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For those with persistent gait and upper limb deficits after stroke, it is difficult to obtain
recovery of motor control and functional capability in response to standard care meth-
ods. Functional electrical stimulation (FES) is a promising intervention. Surface FES for
wrist and hand muscles can result in improved impairment sufficient to produce impor-
tant gains in functional capability. In addition, an FES gait training system with multi-
ple channels and implanted electrodes has shown a statistically significant additive
advantage for the recovery of coordinated gait components versus a comparable com-
prehensive gait training treatment without FES. Results were sufficiently robust to

show important gains in quality of life.
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Introduction

For those with persistent gait and
upper limb deficits after stroke, it is dif-
ficult to obtain recovery of motor con-
trol and functional capability in
response to standard care methods.
The recovery of persistent motor con-
trol and functional capability is
dependent upon gains in strength and
coordination that are sufficient to per-
form the complex coordinated move-
ments of the upper limb and
components of gait that are required
for functional activities. Functional
electrical stimulation (FES) is a prom-
ising intervention in the recovery of
gait and upper limb function (Figure
1).

Upper Limb Treatment Response
to Intervention with Functional
Electrical Stimulation

Functional electrical stimulation has been
used clinically and studied for many
years.! Anumber of studies have demon-
strated the feasibility and promise of using
FES in stroke survivors to improve the
impairments of weakness, spasticity, and
dyscoordination.>* However, only a few
studies of FES have reported improve-
ments in impairment measurements that
were sufficient to produce meaningful
functional gains.

Muscle Strength Improvement

As early as 1996, a meta-analysis of treat-
ment response to surface FES (which

involves placing electrodes on the surface
of the skin) was conducted for studies
published in 1978-1992.> Among those
studies, only four randomized controlled
trials (RCTs) were identified and quali-
fied for the meta-analysis, all having used
a common measure, muscle force. Using
those four studies, the meta-analysis
showed an advantageous good effect size
of 0.63 for FES versus other available
interventions (such as conventional exer-
cise) with regard to gains in muscle force
or strength (95% confidence interval
0.29-0.98, p < .05). Each of the four RCTs
reported a statistically significant advan-
tage of FES for improving muscle
strength versus other available treat-
ments for various muscle groups: wrist
extensors,® knee extensors,” ankle dorsi-
flexion,® and wrist and finger flexors and
extensors.?

Reduced Spasticity

Though promising, the evidence for FES-
induced spasticity reduction is less con-
vincing than that for strength gains.
Surface FES treatment response was
studied according to a measure of the
electromyography (EMG) amplitude of
the biceps muscle during an elbow-exten-
sion task.1011 In other studies, there was
either a mean improvement or statistical-
ly significant improvement (compared
with conventional therapies such as exer-
cise) in the modified Ashworth spastici-
ty scale results for the shoulder, elbow,
wrist, and finger muscles.'?13

Reduced Shoulder Pain

A multicentre clinical trial focused on the
study of a percutaneous FES system
(which involves implanted electrodes
and an external stimulator) for shoulder
pain reduction and functional recovery.
Results showed that shoulder pain could
be significantly reduced and the benefits
maintained for up to 12 months after the
end of treatment.!*15> Those who were
within 1.5 years of the stroke were most
likely to benefit.!® Surface FES systems
have not been rigorously studied to
determine whether the same level of ben-
efit can be obtained, though some stud-
ies suggest promise.?
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Figure 1: Functional Electrical Stimulation (FES)
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Reduced Dyscoordination

Researchers have shown that surface FES
is promising as a means to treat dyscoor-
dination. Some researchers using the
Fugl-Meyer coordination measure have
found improvement. A randomized con-
trolled trial demonstrated a statistically
significant advantage of FES as com-
pared to conventional exercise as demon-
strated using the Fugl-Meyer measure of
upper limb coordination.!”

Measures of Functional Movement
Components and Actual Functional
Activity

Though gains in reduced impairment
are promising, one critical rehabilitation
goal is the recovery of meaningful func-
tion. Some clinical scientists have
shown promising results when combin-
ing surface FES with functional task
practice. In a cohort study of subjects
with mild to severe upper limb paresis,
FES was provided for wrist and hand
muscles, along with function move-
ment component practice.!>!8 There
was a statistically significant improve-
ment as compared to conventional
therapies in results of standardized
measures of functional movement com-
ponents such as grasp and release (Jeb-
sen heavy and light cylinder subscales)
and translational shoulder movements
in the horizontal plane'® (Box and
Blocks test). In two RCTs, FES combined
with functional task practice produced
a statistically significant advantage ver-
sus the same treatment without FES,
according to measures of actual func-
tional tasks. In the study of mildly
involved subjects (<6 months post-
stroke), there was a gain in results of the
Upper Extremity Functional Test.!” In a
study of severely involved subjects, FES
for wrist and finger muscles was com-
bined with functional task practice;
there was a statistically significant
advantage for FES versus the same
functional training intervention without
FES but with an alternative modality
treatment, as shown by the Arm Motor
Ability Test—Wrist/Hand, a measure
composed of 13 actual functional
tasks.20

