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euromuscular Electric Stimulation Effect on
ower-Extremity Motor Recovery and Gait Kinematics
f Patients With Stroke: A Randomized Controlled Trial
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ABSTRACT. Yavuzer G, Geler-Külcü D, Sonel-Tur B,
utlay S, Ergin S, Stam HJ. Neuromuscular electric stimula-

ion effect on lower-extremity motor recovery and gait kine-
atics of patients with stroke: a randomized controlled trial.
rch Phys Med Rehabil 2006;87:536-40.

Objective: To evaluate the effects of neuromuscular electric
timulation (NMES) of the tibialis anterior muscle on motor
ecovery and gait kinematics of patients with stroke.

Design: Randomized, controlled, assessor-blinded trial.
Setting: Rehabilitation ward and gait laboratory of a univer-

ity hospital.
Participants: A total of 25 consecutive inpatients with

troke (mean age, 55y), all within 6 months poststroke and
ithout volitional ankle dorsiflexion.
Intervention: Both the NMES group (n�12) and the control

roup (n�13) participated in a conventional stroke rehabilita-
ion program, 5 days a week for 4 weeks. The NMES group
lso received 10 minutes of NMES to the tibialis anterior
uscle of the paretic limb.
Main Outcome Measures: Brunnstrom stages of motor

ecovery and kinematic characteristics of gait.
Results: Brunnstrom stages improved significantly in both

roups (P�.05). In total, 58% of the NMES group and 61% of
he control group gained voluntary ankle dorsiflexion. Be-
ween-group difference of percentage change was not signifi-
ant (P�.05). Gait kinematics was improved in both groups,
ut the difference between groups was not significant.
Conclusions: NMES of the tibialis anterior muscle com-

ined with a conventional stroke rehabilitation program was not
uperior to a conventional stroke rehabilitation program alone, in
erms of lower-extremity motor recovery and gait kinematics.

Key Words: Cerebrovascular accident; Electric stimulation;
ait; Rehabilitation.
© 2006 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

ESPITE UNDERGOING REHABILITATION, many peo-
ple are left with a walking deficit after stroke.1 Motor

eakness, poor motor control, and spasticity result in an altered
ait pattern, poor balance, risk of falls, and increased energy
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xpenditure during walking.2-4 Ineffective ankle dorsiflexion
uring swing (drop foot) and failure to achieve heel strike at
nitial contact are common problems that disturb gait pattern
fter stroke.5,6 Voluntary ankle dorsiflexion in the lower extrem-
ty is a standpoint indicating the achievement of selective motor
ontrol.7 Once voluntary movement is achieved (Brunnstrom
tages II or higher), synergistic patterns are then modified to
elective (out-of-synergy) patterns. Many treatments are pre-
cribed to increase gait efficiency of chronic stroke patients
ho cannot perform voluntary ankle dorsiflexion, such as 1- or
-channel peroneal nerve stimulators,8-10 functional electric
timulation (FES),11-15 and solid ankle-foot orthosis.16

FES refers to the regular use of electric stimulation to
chieve overall functional improvement for the patient.13 Stud-
es of subjects late after stroke (�6mo) have shown that FES
as a positive orthotic effect on walking ability.8,13-15 Thomp-
on and Stein17 reported that increased activation of the tibialis
nterior muscle during FES-aided walking increased afferent
nputs to the central nervous system and thereby influenced
lasticity in healthy subjects. Khaslavskaia et al18 have shown
hat repetitive electric stimulation of the common peroneal
erve leads to long-standing sensorimotor cortical reorganiza-
ion in healthy subjects. It is possible that more benefit could be
ained by applying neuromuscular electric stimulation
NMES) early after stroke.19

In this study, we hypothesized that repetitive dorsiflexion of
he ankle by NMES may enhance selective motor control and
mprove gait kinematics during the first 6 months after stroke.
ur purpose was to determine whether combining NMES with
conventional stroke rehabilitation program is more effective

han a conventional program alone in facilitating recovery of
elective motor control in the lower extremity, and in improv-
ng gait kinematics after stroke.

