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Neurophysiological and clinical
outcome measures of the impact
of electrical stimulation on
spasticity in spinal cord injury:
Systematic review and
meta-analysis

Sarah Massey"**, Anne Vanhoestenberghe®”
and Lynsey Duffell*?

*Aspire Centre for Rehabilitation Engineering and Assistive Technologies, Division of Surgery and
Interventional Sciences, University College London, London, United Kingdom, ?Department of
Medical Physics & Biomedical Engineering, University College London, London, United Kingdom,
School of Biomedical Engineering & Imaging Sciences, King's College London, London, United
Kingdom

This systematic review and meta-analysis aims to determine whether non-
invasive electrical stimulation (ES) is effective at reducing spasticity in people
living with spinal cord injury (SCI). PubMed, Web of Science, Scopus and
Cochrane Central Register of Controlled Trials databases were searched in
April 2022. Primary outcome measures were the Ashworth scale (AS),
Modified Ashworth scale (MAS), Pendulum test and the Penn spasm
frequency scale (PSFS). Secondary outcomes were the Hoffman (H)- reflex,
motor-evoked potentials (MEPs) and posterior-root reflexes (PRRs). A
random-effects model, using two correlation coefficients, (Corr = 0.1,
Corr = 0.2) determined the difference between baseline and post-
intervention measures for RCTs. A quantitative synthesis amalgamated data
from studies with no control group (non-RCTs). Twenty-nine studies were
included: five in the meta-analysis and 17 in the amalgamation of non-RCT
studies. Twenty studies measured MAS or AS scores, 14 used the Pendulum
test and one used the PSFS. Four measured the H-reflex and no studies used
MEPs or PRRs. Types of ES used were: transcutaneous electrical nerve
stimulation (TENS), transcutaneous spinal cord stimulation (TSCS), functional
electrical stimulation (FES) cycling and FES gait. Meta-analyses of 3 studies
using the MAS and 2 using the Pendulum test were carried out. For MAS
scores, non-invasive ES was effective at reducing spasticity compared to a
control group (p=0.01, Corr =0.1; p=0.002, Corr =0.2). For Pendulum
test outcomes, there was no statistically significant difference between
intervention and control groups. Quantitative synthesis of non-RCT studies
revealed that 22 of the 29 studies reported improvement in at least one
measure of spasticity following non-invasive ES, 13 of which were statistically
significant (p < 0.05). Activation of the muscle was not necessary to reduce
spasticity. Non-invasive ES can reduce spasticity in people with SCI,
according to MAS scores, for both RCT and non-RCT studies, and Pendulum
test values in non-RCT studies. This review could not correlate between
clinical and neurophysiological outcomes; we recommend the additional use
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of neurophysiological outcomes for future studies. The use of TSCS and TENS, which
did not induce a muscle contraction, indicate that activation of afferent fibres is at
least required for non-invasive ES to reduce spasticity.

KEYWORDS

spinal cord injury, spasticity, transcutaneous spinal cord stimulation, transcutaneous electrical
nerve stimulation, functional electrical stimulation

Introduction

Spinal cord injury (SCI) is the damage of the spinal cord
from trauma or disease (1). This damage can lead to
neurological disorders such as spasticity. As well as people with
SCI, spasticity also affects those with multiple sclerosis, stroke
and traumatic brain injury. Globally, spasticity affects around
12 million people (2). At discharge, there is a prevalence of
around 65%, following traumatic SCI (3); for chronic injuries,
spasticity affects 61% of people with a motor-complete injury
and 79% of people with a motor-incomplete injury (4).

Pharmaceutical intervention, such as the use of botulinum
toxin, is a common method of spasticity management (5),
however it may cause adverse side-effects such as weakness
and drowsiness. Evidence suggests that it may not improve
active function, or activities of daily living, particularly for
those with upper limb spasticity (6-8).

There is limited recommendation for the use of electrical
stimulation (ES) in the clinical management of spasticity, given
by the National Institute for Health and Care Excellence
(NICE) guidelines in the United Kingdom. Published reports
recommending the use of transcutaneous electrical nerve
stimulation (TENS) and functional electrical stimulation (FES)
for the rehabilitation of people with SCI focus on its use for
increasing strength and function, not for spasticity management
(9). Spinal cord stimulation (SCS), whether delivered invasively
or transcutaneously (TSCS), is not included in the NICE
guidelines as a method of spasticity management. Its primary
recommendation of use is for pain management (10-12).

With increased spinal excitability being a contributing factor
to spasticity, measures of Hoffman (H)-reflex and posterior-root
reflexes (PRRs) are ideal for probing changes following
intervention (13-15). Alterations in the corticospinal pathway
and descending inhibition can be investigated by measuring
motor-evoked potential (MEP) amplitude, shown to correlate
with severity of spasticity (16, 17). Although it is not
commonplace, including these neurophysiological measures to
research studies, as well as clinical outcomes, can deepen our
understanding of the mechanisms behind clinically important
spasticity,
systematic review investigates the effects of non-invasive ES

improvements  in following  intervention.This

delivered to the peripheral nervous system (including TSCS) on
limb spasticity in people with SCI. Meta-analyses aimed to

investigate  the  relationship  between  clinical  and
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ES.
Specifically, the primary outcome measures assessed are
Modified Ashworth scale (MAS), Pendulum test and Penn
spasm frequency scale (PSFS) scores. Secondary outcomes
include the H-reflex, PRR and MEP amplitudes.

