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Abstract It has been proposed that somatosensory stim-
ulation in the form of electromyographically triggered
neuromuscular electrical stimulation (NMES) to the
peripheral nerve can influence functional measures of
motor performance in subjects with stroke and can
additionally produce changes in cortical excitability.
Using a controlled, double-blind design, we studied the
effects of intensive (60 h/3 weeks) treatment at home with
NMES compared with a sham treatment, applied to the
extensor muscles of the hemiplegic forearm to facilitate
hand opening in 16 chronic stroke subjects. We investi-
gated improvement in functional use of the hand and
change in cortical activation as measured by functional
magnetic resonance imaging (fMRI). Following treatment,
subjects improved on measures of grasp and release of
objects (Box and Block Test and Jebsen Taylor Hand
Function Test [JTHFT]: small objects, stacking, heavy
cans), isometric finger extension strength, and self-rated
Motor Activity Log (MAL): Amount of Use and How
Well score. The sham subjects did not improve on any

grasp and release measure or self-rated scale, but did
improve on isometric finger extension strength. Import-
antly, however, following crossover, these subjects
improved further in the measure of strength, grasp and
release (Box and Block [JTHFT]: page turning), and self-
rated MAL: Amount of Use score and How Well score.
Using fMRI and a finger-tracking task, an index of cortical
intensity in the ipsilateral somatosensory cortex increased
significantly from pre-test to post-test following treatment.
Cortical activation, as measured by voxel count, did not
change. These findings suggest that NMES may have an
important role in stimulating cortical sensory areas
allowing for improved motor function.
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Introduction

Change in somatosensory input has been shown to affect
cortical organization in healthy subjects and subjects with
brain injury (for review see Nudo et al. 2001), but does it
also affect a person’s ability to function after cerebral
infarct? The American Heart Association (2000) reports
that approximately 600,000 people suffer a first or
recurrent stroke each year in the United States. Approxi-
mately 69–80% of patients with stroke initially have an
impaired upper extremity (Nakayama et al. 1994) and as
many as a third of all stroke survivors will have significant
residual disability (Brandstater 1998). Often the individual
is able to close the fingers into a fist, which is part of the
flexion synergy, but is unable to open the fingers.
Neuromuscular electrical stimulation (NMES) has been
used for many years in clinical settings to help facilitate
functional hand opening, but research regarding its benefit
is not convincing. Chae and Yu (2000) stated that all
randomized controlled studies reported an improvement in
motor impairment, with mild to moderately impaired
subjects improving the most, but many studies are difficult
to interpret because sample sizes were small and designs
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lacked sham treatment as a control. Other studies have
failed to show that NMES has had a positive effect
(Hummelsheim et al. 1997; Johansson et al. 2000). In
another review, de Kroon and colleagues (2002) found that
functional tests were performed in only two studies. They
concluded that NMES has a positive effect on motor
control but that no conclusions could be drawn with regard
to the effect on functional abilities.

Studies to date have used treatment regimes that involve
relatively brief periods of use: 30–60 min, three to five
times per week (Fields 1987; Kraft et al. 1992; Chae et al.
1998; Francisco et al. 1998; Sonde et al. 1998; Powell et
al. 1999; Cauraugh et al. 2000) and are typically used in
the clinical setting. We wanted to determine whether a
longer duration of use applied in a home use setting would
produce more benefit. Thus, we investigated a combina-
tion of electromyographically (EMG)-triggered NMES
and cyclic NMES in an intensive self-operated home
environment. In addition to investigating the functional
improvement associated with NMES, we were also
interested in investigating whether functional improve-
ment was reflected in cortical activation.

Treatment with NMES to the median nerve performed
during functional magnetic resonance imaging (fMRI) in
healthy subjects has been shown to activate the primary
sensory and primary motor regions of the brain in the
hemisphere contralateral to the stimulation (Spiegel et al.
1999; Kampe et al. 2000). Khaslavskaia (2002), using
transcranial magnetic stimulation (TMS), found increased
amplitude of motor evoked potentials (MEP) in the tibialis
anterior following NMES to the peroneal nerve. This

increase was maintained for up to 110 min. Recently,
Smith and colleagues (2003) demonstrated a dose-
response relationship between NMES to the lower
extremity and brain-activation in sensory and motor
regions contralateral to the stimulation. While these
studies have lent evidence supporting the existence of a
central effect during NMES in healthy subjects, studies
have not been performed on a population suffering from
stroke.

The purposes of this study were to investigate whether
moderately impaired subjects with chronic stroke would
improve on functional tests of ability in the hand after
intensive home treatment with NMES and whether
evidence of a long-term cortical effect could be seen
48 h after treatment ceased.

