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EFFICACY OF NEUROMUSCULAR ELECTRICAL

STIMULATION IN IMPROVING ANKLE KINETICS DURING

WALKING IN CHILDREN WITH CEREBRAL PALSY
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Abstract: Neuromuscular electrical stimulation (NMES) applied to the triceps surae muscle is claimed to be
effective in improving gait in children with cerebral palsy. The main aim of this study was to determine the
effect of NMES on the triceps surae muscle in improving the gait and function of children with cerebral palsy.
Twelve children with spastic diplegia or hemiplegia were recruited and randomly assigned to the two experimental
groups. The period of the study was 8 weeks (2-4-2 week design). The initial 2 weeks was the control period,
in which usual treatment was given to both groups of patients with a pre- and post-treatment assessment.
The middle 4 weeks was the experimental period, in which the Treadmill+NMES group received NMES plus
treadmill walking training and the Treadmill group underwent treadmill walking training only. Assessment was
performed at 2-week intervals. The final 2 weeks was the carryover period, in which treatment to be tested
was stopped and reassessment performed again at the end of week 8. An additional treatment and post-treatment
assessment were given at weeks 2, 4 and 6 to test for the immediate effect of treatment. Altogether, eight repeated
measures with three-dimensional gait analysis and five clinical measurements using the gross motor function
measure (GMFM) were performed. Kinetic changes in ankle moment quotient (AMQ) and ankle power quotient
(APQ) were not significant either immediately or cumulatively in both groups. Improvement in trend was observed
in both groups immediately but not cumulatively. Using the GMFM, functional changes were detected in standing
(GMST, p < 0.001) and in walking (GMWK, p = 0.003) using a “time” comparison. Significant interaction was
also detected in GMWK using “treatment by time” (p = 0.035). The difference between the two groups was
not significant on “treatment” comparison of both GMST and GMWK. Both groups showed improvement in
GMST and GMWK cumulatively but there was no difference between the two groups. The effects in both groups
could be carried over to 2 weeks after interventions stopped. Both the Treadmill+NMES and Treadmill groups
showed improvement in functional outcomes. The trend in the changes of the GMFM score suggested that
improvements were greater in the Treadmill+NMES group. There was also a trend showing some immediate
improvement in AMQ and APQ.
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Introduction

A common deviated gait pattern in children with ce-

rebral palsy is equinus gait or toe walking. The presence

of spasticity in the triceps surae muscle is the major cause

of this equinus gait. It is believed that an imbalance in the

ankle joint caused by a spastic calf muscle inhibits the

development of the ankle dorsiflexors, making them

weak and elongated [1]. Neuromuscular electrical stimu-

lation (NMES) is one physiotherapy modality com-
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monly used to decrease muscle spasticity [2–4] and to

strengthen the weakened antagonist muscles [5–7].

Typically, NMES is applied to antagonist muscles (ankle

dorsiflexor) to achieve an antispastic effect on agonist

muscles (triceps surae) by way of reciprocal inhibition

[8]. Previous studies suggest that applying NMES to

ankle dorsiflexors should improve the gait pattern in

children with cerebral palsy [9,10]. However, clinical

experience and some literature indicate that this ap-

proach is not always successful. For instance, Carmick

applied NMES to ankle plantarflexors, contrary to stan-

dard practice, and found improvement in foot posture, gait

pattern, balance and efficiency of movement in children

with cerebral palsy [11,12]. However, the efficacy of the

application of NMES to agonist muscles has not been

demonstrated to date. Thus, the purpose of the present

study was to determine the efficacy of applying NMES to

triceps surae muscles in order to improve ankle joint

kinetics during walking in children with cerebral palsy.

Ankle joint dynamics during gait
Normally, the ankle joint will slightly dorsiflex at heel

contact followed by plantarflexion as the foot is carefully

lowered to the floor. This is achieved by slight concentric

followed by eccentric contraction of the dorsiflexors.

Once the foot is flat on the floor and the body is moving

over the stationary foot, the ankle joint dorsiflexes as the

tibia rotates forward over the foot. This motion is con-

trolled eccentrically by the triceps surae muscle and

continues until just after the heel rises slightly from the

floor, at which point the triceps surae reverses from con-

tracting eccentrically to a more rapid and forceful con-

centric contraction. This period is referred to as “push-

off” (or “pre-swing”). Push-off continues until the an-

kle is fully plantarflexed and, along with knee flexion,

the foot leaves the ground, initiating the swing phase.