There are

neurophysiological ~outcomes, following non-invasive

limited randomised-control trials (RCTs)
exploring the benefits of non-invasive ES for spasticity in
people with SCI. The low number of participants within this
cohort does not lend itself to the large-scale studies seen in
other research fields.

Existing reviews which analyse similar data include:
systematic reviews on the effects of TENS on limb spasticity
arising from various prognoses (18); the treatment of
functional electrical stimulation (FES) for people with SCI
(19); and the effects of ES parameters on lower limb spasticity
in people with SCI (20). These provide some evidence into
the success in decreasing spasticity in populations with SCI of
neuromodulation, such as SCS and TENS without exercise
(18, 20-23), as well as with exercise, such as FES cycling and
gait (19, 20, 24). However, these reviews do not consider the
neurophysiological changes when non-invasive electrical
stimulation is used for spasticity management. This present
systematic review considered the effects of all non-invasive
forms of ES on clinical outcomes of limb spasticity, in people
with SCI. It also assessed possible correlations between clinical
changes in spasticity and neurophysiological outcome measures.

The aims of this systematic review and meta-analysis are to
determine whether: (i) non-invasive ES delivered to the
peripheral nervous system can improve MAS, Pendulum test
and PSFS scores in people with SCI (ii) there is a specific
non-invasive ES protocol which is more effective at reducing
spasticity (according to these outcome measures) in people
with SCI (iii) there are any correlations between clinical
outcome measures of spasticity, such as the MAS, Pendulum
test and PSFS score, and neurophysiological measures, such as
H-reflex, PRR and MEP amplitude (iv) the current literature

allows us to draw clinically meaningful conclusions.

Methods

This systematic review and meta-analysis has been carried
out in accordance with the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) and
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(25).
PROSPERO international prospective register of systematic
reviews (registration number CRD42020186215), which was
amended in April 2022 from a previous publication (26), to

Cochrane guidelines It has been registered with

form this systematic review.

Search criteria

In April 2022, S. Massey performed searches of PubMed,
Web of Science, Scopus and Cochrane Central Register of
Controlled Trials (Cochrane CENTRAL) databases, using the
following search strategy: electric* AND stimulation AND
spastict  AND spinal AND (injury OR lesion) AND
(Ashworth scale) OR (pendulum test) OR (Penn spasm
frequency scale). No restrictions for publication date were used.

Eligibility criteria and study selection

Search results from all databases were combined in
EndNote x9 software and duplicates were removed. These
were then initially screened by title and abstract using the
inclusion criteria: (i) human adults with SCI; (ii) provided
an intervention of continuous (i.e., excluding TENS and
TSCS interventions that were delivered intermittently), non-
invasive ES, delivered to the peripheral nervous system,
either alone or in combination with movement therapy; (iii)
limb
investigating bladder spasticity); (iv) use of the MAS,

investigating spasticity  (i.e., exclude studies
Pendulum test and/or PSFS to assess changes in spasticity
due to intervention; (v) in English language.

Only RCTs which used the MAS, Pendulum test or PSFES as
outcome measures were included in meta-analyses and
statistical analysis. Data from studies that only used an
intervention group (i.e., observational or case studies), which
used the same outcome measures, were collated and reviewed
but not statistically analysed.

It should be noted that neurophysiological outcomes were
considered to be secondary outcomes, and so articles were not

screened for their inclusion.

Methodological quality

Methodological quality of RCTs was assessed using the
Physiotherapist Evidence Database (PEDro) scale (27). This
included assessment of studies which had more than 1
intervention group, where other groups either received an
alternative intervention, or were control groups. Each study
was given a score of 1 if it was completely clear that they
satisfied the criterion; if it was not explicitly stated, they did
not receive the point. Where the analysis of an outcome
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measure in a study was assessed, only outcome measures
relevant to this systematic review were assessed.

Heterogeneity of RCTs was measured using the I” statistics
when using a random-effects model. Due to the low number of
RCTs included in this systematic review, heterogeneity of
studies was considered for I*>30% and for p<0.10 (25). If
studies were deemed to be heterogenetic, sources of variation
(e.g.
diversity) were assessed.

between  protocols methodological and statistical

Outcome measures

The primary outcome measures for meta-analyses were the
MAS (including the AS), the Pendulum test and the PSFS. The
secondary outcome measures are the H-reflex amplitude, Hy,y/
M,ax ratio, PRR and MEP amplitude. For meta-analysis, these
measures were only considered if the study also includes one of
the primary outcome measures, to allow for effective comparison
of clinical and neurophysiological measures of spasticity.

Data extraction and management

Data extracted from included studies were methodological
design; number of participants; ASIA Impairment Scale (AIS);
time since SCI; ES location; ES parameters (frequency, pulse
width and duration of stimulation). Studies which used ES in
a single session only were defined as “acute” studies, and
those which delivered ES in multiple sessions were defined as
“long-term” studies. Depending on the methodological design,
studies were categorised as either RCTs (including crossover
designs) or non-RCTs (ie., case studies and observational
studies with no control group comparator).

Data of ES parameters, for studies which used a single
frequency which was stated, were plotted using SankeyMATIC
(28). Frequencies and pulse widths used were split by type of
ES delivered for each paper (FES, TENS, TSCS). TENS
interventions were interventions where ES was delivered over
a muscle or nerve, with no movement involved, and FES
interventions were paired with functional movement.

For studies who used compound scoring for the MAS scores
(i.e., the MAS score measured for each individual muscle was
summed), if the raw data for individual participants were
available, this data was divided by the number of muscles
measured, from which the mean and SD was calculated.

