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Functional Electrical Stimulation Enhancement
of Upper Extremity Functional Recovery During
Stroke Rehabilitation: A Pilot Study

Gad Alon, PhD, PT, Alan E Levitt, MD, and Patricia A. McCarthy, OTR

Objective. To test if functional electrical stimulation (FES) can
enhance the recovery of upper extremity function during early
stroke rehabilitation. Methods. Open-label block-randomized
trial, begun during inpatient rehabilitation and continued at the
patients’ home. Patients were assigned to either FES combined
with task-specific upper extremity rehabilitation (n = 7) or a
control group that received task-specific therapy alone
(n = 8) over 12 weeks. Outcome measures. Hand function (Box
& Blocks, B&B; Jebsen-Taylor light object lift, J]-T) and motor
control (modified Fugl-Meyer, mF-M) were video-recorded for
both upper extremities at baseline, 4, 8, and 12 weeks. Results.
B&B mean score at 12 weeks favored (P =.049) the FES group
(42.3 £16.6 blocks) over the control group (26.3 + 11.0 blocks).
The FES group J-T task was 6.7 + 2.9 seconds and faster (P =
.049) than the 11.8 *+ 5.4 seconds of the control group. Mean
mF-M score of the FES group at 12 weeks was 49.3 £ 5.1 points
out of 54, compared to the control group that scored 40.6 + 8.2
points (P = .042). All patients regained hand function.
Conclusion. Upper extremity task-oriented training that begins
soon after stroke that incorporates FES may improve upper
extremity functional use in patients with mild/moderate paresis
more than task-oriented training without FES.

Key Words: Electrical stimulation—Stroke—Hand function—
Task-specific training.

rasping, holding, and manipulating objects are
daily functions that remain deficient in 55% to
75% of patients 3 to 6 months poststroke. Close
to complete functional recovery has been documented in
only 5% to 20% of stroke survivors." Kwakkel et al’
reported complete recovery of upper extremity function
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6 months following an ischemic middle cerebral artery
stroke in only 11.6% of patients with routine rehabilita-
tion. There was no indication that the treatment phase in
the study by Kwakkel et al included electrical stimulation.

Intervention studies to improve upper extremity
recovery following stroke include increasing exercise
duration and intensity,’” focusing on task-specific train-
ing,*” and enhancing training by surface neuromuscular
electrical nerve stimulation.'* The clinical efficacy, as
well as a number of inherent difficulties associated with
the various therapeutic intervention options following
stroke in general and upper extremity paralysis/paresis
in particular, were recently reviewed.” Intense and task-
oriented training was found to yield better upper
extremity control, particularly in patients who demon-
strated at least modest motor control prior to entering
into a clinical trial. Indeed, several researchers reported
that adding task-specific, repetitive training with or
without constraining the nonparetic extremity had
resulted in significantly faster performance of upper
extremity function in both chronic and subacute stroke
survivors.”®* In contrast, increasing the intensity of
exercise to 90-minute sessions and adding 36 sessions
over 12 weeks of what the authors termed “physiologi-
cally-based” and therapist-supervised training yielded
mostly insignificant changes in motor control and func-
tion of the upper extremity.*’

Surface neuromuscular electrical stimulation (NMES)
applied to the muscles that move the wrist and fingers
improved joint range of motion and volitional muscle
contraction in patients with acute/subacute stroke.'*"?
NMES also promoted further recovery of motor control
long after the spontaneous recovery period.'>'®!71920:»
More recent investigations have focused on regaining
upper extremity function rather than simply minimizing
impairments, in particular the recovery of the ability to
grasp, hold, and release objects.*'>192%% A few of the
cited studies were randomized controlled trials but were
limited to a small sample size, usually <15 patients per
group.'”'” One randomized controlled trial included 30
patients in each group' and one entered 77 chronic
stroke survivors but had no control group.”
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Two major shortcomings of most previously reported
studies investigating NMES!'%71%2326 gre Jate commence-
ment and short duration of the treatment program. A
third possible shortcoming is the research paradigm of
using NMES without the addition of volitional, task-spe-
cific functional training.'*'>'6171%222 Thjs separation has
no apparent conceptual or evidence-based support. A few
case-series'*'>”” and a randomized controlled clinical trial
that included 22 patients® combined the stimulation
with both unimanual and bimanual task-oriented func-
tional activities. The combination is most appropriately
termed functional electrical stimulation (FES).

