ABSTRACT: The aim of this study was to investigate motor unit (MU)
characteristics of the biceps brachii in poststroke patients using high-density
surface electromyography (sEMG). Eighteen chronic hemiparetic stroke
patients took part. The Fugl-Meyer score for the upper extremity was as-
sessed. Subjects performed an isometric step contraction consisting of force
levels from 5%—-50% maximal voluntary contraction while sEMG of the
biceps brachii was recorded with a two-dimensional 16-channel electrode
array. This was repeated for both sides. Motor unit action potentials
(MUAPSs) were extracted from the EMG signals, and their root-mean-square
value (RMSy,yap, reflecting MU size) and mean frequency of the power
spectrum (FMEANy,uap, reflecting recruitment threshold) were calculated.
FMEANy,uar Was smaller on the affected than on the unaffected side,
indicating an increased contribution of low-threshold MUs, possibly related
to degeneration of high-threshold MUs. The ratio of RMS,, . On the af-
fected side divided by that on the unaffected side correlated significantly with
the Fugl-Meyer score. This ratio may reflect the extent to which reinnervation
has occurred on the affected side.
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As. consequence of a stroke, motor control of one
or more extremities on one side of the body may be
affected. Spasticity may occur, control of a number
of motor units of the affected muscles may be lost
(paresis), and voluntary motor control of the re-
maining motor units may change.

Many researchers have investigated muscle acti-
vation and coordination patterns after stroke. Weak-
ness,® abnormal co-contraction of antagonistic mus-
cles,® abnormal co-activation patterns,'226 muscle
fatigue,*6 and delays in initiation and termination of
muscle activity”-!22% have been reported.

However, knowledge about changes in properties
and control of motor units (MUs) after a stroke is
still limited. Some evidence for changes in MU prop-
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erties is provided by electrophysiological studies in
poststroke subjects.*” MU degeneration has been re-
ported to occur as early as 2 weeks after stroke,?® and
it appears to affect mainly type II fibers.6:9:11,14.1943
This was attributed to disuse atrophy of type II fibers,
in combination with an overuse of type I fibers re-
lated to rigidity.!? Some authors have suggested
transsynaptic degeneration (atrophy of spinal mo-
toneurons following damage to the upper motoneu-
rons of the corticospinal tract that make synaptic
connections to them) in type II motoneu-
rons.* 112637 Other authors suggest that the remain-
ing MUs enlarge during the chronic stage of stroke
due to collateral sprouting and branching of the
motor neurons.%19:28:35 In this process, type II muscle
fibers may become connected to type I motor neu-
rons, which leads to a transformation of these fibers
to type I. Accordingly, an increased MU fiber density
was found on the affected side of subjects with hemi-
plegia.lo

So far, MU characteristics after a stroke have
been investigated using intramuscular EMG record-
ings. Recently, extensive experience has been gained
with high-density surface EMG (SEMG) recordings
that enable us to noninvasively assess MU properties.
Such recordings are obtained by placing an array of
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small, closely spaced electrodes on the skin above
the muscle of interest. From these recordings, motor
unit action potentials (MUAPs) can be distinguished
and extracted and their propagation along the mus-
cle fibers can be tracked.?>3244

One- or two-dimensional electrode arrays have
been used to investigate various physiological and
pathophysiological ~phenomena.20.23.38:41.42:45  Ra-
maekers et al.*® demonstrated increased MUAP size
in patients with spinal muscle atrophy and decreased
MUAP size in patients with Duchenne muscular dys-
trophy compared with healthy controls. Kallenberg
et al.3* showed that variables obtained with high-
density sSEMG showed differences between cases with
chronic neck-shoulder pain and healthy controls,
while conventional EMG variables did not show such
differences. With high-density sSEMG, Drost et al.!®
were able to demonstrate that MU size is larger in
postpolio patients. A recent review of clinical appli-
cations concluded that high-density SEMG is suitable
for investigation of changes in neurogenic disor-
ders.!”