For studies which presented separate results for left and
right limbs, or for several muscles, the mean and SDs of these
results were combined within each study, in accordance with
the Cochrane guidelines (25).

For analysis of the acute effects of non-invasive ES on the
MAS score, the mean change in score was calculated for each
study. The SD of this change was then calculated as the
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propagation of error (Equation 1, where Corr is the correlation
coefficient and 1 < Corr < —1).

For all meta-analyses carried out, the exact value of the
correlation coefficient was unknown due to the nature of the
data collected. Therefore, analysis was carried out under the
assumptions that Corr = 0.1 or Corr = 0.2. These values were
selected since as Corr — 1, it can be assumed that the
baseline score had an effect on the post-intervention score.
We therefore tested for values Corr > 0. We did not test for
values Corr > 0.2 since, for the data presented here, the value
within the square root would be <0.

SDehange = \/SD,fmlme +8D%, — (2% Corr x SDgua) (1)

Statistical analysis

Meta-analyses of RCTs were carried out using Review
Manager 5.4 software. Analyses of the mean differences of
continuous outcome measures were carried out using a
random-effects model, using 95% confidence intervals. The
mean difference was calculated as the change from baseline to
the post-intervention value. A minimum of two studies were
required to carry out this analysis. Where a single study
investigated several non-invasive ES interventions, the same
control group was used as the comparator for each
intervention. Statistical significance was considered for p < 0.05.

For analysis of non-RCTs, studies were grouped depending on
their outcome measure and type of trial (single-session (acute) or
multi-session over several days (long-term)). Results for individual
participants in each study were amalgamated and graphically
presented. Data from studies presented as mean + SD were also
included if data for individuals was not available.

Studies were included in one type of analysis only. If a study
qualified to be included in the RCT meta-analysis, it was not
included in results for non-RCT studies.

Results
Study selection

A total of 605 papers were identified through database
searches. A further 12 papers found through personal
databases. A PRISMA flow diagram is presented in Figure 1.
Once duplicate papers had been removed, 278 papers were
screened by their title and abstract and 211 were removed as
it was clear that they did not meet the inclusion criteria.
Sixty-one full-text articles were reviewed, and 32 were
removed (see Figure 1 for the reasons for exclusion). This left
29 studies to be included in the systematic review. Of these, 5
studies were included in the meta-analysis and 17 in the
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amalgamation and presentation of results from non-RCT
studies. The remaining 7 studies were not included in the
meta-analysis nor the amalgamation, either because results
were not presented or because the outcome measures
presented were not consistent with the other included studies.

Included studies

Of the 29 studies included in this systematic review, the
spread of interventions used was as follows: 10 studies
assessed the effects of TENS on spasticity (9 for the lower
limbs and 1 for the upper limbs) (29-39); 6 used TSCS, all
targeting the lower limbs (40-45); 9 used FES cycling (46-53);
3 used FES gait (54-56); and one assessed FES for the lower
limbs as well as TENS (already counted) (37).

It should be noted that the study by Mazzoleni et al. (51)
studied the effects of 20 sessions of FES cycling followed by
20 sessions of robot-assisted FES gait training. For the
purposes of this systematic review and meta-analysis, results
were only taken from the FES cycling phase of this trial, since
the cycling phase may have influenced results obtained during
the subsequent FES gait phase.

Of the 20 studies that used the Ashworth Scale, three used
the AS scoring (0, 1, 2, 3, 4) and 17 used the MAS scoring (0,
1, 14, 2, 3, 4). Of these 17, 4 studies used compound scoring,
two studies assigned the 1+ score the value of 1.5 and one
study assigned 1 +score with 2, 2 with 3 and so on. Of this
20, 8 were included in the quantitative synthesis; three were
RCTs and 13 were non-RCTs. Four studies were excluded
from these analyses: three because data were not presented
(31, 54, 55), and one because compound scoring was used
and averaged across participants (51). In these cases, the
author was contacted to request access to their data, however
this was not successful for all studies.

Fourteen of the included studies used the Pendulum test to
measure changes in spasticity. Of these 14 studies, 8 reported
Pendulum test results as the Relaxation Index (R,,) [described
by Bajd and Vodovnik (57)] (30, 44, 47, 54, 42, 58) [with one
reporting results as the change in R,, (59)], 4 as the first
swing excursion (40, 41, 45, 52), [defined as “the angle at
which the movement of the lower leg reverses from flexion to
extension after release of the heel” (40)]. One study only
reported the statistical analysis of their Pendulum test results
(55), and the remaining study did not report their results as
they were statistically non-significant (32).

The PSFS was included in one study as an outcome
measure, however it was reported as a single value and it was
not clear whether the two components of the PSFS were
averaged together (51).

Four studies included the H-reflex as an outcome measure
(29, 33, 52, 60). All studies reported their results as Hyax/
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FIGURE 1
PRISMA flow diagram of included studies.

Mpax No studies included in the final systematic review
included MEPs or PRRs in their outcome measures.

Methodological quality of RCTs

Assessment of randomised trials (whether the group
comparator was a control group or assessing another form of
non-invasive ES) is shown in Supplementary Table S1.

It should be considered that, due to the nature of non-
invasive ES as an intervention, it was noted by most assessed
studies that blinding the participant and the therapist who
administered the intervention was not possible. For some
studies, one assessor was blinded and others were not (34, 47).