The observed kinematics of the ankle joint during

stance are caused by the underlying kinetics. At initial

heel contact, the ankle joint moment of force is slightly

dorsiflexor, but for most of the stance, the moment of

force is increasingly plantarflexor until the start of push-

off, where it decreases rapidly to near zero when the foot

leaves the ground (solid line, Figure 1). Ankle power

throughout stance is mostly negative, indicating that the

triceps surae works eccentrically absorbing energy. As

push-off begins, a large positive power burst occurs,

reflecting the forceful concentric contraction of the tri-

ceps surae as it works to propel the body forward (solid

line, Figure 2).

Ankle joint dynamics during gait in children with
cerebral palsy
The equinus gait pattern of children with cerebral palsy

results from abnormal activities of the triceps surae

complex throughout the stance phase of gait. During

weight acceptance, overactivity of the ankle plantarflex-

or causes an abnormal first rocker [13], with the triceps

surae preventing the heel from being the first point of

contact with the ground. From mid-stance until late-

stance (or “pre-swing”), as the triceps surae muscle is

eccentrically stretched, there is an abnormal stretch

reflex, resisting the lowering of the heel to the floor and

producing the abnormal motion of the second rocker

[13–15]. Due to the presence of plantarflexor weakness,

push-off is prohibited and a crouched gait results. Chil-

dren with hemiplegia have a lower average level of pow-

er generated by ankle plantarflexors [16]. The ankle

on the hemiplegic side only provides one-third of total

work, whereas two-thirds of the total concentric work is

found in normal subjects [17].

In children with a spastic calf muscle, the advance-

ment of the tibia over the foot in stance may result in a

premature stretch of the spastic triceps surae and corre-

sponding firing of the muscle [18], resulting in an “early

heel raise” in mid-stance (Figure 3). A common pattern

of “double bump”plantarflexor moment is usually found

in children with cerebral palsy. The initial peak (a) will

occur with greater magnitude before mid-stance than

the peak (a’) occurring during terminal stance (dashed

line, Figure 1). The pattern of plantarflexor moment in

non-disabled children will only include the terminal

peak. Any interventions that help to decrease the initial

Figure 1. Typical ankle plantarflexion moment of children
with cerebral palsy. AMQ = ankle moment quotient.

Figure 2. Typical ankle power of children with cerebral
palsy. APQ = ankle power quotient.
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peak and increase the terminal peak would improve the

gait pattern in children with cerebral palsy. Thus, the

ratio of initial peak over terminal peak (a/a’) or ankle

moment quotient (AMQ) can be used to measure the

change and, hence, the degree of improvement in ankle

plantarflexor moment [19].

Similarly, double power generation occurs in chil-

dren with cerebral palsy as opposed to substantial power

absorption in the second rocker in non-disabled children

[18,20]. The pattern of the total ankle power curve for

children with equinus gait is typically “triphasic” (dashed

line, Figure 2). An early initial deep trough of power

absorption occurs as the child lands on his/her toes,

followed by a premature burst of power generation in

mid-stance (b) before a final peak of power generation

at terminal stance (b’). Ankle power quotient (APQ), the

ratio of initial power generation over the final power

generation in the ankle (b/b’), can be used to measure

the change in ankle power after intervention [19]. A

decrease in the ratio reflects an improvement in ankle

joint power generation and absorption.

Neuromuscular electrical stimulation
NMES contributes to improving joint range of motion.

Hazelwood and co-workers found an increase in passive

range of movement at the ankle and ankle dorsiflexion

strength in children with hemiplegic cerebral palsy after

electrical stimulation of the anterior tibial muscles [10].

A randomized controlled trial of therapeutic electrical

stimulation in children with cerebral palsy showed sig-

nificant improvement in function with an increase in

score on the gross motor function measure (GMFM)

after treatment [21]. It is proposed that NMES applied to

the calf muscle of children with cerebral palsy would not

only improve the motor outcome, but also improve the

child’s sensory awareness [22,23]. As an additional ben-

efit, the sensory input provided by NMES incorporat-

ed in the task-specific approach in motor learning will

enhance the pattern in the gait cycle.

