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ORIGINAL ARTICLE

Electrical stimulation plus progressive resistance training for leg
strength in spinal cord injury: A randomized controlled trial
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Study design: A randomized controlled trial.

Objectives:

To determine the effectiveness of electrical stimulation (ES)-evoked muscle contractions

superimposed on progressive resistance training (PRT) for increasing voluntary strength in the
quadriceps muscles of people with spinal cord injuries (SCI).

Setting: Sydney, Australia.

Methods: A total of 20 people with established SCI and neurologically induced weakness of the
quadriceps muscles participated in the trial. Participants were randomized between experimental and
control groups. Volunteers in the experimental group received ES superimposed on PRT to the quadriceps
muscles of one leg thrice weekly for 8 weeks. Participants in the control group received no intervention.
Assessments occurred at the beginning and at the end of the 8-week period. The four primary outcomes
were voluntary strength (Nm) and endurance (fatigue ratio) as well as the performance and satisfaction

items of the Canadian Occupational Performance Measure (COPM; points).

Results:

The between-group mean differences (95% confidence interval (Cl)) for voluntary strength

and endurance were 1T4Nm (1-27; P=0.034) and 0.1 (—0.1 to 0.3; P=0.221), respectively. The
between-group median differences (95% ClI) for the performance and satisfaction items of the COPM
were 1.7 points (0.2 to 3.2; P=0.103) and 1.4 points (—0.1 to 4.6; P=0.058), respectively.

Conclusion:

ES superimposed on PRT improves voluntary strength, although there is uncertainty

about whether the size of the treatment effect is clinically important. The relative effectiveness of ES and

PRT is yet to be determined.
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Introduction

Neurologically induced weakness is a common impairment
after spinal cord injury (SCI). It imposes activity limitations
and participation restrictions, both of which compromise
quality of life."”? It is believed that voluntary strength in the
paretic muscles of people with SCI may be enhanced by an
appropriate exercise program.' The most widely used
exercise program for this purpose is progressive resistance
training (PRT). The key components of PRT are resistance,
repetition and progression.®
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PRT is effective in non-paralyzed muscles and is the key
strategy used for strengthening the upper limb muscles of
people with paraplegia.'> However, its clinical efficacy for
paretic muscles after SCI is less clear* and it has only been
investigated in two randomized controlled trials,"* neither
of which have provided conclusive evidence of benefits. It is
commonly believed that the effectiveness of PRT may be
enhanced through superimposed electrical stimulation (ES)-
evoked muscle contractions. The addition of ES to PRT is
usually justified by observed increases in stimulated strength
or muscle hypertrophy in paralyzed muscle.®® However,
there is no direct evidence from clinical trials to suggest that
voluntary strength is increased by superimposing ES on
PRT*%1° or by superimposing ES on any type of voluntary
exercise in people with muscle paresis.'’'* Therefore, the
primary purpose of this trial was to determine the clinical
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effectiveness of ES superimposed on PRT for increasing
voluntary strength in the paretic quadriceps muscles of
people with SCI.

Materials and methods

Participants

A total of 20 people with neurologically induced weakness in
the quadriceps muscles after SCI were recruited from a
community-based sample of convenience. Participants were
referred to the study by community- and hospital-based
therapists. The inclusion criteria were complete or incom-
plete SCI sustained more than 6 months before testing, at
least 90° passive knee range of motion and moderate
neurologically induced weakness in their quadriceps muscles
of one leg that was responsive to ES (moderate weakness was
defined as grade 3/5 or 4/5 on a manual muscle test'* and/or
strength <2 s.d. below age-matched able-bodied indivi-
duals'®). If both legs were suitable for inclusion, the weaker
leg was selected for investigation. Exclusion criteria were
recent history of trauma to the lower extremity, currently
participating in a lower limb strength or ES training program
or limited ability to comply.

