jects using several outcome measures, none of
which achieved significance. At baseline, the
pendulum test indicated that spasticity occurred
at the quadriceps at a mean (SD) angle of about
60° (18) of first swing excursion angle. They did
not detect a difference in spasticity with the use
of TSS plus locomotor training compared with
the controls. No other spasticity outcome meas-
ures detected a difference (ankle clonus drop
test, mSCI-SET, SCATS). Interestingly, they
did detect a difference in the 10MWT, with
improved walking speed in the experimental
group throughout the 4 weeks, an effect not seen
in controls.

Biologics. Chhabra er al.?3 performed a three-
armed RCT in 21 subjects of autologous bone
marrow cell transplant in complete SCI and
assessed the AIS and total motor score changes
from baseline to 1 year. They did not find any
significant changes in either outcome meas-
ures. Spasticity was measured using the MAS in
unspecified areas of the body. They found that
the MAS decreased in five subjects and increased
in two subjects, none of which was considered
significant.

Derakhshanrad er al.3° performed an RCT in 54
subjects testing granulocyte-colony-stimulating
factor (G-CSF) to detect ISNSCI score changes
between groups. Changes in the motor scores
were significantly greater in the G-CSF group
(14.9 = 2.6) compared with the placebo group
(1.4 £ 034, p < 0.001). Spasticity was measured
by the MAS in unspecified body areas. In each
group, two patients showed increased spasticity.
In the experimental group, two patients showed
decreased spasticity.

Discussion

Given the prevalence of problematic spasticity,
there is surprisingly little research being per-
formed in the early period of SCI to identify ways
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to prevent the development of this condition. In
the past 20 years, our systematic review was able
to identify only 17 control trials conducted in ani-
mals or humans early after SCI that included
spasticity outcomes. Surprisingly, common clini-
cal treatment options for spasticity were not
studied as an early intervention in both animal
and human studies, such as oral medications
(baclofen, Tizanidine), injections (BoNT and phe-
nol neurolysis), and intrathecal baclofen therapy.
We offer several possible explanations: for the
human studies, most studies did not focus on
spasticity; concerns for negative effects on neuro-
logic recovery; low prevalence of problematic
spasticity during the early phase of SCI; and the
perception that treatment should be reserved for
when spasticity becomes problematic.4! More
well-designed clinical trials are needed to not only
inform on the progression of spasticity and effi-
cacy of early interventions, but to address con-
cerns about possible harmful effects.

The underlying mechanisms of spasticity are not
well understood. This imposes challenges to
develop mechanism-targeted interventions and
appropriate assessment. It is generally accepted
that neurally mediated paresis after CNS damage
(e.g. SCI) causes relative immobility, which in
turn potentiates development of peripheral muscu-
lar adaptive changes, contracture, and develop-
ment of spasticity. Muscle contracture and
spasticity further aggravates paresis. Such vicious
cycles evolve over time and greatly worsen motor
function of spastic-paretic muscles.*?43 The early
period after injury is believed to be the most oppor-
tune time for neural plasticity after SCI.#* Thus,
intervention in the early period could potentially
reduce the incidence of spasticity. Indeed, the lit-
erature on post-stroke spasticity supports this idea.
Botulinum toxin (BoNT) therapy in the early
period post-stroke with a mean injection time of 18
days reduced the development of spasticity and
contracture.”> Our real-world clinical data have
also revealed that early BoNT injection leads to a
much longer interval to repeat BONT injection.4°

There was great inconsistency among the out-
come measures used to assess changes in spastic-
ity in the human trials. In the eight human trials
reviewed for this systematic review, there were
eight different objective measures and four differ-
ent subjective tools utilized. Similar to findings
from other reviews on SCI spasticity, we found
that the Ashworth Scale or Modified Ashworth

Scale were most frequently used (seven of eight
clinical trials, (88%)).4748 However, there was
tremendous variability in their use. Variations in
the muscles selected (i.e. elbows and wrist exten-
sors wversus quadriceps, hamstrings, calves, and
hip adductors versus quadriceps and hamstrings),
the comparisons varied (i.e. baseline wversus con-
tralateral control limb), and its use in the scoring
of spasticity (i.e. combined scores of muscles
tested versus change in individual muscles versus a
calculation of the AS). Given that the MAS has
only satisfactory inter- and intra-rater agreement,
and is more reliable in the upper extremities, its
varied use in these trials greatly limits the ability
to group and compare results.4® In the animal tri-
als, eight of the nine trials (89%) utilized electro-
physiologic outcome measures to describe
changes that impact spasticity. Surprisingly, elec-
trophysiologic measures were not used as meas-
ures impacting spasticity in the human trials,
often found in the studies of spasticity in chronic
SCI.59-52 The lack of electrophysiologic measures
in the human trials may represent the challenges
to perform standardized electromyography and
nerve conduction studies during early SCI.