Methods

Subjects and design
An ABA experimental design was adopted. Twelve sub-

jects with spastic diplegia or hemiplegia aged 4–11 years

were recruited and randomly assigned to one of two

groups, Treadmill+NMES or Treadmill. All subjects

met the inclusion criteria: spasticity over the triceps su-

rae muscle of at least grade 1 on the Modified Asthworth

Scale and an independent walker with equinus gait pat-

tern. Subjects with fixed contracture and passive range

of motion of the ankle of less than 10  of dorsiflexion

were excluded.

Table 1 shows the schedule for treatments, gait analy-

ses and administration of the GMFM. Both groups were

tested at the beginning and end of a 2-week period with

their usual conventional physiotherapy to establish base-

line measurements. Following this was a 4-week treat-

ment period (weeks 3–6). Treatment frequency was

three times per week. In weeks 4 and 6, a gait analysis

was performed after the sixth treatment of that particu-

lar 2-week period. An additional treatment was per-

formed in the gait laboratory session at weeks 2, 4 and

6, followed by post-treatment gait analysis to test the

immediate effect. The carryover effect was tested 2

weeks after the treatment was terminated (week 8).

Therefore, the whole study period was 8 weeks and

involved five visits to the gait analysis laboratory with

eight repeated measures.

Procedures and measurement
A portable NMES with remote control leads (Respond

Select; Empi Inc, St Paul, MN, USA) was used in this

study. NMES was applied to the triceps surae muscle

while patients walked on a treadmill for a period of 15

minutes. A therapist triggered the stimulation during

each stance phase of the affected limb(s). Children in the

Treadmill group walked for 15 minutes with no NMES.

The NMES parameters were set at a frequency of 30–

35 pulses/second and an intensity of stimulation of

visible muscle contraction. The speed of the treadmill

was set according to the child’s usual walking speed

(0.45–0.80 m/s). For gait analysis, a Vicon 370 (Vicon

Motion Systems Ltd, Oxford, UK) with two AMTI force

platforms (Advanced Mechanical Technology Inc,

Watertown, MA, USA) was used to measure the kinetic

change during gait. Five sets of kinetic data were taken

in each session of gait analysis and the data averaged.

The kinetic data were evaluated by comparing changes

in AMQ and APQ. A decrease in either AMQ and/or APQ

Figure 3. The pattern of “early heel raise” on the spastic
leg in children with cerebral palsy. (A) Typical “early heel
raise” in mid-stance. (B) Foot remains flat on the ground
in mid-stance (normal leg).

A B
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denotes improvement [19]. The kinetic data of both legs

of children with spastic diplegia and the data on the

affected leg for spastic hemiplegia were included in the

analysis. In addition, children completed the “stand-

ing” and “walking” domains of the GMFM, which were

designed to measure the change in function after inter-

vention.

Statistical analysis
Data were analysed with SPSS version 10 (SPSS Inc,

Chicago, IL, USA). Descriptive statistics were primarily

used to analyse demographic data. Gait analysis data

and GMFM scores were analysed by repeated measures

analysis of variance. The change in the control period,

immediate effect, cumulative effect and carryover effect

of each group were compared.

Results

The demographic data of the subjects are summarized

in Table 2. All subjects had 100% compliance with the

treatment and tests.

Kinetic change
Immediate effect
The kinetic change in the AMQ immediately after treat-

ment was compared between the Treadmill+NMES and

Treadmill groups. Changes in AMQ at weeks 2, 4 and 6

are shown in Table 3 and Figure 4. Most tests showed a

decrease in AMQ in both groups. However, no signifi-

cant interactions were detected (p = 0.533). There were

no significant changes on time comparison (p = 0.146)

and treatment comparison (p = 0.503). However, from

the trend in mean difference, we could see that both

groups showed a positive immediate effect after treatment.

The same trend was observed in the APQ; the ratio

decreased, showing a positive effect after treatment in

both groups (Table 3, Figure 5). No significant interac-

tion was found (p = 0.138). No significant changes on

time comparison (p = 0.402) and treatment comparison

(p = 0.643) were found. The only significant change was

observed between treatments at week 4 (p = 0.015),

meaning that there were significant differences between

treadmill walking with NMES and treadmill walking

alone.

