Research Report

The Rehabilitation of Gait in Patients With Hemiplegia:
A Comparison Between Conventional Therapy and
Multichannel Functional Electrical Stimulation Therapy

Background and Purpose. Gait rebabilitation in patients with severe bemiplegia
requires substantial efort. Preliminary siudies indicate potential beneficial effects of
using multichannel functional electrical stimulation (MFES) for gait rebabilitation
in these patients. I this study, a new method of gait rebhabilitation for nonambula-
tory patienis with bemiplegia by means of MFES added to conventional therapy
was introduced. The resulis of the method’s application were evaluated by compar-
tng it with conventional therapeutic metbods. Subjects. The proposed rebabilita-
tion method was tested on a group of 20 patients with severe bemiplegia secondary
fo cerebrovascular accident, Subjects were randomly assigned to one of o groups.
One group received 3 weeks of MFES followed by 3 weeks of conventional therapy.
The other group received 3 weeks of conventional therapy, followed by 3 weeks of
MFES. Methods. The effects of each therapeutic method were evaluated by mea-
surements of temporal-distance variables and ground redction forces and by ds-
sessment of each subject’s physical status according 1o the Fugl-Meyer evaluation
scale. Resulls. There was improved performance of the subjects during MFES
combined with conwentional therapy as compared with conventional therapy
alone. Conclusion and Discussion. The superiority of the MFES methodl as com-
pared with conventional therapy was maindy attributed to the enhanced motor
learning accomplished by application of MFES. These resuits, boweuer, are prelimi-
nary, and further research 1 needed. [Bogataj U, Gros N, Kljafic M, et al, The reba-
bilitation of gait in patients with hemiplegia: a comparison. between conventional
therapy and mudticharmel functional electrical siimulation therapy. Phys Ther.
1995; 75:490-502.]
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In patients with hemiplegia, the gait
pattern is often destroyed. In mild
cases, the damage is not extensive,
which usually enables patients to start
gait training immediately after stabiliz-
ing their medical condition. After fin-
ishing a rehabilitation program, some
anomalies in gait remain In some
patients, whereas in other patients
there are no anomalies in gait, The
situation is quite different in patients
with severe involvement, which refers
to the extent of impairment 45 a con-
sequence of central nervous system
Jesion size. These patients are often
bedridden for a prolonged period of

Physical Therapy / Volume 75, Number 6/ June 1995




time. Muscle weakness due to inactiv-

ity and disturbed muscle control are
| usually accompanied by balance prob-
: lems, disturbances in proprioception,
contractures in joints, cognitive dys-
functions, aphasia, emotional lability,
and so on.! In such patients, the re-
| Jearning of gait is very difficult and

long-lasting. The patient must learn to
< stand and perform independent
straight standing, shifting weight from
one leg to another and maintaining
balance. We believe muscles must be
strengthened by physical exercises or
functional electrical stimulation. At the
same time, the patient must regain
5 confidence in the ability to use the
affected side, In many cases, synergis-
tic movement patterns develop (flexor
or extensor), which additionally clis-
b coordinated movement.? The
transition from standing to coordinated
ambulation, therefore, represents quite
4 an effort for the patient as well as for
the therapist.

U

Soon after the introduction of single-
channel functional electrical stimula-
tors for drop-foot prevention, = re-
searchers showed a tendency to
selectively stimulate the muscles for
dorsiflexion of the foot as well as the
other main muscle groups in a para-
lyzed legS-10 Vodovnik et al® sug-
gested using a six-channel stimulator
for the stimulation of six antagonistic
muscles of the affected limb during
gait. This started a period of develop-
ment of different multichannel stimula-
tors and study of control principles,
stimulation sequences, correction of
gait anomalies, and therapeutic effects
of muitichannel functional electrical
simulation (MFES).7-13 Recent kinesio-
logical studies and clinical assessments
showed that surface MFES of the six
main muscle groups of the affected
limly can modify pathologic gait, accel-
erate rehabilitation, and enhance the
enclurance of the patient.!4-'6 Despite
the good results, surface MFES is not
routinely used as an orthotic aid be-
cause numerous electrodes need to be
positioned and patients find this diffi-
cult, Therapeutic use of MFES pro-
duced effects that were quite substan-
tial during therapy and that tended to
face away 6 to 12 months after ther-
apy.'15 The status of the patients,

however, was not noticeably better
than that of subjects in a nonstitmu-
fated control group,*15 These are
probably the reasons why there are
currently no reports on the routine use
of MFES in rehabilitation of gait in
patients with hemiplegia. Marsolais et
al'? reported the use of MFES for gait
in patients with hemiplegia. These
researchers, however, are working on
the development and application of
implantable systems designed not for
therapy, but for orthotic use. The
same group also reported beneficial
results in a single-case follow-up of
therapeutic application of MFES with
intramuscular electrodes. '8

Patients treated in previously reported
studies were ambulatory patients,
where the main reason for MFES ap-
plication was to correct gait devia-
tions.'2-15 The rapid and good cotrec-
tion of gait anomalies in those patients
raised the question of whether MFES
could be used to initiate the gait pat-
tern in patients with severe hemiple-
gia. A pilot study was therefore carried
out,*6 The pilot study showed that
MFES can help to establish an initial
gait pattern and improve weight bear-
ing in nonambulatory patients. The
pilot stucly, however, also showed
there was no comparison with existing
therapeutic programs.

The purpose of our study was to
show the value of MFES added to
conventional therapy in the rehabilita-
tion of gait in patients with severe
hemiplegia compared with the use of
generally accepted methods anct tech-
niques of rehabilitation alone.

Method
Experimental Design

Each subject participated for half the
time in the experimental procedure
and for half the time in a control pro-
cedure. To avoid a problem of the
bias produced by sequencing proce-
dures, the patients who participated in
the stucly were randomly assigned to
two groups with reversed sequences
of therapies. This design provides a
method for controlling indivicual
differences among subjects. A rela-
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tively more complex statistical analy-
sis, however, is required to obtain
valid results with such a design.®®
Fach subject was monitored following
the same methods through the period
of 6 weeks, participating for 3 weeks
in each therapeutic program.

