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Abstract—In this study, the reliability of surface electromyo-
graphic data (root-mean-square) for volitional motor tasks drawn
from a standardized protocol was assessed. For each motor task,
5 s epochs of data were analyzed with a new method to generate a
measure called the voluntary response index (VRI). The VRI
consists of two components, magnitude and similarity index (SI),
that were separately analyzed for repeatability. We examined
three repetitions of each of 10 volitional motor tasks in 69 sub-
jects with spinal cord injury (American Spinal Injury Association
[ASIA] Impairment Scale [AlS], classifications C and D: 34 AIS-C
and 35 AIS-D) for short-term (within-day) reliability. In 6 of the
69 subjects (3 each, AIS-C and AIS-D), the entire study was
repeated after 1 week and results were assessed for intermediate-
term (1 week apart) reliability. The reliability of the method for
voluntary motor tasks was assessed by intraclass correlation coef-
ficient (ICC), analysis of variance, coefficient of variance, and
Pearson’s correlation. Good reliability was found for magnitude
(ICC =0.71-0.99, Pearson’s r = 0.77-0.99) and for SI (ICC =
0.65-0.96, Pearson’s r = 0.72-0.93) for three repeated tests
(within-day). Significant difference was found for studies com-
pleted 1 week apart for magnitude (p = 0.02) but not for SI (p =
0.57). In addition, SI showed less variation than magnitude (p <
0.001). No significant difference of magnitude and SI between
tasks was observed.

Key words: central nervous system, electromyography, lower
limb, muscle (voluntary), quantitative evaluation, rehabili-
tation, reliability, similarity index, spinal cord injury, surface
electromyography.

INTRODUCTION

Reliability is the degree of consistency or stability,
i.e., the ability to obtain similar results from the same
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subject at different times using the same equipment [1]. It
is prerequisite to the appropriate use of new equipment or
new measurement methods. Because surface electromyo-
graphy (SEMG) is a well-known method, many prior stud-
ies reported its reliability using various methods. The
reliability of SEMG has been reported as the variance
ratio, paired t-test, a one-way analysis of variance
(ANOVA), the coefficient of variation (CV), Pearson’s cor-
relation, and intraclass correlation coefficient (ICC) [2-3].

Abbreviations: AIS = ASIA Impairment Scale, ANOVA =
analysis of variance, ASIA = American Spinal Injury Associa-
tion, BMCA = brain motor control assessment, CNS = central
nervous system, CV = coefficient of variation, ICC = intraclass
correlation coefficient, MVC = maximum voluntary contrac-
tion, PRV = prototype response vector, RMS = root-mean-
square, RV = response vector, SCI = spinal cord injury, SEMG =
surface electromyography, SI = similarity index, VRI = volun-
tary response index.
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The time frames commonly used are short-, interme-
diate-, and long-term reliability of SEMG measurements
[3]. It would be expressed as within-day and between-day
reliability [2,4—7]. The time gap for the repeated meas-
ures may be a few seconds to minutes for the short-term
reliability, a few hours to a few days for intermediate-
reliability, and a few days to a few weeks or months for
long-term reliability. In the comparison of within-day (or
short-term) measurement and between-day (or intermedi-
ate-term) measurement, previous studies show generally
higher reliability for within-day measurement.

In prior studies, characteristics of SEMG were vari-
ously expressed in terms of its mean frequency, (normal-
ized) root-mean-square (RMS) amplitude, average rectified
value, maximum voluntary contraction (MVC) to 10 per-
cent of MVC, and conduction velocity [2-3,7-10].

