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Research Articles

Neuromuscular Electrical Stimulation
Versus Volitional Isometric Strength Training
in Children With Spastic Diplegic Cerebral Palsy:
A Preliminary Study
Scott K. Stackhouse, PT, PhD, Stuart A. Binder-Macleod, PT, PhD, FAPTA, Carrie A. Stackhouse, MS,
James J. McCarthy, MD, Laura A. Prosser, MPT, and Samuel C. K. Lee, PT, PhD

Background. To date, no reports have investigated neuromuscular electrical stimulation (NMES) to increase muscle force
production of children with cerebral palsy (CP) using highforce contractions and low repetitions. Objective. The aims of
this study were to determine if isometric NMES or volitional
training in children with CP could increase muscle strength
and walking speed and to examine the mechanisms that may
contribute to increased force production. Methods. Eleven
children with spastic diplegia were assigned to an NMES training group or to a volitional training group. Participants in the
NMES group had electrodes implanted percutaneously to activate the quadriceps femoris and triceps surae muscles. The
volitional group trained with maximal effort contractions.
Both groups performed a 12-week isometric strength-training
program. Maximum voluntary isometric contraction (MVIC)
force, voluntary muscle activation, quadriceps and triceps
surae cross-sectional area (CSA), and walking speed were measured pre- and post-strength training. Results. The NMEStrained group had greater increases in normalized force
production for both the quadriceps femoris and triceps surae.
Similarly, only the NMES group showed an increase in walking
speed after training. Changes in voluntary muscle activation
explained approximately 67% and 37% of the changes seen in
the MVIC of the NMES and volitional groups, respectively.
Quadriceps femoris maximum CSA increased significantly for
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the NMES group only. Conclusions. This study was the first to
quantitatively show strength gains with the use of NMES in
children with CP. These results support the need for future
experimental studies that will examine the clinical effectiveness
of NMES strength training.
Key Words: Cerebral palsy—Strength training—Electrical
stimulation—Muscle activation—Cross-sectional area—
Hypertrophy.

ow muscle force production in children with
cerebral palsy (CP)1 can potentially be explained
by several observed factors: decreased central
nervous system (CNS) motor unit recruitment and discharge rates,2 increased antagonist coactivation during
agonist contractions,3,4 and changes in muscle morphology, including atrophy.5-7 Although strength training for a variety of patient problems has received much
attention,8-11 it is not typical practice with clinicians
who treat individuals with CNS dysfunction. This bias
against the use of strength training for patients with
CNS dysfunction is due to the unsubstantiated belief
that high-effort voluntary contractions may promote
an increase in muscle spasticity and tone.12 Recently,
however, strength training in individuals with poststroke hemiparesis and CP has produced positive
effects.13-18 For example, strength-training studies in
children with CP have demonstrated improvements in
gait speed, stride length, amount of knee flexion at foot
strike, and gross motor function.13,14,18 A systematic review
by Dodd and colleagues19 of strength training in children
with CP concluded that existing evidence suggests that
training can improve muscle force production. There
were no reports of increased spasticity following training in the reviewed literature. The authors suggested
that more rigorous studies are needed to make any
definitive conclusions.

L

Copyright © 2007 The American Society
Downloaded of
from Neurorehabilitation
nnr.sagepub.com at UNIVERSITY OF MICHIGAN on July 17, 2012

475

Stackhouse et al

Children with CP demonstrate large deficits in voluntary muscle activation compared to typically developing children (~20%-40% less).2 Using voluntary
contractions for strength training children with CP,
therefore, may not produce forces that are sufficient to
induce muscle hypertrophy. Neuromuscular electrical
stimulation (NMES) is an alternative strength-training
technique used to treat adults with deficits in voluntary
muscle activation following total knee arthroplasty.20-22
A number of studies have reported the use of NMES in
children with CP23-28; however, none of these studies
has adequately documented strength or has used NMES
protocols that have been shown to increase strength in
other populations.10,29-32
This study compared the effects of NMES and voluntary isometric strength training in children with spastic
diplegia due to CP using high-force (targeted forces ≥
50% of maximum voluntary isometric contractions),
low-repetition contractions (1 × 15, 3 times a week) and
investigated which physiologic mechanisms contribute
to changes in force production. We hypothesized that the
NMES-trained group would experience greater gains in
isometric force production, muscle cross-sectional area,
and walking speed after a 12-week program compared to
a voluntary-trained group. Conversely, we hypothesized
that the voluntary-trained group would experience
greater gains in voluntary muscle activation than the
NMES group because of a practice effect from performing MVICs throughout the training period. The data
presented in this preliminary report are part of an ongoing randomized trial to examine if NMES training can
improve muscle strength, walking speed, and energy
expenditure during gait over that of volitional training
in children with spastic diplegia.

sufficient to follow multiple step commands and to
attend to tasks associated with data collection; (8) no
history of lower extremity surgery in the previous
12 months; (9) passive range of motion of at least 20
degrees of hip abduction, a popliteal angle ≤ 45 degrees,
and ankle dorsiflexion to at least neutral with the knee
extended and the foot in subtalar neutral; (10) ≤ 10
degrees flexion contracture at the hips and ≤ 5 degrees
flexion contracture at the knee.
Eleven children participated in this study. These
children were drawn from 12 participants in a pilot study
with three groups—NMES, volitional, and control. Four
children were randomized to the electrical stimulation
group, 5 to the volitional group, and 3 to the control
group. Two of the children originally randomized into
the control group elected to reenter the study in the
NMES group after initial participation. The results from
these 2 children were pooled with the original 4 participants in the NMES group for this analysis to increase statistical power. Because we had low power with only 3
participants in the control group, we report the data from
the 2 treatment groups, the NMES group consisting of
6 children (3 males; mean age, 10 years 7 months; SD, 2
years 5 months) and the volitional group consisting of
5 participants (3 males; mean age, 10 years 5 months; SD,
2 years 4 months). All children and parents or guardians
were informed of the purpose and experimental methods
of this study and gave written and verbal consent and
assent to participate. The experimental procedures were
approved by the Human Subjects Review Boards of the
University of Delaware and Temple University (for
Shriners Hospitals for Children, Philadelphia).