Subjects

Twenty patients with severe hemiple-
gia due to cerebrovascular accident
(CVA) participated in the study. They
were randomly assigned to one of two
groups, with 10 subjects in each
group. One group started with con-
ventional therapy and continued with
MFES therapy, and the other group
had the reversed sequence of thera-
pies. To guarantee a random assign-
ment of the subjects, the following
method was used. The physician and
therapist who were responsible for
patient selection never knew into
which group the next subject would
be assigned. An engineer, however,
who also participated in the program
ranclomly assigned each subject to one
of the groups hefore the patient selec-
tion and hefore he had any informa-
tion about the possible candidates.

Candidates were selected on the basis
of neurological, internist, physiatric,
and psychological examinations. Sub-
jects were included in our study on
the hasis of the following indications
and contraindications:

1. The cardiovascular system of the
patient had to be in such condition
that exertion during therapy or
measurement would not represent
any hazard to the patient’s health.
Canclidates with suspected or con-
firmed cardiovascular infarction or
with a demand pacemaker were
excluded.

2. The physical status and motor func-
tions, especially of the lower ex-
rremities of the patient, had to e in
such condition that the patient
could stand independently or with
the aidl of a therapist. Only patients
who required substantial weight-
hearing support of one or two
therapists (ie, the therapist actually
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supported part of the patient’s body _
weight) to ambulate were included. ,
ght) Table 1. Basic Dala Aboul Subjects Participating in Study”

3, The patient’s perceptual and intel-

lectual abilities had to be preserved. Subject
No. Age {y) Gender Side of Paresis T4 (d) D; (m) D, (m)
4. Sufficient functional response (as
determined by testing the patient’s Group 1
relsponSfa tolfunctional electrical 1 a9 M R 218 183 800 (7)
stxrrl.LElatior} in al szat@d or plrorxe 1 5 43 M R 75 180 400
posmo{llo) ((,Dact 16(351?11;\:&1 éncu.sc e 3 53 E L 53 100 800 ()
separate r at least muscle con-
paratety) XL = 4 60 M R 59 42 165
traction with inclicated movement 129 160 270
in the corresponding joint should 5 73 F R
he obtained by functional electrical 6 38 M R o1 198 600 {13)
stimu lation. 7 67 F R 77 17 186
8 51 F R 149 33 195
5. Patients with extreme reflex activi- 9 57 M R 76 253 447
ties (eg, massive reflex activities 10 53 F L 273 26 212
triggeredt by a very low stimulus, X 53.4 116
especially when triggered in the sD 15 66
oppo:?ute direction o .tllucj clesn'fzd Group 2
ilnectmn),‘ hypgmenmftv@, pains, 1 53 F L 195 90 450
ower motor peuron estons, of i 58 M L 48 25 15
changes to the skin in the area of
; ’ : S 13 54 M R 102 90 600 (16)
stimulation and in bone-joint struc- . 139 ’ ;
mures (eg, contractures, cdeforma- 14 58 F L 7 81
tions) and patients who refused 15 67 M L 116 o7 600 (7)
application of functional electrical 16 43 M L 51 53 270
stimulation were excluded. 17 50 F L 164 92 350
18 75 F L 227 60 102
6. Bach patient who passed the de- 19 59 M L 27 90 212
scribed conditions was included in 20 84 M L 46 42 209
the smdy_cmly on the basis of his % 59.1 104
or h.el: informed consent to sD 9 62
participate.
A Lo L agroup 1 subjects started with conventional therapy and continued with multichannel functional
7. In the event a patient participated cleetrical stimulation (MFES) therapy; group 2 subjects sturted with MEBS therapy ancd continued
in the SLLLC].y and there arose a4 sus- with conventonal therapy. Ty=time clapsed belween cerelyrovaseular aceident and stat of our
picion or possibility that continued progran, Dy=initial distance walked by subject on the first day of MVES therapy. Dyefinal dis-
therapy could endanger the pa- ance walked by subject on the last day of MFES therapy. 1f the subject reached the upper Hmit of

600 n, the number of therapy sessions, when sccomplished for the first time, i included in pa-

et a1 e Y
tient's health, the program would rentheses, 1D, and 1 data are not available for conventional therapy.

be interrupted immediately and
would be continued only after
thorough examination of the pa-

tient and with the permission of the ued with conventional therapy. The Conventional Therapy
physician. nine left-hemiplegic and one right-
hemiplegic subjects in this group Genesally, the complete rehabilitation
The subjects in group 1 (five male, ranged in age [rom 43 1o 75 years program for a person with hemiplegia
five female) started with conventional (X=59.1, SD=9) and in time hetween in our facility lasts from 210 3 months,
therapy and continued with MFES. CVA and start of therapy from 27 to with the patient participating in the
The two lef-hemiplegic and eight 227 days (X=104, SD=62). A ttest physical therapy program for 1 to 2
right-hemiplegic subjects in this group showed no difference between the hours per day. In addition to physical
ranged in age from 38 to 73 yeats groups for the variables of age and therapy, patients also receive medical
(%=53,4, SD=11.5) and in time be- time between CVA and statt of ther- treatment, oceupational therapy,
tween CVA and start of therapy from apy. Table 1 shows some hasic data speech therapy, sessions with a psy-
53 to 273 days (X=116, SD=66). The about the subjects. In all subjects, the chologist, sessions with a social
; subjects in group 2 (six male, four pre-CVA side of dominance was the worler, and a cultural program,
; | female) started with MFES and contin- right side.
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Before an adequate program of ther-
apy could be prescribed, each sub-
ject’s status was assessed and his or
her past medical history, social history,
and communication skills were evalu-
atecl, This assessment of the subject’s
status comprised information about
the subject’s functional level (reflex
status, range of motion, coordination,
sensation/perception, voluntary con-
trol, and activities in changing the
positions [eg, standing up, sitting
down, getting out of bed]), with spe-
cial emphasis on gait evaluation.