A computer-generated random allocation schedule was
compiled before commencement by a person not involved in
the recruitment of participants. Participants’ allocations
were placed in opaque, sequentially numbered and sealed
envelopes that were held offsite by an independent person.
Once a participant passed the screening process and
completed the initial assessment, an envelope was opened
and allocation was revealed. The participant was considered
to have entered the trial at this point. The trial was registered
with clinicaltrials.gov (ACTRN12609000079246). We certify
that all applicable institutional and governmental regula-
tions concerning the ethical use of human volunteers were
followed.

Intervention

Participants in the experimental group received ES super-
imposed on PRT to the quadriceps muscles of one leg,
thrice weekly for 8 weeks. All training was undertaken in
participants’ homes with a portable device specifically
designed for the trial (Figure 1). Participants were seated
with their training leg strapped to the device. The device
consisted of a lever arm attached to a wheel that applied a
concentric constant torque throughout knee range of
motion. The resistance to knee extension was applied
through weights suspended from the wheel and was adjusted
to match each individual’s strength and training progres-
sion. A counterbalance was used to offset the torque due to
the mass of the lower leg and lever arm.

ES was delivered through a STIWELL med4 portable
neurostimulator (Otto Bock Healthcare Products, Vienna,
Austria). Stimulation parameters were S0Hz frequency,
300 ps pulse width and up to 100 mA stimulation amplitude
(according to individuals’ tolerance to ES current density).
The duty cycle was 50% of a 12s on:off phase with non-
ramped ES amplitude onset. Electrodes (7 x 13cm) were
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Figure 1 The training device. The device consists of a wheel
(A), weights suspended from the wheel (B) and a counterbalance
(C) to offset the torque due to the mass of the lower leg and lever
arm. The image was copied with permission from www.
physiotherapyexercises.com.

placed over the participants’ quadriceps muscles at sites that
evoked the strongest muscle contractions.

The intervention consisted of 12 sets of 10 knee extension
repetitions. The first six sets involved ES superimposed on
maximal voluntary knee extension. The second six sets
involved ES-evoked muscle contractions alone. Resistance
was applied throughout the range of motion and progressed
between sets and sessions to ensure that the knee could only
just be extended 10 times before fatigue limited knee
extension. A short recovery of 2-3min was provided
between each set of 10 repetitions. Initially, some partici-
pants could not extend the knee 10 times with ES alone,
despite the removal of all resistance. These participants were
provided with manual assistance that was withdrawn as soon
as possible. All sessions were directly supervised on a one-to-
one basis by trained staff.

Control participants neither received PRT or ES to their
lower limbs, nor did they have contact with research staff.
However, both control and experimental participants were
allowed to continue general fitness or mobility programs
that they had been participating in before the trial.
They were requested not to change their usual activities of
daily living.

Assessment

All assessments were conducted at the beginning and end of
the 8-week training period by assessors blinded to group
allocation. An additional familiarization session was held a
few days before initial testing. Four primary outcomes were
used, including: (1) voluntary quadriceps strength (Nm), (2)
voluntary quadriceps endurance (fatigue ratio), (3) the
performance item of the Canadian Occupational Perfor-
mance (COPM; points) and (4) the satisfaction item of the
COPM (points). Three secondary outcomes were used,
including: (1) ES-evoked quadriceps strength (Nm), (2)
ES-evoked quadriceps endurance (fatigue ratio) and (3)
participant perception of treatment effectiveness (points).
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Muscle strength and endurance outcomes were measured
using a Biodex Isokinetic System (Biodex Medical Systems,
Shirley, NY, USA). This device automatically adjusted
resistance to participants’ maximal efforts to maintain a
constant pre-set angular velocity. The participants were
tested in a seated position with their thighs and chests
strapped and their arms crossed. Voluntary quadriceps
strength was determined from the best of six trials of one-
repetition maximum efforts at an angular velocity of 30°s~".
A 1-min rest was provided between each maximal contrac-
tion and a 5-min rest was provided after the six maximal
contractions. Voluntary quadriceps endurance was tested by
asking participants to maximally contract their quadriceps
muscles for 3 s and then recover for 3 s and repeat the process
for 3min. Angular velocity was set at 20°s™!. The average
strength (Nm) of the last five contractions was divided by the
average strength of the first five contractions to derive a
muscle fatigue ratio. A higher fatigue ratio represented
greater quadriceps endurance. Throughout voluntary
strength and endurance testing, participants were verbally
encouraged and provided with instantaneous visual feedback
about their torque production to maximize effort.