Gait Recovery in Response to
Functional Electrical Stimula-
tion Gait-Assist or FES Gait
Training Interventions

Impairments and Gait Deficits

Persistent gait deficits can result in falls,?!
an elevated energy cost,?>?% and poor
endurance.?* The impairments in the
lower limb that occur after a stroke
include muscle weakness, abnormal
muscle tone, dyscoordination, and
impaired balance, all of which result in
gait deficits.?>26 The application of FES
can result in improvements in impair-
ments such as muscle weakness”827.28
and abnormal muscle tone.?”?

Coordination impairment is an
underlying cause of gait deficits after
stroke.?? Dyscoordination prevents the
normal execution of the coordinated
movements required in normal gait,
including swing phase hip, knee, and
ankle flexion excursion and timing;
swing phase knee extension; and stance
phase pelvic and knee control.>2¢ How-
ever, very few studies describe interven-
tions that actually focus on the problem
of dyscoordination and show improve-
ments in these coordinated gait compo-
nents after interventions. Rather, more
general treatments are applied such as
treadmill training and harness unweight-
ing systems.

Gait Training Response to Treadmill
and Unweighting Systems

In response to gait training with available
interventions, some researchers have
reported gains in muscle strength, single
joint coordination, gait speed, and tem-
poral gait characteristics. However, few
have reported improvements in the com-
plex coordinated movement components
that compose the gait pattern.

There are two general categories of
reported RCTs of gait training studies.
First, in studies comparing no treatment
versus treadmill training (TT) or over-
ground (OG) walking,3'-34 there was a
significantly greater gain for treatment
versus control, according to results of the
6-minute walk test,3!-32 walking veloci-
ty,31-3% and Functional Independence

Measure (FIM) subscales for bathing and
dressing but not for the FIM subscale of
walking mobility.3® A significant gain in
coordinated gait components was either
not obtained or not reported.31-33

Second, in most comparisons among
TT, OG, and body weight-supported
treadmill training (BWSTT), there was no
significant difference among gait training
methods as shown by walking speed;
BWSTT was comparable to a variety of
other gait training methods, even when
11 studies (485 participants) were com-
bined.3> For moderately impaired and
middle-aged patients, BWSTT was com-
parable to conventional methods,3637 as
was TT.38 In a comparison of TT with
BWSTT, BWSTT was superior to TT
alone®; however, in two studies, this was
the case for only those who were more
disabled or who were older adults.3637
These data suggest that the results of
these studies were mixed. Notably, these
studies reported no gains in coordinat-
ed gait components.35-38/40

There is a dearth of RCTs studying
treatment response pertaining to the
coordinated gait components comprising
gait. In an animal study, coordination
training was superior to both TT and no
treatment, as shown by coordinated leg
movements during walking tasks;* but
in a study of humans, researchers report-
ed no significant difference in measure-
ments of gait coordination.*!

The lack of success using TT, OG,
and BWSTT methods for restoring coor-
dinated gait components could result
from an inability of these methods to
train coordinated gait components. In
contrast, FES-assisted coordination and
gait training can provide some advan-
tages. Coordination practice and coordi-
nation skill acquisition can be enhanced
by using key motor learning principles
such as the practice of close-to-normal
movements;*243 muscle activation driv-
ing practice of movement; focused atten-
tion,* and repetition of desired
movements.*>~#8 Functional electrical
stimulation can provide an electrically
induced muscle contraction, thereby sat-
isfying these principles.
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Response of Impairment Measures
to Functional Electrical Stimulation
Gait Training

In prior studies, surface FES showed
some promise in improving general
mobility*?0 and temporal gait variables
including gait speed, but disadvantages
of surface multichannel gait training pre-
cluded more widespread study and clin-
ical use. A recent RCT was conducted
using a two-channel implanted stimula-
tor system. The results showed an
improvement in an EMG measure of tib-
ialis muscle function during the swing
phase but showed no therapeutic effect
in terms of gait speed when the FES was
not activated during walking.?