METHODS

articipants
The study included 25 consecutive inpatients with hemipa-

esis resulting from stroke. Their mean ages and time since
troke � standard deviation (SD) were 55.3�8.2 years and
.4�1.1 months, respectively. Stroke was defined as an acute
vent of cerebrovascular origin causing focal or global neuro-
ogic dysfunction lasting more than 24 hours,20 as diagnosed by
neurologist and confirmed by computed tomography or mag-
etic resonance imaging. Patients were required to meet the
ollowing criteria for inclusion in the study: (1) first episode of
nilateral stroke with hemiparesis during the previous 6 months,
2) a score between 1 and 3 inclusive on the Brunnstrom stages for
he lower extremity, (3) ability to understand and follow simple
erbal instructions, (4) ambulatory before stroke, (5) no med-
cal contraindication to walking or to electric stimulation, and
6) ability to stand with or without assistance and to take at
east 1 or more steps with or without assistance. The protocol

as approved by the Ankara University Ethics Committee.
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ample Size
The required sample size was determined by using the

ooled estimate of within-group SDs obtained from pilot data.
he minimal effect size for NMES in motor recovery has been

eported as .54 for stroke patients.21 Power calculations indi-
ated that a sample of 25 subjects would provide an 80%
��.20) chance of detecting a 20% (��.05) difference in
mprovement between groups.

esign
We used an assessor-blinded, randomized, controlled design

n this study. The physician who performed the gait analysis
as blinded to the use of NMES; however, neither the patients
or the physiotherapist who delivered the NMES were blinded
ecause it was impossible to do so given the obvious muscle
ontraction produced. Patients were randomized after initial
valuation by selecting a sealed, unmarked envelope contain-
ng a letter that informed them of their group allocation.22 The
linded physician prepared the envelopes and the physiother-
pist who delivered the NMES held them. After randomization,
3 patients were assigned to the control group (conventional
ehabilitation program) and the remaining 12 were assigned to
he NMES group (conventional rehabilitation program plus
MES) (fig 1). The control group did not receive sham stim-
lation.

ntervention
All 25 subjects participated in a conventional stroke reha-

ilitation program, 5 days a week, 2 to 5 hours a day, for 4
eeks. The conventional program is patient-specific and con-

ists of neurodevelopmental facilitation techniques, physiother-
py, occupational therapy, and speech therapy (if needed). The
MES group also received 10 minutes of NMES to the tibialis

nterior muscle of the paretic limb once daily, 5 days a week
or 4 weeks.23 Two sponge-type electrodes with rubber carriers
ere placed on the target muscle close to the insertion points

bipolar placement). Transcutaneous NMES was given with the
onopuls 992,a and a surge-alternating current was used at a

Total number of patients that potentially could have been recruited
(N=50)

Exclusion (n=25) 
Other neurologic pathology or musculoskeletal conditions affecting lower 
extremity, contraindications for electric therapy   

Total number of patients registered (n=25) 
Randomized via unmarked envelope selection 

NMES group (n=12) 
Conventional stroke rehabilitation 
program plus 20 sessions of NMES 

Control group (n=13) 
Conventional stroke rehabilitation 
program 

Outcome data (n=12) 
at week 4

Outcome data (n=13) 
at week 4

Fig 1. Flow diagram for randomized subject assignment.
requency of 80Hz to stimulate muscle contraction. The stim- N
lator on time of 10 seconds consisted of 2 seconds of ramp up
nd 1 second of ramp down. The off time was 50 seconds. The
mplitude was adjusted to produce muscle contraction without
ffecting the patient’s comfort.23,24 We did not ask patients to
olitionally contract their muscles during the NMES applica-
ion because any volitional effort may stimulate flexor synergy
nd spastic co-contraction.

utcome Measures
Lower-extremity motor recovery. We assessed lower-extrem-

ty motor recovery using the Brunnstrom stages for the lower
xtremity.7 The 6 stages of the Brunnstrom scale for the lower
xtremity are: (1) flaccidity, (2) synergy development (minimal
oluntary movements), (3) voluntary synergistic movement (com-
ined hip flexion, knee flexion, and ankle dorsiflexion, both
itting and standing), (4) some movements deviating from
ynergy (knee flexion �90° and ankle dorsiflexion with the
eel on the floor in the sitting position), (5) independence from
asic synergies (isolated knee flexion with the hip extended and
solated ankle dorsiflexion with the knee extended in the stand-
ng position), and (6) isolated joint movements (hip abduction
n the standing position, knee rotation with inversion and
version of the ankle in the sitting position). We used the
runnstrom scale because it reflects underlying motor control
ased on clinical assessment of movement quality. Brunnstrom
tages I through III indicate more synergistic and mass move-
ents, whereas stages IV through VI indicate isolated and

elective movements.25 Patients were classified into 2 sub-
roups in terms of motor stage, that is, those with no selective
otor control (Brunnstrom stage �III) versus those with some