The subject’s functional abilities, or
abilities to perform different move-
ments or tasks (eg, pattern move-
ments, selective movements, standing
up, maintaining standing, walking)
were the basis for treatment. There
was no general pattern of therapy that
would apply to all subjects. Each sub-
ject received the therapy adapted to
his or her abilities, deficiencies, and
needs. Three therapists were involved
in the treatment, The same therapist
worked with an indiviclual subject
throughout the program of conven-
tional treatment. In general, the con-
ventional treatment consisted of a
passive and active approach,

With the passive approach, we wanted

to reduce reflex activity, increase or
preserve the range of motion in the
joints, and enhance sensory input. To
accomplish these goals, icing, heating,
and brushing were applied, and the
subject was placed in different posi-
lions (eg, sitting, “verticalization” on a
tilt table [with the subject secured
lying flat on the tilt table, the tilt table
is slowly or gradually shifted into the
vertical position]). Each of these mo-
dalities was usually applied separately.
For some subjects, however, a combi-
nation of modalities was used (eg,
application of heating for improved
elbow mobility and application of
icing to the biceps brachii and triceps
brachii muscles for reduction of reflex
activity).

The emphasis was on active methods
with the purpose of normalizing pos-
ture and facilitating activities to
achieve functional movement (Bobath
technique,?02! proprioceptive neuro-

muscular facilitation,220-22 hiofeeclback
exercises?). The decision of which
therapeutic approach or combination
of approaches was to be used was
made by each subject’s therapist ac-
cording to the therapist's professional
training, personal preferences, and
experience and status of the subject.
For all subjects, different kinds of
visual and audiovisual biofeedbaci
devices (from mirrors to electromyo-
graphic biofeedback) were used.
When the subject reached conditions
for gait (ie, able to support most of his
or her weight, maintain balance with
some support, perform stepping, and
so forth), he or she started gait train-
ing using a passive ankle-foot orthosis
or knee-ankle-foot orthosis.

The therapy program was conducted
at the Institute of the Republic of Slo-
venia for Rehabilitation in Ljubljana,
Slovenia. All of the participating sub-
jects were hospitalized in the center
for at least the duration of our pro-
gram (approximately 6 weeks).

Multichannel Functional Electrical
Stimulation Therapy

Surface electrical stimulation was ap-
plied on the peroneal nerve for ankle
dorsiflexion, the soleus muscle for
ankle plantar flexion, the hamstring
muscles (biceps femoris, semitendino-
sus, semimembranosus) for knee flex-
ion, the quadriceps femoris muscula-
ture (rectus femoris, vastus medialis,
vastus lateralis) for knee extension, the
gluteus maximus muscle for hip exten-
sion and stabilization of the pelvis
during stance, and optionally the tri-
ceps brachii muscle for reciprocal arm
swing during the swing phase of gait
for the ipsilateral leg. The stimulation
sites were determined with cyclic
stimulation before commencing the
therapy. The same stimulator, of our
own design, was used to determine
the stimulation sites and to perform
the MFES therapy, For gait, the stimu-
Jation sequences (described in the
“Instrumentation” section) are trig-
gered according to the signals from
the footswitches. Optionally, the stim-
ulation sequences can be triggered by
an internal timer, The rate of the timer
can be selected in a range of 1 t0 5
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seconds’ duration for the stimulation
sequence of the whole stride cycle. A
repeated stimulation pattern of a
3-second stimulation train followed by
a 1-second pause was usually used for
stimulation site selection.

With the subject in a seated or prone
position, one pair of electrodes (de-
scribed in the “Instrumentation” sec-
tion) were shifted along each muscle
or muscle group selected for stimula-
tion until an optimal response was
obtained. When determined, the sites
were marked on the skin with non-
conductive, semipermanent ink, Am-
plitudes were raised until the func-
tional response was satisfactory, or up
to the level at which the subject still
felt comfortable with the sensation if
the functional response was unsatis-
factory. A satisfactory functional re-
sponse can be defined as actual
movement in the joint performed by
the stimulated muscle during func-
tional electrical stimulation without
any volitional movement performed
by the patient (eg, functional electrical
stimulation of the hamstring muscle
should result in knee flexion in the
range of 0°=70°), Stimulation was
applied if increased muscle activity
was assessed in the elbow flexors (eg,
the subject relaxed the impaired arm
and the arm remained in a position of
90° of elbow flexion, or the subject
attempted passive extension of the
arm and resistance could be felo.
Stimulation was applied to the triceps
brachii muscle during the swing phase
of the ipsilateral leg to induce arm
movement coordinated with gait Garm
swing in the direction of elbow exten-
sion cluring the swing phase of the
ipsilateral leg) to relieve the muscle
activity, to prevent muscle subluxa-
tion,2* and to break associated
reactions.?

The following day, when commencing
galt, the amplitudes of the stimulating
pulses were set to about 80% of the
previously determined value because
muscle response on functional electri-
cal stimulation in a standing position is
different than in a seated or lying
position. We believe excessive stimu-
Jation on all channels could disturb
the patient instead of providing assis-
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Initial patiern of stimulallon sequeices. Stance and swing phases are

each divided into eight equal tme segments, which are reprosenied by Squares. Black
squares represent sHnudettion on, awed while sguares represent stimitlation off e the
corresponding time segment of the stricle phase (eg, i1l chanmel 3, stimudation of the
hamstring muscle starls in the last one elghth of the stunce phase aite ends after oo

elghths of the swing phase).

wnce. All of the subjects started gait
using a crutch on the nonaffected side.
The order of switching channels on
was different from subject to subject.
The deficits in gait were the basis for
the order, Bach subject’s first steps
were begun with the stimulation of
the peroneal netve, and alter several
steps other channels were one after
another gradually switched on. This
was done for a period of approxi-
mately 10 steps. This procedure was
petformed only in the first two ot
three therapy sessions, Later, the sub-
ject started gait with all channels on
immediately.