To further extend the understanding of the con-
sequences of a stroke, the aim of this study was to
investigate MU characteristics of the biceps brachii
in poststroke subjects with high-density sSEMG. Be-
cause of the large intersubject variability of the
sEMG signal caused by several anatomical and phys-
iological factors,?! this study focused on intrasubject
differences between the affected and the unaffected
side. High-density sSEMG recordings were performed
on the biceps brachii muscles of both sides during a
step contraction with increasing force levels from
5%-50% of the maximal voluntary contraction force
(MVCQ).

MATERIALS AND METHODS

Subjects. [Eighteen hemiparetic stroke patients re-
cruited from the rehabilitation center “Het Roesingh”
in Enschede, the Netherlands, were included in the
study if they had a first unilateral ischemic stroke
and sufficient cognitive abilities to understand spo-
ken instructions. Demographic characteristics of the
population are presented in Table 1.

Subjects had to be at least 6 months poststroke
and had to be able to move their arm against gravity
(Medical Research Council score for biceps brachii
=3). Passive shoulder abduction to at least 70° had
to be possible without pain. Exclusion criteria were
the presence of additional orthopedic diseases of the
upper extremities, psychiatric comorbidity, hyper-
sensibility, shoulder-hand syndrome, and use of an-
tispastic medication. All subjects signed an informed
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Table 1. Population characteristics.

Characteristic

Sex 12 men, 6 women
Age (years) 64 (39-78)
Weight (kg) 80 (65-155)
Height (cm) 176 (1568-184)
Body mass index (kg/m?) 25.7 (21.6-34.8)
Time since stroke (years) 2 (0.5-10)
Affected side 11 left, 7 right
Fugl-Meyer score 35.5 (9-62)
Ashworth score 2 (0-4)

Median values and ranges (in parentheses) are reported. Fugl-Meyer score:
clinical scale for motor recovery (upper extremity part, maximum value 66).
Ashworth score: clinical scale for muscle tone in the elbow flexors
(maximum value 4).

consent. The study was approved by the local medi-
cal ethics committee and experiments were per-
formed in accordance with the Helsinki Declaration
of 1975.

General Procedures. The protocol started with as-
sessment of the upper extremity portion of the Fugl-
Meyer score for motor recovery after stroke.2* Sub-
sequently, the Ashworth scale for muscle tone was
scored for the elbow flexors.*

Muscle activity of the biceps brachii and force
were recorded simultaneously. The protocol was first
performed at the unaffected side and was repeated
for the affected side.

Subjects were seated next to a height-adjustable
table with their lower arm placed in a device that
measured isometric elbow flexion and extension
forces. The position of the upper arm was adjusted
to optimize torque production, e.g., the arm was
abducted to 70° while it remained in the plane of the
trunk, the elbow was flexed to =~90°, and the wrist
was in a neutral position (midway between pronation
and supination). Deviation of *10° of the elbow
angle, e.g., due to joint rigidity, was allowed since it
was not expected to influence the results. The lower
arm was supported by the device.

For determination of the MVC, subjects were
asked to perform a maximal contraction three times
with 2 min rest in between. Verbal encouragement as
well as real-time feedback of the force level was
provided. When the third measurement was more
than 10% higher than the highest of the first two, a
fourth and, if necessary, fifth measurement was per-
formed. The force signal was averaged with a 100 ms
moving window. The maximum value was taken as
the MVC. Force feedback was provided on a screen
in front of the subject. The gain of the force feed-
back was adapted such that deviations of 1 N could
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be seen clearly. The force signals were sampled at 1
kHz, digitized with a 16-bit A/D converter, and
stored on a PC.

After determination of the MVC, a rest period of
2 min was provided. Subsequently subjects per-
formed a step contraction consisting of 10 force
levels (5%-50% MVC with steps of 5%). Each step
had to be maintained for 10 s. Between the levels,
subjects relaxed their muscles and were allowed to
start with the next level at their own pace. This
resulted in interval rest periods of 10-20 s.

EMG Recordings. High-density sSEMG of the biceps
brachii muscle was recorded using a two-dimen-
sional 16-channel array developed by the Helmholtz-
Institute for Biomedical Engineering (Technical
University Aachen, Aachen, Germany).!® The array
consisted of four columns of gold-coated pin-elec-
trodes with a diameter of 1.5 mm, the first and
fourth containing three electrodes and the middle
two containing five electrodes. The interelectrode
distance was 10 mm in both directions.