Using this concept of FES,* the patient is instructed to
add volitional movements as much as feasible during the
perception of stimulation on time. If the patient is unable
to move volitionally, the movements are generated exter-
nally with the nonparetic extremity or by the therapist/
caregiver while the patient is asked to imagine the move-
ments. A typical example of task-specific movements that
involve all joints of the upper extremity and may be com-
bined with FES is the attempt to reach out, grasp an object,
move it to a new location, and release. Initial results using
FES indicated significantly better recovery of upper
extremity function.'®*"* However, these trials were termi-
nated after an average of only 5 £ 1.7 weeks although
improvement continued at the last testing session. Thus,
the fullest amount of improvement in functional use of the
hand that can be achieved when a study is beginning soon
after stroke onset using a task-oriented FES paradigm of
longer duration needs to be explored.

This study tested the hypothesis that FES with task-
specific training can enhance the recovery of upper
extremity function when begun shortly after the start of
inpatient rehabilitation and continued for 12 weeks.

METHODS

Forty-one patients with first ischemic stroke were
screened by two attending physicians as potential candi-
dates using the medical criteria included in Table 1. A
speech pathologist administered the Mini Mental State
Examination to ensure the patient’s ability to under-
stand and follow the study instructions.”® Twenty-six
(63.4%) patients were excluded because of severe motor
loss (modified Fugl-Meyer [mF-M] upper extremity
score between 2 and 10) and much less likelihood of
recovering hand function.” All patients began the stan-
dard rehabilitation with 3 hours of daily physical, occu-
pational, and speech therapies within 1 to 2 days
postadmission to the stroke unit at Kernan Hospital.
Informed consent for the trial was obtained by 10.9 +
5.4 days after admission, due to a variety of delays.

Fifteen patients who met all inclusion criteria (Table
1) were stratified into blocks of 10 points (11-20, 21-30,

2

Table 1. Inclusion/Exclusion Criteria

1. Single unilateral ischemic stroke that occurred no less
than 2 weeks and no more than 4 weeks prior to study
commencement (medically stable)

2. Paresis of the upper limb

. Fugl-Meyer score between 11 and 40

4. No clinical evidence of limited passive joint range of
motion

5. Age 20 to 90

6. Admitted to Kernan Hospital for at least 1 week and
actively engaged in PT, OT, or both

7. Forearm and hand size compatible with the use of the H-
200™ stimulation system

8. At least 60% of full finger flexion and extension response
to stimulation (only FES group)

9. Able and willing to participate in a 12-week study

10. Adequate language function to respond to 2-step

commands

11. Ability and willingness to sign the consent form

W

Exclusion Criteria:

1. Implanted electronic pacing or defibrillation device, unsta-
ble vital signs, or potentially fatal cardiac arrhythmia,
because the safety of stimulation under these conditions is
not known

2. Active reflex sympathetic dystrophy or existing residual
weakness due to lower motor neuron lesions of either
upper extremity

3. Inability to sit in a standard armless chair for 30 minutes

4. Any comorbid neurological disease

5. Clinical evidence of shoulder subluxation (one finger
width or greater)

6. Caregiver unavailable to help with the training protocol

7. Refusal to be videotaped

8. Mini Mental Status Examination score 21 or lower

PT = physical therapy; OT = occupational therapy; FES = functional
electrical stimulation.

31-40) on the modified Fugl-Meyer score (mF-M) for
the upper extremity and block-randomized into a FES
group (n =7) and a control group (n = 8). They began
study-related training 1 day after obtaining the baseline
mF-M score and within 18.0 + 8.7 (FES) and 15.6 + 5.3
(control) days after stroke onset. Baseline upper extrem-
ity mF-M scores were 23.9 £ 7.4 and 21.9 + 7.5 points
for the FES and control, respectively. Patient character-
istics are summarized in Table 2. Data extracted from
the baseline mF-M revealed that all patients had scored
1 (partial volitional movement) for flexion of the fin-
gers. Similarly, 6 of 7 FES and 7 of 8 control patients
scored 1 on finger extension and wrist extension.