Materials and methods

Subjects

Sixteen subjects with stroke were randomly assigned either to a
treatment group (N=8) or to a group receiving sham treatment
(N=8). Ages were 33–78 years (mean ± standard deviation = 60.1
±14.5 years). To control for spontaneous recovery, subjects were at
least 6 months post-stroke. The mean time since stroke was 35.5
±25.1 months. Subjects were recruited by visits to stroke-support
groups, by advertisements in local newspapers, and through contacts
with physical and occupational therapists in the region. The
neuroanatomical location of the stroke and the subjects’ demo-
graphic data are recorded in Table 1.
NMES has previously been shown to be most effective in results

for the mild to moderately impaired patient (Chae and Yu 2000), so

451

Table 1 Characteristics of subjects

Subject Group Sex Age
(years)

Hemiplegic
side

Poststroke
(months)

Stroke location Mini-Mental Prestroke
handedness

Modified Ashworth
Tone Scale

1 Sham F 75 Left 7 R posterior putamen, PLIC 26 Right E=1,W=1,Fi=2
2 Sham M 68 Right 16 L PLIC 30 Right E=1, W=1
3 Sham M 41 Left 68 R MCA distribution 29 Right E=1+, W=2+, Fi=1
4 Sham M 78 Right 69 L posterior putamen, PLIC 29 Right W=1+, T=1, Fi=1+
5 Sham F 75 Left 56 R posterior putamen, PLIC,

external and extreme capsule
29 Left E=1,W=1+,Fi=1+

6 Sham M 60 Right 10 L upper pons 29 Right 0
7 Sham M 46 Right 74 L putamen 29 Right E=1+, W=1+
8 Sham M 59 Left 8 R posterior putamen, PLIC 28 Right 0
9 Treatment M 68 Right 22 L thalamus, PLIC 27 Right Fi=1+
10 Treatment M 58 Right 11 L PLIC 30 Right S=2, E=1+, W=3, Fi=2
11 Treatment F 65 Left 23 R pre/post central gyrus,

interparietal sulcus
30 Right S=1,E=2,W=1+,Fi=2

12 Treatment M 67 Right 11 L inferior parietal, PLIC,
putamen

28 Left 0

13 Treatment M 75 Left 12 R cerebral peduncle 27 Right E=1,W=2, Fi=2
14 Treatment M 40 Left 51 R MCA distribution,

cortical only
28 Right S=2,E=2,W=3,T=3,Fi=3

15 Treatment F 61 Right 58 L putamen, PLIC 28 Right 0
16 Treatment F 33 Left 39 R internal capsule 30 Right E=1, W=1+, Fi=1+

M male, F female, PLIC posterior limb internal capsule, MCA middle cerebral artery, S shoulder, E elbow, W wrist, Fi fingers, T thumb
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we required that subjects have at least 10 deg of active flexion/
extension movement at the metacarpophalangeal (MP) joint of the
index finger. Since independent operation of the stimulator was also
a requirement, mental capacity was tested using the Mini-Mental
State Examination (Folstein et al. 1975) and we required subjects to
have a score of ≥25 out of a possible 30. The University of
Minnesota Internal Review Board and the General Clinical Research
Center approved this study. All subjects gave informed consent.

Instrumentation and procedure

All subjects were tested a minimum of two times. Those in the
treatment-receiving group were tested pre-test and post-test. Those
in the group receiving sham treatment were tested pre-test, post-test,
and again at post-crossover (after the true treatment had been given).

Functional testing

The following tests were conducted: Box and Block, Motor Activity
Log, Jebsen Taylor Hand Function Test, isometric strength of the
index finger extension, finger-movement tracking, and fMRI. A
trained investigator with 7 years experience as a physical therapist
and who was blinded to the designation of the subject’s group
performed all testing.

Box and block test

Changes in functional grasp and release of objects were tested using
the Box and Block Test (BB) (Mathiowetz et al. 1985). The BB Test
has been used previously to examine for functional gains in manual
performance following treatment in subjects with stroke (Cauraugh
et al. 2000; Carey et al. 2002). Subjects performed three timed (60-s)
trials. The dependent variable was the average number of 2.54-cm3

blocks transported from one side of a partitioned box to the other.
Good reliability and validity of the BB Test has been reported
(Desrosiers et al. 1994; Carey et al. 2002).

Motor Activity Log

The Motor Activity Log (MAL) (Taub et al. 1993) was used because
it is an indicator of “real world” function as judged by the subject.
The MAL is a structured interview during which patients indicate
how often and how well they use their paretic arm in 30 activities of
daily living such as using a fork or spoon for eating, picking up the
telephone, and using a key to unlock a door. The MAL has been
shown to be a reliable instrument (Miltner et al. 1999). For each task
the subject rates the ability of the hemiplegic hand on a 0–5 scale for
two different categories: amount of use (AS), and how well (HW)
the hand performs. A score of zero indicates that the affected hand is
not used for that task and a score of 5 indicates that the affected hand
performs that task as often as before the stroke or as well as before
the stroke. A summary score is used, which is the average of all
activities for each category.