Participants
A total of 421 participant experiences of people with a SCI

were included in this systematic review. Seventeen studies
included people with AIS A SCIs and 8 included people who

Frontiers in Rehabilitation Sciences

had incomplete injuries. Ten studies included participants that
were >1-year post-injury, three studies included participants that
were >6-months post-injury, and 9 studies included at least one
participant who was <6-months post-injury. A summary of
these parameters is given in Supplementary Table S2.

Only 11 studies included information on whether
participants were permitted to continue taking anti-spasticity
medication (34, 37, 40, 42, 43, 45-47, 60-62). In one of these
11 studies, taking anti-spasticity medication was an exclusion
criteria (47), whilst the 10 other studies allowed participants
to continue taking their medication.

Stimulation parameters

The range of ES frequencies used in studies included in this
systematic review was 5-1000 Hz. The range of pulse widths
used was 0.01-100 ms. One study investigated the effects of
TENS delivered with varying frequency/pulse width (ms)
pairs, which were as follows: 100/0.1, 100/0.01, 100/1, 1000/
0.1, 1000/0.01, 10/0.1, 10/0.01, 10/1 (59). The distribution of

05 frontiersin.org
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FIGURE 2
Representation of the form of non-invasive ES, frequency and pulse width used in included studies. The figure shows data from papers which used a
single stimulating frequency which was reported only. ES = electrical stimulation, FES = functional electrical stimulation, NR = not reported, TENS =
transcutaneous electrical nerve stimulation, TSCS = transcutaneous spinal cord stimulation.

frequencies and pulse widths used in studies which used a single
frequency value, which was stated, is shown in Figure 2. This
shows that there is more variation in pulse widths used
between studies compared to frequency, and that the pulse
width used does not necessarily correspond to a particular
frequency used. There was a larger variation of frequencies
used for FES interventions compared to TENS and TSCS. All
TSCS interventions used a 50 Hz frequency.

The range of ES amplitude reported was 8-160 mA
(discounting studies which reported ES amplitude as “up to”,
and Krause et al. (47), as their reported stimulation intensities
included their passive cycling arm (0-99 mA)). Reported
methods of determining ES amplitude included: below motor
threshold (MT); producing paraesthesia (40-42, 45); highest
tolerated intensity (53); 2x sensory threshold in healthy, able-
bodied participants (31, 33); sub-PRR threshold (43); at MT, or
below when muscle spasticity occurred (34); 0.9x lowest MT in
all stimulated muscles (44); 3x MT (37, 60); and 0.8x MT (60).
Where studies did not report a method for setting the
stimulation amplitude for each participant, they stated the
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value of stimulation amplitude. Supplementary Table S2 shows
a summary of all stimulation parameters of included studies.

Summary of results from included studies

Overall, 22 of the 29 studies included in this systematic
review reported an improvement in at least one measure of
spasticity following non-invasive ES, 13 of which were
statistically significant changes (p <0.05), either from their
baseline measure, or when compared to a control group (see a
summary of all results in Supplementary). Twelve studies
found no change in at least one included outcome measure
and two
significant, worsening of spasticity (52, 62).

studies reported a possible, non-statistically

Meta-analysis of RCTs

This systematic review includes results from three RCTs
which used the MAS as an acute measure of spasticity (47,

frontiersin.org


https://doi.org/10.3389/fresc.2022.1058663
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

Massey et al. 10.3389/fresc.2022.1058663
A
Intervention Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight [V, Random, 95% CI IV, Random, 95% CI

Krause 2008 1.35 0.31 5 087 023 5 46.7% 0.48[0.14,0.82) —-

Ralston 2013 0.36 0.59 14 013 085 13 17.3% 0.23[-0.33,0.79) o

Van der Salm 2006a 0.45 083 10 02 077 10 109% 0.25[-0.45, 0.95) ——

Van der Salm 2006b 035 06 10 02 077 10 14.6% 0.15[-0.46, 0.76) ——

Van der Salm 2006¢ 0.05 085 10 02 077 10 106%  -0.15[-0.86, 0.56] ——

Total (95% Cl) 49 48 100.0% 0.30[0.07, 0.53] g

Heterogeneity: Tau®= 0.00; Chi*= 2.94, df= 4 (P=0.57); F=0% 1_4 %2 é 4:

Testfor overall efiect. Z=2.52 (P = 0.01) Favours [Control] Favours [Intervention]

B

Intervention Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Krause 2008 1.35 0.29 5 087 013 5 51.4% 0.48[0.20,0.76) -

Ralston 2013 036 054 14 013 078 13 153% 0.23[-0.28,0.74) b .

Van der Salm 2006a 0.45 0.76 10 0.2 069 10 9.8% 0.25[-0.39, 0.89) —pr—

Van der Salm 2006b 035 052 10 0.2 069 10 13.9% 0.15[-0.39, 0.69]

Van der Salm 2006¢ 0.05 0.78 10 0.2 069 10 96% -0.15[-0.80,0.50] I

Total (95% CI) 49 48 100.0% 0.31[0.11,0.51] ¢

Heterogeneity: Tau®= 0.00; Chi*= 3.85, df= 4 (P=0.43); F= 0% :-4 12 t 4:

Testfor overall effect. Z= 3.07 (P = 0.002) Favours [Control] Favours [Intervention]
FIGURE 3
Forest plot using a random effects model of RCT studies using the MAS to test for the acute effects of non-invasive electrical stimulation. 2006a-c
represent the 3 interventions that were tested in the single study performed by Van der Salm et al. (2006): TENS delivered to the agonist, antagonist
and the S1 dermatome respectively. The black diamond represents the average effect of non-invasive electrical stimulation. (A) shows results for Corr =
0.1and (B) for Corr = 0.2. Cl = confidence interval, MAS = modified Ashworth scale, RCT = randomised-control trial, TENS = transcutaneous electrical
nerve stimulation.