The therapist accompanying the sub-
ject, supporting him or her on the
affected side, induced weight shifting
from one leg to the other (by holding
the subject’s pelvis and shifting the
pelvis laterally in the direction of the
loaded! leg), helped the subject per-
form a step by rotating the subject’s
pelvis, and provided some other es-
sential instructions. In subjects with
disturbances in coordination, another
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therapist assisted each subject in shift-
ing and loading the crutch, Gradually,
according to the progress of the partic-
ular subject, crutch assistance was
reduced and gait support climinishecl.
The MFES therapy session gencrally
lastec! from 30 minutes to 1 hour,
including the application of electrodes.

In MFES therapy, the same therapist
worked with all subjects, In all MFES
sessions, an engineer was also present
to operate the stimulator according to
the instructions of the therapist, be-
cause the therapist was engaged in
guiding and supporting the patient
andl could not handle the stimulator as
well, The engineer adjusted the ampli-
tudes and stimuliting sequences,
checked the correct operation of the
stimulator, ancl was also needed in the
event technical problems occurred.

An individualized stimulation se-
quence was determined for cach sub-
ject, starting with a general initial pat-
tern (Fig. 1) and modifying it during
the first couple of stimulation sessions.
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Modification of a stimulation sequence
consisted of prolonging, shostening,
and shifting the stimulation cycle with
regarcl to the foot-on and foot-off
events of the gait cycle. A trial-and-
error approach based on previous
experience was used for the correction
of stimulation sequences until an opti-
mum correction of anomalies was
achieved, This optimum correction
was usually achieved during the first
two or three sessions. The stimulation
gequence was, in some cases, modi-
fied once more during the therapy if
the subject developed some new gait
anomaly (eg, knee hyperextension). In
subjects with extensor synergy, more
attention was paid to the stimulation
of selected flexor muscles. Selected
extensor muscles were stimulated with
lower intensities so that reflex activi-
ties were not triggered. Similarly, we
actedl in the case of flexor synergy,
where the extensors were stimulated
1o enable the subject’s own extremities
to hear the weight and make a step.
The lexors were stimulated with a
lower intensity, For hyperextension of
the knee, knee flexors were stimulated
during the second half of the stance
phase and oral instruction was used Lo
teach the subject to control his or her
knee, Tor insufficient extension of the
knee at the end of the swing phasc,
the quadriceps femoris muscle was
stimulated,

During the MEES therapy period, the
seonventional” gait therapy was re-
placed by MELS-assisted gait training,
In our study, all subjects continued o
attend their other prescribed pro-
grams. The MFES group, therefore,
reflects the effects of MELS superin-
posed on a traditional method. Fach
subject patticipated in one therapy
session per day (MFES or conventional
therapy), five times a week, No ther-
apy sessions were conducted on Satur-
days andt Sundays so that the subject
could rest and go home for the
weekend.

The subjects walked on a 100-m walk-
ay. At the beginning of MFLS ther-
apy, the subjects walked a short dis-
ance, walking again after a rest
period. The initial distance depended
on the subject’s ability to avoid over-
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Figure 2. Six-channel stimulalor used in therapy.

exertion, or it was determined by the
subject’s physician, During the course
of treatment, the distance was gradu-
ally increased. The subjects, however,
were instructed not to ambulate more
than 600 m per session because they
had to save some strength to partici-
pate in other rehabilitation programs.
The distances that each subject walked
on the first and on the last day of
MFES treatment are shown in Table 1.

Instrumentation

The stimulator used in MFES therapy
in this study contained six indepen-
dent, galvanically separated channels
(ie, no cross talk between channels)
with intermittent rectangular
monophasic stimulation pulses.? The
selected stimulating sequence on each

channel was triggered by a left or right

footswitch of our own design. Each

footswitch consisted of three switches
connected in parallel, mounted into an

insole, and positioned one under the
heel, one under the head of the first

metatarsal, and one under the head of
the fifth metatarsal, The amplitude of

stimulation pulses was set between 0

and 120 V in each channel separately.

Frequency and pulse duration were

preset to 30 Hz and 200 microseconds

for all channels and were not varied.

The maximum stimulating current was

limited to 50 mA. No modulation of
amplitude and pulse duration was

used at the beginning and end of the

stimulation sequence. Stimulation

timing cluring one gait cycle (the stim-
ulation sequence) was timed for each

channel using 16 switches, 8 for the

*Axelgaard Manulacturing Co Ltd, 104 W Elder St, Fallbrook, CA 92028-2852,

Physical Therapy / Volume 75, Number 6/ June 1995

stance phase and 8 for the swing
phase (Fig. 2). Each switch repre-
sented one eighth of the stance or
swing phase. When the switch was
on, stimulation occurred during the
corresponding time interval of the
stride phase. The durations of stimula-
tion sequences were automatically
adjusted to the walking rate of the
subject by a microprocessor incorpo-
rated into the stimulator, permitting a
stride time of up to 7 seconds. The
durations of the stance and swing
phases for both legs separately were
extrapolated according to the dura-
tions of the last four phases, which
were measured according to the sig-
nals from the footswitches.

We used 5%9-cm self-adhesive Pals
Flex electrodes* or 5X%8-cm felt pad
electrodes of our own design for the
stimulation of larger muscles (e, quad-
riceps femoris, hamstring, gluteus
maximus) and 5X5-cm electrodes for
smaller muscles (ie, soleus, triceps
brachii). We used 2.5-cm gauze button
electrodes of our own design for pero-
neal nerve stimulation. The felt pad
and button electrodes are soaked with
tap water and fixed in position with
elastic bandage. The felt pad elec-
trodes, which were used in the first
five subjects, were later replaced by
self-achesive electrodes, which en-
abled faster and simpler application.
One pair of electrodes per channel
were applied to the designated muscle
or muscle group.