The control group followed a standardized, task-
specific physical (PT) and occupational (OT) training
program (see Appendix), and the FES group followed the
same standardized, task-specific PT/OT that was synchro-
nized with electrical stimulation and induced contraction
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of the wrist/finger flexors and extensors to open and close
the paretic hand. The FES group also applied the stimula-
tion without specific exercises as described below.

The training protocol for both groups was composed
of individually structured and guided physical and occu-
pational therapy aimed at promoting motor retraining of
the paralyzed muscles of the upper extremity. The PT/OT
training was individually tailored to each patient and
constructed through a selection of exercises from an
“Exercise Bank” (Appendix). The number and complex-
ity of the exercises were adjusted by the research thera-
pist for each patient so that he or she was able to
practice independently or with assistance from a family
member after discharge from the inpatient rehabilitation
hospital. The specific exercises were further modified by
the research therapist as upper extremity performance
continued to improve throughout the 12-week study
period.

Patients practiced their individually tailored task-
oriented program with the attending therapists (30-
minute sessions, given twice daily) 5 days each week during
hospitalization; after discharge they were instructed to
practice 30 minutes twice a day without supervision. In
addition, all patients continued to receive in-home
OT/PT 1 to 2 times per week through their standard
medical coverage. The researchers were not authorized to
influence or monitor the standard therapy. The research
therapist visited each patient once a week and modified
the research-related exercise program based on patient
progress. The actual amount of time that each patient
exercised at home was not monitored, owing to budget
constraints. Therefore, the degree of compliance was
unknown. Patients reported that they were doing the
exercises at home, but not always as instructed.

The FES group stimulation session was initially lim-
ited to 10 minutes repeated 4 times daily with 2 sessions
as part of the 30-minute exercise session and the other 2
sessions without exercise. The duration of stimulation
was increased by 5 minutes every day so that by day 11,
the patient was instructed to stimulate for a total of 1
hour per session and repeat the 1-hour session 4 times
each day. Thus, two 30-minute sessions per day were
concurrently synchronized with task-specific exercise
(FES) and the remaining 30 minutes of these 2 sessions,
as well as the other 2 daily sessions of 1 hour each, were
limited to stimulation of the wrist and finger extensors
and flexors without specific exercises. The reason for
limiting the exercise sessions of both groups to 30 min-
utes was based on prior clinical experience that most
patients in the acute or subacute poststroke period are
unable to exercise for a longer duration due to physical,
emotional, and attention limitations. In contrast, stim-
ulation without exercise has been tolerated for several
hours without causing fatigue, muscle soreness, or other
stimulation-dependent adverse responses.'*>!
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Patients in the FES group received electrical stimula-
tion by means of the H-200™ (Bioness, Inc, Santa
Clarita, Calif), a microprocessor-based FES system. The
system is composed of a forearm/hand molded-orthosis
containing an array of 5 surface electrodes ranging in size
from 2 X 2 cm to 6 X 4 cm. The electrodes were positioned
over the extensor digitorum, extensor pollicis brevis,
flexor digitorum superficialis, flexor pollicis longus, and
thenar muscles. The position of the electrodes within the
orthosis was custom-determined for each patient to
ensure full flexion and extension of all 5 fingers. Once the
desired positions were obtained, the 5 electrodes were
secured within the orthosis. This individualized electrode
positioning made it very easy for the patient to obtain a
consistent level of contraction in each muscle group
every day. The electrodes were connected to a stimulator/
controller unit that delivered alternating current at
a carrier frequency of 11 KHz, time-modulated to bursts
at 36 Hz. The stimulator was set to deliver interrupted
trains of pulses with the contraction and relaxation inter-
vals both set at 7 seconds on and 7 seconds off. The
microprocessor program delivered stimulation of recip-
rocal finger flexion and extension, as well as patterns of
opening and closing that enabled the patient to grasp,
move, and release objects with the paretic hand.