Experimental Procedures
METHODS
Participants
Children between the ages of 8 and 12 years (at the
time of recruitment) with spastic diplegic CP were
recruited from an outpatient clinic at Shriners Hospitals
for Children, Philadelphia, Pennsylvania, USA. They were
assigned to a group that would perform either NMES or
volitional training. A physical therapist and an orthopedic surgeon screened children to determine if they were
eligible to participate in this study. Inclusion criteria were
as follows: (1) a diagnosis of spastic diplegic CP; (2) a
designation of level II or III on the Gross Motor Function
Classification System33; (3) between the ages of 7 and
12 years at time of recruitment; (4) cleared for risk of
hip subluxation or dislocation; (5) < 40 degrees scoliosis; (6) well-controlled seizures or seizure-free; (7) visuoperceptual skills and cognitive/communication skills
476

Electrode implantation. Children who were assigned to the
NMES group had percutaneous intramuscular electrodes
implanted bilaterally to stimulate the quadriceps femoris
and gastrocnemius muscles. While under general anesthesia, electrodes (Memberg electrodes, NeuroControl
Corporation, Cleveland, OH, USA) were implanted close
to the femoral nerve for stimulation of the quadriceps
femoris and near the motor points of the medial and lateral gastrocnemius muscles. The muscle was first stimulated percutaneously with a 26-gauge needle connected to
the cathode lead of the stimulator. When the desired stimulated response was obtained, the depth of the probe was
measured and the angle of insertion with respect to the
skin was noted. Sequentially, a 19-gauge sheath and then a
15-gauge sheath were placed over the probe to widen the
opening. Next, the probe and inner sheath were removed
and the electrode, mounted on a 26-gauge needle, was
inserted into the 15-gauge sheath. The stimulated
response was tested periodically during the procedure to
Neurorehabilitation and Neural Repair 21(6); 2007
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Figure 1. Custom-built exercise board used for neuromuscular electrical stimulation and volitional strength-training
programs. The hips are positioned in 50 degrees of flexion,
knees in 60 degrees of flexion, and the ankles in neutral.

ensure that the desired response was maintained. The
15-gauge sheath was removed, and the electrode tip
remained anchored within the muscle. The electrodes
were then routed subcutaneously to a common exit
site on the anterior-medial thigh. The exit sites for the
electrodes were covered with gauze and self-adhesive
occlusive dressings. Patients were allowed to heal for 2 to
3 weeks before stimulation began.

NMES Strength Training
Once patients healed, they returned to establish training dosages and to become accustomed to the sensation
of the electrical stimulation. The electrically elicited contractions were dosed to achieve a maximum tolerated
contraction force by adjusting the stimulus pulse duration between 5 and 200 µs while using a current amplitude of 20 mA and a pulse frequency of 50 pps (StIM
System, NeuroControl Corporation). The training dose
of the NMES was measured as the peak force of the maximum tolerated electrical contraction divided by the
maximum voluntary isometric contraction (MVIC)
force as measured on a computer-controlled dynamometer (see below for position and device description). The
targeted stimulation dose was to elicit a force ≥ 50% of
the patients’ MVIC.
The children in the NMES group performed the electrically elicited contractions without voluntary effort on
a custom-built exercise board that held the hip joints in
50 degrees of flexion, the knees in 60 degrees of flexion,
and the ankles in neutral (Figure 1). The children were

instructed to relax during stimulation. Only one muscle
group was exercised at a time. An isometric contraction
was 15 seconds in duration, which included a 3-second
ramp-up time. The stimulator was programmed to perform 1 set of 15 contractions for each side such that
the contractions alternated from right to left. The leftside contraction was initiated 15 seconds after the rightside contraction terminated, and each side was allowed
45 seconds of rest before its subsequent contraction.
Thus, each muscle contracted with a 15-second on and
45-second off duty cycle, and the right and left sides
were out of phase by 30 seconds. A total of 15 minutes
of exercise were required to train each muscle group.
The children performed this training 3 times per week
for 12 weeks for both quadriceps and triceps surae muscles. Subject compliance was monitored with a handwritten logbook and a compliance meter within the
stimulator. The parents or guardians and children were
instructed in the setup procedures and were given written instructions with illustrations for NMES strength
training. After 6 weeks of training, the children returned
for an interim assessment. During this session, the pulse
duration was increased as tolerated to further increase
the force produced by the stimulation, the training dose
was remeasured, and compliance data were recorded
from the stimulator and logbook. In addition, the stimulator’s compliance meter and the hand-written logbook were also recorded. After the second 6 weeks of
training, the training dose and compliance data were each
recorded again.

Volitional Strength Training
Children with CP who were in the volitional training
group were taught to perform 1 set of 15 MVICs 3 times
per week for 12 weeks for the quadriceps and triceps surae
muscles. The children in the volitional training group performed the isometric contractions on a custom-built
exercise board as described above for the children in the
NMES group. Contractions were performed to mimic
NMES training, with each contraction lasting 15 seconds
in duration. Contractions were timed by the child, parent,
or guardian on an electronic timer. The parents or
guardians were also trained to provide verbal encouragement for maximum effort during the length of each contraction. Additionally, parents/guardians and children
were instructed in the setup procedures and were given a
logbook to document their training along with written
and illustrated instructions for volitional strength training. After 6 weeks of training, children were brought back
to record their logbooks and to allow one of the investigators to observe a strength-training session to ensure that
training was being performed properly.
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MVIC Force and Voluntary Muscle
Activation Testing
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Augmentation
Force (N)