Before electrode placement the skin was cleaned
using abrasive paste. Electrode placement was done
in accordance with the SENIAM (Surface Electro-
myography for the Non-Invasive Assessment of Mus-
cles) recommendations for surface EMG record-
ings.30 The electrode array was placed on the biceps
brachii with the columns parallel to the line from the
acromion to the cubital fossa, with the center of the
array placed one-third of the distance from the cu-
bital fossa. Signals were visually inspected online.
Propagation of signals and minimal shape differ-
ences between subsequent signals were used as cri-
teria for correct placement and alignment of the
electrode columns in parallel to the muscle fibers. If
necessary, the electrode array was repositioned. In
most subjects a small amount of conducting gel was
applied to the electrodes to improve the signal-to-
noise ratio. A ground electrode was placed on the
wrist.

The monopolar signals were amplified with a
gain of 20, bandpass filtered (10-500 Hz), and 22-
bits A/D-converted (resulting in a resolution of 71.5
nV per bit) with a 64-channel surface EMG amplifier
(Twente Medical Systems International, Oldenzaal,
the Netherlands), sample frequency 2,048 Hz, input
resistance >10'> Ohm, common mode rejection ra-
tio >100 dB, noise <1 wV RMS.

Data Analysis. All data were offline bandpass-fil-
tered with a second-order zero phase shift Butter-
worth filter (10—400 Hz). For calculation of MUAP
shape properties, bipolar signals with an interelec-
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trode distance of 10 mm were constructed from the
two middle columns of monopolar recorded signals.
This resulted in two sets of four unidirectionally
propagating bipolar signals. The set with the best
signal quality was manually selected for further pro-
cessing. Signals containing noise were discarded. For
each subject at least three bipolar signals were avail-
able for MUAP detection.

MUAPs were detected with a method that uses
the Continuous Wavelet Transform to identify
shapes that were similar to a mother wavelet (i.e., the
firstorder Hermite—Rodriguez function). The algo-
rithm separated the MUAPs from the surrounding
background activity. The algorithm searched for
candidate MUAPs on all channels. A candidate had
to occur in at least three channels before being
called an MUAP. The outcome of the detection al-
gorithm was the MUAP shapes on all channels. A
Hanning window was applied to smooth discontinui-
ties at the start and end parts due to the extraction of
the MUAPs. For more details about the detection
algorithm, see previous studies.?225.32

Variables describing the MUAPs were calculated
for all detected MUAPs without classifying them to
their corresponding MU. The RMS value (RMS,;;4p)
and the mean frequency of the power spectrum
(FMEAN,;yap) of each detected MUAP were calcu-
lated.3! Histograms of these variables were used to
examine properties of the MU population. RMSy;ap,
related to the size of the MU, was calculated by
taking the square root of the sum of all squared data
samples of the MUAP, divided by the number of
samples. FMEAN,,p reflects the frequency content
of the MUAP, which is related to the MUAP dura-
tion® and muscle fiber conduction velocity,®!7-34
which in turn is related to the recruitment threshold
of the MU.! FMEAN,;Ap Was calculated as the mean
value of the power spectrum, obtained using the fast
Fourier-transform with a Hanning window. The MUAP
shapes were zero-padded to obtain a frequency res-
olution of 1 Hz. FMEAN,;;,p and RMS,;,p were
calculated from each of the four bipolar channels,
and the values were averaged across the channels
afterward. Ratios of FMEAN,;;ap and RMSy;4p On
the affected side divided by the unaffected side were
assessed to quantify within-subject differences be-
tween the sides.

For analysis of global surface EMG variables,
three bipolar signals with an interelectrode distance
of 2 cm were constructed from the monopolar sig-
nals by subtracting signals with 2 cm in between in
the direction parallel to the muscle fibers, in accor-
dance with the SENIAM guidelines for conventional
surface EMG.3° The signals were constructed from
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the same set of monopolar signals as used for MUAP
detection. The signals were inspected visually for the
presence of artifacts and noise. Epochs containing
artifacts were removed, and channels with noise were
discarded. Global RMS (RMS,) and median power
frequency (FMED) were calculated from adjacent,
nonoverlapping signal epochs of 1 s for each of the
three signals. Average values across the three signals
were calculated.