Cumulative effect
The cumulative effect of NMES on the kinetic data

during gait was assessed by comparing the AMQ and

APQ at weeks 2, 4 and 6. There was no significant inter-

action (p = 0.134) in APQ. On time comparison, no sig-

nificant difference was detected (p = 0.199); the only

significant change was detected on treatment compari-

son between the two groups (p = 0.037), implying that

the two groups were different, but there was no evidence

of significant improvement over time in either group.

Functional change
The changes in function at weeks 2, 4 and 6 were sig-

nificant in both walking and standing domains (Figure 6,

Table 4). A significant interaction (p = 0.035) was ob-

served in the walking domain for time comparison

(p = 0.003), but there were no significant differences

Table 1. Schedule of tests

Week 0 1 2 3 4 5 6 7 8

Therapy N N TTT TTT TTT TTT N N
Gait analysis X

1
X

2
TX

3
X

4
TX

5
X

6
TX

7
X

8

GMFM G
1

G
2

G
3

G
4

G
5

N = normal physiotherapy; T = treatment (either Treadmill+neuromuscular electrical stimulation or Treadmill); X
n
 = gait analysis performed

test number
;

GMFM = gross motor function measure; G
n
 = GMFM administered

test number
.

Table 2. Demographic data of subjects

Group Gender (M/F) Diagnosis (diplegia/hemiplegia) Limbs studied
Age (yr)

Range Mean  SD

Treadmill+NMES 4/2 2/4 18 (n = 6) 5–81 6.3  1.03
Treadmill 5/1 5/1 11 (n = 6) 4–11 6.5  2.74

SD = standard deviation; NMES = neuromuscular electrical stimulation.
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between treatments (p = 0.181). Paired t test showed that

there were significant changes in both groups over time

(p = 0.045 for Treadmill+NMES; p = 0.014 for Treadmill).

For the standing domain, no significant interaction (p =

0.212) was observed, the only significant change was

noted on the time comparison (p < 0.001). However,

from the trend of mean difference, there was greater im-

provement in the Treadmill+NMES group than in the

Treadmill group. Moreover, on comparing the change at

week 8 after treatment was stopped, no significant dif-

ference (p > 0.68) was detected. This non-significant

difference, together with the fact that the mean values

were almost identical at weeks 6 and 8, provided some

indication that the effect gained at week 6 could be

maintained and carried over to 2 weeks post-intervention.

Discussion

There was no obvious cumulative effect on the kinetics

in the gait analysis but a positive effect was observed

immediately after treatment. Both AMQ and APQ de-

creased, although the changes were not significant. This

may be due to the small sample. As the change in gait was

transient, we suggest that the effect of NMES on the tri-

ceps surae is due to a change in spasticity. This was also

suggested by Comeaux et al in 1997 [24]: the constant

state of activity in the spastic gastrocnemius may be in-

terrupted by the on-off nature of the NMES so that the

spasticity is decreased. The immediate positive effect of

treadmill walking may be due to the decrease in spastic-

ity caused by stretching of the calf. The forward momen-

tum of the treadmill could decrease plantarflexor activ-

ity [25].

Table 3. Descriptive statistics for immediate kinetic change: ankle moment quotient (AMQ) and ankle power
quotient (APQ)

Test no. n Mean  SD 95% Confidence interval

AMQ
   Treadmill+NMES 3–2 18 10.127  0.2563 –0.006, 0.319

5–4 18 –0.006  0.1638 –0.228, 0.108
7–6 18 –0.229  0.6285 –0.658, 0.200

   Treadmill 3–2 10 –0.009  0.2534 –0.265, 0.008
5–4 10 –0.009  0.2509 –0.236, 0.006
7–6 10 –0.230  0.5251 –0.614, 0.153

APQ
   Treadmill+NMES 3–2 16 10.409  0.9696 –0.324, 1.142

5–4 16 –0.433  0.8138 –0.949, 0.008
7–6 16 –0.296  1.4883 –1.241, 0.649

   Treadmill 3–2 10 –0.352  0.6786 –0.920, 0.215
5–4 10 –0.128  0.3349 –0.527, 0.272
7–6 10 –0.294  0.7621 –1.026, 0.438

SD = standard deviation; NMES = neuromuscular electrical stimulation.