All MVIC force and voluntary activation testing was
performed on a computer-controlled dynamometer
(Kin-Com II, Chattecx Corp, Chattanooga, TN, USA)
and performed in the same test. Patients were encouraged
to perform MVICs, and when force reached a plateau, a
maximal brief electrical stimulus was superimposed on
the volitional effort to assess the extent of motor unit
recruitment (Figure 2). For the quadriceps femoris,
patients were seated with their right leg, thigh, pelvis, and
shoulders stabilized with inelastic straps and seat belts.
Hips were flexed to approximately 85 degrees, knees
flexed to 60 degrees, and participants were instructed to
keep their arms folded across their chest or lap. The axis
of the dynamometer was aligned to the lateral femoral
condyle, and the force transducer pad was 2 finger widths
(~3.5 cm) above the apex of the lateral malleolus. For the
triceps surae, patients were supine with their right foot
placed in the dynamometer’s foot apparatus with the axis
of the dynamometer aligned bisecting the lateral and
medial malleoli. The patient’s heel was secured in the heel
counter with athletic tape, and the foot, heel, and lower
leg were additionally stabilized with Velcro straps. The
ankle was flexed to neutral for isometric testing. Each
patient’s position while on the dynamometer was measured and recorded for future testing.
MVIC force and voluntary muscle activation testing
was performed immediately before and after the 12-week
strength-training program. For all patients, voluntary
muscle activation testing used surface electrical stimulation with self-adhesive electrodes covering the width of
the muscle. Depending on the size of the individual, electrodes ranged from 3.8 × 6.35 cm to 7.6 × 12.7 cm
(Axelgaard Manufacuturing Company, LTD, Fallbrook,
CA, USA; ConMed Corporation, Utica, NY, USA). Two
hours before testing was to begin, the electrode size was
selected and an area slightly larger than the electrode was
marked with a permanent marker. An anesthetic cream
(EMLA, Astra-Zeneca Pharmaceuticals, LP, Wilmington,
DE, USA) was applied to the area and covered with a selfadhesive occlusive dressing. This cream was used to
reduce the cutaneous sensation during the electrical
stimulation and to reduce the possibility of reflex
responses due to the electrical stimulation. The cream
was left on the skin for approximately 2 hours, after
which the cream was removed and the skin cleansed with
alcohol before electrode placement. For the quadriceps,
electrodes were placed across the width of the proximal
and distal musculature. For the triceps surae, electrodes
were placed across the width of the proximal portion of
the medial and lateral gastrocnemius muscles just below
the knee joint line and longitudinally across the distal

Voluntary Activation Testing

Force at
Baseline

Time

Figure 2. Raw force trace during maximum voluntary isometric contraction (MVIC) and voluntary activation testing.
A maximal burst of electrical stimulation is delivered during
the MVIC when the force plateaus (force augmentation from
maximum burst) and again when the force returns to baseline
and the patient is at rest (force of maximum burst at baseline).

portion of the soleus superior to the Achilles tendon. The
quadriceps and triceps surae muscles were stimulated
with a Grass Instruments S88 stimulator with a Grass
model SIU8T stimulus isolation unit (Astromed, Inc,
West Warwick, RI, USA). Force data during MVIC testing
were sampled at 2000 Hz and analyzed with custom
written software (Labview, 4.0.1, National Instruments,
Austin, TX, USA).
Once positioned on the dynamometer, patients performed a submaximal knee extension or ankle plantarflexion isometric contraction and then performed a
practice MVIC after approximately 2 minutes of rest.
Next, the electrical stimulation intensity used for testing
voluntary muscle activation was set by gradually increasing the voltage output in 5- to 10-volt increments, until a
force plateau was achieved using a 13-pulse, 100-pps electrical train in which each pulse was 600 µs in duration.
We termed this stimulus the maximum burst. On the
dynamometer’s feedback monitor, visual force targets
were set approximately 10% higher than the force produced during the practice MVIC trial. After a 5-minute
rest, 2 to 3 attempts at knee extension or ankle plantarflexion MVICs were performed to quantify peak
voluntary force production and volitional activation. A
5-minute rest was allowed between each attempt. Peak
forces were normalized to each participant’s body weight.
Voluntary activation of the quadriceps and triceps surae
muscles was assessed by delivering the maximum burst
during an MVIC and again immediately after the MVIC
attempt when the force returned to baseline.2 A ratio that
represents the degree of voluntary activation was calculated as follows:

Neurorehabilitation and Neural Repair 21(6); 2007
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Vol.
=1–
Activation

Force Augmentation from Maximum Burst
Force of Maximum Burst at Baseline

where 1.0 represents full voluntary activation and
anything < 1.0 represents incomplete activation.2

MRI of Quadriceps Femoris and Triceps
Surae Muscle Morphology
Magnetic resonance imaging (MRI) was used to assess
changes in muscle morphology quantitatively and to
determine the interaction between changes in muscle
cross-sectional area (CSA) and gains in muscle strength
over the 12-week training program. Patients went through
an MRI training program in which a recreational therapist from Shriners Hospitals for Children instructed the
child on what to expect during an MRI. The MRI scan was
simulated by having the patient don earplugs and lie
supine inside a “play tunnel.” Patients listened to an audiotape of an actual MRI scan and were instructed to lie still
for the duration of the recording. Patients were also given
the opportunity to tour the MRI facility and observe a
scan in progress. If a child became severely anxious about
having the MRI, the child and parent/guardian were given
the option to schedule the MRI session with light sedation
from an anesthesiologist from Temple University Hospital
(Philadelphia, PA). The anesthesiologist obtained separate
parental/guardian consent and child assent if sedation was
chosen.
All imaging procedures were performed in a clinical
1.5 Tesla magnet (GE Medical Systems, Waukesha, WI,
USA) located at Temple University Hospital. Prior to initiating any images of study patients, MRI personnel
reviewed provided safety documentation regarding MRI
imaging with internal Memberg electrode implants. The
proposed procedures were determined safe, and the documentation was kept on file. Images of the right leg were
acquired using a standard thoracic coil. Patients were
placed supine, and padded supports were used to help
maintain the leg in a fixed and relaxed position. Sequential
scans acquired 3D data from the most proximal to the
most distal part of the quadriceps femoris or triceps
surae muscles, using a standard spoiled gradient-echo
sequence. The imaging protocol was conducted as follows: (1) Coronal T1-weighted (TR/TE = 500/20) spinecho localizing scans were obtained with a field of view
of 24 cm and a slice thickness of 5 mm and (2) transverse
3D spoiled gradient-echo images (flip angle = 30) were
obtained with a TR of 22.5 ms, and minimum TE was
automatically determined by the imaging software (typically 1.7 ms). The images were acquired with an encoding matrix of 256 × 256 × 28. A field of view of 12 to
27 cm was used depending on the size of the patient’s leg,