Statistics. Because the data were not normally dis-
tributed, nonparametric tests were used to assess
differences in MVC and correlations between EMG
variables. Differences in MVC between both sides
were tested with the Wilcoxon signed-rank test for
paired samples. Correlations between EMG variables
were assessed using Spearman correlation coeffi-
cients, as were correlations between EMG variables
and Fugl-Meyer scores. To investigate differences in
EMG variables between the affected and the unaf-
fected side, a mixed linear model was applied. Mixed
linear models are designed to handle correlated
data, including multiple observations of each sub-
ject. The model enables the inclusion of two sources
of noise: one noise term for each subject, and one
noise term for each measurement within a subject.
Restricted maximum likelihood estimation was used
for determining the factors that contributed signifi-
cantly to the model. Quantitative changes in the
EMG variables were estimated by applying the mixed
model again with only the significant factors in-
cluded.

The model included step (contraction level),
side (affected or nonaffected), and the interaction
of step with side as fixed factors. The interaction
between step and side was included to examine dif-
ferences between the sides in response to an increas-
ing force level. Since it is known that body mass
index (BMI) can have an effect on EMG variables,*8
BMI was included as a covariate. Furthermore, a
random intercept for each subject was taken into
account.

The residuals that the model generated were
visually checked for normality. The only variable for
which the residuals were not normally distributed
was RMSy;;4p during the step contractions. Inspec-
tion of the data revealed one outlier with a value
exceeding the 75th percentile plus three times the
interquartile range. After removal of this subject the
residuals were normally distributed.

RESULTS

The data from three subjects were discarded due to
insufficient quality of the data of one side (two sub-
jects) and absence of propagating MUAPs (one sub-
ject). In one subject, part of the data of the unaf-
fected side was missing; the remaining data were
included in the analysis. Three subjects were not
able to perform the last step on one or both sides
because of the high force level. In three subjects, for
at least one side no MUAPs could be detected in step
1 and/or 2.

The maximal force was significantly lower (Wil-
coxon signed-rank test, P < 0.001) on the affected
side (median 118 N, range 29-329) than on the
unaffected side (median 216 N, range 77-459) with
a median ratio of 0.56 (affected divided by unaf-
fected side).

Correlations between the EMG variables are re-
ported in Table 2. For both sides the amplitude-
related variables (RMSy;;4p and RMS(;) are strongly
correlated, as are the frequency content-related vari-
ables (FMEAN,;,p and FMED_). The EMG vari-
ables did not show a correlation with the Fugl-Meyer
score.

An example of a recording of EMG signals of the
affected and unaffected side is shown in Figure 1. In
this subject the MUAPs were generally larger on the
affected than on the unaffected side.

An example of the distribution of RMSy;;,p on
the affected and unaffected sides is provided in Fig-
ure 2. Visual inspection of the histograms of all
subjects showed that in 7 out of 15 subjects the

Table 2. Spearman’s correlation coefficients.

Variable RMSg RMSyuae FMEDq FMEAN yap
RMSg 0.971-0.991 NS NS
RMSpuae 0.882-0.961 NS NS
FMEDg NS 0.671-0.882
FMEANyuap NS 0.664-0.896

Parameters that showed significant correlation in at least five steps are presented. Ranges of correlation coefficients of all significant steps are presented. Upper
right half shows minimal and maximal correlation coefficients for the unaffected side, lower left half shows the minimal and maximal correlation coefficients for
the affected side. RMS: global root-mean-square value, RMS,; ,ap: root-mean-square value of motor unit action potential, FMEDg: global median frequency of
the power spectrum, FMEAN,, a5 mean frequency of the power spectrum of motor unit action potential, NS: not significant.
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FIGURE 1. Example of high-density sEMG signals from the biceps brachii muscles of a stroke subject. Left: unaffected side; right: affected side.
The contraction level was 25% of the maximum voluntary contraction force. Bipolar signals from one column of a 16-channel electrode array

are shown. Note the different amplitude scales.