In spite of muscles tested or methods and task used,
many studies showed fairly good reliability (ICC > 0.7,
Pearson’s r > 0.7). However, we found no studies of the
reliability of SEMG studies of upper motor-neuron func-
tion in subjects with central nervous system (CNS)
lesions, such as spinal cord injury (SCI), even though
SEMG is considered an acceptable tool for kinesiologic
analysis of movement disorders [11]. Subjects with SCI
showing high reliability during volitional motor tasks
would provide a good basis for the use of this method in,
for example, studies of the response to various interven-
tions. Recently, the voluntary response index (VRI) was
introduced as a measure of the quality of voluntary con-
trol during motor tasks based on SEMG [12]. One of the
main features of this method, differentiating it from pre-
vious methods, is the use of the distribution of activity
across 10 muscles during particular voluntary motor
tasks to evaluate the subjects’ volitional motor control
ability. The VRI’s use as an objective evaluation method
has been tested in several studies [13-15]. However, vali-
dation of its reliability has not been done. In this study,
we assessed the short- and intermediate-term reliability
of the VRI recorded during voluntary motor tasks in 69
subjects with incomplete SCI.

METHODS

Subjects

In this retrospective analysis, we studied 69 subjects
(4 female and 65 male, aged 48.1 + 4.6 years) with
incomplete SCI (54.8 + 3.6 months postinjury, American

Spinal Injury Association [ASIA] Impairment Scale
[AIS], classifications C and D: 34 AIS-C and 35 AIS-D)
and 15 healthy subjects (4 female and 11 male, aged 36 +
10 years). AIS-C and AIS-D are subjects who retain at
least some voluntary motor control after SCI, with AIS-C
being more severe and AIS-D retaining substantial vol-
untary muscle control ability. The data analyzed for this
paper were a combination of the data from three studies
using the same protocol at two Texas Department of Vet-
erans Affairs (VA) medical centers, one in Dallas (study
A: 6 AIS-C and 12 AIS-D) and the other two in Houston
(study B: 10 AIS-C and 11 AIS-D, and study C: 18 AIS-C
and 12 AIS-D). The SCI subject data used for this paper
were a convenience sample. Except for two subjects, the
data used have been previously presented in a report
comparing results of the VRI method with a clinical
measurement [15]. Data sets from three repetitions of
each voluntary motor task within the same measurement
session for each of these 69 patients were used for the
short-term reliability assessment. From these 69 subjects,
6 underwent a second test 1 week after the initial test
with no change in their clinical status (medication, ther-
apy, etc.), permitting assessment of intermediate repeat-
ability involving removing and replacing electrodes as
described in the following.

Recording Protocol

SEMG recordings using pairs of 1 cm-diameter silver/
silver chloride recessed SEMG electrodes placed over the
muscle bellies 3 cm apart were made from the right and
left quadriceps (mainly rectus femoris), adductor, ham-
strings, tibialis anterior, and triceps surae muscles. Elec-
trodes were centered on the long axis over muscle bellies
for recording during 10 voluntary motor tasks that are seg-
ments of the brain motor control assessment (BMCA) pro-
tocol performed by both lower limbs (bi- and unilateral
hip-knee flexion and extension, and ankle dorsiflexion and
plantar flexion) [16]. All motor tasks were repeated three
times each, cued by an audible tone. The 10 SEMG chan-
nels were recorded with a bandwidth of 30 to 500 Hz and a
gain of 1,000. Movement sensor and event cue marker out-
puts were also recorded and, along with the SEMG, were
continually digitized at a rate of 2,000 samples/s for the
duration of the protocol. Data recorded from movement
sensors to monitor pitch movement of thigh and shank seg-
ment and pitch and yaw movement of foot segment were
not analyzed in the paper but used as references for SEMG
data qualification. The value of the high-pass filter (30 Hz)



415

LIM and SHERWOOD. Quantitative analysis of surface EMG in incomplete SCI and its reliability

was originally selected in 1972 (prior to publication of
International Society of Electrophysiology and Kinesiol-
ogy standards, 1980 [17]) for minimizing movement arti-
facts in this BMCA protocol, which involves a great deal
of subject movement. This bandwidth was consistently
used for all reported recordings, permitting appropriate
comparisons among these recordings. Figure 1 shows
SEMG RMS envelope data from the three ipsilateral mus-
cles and three contralateral muscles for three repeated tri-
als of the unilateral hip-knee flexion motor task recorded
from one patient as an example.