Jebsen Taylor Hand Function Test

The Jebsen Taylor Hand Function Test (JTHFT) (Jebsen et al. 1969)
is composed of seven timed testing activities, including: 1) writing a
sentence, 2) turning over cards, 3) picking up small objects (e.g.,
pennies, paper clips) and placing them in a container, 4) stacking
checkers, 5) simulating eating, 6) moving large empty cans, and 7)
moving large weighted cans. Since some of the subjects were using
their (pre-stroke) non-dominant hand, we excluded the handwriting

portion of the test for all subjects. This test has been shown to have
good validity and reliability (Jebsen et al. 1969).

Strength

Strength of finger extensors was measured using a load cell (Model
SM-50, Interface, Scottsdale, AZ, USA). With the subject’s wrist in
neutral and the metacarpophalangeal (MP) joint in 70 deg of flexion,
the proximal phalanx of the index finger was connected to the load
cell. The subject performed three 5-s maximal voluntary isometric
contractions, separated by 1-min rests. The dependent variable was
the average peak force of these three trials, recorded in Newtons (N).
The load cell was calibrated before each testing session and was
found to have a maximum of 2.5% error in reading compression-
forces over the range of 2–200 N.

Finger-movement control

Precision in control of finger movements was measured with a
finger-movement tracking task that the subject performed during the
fMRI (Carey et al. 1994, 2002). An electrogoniometer attached to
the MP joint of the hemiplegic index finger was connected to a
computer displaying a sine wave (0.4 Hz) that served as a target for
the subject to track using the computer screen cursor. The subject’s
uninvolved hand was lightly holding a rubber bulb that he or she
could squeeze to gain our attention during the scanning. This served
not only as device for communication, but also as a method to deter
any mirror movement of the uninvolved hand. Once positioned
inside the magnet, the subject tracked for approximately half a
minute to adjust to the task. This allowed an investigator to monitor
for any mirror movements (Cramer 1999). No subjects displayed
mirror movement while under observation.
The complete tracking test lasted 6 min and consisted of the

following phases, each of 1 min in duration, making up the model
used for activation analysis: control 1, task 1, control 2, task 2,
control 3 and task 3. For each “control” phase, the subject merely
watched the screen but exerted no effort. For each “task” phase, the
subject looked at the screen and attempted to track the sine wave as
accurately as possible using careful finger-extension and finger-
flexion movements. The amplitude of the sine wave was
standardized to each subject’s active range of motion at the MP
joint of the index finger, as recorded during set-up. With maximal
flexion set as 0% of the subject’s active range and maximal
extension set as 100%, the extension (upper) peaks of the sine wave
were set at 125% of the range and the flexion (lower) peaks were set
at 15% of the range. The range used originally at pre-test was the
range used at post-test. The upper peaks were set above the subject’s
full range to allow for any increases in extension range that might
occur from treatment.

fMRI

Images of the brain were collected on a customized, 4.0 Tesla
whole-body research MRI system (Oxford, UK). A head volume
coil (Vaughan et al. 2001) was used to allow for the collection of
images over the entire volume of the brain. Padding was used
around the head to minimize movement.
T1-weighted inversion recovery magnetic resonance (MR) images

were obtained in the transverse, coronal, and sagittal planes for
anatomical localization (multi-slice turboFLASH sequence, echo
time (TE) = 5 ms, repetition time (TR) = 9 ms, inversion time (TI) =
1.2 s, in-plane resolution = 1.56×1.56 mm, slice thickness=5 mm, 2
averages (NEX)). These images were used at the time of the
experiment to determine the appropriate volume for the subsequent
functional images, and again in post processing to identify
landmarks such as the anterior and posterior commissures for
standardizing into Talairach space.



Blood oxygen level-dependent (BOLD) T2
*-weighted functional

MR images were obtained in the transverse plane using a blipped
echo-planar imaging (EPI) sequence with a TE of 25 ms. The total
imaged volume extended from the superior pole of the cortex to a
depth of 135 mm in 24 slices. Functional images had an axial in-
plane resolution of 3.125×3.125 mm and a 5-mm slice thickness.
Each set of 24 images was acquired in 3.0 s during the 6-min
experiment.

Treatment

Group receiving electrical stimulation

The goal was to investigate intensive home use of electrical
stimulation, thus the amount of treatment selected was 60 total hours
of use. All subjects were instructed in the operation of the electrical
stimulator at the first visit (pre-test). Since the exclusionary criteria
required that the subject have good cognitive ability, all subjects
were able to apply this machine safely. We maintained contact with
the subjects by telephone at least weekly to answer any questions
and encourage compliance. Subjects were instructed to use the
machine 6 h per day, for 10 days over the course of 3 weeks.
Subjects maintained records of use to show compliance. Records
were analyzed visually to look for any differing patterns of use. All
subjects completed the required total time use and the patterns of use
were very similar, typically 3–6 h per day every day or every other
day.
The device used for treatment was the Automove Model AM 706