The stride analyzer, which is an inte-
gral part of the stimulator, enabled us
to recorc the following gail measure-
ments during stimulation without any
additional equipment: number of
strices, mean stride time, temporal
symmetry, and mean stance times with
their standard deviations for both legs.
The temporal symmetry of gait was
calculated as the ratio of the stance
time of the left leg to the stance time
of the right leg, All these gait measure-
ments were derived and calculated
from the signals from both foot-
switches. The data were displayed on
the stimulator by pressing the corre-
sponding push buttons after each
session. The total walking distance
was measured during each session,
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Figure 3. Piesentation of sole areas for classification of trajectory of center of pres-
sure patierns, (H= heel region, M=middle region, T=toe region, =lateral ared,

m= medial area.)

which enabled us to calculate mean
stride length (total distance by number
of stricdes) and mean gait speed (mean
strice length by mean stride time).
These variables gave the therapist
some information about performance
that was used to optimize the stimula-
tion sequences, These data were used
for instant monitoring of the course of
therapy and are not presented in this
report.

At the beginning, middle, and end of
the therapy perlod, the patient’s grait
was measured by a ground reaction
measuring system, The general physi-
cal status of the patient was also eval-
vated according to the Fugl-Meyer
evaluation. The ground reaction force
measuring system enables us to mea-
sure the resultant vertical ground reac-
tion force and the trajectory of center
of pressure (TCP) undler each foot
through the stance phase.?¢ The mea-
suring system incluced five sizes of
leather shoes with nine foree transduc-
ers inlaid in each sole, The shoes were
connected by cable through amplifiers
(o 1 PC-AT computer for data acquisi-
tion and off-line processing. One or
two force-measuring crutches could
optionally be connected to the same
system, Stricle length and speed were
measured by a potentiometer with a
wheel attachment and a fishing line
attached (o the subject.?” The sampling
frequency was 50 Hz, No filtering of
raw data was performed. Measure-
ments were taken with the subject
walking on a 20-m walkway. Usually
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three runs were necessary to get a
total of at least 30 regular strides. All
of the measuring equipment has an
accuracy of better than 5% (maximum
error),

The measurements described are
mostly aimed at measuring kinetic and
Kkinematic variables during gait, but
they tell little about the functional
status of the patient, We therefore
decided that an evaluation of each
subject’s physical performance shoulkl
he macde. We selected a Fugl-Meyer
evaluation system# that is designed o
evaluate motor function, halance,
several sensation qualities, and joint
function in patients with hemiplegia,
The test was performed by all subjects
and administered by the same thera-
pist (NG), This test fesults in a cumu-
lative numeric score (g nge=0-220
points), where a higher value repre-
sents better performance, The test
evaluates the affected side and s di-
vided into several parts: upper extrem-
ity, lower extremity, halance, sensi-
tion, ancl passive range of motion and
pain, There are few different tests
described in literature,2-3 The Fugl-
Meyer test was chosen because the
test is designed for the evaluation of
patients with hemiplegia ancl there are
many reports on the use of this

test. 32

Statistical Procedures

The effects of the compared therapies
were evaluated according to the fol-

lowing measured variables: mean gait
speed, mean stride length, mean gait
cadence, Fugl-Meyer test, and TCP.
Fach subject was measured at the
heginning of therapy, at the middle of
therapy when the treatment methods
were alternated, and at the end of
therapy. According to the selected
experimental model, multivariate
analysis of variance (MANOVA) of
results was performed on the first four
variables.3s Three factors were evalu-
ated in the design: order of treatment
(conventional/MFES, MFES/conven-
tional), side of impairment (left, right),
and performance of the subject (frst,
second, third). These factors ledtoa
2% 2%3 MANOVA, with the fist two
factors being between-subjects factors
and the last factor being a within-
subjects (repeated-measures) factor,
The performance of the subject was
determined by a set of four measures:
gait speed, stricle length, gait cadence,
and Fugl-Meyer score. The results of
willes multivariate tests of significunce
involving the performance within-
subjects cffeet for the main cffect of
performance, for the orcer of
treatment X pedformance interaction,

ane! for the order of rreatmentXside of

impuirmcntxperl’m‘nmncc. interaction
are presented. The results of the test
for side of impairmentX perdformance
interaction are not presented, hecause
this interaction gives no meaningful
information concerning the particular
experiment,

Because the time-distance variables of
gait are dependent on the height of
the subject, all the data were normal-
ized according to the leg length,
which was defined as the distance

from the greater trochanter to the floor

while the subject was standing straight
and harefoot. Use of normalized and
raw data, however, showed no differ-
ence in the results, The results of the
analyses of the nonnormalized data,
therefore, will be presented.

The analysis of the TCP data was

performed in such a way that TCPs
were classified in different ranks ac-
cording to the following criteria. An

arca on the sole (shaded) presented in

Figure 3 was denoted as the area of
nomal patterns of TCP. This arca wits
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cdetermined by averaging TCPs of 20
asymptomatic subjects, also taking into
account *1 stanclard deviation, The
area of the sole was divided longitudi-
nally into three regions (heel [H],
middle [M], and toes [T]) and trans-
versally into a central area, a lateral
area (), and a medial area (m). For
each subject, the pattern of TCP was
described by a temporal sequence of
the areas that were crossed by TCP
from the beginning to the end of the
stance phase for both feet. A target
sequence would be HMT, which
means that the subject makes foot
contact with the heel, shifts his or her
weight over the midsole, and performs
push-off with the toes. If TCP falls into
one of these regions out of the “nor-
mal” area, it is assigned index | or m.
If TCP deviates to the border of the
sole (b), index b is added to indexes 1
and m. The trajectory described by
M,,,T, for example, means that foot
contact was made by the medial bor-
cler of the midsole and then the
weight was shifted forward to push-off
with the lateral part of the toes. The
pattetns in all subjects were classified
according to this method in both feet
for all three measurements. All of the
existing patterns were classified in 18
different ranks according to their qual-
ity. The classification is presented in
Table 2. The target pattern (HMT) was
assigned rank 0, and the worst pattern
(MM, in which TCP lasts during the
whole stance phase in the lateral part
of midsole) was assigned rank 17.
Figure 4 shows an example of TCPs
for one subject.