Outcome Measures

Due to low tolerance for lengthy testing and consid-
erable paralysis of the upper extremity during inpatient
rehabilitation, testing was restricted to 30-minute ses-
sions. Functional assessments were limited to the Box &
Block (B&B)* and the light object lift subset of the
Jebsen-Taylor (J-T) test,***° two commonly reported yet
not time- or burden-intensive functional tests. A video-
based mF-M score for the upper extremity was used to
measure motor control loss and recovery.”” These out-
come measures have shown test-retest and intertester
reliability values of .8 or better. Data were obtained
from both paretic and nonparetic upper extremities.
The 3 outcome measures were recorded at baseline, and
after 4, 8, and 12 weeks of training.

Modified Fugl-Meyer Test. The Fugl-Meyer test (F-M_ =
66 points) was modified so that only movements that
can be seen clearly from a video-recording were scored
(mF-M, = 54 points). Therefore, the modified version
did not include the original item A (reflex activity) and
item D (coordination/speed). For the recordings, each
patient sat on a standard armless chair (seat height 46
cm) facing the video camera (frontal or sagittal view)
and was instructed to move the upper extremity in
accordance with the F-M movement items. Twenty-
seven movement items were scored as follows: no visible
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Table 2. Entry Characteristics

Affected Upper Stroke to Start Initial Folstein
Extremity Gender of Study (days) Fugl-Meyer ~ Mini Mental Infarct Location
Control

R M 13 12 30 Left pontine

L F 17 22 22 Right internal capsule/basal ganglia

R F 11 17 29 Left pontine/internal capsule

R M 22 26 26 Left MCA

R F 16 19 30 Left upper pontine

L M 14 15 24 Right cerebellum

R M 12 32 24 Left subcorticol ICA

R M 20 32 27 Left corona radiata/basal ganglia
FES

L F 29 17 30 Right pontine

R M 16 33 25 Left subcortical

R M 13 28 26 Left Brain Stem

R F 12 20 30 Left Subcorticol

R F 19 32 27 Right MCA

L M 14 23 27 Right pons

R F 23 14 27 Left MCA

MCA = middle cerebral artery; ICA = internal carotid artery; FES = functional electrical stimulation.

Table 3. Study Outcome Measures (Median and 25th Percentile)

Test FES Base FES Week 12 Control Base Control Week 12
mF-M 23 +17 51 +44 20.5+ 15.5 39 +33.25
B&B 710 48 + 28 4+0.5 255+ 15

J-T 60+ 18 5.7+4.2 60 + 39.75 10+ 7.87

FES = functional electrical stimulation; mF-M = modified Fugl-Meyer; B&B = Box & Blocks; J-T = Jebsen-Taylor light object lift.

movement = 0, partial movement = 1, and full range
movement = 2. The nonparetic extremity was not
recorded, assuming that all patients could attain the
maximum score.

Box & Blocks Test. The test included a commercially
available box divided by a partition and containing 150
(2.54 x 2.54 cm) blocks located on one side. The box
was placed on a desk in front of the patient (desk height
of 76 cm) so that the box’s partition bisected the mid-
line of the patient’s body. The box was placed 13 cm
back from the desk’s front edge. Patients were instructed
to pick up one block at a time and to transfer it to the
other side of the box as quickly as possible, and to repeat
the activity for 60 seconds. The test was repeated 3 times
with each hand, and the highest scores achieved (one
paretic and one nonparetic) were the final outcome
measure.

Jebsen-Taylor Light Object Lift Test. The Jebs en-Taylor test
evaluates the ability to grasp, hold, move, and place large
objects. Each participant sat facing 5 empty aluminum

4

cans (11 cm in height, 8 cm in diameter, and weighing 57
grams) placed in a row 5 cm apart in front of a board.
The board was secured to the desk 13 cm from its front
edge. Upon command to begin, the patient grasped a can,
lifted it over a 5 cm vertical barrier, and placed it back on
the board on the other side of the barrier. The time (in
seconds) it took to move all 5 cans was measured using a
stopwatch. Patients who were unable to perform the test
or did not complete the test in 60 seconds received 60 sec-
onds as their score. The test was repeated 3 times with
each hand, and the fastest time recorded for each hand
was the final outcome measure.