Data Reduction

We then used an RMS algorithm to produce SEMG
envelopes with an effective sampling rate of 20 samples/s
from the full bandwidth SEMG data [18]. These envelope
data were the basis for subsequent processing. The aver-
age activity for each muscle (channel) over a 5 s window
was computed and corrected for any baseline activity by
subtraction of the averaged activity over the 1 s immedi-
ately preceding the motor task cue [19]. These averaged
SEMG responses to the three repeated trials for the 10
recorded muscles were then themselves averaged over
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Figure 1.

Surface electromyography root-mean-score envelope data from contralateral quadriceps (CQ), adductor (CA), hamstring (CH), ipsilateral quadriceps
(1Q), adductor (1A), and hamstring (IH) of unilateral hip-knee flexion motor task recorded (a) from healthy subject, superimposed; (b), (c), and (d)
for three repeated trials of one spinal cord injury (SCI) subject (American Spinal Injury Association Impairment Scale, classification D); and (e), (f),
and (g) from same SCI subject 1 week later). These two studies showed similar ranges of magnitude (69.5% =+ 8.3% to 61.9% =+ 4.5%) and similar
muscle control pattern, i.e., similarity index (SI) (0.91 + 0.02 to 0.91 + 0.01).
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the three repetitions of each motor task to quantify the
distribution of activity across the various muscles, and
expressed as a response vector (RV), whose elements are
these baseline-corrected change activities.

Data Analysis

To objectively characterize the observed voluntary
motor control, we employed the recently described VRI
[20], which comprises two components, the magnitude of
the RV, |[RV|, and the similarity index (SI) SEMG (Equa-
tion (1)). Taken together, these two components of the
VRI describe the amount of activity (magnitude of the
RV) and its distribution (SI) in comparison with the dis-
tribution of activity observed in healthy subjects doing
the same motor task. The Sl is computed as the cosine or
dot product of the normalized RV and the prototype
response vector (PRV) obtained from the healthy subjects
for the same motor task [20]. As previously defined,
PRVs were generated from the average of RVs across the
15 control subjects for each phase of each movement
[20]. For this study, we analyzed bilateral and unilateral
hip and knee flexion and extension, and unilateral ankle
dorsi- and plantar flexion:

VRI = (|RV],SI) , (1)

where RV = [Rl R2 R3 R4 R5 RG R7 R8 Rg Rlo], Rl and RG =
right and left quadriceps, R, and R; = right and left adduc-
tor, Ry and Rg = right and left hamstrings, R4 and Rqg =
right and left tibialis anterior, R5 and R;g = right and left
triceps surae, and

3" (RV{PRV))

—_ |
Sh= IRV||PRV| (2)

(i = 10 for ankle movements and i = 6 for hip-knee move-
ments, i.e., Ry, Rs, Rg, and Ry are not included for the vari-
ety of possible motor strategy for these movements [12]).

Statistical Analysis

The reliability of magnitude and SI was assessed
with 1CCs [21], Pearson’s correlation coefficients, and
CVs calculated from a one-way ANOVA. To compare
across tasks, we normalized magnitudes by the average
values obtained in healthy subjects for each task [15] to
account for the observed differences among these tasks.
The short-term reliabilities for magnitude and SI were

calculated with ICCs and an ANOVA. An AIS-C and
AIS-D group comparison and flexion and extension
motor tasks comparison were made with Pearson’s corre-
lation coefficients and CVs. To see the difference of mag-
nitude and S| between original data and the data 1 week
later, we compared each motor task for six subjects using
Pearson’s correlation coefficients and an ANOVA. The
effect of tasks was also tested with ANOVA. Note that
the Sls of 15 healthy subjects were not used for the reli-
ability test because the data were used for the PRV.
Instead, their reliability was checked by an alternate
method, as described next.