and slice thickness was 7 mm. Chemically selective fat
suppression was used to enhance definition between muscle groups. The image slice that contained maximum fatfree CSA of the quadriceps and triceps surae muscles was
determined using an interactive computer program,
EXTRACTOR, and a correction algorithm.34
Instrumented gait analysis. Gait data were collected using
a 7-camera motion analysis system and processed using
Vicon Clinical Manager software (Vicon, Oxford Metrics,
Lake Forest, CA, USA). The participants walked barefoot
along a 6-m walkway at a self-selected walking speed with
their usual assistive device if they used one. Walking
speed was calculated from the average of 3 gait cycles.
Gait cycles were obtained after the participant reached a
steady-state walking speed.

Statistical Analysis
All raw data files were gathered by the lead investigator (SL) and assigned randomly generated, nonrepetitive
numerical filenames for analysis. Using this method, the
data analyzers were blinded to whom the data belonged
(SL did not participate in data analysis). The mean
difference scores between baseline and post-12-week
strength-training measures of MVIC peak force normalized to body weight, voluntary muscle activation, and
maximum CSA for the quadriceps and triceps surae muscles of the right lower extremity were each compared
between NMES and volitional groups using independent
t tests with alpha set to .10. An alpha level of .10 was chosen because this report represents preliminary data from
an ongoing study, and we wanted to guard against committing a type II error.35 If no between-group differences
were found, within-group t tests (alpha set to .10) were
used to examine for pre-post training differences.
Because all of our hypotheses were directional, all t tests
were 1-tailed. For each treatment group (NMES and volitional), the data for the quadriceps femoris and triceps
surae muscles were combined and linear regressions were
performed to determine which variables (percentage
change in voluntary muscle activation or maximum
CSA) were most important in determining the degree
of change in force production. Lastly, the relationship
between the NMES training dose and the percentage
change in CSA area was examined across muscle groups
using linear regression.

RESULTS
Five out of 6 patients completed strength training as
prescribed for the NMES group. All 5 patients completed
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Table 1. Neuromuscular Electrical Stimulation Training Doses (% maximum voluntary isometric contraction force)
Right Quadriceps
Subject
1
2
3
4
5
Mean (SD)

Right Triceps Surae

Pre

6 Weeks

Post

Pre

6 Weeks

Post

152.0
98.4
53.4
61.5
43.5
81.8 (39.7)

157.0
154.0
60.5
128.0
95.1
118.9 (36.7)

160.9
143.6
—
112.4
105.1
130.5 (22.7)

64.7
53.0
74.5
57.6
33.8
56.7 (13.6)

57.4
51.2
32.1
62.6
38.7
48.4 (11.4)

66.2
67.9
—
74.3
35.0
60.9 (15.2)

training as prescribed in the volitional group. The data
from 1 NMES patient were excluded from final analysis
because of a localized irritation at the lead passing site of
the left medial gastrocnemius electrode; this patient did
not complete the NMES strength training as structured
on the training calendar. This patient, on multiple occasions during the last week, performed 2 sets of 15 repetitions for each muscle group to obtain the goal number of
training sessions. This made the patient sore and most
likely impaired her force-generating ability.
There were no differences in initial body mass (NMES
= 40.12 [SD, 10.68] kg, volitional = 34.04 [SD, 8.88] kg;
t = 0.88; P = .20) or change in body mass between the
2 groups over the 12-week intervention (NMES = 0.48
[SD, 1.24] kg, volitional = 0.74 [SD, 1.93] kg; t = –0.22;
P = .414). The quadriceps and triceps surae NMES training dose was measured relative to the patient’s MVIC
obtained at 3 time points: pretraining, after 6 weeks of
training, and posttraining. The quadriceps NMES training dose increased from 81.8% to 118.9% of the MVIC
after 6 weeks of training (Table 1). We were not, however,
on average able to increase the NMES training dose for
the triceps surae muscles at the 6-week time point owing
to suboptimal electrode placement at implantation or
owing to patient tolerance (Table 1).
The quadriceps femoris MVIC force normalized to
body weight increased more over the 12-week strengthtraining intervention for the NMES group compared to
the volitional group (Figure 3A; NMES +1.61 N/kg,
volitional +0.52 N/kg; t = 1.69; P = .065). A similar pattern of change in normalized force production occurred
for the triceps surae muscles with the NMES group
increasing force generation more than the volitional
group (Figure 3B; NMES +0.80 N/kg, volitional –0.29
N/kg; t = 1.88; P = .049).
In an attempt to explain the changes in force production, we examined the changes in voluntary muscle
activation and muscle CSA. We had hypothesized that
the volitional group would experience a greater increase
in voluntary muscle activation because of a practice
480