Statistical Analysis

Due to a small sample size, we used the Friedman
nonparametric analysis of variance to compare the 2
groups at both baseline and the end of training.
Significant chi-square values (P=.05) were further tested
nonparametrically by the Mann-Whitney U test to deter-
mine significant differences between the groups’ means
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(P=.05). The findings are reported in the text as means
and standard deviations to make it easier to compare and
contrast the study’s outcomes with the majority of previ-
ously published data on upper extremity rehabilitation.'”
131516,18,19,21,25.27.3031 The medians and 25th percentile data
are summarized in Table 3.

To document relative residual deficit (Rd) in each
outcome measure for the paretic upper extremity, we
used the formula: Rd = 100-(paretic/nonparetic X 100)
to calculate individual patient percent deficit in each of
the 3 outcome measures. The Mann-Whitney U test
(P =.05) compared the groups’ residual deficits at the
end of training.

RESULTS

All 15 patients completed the 12 weeks of training
and the 4 testing sessions. Patients in both FES and con-
trol groups tolerated the program well, and there were
no reports of study-related adverse events such as recur-
rent stroke, TIA, cardiac symptoms, shoulder subluxa-
tion, reflex sympathetic dystrophy, or skin damage.

The B&B and J-T measures quantified the recovery
of upper extremity function. Friedman’s tests yielded
overall significant differences in both measures (B&B,
P=.0015; J-T, P=.0010). The number of blocks trans-
ferred in 60 seconds at baseline were similar for both
groups (5.9 £ 6.0 blocks for the FES group and 5.3 £ 6.2
blocks for the control group). As seen in Figure 1, the
mean number of blocks transferred increased more in
the FES group; by the end of training, the mean B&B
score was better in the FES group (P = .049) than in the
control group (42.3 £ 16.6 blocks for the FES group vs
26.3 £ 11.0 blocks for the control group). The mean
B&B scores for the nonparetic upper extremity at the
last testing session were 58.7 = 11.9 blocks for the FES
group and 48.8 £+ 9.2 blocks for the control group. The
corresponding coefficients of variation were .20 and .19.
Evidently, intersubject variability in performing the task
with the nonparetic upper extremity was considerable.
To account for this variability, residual functional
deficits were determined by dividing each patient’s
paretic score by the nonparetic score followed by calcu-
lation of each group’s mean and standard deviations.
These normalized data approached significance (P =
.06) and indicated less residual deficits in the FES group
(27% £ 17%) as compared to the residual deficits
observed in the control group (48% =+ 18%). Further-
more, at baseline testing, 3 out of 7 FES patients and
2 out of 8 control patients were unable to transfer any
block with the paretic extremity; during the final testing
session, all patients in both groups were able to perform
the B&B task with the paretic hand. Interestingly, 1 of 7
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Figure 1. Improvement in performing the Box and Block
test over the course of 12 weeks of training. The groups’ scores
were significantly different at the study’s endpoint. FES =
functional electrical stimulation.

FES patients and 4 of 8 control patients performed
below 50% of their nonparetic B&B performance at the
end of 12-week training.

The J-T light object lift test was the more difficult
functional task to perform, as it required the ability to
almost fully extend all 5 fingers in order to grasp and
lift the test cans. At baseline testing, the paretic extrem-
ity J-T task time was 47.5 £ 21.3 seconds for FES and
50.9 + 17.6 seconds for control. At the end of training,
the J-T task times decreased to 6.7 + 2.9 seconds (FES)
and 11.8 + 5.4 seconds (control) and favored (P =.049)
the FES group. Figure 2 illustrates that the time to com-
plete the J-T test declined more rapidly in the FES
group. The J-T task times using the nonparetic upper
extremity during the last testing session were similar
for both groups (4.2 £ 0.7 seconds in the FES group and
4.9 £ 0.8 seconds in the control group). However, all
patients moved the cans with the paretic hand consid-
erably slower than with the nonparetic extremity. In the
FES group, the paretic extremity data demonstrated a
1.6 £ 0.6 times slower performance; in the control
group, the performance was 2.2 £ 0.9 times slower (P =
.037). At baseline, only 2 participants in the FES group
and 1 participant in the control group were able to per-
form the J-T test with the paretic extremity. At study
endpoint, all 15 patients performed the J-T test suc-
cessfully. However, most patients were considerably
slower with the paretic hand and only 2 participants in
the FES group and 1 control patient recovered the abil-
ity to transfer the cans within 12.2%, 20.6%, and 34.1%
of the nonparetic hand task time, respectively.
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Figure 2. Improvement in performing the light object lift
subtest of the Jebsen-Taylor test battery over time. The func-
tional electrical stimulation (FES) group was significantly
faster at the study’s endpoint.