We computed a set of alternate PRVs by excluding
each healthy subject in turn; the values we obtained using
this set of alternate prototypes did not change substan-
tially (average and standard deviation of coefficient of
the variation for 10 motor tasks: 0.4% % 0.2%); thus, we
computed Sls for the 15 healthy subjects using the origi-
nal (15 subject) PRVs. To show the influence of one sub-
ject’s absence to PRV, we calculated the norm and
coefficient of variance of the PRV. A norm of 1.0 would
indicate all responses showed the same proportion of
muscle activity during a given motor task.

RESULTS

The average magnitude (expressed as a percentage of
that obtained from healthy subjects) of 69 SCI subjects
for 10 voluntary motor tasks was 79 + 92 percent (48% +
87% for AIS-C and 110% + 87% for AIS-D), and Sl,
0.67 £ 0.33 (0.54 + 0.35 for AIS-C, 0.81 = 0.23 for AIS-
D). The average magnitude and Sl of six SCI subjects
who finished two tests 1 week apart for the 10 voluntary
motor tasks were 38 + 45 percent and 0.62 + 0.30, respec-
tively. The magnitude and Sl values for the 15 healthy
subjects whose data was used to construct the PRV were
86.5 = 88.6 uV and 0.97 £ 0.02, respectively [15]. Alter-
nate PRVs computed by excluding each healthy subject
in turn for 10 voluntary motor tasks showed less than
1 percent of coefficient of variance for all norms of motor
tasks. The norm of these alternate PRVs computed by
excluding single healthy subjects ranged from 0.91 (right
hip knee flexion) to 0.99 (right ankle dorsiflexion).

Short-Term Reliability

Three repetitions for each of 10 motor tasks were
analyzed for repeatability with the use of ICCs (Table).
Generally, the reliabilities of the two components of VR,
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Table.

Within-day intraclass correlation coefficient (ICC) of 10 voluntary motor tasks.

AIS-C (n=34) Diff AIS-D (n=35) Diff Totaled (n = 69)
Motor Task

Mag Sl (Mag-SI) Mag Sl (Mag-SI) Mag Sl
Bilateral Hip-Knee Flexion 0.91 0.80 0.11 0.93 0.91 0.02 0.94 0.88
Bilateral Hip-Knee Extension 0.87 0.73 0.14 0.71 0.94 -0.23 0.82 0.84
Right Hip-Knee Flexion 0.97 0.78 0.19 0.98 0.90 0.08 0.98 0.86
Right Hip-Knee Extension 0.95 0.74 0.21 0.90 0.93 -0.03 0.94 0.82
Left Hip-Knee Flexion 0.99 0.65 0.34 0.87 0.96 -0.09 0.94 0.80
Left Hip-Knee Extension 0.93 0.72 0.21 0.81 0.72 0.09 0.89 0.76
Right Ankle Dorsiflexion 0.89 0.78 0.11 0.96 0.93 0.03 0.97 0.87
Right Ankle Plantar Flexion 0.97 0.77 0.20 0.80 0.78 0.02 0.91 0.80
Left Ankle Dorsiflexion 0.77 0.84 -0.07 0.92 0.85 0.07 0.91 0.87
Left Ankle Plantar Flexion 0.98 0.78 0.20 0.91 0.73 0.18 0.95 0.77
Average 0.92 0.76 0.16 0.88 0.87 0.014 0.93 0.83

AIS-C and -D = American Spinal Injury Association Impairment Scale (Classifications C and D), Mag = magnitude, S| = similarity index, Diff = difference.

magnitude, and SI were good (ICC = 0.93 £ 0.05 for
magnitude and ICC = 0.83 £ 0.04 for SI) for the 69 SCI
subjects. The ICCs of magnitude were slightly larger than
those of SI (p < 0.01). The magnitude of 15 healthy sub-
jects showed good reliability (ICC = 0.90 + 0.04).