49, 60). All studies used a crossover design. The study by Van
der Salm et al. (60) compared three forms of TENS, delivered
to tibialis anterior, triceps surae, and the S1 dermatome
(delivered over the side of the foot), to a control intervention.
The study by Krause and Straube (47) compared the effects of
FES cycling with passive cycling and Ralston et al. (49)
compared FES cycling to no FES cycling.

Figure 3 shows that the results from the included studies
favour the intervention for both Corr =0.1 (p=0.01) and
Corr = 0.2 (p=0.002). In both cases, FES cycling delivered by
Krause and Straube (47) showed the largest change in MAS
score (N =5), which was the most heavily weighted result in
this Excluding S1
stimulation (60), mean differences in MAS scores for all other

random-effects model. dermatome
forms of non-invasive ES showed an improvement.

There were two RCTs which included the Pendulum test
in its outcome measures (40, 41). One trial used a cross-over
design (40), which compared the effects of TSCS to sham
stimulation. The other was a RCT, which compared TSCS
to sham stimulation in a separate control group (41).

Figure 4 shows forest plots for the effects of TSCS vs. a
sham-control for these RCTs. On average, the two studies are
in disagreement with one another, with the 2017 Estes et al.
study (40) showing an overall improvement in spasticity,
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whereas the 2021 Estes et al. study (41) demonstrated varied
results, which overall favoured the control group.

Acute changes in MAS score in non-RCT
studies

Baseline and post-intervention changes from both acute
(orange) and long-term (blue) non-RCT studies using the
MAS score are shown in Figure 5; data from studies for
individual participants (29, 35, 43, 53, 56) and averaged
results (33, 34, 48, 50, 37) are shown. Datapoints below
the dashed line show results for which the MAS score was
reduced following intervention. For long-term studies, only
baseline measures and results measured after the last
intervention session are presented.

This figure shows that the included acute studies were,
on average, more effective at reducing spasticity
immediately following the intervention, compared to long-
term studies. Studies by Khanna and Kaur (34) and for
the TENS intervention by Sivaramakrishnan et al. (37),
showed a decrease in spasticity in all participants.
Averaged results in studies by Goulet et al. (33), and for

the FES intervention used by Sivaramakrishnan et al. (37)
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Intervention Control Mean Difference Mean Difference
Study or Subgroup  Mean [Degrees] SD [Degrees] Total Mean [Degrees] SD [Degrees] Total Weight IV, 95% CI v, 95% CI
Estes 2017 597 6.96 10 -9.18 88 10 66.8% 15.15(8.20,22.10] ——
Estes 2021 3.65 3485 16 6.73 2787 16 33.2% -3.08(-24.95,18.79)
Total (95% Cl) 26 26 100.0% 9.10[-7.72, 25.93] e ——
Heterogeneity: Tau*= 97.65; Chi*= 2.43,df=1 (P=0.12), F=59% _2:0 .1:0 1?0 2:U
Test for overall effect Z=1.06 (P = 0.29) Favours [control] Favours [experimental]
B
Intervention Control Mean Difference Mean Difference
Study or Subgroup _Mean [Degrees] SD [Degrees] Total Mean [Degrees] SD [Degrees] Total Weight IV, 95% CI v, 95% CI
Estes 2017 597 6.88 10 -9.18 8.73 10 66.8% 15.15(8.26,22.04) ——
Estes 2021 3.65 3478 16 6.73 2779 16 33.2% -3.08(-24.89,18.73)
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Testfor overall effect: Z=1.06 (P = 0.29) Favours [control] Favours [experimental]
FIGURE 4
Forest plot using a random effects model of RCT studies using the FSE. The black diamond represents the average effect of non-invasive electrical
stimulation. (A) shows results for Corr = 0.1 and (B) for Corr = 0.2. Cl = confidence interval, FSE = first swing excursion, RCT = randomised-control
trial.
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FIGURE 5
Changes in the MAS score of acute (orange, N = 112) and long-term (blue, N = 93) non-RCT studies. Datapoints with error bars represent studies
where data has been presented as mean + SD and those without show results for individual participants. The dashed line indicates no change in
MAS score following intervention. Results for Skold et al. (2002) represent the combination of averaged MAS scores in knee flexors and
extensors, in left and right legs, which were not measured in every participant, giving N =21. For Yasar et al. (2015), averaged MAS scores were
measured in knee flexors and extensors for all participants, giving N = 20. Results for Sivaramakrishnan et al. (2018), spasticity was measured in
the hip adductors in 19 legs across 10 participants, in 11 legs for the knee extensors and 4 legs for plantar flexors, giving N = 34. FES = functional
electrical stimulation, TENS = transcutaneous electrical nerve stimulation, TSCS = transcutaneous spinal cord stimulation.

show large standard deviations, indicating a large variance
across results for individual participants, where some may
not have benefitted from the intervention. For participants
who took part in the study by Gant et al. (52), MAS
of all
unchanged following 19 weeks of FES cycling.

scores participants were either increased or
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Acute changes in the R, in non-RCT
studies

Ry, data from non-RCT studies is shown in Figure 6.
All datapoints are from studies for which Pendulum test results
for individual participants were available and reported as R,
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stimulation, TENS = transcutaneous electrical nerve stimulation, TSCS = transcutaneous spinal cord stimulation.
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(30, 44, 54, 42, 58). Points above the dashed line show where R,
measures have increased, indicating a decrease in spasticity.