The nonparametric Friedman’s test of the mF-M
data also yielded overall significantly different groups’
mean values (P = .0003). The difference between the
baseline mean scores for the 2 groups were statistically
nonsignificant (23.9 + 7.4 FES vs 21.9 £ 7.5 control).
After 12 weeks of training, the mF-M was better (P =
.042) in the FES group (49.0 + 5.1 points) than in the
control group (40.6 = 8.2 points). The improvement
over time of both groups is illustrated in Figure 3. The
residual motor control deficits of the paretic upper
extremity when normalized to the maximal mF-M score
of 54 points were 7.7% * 9.4% (FES) and 27.0% =+
15.2% (control) at the end of 12 weeks training. These
residual deficits were significantly lower in the FES
group (P =.042).

Finally, we calculated the Cohen’s effect size (d) using
the formula: d =M, =M, /s, Where s ., = O[(s 2+
s ,2) / 2]. Within each group, changes over 12 weeks of
training yielded a very large effect size ranging between
2.35 and 3.95, indicating a fast recovery of the study sam-
ple in the early poststroke phase. In comparing the FES
group to the control group, the effect size of each of the 3
outcome measures at the last test session was also very
large (mF-M d = 1.23; B&B d = 1.18; and J-T d = 1.17),
reflecting close to 20% greater recovery of upper extrem-
ity function and motor control when training with FES
versus task-specific training program without FES.

DISCUSSION

Pomeroy et al’* recently used the Cochrane paradigm

of systematic review and meta-analysis to assess the
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Figure 3. The nonlinear recovery profile of upper extremity
motor control as measured by the modified Fugl-Meyer (F-M)
upper extremity test. The 2 groups differed significantly at
week 12. FES = functional electrical stimulation.

merit of controlled studies published by January 2004.
The authors questioned the clinical value of comparing
electrostimulation for neuromuscular retraining with
no treatment. They went on to recommend that future
clinical research should compare exercise versus elec-
trostimulation, having a defined dose of stimulation,
clearly described clinical characteristics of the study
sample, and well-described training programs. Our
study addressed some of their suggestions.

Kwakkel et al* identified moderate initial motor loss
and rapid gain of motor control as 2 important markers
for good prognosis in the recovery of upper extremity
function shortly after suffering an ischemic stroke. Our
sample of patients seems to demonstrate this fast recov-
ery profile having a median gain of 28 points (FES
group) and 18.5 points (control group) in the mF-M
test in 12 weeks. Additionally, the recovery of upper
extremity function in the control group as measured by
the B&B and the light object lift subtest of the J-T test
battery lends support to the previous observation that
some patients with a first ischemic stroke in various
subcortical loci can expect to recover upper extremity
function when enrolled in an intensive task-specific
exercise program.>®>*>** The main hypothesis that
FES combined with task-specific exercises significantly
enhances such recovery when compared to task-specific
exercise alone was clearly demonstrated in this study.

Our interactive rather than isolated training para-
digm represents a departure from several published
training programs. The most notable difference was the
combination of an early start of prolonged training that
incorporated FES with an individually tailored, task-
specific exercise program supplemented by nonexercise
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neuromuscular stimulation. The task-specific program
was modified in accordance with the individual patient’s
progress. Equally important, this program included
unilateral as well as bilateral training (Appendix) that
could be performed by the patient at home, and with
help from a caregiver if necessary.'>**»2