Response of Coordinated Gait
Components to Functional
Electrical Stimulation

In recent work, an RCT of 32 people (>12
months poststroke) showed a statistical-
ly significant advantage in gait training
using an eight-channel, percutaneous
FES system (with implanted electrodes)
plus conventional therapy versus con-
ventional therapy alone. Conventional
therapy was composed of coordination
exercise, OG gait training, and BWSTT.
The advantage of FES training was
demonstrated in measures of both knee
joint flexion coordination and coordinat-
ed gait components,>! as well as coordi-
nation of relative hip /knee movements
of the involved limb during walking.*
These measures were obtained during
volitional walking with the FES system
deactivated, illustrating recovery of voli-
tional coordinated components of gait.
The training protocol in these stud-
ies used FES-assisted practice of volition-
al gait component movements that could
approximate the normal movement.
Functional electrical stimulation was
used alone in the event of absent volition-
al function or together with any volition-
al movement that was present. As
volitional control improved, the FES
assistance was decreased to demand
practice of as much volitional effort as
was present. These FES gait training
methods were consistent with a task-ori-
ented approach to motor learning,®? and

FES was used in such a manner as to pro-
vide practice of coordinated components
of gait that would not have been possible
without FES-assisted practice.

Types of Functional Electrical
Stimulation Systems

Functional electrical stimulation systems
can be categorized as follows: surface
FES, in which electrodes are placed on
the surface of the skin; percutaneous FES,
in which the electrodes are placed
beneath the skin and the electrode lead
wires exit the skin and connect with an
externally worn stimulator; and totally
implantable FES, in which both the elec-
trodes and stimulator are implanted
beneath the skin (no lead wires exit the
skin).

Surface Functional Electrical
Stimulation

Anumber of studies have demonstrated
that the use of surface FES is efficacious
in recovery of upper limb functional
movement components and functional
task performance.!81320 The evidence is
incomplete regarding the relative bene-
fits of surface FES in shoulder pain reduc-
tion.?

In addition, single- or double-chan-
nel surface FES systems for ankle dorsi-
flexion show some promise. There are at
least four ankle surface FES systems that
are currently commercially available.
Studies are currently under way that will
provide more conclusive evidence
regarding the success of these systems for
gait assistance and gait recovery.

In contrast, multichannel surface FES
for gait training has proven more diffi-
cult. The following disadvantages for
surface FES were reported for gait train-
ing application: difficulty obtaining joint
movement in response to an FES stimu-
lus that was within a comfort level; diffi-
culty obtaining a limb movement that
would be productive for gait training
(i.e., difficulty obtaining close-to-normal
gait practice or for safe walking using
FES-assisted gait);>® difficulty activating
all but the most superficial muscles;*%53
inadequate consistency of muscle activa-
tion from day to day since the surface

Functional Electrical Stimulation

electrodes had to be reapplied each
day;053 the application of electrodes for
multiple muscles for a given session was
too time-consuming;**%3 and multichan-
nel systems were not practical since they
were not portable for gait practice.?”5%53

Implanted Functional
Electrical Stimulation
Single- and Double-Channel
Systems for Ankle Gait Training
and Gait Assist

To our knowledge, there has not been a
direct comparison of surface FES versus
implanted FES single- and double-chan-
nel systems. Most control groups in stud-
ies of surface FES systems received gait
training without FES or used an ankle-
foot orthosis.

In early case studies or cohort stud-
ies, the feasibility and safety of
implantable FES was confirmed for a
gait system with a peroneal nerve cuff
electrode and an implanted stimula-
tor.2354 With the FES system activated,
there was a statistically significant
increase in walking speed. A recent sin-
gle case study®® supported the use of a
dual-channel implanted microstimula-
tor for drop foot correction, with the
FES system activated according to
measures of physiological cost index
and gait speed. No recovery of volition-
al function was reported.

A cohort study of 20 subjects (4
months-9 years) showed that an
implanted peroneal nerve stimulator
was safe for a long period (over 17
months for one individual) according to
nerve-conduction velocities and radi-
ographs. The system was externally
triggered with a sole force sensor and
controlled via a radiofrequency device,
allowing for the advantage of no lead
wires exiting the skin.5 According to a
visual analysis of gait during the use
of the stimulator, equinovarus was
improved. A new two-channel,
implanted stimulator system was
recently introduced, and an RCT
showed improved muscle contraction
function but no therapeutic effect in
terms of gait speed.?
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Key Points

A number of clinical scientists have shown that surface FES can improve muscle
strength, reduce spasticity, and improve isolated joint movement coordination after

stroke.

Three different clinical scientists have shown that surface FES can improve arm/hand
strength and coordination sufficient to produce gains in functional movement compo-

nents and functional tasks after stroke.