Stimulator (Danmeter, Boulder, CO, USA). In this device the
electrodes function as both EMG pickup and stimulation delivery.
The EMG activity detected from underlying muscles must reach a
set threshold that then triggers electrical stimulation to the muscles,
producing stronger contractions than those achieved voluntarily.
This then gives sensory bombardment centrally through cutaneous
and proprioceptive afferents. The stimulation threshold is pre-
programmed by the manufacturer to start at a high level and then is
automatically lowered in a step-wise fashion until the subject’s
EMG effort does succeed in reaching threshold. Once triggered, the
stimulator delivered pulses (pulse width 200 µs, asymmetrical
rectangular biphasic, constant current) at 50 Hz and intensity was set
to produce finger- and wrist-extension movements. The duration of
the resultant evoked contraction following the initial trigger lasted
5 s plus a 1-s ramp-up and a 1-s ramp-down. A 15-s rest period
occurred between contractions to minimize fatigue. Half of the
treatment time was spent with active effort on the subject’s part
required to trigger a stimulated response (trigger mode), while the
other half of the time was spent with the machine automatically
stimulating the muscle to contract cyclically without any volitional
trigger from the patient (cyclic mode). This was done because pilot
work suggested that due to the conscious effort required, it was too
difficult to schedule the full treatment of trigger mode into each day.
No instructions were given to encourage increased hand use or to
modify behavior in any other way.

Group receiving sham treatment

Subjects randomly assigned to the group receiving sham treatment
received the same instructions as the EMG treatment group. Subjects
receiving sham treatment used a very similar device (Automove
Model 700S, Danmeter, Boulder, CO, USA) that shows a light when
the device is in the “on” phases, and they were told to advance the
“current” dial to an indicated level; however, the machine did not
deliver any current. They were told that there are different levels of
stimulation being studied and that they may not feel the level
assigned to them. As with the true treatment, for half the hours of
treatment, the subjects were asked to lift the hand actively when the
light came on and the “stimulation” started. At the conclusion of the
period of sham treatment, all subjects were retested (post-test) and
then crossed over to receive the true stimulation, in exactly the same

manner as the group receiving true treatment. Subjects in this group
also were monitored by phone and maintained records of compli-
ance both during the sham treatment and after the crossover. Seven
of eight subjects were then retested following completion of the real
treatment (post-crossover). One subject was unable to complete
post-treatment testing due to an unrelated hospitalization.

Analysis of data

Tracking

The computer quantified the tracking performance in each of the
three task periods of the 6-min tracking test inside the magnet by
calculating an accuracy index (AI) (Carey 1990). The maximum
possible score is 100%. Negative scores are possible. Previous work
showed good reliability in the average accuracy index with ICC
values ranging from 0.92 to 0.97 for subjects with stroke (Carey
1990). The validity of the finger-movement tracking test in
discriminating between the performance of healthy subjects and
subjects with stroke has been demonstrated (Carey et al. 1998).

fMRI

Analysis of the MR images was done on a Sun Ultra 60 (Sun
Microsystems, Palo Alto, CA, USA) workstation using the
interactive image analysis software Stimulate (Strupp 1996). The
raw data for each individual were log-transformed and detrended.
The logarithmic transformation was dictated by the lack of
normality in the distribution of activation intensities (Lewis et al.
2002). The detrending was necessary due to the presence of time
trends; control and task periods were detrended following the log
transformation. To eliminate large vessel contributions, a mask was
applied to the functional data (Kim et al. 1994). Two types of fMRI
analysis were performed: voxel count and intensity.

Voxel count

Our predefined area of investigation for this analysis included
bilateral frontal and parietal lobes. Activation was determined using
a cross-correlation (“boxcar”) method correlating the hemodynamic
response in comparison with the alternating control and task phases
in our activation model. The activation model is defined by the
sequence of magnetic resonance scans that correspond to each
“task” or “control” phase and takes into account the lag in blood
flow change that occurs with activation (Ugurbil et al. 1999). A
voxel was considered active if it met or exceeded a predetermined
threshold of correlation (r=0.40) and formed part of a cluster (>3) of
contiguous voxels that also met or exceeded this threshold. In this
method of analysis, the question was whether NMES treatment
produced a change in the number of active voxels in a given brain
area during the finger-tracking task. The anatomical location of each
cluster of active voxels was recorded to each hemisphere (either
contralateral or ipsilateral to tracking hand) as determined by
Talairach coordinates (Talairach and Tournoux 1988). These
locations were as follows: gyrus postcentralis, gyrus precentralis,
gyrus frontalis superior, gyrus frontalis medius, gyrus frontalis
inferior, precuneus, gyrus cinguli, lobulus paracentralis, lobulus
parietalis inferior and gyrus frontalis medialis. The investigator
analyzing the data was blinded as to the group of each subject.
Under these conditions, we estimate the resultant value of
significance for active voxels to be at p<0.001 (Xiong et al. 1995).
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Intensity