effect from their training; however, no between-group
differences were observed for the quadriceps (Figure
3C; t = 1.20; P = .13) or triceps surae (Figure 3D; t =
–1.25; P = .12). Both groups, however, had significant
gains in voluntary activation of the quadriceps (NMES
+0.057, t = –1.678, P = .084; volitional +0.134, t =
–2.478, P = .034) but not in voluntary activation of the
triceps surae (NMES +0.104, t = –1.136, P = .160; volitional –0.098, t = 0.732, P = .252). For muscle CSA, we
had hypothesized that the NMES group would show
greater increases in CSA than the volitional group
because we predicted that we would produce greater
training forces with NMES. We found that training with
NMES produced greater changes in quadriceps CSA
than volitional training (Figure 3E; NMES +4.42 cm2,
volitional +2.36 cm2; t = 2.52, P = .023), but not in triceps surae CSA (Figure 3F; NMES +1.28 cm2, volitional
+0.35 cm2; t = .77, P = .232). For the triceps surae, neither group showed significant muscle hypertrophy following training (NMES t = –1.223, P = .144; volitional
t = –1.368, P = .132).
To gain a better sense of the contribution that
voluntary activation and muscle CSA made toward
changes in force production, linear regressions were
used to compare the percentage change in voluntary
activation or muscle CSA to the percentage change in
MVIC force pooled across both muscle groups for
each treatment group. The variability in voluntary
activation of the agonists explained approximately
67% of the variability in the MVIC force for the NMES
group (Figure 4A; r2 = .67; F = 15.944; P = .004) and
approximately 37% of the variability in MVIC force in
the volitional group (Figure 4B; r2 = .37, F = 4.737, P =
.061). No relationship was seen, however, between the
percent change in maximum CSA and the percentage
change in MVIC force for either the NMES (r2 = .001,
F = 0.007, P = .933) or volitional groups (r2 = .074,
F = 0.481, P = .514).
Walking speed was used to examine if either NMES or
volitional training had an impact on gait performance
Neurorehabilitation and Neural Repair 21(6); 2007
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Figure 3. Quadriceps femoris (A) and triceps surae (B) force production normalized to body weight (N/kg) before (open bars)
and after (solid bars) neuromuscular electrical stimulation (NMES; n = 5) and volitional (n = 5) 12-week strength-training
programs in children with spastic diplegic cerebral palsy. The amount of voluntary muscle activation before (open bars) and after
(solid bars) NMES and volitional strength training in the (C) quadriceps femoris and (D) triceps surae muscles. The maximum
cross-sectional area (CSA) before (open bars) and after (solid bars) strength training using NMES or volitional exercise in the
(E) quadriceps femoris and (F) triceps surae muscles. MVIC = maximum voluntary isometric contraction. *P < .1.

(Figure 5). There was no pre-post intervention difference
between the NMES and volitional groups (t = 1.149;
P = .142). The NMES group, however, showed a withingroup increase in walking speed from 80.47 (SD, 16.80)

cm/s at baseline to 96.37 (SD, 25.78) cm/s after 12 weeks
of training (t = 2.671; P = .028), whereas the volitional
group did not (85.57 [SD, 27.85] cm/s to 89.99 [SD,
23.14] cm/s; t = 0.551; P = .306).
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Figure 4. The relationship between the percentage change in voluntary activation and the percentage change in maximum voluntary isometric contraction force in the (A) neuromuscular electrical stimulation (NMES) and (B) volitional strength-training
groups after pooling the data for the quadriceps and triceps surae. MVIC = maximum voluntary isometric contraction. * indicates
a significant positive linear relationship, P < .1.
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Figure 5. Self-selected walking speed before (open bars) and
after (solid bars) a 12-week strength-training program that
uses either neuromuscular electrical stimulation (NMES) or
volitional isometric contractions. *P < .1.

DISCUSSION
The results of this preliminary study support the concept that children with spastic diplegic CP can use percutaneously implanted electrodes for NMES strength
training of the quadriceps femoris and triceps surae. To
our knowledge, this is the first use of high-force, lowrepetition NMES strength training in these children. High
training doses for the quadriceps (~130% of MVIC) and
triceps surae (~60% of MVIC) were achieved by using a
percutaneously implanted electrode system that was well
tolerated, in part because the implanted electrodes avoided
the sensory receptors in the skin and subcutaneous tissue.36
Force production improved by approximately 32%
and 33% in the NMES group for the quadriceps femoris
and triceps surae muscles, respectively (Figure 4A and B).
482

These percentage gains in force production are very similar in magnitude to the 13.1% to 47.8% gains in knee
extensor force reported after resistance training in
healthy, prepubescent children37-41 and to the 16.5% to
48.5% gains reported for children with CP.14,15,18,42,43
High-force strength training in children can be performed safely and effectively under the proper supervision where good technique is emphasized.37,38,40,44
Despite having the children train at home with very high
contraction intensities (up to 160% MVIC), none of the
children experienced any negative responses other than
short-term muscular soreness lasting several days after the
initiation of training and after the dose was increased at
midtraining. We believe that we were able to train safely
because we made sure that the contraction was not causing any joint pain (eg, anterior knee pain) and we trained
the parents or guardians to stabilize their child appropriately on the customized exercise boards so that the contractions would be isometric.
Several possibilities may explain why we observed
greater increases in normalized force production for the
NMES compared to the volitional trained group. One reason may be related to the NMES group training at force
levels beyond what they were able to produce volitionally
from the quadriceps femoris (~118% of MVIC). Thus,
the NMES group loaded the musculotendon unit to
a greater degree than the children training with MVICs.
This higher loading may have exceeded the threshold
required to induce a training response. This theory seems
especially plausible because we previously demonstrated
that children with CP are not able to activate their muscles
fully and, therefore, might not be able to attain training
forces that are sufficient to induce an effect.2 When the
dose-response relationship was examined for the NMES
group, however, we saw no clear relationship (r2 = .139;
P > .05). Other possibilities may be that the NMES may
Neurorehabilitation and Neural Repair 21(6); 2007
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Figure 6. Example of the average forces of one child with cerebral palsy performing knee extension training using only neuromuscular electrical stimulation (NMES; solid symbols) or
volitional contractions (open symbols) while being recorded on
a dynamometer. This child was in the volitional training group
and later had electrodes implanted for NMES strength training
(NMES data not included in this report).