ES-evoked quadriceps strength and endurance were tested
in the same way as voluntary strength and endurance but
without voluntary effort. Stimulation was delivered at
140 mA amplitude (or up to an individual’s maximum
tolerable stimulation amplitude), but otherwise with the
same ES characteristics as used during muscle training. The
same stimulation intensity was used at pre- and post-
assessments for each participant.

Participant perception of treatment effectiveness was
assessed at the end of the 8-week treatment period by asking
both control and experimental participants to rate their
impressions of change in strength over the preceding 8
weeks on a 15-point scale, in which -7 indicated ‘a very great
deal worse’, 0 indicated ‘no change’ and + 7 indicated ‘a very
great deal better’.!® The COPM!” determined participants’
perceptions about treatment effectiveness relative to self-
nominated goals. At the start of the trial, all participants
nominated three goals of treatment in terms of tasks related
to knee strength. They rated each task on a 10cm visual
analogue scale with respect to their ability to currently
perform the task and their satisfaction with their perfor-
mance of the task. Participants were asked to repeat the
ratings for each task at the completion of the 8-week period.
In addition, at the end of the trial all experimental
participants were asked to rate the inconveniences of
training on a 10 cm visual analogue scale.

Statistical analysis

Power calculations were based on a comparable study'®
indicating that 20 participants would provide an 80%
probability of detecting a between-group difference equiva-
lent to 15% of the mean baseline for voluntary quadriceps
strength. This assumed mean baseline strength of 88 Nm, an
s.d. of the between-group difference of 4.9 Nm,'® an o of 0.05
and a loss to follow-up of 15%.
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All statistical analyses were performed using the principles
of ‘intention to treat’. All data are reported as means (s.d.)
unless skewed, in which case data are reported as medians
(interquartile ranges). Significance was set at P<0.05 but
results were interpreted with respect to pre-determined
sufficiently important differences'® (defined as 15% of mean
initial values for strength and endurance, 2 points for the
COPM*' and 1 point for participant perception of treatment
effectiveness).?° The sufficiently important differences for
strength and endurance were set by the investigators after
weighing up the time, cost and inconvenience of the
intervention along with the real-life implications of im-
provements in strength. The purpose of all analyses was to
determine the effect of group allocation (experimental and
control) and time (pre and post) on outcome. Strength and
endurance outcomes were analysed using four separate
linear regression models with initial values entered as
covariates. Time since injury was initially entered as a
covariate but then discarded from the analyses after it
became evident that it had no effect. The COPM results
were skewed and therefore analysed using the Mann-
Whitney test. The corresponding median between-group
differences and 95% confidence intervals (CI) were calcu-
lated using bootstrapping techniques with 10000 iterations.

Results

The median (interquartile range) age and time since injury
were 39 years (26-50) and 3 years (2-7), respectively. All
participants had motor incomplete lesions with neurological
levels ranging from CS5 to L2 as defined by the International
Standards for Classification of SCI?! (Table 1). The flow of
participants through the trial is shown in Figure 2. Outcomes
were attained for all variables on all participants and there
were no dropouts. On average, participants received a
median (interquartile range) of 25 (24-25) training sessions
over a mean (s.d.) of 8 (1) weeks.