For the majority of studies, the intervention decreased the
level of spasticity measured by R,, (30, 54, 42, 58). Results
reported by Vargas Luna et al. (44) showed that 1 out of 4 of
their participants had worsened spasticity, 2 had improved
spasticity, and the authors determined that one participant did
not have spasticity at baseline, since their value of R,,~1.

The most marked changes were in Bajd et al. (30). In their study,
participants had a higher level of spasticity at baseline compared to
other studies, which may have contributed to the larger reported

change following intervention. One quarter of the participants in
the study by Hofstoetter et al. (58) had improved spasticity
following TSCS, while 4 had unchanged or worsened spasticity.

Changes in the Hpax/Mpmax ratio in non-
RCT studies

Results from non-RCT studies which used the H, . /Max
ratio as an outcome measure are shown in Figure 7 for
studies where results for individual participants were available.
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FIGURE 7

Changes from baseline to end-of-intervention in Hmax/Mmax ratio of long-term non-RCT studies. FES = functional electrical stimulation, TENS =

transcutaneous electrical nerve stimulation.
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Seven participants in the study by Aydin et al. (29) and
two in Gant et al. (52) showed a reduction in H,,/Mpax
ratio from their baseline measure to the final measure (the
follow-up measure for Aydin et al), which evidence
suggests is characteristic of a reduction in spasticity (13-
15, 63). However, remaining participants showed either no
change or an increase from their baseline measure,
indicating that these interventions had either no effect or a
negative impact on the majority of participants presented
in Figure 7.

Average changes of H,,.x/Mpay ratio of —0.06 (29) and 0.23
(52) from baseline to the end-of-intervention stage were
calculated. When comparing this data with that shown in
Figure 5, MAS scores in the Aydin study showed that 9 of 11
participants had an improved MAS score and 2 unchanged, with
an average change of 0.64. In the study by Gant et al. (52), 5 of
8 participants had worsened MAS scores and 3 unchanged, with
an average change of 0.23.

Other reported outcome measures

Most studies included in this systematic review also
reported benefits to their participants in measures other
than those required for eligibility in this review. Aydin
(29) (64) found statistically
significant reductions in the Functional Independence

et al and Yasar et al
Measure following TENS and FES cycling respectively.
Clonus scores were reduced in Goulet et al. (33) and Oo
et al. (31) following TENS, and in Hofstoetter et al. (43)
following TSCS. A summary of changes in all reported
outcome measures is shown in Supplementary Table S2.

Discussion
Summary of findings

Results from this systematic review showed that changes in
spasticity using MAS scores demonstrate an overall effectiveness
of non-invasive ES compared to a control group. However this
is not the case with the Pendulum test. Results from non-RCT's
overall showed a reduction in spasticity immediately following
non-invasive ES. An overall reduction in spasticity measured
by MAS scores was also seen in long-term trials. However,
there was one study in these results where a 19-week
programme of FES cycling caused either an increase or no
change in MAS scores (52), as well as 4 cases where spasticity
remained unchanged at the end of the study, compared to
baseline measures (46, 48, 49, 62). When measured by the
first swing excursion, there was no clear improvement in
spasticity following TSCS, with a decrease in spasticity in one
study (40), but not the other (41).
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In non-RCT studies, most participants benefitted from non-
invasive ES where spasticity was measured by the Pendulum
test. Only Gant et al. (52), reported no change in the
Pendulum test following intervention (FES cycling), the same
study also reported no changes or a worsening of MAS scores.

Only 4 studies in this systematic review included the H-
reflex as a neurophysiological outcome measure (29, 33, 52,
60). Of these, only one reported a reduction in the Hj../
M.x ratio from baseline (29), the remaining 3 reported no
change, or varied results between participants.

The following sections discuss: variations in stimulation
protocols, the impact of the variation in reported outcome
measures, any correlation found between clinical and
neurophysiological outcomes, the limitations in this systematic
review and meta-analysis, and recommendations to future studies

investigating non-invasive ES on spasticity in people with SCL

Variation between intervention protocols

Although this systematic review covered only 4 methods of
non-invasive ES (TENS, TSCS, FES cycling and FES gait), there
all
interventions, these differences were the frequency, pulse

exist many differences between protocols. Across
width, duration of intervention, stimulation intensity and the
method of determining stimulation intensity.

With the exception of two studies (52, 62), overall, FES
interventions tended to reduce spasticity. Similarly, with
TENS and TSCS interventions, spasticity was generally
This shows that the

efficacy of non-invasive ES in reducing spasticity may not be

reduced across the included studies.

dependent upon its pairing with movement, the frequency,
pulse width, or intensity of stimulation.

A huge variation in frequency and pulse width
parameters is seen across the included studies

For studies included in this systematic review, those which
used an FES intervention used a median frequency of 34 Hz
and stimulation intensity of 130 mA, whereas TENS and
TSCS forms of intervention used a median frequency of
50 Hz and median stimulation intensity of 50 mA; all forms
of intervention used a median pulse width of 0.3 ms (see
Table 1). Here, FES was given with lower frequencies and
higher stimulation intensities compared to TENS and TSCS.
These parameters may have been selected so that, at a
minimum, an isometric muscle contraction was achieved, and
at a maximum, muscle fatigue is minimised. For TENS and
TSCS, there is a much larger range of frequencies used,
however generally, most studies used frequencies >30 Hz (see
Supplementary Table S2 and Figure 2).