MUAPs were larger on the affected than on the
unaffected side, with a broader distribution (exam-
ple at the left side of Fig. 2). In five subjects the
MUAPs were smaller, and the distribution was more
narrow (example on the right side of Fig. 2). In the
remaining three subjects no clear differences be-
tween the two sides were found. For all subjects
together the statistical model revealed a trend for
higher RMS,;;,p values on the affected side (differ-
ence of 11.02 wV, P < 0.10), but the increase of
RMS,;ap With force level was smaller (5.7 wV vs. 7.9
nV per step). The standard deviation of RMSy.p
also increased less with step on the affected side
(8.79 vs. 5.30 uV per step). The results for RMS,
were comparable.

Interestingly, the Fugl-Meyer scores in the sub-
jects with larger MUAPs on the affected side tended
to be higher than those in the subjects with smaller
MUAPs (median values and ranges 20 [19-53] and
42 [21-62], respectively, P < 0.071, Mann-Whitney
Utest). Figure 3 shows a scatterplot of RMSy.p
ratio (RMS,;;5p of the affected side divided by that
of the unaffected side) and Fugl-Meyer score. For all
steps except for steps 1, 2, and 10 there was a signif-
icant correlation with Spearman’s rho between 0.60
and 0.74 (P = 0.006—0.039). On average, 42% of the
variance in the Fugl-Meyer score was explained by
the RMSy;yap ratio. RMSg, ratio and Fugl-Meyer
score were significantly correlated for the same
steps, with Spearman’s rho between 0.55 and 0.65
(P = 0.009-0.085) and, on average, an explained
variance of 34%.

An example of the distribution of FMEAN,;;,p on
the affected and unaffected side is provided in Figure

Stroke Motor Unit Properties

4. In this subject the MUAPs on the affected side have
a lower mean frequency of the power spectrum than
the MUAPs on the unaffected side. Visual inspection
showed that this was the case in 7 out of 15 subjects. In
six subjects the distributions of the affected and unaf-
fected sides were not different and in the remaining
two subjects the MUAPs on the affected sides showed
higher FMEAN,;;»p values. For all subjects together
the statistical model revealed that FMEAN,;,p Was
lower on the affected than on the unaffected side (108
vs. 114 Hz, P < 0.001). There was a small but statisti-
cally significant decrease of FMEAN,;,p with force
(0.77 Hz per step, P < 0.001). FMED, did not show a
significant difference in mean value between the two
sides, but FMED; increased slightly on the unaffected
side with force (0.40 Hz per step, P < 0.002), while it
decreased slightly on the affected side (0.46 Hz per
step, P < 0.002).

DISCUSSION

The aim of this study was to investigate MU charac-
teristics in stroke subjects. The results showed a
lower mean frequency of the power spectrum of the
MUAPs on the affected side. Furthermore, in seven
subjects the MUAPs were larger on the affected side,
while in five subjects the MUAPs were smaller. A
correlation was found between a clinical scale, the
Fugl-Meyer score, and the ratio of RMSy;;4p on the
affected divided by the unaffected side.

The subject population had a median upper ex-
tremity Fugl-Meyer score of 35.5. Boissy et al. (1997)
used a cutoff point of 44 to divide a group of stroke
patients into moderately (>44) and severely (=44)
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FIGURE 2. Histograms of RMS,,ap Of two stroke subjects, representative of two subgroups of subjects. Each histogram represents one
contraction level; from 5% MVC (upper graphs) to 50% MVC (lower graphs). In the first subgroup (left), RMSy,,ap Values of the affected
side are larger and more variable than those of the unaffected side. In the other subgroup (right) the RMS,,,p values of the affected side
are smaller and less variable. Filled bars: affected side; open bars: unaffected side.

affected patients.” According to this cutoff point, on
average the population in this study can be classified
as severely affected. The range of Fugl-Meyer values
was large (from 9 to 62), which reflects the large
variability of the group.

The MVC value of the affected side was approx-
imately twice as low as that of the unaffected side. A
similar decrease in force on the affected side (aver-
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age ratio of 0.48) was found before in a study assess-
ing muscle force in stroke subjects.?