provide a more consistent training force because each
contraction is not susceptible to variations in voluntary
activation (Figure 6). Additionally, NMES may be facilitating neural factors that are associated with early changes
in force production during strength training.45-48
Mechanistically, our results indicate that voluntary
muscle activation is the primary factor that accounts
for changes in force production in children with spastic diplegia after 12 weeks of training (Figure 3A and
B). This finding is supported in the strength-training
literature for typically developing preadolescent
children.39,40 Ozmun and colleagues39 studied the neuromuscular adaptations to an 8-week volitional training program for the elbow flexors using integrated
EMG amplitudes. Children in the trained group experienced a 27.8% increase in force production and a
16.8% increase in integrated EMG amplitude. Ramsay
and colleagues40 assessed voluntary activation using
twitch-interpolation, a technique similar to what we
described in this study, during which a single stimuli is
delivered during the contraction and again while at
rest. Training was performed for 20 weeks for the
elbow flexors and knee extensors. Voluntary muscle
activation increased by 13.2% and 17.4% in the elbow
flexors and knee extensors after training, respectively,
but these increases only represented a trend due to
high variability in the data.
We hypothesized that we would see a larger increase
in voluntary activation in the group that trained with
volitional contractions because they would have practiced MVICs for 12 weeks. Our preliminary study shows
that both NMES and volitional groups increased their

quadriceps femoris volitional activation, but there was
no difference in magnitude between the groups. We,
however, observed no significant increases in triceps
surae volitional activation, but 4 out of 5 patients in the
NMES group increased their volitional activation, whereas
increased volitional activation was evident for only
2 out of 5 patients in the volitional group. Our combined
volitional activation data from the quadriceps femoris
and triceps surae demonstrate a linear relationship
between the change in force and the change in voluntary
activation that was nearly twice as strong in the NMES
group (r2 = .67 vs .37). In case studies, people poststroke
were able to volitionally perform ankle dorsiflexion
immediately after electrical stimulation was delivered to
the tibialis anterior.49 More recently, increases in voluntary activation50 and fMRI voxel intensity of the
involved motor cortex51 after several weeks of treatment
with NMES were found in patients with stroke compared to a control group.
Another mechanism for increasing force generation
that we examined was muscle hypertrophy. We measured
the maximum fat-free CSA of the quadriceps femoris and
triceps surae muscles using MRI and found a significant
increase in CSA in the quadriceps femoris muscles in
the NMES group (10.87%) and a nonsignificant change
in the volitional group (4.34%). No differences were
observed in hypertrophy for the triceps surae muscles.
The average percentage increase in quadriceps maximum
CSA in the NMES group is within the reported range of
4.9% to 19.3% increases for young adults following
strength training.52-57 The increase in quadriceps maximum CSA seen in the volitional group was at the low end
of the reported range for young adults.52-57 The more
robust increase in CSA seen in the quadriceps of the
NMES group could have resulted from the substantially
higher relative forces produced versus the triceps surae
(Table 1). However, we did not see a relationship between
the percentage change in MVIC force and the percentage
change in CSA. The lack of a linear relationship between
the percentage change in MVIC force and percentage
change in CSA could be the result of only a modest
increase in CSA and limited variability in the data.
Therefore, more patients will be necessary to make any
conclusions regarding the relationship between changes
in muscle CSA and MVIC force.
Our inability to achieve equivalent forces when stimulating the triceps surae was due to either electrode placement or discomfort. Of the 5 individuals on whom we
report dosing information, 2 patients only had 1 electrode
placed to activate the entire triceps surae. Subsequent to
finding out that the triceps surae stimulation doses were
not as high as the quadriceps femoris, we changed our
implantation procedure to include electrodes in both the
medial and lateral heads of the gastrocnemius. This
change helped to produce greater forces; however, we
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found for this smaller muscle group, subject tolerance is
lower than for quadriceps femoris muscle stimulation.
Another important clinical difference between the 2
muscle groups is that children in this study wore molded
ankle foot orthoses for ambulation, which discouraged
their use of the triceps surae muscles during weight bearing. Thus, the use of orthoses may have blunted any
potential hypertrophic effect of the stimulation training.
In this preliminary study, we did not observe group
differences in the magnitude of pre-post intervention
walking speed. However, a within-group increase in speed
was observed for the NMES group. This gain in walking
speed was approximately twice the magnitude observed
by another strength-training study in children with spastic diplegia.13 We believe, therefore, that NMES has great
potential for use in conjunction with volitional strength
training and motor learning therapies to achieve the goal
of increased function for children with CP.
To our knowledge, this is the first study to show
strength gains using electrically elicited high-force, lowrepetition contractions of the quadriceps femoris and triceps surae muscles for strength training in children with
CP. These preliminary findings will be further tested in
the course of the larger randomized clinical trial involving nonexercised control, NMES, and volitional groups
with spastic diplegia from CP.

ACKNOWLEDGMENTS
This research was supported, in part, by the Foundation for Physical Therapy (PODS 1), the University of
Delaware Alumni Association, and the Section on
Pediatrics of the American Physical Therapy Association
to S. K. Stackhouse; by Shriners Hospitals for Children
Research Grant # 8530; and by an NIH grant (HD043859)
to S. C. K. Lee. In addition, the authors thank Mark
Elliot, PhD, for his technical support for the MRI
analysis; and Tracy Moretta, Shannon Stuckey, Katie
Parker, Sudarshan Dayanidhi, and Christopher Gorrell
for their assistance in data processing.
Disclosure: This research was submitted by Scott
K. Stackhouse as partial fulfillment of the requirements for the degree of Doctor of Philosophy in the
Program in Biomechanics and Movement Science,
University of Delaware, Newark. This article was presented at the 2004 Combined Sections Meeting of the
American Physical Therapy Association, Nashville,
TN; 2004 Annual Meeting of the American Academy
of Cerebral Palsy and Developmental Medicine,
Los Angeles, CA; and the 2004 Annual Meeting of
the International Functional Electrical Stimulation
Society, Bournemouth, UK.