For improvements of function to occur, surface FES should be applied within each
individual's comfort level and at sufficient duration of weeks and hours per day.

Shoulder pain reduction after stroke has been demonstrated in response to implantable

FES electrodes.

Recovery of the coordinated components of gait after stroke was shown in response to
gait training using an FES system with implantable electrodes.

System with Multichannel, Epimysial
Electrodes

In an early study of three cases, Waters et
al.?? found better results for an implant-
ed FES system than for a surface system
in terms of hip stability practice during
walking. Their implanted system was
composed of epimysial electrodes (surgi-
cally attached to the muscle epimysium),
with percutaneous leads exiting through
the skin and connecting with an external
stimulator. They made an incision and
implanted each of the electrodes for the
following muscles: iliacus, sartorius,
adductor magnus, quadriceps, gluteus
medius, semimenbranosus, and the short
head of the hamstrings. Stimulation was
provided using an externally worn
device. The authors reported greater joint
movement and walking capability, as
shown by hip gait components, than was
otherwise volitionally possible. Howev-
er, FES-assisted gait did not improve hip
and knee flexion during walking without
the FES.23

Studies Using Injectable Scheiner
Electrodes

More recently, researchers used a multi-
channel, percutaneous system with intra-
muscular Scheiner electrodes® for gait
training. The advantage of the Scheiner
wire electrodes was that they could be
injected with a hypodermic needle injec-
tion technique, eliminating the need for

an incision. Electrodes were inserted at
the motor point of up to eight separate
paralyzed or paretic leg muscles,® under
monitored anesthesia care.

The FES external stimulator was
portable and was worn on a belt.5® The
finger switch controller was operated by
either the therapist or the patient during
walking. Subjects showed gains at the
end of treatment in a test of voluntary
walking (no FES activated during gait
testing), as per measures of strength,
coordination, and coordinated gait com-
ponents performed volitionally, for a
series of case studies.?!%%¢0 An RCT
showed a therapeutic effect of statistical-
ly significant gains in measures of
strength, coordination, balance, and coor-
dinated gait components.** In a 10-year
study of 17 subjects, an analysis of safety
and performance of the system showed

Clinical Pearls

a zero infection rate, 99% electrode sur-
vival rate, and excellent acceptance and
patient satisfaction, with the system
deemed comfortable by the patients.®®

Conclusion

The recovery of coordination and motor
control after a stroke is a form of motor
skill acquisition or motor learning. Motor
skill acquisition is based on activity-
dependent plasticity, which is the modi-
fication of brain neural structure and
function in response to motor activity
practice or use. For the past decades,
researchers have established that brain
plasticity occurs in association with neu-
rite outgrowth in the peri-infarct
region,®1-92 synaptogenesis,®?> axonal
sprouting,®® increased neuronal excitabil-
ity,54%5 the reorganization of sensorimo-
tor maps,°%” and neuronal pathway
remodelling %869

For brain plasticity to occur, the
required principles of motor learning
must be met. Some studies of FES-assist-
ed motor learning have incorporated
these principles to good effect®1320.1851;
FES-assisted motor learning was used to
activate muscles in the proper
timing / sequence for practising the coor-
dinated movement components that
compose upper limb functional tasks or
gait. Other currently available motor
learning methods do not provide the full
array of practice characteristics that FES-
assisted motor learning affords.

The different types of FES systems
each have advantages and disadvan-
tages. The selection of the type of FES
system for a given application should be

Each patient is different, and surface FES treatment should be individualized
for the patient’s comfort and for the intended purpose.

Surface FES is most successful if used in conjunction with a motor
learning program.. The user’s attention must be focused on the desired
training movement and their simultaneous volitional effort should be
titrated to assist the FES in the movement training, but volitional effort
should not produce abnormal compensatory strategies.
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made according to the practical system
characteristics relative to the application,
the published evidence regarding bene-
fits, and the availability. Functional elec-
trical stimulation system technology
development is ongoing and promises to
bring more sophisticated delivery of
coordination practice, more refined gait
assistance, and more clinically practical
systems in the future. Surface FES sys-
tems can best be fitted to the patient and
used for motor learning and gait training
by a licensed physiotherapist. For
implantable FES systems, a surgeon is
best qualified to place the electrodes and
the stimulator. After the FES system is
provided to the patient, a licensed phys-
iotherapist is best qualified to utilize the
FES system for treatment. Surface FES
systems can be purchased directly from
the four companies listed above (but cur-
rently deleted) or from their distributors.
Implanted FES systems are currently in
the research phase of development. [57]
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