Each subject was assigned a rank that
was the sum of ranks for the affected
and nonaffected sides. It was neces-
sary to include the nonimpaired side
because the gait anomalies from the
alfected side are often reflected on
both sides. Because the nonparametric
statistical methods available in the
literature do not support the experi-
mental model with repeated measure-
ments, the less sensitive Friedman’s
analysis of variance (ANOVA) by
ranks was used for the comparison of

Table 2. Assignment of Different
Paiterns of Trajectory of Center of Pres-
sure to 18 Ranks

Pattern® Rank
HMT 0
HMT=HMT 1
H MT=HMT, 2
H,MT=H,MT 3
HMT=HMT,=HMTn=HMT = 4
HMmTm
HeMT 5
HioMT o B
HipM 7
HiM, 8
MT 9
MT=MT,, 10
MTmn=MT =M T =M T 11
Mo T 12
MM 13
MM =M MMy, 14
MMpm=MpM=M,M 15
MMM 16
MM, 17

“1=heel region, M=midsole region, T=toe
region, 1=lateral area, m=medial arca,
h=horder of the sole.

the results.© Repeated measurements
were evaluated as two indepenclent
measurements. Friedman's ANOVA
was performed twice. In the first
ANOVA, four different therapies were
compared. The therapy applied first
(in the first group) was consicered
different from the therapy applied
second (in the second group), and
vice versa, The difference in ranks
hetween the beginning and end of a
patticular therapy was considlered as
its effect. In the second ANOVA, the
effects of MFES and conventional
therapy were compared, disregarding
the period of application, The PC §PSS
for Windows (Release 6.0) statistical
program’ was used for evaluating the
results.

18188 International BV, PO Box 115, 4200 AC Gorinchem, the Netherlands,
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Results

Table 3 shows mean measured vati-
ables for each subject before treatment
and following each treatment. Table 4
shows the results of the MANOVA for
four measures (gait speed, stride
length, gait cadence, and Fugl-Meyer
test score) represented as perfor-
mance, There was 4 significant main
effect for performance (P=.013). The
MANOVA also revealed a significant
interaction between order of treatment
and performance (P=.013). Mean
values of all individual measures that
compose performance showed that
during the therapy applied first, the
mean improvement was greater com-
pared with the improvement in the
therapy applied second. The mean
improvements during therapy with
MFES added were greater compared
with the mean improvements made
during conventional therapy alone.
These results show that MFES com-
hined with traditional therapy is more
successful than conventional therapy
alone. In an experiment such as this,
with a relatively small number of sub-
jects, there is the possibility that a
distribution of subjects may bias one
of the tested methods, In the experi-
ment described, that happened for the
distribution of subjects according to
their side of affection, This variable
was not controlled by the protocol for
assigning subjects to dlifferent groups.
One group had nine subjects with left
hemiplegia and one subject with right
hemiplegia, and the other group had
two subjects with left hemiplegia and
cight subjects with right hemiplegia.
Ta determine whether the affected
side influenced the outcome of ther-
apy, side of impairment was included
as a factor in the MANOVA. No effect
could be shown for the order of
treatmentXside of impairmentX per-
formance intetaction (P>.1). The side
affected did not appear to play a role
in the outcome of the study.

Because the Fugl-Meyer test is de-
signed to evaluate the physical status
of the patient, we were also interested
in determining whether this test could
be replaced by the measurement of
mean stride time, mean stride length,
or mean gait speed. We therefore
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caleulated the correlation coefficients
(Pearson ) between the gait variables
(mean strice time, mean stride length,
mean gait speed) and the Fugl-Meyer
test score (Tab. 5). A relatively poor
correlation could be found between
the Fugl-Meyer score and the gait
variables. This finding means that
although these measures all showed
the same general result, a single gail
variable (eg, gait speed) cannot be
used for representation of a patient’s
general status, We were also interested
in whether the measured variables
were correlated with the age of the
subjects and with the time elapsed
between the onset of CVA and the
heginning of our program (). As
shown in Table 6, there was almost
no correlation between those vari-
ables, Most coefficlents were negative,
which means better improvement at
lower ages and at lower Ty, hut the
correlations were very poor. Other
authorg?#738 have found a high corre-
lation of improvement during rehabili-
tation with age and T, Our results

A9 / AQR

may differ from previous findlings
because out study group was rela-
tively small and was not a representa-
tive sample of the whole population
of persons with hemiplegia.

A correlation coefficient between the
initial Fugl-Meyer score and improve-
ment of the score during the whole 6
weeks of the program was caleulated,
This correlation coefficient (r=.29)
shows that the two variables were not
related very strongly.

Our subjects had severe hemiplegia;
therefore, thete was the possibility that
certain factors influenced the results
more than age or T, The question
also arises of why the effect of therapy
during the first period was greaier
than later on but the effectiveness of
therapy was not correlated with Tp.
From the time from onset of their
CVAs to the beginning of therapy, the
subjects did not receive any gait ther-
apy, and this factor could influence
the measured variables, We also con-

tend that in our sample of subjects,
the effects of “spontaneous rehabilitu-
tion of gait” were considerably lower
than the effect of either therapeutic
method. Further evidence of the bal-
ance of groups can be obtained by the
use of a t test between the groups for
the Fugl-Meyer score at the beginning
of therapy. No difference could be
found between these groups (P>.15).
At the switch over of therapies, there
was a difference between groups
(P<.05). We believe this finding cor-
roborates the MANOVA results. The
result of the same test for the Fugl-
Meyer score at the end of the second
treatment period showed no difference
between the groups. We interpreted
this finding as evidence that the com-
mon result of both therapeutic meth-
ods was not different between the
groups with respect to the different
sequence of therapies.

Gait dynamics were estimated by
measuring the vertical components of
ground reaction foree and the TCP
under the soles of the measuring
shoes. These variables reflect gait
stahility.2 In Figure 4, an example of
the average vertical ground reaction
foree for both feet and for the crutch
(top diagrany) and TCP for hoth feet
(micldle and bottom diagrams) is pre-
sented for subject 16 for all three
measurements.