In this study, we also introduced an uncommon but
potentially important approach to quantify the residual
deficits (Rd) of the paretic upper extremity by normaliz-
ing the data of the paretic extremity to the performance
of the nonparetic upper extremity. We proposed the
approach for 2 main reasons. First, reporting both clini-
cal and statistical improvement following exercises or
electrical stimulation as done previously®!0-16:18-2225-27,34-
*% most likely leaves both patients and clinicians wonder-
ing how much further the patient can practically (not
hypothetically) improve. Comparing the performance of
patients to age-, gender-, and hand-dominance-matched
healthy individuals is, arguably, of questionable value to
both the patient and the clinician. Data are mounting
that the nonparetic upper extremity’s performance in
poststroke patients is both slower and less consistent than
that of healthy individuals.””* Similarly, hand domi-
nance prior to stroke had no measurable influence on
upper extremity recovery.*’ Acknowledging the evidence
that close to 90% of stroke survivors are not likely to
completely recover hand function,® the nonparetic upper
extremity assumes the role of the dominant hand.

Also, referencing the paretic to nonparetic func-
tional ability should make it easier for clinicians and
researchers to establish an individual patient’s dimen-
sionless, practical “gold standard” that in turn could
facilitate comparison of the effectiveness and limits of
various rehabilitation interventions regardless of the out-
come measures. The finding reported herein of the high
variability among patients’ performance with the non-
paretic upper extremity further supports the notion of
documenting residual deficits based on the given individ-
ual patient’s performance.

The task-specific FES protocol as described in this
study contributed to improvement of hand function in
all participating patients ranging from almost complete
recovery to varying levels of partial recovery. Even
patients who did not exhibit any functional ability at
baseline were able to transfer blocks and to relocate
empty food cans on a table by the completion of the 12-
week training period. Compared to the nonparetic side,
the residual deficits of the FES-trained patients ranged
between approximately 8% and 28%; this seems consid-
erably better than the 27% to 48% deficit in perfor-
mance of the control group. These favorable results
using a combined FES-exercise paradigm are likewise
noteworthy when compared to the findings of previous
clinical studies of poststroke hand function recovery. For
example, Kwakkel et al* used the Action Research Arm
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Test (ARAT) that contained 4 domains of grasp, grip,
pinch, and gross movements; the authors identified
patients as developing “some dexterity” of hand function
if they scored more than 10 points on the ARAT scale,
meaning that these patients were able to initiate grip or
grasp. We propose that initiating grasp or grip may not
represent meaningful upper extremity function, because
to benefit functionally, patients should also be able to
move and release objects, not just to grasp or grip.
Comparison with past clinical studies that used neu-
romuscular electrical stimulation (NMES) is indirect.
Cauraugh and colleagues published several studies in
which electromyographic-triggered NMES was used in
combination with task-specific exercises to train chronic
stroke survivors. The authors used the B&B as a main
outcome measure.>'*'”* Taken together, these studies
showed that 2 weeks of training resulted in an increase in
the number of blocks transferred in 60 seconds, from as
little as 1 block in one study to 8 blocks in another study.
Similar results were documented by Kimberley et al who
investigated home-based NMES training over a 3-week
period."” Whereas the increase in blocks transferred after
training was statistically significant, transferring a few
additional blocks may not represent clinically meaning-
ful improvement in upper extremity function. In our
study, the pre-post difference was 36 blocks (FES) and 21
blocks (control). Indeed, the timing of data collection in
the acute/subacute versus chronic stage and the short
training period of only 2 to 3 weeks in the other studies
may preclude a fair comparison of the reported out-
comes. Alternatively, the greater relative improvements
reported in the current study may support the hypothe-
sis that the effect of FES is magnified if it is commenced
during early rehabilitation efforts following stroke,
rather than at later time points, as has been the more tra-
ditional approach to FES'" or NMES training.'>'®!"'*%
Two groups of investigators initiated NMES in the
acute/subacute phase of rehabilitation to promote recov-
ery of the paretic upper extremity following ischemic
stroke. Chae et al'' stimulated the wrist-finger extensors
for only 3 weeks, whereas Powell and coauthors' stimu-
lated the same muscle groups for 8 weeks in a randomized
controlled trial. Chae and colleagues reported gains of 13.1
(NMES) versus 6.5 (control) points in upper extremity
F-M score, reflecting significant recovery of motor control
but not actual functional use of the upper extremity.
Powell and coauthors showed significant effects of their
NMES program on hand function (measured by ARAT);
however, these benefits were no longer evident at the 24-
week follow-up. The NMES was apparently not combined
with task-specific training. Moreover, the very large effect
size (ranging between 1.17 and 1.23) that our FES plus
exercise produced, compared to outcomes of the exercise
without FES, supports the hypothesis that task-specific,
individually tailored, and continually modified FES

7
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training as described in this study may help to maximize
the recovery of upper extremity function of stroke sur-
vivors who have good prognostic indicators for hand func-
tion, based on initial pretreatment residual motor control.