The intersession variability of the MR signal in voxel count has been
found to be consistently higher than the variability of signal
intensity, suggesting that the latter is a more reliable indicator of
cortical activation (Waldvogel et al. 2000). In measurements of
intensity, the question was whether subjects who have received
NMES show a different intensity of activation during the task
period. That is, NMES may not increase the number of voxels that
are active but, instead, may increase the BOLD signal intensity for
the average of all voxels in a given region of interest. For this
measure, analysis was restricted to the gyrus precentralis (GPrC) and
gyrus postcentralis (GPoC). The increase in signal suggests that
there is increased neural activity (thus increasing BOLD signal) but
does not specify whether this is excitatory or inhibitory.
We chose GPoC and GPrC as the most likely areas to demonstrate

change in intensity given the results from imaging studies conducted
during NMES (Hamdy et al. 1998; Spiegel et al. 1999; Kampe et al.
2000; Stefen et al. 2000; Abo et al. 2001; Backes et al. 2002; Fraser
et al. 2002; Kaelin-Lang et al. 2002; McKay et al. 2002; Smith et al.
2003).
For each region separately, we calculated an Intensity Index (II):

II � IntensityTASK � IntensityREST

IntensityREST
(1)

where “IntensityTASK” is the average signal intensity during the
task periods and “IntensityREST” is the average signal intensity
during the rest periods. There is intrinsic variability in signal
intensity between and within subjects (Cohen and DuBois 1999),
making direct comparisons on raw intensity values difficult.
Normalizing the task data to the rest data allows for intersubject
and intrasubject comparisons (Georgopoulos et al. 2001). The
information was obtained by drawing regions of interest around
GPoC and GPrC at each level of the MRI scan containing the
specified region. The precentral gyrus was defined as the area
bounded anteriorly by the precentral sulcus, posteriorly by the
central sulcus, medially by the sagittal fissure, and laterally by the
sylvian fissure. The postcentral gyrus was the area bounded
anteriorly by the central sulcus, posteriorly by the postcentral
sulcus, medially by the sagittal fissure, and laterally by the sylvian
fissure. Sulci were identified according to Ono and colleagues
(1990). This analysis has an advantage of not having any arbitrary
threshold applied. Intensity Index values are in arbitrary units.

Statistical analysis

Two group t-tests were done to determine equality between groups
at baseline on all variables. All data from functional tests were
analyzed with preplanned, one-tailed, paired t-tests if the data were

normally distributed or Wilcoxon Signed-Rank tests if not. The
brain activation data (both voxel count and intensity index) were
analyzed using two-tailed paired t-tests. Statistical significance was
set at p<0.05.

Results

All subjects (N=16) were included in the tests of hand
function, but of those subjects the MRI data from four
were discarded due to excessive head movement (one
subject from the treatment group and one from the sham
group). Of the five remaining subjects in the sham group,
one subject was unable to complete post-crossover testing
due to an unrelated hospitalization. So the brain activation
analysis is based on seven subjects in the group receiving
EMG treatment, five in the group receiving sham treat-
ment, and four at post-crossover. The analysis to determine
equivalence between groups at baseline showed no
significant differences between groups for either behavior-
al or cortical data.

Changes in functional performance

There was significant improvement in performance for the
group receiving treatment on the following functional
tests: Box and Block, isometric finger-extension strength,
MAL (AS and HW) scores, and in the JTHFT for small
objects, stacking, and heavy cans. There was a trend
toward improvement in the JTHFT for page turning
(p=0.053). The group receiving sham treatment improved
in isometric finger-extension strength, but no other test.
Following crossover for the group receiving sham treat-
ment, subjects improved from post-test on Box and Block,
isometric finger-extension strength, MAL (AS and HW)
scores, JTHFT for page-turning, and feeding. There was a
trend toward improvement in JTHFT for small objects
(p=0.060). There was no improvement in the tracking task
performed during the fMRI for either group. Table 2
summarizes all data of functional tests.

Fig. 1 Voxel count analysis
data for ipsilateral (nonlesioned
hemisphere) anatomical areas
while tracking with hemiplegic
right hand before (pre) and after
(post) NMES or sham. GPoC
gyrus postcentralis, GPrC gyrus
precentralis, GFs gyrus frontalis
superior, GFm gyrus frontalis
medius, PCu precuneus, GC
gyrus cinguli, LPi lobulus para-
centralis, GFd gyrus frontalis
medialis



Cortical activation data

Voxel count

There were no changes in voxel count from pre-test to
post-test in any of the designated anatomical areas in either
hemisphere for either group. Figures 1 and 2 summarize
the data on voxel counts for the ipsilateral and contralat-
eral hemispheres, respectively.