Figure 5. Change in ankle power quotient (APQ) imme-
diately after treatment. NMES = neuromuscular electrical
stimulation.
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Figure 4. Change in ankle moment quotient (AMQ)
immediately after treatment. NMES = neuromuscular
electrical stimulation.
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Table 4. Descriptive statistics of cumulative gross motor function measure (GMFM): walking (GMWK) and
standing (GMST)

Test no. n Mean  SD 95% Confidence interval

GMWK

   Treadmill+NMES 2 18 177.588  20.85 66.207, 88.968

3 18 179.238  20.26 68.140, 90.335

4 18 183.163  18.00 72.948, 93.377

   Treadmill 2 11 88.618  9.57 78.913, 98.324

3 11 89.655  9.43 80.191, 99.118

4 11 89.909  9.59 81.198, 98.620

GMST

   Treadmill+NMES 2 18 89.725  7.53 85.329, 94.121

3 18 90.688  7.13 86.444, 94.931

4 18 92.638  6.35 88.669, 96.606

   Treadmill 2 11 93.427  4.41 89.679, 97.176

3 11 93.436  4.41 89.818, 97.055

4 11 94.855  4.46 191.47, 98.239

SD = standard deviation; NMES = neuromuscular electrical stimulation.

A significant difference between treatments (p =

0.037) was noted in the cumulative effect on the APQ,

but not in the “time” and the interaction between

“treatment and time”. This coincided with the finding

that the Treadmill+NMES and Treadmill groups had

different baseline APQs. In the Treadmill+NMES group,

baseline APQ was more than 1.5, whereas in the Tread-

mill group, it was less than 1.0. A ratio above 1.0 means

that the power generated in mid-stance is higher than

that in terminal stance. Cupp et al showed that the mag-

nitude of power generation in late stance (A2 event)

increases as the subject’s age increases from 4 to 7 years

[26]. No significant difference was seen between the

ankle kinetics of the 8- to 10-year-old group and the

adult group. Subjects in the Treadmill group were older

than those in the Treadmill+NMES group, which may

account for the difference in the kinetics variation be-

tween the groups.

Another drawback in comparison of kinetic changes

is the use of AMQ and APQ. A ratio depends on two data

to reflect a change. Either changing the first peak or the

second peak may lead to a change in the ratio. Variation

sometimes occurred in the peak power in the terminal

stance phase, and some subjects used different maxi-

mum peak power in the push-off phase even in the same

session of assessment. The variation in gait data may be

due to various factors affecting the child’s performance,

such as emotional state and concentration span. Gait

analysis data are less repeatable in spastic children than

non-disabled children [27].

The changes in functional outcomes measured using

the GMFM standing and walking domains were signifi-

cantly different. The score improved in both the Tread-

mill+NMES and Treadmill groups, and this improve-

ment was maintained after treatment stopped. However,

no statistically significant difference was found between

the two groups. The functional items that changed were

mainly balance items such as single-leg standing (items

57 and 58), single-leg hopping (items 82 and 83) and

jumping (items 80 and 81). Improvement in these items

means that the functional stability of the child improved.

The intervention that we examined was targeted on the

triceps surae muscle and ankle plantarflexion is thought

to be a postural muscle that provides ankle and knee

stability [28]. Katoh et al found that maturation of the

plantar flexors leads to improvement in balance, which

is related to shortening of the duration of the stance and

Figure 6. Change in gross motor function measure.
NMES = neuromuscular electrical stimulation.
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acceleration phases [29]. Moreover, the improvement in

balance items was obvious clinically, as reported by both

parents and therapists. Motor learning on walking with

a treadmill may also contribute to the functional gain.

Conclusions

NMES of the triceps surae muscle had a positive effect on

gait and function. Improvement was observed in AMQ

and APQ immediately but not cumulatively. The changes

were noted from the trend as no statistical significance

could be proved because of the small sample size. The

change in the functional outcome was more dominant in

this study. Both GMFM standing and walking domains

were significantly different on “time” comparison (p <

0.003). Both groups showed improvement but there was

no significant difference between the two groups. The

effect of functional gain could be maintained to 2 weeks

after the intervention stopped. Further study of the

mechanism of effect in functional electrical stimulation

and the effect of treadmill walking is beneficial for

evidence-based practice.
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