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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 [AIS], 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

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

Figure 1.
Surface electromyography root-mean-score envelope data from contralateral quadriceps (CQ), adductor (CA), hamstring (CH), ipsilateral quadriceps
(IQ), adductor (IA), 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 SI 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:

where RV = [R1 R2 R3 R4 R5 R6 R7 R8 R9 R10], R1 and R6 =
right and left quadriceps, R2 and R7 = right and left adduc-
tor, R3 and R8 = right and left hamstrings, R4 and R9 =
right and left tibialis anterior, R5 and R10 = right and left
triceps surae, and

(i = 10 for ankle movements and i = 6 for hip-knee move-
ments, i.e., R4, R5, R9, and R10 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 ICCs [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 SI 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 SIs 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 SIs 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 SI,
0.67 ± 0.33 (0.54 ± 0.35 for AIS-C, 0.81 ± 0.23 for AIS-
D). The average magnitude and SI 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 SI values for the 15 healthy
subjects whose data was used to construct the PRV were
86.5 ± 88.6 µV 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 VRI,

VRI RV ,SI( ) ,≡ 1( )

SI

RViPRVi( )
i

∑
RV PRV

-----------------------------------= 2( )
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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 SIs of 10 motor tasks for the AIS-D
group was better (CV = 0.11 ± 0.07) than that for AIS-C
(CV = 2.25 ± 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. 

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

Motor Task
AIS-C (n = 34) Diff 

(Mag-SI) 
AIS-D (n = 35) Diff

(Mag-SI)
Totaled (n = 69)

Mag SI Mag SI Mag SI

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, SI = similarity index, Diff = difference.

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. AIS-C
and -D = American Spinal Injury Association Impairment Scale,
classifications C and D.
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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 SI 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 SI 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

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. AIS-C and -D = American
Spinal Injury Association Impairment Scale, classifications C and D.
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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.

ACKNOWLEDGMENTS

Dr. Hyun Kyoon Lim is now with the Division of
Electromagnetic Metrology, Biomagnetism Research
Center, Korea Research Institute of Standards and Sci-
ence, Yuseong-gu, Daejeon, Korea. We thank the many
individuals who assisted in the work leading up to this
article. We are most grateful to Ms. Teresa Joe and Dora
Maria Garcia for their skilled technical support in data
collection and initial data reduction and to Ms. Mary
Green, Huma Qureshy, and Amanda Williams for their
assistance in clinical data collection. We also gratefully
acknowledge the assistance of Dr. Daniel Graves, Dr. Leif
Peterson, and Ms. Xiaoqi Li with analysis of the data. 

REFERENCES

  1. van Dijk JG. ‘Rules of conduct’: some practical guidelines
for testing motor-nerve conduction. Arch Physiol Biochem.
2000;108:229–47.

  2. Ng JK, Richardson CA. Reliability of electromyographic
power spectral analysis of back muscle endurance in
healthy subjects. Arch Phys Med Rehabil. 1996;77:259–64.

  3. Knutson LM, Soderberg GL, Ballantyne BT, Clarke WR. A
study of various normalization procedures for within day
electromyographic data. J Electromyogr Kinesiol. 1994;4:
47–59.



420

JRRD, Volume 42, Number 4, 2005
  4. Ebenbichler GR, Bonato P, Roy SH, Lehr S, Posch M,
Kollmitzer J, Della Croce U. Reliability of EMG time-
frequency measures of fatigue during repetitive lifting.
Med Sci Sports Exerc. 2002;34:1316–23.

  5. Yang JF, Winter DA. Electromyography reliability in maxi-
mal and submaximal isometric contractions. Arch Phys
Med Rehabil. 1983;64:417–20.

  6. Elfving B, Nemeth G, Arvidsson I, Lamontagne M. Reli-
ability of EMG spectral parameters in repeated meas-
urements of back muscle fatigue. J Electromyogr Kinesiol.
1999;9:235–43.