Table 1 Characteristics of participants, including median age , gender,
time since injury, motor level on trained side and ASIA impairment
classification®'

Experimental Control
group group
N=10 N=10
Age (years), median (interquartile range) 40 (28-49) 39 (29-49)
Time (years) since injury, median 3 (2-8) 4 (2-7)
(interquartile range)
Male:female participants, n 7:3 7:3
Left:right leg trained, n 4:6 3:7
Motor level on trained side, n
C3-C8 6 4
T1-T12 0 4
L1 or L2 4 2
ASIA impairment classification, n
C 7 2
D 3 8

Abbreviation: ASIA, American Spinal Injury Association.



Table 2 provides a summary of the results. The mean
between-group difference (95% CI) for voluntary quadriceps
strength was 14Nm (1-27; P=0.034). The sufficiently
important difference was defined a priori as 15% of mean
initial strength (that is, 8 Nm). The 95% CI crossed the
sufficiently important difference, indicating uncertainty as
to whether the size of the treatment effect was clinically
important. The between-group mean difference (95% CI) for
participant perception of treatment effectiveness (a second-
ary outcome) was 4 points (2-6; P=0.000). The sufficiently
important difference was defined a priori as 1 point. This
result is statistically significant and clinically important.
There were no other statistically significant or clinically
important between-group differences for any of the other
five outcomes (see Table 2 for details). The mean (s.d.) rating
by experimental participants of the inconvenience of the
training was 4 cm (2 cm) in which zero represents ‘not at all
inconvenient’ and 10 cm represents ‘extremely inconvenient’.

Week 0
Pre-trial assessment
(n=20)

v

Week 0
Randomization
(n=20)

/| \

Week 110 8 Week 110 8
Allocation to experimental group Allocation to control group
8 weeks of training 8 weeks of no training
(n=10) (n=10)

| |

Drop out (n = 0) | | Drop out (n = 0)

| |

Week 9 Week 9
Post-trial assessment Post-trial assessment
(n=10) (n=10)

Figure 2 Flow of participants through the trial.
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Discussion

This is the first randomized controlled trial designed to
determine the effectiveness of ES superimposed on PRT for
increasing voluntary strength in the paretic muscles of
people with SCI.* The results indicate a statistically sig-
nificant increase in voluntary strength, although there is
uncertainty as to whether the size of the treatment effect is
clinically important (the 95% CI spanned the sufficiently
important difference of 8 Nm). The effects of ES super-
imposed on PRT on stimulated strength, stimulated endur-
ance and voluntary endurance were equivocal. This may
reflect the use of PRT that primarily targets voluntary
strength and not endurance. The failure to find a convincing
increase in stimulated strength may indicate limited change
in muscle morphology or histochemistry. If this was the case,
then the observed increases in voluntary strength may
primarily be neural in nature.

Participants perceived that the treatment was effective.
When participants were asked to explain their responses,
they commonly cited improvements in their ability to move
from sit to stand, to transfer and to clear the foot during
swing phase of gait. However, these self-reports need to be
interpreted with caution because participants were not
blinded and possibly influenced by optimistic expectations
of the intervention. Interestingly, participants’ perceptions
about treatment effectiveness were not reflected in the
results of the COPM, although this may partly reflect an
insufficient sample size (for example, the 95% CI associated
with the between-group difference of the COPM satisfaction
item was wide and spanned the pre-determined sufficiently
important difference of 2 points).

The effects of the intervention may have been more
pronounced if the intervention had been delivered for more
than 8 weeks. The results of strength training in the neurally
intact muscles of able-bodied individuals suggest a 2%
increase in strength for every week of training®? (the precise
gains in strength are influenced by initial conditioning). The
trainability of paretic muscles is not clear, although it is

Table 2 Mean (s.d.) pre- and post-voluntary strength, voluntary endurance, electrically stimulated strength, electrically stimulated endurance,
perception of treatment effectiveness and median (interquartile) satisfaction and performance items of the COPM with corresponding mean (or median

for COPM) between-group differences, 95% Cl and P-values

Outcome Pre Post Between-group difference
Exp. group Con. group Exp. group Con. group
(n=10) (n=10) (n=10) (n=10)