A Fricdman’s ANOVA for the TCPs
yiclded a chi-square value of 8.94,
which means that the therapies re-
sulted in differences of outcome at 4
confidence level of P=,03. The aver-
age ranks of therapies show that MIES
combined with traditional therapy in
the first period was more cffective
than either MEES combined with tracli-
tional therapy in the sceond period or
conventional therapy alone during the
first and second periods, In the see-
ond case, the cffects of MEES and
conventional therapy were compared
disregarding the period of application,
We obtained a chi-square value of 7.2,
which means that the therapies are
different at a confidence level of P=
007. These fAindings indicate that
MIES and traditional therapy com-
hined is more successful than conven-
tional therapy alone.
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Table 3. Values of the Four Measured Variables for Each Subject and Their Group Means”

Fugl-Meyer Score

Stride Length {m)

Gait Speed (m/s)

Subject Gait Cadence (1/s)
No. 1 2 3 1 2 3 1 2 3 1 2 3
Group 1
1 112 120 128 0.89 074 0.98 0.48 042 0.57 0.54 0.56 0.58
2 117 121 137 0.85 0.76 0.85 0.37 0.33 0.30 0.43 0.44 0.35
3 153 163 195 0.61 0.67 0.81 0.20 0.28 0.41 0.33 0.41 0.50
4 124 126 137 0.55 072 0.81 0.22 0.29 0.33 0.40 0.40 0.39
5 94 112 124 o.M 0.49 0.53 0.09 0.11 0.16 0.22 0.22 0.30
6 104 119 122 0.57 0.78 0.93 0.20 0.34 0.44 0.34 0.42 0.47
7 113 116 119 0.68 0.66 0.56 0.27 0.21 0.21 0.38 0.36 0.38
8 75 77 89 0.20 0.25 0.41 0.04 0.05 0.13 0.21 0.19 0.31
9 a7 103 111 0.65 0,72 0.85 0.30 0.32 0.46 0.45 0.44 0.53
10 79 80 101 0.56 0.59 0.80 014 0.20 0.338 0.24 0.33 0.40
X 106.8 113.7 126.3 0.60 0,83 0.756 0.23 0.26 0.33 0.36 0.38 0.43
sD 227 24.3 28.5 0.20 0.16 0.19 0.13 0.1 0.14 0.11 0.1 0.09
Group 2
Lh 102 112 116 0.37 0.48 0.50 0.15 0.25 0.25 0.38 . 0.49
12 176 203 209 0.32 0.99 0.98 017 0.69 0.65 0.51 0.69 0.67
13 108 139 141 0.82 1.31 1,42 0.33 0.80 0.568 0.40 0.61 0.51
14 104 112 118 0.79 0.53 . 0.17 0.24 0.36 0.32
15 78 87 87 - 1.01 0.80 Ve 0.27 0.23 0.27 0.26 0.25
16 141 177 177 0.44 1.01 0.94 0.11 0.55 0.50 0.24 0.64 0.63
17 96 109 113 0.44 0.80 0.68 0.1 0.28 0.22 0.23 0.38 0.31
18 185 197 197 0.65 0.74 0.83 0.25 0.31 0.41 0.38 0.41 0.49
19 130 148 147 0.54 0.65 0.68 0.19 0.25 0.28 0.35 0.38 0.41
20 140 147 146 0.70 0.79 0.73 0.23 0.37 0.36 0.32 0.45 0.45
X 126.0 1431 145.1 0.54 0.84 0.79 0.19 0.41 Q.37 0.33 0.46 0.45
8D 35.0 39.4 39.2 0.17 0.24 0.20 0.08 0.21 0.17 0.09 0.14 0.12

“Group 1 subjects started with conventional therapy
jects startecl with MFES therapy and continued with conventlonal therapy. Each variable is re
of our program, (2) at switch over of treatments, ane (3) at the end of the program. B

Discussion

Studies of MFES began before the
19705, and, if we do not take into
account the development of different
multichannel stimulators and studies
of control principles, the first clinical
results were published in the
1980s.121539 Although these studlies
showed a very good correction of gait
anomalies, no long-term therapeutic
effects were proven. The subjects in
these studies were patients who were
ambulatory, A good correction of gait
was achieved, but after electrical stim-
ulation was abandoned, the gait pat-
tern deteriorated because the subjects
developed or restored different patho-

logical patterns (eg, knee hyperexten-
sion, circumduction in the hip). In our
stucly, MFES was used for initiation of
the gait pattern in patients with severe
hemiplegia who were not ambulatory.
Conventional physical therapy meth-
ods use different kinds of exercises (o
prepate the patient to bridge the gap
between standing and gait. In our
study, by using MFES combined with
traditional therapy, we enablec the
subjects to start gait training without
any special pretraining right at the
beginning of therapy. The results of
such an approach or the long-term
effects are easy to assess or measure.
There are two variables that show the
summation of effects of MFES therapy.

Physical Therapy / Volume 75, Number 6/ June 1995

and continued with multchannel functional electrical stimulation (MFES) therapy; group 2 sub-
presented by three measurements: (1) at the beginning
llipses represent missing values,

One variable is independence in gait.
If the patient accomplishes indepen-
dence as he or she continues to per-
form gait, then the effect of the ther-
apy is permanent, The second variable
is the duration of therapy, It is impos-
sible to claim for any patient who
participated in the study that he or she
would not have been able to manage
gait without assistance if MFES were
not applied. According to the course
of therapy, however, we clearly see
that the progress during MFES com-
bined with traditional therapy was
hetter than during conventjonal ther-
apy alone, This progress means that
patients need much less time in MFES
combined with conventional therapy
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Table 4.