Research carried out by Vodovnik, Stefanovska and Bajd
(59), compared varying combinations of frequencies and pulse
widths, at similar stimulation intensities (up to 30 mA) during
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TABLE 1 Median (range) of frequencies, pulse widths and stimulation
intensities used by all studies which use FES and TENS or TSCS.
Where studies report a range of frequencies or pulse widths being
used, the average has been taken. Where studies reported a range of
stimulation intensities, the maximum intensity was used to account
for interventions which included sham stimulation or passive
movement (i.e. used 0 mA). In the case of stimulation intensity, only
16 studies reported a quantitative value (see Supplementary
Table S2). These values exclude those studied by Vodovnik et al.
(1987) due to the large variation in frequencies and pulse widths
investigated.

FES interventions TENS/TSCS
Frequency (Hz) 34 (20-60) 50 (5-100)
Pulse width (ms) 0.3 (0.05-0.5) 0.3 (0.3-1)
Stimulation intensity (mA) 130 (75-140) 50 (15-160)

FES = functional electrical stimulation, TENS = transcutaneous electrical nerve
stimulation, TSCS = transcutaneous spinal cord stimulation.

TENS (10-1000 Hz; 0.01-1 ms—see Supplementary Table S2).
This showed that spasticity assessed by the R,,, was reduced in 6
out of 7 participants for all variants of combinations, with
100 Hz having the largest effect. However, this was the only
study included in this systematic review which directly compared
several frequencies and pulse widths for the same form of non-
invasive ES and no statistical analysis directly compared the
efficacy of different frequencies at reducing spasticity.

From this systematic review, 5 of 6 studies using TENS,
which obtained statistically significant improvements in
spasticity, used 99 or 100 Hz (29-31, 33, 37), and the other
used 30 Hz (34). Of the remaining 4 studies which used
TENS [excluding Vodovnik. Stefanovska and Bajd (59)], all
frequencies used were <50 Hz; these studies reported reductions
in spasticity that did not reach statistical significance and, in
one case, spasticity was worsened (62).

Other review papers share varying opinions on the topic; with
some suggesting that frequencies of ~100 Hz are more effective at
reducing spasticity in other aetiologies (21, 22) and others
suggesting that TENS delivered at 4 Hz is superior to TENS at
25 Hz in spasticity arising from varying aetiologies (18). In an
educational review, it has been suggested that SCS and TSCS at
kHz frequencies may be the future of spasticity management
(23). Clearly not enough is yet understood to determine which
stimulation ~parameters may be optimal for spasticity
management in those with SCI. However, from this systematic
review, results suggest that 100 Hz TENS may be superior to
frequencies <50 Hz for spasticity in SCI.

Reduction in spasticity seen across many
different ES protocols may not be dependent on
stimulation intensity

For FES, participants must sustain a useful muscle
contraction. TENS or TSCS is expected to at least activate
afferent fibres, with some studies eliciting muscle contractions
during intervention and others not. Some studies used a fixed
current amplitude across all participants and did not make it
clear whether this amplitude caused muscle contraction or not
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(29, 33, 62). Results presented in Figures 3-7 do not reveal
distinct differences between FES, TENS and TSCS protocols.

It is not clear whether the use of sub- or supra- MT
stimulation is superior in the reduction of spasticity from the
results presented in this meta-analysis. Spasticity may reduce
following ES because of complex neural interactions, perhaps
involing presynaptic inhibition, recurrent inhibition and/or
reciprocal inhibition, all of which rely on the activation of
afferent fibres (65). Stimulation of the afferent fibres using sub-
MT TENS has been shown to increase feedback to the motor
pathways, causing a decrease in excitability of the reflex system
(66). However, when ES is delivered supra-MT, antidromic
firing, due to the stimulation of efferents, may block afferent
feedback (65, 67), meaning that the neural interactions may be
even more complex. It is also possible that reduced spasticity
following supra-MT stimulation or FES may also occur due to
acute fatigue. Results from this systematic review show that
both sub- and supra-MT ES reduced spasticity. This suggests
that the activation of efferent fibres using ES may not be
necessary for reducing spasticity in people with SCI.

Krause, Szecsi and Straube (68) found a statistically significant
reduction in spasticity following FES cycling compared to passive
cycling alone in five AIS A participants. Similar results were also
reported in seven AIS A SCI participants in a non-RCT study by
Mazzoleni et al. (51). There were no neurophysiological outcome
measures in either study and both measured pre-post changes (in
a single-session study (68) and multi-session study (51)). It
cannot, therefore, be determined whether spasticity reduced due
to plastic changes, or due to fatigue.

Improvements in function due to lower limb FES training
following SCI may occur due to the stimulation of central
pattern generators (CPGs) (19). Stimulating CPGs may promote
increased control of spinal reflexes and therefore increased
voluntary control (69). This may also result in a reduction in
involuntary muscle spasms. The stimulation of CPGs has not
yet been shown to improve spasticity, however, patterned ES
delivered to the common peroneal nerve at 100 Hz (selected to
reflect firing frequencies during walking) was shown to increase
reciprocal inhibition in healthy, able-bodied participants (70).
This theory may be a factor influencing the reduction in
spasticity, as the stimulation of afferents targets these CPGs.

Variation in reporting of outcome
measures

Studies were included in this systematic review if they used
the MAS, Pendulum test or PSES. However, these measures
were not reported in the same manner across studies. For the
MAS, studies reported results using compound scoring (the
sum of MAS scores across muscles), the average score across
several muscles, or for individual muscles or participants. For
the Pendulum test, studies reported results as the first swing
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excursion, or as the R,,,. In some cases, studies did not report the
values of these outcomes if their results were non-significant.