484

REFERENCES
1. Wiley ME, Damiano DL. Lower-extremity strength profiles in
spastic cerebral palsy. Dev Med Child Neurol. 1998;40:100-107.
2. Stackhouse SK, Binder-Macleod SA, Lee SCK. Characterization
of voluntary muscle activation, contractile, and fatigue properties of two lower extremity muscles in children with and without
cerebral palsy. Muscle Nerve. 2005;5:594-601.
3. Elder GCB, Kirk J, Stewart G, et al. Contributing factors to muscle weakness in children with cerebral palsy. Dev Med Child
Neurol. 2003;45:542-550.
4. Ikeda AJ, Abel MF, Granata KP, Damiano DL. Quantification of
cocontraction in spastic cerebral palsy. Electromyogr Clin
Neurophysiol. 1998;38:497-504.
5. Rose J, Haskell WL, Gamble JG, et al. Muscle pathology and clinical measures of disability in children with cerebral palsy. J
Orthop Res. 1994;12:758-768.
6. Castle ME, Reyman TA, Schneider M. Pathology of spastic muscle in cerebral palsy. Clin Orthop. 1979;142:223-233.
7. Ito J, Araki A, Tanaka H, et al. Muscle histopathology in spastic
cerebral palsy. Brain Dev. 1996;18:299-303.
8. Brandon LJ, Gaasch DA, Boyette LW, Lloyd AM. Effects of longterm resistive training on mobility and strength in older adults
with diabetes. J Gerontol A Biol Sci Med Sci. 2003;58:740-745.
9. Mitchell MJ, Baz MA, Fulton MN, et al. Resistance training
prevents vertebral osteoporosis in lung transplant recipients.
Transplantation. 2003;76:557-562.
10. Snyder-Mackler L, Delitto A, Bailey SL, Stralka SW. Strength of
the quadriceps femoris muscle and functional recovery after
reconstruction of the anterical cruciate ligament: a prospective,
randomized clinical trial of electrical stimulation. J Bone Joint
Surg. 1995;77A:1166-1173.
11. Suman OE, Spies RJ, Celis MM, et al. Effects of a 12-wk resistance
exercise program on skeletal muscle strength in children with
burn injuries. J Appl Physiol. 2001;91:1168-1175.
12. Bobath K. A Neurophysiological Basis for Treatment of Cerebral
Palsy. London: William Heinemann Medical Books; 1980.
13. Damiano DL, Abel MF. Functional outcomes of strength training in spastic cerebral palsy. Arch Phys Med Rehabil. 1998;79:
119-125.
14. Damiano DL, Kelly LE, Vaughan CL. Effects of quadriceps
femoris muscle strengthening on crouch gait in children with
spastic diplegia. Phys Ther. 1995;75:658-671.
15. Damiano DL, Vaughan CL, Able MF. Muscle response to heavy
resistance exercise in children with spastic cerebral palsy. Dev
Med Child Neurol. 1995;37:731-739.
16. Teixeira-Salmela LF, Olney SJ, Nadeau S, Brouwer B. Muscular
strengthening and physical conditioning to reduce impairment
and disability in chronic stroke survivors. Arch Phys Med Rehabil.
1999;80:1211-1218.
17. Weiss A, Suzuki T, Bean J, Fielding RA. High intensity strength
training improves strength and functional performance after
stroke. Am J Phys Med Rehabil. 2000;79:369-376.
18. MacPhail HEA, Kramer JF. Effect of isokinetic strength-training
on functional ability and walking efficiency in adolescents with
cerebral palsy. Dev Med Child Neurol. 1995;37:763-775.
19. Dodd KJ, Taylor NF, Damiano DL. A systematic review of the
effectiveness of strength-training programs for people with cerebral palsy. Arch Phys Med Rehabil. 2002;83:1157-1164.
20. Lewek M, Stevens J, Snyder-Mackler L. The use of electrical stimulation to increase quadriceps femoris muscle force in an elderly
patient following a total knee arthroplasty. Phys Ther. 2001;81:
1565-1571.