Multivariale Analysis of Variance Results of Subjects’ Performance Deter-

mined by Four Measured Variables (Gait Speed, Stride Length, Gait Cadence, Fugl-

Meyer Score)

Source Value Exact F dfy, df, P

Performance 0.094 7.234 8.00 6.00 013
Order X performance 0.094 7.244 8.00 6.00 013
Order % side X performance 0.301 1,696 8.00 6.00 268

ddf,, =true or within-groups degrees of freedom; they are hypothetical due to repeated-measures

design.

bef.=error or within-groups degrees ol frecdom,

¢ p=probability established by Wilk's multivariate tests of significance.

to achieve the same state as they
would with conventional therapy
alone (ie, rehahilitation time is shorter
and patients return to their normal
environment sooner).

According to previous experience,' 649
MFES therapy should last from 2 to 4
weeks, depending on the particular
patient. Limitect by the experimental
model, the duration of therapy had to
be fixed to 3 weeks. Due to its com-
plexity in normal practice, we helleve
MFES therapy should be used only as
long as the patient improves. In our
opinion, when « patient staits 1o pla-
teau, simpler methods and aids should
e used instead.

We contend that MFES therapy should
be regarded as an autonomous thera-
peutic method, and it should form
only a patt of a rehabilitation program.
In our study, we felt that excluding
patients from routine therapy because
of MFES would be unacceptable from
an ethical point of view. The subjects,
therefore, continued to participate in

Table 5. Corelation Cogfficiens
(Pearson r) Belween Fugl-Meyer Score
(FM), Stride Time (T), Stricle Length (L),
and Gail Speed (V)

T L V'

FM .63 B7 .59

all of their regular therapeutic pro-
grams. A reduction of the intensity of
the subjects’ patticipation in their other
programs might have oceurred in
order not to overexert the subjects, but
we did not monitor this.

The selection of measured variables
as another dilemma, The measure-
ments were divided into two levels:
measurement of biomechanical vari-
ables of galt and assessment of the
physical status of the subject according
to the Fugl-Meyer scale, Measurement
of biomechanical variables of gait
comprised measurement of time-
length variables of gait and ground
reaction forces. Because we could not
anticipate the results of the studly, we
measured as many variables as possi-
ble to describe the subjects’ gait as
well as possible. On the other hand,
we dealt with severely involved pa-

Table 6. Conclation Coefficients
(Pearson 1) Between the Measured Vari-
ables (Fugl-Meyer Score [FM], Stricle Time
[T1 Stride Length (L], Geit Speed V1),
and Age of Subjects and Time Belween
Onset of Cerelrovascular Accident and
Beginning of Therapy (1,)

Age T,
FM -.20 - 19
T -7 004
L —-.28 - 13
\ -.18 ~.16

50/ 500

tients who, especially at the beginning
of therapy, were able to walk only
short distances with the help of a
therapist. We found reports that maxi-
mum walking speed is highly corre-
lated with the stage of rehabilitation in
patients with hemiplegia. 1012 Despite
these reports, we instructed our sub-
jects to walk at their preferred speed.
The main reason for this was that
even gait at “normal” speed represents
o maximum effort for individuals with
severe hemiplegia. We felt that at
higher speeds of gait, synergistic pat-
terns would prevail, the subjects’ ten-
sion would increase, and, in many
cases, such gait would not he possi-
ble, The course of measurement was
therefore adapted to each subject
separately. The only restraint was that
cach subject had to make at least 30
regular stricles in one measuring day
in two or three runs with intermedliate
pauses. To prevent carryover cffects,
the measurements were performed in
the morning before the subjects at-
tencled any kind of therapy.

Because all measured variables were
related to gait or the lower extremities,
the assessment of physical status of
cach subject according to the Fugl-
Meyer scale was added, The poor
correlation coefficients caleulated be-
tween the changes in the Fugl-Meyer
score and changes in strice time, stride
length, and gait speed indicate that an
improvement in gait speed does not
necessarily mean an improvement in
total physical performance. All these
variahles, however, showed a difler-
ence according to the therapy applied.

When we are looking for an explana-
tion as 0 why MPES combined with
traditional therapy is more successiul
than conventional therapy alone, we
contend that MFES works on two
levels: direct and indirect. The direct
effects are functional movement as a
result of muscle contraction induced
by functional clectrical stimulation,
cotrected synergistic movements,
hetter coordination of the extremitics,
better seeurity and self-confidence of
the patient, and starling gait training
immecdliately at the beginning of ther-
apy. We contend that the indirect
effects are improved and richer sen-
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sory feedback information to the CNS,
possible enhancement of CNS plastic-
ity, better and faster motor learning,
and high motivation to participate in
the program. We, however, have no
data to support this hypothesis.

There are some limitations with MFES
therapy. The stimulator used in the
study was heavy and relatively large
(weight: 2.6 kg, dimensions:

210X 210%90 mm) so that it some-
times additionally burdened the sub-
ject, who carried it on his or her back.
In the most severe cases, another
person had to carry the stimulator
behing the subject. The daily applica-
tion of electrodes is sometimes com-
plicated and time consuming. The staff
involved in the application of MFES
need to be highly trained and experi-
enced. These limitations are more or
less related to technology and may be
considerably reduced in the future by
using high technology and a user-
friendly stimulator design.

Conclusion

This study presented an aggressive
approach to gait relearning in patients
with severe hemiplegia by means of
MFES combined with traditional ther-
apy. Improved correction of gait
anomalies and a shorter period in
which to reach inclependence in gait
were observed with MFES combined
with conventional therapy. The MFES
method is, however, in no case a
comprehensive rehabilitation prograny;
it serves only as a supplement to all
therapeutic methods currently used in
everyday practice. The target popula-
tion comprised patients with severe
hemiplegia who were unable to walk
independently or with an attendant.
'The method described should help
those patients to progress faster and
easier through the period from getting
out of bed to independence in gait or
the point at which they can continue
rehabilitation of gait using simpler
functional electrical stimulation devices
or various passive orthoses.

The experimental design, in which
each subject served as his or her own
control, turned out to be very effec-
tive. The number of subjects was

reduced to 20, and despite the large
heterogeneity of the hemiplegic popu-
lation, highly significant statistical
results were obtained.
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