Brunnstrom stage �IV) control.
Gait kinematics. Our outcome parameters were walking

elocity, step length, percentage of stance phase at the paretic
ide, sagittal plane kinematics of pelvis, hip, knee, and ankle,
aximum ankle dorsiflexion angle at swing, and maximum

nkle plantarflexion angle at initial contact. Three-dimensional
ait data were collected with the Vicon 370 systemb and
rocessed by the Vicon Clinical Manager (version 3.2) soft-
are.b Anthropometric data collected included height, weight,

eg length, and joint width of the knee and ankle. Fifteen
assively reflective markers were placed on standard and spe-
ific anatomic landmarks: sacrum, bilateral anterior superior
liac spine, middle thigh, lateral knee (directly lateral to axis of
otation), middle shank (the middle point between the knee

Table 1: Characteristics of the 2 Study Groups

Variable
NMES
(n�12)

Control
(n�13) P

Age (y) 56.3�7.5 54.2�8.1 .25
Sex (women/men) 5/7 4/9 .69
Type of injury

(ischemia/hemorrhage) 10/2 10/3 .54
Paretic side (right/left) 5/7 7/6 .69
Time since stroke (mo) 2.4�1.7 2.3�1.3 .17
Height (cm) 163.2�9.6 162.0�8.9 .11
Weight (kg) 74.5�11.2 75.2�9.4 .16
Brunnstrom stages (II/III) 3/9 3/10 .59
Modified Ashworth Scale score 3.2�2.1 3.3�2.2 .31
FIM admission score 69.2�27.4 67.2�19.4 .21
Walking velocity (m/s) .02

Mean .18�.03 .45�.26
Median .20 .39
OTE. Values are mean � SD or as indicated.

Arch Phys Med Rehabil Vol 87, April 2006
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arker and the lateral malleolus), lateral malleolus, and heel
nd forefoot between the second and third metatarsal head.2

fter subjects were instrumented with retroreflective markers,
hey were instructed to walk at a self-selected speed over a
0-m walkway, during which data were captured. Five cameras
ecorded (at 60Hz) the 3-dimensional spatial location of each
arker as the subject walked. We used the best data of 3 trials

n our analysis. The trial in which all the markers were clearly
nd automatically identified by the system was accepted as
roviding the best data.

tatistical Analysis
We analyzed the data using SPSSc for Windows. The group
eans between the NMES and the control groups were com-

ared using nonparametric paired and unpaired t tests. We
referred nonparametric statistics because of the abnormal
istribution of the data. The percentage change between pre-
nd posttreatment data for both groups was calculated as 100 �
pretreatment minus posttreatment)/pretreatment. We used the
hi-square test to compare the groups in terms of the number of
atients with Brunnstrom stages I through III or IV through VI.
ignificance was set at .05.

RESULTS
Initial and final evaluations were made 1 to 3 days before

nd after the 4 weeks of the treatment period. None of the
atients missed more than 1 scheduled session during the
tudy, and all completed the study. Demographic and clinical
haracteristics of the groups are presented in table 1. Age, sex,
eight, weight, injury characteristics, time since stroke, baseline
odified Ashworth Scale score of ankle plantarflexor muscles,
runnstrom stages in the lower extremity, FIM instrument scores,
nd walking velocity were all similar in both groups.

ower-Extremity Motor Recovery
Brunnstrom stages improved significantly in both groups

P�.05) after the treatment. The difference between groups in
erms of the percentage change, however, was not significant
table 2). In total, 7 patients (58%) in the NMES group and 8
61%) in the control group gained voluntary ankle dorsiflexion.
he between-group difference of percentage change was not
ignificant (P�.05) (table 3).