This variation in the reporting of outcome measures in
research studies reduces the accuracy and precision of meta-
analyses. Seven studies which qualified for this systematic
review were not included in the meta-analysis because their
results were reported in this way, and they would not share
their original data. Future studies should report their outcome
measures for individual participants, or ensure that this data
is available for authors of future systematic reviews.

Correlation between clinical and
neurophysiological outcome measures

The H-reflex, and therefore spinal excitability, should correlate
with spasticity; however much of this evidence exists for people
with spasticity arising from a stroke (13-15). One acute study in
this systematic review did not find any correlation between
Hinax/Mmax ratio and MAS scores and were only able to elicit
H-reflexes in five of 14 participants (33). Another (29) found
statistically significant decreases in both AS scores and the H,,,./
Mo ratio. However, this dual reduction was not seen in the
study by Gant et al. (52), following FES cycling, with results
varying between participants and time points.

Gant et al. (52) reported an increase in lower limb muscle
strength as well as an increase in M, across most participants. If
Max Were to increase with strength, this may have led to the
unclear change in the Hip,/Mpax ratio and the overall increase in
MAS scores. These changes to the muscles, occurring across a
long-term training protocol (19 weeks), may influence the
variation in spasticity outcome measures.

Investigating both clinical and neurophysiological measures in
people with SCI may provide an insight into the mechanisms
occurring when a clinically meaningful reduction in spasticity is
obtained. This would allow for more studies in people with an
intact CNS to draw more meaningful conclusions. Developing
these protocols in studies with healthy, able-bodied participants
allows for refinement of neuromodulation protocols, including
effective frequencies, pulse widths and stimulation intensities.
The large variation in the stimulation parameters in this
systematic review highlights the need for such studies.

Limitations

The most important limitation of this systematic review and
meta-analyses is the reliance upon data from non-RCT studies
to come to the conclusions drawn here. Meta-analyses should
be performed on RCT studies since these are least likely to be
biased (25). Although the evidence suggests that non-invasive
ES is effective at reducing spasticity measured by MAS and
Pendulum test scores, 28 of the 29 included studies were
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targeting lower limb spasticity, with only one paper reporting
on two case studies using whole-hand TENS (35). This is
partially due to the inclusion of the Pendulum test as one of
the primary outcome measures in this systematic review.
However, the MAS is commonplace for measuring upper limb
spasticity as well as lower limb. There is a clear lack of studies
investigating the effects of non-invasive ES in the upper limb,
compared to the lower limb. Although some mechanisms may
be similar for reduction of spasticity in both upper and lower
limbs, conclusions from this systematic review draw on
evidence from studies investigating lower limb spasticity.

Data presented in the meta-analysis of RCTs, which used
the MAS score as an outcome measure, counted the study by
Van der (60) This is
recommended by the Cochrane resources (25), but it was

Salm et al three times. not
necessary to assess each intervention used in the study
separately. An alternative method would have been to
combine the effects of the three forms of TENS used. Since
the aim of this meta-analysis was to compare the efficacy of
various non-invasive ES protocols, this was not appropriate.
There are fewer RCTs on ES for spasticity arising from SCI
compared to stroke. In a systematic review by Mahmood et al.
(22), seven RCTs were included in meta-analysis and they were
able

intervention, frequency of intervention and electrode placement.

to draw conclusions on: appropriate duration of
This range of evidence does not exist in RCTs for the SCI
population, where studies do not report their outcome measures

consistently, making it difficult to draw similar conclusions.

Recommendations for future studies

This systematic review and meta-analysis have shown that
the disparity between research protocols and reporting
practices leads to a lack of specificity when amalgamating the
data available in this field. Future research protocols should
adhere to a standard, using common clinical outcome
measures such as the MAS and R,,, values scores, making this
data readily available as Supplementary Material when it is
inappropriate to publish all data.

Future studies should
neurophysiological outcome measures. This component of

also consider the addition of

spasticity measurement may allow for a deeper understanding
of the location and neural pathways involved in spasticity
modulation following non-invasive ES. By understanding
which pathways may contribute to a reduction in spasticity,
our understanding of the effect of varying the stimulation
intensity and frequency in activating these pathways may be
developed, allowing for the refinement of ES protocols.

Where possible, researchers should be encouraged to
develop any research protocols as RCTs, as control data gives
an important and clear comparator for appropriate statistical
analysis with matched participants.
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The most important recommendation for future studies is to
report negative and non-significant results. Unpublished negative
results, or no data given for non-statistically significant results can
be dangerous as it can bias meta-analyses to report on available
data, which is more likely to report on positive results (71).

Conclusion

This systematic review and meta-analysis found that TENS,
TSCS, FES cycling and FES gait were effective at reducing
spasticity in people with SCI, according to MAS scores, for both
RCT and non-RCT studies, and R,,, values in non-RCT studies.
There was little data available to assess how these results may
correlate with neurophysiological measures; however, results
from two studies showed some similar implications for spasticity
from both MAS scores and Hjy,, /Moy ratios.

Reduction in spasticity following sub-MT TSCS and TENS
indicate that activation of afferent fibres is at least required for ES
to be an effective intervention for spasticity management in
people with SCI. Pairing ES with functional movement may not
be necessary, however results do not show a negative effect on
spasticity in this case.

This review concludes that more evidence is required for
specific stimulation parameters to be recommended (frequency,
pulse width and stimulation dose) and for the effects of these
parameters on varying levels and severities of SCI.
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