The average CV for Sls of 10 motor tasks for the AIS-D
group was better (CV = 0.11 £ 0.07) than that for AIS-C
(CV =225+ 2.0). The average CV for the magnitude of
10 motor tasks for both groups were 0.32 + 0.06 for AIS-C
and 0.20 + 0.05 for AIS-D. AIS-D group showed smaller
CV values than AIS-C group (p < 0.01). Flexion move-
ments (0.23 £ 0.23) showed lower CV values than exten-
sion movements (0.28 £ 0.27) for magnitude (p < 0.05).

Correlation analysis results showed a moderate to
strong correlation for three repeated measures (r = 0.83
to 0.98 for magnitude and r = 0.77 to 0.88 for SI, p < 0.05
for both). The magnitude (r = 0.93 + 0.04) showed stron-
ger correlation than SI (r = 0.83 + 0.04) overall. No
group difference existed for AIS-C (r = 0.80 = 0.08) and
AIS-D (r = 0.87 £ 0.12) in the correlation analysis of SI.
Flexion movements (r = 0.95 + 0.03 for magnitude and
r = 0.86 + 0.03 SI) showed significantly higher correla-
tion than extension movements (p < 0.05).

Intermediate-Term Reliability
Data recorded 1 week apart from six subjects for 10
motor tasks also showed fairly strong correlation for

magnitude (r = 0.91, p <0.01, Figure 2) and SI (r = 0.87,
p <0.01, Figure 3). Task effects were not significant.
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Figure 2.

Magnitude of 10 motor tasks from six patients in test-retest, 1 week
apart, data set (n = 60) showed strong correlation (Pearson’s
correlation r = 0.91). Point identified by arrow is patient demonstrated
in Figure 1 and 45° line is for ease of readers’ interpretation. AlS-C
and -D = American Spinal Injury Association Impairment Scale,
classifications C and D.
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Figure 3.

Similarity index (SI) of 10 motor tasks from six patients in test-retest,
1 week apart, showed good correlation (Pearson’s correlation r = 0.87).
Point identified by arrow is patient demonstrated in Figure 1 and 45°
line is for ease of readers’ interpretation. AlS-C and -D = American
Spinal Injury Association Impairment Scale, classifications C and D.

DISCUSSION

EMG studies regarding reliability include such termi-
nology as reproducibility, repeatability, and consistency
[3], but these terms need to be used separately, and only
reliability is used in this study. In this study, SEMG meas-
ures of voluntary control in 69 subjects with SCI and 15
healthy subjects were tested for reliability, and results
showed good to excellent reliability for both short- and
intermediate-term results. The ICC of magnitude was
higher than that of SI within the whole patient group and
within the ASIA-C group. However, CVs of magnitude
and Sl for 10 motor tasks were less in the AIS-D group
than in the AIS-C group. The fact that the magnitude CV
for AIS-C subjects was higher is undoubtedly a “floor”
effect of the low magnitudes observed in these subjects,
as can be seen in Figure 2. The very high reliability of
the Sl for healthy subjects represents a “ceiling” effect, in
that the values all lie above 0.8. This suggests that the
method, while well distinguishing subjects with severely
compromised motor function from those with less severe
loss, would not be appropriate for assessing small
changes in persons with intact CNSs. In the future, those
small changes will be elucidated by the addition of

dimensions examining the temporal elements of motor
control (activation sequence, rise time, etc.), thereby
building on the foundation provided by the VRI.

Although the number of subjects was small, a similar
pattern of reliability among these subjects was also
observed over intermediate times. This observation is
consistent with the results obtained for the voluntary and
involuntary portions of the BMCA protocol [19]. In that
study, responses in 52 subjects evaluated 1 week to
2 weeks apart were compared and found to be quite
repeatable. Thus, one can reasonably assume that the small
number of subjects reported here represent what could be
expected in general.