ait Kinematics
The 2 groups’ mean values � SD of assessed parameters at

Table 2: Outcome Measures in th

Outcome Measures NMES

Brunnstrom stage for lower extremity 2.7�1.1
Walking velocity (m/s) 0.18�0.0
Step length (m) 0.24�0.1
% of stance phase (paretic side) 58.7�3.5
Pelvis (deg)† 11.2�6.7
Hip (deg)† 15.6�9.6
Knee (deg)† 21.2�11.
Ankle (deg)† 14.4�13.
Maximum ankle DF at swing (deg) �6.2�2.3
Maximum ankle PF at initial contact (deg) �12.8�0.9

OTE: Values are mean � SD.
bbreviations: DF, dorsiflexion; PF, plantarflexion.
P�.05.
Sagittal plane total excursion.
re- and posttreatment are presented in table 2. There was no
*
†

rch Phys Med Rehabil Vol 87, April 2006
ignificant difference between the groups in terms of all initial
linical characteristics except for walking velocity. Pretreat-
ent mean walking velocity values of the NMES group were

ignificantly lower than those in the control group (P�.02).
ime-distance and sagittal plane gait kinematics were im-
roved in both groups, but the difference between pre- and
osttreatment data for each group, and the percentage of
hange between the groups, was not significant (table 3).

DISCUSSION
This study revealed that in our group of stroke patients,

MES of the tibialis anterior muscle combined with a conven-
ional rehabilitation program does not provide additional ben-
fit in terms of lower-extremity motor recovery and gait kine-
atics.

ower-Extremity Motor Recovery
The primary outcome parameter of this study was achieve-
ent of voluntary ankle dorsiflexion at the paretic side, repre-

enting selective motor control. Ankle dorsiflexion is an im-
ortant kinematic aspect of the swing and initial stance phase

ES Group and the Control Group

eatment Posttreatment

Control NMES Control

2.9�1.2 4.8�1.3 4.1�1.1
0.45�0.26* 0.23�0.11 0.51�0.22
0.29�0.12 0.28�0.12 0.35�0.11
59.1�2.5 59.9�4.7 58.6�3.8
6.02�3.3 10.0�5.2 4.7�2.9
27.3�10.0* 16.3�7.8 28.0�9.8
35.7�14.9* 22.9�15.7 36.6�9.9
16.3�4.6 16.5�5.9 20.9�16.3
�5.9�2.4 �4.5�3.1 �5.1�1.2

�13.0�1.4 �11.2�4.5 �12.4�5.1

Table 3: Percentage Change After Treatment in the NMES Group
and the Control Group

Outcome Measures
NMES Group

(n�12) (%)
Control Group

(n�13) (%) P

�Brunnstrom stage for lower
extremity 48* 41* .25

Brunnstrom stages from I–III to
IV–VI 58 61 .51

�Walking velocity (m/s) 16 15 .89
�Step length (m) 17 19 .34
�% of stance phase (paretic side) 2 1 .56
�Pelvis (deg)† 11 14 .86
�Hip (deg)† 4 3 .75
�Knee (deg)† 8 3 .42
�Ankle (deg)† 15 18 .45
�Maximum ankle DF at swing

(deg) 17 14 .62
�Maximum ankle PF at initial

contact (deg) 13 11 .71

bbreviation: �, percentage change between pre- and posttreatment.
e NM

Pretr

3
1

2
7

P�.05.
Sagittal plane total excursion.
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f the gait cycle. Ankle movement training facilitates brain
eorganization, and the angle paradigm may serve as an ongo-
ng physiologic assay of the optimal type, duration, and inten-
ity of rehabilitative gait training.26 Dobkin et al27 demon-
trated that the supraspinal sensorimotor network for the neural
ontrol of walking can be assessed indirectly by ankle dorsi-
exion.
Because none of our patients had voluntary ankle dorsiflex-

on at baseline evaluation, we did not ask them to participate in
lectric stimulation in order not to stimulate flexor synergy of
he lower extremity. Because repeated, task-specific exercise
rotocols induce brain reorganization,28-31 we hypothesized
hat repetitive dorsiflexion of the ankle by NMES may induce
se-dependent brain reorganizations responsible for selective
otor control of the ankle. It has been reported, however, that

ctive, repetitive, or triggered movement trainings that require
kill acquisition32,33 facilitate the motor recovery of stroke
urvivors.17,34-37 Because our patients were cognitively inac-
ive during the NMES therapy, electrically evoked ankle move-
ents in dorsiflexion did not create any cognitive effort or