Intensity

In the group receiving treatment, there was a significant
(p=0.046) increase in the Intensity Index from pre-test to
post-test in the GPoC area in the hemisphere ipsilateral to
the hemiplegic (treated) hand. There was no change in the
ipsilateral GPrC or in the contralateral GPoC or GPrC in
the group receiving treatment. The Intensity Index did not
change in any area in the sham group. The scores for mean
Intensity Index are reported in Table 3. Figure 3 is a graph
showing individual pre-test and post-test Intensity Index
scores for the ipsilateral GPoC.

In the subjects receiving sham treatment, after crossover
there were fMRI data from only four remaining people.
There was a mean Intensity Index increase in the
ipsilateral GPoC, with a pre-test mean of 0.227 and a
post-test mean of 0.377. Due to the low N, this was not a
significant difference.

Discussion

The important findings of this study were that NMES,
when performed in an intensive manner, produced signif-
icant improvements in functional activities in the group
receiving NMES treatment. The group receiving sham
treatment only showed gains in strength without functional
improvements from pre-test to post-test; however, after
crossing over to receive treatment, they showed significant
functional gains that mimicked the group receiving NMES
treatment. We did not find a change in the number of
active voxels in any neuroanatomical area in the group
receiving NMES treatment, but the treatment group had a
significant increase in the intensity index for the GPoC
ipsilateral to the paretic hand, whereas the group receiving
sham treatment did not.

Functional tests

We chose functional tests that would focus on finger
movements, particularly finger extension, since controlled
release of an object is the function we expected to improve
the most with the NMES treatment. The BB test and
JTHFT focused on this function. We chose the MAL
because we were also interested in the subjects’ own
assessment of whether improvements would transfer into
hand use in daily activity. We examined isometric finger-
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extension strength of the index finger as a separate
variable.

The BB test and the small objects and stacking
components of the JTHFT specifically tested the ability
to pick up and release small objects. The group receiving
NMES treatment improved performance on all these tests.
In addition, this group improved on the component of the
JTHFT, which tests grasping and releasing of a heavy can
object. This, in combination with the finding that the
group receiving sham treatment did not improve on these
functions, suggests that the improvement was due to a real
treatment effect and not to expectation effects associated
with any treatment. The finding that the group receiving
sham treatment did improve on the BB test and the page-
turning and simulated feeding components of the JTHFT
after crossing over to receive the real treatment adds
strength to this interpretation. We attribute the absence of
significant improvement, although trends were observed,
on small objects and stacking components of the JTHFT to

the reduced power associated with the loss of one subject
following the sham period.

Both the treatment and the sham groups showed
significant increases in strength. We believe that the
improvement in strength in the group receiving sham
treatment stems from repeatedly extending their fingers
voluntarily in synchrony with the “stimulation” phases of
the sham treatment. We elected to have all subjects
perform this voluntary movement so that the only
difference between the two groups would be the stimu-
lation itself. Although this repeated movement may have
been sufficient to improve strength in the sham subjects, it
did not translate into improved functional hand move-
ments. Thus, functional hand movements may depend
more on orchestrating synergistic control of multiple
muscular forces than on sheer strength alone, and the
possibility exists that NMES helps to activate neurons that
can improve such control.

The MAL showed significant improvement in the AS
and HW scores in both the group receiving treatment and
in the group receiving sham treatment after they had
crossed over and received the true treatment. The mean
changes reported were quite small, however, and it is not
clear that the statistically significant changes we observed
translate to being clinically significant. The MAL asks a
wide variety of questions that could be limited by
restricted motion in the shoulder or elbow, which our
intervention did not strive to improve, such as “getting out
of the car”, “combing your hair”, or “shaving”. Thus, a
large improvement in a few activities such as “carrying an
object in your hand” and “removing an item of clothing
from a drawer” could produce only a modest gain in

Fig. 2 Voxel count data on
contralateral (lesioned hemi-
sphere) anatomical areas while
tracking with hemiplegic hand
before (pre) and after (post)
NMES or sham. GPoC gyrus
postcentralis, GPrC gyrus pre-
centralis, GFs gyrus frontalis
superior, GFm gyrus frontalis
medius, PCu precuneus, GC
gyrus cinguli, LPi lobulus para-
centralis, GFd gyrus frontalis
medialis

Table 3 Intensity Index values
for groups receiving NMES and
sham treatment (mean ± SE)

Ipsi ipsilateral hemisphere,
Contra contralateral hemi-
sphere,GPrC gyrus precentralis,
GPoC gyrus postcentralis

NMES treatment Sham treatment

Pre-test Post-test Significance Pre-test Post-test Significance

Ipsi GPoC 0.16±0.07 0.24±0.09 t(6)=2.52,p=0.045 0.33±0.06 0.16±0.09 NS
Ipsi GPrC 0.25±0.05 0.34±0.12 NS 0.26+0.09 0.18±0.09 NS
Contra GPoC 0.13±0.05 0.23±0.09 NS 0.25±0.15 0.35±0.16 NS
Contra GPrC 0.16±0.05 0.16±0.08 NS 0.37±0.15 0.37±0.12 NS

Fig. 3 Intensity Index values for gyrus postcentralis (GPoC) for
each subject at pre-test and post-test



composite score, but a profound gain in function of
particular tasks. Consequently, the MAL may not be the
best indicator of improved performance for interventions
narrowly focused to such a specific function as finger and
wrist extension. It is possible that the increased use of the
hand was the source of other effects unique to the
treatment group. We feel this is unlikely, however, given
that the amount of increased use was quite small (1.5–1.9)
and of questionable clinical relevance.