  7. Akataki K, Mita K, Itoh Y. Repeatability study of mecha-
nomyography in submaximal isometric contractions using
coefficient of variation and intraclass correlation coeffi-
cient. Electromyogr Clin Neurophysiol. 1999;39:161–66.

  8. Suzuki M, Shiller DM, Gribble PL, Ostry DJ. Relationship
between cocontraction, movement kinematics and phasic
muscle activity in single-joint arm movement. Exp Brain
Res. 2001;140:171–81.

  9. Larsson B, Karlsson S, Eriksson M, Gerdle B. Test-retest
reliability of EMG and peak torque during repetitive maxi-
mum concentric knee extensions. J Electromyogr Kinesiol.
2003;13:281–87.

10. Ng JK, Parnianpour M, Kippers V, Richardson CA. Reli-
ability of electromyographic and torque measures during
isometric axial rotation exertions of the trunk. Clin Neuro-
physiol. 2003;114:2355–61.

11. Pullman SL, Goodin DS, Marquinez AI, Tabbal S, Rubin
M. Clinical utility of surface EMG: report of the therapeu-
tics and technology assessment subcommittee of the Amer-
ican Academy of Neurology. Neurology. 2000;55:171–77.

12. Lee DC, Lim HK, McKay WB, Priebe MM, Holmes SA,
Sherwood AM. Analysis of sEMG during voluntary move-
ment: I. Toward an objective voluntary motor score. J Elec-
tromyogr Kinesiol. 2004;14:379–88.

13. Lim HK, Lee DC, McKay WB, Protas EJ, Priebe MM,
Holmes SA, Sherwood AM. Analysis of sEMG during vol-
untary movement: Motor score changes after intervention.
IEEE Trans Neural Syst Rehabil Eng. 2004;12(4):416–21.

14. McKay WB, Lim H, Priebe MM, Stokic DS, Sherwood
AM. Clinical neurophysiological assessment of residual
motor control in post-spinal cord injury paralysis. Neurore-
habil Neural Repair. 2004;18(3):144–53.

15. Lim HK, Lee DC, McKay WB, Priebe MM, Holmes SA,
Sherwood AM. Neurophysiological assessment of lower-
limb voluntary control after spinal cord injury. Spinal Cord.
2005;43(5):283–90.

16. Sherwood AM, McKay WB, Dimitrijevic MR. Motor con-
trol after spinal cord injury: assessment using surface EMG.
Muscle Nerve. 1996;19(8):966–79.

17. Winter DA, Rau G, Kadefors R, Broman H, De Luca CJ.
Units, terms and standards in the reporting of EMG

research. International Society of Electrophysiological
Kinesiology, 1980. p. 97.

18. Basmajian JV, DeLuca CJ. Muscles alive: their functions
revealed by electromyography. Baltimore (MD): Williams
and Wilkins; 1985. p. 97

19. Sherwood AM, Priebe MM, Graves DE. Consistency of
multi-channel surface EMG recordings: application in spi-
nal cord injured subjects. J Electrophysiol Kinesiol. 1997;
7:97–111.

20. Sherwood AM, Graves DE, Priebe MM. Altered motor
control and spasticity after spinal cord injury: subjective
and objective assessment. J Rehabil Res Dev. 2000;37(1):
41–52.

21. Shrout PE, Fleiss JL. Intraclass correlations: uses in assess-
ing rater reliability. Psych Bull. 1979;86:420–28.

22. Kondraske GV. An elemental resource for the human-task
interface. Int J Technol Assess Health Care. 1995;11(2):
153–73.

23. Fung J, Barbeau H. A dynamic EMG profile index to quan-
tify muscular activation disorder in spastic paretic gait.
Electroencephalogr Clin Neurophysiol. 1989;73(3):233–44.

24. Dimitrijevic MR, McKay WB, Sarjanovic I, Sherwood
AM, Svirtlih L, Vrbova G. Co-activation of ipsi- and con-
tralateral muscle groups during contraction of ankle dorsi-
flexors. J Neurol Sci. 1992;109(1):49–55.