We included animal studies in this systematic
review to identify promising early interventions
that may be translated to clinical application. Yet
even though the majority of the animal studies
reviewed support the notion that early interven-
tions can mitigate the development of spasticity,
only eight human SCI early interventional control
trials included spasticity as an outcome measure.
It would stand to reason that early interventional
trials in human SCI, regardless of the primary
objective, should include spasticity as an outcome
measure that has the potential to be affected.

However, there is little evidence of direct transla-
tion based on these studies. This may be due to
the delay in translation from animal to human
studies.?® It could also reflect the challenges in
translation to human clinical trials. For example,
many medications that were studied have
unwanted side effects which could cause adverse
events during early SCI, including unwanted
decreases in blood pressure, fatigue, somnolence,
and exacerbation of depression, which could
negatively impact efforts to recover neurologic
function in rehabilitation.5* Invasive approaches,
like the intrathecal route of administration,
could reduce side effects, but peri-operative com-
plications in the early period after SCI, like
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surgical infections, could compromise recovery.>>
Improved partnership between animal researchers
and clinician researchers is needed to expedite
translation efforts in SCI research.

The only early SCI human trial addressing SCI
spasticity as a primary outcome with an appropri-
ate sample size to evaluate treatment effects was
the Win Min Oo study. In this 3-week clinical
trial, bilateral common peroneal nerve stimula-
tion was performed for 60 min prior to usual care
inpatient physical therapy in patients with new,
traumatic SCI, 5 days weekly for 3 weeks. They
found reduced spasticity in the lower extremities
based on the CSS (also found to be called the
composite spasticity index) in the TENS group
compared with baseline as well as between the
TENS group and the control group. There were
several limitations in this study. It is unclear if the
changes found in the CSS, around 3 points, is
clinically meaningful. Based on the scoring of
CSS (1-5 normal; 6-9 mild; 10-12 moderate;
13-16 severe), a 3-point CSS reduction may be
clinically important. Also, the control group
lacked sham-TENS, but relying on objective
measures reduces concerns for a placebo effect.
Finally, the study lacked sufficient outcome
measures to determine sustained effects.

The presumed mechanism of TENS in spasticity
reduction includes synaptic reorganization
through afferent sensory inputs, in this case the
common peroneal nerve (1.4-S2).56 Utilizing sub-
motor current via TENS, the large type Ia sen-
sory fibers of the common peroneal nerve were
stimulated to modulate the interneurons at the
level of the spinal cord and reduce spasticity.
Indeed, a similar mechanism is proposed in TSS.
The effects seen in TSS are presumably from the
activation of the large-diameter afferent fibers of
the peripheral nerve roots.’” Our own work in
neuromodulation in acute SCI using transcutane-
ous tibial nerve stimulation of the sensory fibers
has provided similar evidence of decreasing spas-
ticity, in this case, of the detrusor muscle.58:5% An
important aspect of our research has been to
intervene prior to the development of problems.
This effort has not been a focus with the develop-
ment of spasticity in human SCI.

There were several limitations with this systematic
review. First, we limited our search to publications
after the year 1999, potentially missing earlier trials.
We think this is unlikely considering the manuscripts

we reviewed did not cite earlier publications as evi-
dence, for or against, early intervention impacting
spasticity in SCI. Also, only manuscripts written in
English were reviewed, therefore it is possible we may
have missed publications of trials written in other
languages. It is also possible we missed animal stud-
ies that may have strong evidence to support early
intervention to reduce the development of spasticity.
Because we were specifically interested in treatment
effect, rather than mechanism, we only reviewed
manuscripts in which the abstract noted compari-
sons to active control groups. Given the clinical het-
erogeneity of interventions and outcome measures
used in these studies, a metanalysis was not per-
formed.® Finally, with only two of the eight human
studies measuring spasticity as a primary outcome,
the only conclusion that can be made is that transla-
tion of promising early interventions, identified in
preclinical studies, for spasticity to human trials is
lagging behind.

Conclusion

There is a paucity of clinical trials studying early
interventions for prevention and treatment of post-
SCI spasticity. Animal studies suggest that early
interventions can mitigate the neurologic changes
responsible for the development of spasticity. TENS
appears to be a promising intervention to prevent
the development of lower extremity spasticity in
SCI. Considering the challenges in treatments after
spasticity has developed, more research is needed to
study early interventions to mitigate spasticity devel-
opment and progression and the effects of these
interventions on neurologic recovery.
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