At this time, it is not known how much functional
recovery of the paretic extremity a stroke survivor
requires before being able to reincorporate that upper
extremity into bimanual and unimanual activities of
daily living. If 50% recovery of the paretic extremity rel-
ative to the nonparetic extremity can be used to index
functional recovery, then the findings of the current
study demonstrate that the majority of acute/subacute
stroke survivors who meet all entry criteria and are
treated with a combination of FES and task-directed
training are likely to regain sustainable functional use.
Daily use of that hand is expected to further improve
without specific training.® The index offered in this dis-
cussion is based on the data presented in this study and
excludes patients with initial motor loss of less than 11
points on the mF-M scale. Self-administered, mostly
home-based FES training for no less than 12 weeks
seems of equal importance to achieve successful out-
come. Validation of this tentative hypothesis will require
a larger, randomized controlled clinical trail.

One clear shortcoming of this study is the absence of
a follow-up period to determine if the improvement in
functional use of the paretic upper extremity is sustain-
able. Another shortcoming is associated with the inabil-
ity to monitor patients’ compliance with the exercise
program because the research therapist could only visit
the patients at their homes once a week due to limited
funding. In addition, only a select group of patients was
studied representing the minority of stroke survivors
who have favorable prognostic indicators for the recov-
ery of upper extremity function.**** The benefits from
task-specific FES training to patients with more severe
motor loss and a lower probability of recovering upper
extremity function remain uncertain.

CONCLUSION

The interactive training program described in this
study, which included FES that enable patients to reach,
grasp, move, place, and release objects, resulted in better
functional recovery of the upper extremity in ischemic
stroke survivors than task-related exercise training alone.
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APPENDIX
Bank of Exercises

The list contains both simple and more complex tasks and
upper extremity functional exercises.

1. Passive/Active ROM

1) Passive ROM: wrist/elbow/shoulder, self or by family
member

2) Active/assistive ROM: wrist/elbow/shoulder bilateral
with dowel, cane

3) Active ROM: wrist/elbow/shoulder in sitting and
standing

4) Active ROM with resistance: wrist/elbow/shoulder in
sitting and standing

2. Weight bearing and supportive reaction

1) Seated weight bearing (forearms on tabletop) with
affected upper extremity

2) Extending arms, seated or standing with bilateral
upper extremity weight bearing on table

3) Extended arms with transitional movements: side lying
to sit, sit to stand, dips

4) Extended arms and wrist/hand on wall from anterior
and lateral, progress to wall push up

5) Extended arms and wrist/hand on wall with change in
base of support; example: weight shifting, single lower
extremity support, lateral wall walking

3. Reaching activities

1) Forward supported reach bilaterally with cane on
tabletop (elbow extension)

2) Forward supported reach with shoulder elevation,
elbow/wrist extension

3) Reaching against gravity in frontal and sagittal planes

4) Reaching overhead with active wrist/hand movements

5) Dynamic reaching to a target; example: catch a ball

4. Grasping, holding and release

1) Maintaining digit extension with weight bearing

2) Grasp, hold and release containers with gravity mini-
mized (on table)

3) Pick up and move/release small object on table

4) Pick up and move/release large objects without proxi-
mal support

5) Incorporate key and pinch grips in hold and release
including stacking, lifting and overhead activity

5. Upper extremity ADL

1) Dressing, grooming

2) Carrying objects with bilateral upper extremities

3) Opening bottles, stabilizing with paretic extremity for
reaching

4) Writing, drawing, manipulating small objects

5) Folding towels, vacuuming, sweeping, hanging towels,
setting table

6) Self-feeding

7) Pre-work activities

ROM = range of motion; ADL = activity of daily living.
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