nvestment. Khaslavskaia et al18 used a similar repetitive elec-
ric stimulation of the common peroneal nerve and observed a
ignificant increase in motor cortical excitability that was more
ronounced when agonistic voluntary exercise was coupled
ith electric stimulation.
In a similar study, Yan et al38 reported that 15 sessions of

imple FES, given 30 minutes per session along with stan-
ard rehabilitation 5 days a week, improved motor recovery
nd functional mobility in acute stroke subjects, more than
id placebo stimulation and standard rehabilitation, or stan-
ard rehabilitation only. In that study, Yan applied simple
ES using surface electrodes on quadriceps, hamstring, tibialis
nterior, and medial gastrocnemius muscles mimicking normal
ait, while the affected lower extremity was supported in a
ling. They measured isometric voluntary contraction of ankle
orsiflexor and plantarflexor muscles by joint torque and sur-
ace electromyography, and found that percentage increases in
aximum isometric voluntary contraction torque and inte-

rated electromyographic signals of the FES group were sig-
ificantly larger than those of the control group. Although
urpose of our study was similar to that of Yan (ie, to enhance
europlasticity and remind patients how to perform the move-
ent properly during electric stimulation), the 2 studies differ

oth in patient characteristics and in treatment intervention and
utcome parameters. Yan found a significantly larger percent-
ge of voluntary ankle dorsiflexion in the FES group at the end
f the first week. In that study, electric stimulation (with 0.3-ms
ulses at 30Hz) was applied, starting at 8.7�5.8 days after
troke, to the quadriceps, hamstring, tibialis anterior, and me-
ial gastrocnemius muscles, for 15 sessions of 60 minutes each.
n our study, we applied electric stimulation (with 0.1-ms
ulses at 80Hz) only to the tibialis anterior muscle, for 20
essions of 10 minutes each about 2.4 months after stroke, as
uggested elsewhere.23,24 There are no uniform guidelines that
pecify a certain number of NMES sessions or the duration of
he daily stimulation times. Although duration, intensity, and
elected mode of the electric stimulation were not found to be
ssociated with stroke outcome,13 the timing of the intervention
s important. Natural recovery of walking function occurs
ithin the first 11 weeks after stroke, and early and intensive

reatment significantly improves motor and functional out-
ome.39 Although most of the overall improvement in motor
unctions occurs within the first month after stroke, modulation
f motor networks may still be possible in some patients up to
months later. The reliability of outcome studies of specific
reatments during the early poststroke rehabilitation is, how-
ver, limited by the variables of spontaneous recovery.34 Thus,
e included patients during the 2 to 6 months after stroke in
rder to avoid the variability of spontaneous recovery.

ait Kinematics
Both of our groups achieved an improvement in gait char-

cteristics of the paretic side; however, the between-group
ifference was not significant. Walking velocity is the most
uitable temporal stride variable for measuring gait perfor-
ance.40,41 Burridge et al5 reported that a 10% improvement in
alking velocity was considered to be functionally relevant. In
ur study, although walking velocity increased both in the
MES (16%) and the control group (15%), the difference
etween pre- and posttreatment data was not significant, which
ay have been because of our small sample size. Unfortu-

ately, there was a significant difference between the groups in
aseline walking velocity. It is well known that lower-extrem-
ty motor recovery25 and functional status42 are the main de-
erminants of walking velocity. One may expect this difference
o cause bias in the investigation; however, walking velocity is
ositively correlated with motor stages of the proximal lower
xtremity, but not with the motor stages of the ankle and foot.25

We did not use placebo (sham) stimulation together with the
onventional stroke rehabilitation program in the control
roup. This was mainly because of the short period of the
timulation (10min), which was unlikely to cause a bias be-
ween the groups in terms of treatment intensity. Moreover, it
as been reported that even the placement of electrodes on the
kin is likely to stimulate mechanosensitive nerve fibers.43

hus, it has been suggested that in designing trials after stroke,
control group with no intervention except conventional reha-
ilitation could provide better information.44

CONCLUSIONS
NMES of the tibialis anterior muscle combined with a con-

entional rehabilitation program was not superior to the con-
entional stroke rehabilitation program alone, in terms of se-
ective motor control and gait kinematics of our group of
atients with stroke.
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