Primary outcomes
Voluntary strength (Nm) 46 (28) 56 (41) 58 (33) 52 (28) 14 (1-27; P=0.034)
Voluntary endurance (fatigue ratio) 1.0 (0.3) 0.9 (0.3) 1.0 (0.4) 0.9 (0.3) 0.1 (-0.1 to 0.3; P=0.221)
Satisfaction item of COPM (points) 3.8 (2.7-4.8) 4.8 (3.8-5.9) 6.3 (4.7-7.8) 6.0 (4.4-7.4) 1.4 (0.1 to 4.6; P=0.058)
Performance item of COPM (points) 3.5 (3.3-4.5) 4.7 (4.4-5.0) 6.3 (5.3-7.8) 5.6 (5.4-6.6) 1.7 (-0.2 to 3.2, P=0.103)
Secondary outcomes:

Electrically stimulated strength (Nm) 29 (15) 28 (14) 31 (19) 30 (18) 1(-=10to 11; P=0.918)

Electrically stimulated endurance 0.7 (0.2) 0.6 (0.1) 0.7 (0.1) 0.8 (0.2) —0.1 (-0.2 to 0.1; P=0.201)

(fatigue ratio)

Participant perception of treatment 4.9 (1.3) 0.9 (2.0) 4 (2-6; P=0.000)

effectiveness (points)

Abbreviations: Cl, confidence interval; Con., control; COPM, Canadian Occupational Performance Measure; Exp., experimental.
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possible that the functional demands of daily living for people
with paresis may impose limits on the effectiveness of PRT by
reducing the dose-potency of the intervention.> However, the
situation might differ in people with recent SCI who have
greater potential for neurological improvement and who are
not yet routinely performing activities of daily living.

Although the intervention was only applied for 8 weeks, it
was intensive. Each session took 1h and was physically
demanding for participants. In addition, the training
involved both PRT and ES. This type and intensity of
training was selected to provide a large contrast between
control and experimental participants and hence the best
possible chance of finding a treatment effect. It is disconcert-
ing that despite the contrast between groups, there was still
uncertainty as to whether the size of the treatment effect was
clinically important.

The quadriceps muscles were selected for this trial because
they have important implications for everyday mobility and
are commonly affected by SCI. The quadriceps muscles were
also used because they are a large muscle group and we had
previously run into problems with statistical power related to
reliably measuring torques in the small wrist muscles of
people with tetraplaegia.>** To avoid these problems, we
also restricted the inclusion criteria to participants with
grade 3/5 or 4/5 strength. It is not clear whether smaller and
weaker muscles are more or less responsive to ES super-
imposed on PRT than larger and stronger muscles such as the
quadriceps used in this trial. However, it is clear that large
participant numbers will be required to conduct an ade-
quately powered trial to answer this question.

This trial is not without its limitations. For example, a
sample of convenience was used exposing the trial to the
possibility of selection bias. Selection bias tends to over-
estimate treatment effectiveness. In addition, control sub-
jects had less neurological impairment than experimental
subjects with a higher proportion of American Spinal Injury
Association classification D than C injuries (see Table 1). This
difference occurred despite the randomization process and
reflects differences in upper and lower limb strength of
affected limbs. Importantly, there were only small differ-
ences in strength of the quadriceps muscles at randomiza-
tion. Differences in overall upper and lower limb strength are
only of concern if they influence the trainability of the
quadriceps muscles. There is no evidence to suggest that this
was the case, although it cannot be ruled out. There were no
other differences in key prognostic factors such as age, time
since injury or quadriceps strength.

The results of this trial provide initial support for the use of
ES superimposed on PRT for increasing voluntary strength in
the paretic quadriceps muscles of people with SCI, but there
is uncertainty about whether the size of the treatment effect
is clinically important. It is not clear whether ES was the
critical component of the training program or whether the
same results could have been attained with PRT alone.
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