Neurorehabilitation and Neural Repair 21(6); 2007

Downloaded from nnr.sagepub.com at UNIVERSITY OF MICHIGAN on July 17, 2012

Strength Training With NMES in Children With Cerebral Palsy

21. Stevens JE, Mizner RL, Snyder-Mackler L. Quadriceps strength
and volitional activation before and after total knee arthroplasty
for osteoarthritis. J Orthop Res. 2003;21:775-779.
22. Stevens JE, Mizner RL, Snyder-Mackler L. Neuromuscular electrical stimulation for quadriceps muscle strengthening after
bilateral total knee arthroplasty: a case series. J Orthop Sports
Phys Ther. 2004;34:21-29.
23. Bertoti DB, Stanger M, Betz RR, et al. Percutaneous intramuscular function electrical stimulation as an intervention choice for
children with cerebral palsy. Pediatr Phys Ther. 1997;9:123-127.
24. Comeaux P, Patterson N, Rubin M, Meiner R. Effect of neuromuscular electrical stimulation during gait in children with cerebral palsy. Pediatr Phys Ther. 1997;9:103-109.
25. Carmick J. Clinical use of neuromuscular electrical stimulation for
children with cerebral palsy, part 1: lower extremity. Phys Ther.
1993;73:505-513.
26. Carmick J. Managing equinus in children with cerebral palsy:
electrical stimulation to strengthen the triceps surae muscle. Dev
Med Child Neurol. 1995;37:965-975.
27. van der Linden ML, Hazlewood ME, Aitchison AM, et al.
Electrical stimulation of gluteus maximus in children with cerebral palsy: effects on gait characteristics and muscle strength. Dev
Med Child Neurol. 2003;45:385-390.
28. Hazlewood ME, Brown JK, Rowe PJ, Salter PM. The use of therapeutic electrical stimulation in the treatment of hemiplegic
cerebral palsy. Dev Med Child Neurol. 1994;36:661-673.
29. Snyder-Mackler L, Delitto A, Stralka SW, Bailey SL. Use of electrical stimulation to enhance recovery of quadriceps femoris
muscle force production in patients following anterior cruciate
ligament reconstruction. Phys Ther. 1994;74:901-907.
30. Delitto A, Rose SJ, McKowen JM, et al. Electrical stimulation
versus voluntary exercise in strengthening thigh musculature
after anterior cruciate ligament surgery. Phys Ther. 1988;68:
660-663.
31. Selkowitz DM. Improvement in isometric strength of the quadriceps femoris muscle after training with electrical stimulation.
Phys Ther. 1985;65:186-196.
32. Laughman RK, Youdas JW, Garret TR, Chao EYS. Strength
changes in the normal quadriceps femoris muscle as a result of
electrical stimulation. Phys Ther. 1983;63:494-499.
33. Palisano R, Rosenbaum P, Walter S, et al. Development and reliability of a system to classify gross motor function in children
with cerebral palsy. Dev Med Child Neurol. 1997;39:214-223.
34. Elliott MA, Walter GA, Gulish H, et al. Volumetric measurement of
human calf muscle from magnetic resonance imaging. MAGMA.
1997;5:93-98.
35. Lehman RS. Statistics and Research Design in the Behavioral
Sciences. Belmont, CA: Wadsworth; 1991.
36. Chae J, Hart R. Comparison of discomfort associated with surface and percutaneous electrical stimulation for person with
chronic hemiplegia. Am J Phys Med Rehabil. 1998;77:516-522.
37. Faigenbaum AD, Westcott WL, Loud RL, Long C. The effects of
different resistance training protocols on muscular strength and
endurance development in children. Pediatrics. 1999;104:1-7.
38. Lillegard WA, Brown EW, Wilson DJ, et al. Efficacy of strength
training in prepubescent to early post-pubescent males and
females: effects of gender and maturity. Pediatr Rehabil. 1997;1:
147-157.

39. Ozmun JC, Mikesky AE, Surburg PR. Neuromuscular adaptations following prepubescent strength training. Med Sci Sports
Exerc. 1994;26:510-514.
40. Ramsay JA, Blimkie CJR, Smith K, et al. Strength training effects
in prepubescent boys. Med Sci Sports Exerc. 1990;22:605-614.
41. Weltman A, Janney C, Rians CB, et al. The effects of hydraulic
resistance strength training in pre-pubertal males. Med Sci Sports
Exerc. 1986;18:629-638.
42. McCubbin JA, Shasby GB. Effects of isokinetic exercise on adolescents with cerebral palsy. Adapted Phys Activity Q. 1985;2:56-64.
43. Healy A. Two methods of weight-training for children with spastic type of cerebral palsy. Res Q. 1958;29:389-395.
44. American Academy of Pediatrics: Committee on Sports Medicine
and Fitness. Strength training by children and adolescents.
Pediatrics. 2001;107:1470-1472.
45. Knight CA, Kamen G. Adaptations in muscular activation of the
knee extensor muscles with strength training in young and older
adults. J Electromyogr Kinesiol. 2001;11:405-412.
46. Pensini M, Martin A, Maffiuletti NA. Central versus peripheral
adaptations following eccentric resistance training. Int J Sports
Med. 2002;23:567-574.
47. Maffiuletti NA, Pensini M, Martin A. Activation of human plantar flexor muscles increases after electromyostimulation training.
J Appl Physiol. 2002;92:1383-1392.
48. Singer KP. The influence of unilateral electrical muscle stimulation on motor unit activity patterns in atrophic human quadriceps. Austr J Physiother. 1986;32:31-37.
49. Liberson W, Holmquest H, Scott M. Functional electrotherapy:
stimulation of the common peroneal nerve synchronized with
the swing phase of gait in hemiplegic subjects. Arch Phys Med
Rehabil. 1961;42:202-205.
50. Newsam CJ, Baker LL. Effect of an electric stimulation facilitation program on quadriceps motor unit recruitment after stroke.
Arch Phys Med Rehabil. 2004;85:2040-2045.
51. Kimberley TJ, Lewis SM, Auerbach EJ, et al. Electrical stimulation
driving functional improvements and cortical changes in subjects with stroke. Exp Brain Res. 2004;154:450-460.
52. Garfinkel S, Cafarelli E. Relative changes in maximal force, EMG,
and muscle cross-sectional area after isometric training. Med Sci
Sports Exerc. 1992;24:1220-1227.
53. Higbie EJ, Cureton KJ, Warren GL, Prior BM. Effects of concentric and eccentric training on muscle strength, cross-sectional
area, and neural activation. J Appl Physiol. 1996;81:2173-2181.
54. Häkkinen K, Newton RU, Gordon SE, et al. Changes in muscle
morphology, electromyographic activity, and force production
characteristics during progressive strength training in young and
older men. J Gerontol Biol Sci. 1998;53A:B415-B423.
55. Häkkinen K, Alen M, Kallinen M, et al. Neuromuscular adaptation during prolonged strength training, detraining and restrength-training in middle-aged and elderly people. Eur J Appl
Physiol. 2000;83:51-62.
56. Narici MV, Hoppeler H, Kayser B, et al. Human quadriceps crosssectional area, torque and neural activation during 6 months
strength training. Acta Physiol Scand. 1996;157:175-186.
57. Narici MV, Roi GS, Landoni L, et al. Changes in force, cross-sectional area and neural activation during strength training and
detraining of the human quadriceps. Eur J Appl Physiol. 1989;59:
310-319.

Neurorehabilitation and Neural Repair
21(6);
2007 at UNIVERSITY OF MICHIGAN on July 17, 2012
Downloaded
from nnr.sagepub.com

485