The tracking task failed to show improvement in any
group. This task was chosen because it challenges subjects
to execute carefully controlled finger movements, which
more closely resemble functional activities than the often
used “finger opposition task.” Finger-movement tracking
requires visual spatial control of flexion and extension
movements (Carey et al. 1998). It has previously been
shown that tracking performance can be improved in
subjects with stroke (Carey et al. 2002) with training in
finger tracking, which is intended to challenge and
develop such control. In the current study, however, the
intervention did not involve visual spatial problem solving
or training of precision finger movements. These results,
along with earlier results (Carey et al. 2002), invite further
research to examine whether NMES combined with
tracking training may produce greater gains in functional
hand movements than either treatment alone. More
research is also required to determine whether a different
functional task would have revealed similar cortical
results.

Cortical changes

Others have shown in healthy subjects that NMES given
during fMRI (Spiegel et al. 1999; Backes et al. 2000;
Kampe et al. 2000; Smith et al. 2003) or TMS (Ridding et
al. 2000, 2001) increases activation (as measured by voxel
count) contralaterally in the sensorimotor cortex. Intensity
of activation has not been reported. Testing has not been
done on human subjects with stroke, but in rats that have
recovered from induced stroke, receiving NMES to the
recovered hindlimb during fMRI activates the ipsilateral,
non-infarcted hemisphere (Abo et al. 2001).

Importantly, in a related study, patients with acute stroke
were studied during pharyngeal stimulation, and it was
found that there was a marked increase in the pharyngeal
topographic motor representation in the undamaged (ipsi-
lateral) hemisphere as measured by TMS (Fraser et al.
2002). Our results, combined with these findings, provide
mounting evidence that there is a cortical component to
NMES. However, our finding may simply be demonstrat-
ing the consequence of the individual stroke damage
interacting with NMES whereby the ipsilateral pathway is
the primary mechanism available.

In studies investigating recovery processes after stroke
there is an emerging hypothesis that the activation in the
stroke hemisphere is predictive of better recovery (for
review see Calautti and Baron 2003). Indeed, the
uncrossed cortical spinal tract has only marginal physio-

logical function as demonstrated by transcranial magnetic
stimulation studies in normal subjects but is activated
during complex motor tasks (Carr et al. 1994). This could
indicate a role for ipsilateral control in the early recovery
stage following stroke (Calautti and Baron 2003) or when
an individual with stroke is receiving treatment, as in the
current study.

Since there was an increase in the Intensity Index in the
ipsilateral GPoC, why was there not also an increase in
voxel count? Voxel count and intensity do not mirror each
other in what they are measuring. In our voxel count
analysis, significance is based upon activation following
the time course of the signal relative to the model, whereas
the intensity index is based on the amplitude of the signal
during the task relative to rest (Carey et al. 2003). The
possibility exists that the time course of the changing
signal could fail to reach the correlation threshold for
“activation,” but have a large difference in signal ampli-
tude creating a significant change in the Intensity Index.

The other question that remains to be answered is why
there was evidence of functional improvements, but no
change in motor cortex activation (either Intensity Index or
voxel count). There are a number of possible reasons. The
answer could lie in the type of intervention. The key to
achieving voxel count reorganization may be active
engagement. In NMES treatment, even with active effort
triggering the stimulation, there is repetition, but it does
not require any cortical problem solving. It has been
shown that active repetitive movements are a key factor in
recovery from stroke (Taub et al. 1993; Nudo and Milliken
1996; Nudo et al. 1996b; Feys et al. 1998), but beyond
simple repetition, an element of problem solving is also
required. This finding was illustrated in the study by
Plautz and colleagues (2000) in which monkeys who were
trained in a repetitive “easy” task did not produce
functional reorganization of cortical maps, whereas
monkeys trained in a “difficult” task that required
improvements in a motor skill did produce task-related
changes in movement representations in the motor cortex
(Nudo et al. 1996a). Also using intracortical microstimu-
lation (ICMS) in monkeys recovering from an induced
lesion, the use of a restraint jacket to the healthy limb
alone resulted in no change in mapped hand representa-
tions in the brain beyond that seen with spontaneous
recovery, but with the added component of repetitive
problem solving, the area of hand representation expanded
(Friel et al. 2000).