Two primary factors may account for the excellent
reliability seen in this study: one is the method used in
the data analysis, i.e., VRI, and the other one is the proto-
col, BMCA, that is strictly controlled and standardized.
The reliability of the RMS sEMG is not a new method.
However, the main difference here is that VRI considers
activity in 10 muscles that are involved for a certain task,
and other studies considered only one muscle at a time. A
given motion may be achieved using only one or two
muscles, but other muscles surrounding the joint or seg-
ment of the body must be appropriately controlled even
though their activity levels are comparatively low. The
relative activity among muscles used for the activity
might be changed by the strategies selected and compet-
ing human performance resources like speed and accu-
racy [22]. Showing reliability even over the short-term
for subjects with an SCI is important because their motor
control ability is limited, is easily fatigued, and may
include involuntary control. Thus, the reported high reli-
ability suggests that the subjects used consistent strate-
gies that were not substantively affected by fatigue or
other confounds.

Functional Coordination and Reliability

To date, we found no studies that reported the reliabil-
ity of muscles’ coordination during specific tasks. This is
not surprising, considering that we found only two papers
regarding quantitative evaluation of the coordinating abil-
ity of subjects, including patients with damaged CNS
[12,23]. This is likely because most research has focused
on a specific muscle or muscles that are well controlled by
an intact CNS. However, some fundamental studies
regarding the coordination have been initiated already for
the cocontraction evaluation of muscles between agonist
and antagonist [8,24-26] and for functional electrical
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stimulation [27-28]. In addition, the role of the spinal
cord pattern generator [29] is now being considered in
humans as well [30-31]. However, patterns that are
designed to control the terminal muscles to achieve a cer-
tain motor task have not yet been quantitatively studied,
and the excellent reliability in this study suggests that it is
time to initiate such studies for the various patterns gener-
ated by the CNS, including the spinal cord.

Test-Retest Reliability

Test-retest reliability has traditionally been analyzed
with Pearson’s product-moment coefficient of correlation
[32]. However, as Pearson’s correlation coefficients have
the limitation of dealing with the strength of the associa-
tion only [2,33], the ICC has become the preferred index
[2-4,6-7,9-10,34-37]. Reliability measures are often
obtained only for healthy subjects. Our search of the litera-
ture did not reveal any papers dealing with reliability of
SEMG tests in patients. In healthy subjects, the quantities
being measured are often narrowly distributed. This is
thus a “worst-case test” of reliability for a given measure,
because comparatively smaller between-subjects mean
square of healthy subjects may result in smaller reliabil-
ity coefficient. In patient populations, the same parame-
ters are generally more broadly distributed (e.g., large
CVs, as reported here). In such cases, getting “excellent
reliability” results is generally easier, since intraindivid-
ual variability is generally much less than interindividual
variability. This is important to note so that a particular
measure is not rejected as being “not reliable” when it is
tested only with healthy subjects—a worst-case test—
when, in fact, the measure is intended to be used (clini-
cally or in research) with subjects exhibiting a wide range
of the parameter in question.

Limitation of This Study

Regardless of the current results showing good to
excellent reliability for these studies conducted by well-
trained technologists using a protocol (BMCA) with
demonstrated reliability [19] and sensitivity to clinical
condition [20], two things could affect the reliability of
SEMG. We retested a subject 1 week later and a small
scar caused by the skin preparation was still present, so
the electrode might have been placed anywhere from a
few millimeters to a centimeter from the original site.
Other investigators have reported a marked change in the
level of recorded muscle activity could occur with even
small changes in location of bar electrodes, 1 mm wide

[38], particularly if they are located near the innervation
zone [39]. The fact that the prior studies showed satisfac-
tory repeatability [19] suggests that these factors have not
played a major role in the results of this protocol. Elec-
trode location factors do not impact the short-term reli-
ability, since the electrodes were not removed; rather, we
sought to understand only the “biological variability” in
the system.

CONCLUSION

The current study found good to excellent short- and
intermediate-term reliability of SEMG from SCI subjects
during 10 voluntary motor tasks. This result provides fur-
ther evidence of the potential use of SEMG and VRI for
the evaluation of CNS motor control in those situations in
which an objective repeatable measure is needed, such as
in treatments intended to improve such control.
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