For each side separately, no correlation between
the EMG variables and Fugl-Meyer score was found.
However, the ratio of RMSy;,,p of the affected side,
divided by the unaffected side, showed a moderately
strong relation with the Fugl-Meyer score. A larger
RMS,;yap Value indicates that the size of the MUAP

MUSCLE & NERVE  February 2009



as recorded on the skin is larger, which is related to
larger MUs.33 Although the present data are not
conclusive, this is in agreement with findings of elec-
trophysiological studies and has been suggested to
be caused by the occurrence of reinnervation of
muscle fibers by collateral sprouting and branch-
ing.!1:29:36 Therefore, the RMS,;y,p ratio might re-
flect the amount of reinnervation, which is a com-
pensation strategy for paresis and, as such, is likely to
be related to the functional capacity of the muscle.

The unaffected arm may differ from the arm of a
healthy subject. For example, compensation strate-
gies might result in overuse of the unaffected side.
This could lead to an increase in fiber diameter on
the unaffected side, in which case RMS,;5p of the
unaffected side would increase. This would make the
RMS,;ap ratio lower. One could argue that overuse
occurs to a larger extent when there is little recovery
of the affected side. This could be a complementary
explanation for the correlation between the RMSy;jp
ratio and Fugl-Meyer score.

In contrast to the ratio, RMSyyap of each side
separately does not correlate with the Fugl-Meyer
score. Taking the ratio of the affected side divided by
the unaffected side might decrease the effect of sub-
jectspecific characteristics such as subcutaneous tissue
or MVC force, thereby decreasing intersubject variabil-
ity. Furthermore, the Fugl-Meyer score is also a com-
parison of the affected side with the unaffected side.

Besides size of the MU, RMS,;p is also related
to the distance between the MU and the recording
site. When the subcutaneous tissue is thicker, lower

Fugl-Meyer score
3 g [
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FIGURE 3. Scatterplot of the ratio of RMS,,,p On the affected
side divided by RMSy,,ap ON the unaffected side against Fugl-
Meyer score. Data from step 6 (30% MVC). The explained vari-
ance is 47% (P < 0.011).
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FIGURE 4. Histograms of FMEANy,.p Of One subject of the
affected and unaffected side during the 10 contraction levels.
Each histogram represents one contraction level: from 5% MVC
(upper graphs) to 50% MVC (lower graphs). Filled bars: affected
side; open bars: unaffected side. Data of unaffected side are
missing for the last contraction level.

RMSy;4p values are recorded. To compensate for
this effect BMI was included as a covariate in the
statistical analysis, and ratios of the affected side
divided by the unaffected side were used.

The frequency content of the MUAP (measured
with FMEAN,;4p) is related to its duration®' and to
the muscle fiber conduction velocity,%1835 which in
turn is related to the recruitment threshold of the
MU.! The lower FMEAN,,;;2p values at the affected
side might point at muscle atrophy, resulting in a
smaller fiber diameter, directly leading to a lower con-
duction velocity. Additionally, it might indicate a larger
contribution of low-threshold MUs. This might be ex-
plained by transsynaptic degeneration; it has been
shown that mainly type II MUs (generally high-thresh-
old) are affected by degeneration,9:11:14.26.57:43 while
type I MUs (generally low-threshold) remain, which
would increase the relative contribution of low-
threshold MUs. This effect might be enhanced by
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collateral sprouting of the remaining low-threshold
MU, as has been suggested by different authors.!0:2

In contrast to FMEANy;ap, FMED, did not show
differences between the two sides. This might point
to a higher sensitivity of MUAP variables, which was
found previously.?2:34

In conclusion, high-density sSEMG recordings of
chronic stroke patients revealed differences in
MUAP size and in frequency content of the MUAPs
between the affected and the unaffected side. The
ratio of RMSy;4p on the affected side divided by
that of the unaffected side correlated significantly
with the Fugl-Meyer score for the upper extremity.
This ratio may reflect the extent to which reinnerva-
tion has occurred on the affected side. The smaller
values of FMEAN,;;,p on the affected side might
point to an increased relative contribution of low-
threshold MUs, possibly related to degeneration of
high-threshold MUs.
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