Relatedly, Kleim and colleagues (1997) showed evi-
dence of significantly greater neuroplastic change in rats
that were trained in an acrobatic walkway condition
requiring problem solving compared with rats that
experienced the simple walkway condition. In our case,
the repetitive practice of opening and closing one’s hand
(as in the group receiving sham treatment) did increase
strength, but did not improve any other measure of
functional ability, nor was there any evidence of cortical
changes. When the repetitive task of hand opening and
closing was paired with electrical stimulation, there was
now sufficient intervention to produce improvement in
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functional tests and produce a change in cortical intensity
in the sensory cortex, but not in the motor cortex.
Additionally, the result that strength increases alone do not
produce cortical reorganization has also been shown in rats
in a study that found that skilled forelimb movement, not
increased forelimb strength, was associated with a
reorganization of forelimb movement representations
within the motor cortex (Remple et al. 2001).

With these results we can speculate that simple
repetition of movement does not produce changes in
cortical activation, but if it is paired with somatosensory
stimulation provided by NMES, there is evidence of
cortical effects. The fact that the change was in the sensory
cortex instead of the motor cortex may also reflect an
increased sensitization of those neurons associated with
finger movement, which might indicate an LTP-like
process (Butefisch et al. 2000).

Another potential reason for the lack of an increased
active voxel count may be related to the time interval
between the last treatment session and the post-test.
McKay and colleagues (2002) suggested that a longer
period of stimulation may produce a longer duration of
cortical effect. Certainly, our treatment protocol of stim-
ulation over 3 weeks was of long duration, but our post-
test was also long after (48 h) the last treatment. This
duration was selected because we were most interested in
long-term effects, not immediate affects during or after the
stimulation.

Somewhat related to simple NMES treatment is a
treatment involving low-frequency (0.05 Hz) stimulation
to the median nerve paired with TMS to the motor cortex.
In one study the investigators treated healthy subjects for
30 min and found an increase in the motor cortex
excitability that reverted to pre-stimulation levels within
a few hours (Stefen et al. 2000). Another study that
followed a similar protocol but repeated it over 3
consecutive days showed that the increased excitability
persisted for 2 days (McKay et al. 2002). Further
investigation is required to determine whether voxel
count changes can be observed immediately after NMES
treatment in subjects with stroke.

The third potential reason for lack of increased voxel
count may be due to the fact that there was not a
behavioral improvement in the tracking test, the task
performed during fMRI. Further investigation is needed to
determine whether a grasping task would have shown a
reorganizational change.

Mechanisms

There are three major processes that have been proposed
to be of importance in recovery from stroke: 1) peri-infarct
reorganization (Nudo et al. 1996b); 2) neural plasticity,
with an increase in dendritic branching in the contralateral
hemisphere (Jones and Schallert 1994); and 3) increased
activation in the ipsilateral (non-infarcted) hemisphere
(Aizawa et al. 1991; Cao et al. 1998). Our finding of an
ipsilateral cortical effect from an intervention has been

observed often in subjects with stroke (Weiller et al. 1993;
Nelles et al. 1999, 2001), but has been shown to be
associated with poorer stroke recovery (Calautti and Baron
2003). It is hypothesized that after cerebral damage,
normally suppressed ipsilateral motor tracts may become
unmasked by a lack of inhibitory control from the affected
hemisphere (Caramia et al. 1996; Ziemann et al. 1999) or
activated due to excess recruitment (Calautti et al. 2001)
and that this may be a pattern that benefits acute or
subacute stroke recovery.

Indeed, somatosensory input is required for accurate
motor performance and for learning new skills (Panizza et
al. 1992) and a reduction of sensory input by local
anesthesia impairs motor control in healthy subjects
(Aschersleben et al. 2001). Also, in patients with stroke,
somatosensory deficits are associated with a slower
recovery of motor function (Reding and Potes 1998).
Therefore, increased sensory input via ipsilateral pathways
may be an important recovery mechanism in motor
learning in subjects with stroke.

The majority of work with NMES and the great
majority of all rehabilitation procedures has been done
on subjects with at least some motor function. More
research is needed with single and additive rehabilitation
procedures on subjects with severe paralysis to explore
effectiveness as well as cortical changes. Current work
invites more research to determine whether the augmented
proprioceptive feedback from NMES with its possible
facilitatory effect on the sensory cortex, as shown here,
combined with effects of challenging motor skill training
such as tracking training (Carey et al. 2002, 2003) might
be more effective than either treatment given alone.

In conclusion, the novel findings of this study were that
NMES could be effectively self-administered by stroke
patients in a home-use environment in an intensive
manner. Repetitive movements, without NMES, did
cause an increase in strength, but this increase did not
translate into improved hand function nor give evidence of
cortical change. Repetitive movements with NMES were
effective in producing improvements in hand function and
were associated with an increase in the cortical intensity
index in the ipsilateral primary sensory cortex. No changes
were seen in the motor cortex in either hemisphere,
perhaps signifying the need for active engagement in
rehabilitation to facilitate motor cortex changes.
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