25. Rose DJ. Balance and mobility disorders in older adults.
Assessing and treating the multiple dimensions of balance.
Rehabil Manag. 1997;10:38–41.

26. Woollacott M, Assaiante C. Developmental changes in
compensatory responses to unexpected resistance of leg lift
during gait initiation. Exp Brain Res. 2002;144(3):385–96.

27. Burridge JH, McLellan DL. Relation between abnormal
patterns of muscle activation and response to common per-
oneal nerve stimulation in hemiplegia. J Neurol Neurosurg
Psychiatry. 2000;69:353–61.

28. Cioni B, Meglio M, Prezioso A, Talamonti G, Tirendi M.
Spinal cord stimulation (SCS) in spastic hemiparesis. Pac-
ing Clin Electrophysiol. 1989;12(4 Pt 2):739–42.

29. Grillner S. Control of locomotion in bipeds, tetrapods, and
fish. In: Brooks VB, editor. Handbook of physiology, the
nervous system, vol. II; Baltimore (MD): American physio-
logical Society; 1981. p. 1179–236.

30. Pinter MM, Dimitrijevic MR. Gait after spinal cord injury
and the central pattern generator for locomotion. Spinal
Cord. 1999;37(8):531–37.

31. Dietz V. Spinal cord pattern generators for locomotion.
Clin Neurophysiol. 2003(8);114:1379–89.

32. Portney LG, Watkins MP. Foundations of clinical research.
2nd ed. In: Foundations of clinical research: Applications
to practice. Upper Saddle River (NJ): Prentice-Hall; 2000.
p. 96–101.



421

LIM and SHERWOOD. Quantitative analysis of surface EMG in incomplete SCI and its reliability
33. Bland JM, Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement.
Lancet. 1986;1(8476):307–10.

34. Kollmitzer J, Ebenbichler GR, Kopf A. Reliability of sur-
face electromyographic measurements. Clin Neurophysiol.
1999;110(4):725–34.

35. Heinonen A, Sievanen H, Viitasalo J, Pasanen M, Oja P,
Vuori I. Reproducibility of computer measurement of max-
imal isometric strength and electromyography in sedentary
middle-aged women. Eur J Appl Physiol Occup Physiol.
1994;68(4):310–14.

36. Falla D, Dall’Alba P, Rainoldi A, Merletti R, Jull G.
Repeatability of surface EMG variables in the sternocleido-
mastoid and anterior scalene muscles. Eur J Appl Physiol.
2002;87(6):542–49.

37. Rainoldi A, Galardi G, Maderna L, Comi G, Lo CL, Mer-
letti R. Repeatability of surface EMG variables during vol-
untary isometric contractions of the biceps brachii muscle.
J Electromyogr Kinesiol. 1999;9(2):105–19.

38. Rainoldi A, Nazzaro M, Merletti R, Farina D, Caruso I,
Gaudenti S. Geometrical factors in surface EMG of the
vastus medialis and lateralis muscles. J Electromyogr Kine-
siol. 2000;10:327–36.

39. Farina D, Merletti R, Nazzaro M, Caruso I. Effect of joint
angle on EMG variables in leg and thigh muscles. IEEE
Eng Med Biol Mag. 2001;20(6):62–71.

Submitted for publication July 6, 2004. Accepted in
revised form February 9, 2005.


	Reliability of surface electromyographic measurements from subjects with spinal cord injury during voluntary motor tasks
	Hyun Kyoon Lim, PhD;1-2* Arthur M. Sherwood, PhD1-2
	1Baylor College of Medicine, Department of Physical Medicine and Rehabilitation, Houston, TX; 2Michael E. DeBakey Department of Veterans Affairs Medical Center, Research Care Line, Houston, TX


	INTRODUCTION
	METHODS
	Subjects
	Recording Protocol
	Data Reduction
	Data Analysis
	Statistical Analysis

	RESULTS
	Short-Term Reliability
	Intermediate-Term Reliability

	DISCUSSION
	Functional Coordination and Reliability
	Test-Retest Reliability
	Limitation of This Study

	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES



