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Abstract—A fundamental barrier to using electrical stimula-
tion in the clinical setting is an inability to maintain torque pro-
duction secondary to muscle fatigue. Electrical stimulation
parameters are manipulated to influence muscle torque produc-
tion, and they may also influence fatigability during repetitive
stimulation. Our purpose was to determine the response of the
quadriceps femoris to three different fatigue protocols using
the same initial torque obtained by altering stimulator parame-
ter settings. Participants underwent fatigue protocols in which
either pulse frequency (lowHz), pulse duration (lowPD), or
voltage (lowV) was manipulated to obtain an initial torque that
equaled 25% of maximum voluntary isometric contraction.
Muscle soreness was reported on a visual analog scale 48 h
after each fatigue test. The lowHz protocol resulted in the least
fatigue (25% +/— 14%); the lowPD (50% +/— 13%) and lowV
(48% +/— 14%) protocols had similar levels of fatigue. The
lowHz protocol resulted in significantly less muscle soreness
than the higher frequency protocols. Stimulation protocols that
use a lower frequency coupled with long pulse durations and
high voltages result in lesser amounts of muscle fatigue and
perceived soreness. The identification of optimal stimulation
patterns to maximize muscle performance will reduce the effect
of muscle fatigue and potentially improve clinical efficacy.
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INTRODUCTION

Neuromuscular electrical stimulation (NMES) is
commonly used to augment skeletal muscle output so
that the muscle can generate sufficient force to facilitate
functional activities. A fundamental barrier to routinely
using NMES for functional activities is the high level of
muscle fatigue that is associated with its use, limiting the
muscles’ ability to sustain appropriate output during
repeated contractions. Muscle fatigue, commonly defined
as a transient loss in the ability to generate force, signifi-
cantly limits the therapeutic effectiveness of this modal-
ity. Moreover, the problem of muscle fatigue is
exaggerated in paralyzed or paretic muscles, conditions
for which the need for NMES is seemingly greatest [1-2].

Abbreviations: lowHz = low frequency (protocol), lowPD =
low pulse duration (protocol), lowV = low voltage (protocol),
MRI = magnetic resonance imaging, MVIC = maximum vol-
untary isometric contraction, NMES = neuromuscular electri-
cal stimulation, PPl = Present Pain Intensity (scale), VA =
Department of Veterans Affairs.
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Fatigue associated with the use of NMES has primarily
been linked to the differences from voluntary muscle
recruitment by which targeted force levels are achieved
and maintained. Specifically, differences in motor unit
recruitment order and activation frequencies, as well as
imprecise control of muscle forces, will contribute to the
increased fatigability observed with NMES [3]. Given
that NMES recruits motor units in a nonselective, spa-
tially fixed, and temporally synchronous pattern as
opposed to voluntary recruitment that uses asynchronous,
selective recruitment of motor units to offset fatigue dur-
ing sustained or repeat contractions [4], strategies aimed
at attenuating muscle fatigability are of significant interest
in rehabilitation.

In an effort to reduce the effects of fatigue and gain a
greater understanding of the physiological consequences
associated with electrical stimulation, investigators have
studied the electrical stimulation parameters known to
affect external torque production, including intensity
(i.e., voltage or amplitude), pulse frequency, and pulse
duration [3,5-8]. Although numerous combinations of
these variables can be used to generate desired force lev-
els, systematic investigations examining the relative
importance of each of these variables as contributors to
muscle fatigue are limited. Kesar and Binder-Macleod
and Kesar et al. have reported that lower frequency of
stimulation, in combination with long pulse durations,
maximizes performance during repetitive stimulation [9-
10]. In addition, we recently reported that the product of
pulse duration and pulse frequency, defined as total pulse
charge, is a strong predictor of external torque production
and that when comparing stimulation trains with equal
total charge, those with lower frequencies resulted in less
fatigue across a range of pulse frequencies and durations
[11]. Although these studies highlight the negative conse-
guence of higher frequencies versus pulse durations as a
contributor to fatigability, none of these studies included
different intensities of stimulation (i.e., voltage or ampli-
tude) in their design.

The potential for stimulation intensity, in addition to
frequency and pulse duration, to differentially affect
muscle performance is suggested by Gorgey et al., who
report that stimulation frequency, pulse duration, and
intensity have varying effects on specific tension when
muscle activation is measured with magnetic resonance
imaging (MRI) [7]. Particularly, specific tension was
reduced when stimulation parameters included a lower
pulse duration or frequency. Given differences in specific

tension, the likelihood that fatigability would be altered
using various combinations of these parameters seems
high. However, a more recent study by Gorgey et al.
reported that longer pulse durations and higher frequen-
cies increased specific tension but only frequency
affected muscle fatigue [8].

Because of the different mechanisms by which
stimulation frequency, pulse duration, and intensity affect
force production, we designed this study to determine the
effect each parameter would have on skeletal muscle
fatigue and soreness when the initial torque was the same
for each test. It has been shown that frequency of stimu-
lation increases force production by increasing the spe-
cific tension on each individual motor unit [6-7], which
may also increase the risk for contraction-induced muscle
injury [12]. In fact, NMES has recently been shown to
cause greater muscle damage than voluntary contractions
during dynamic bouts of exercise [13]. Additionally, it is
suggested that voltage increases force production by
increasing the number of motor units contributing to
external force production [3]. Therefore, the purpose of
this study was to investigate the effect of stimulation fre-
quency, pulse duration, and voltage on skeletal muscle
fatigue during repeated contractions when starting at the
same relative torque. We hypothesized that the protocol
with lower frequency would show the least amount of
fatigue and result in less soreness than other protocols
that incorporated high frequency stimulation coupled
with reduced pulse durations and voltages.

METHODS

Subijects

Thirteen subjects (28.5+4.4yr, 173.6 +9.6cm, 71.2 +
16.4 kg; 7 females) participated in this study. Criteria for
participation included (1) 18-50 yr of age, (2) recreation-
ally active, (3) no history of orthopedic or neurological
injury that might affect lower-limb muscle function, and
(4) no known medical conditions that would result in a
contraindication to NMES.

Study Design

We used a within-subject experimental approach to
determine the effects of manipulating electrical stimula-
tion parameters on muscle fatigue. Briefly, subjects were
tested on two separate occasions using three different
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fatigue protocols that included an initial starting force
equal to 25 percent of maximum voluntary isometric force.

Isokinetic Dynamometry

Torque measurements were obtained from the quad-
riceps muscle group using a Biodex isokinetic dynamom-
eter (Biodex Medical Systems, Inc; Shirley, New York).
Subjects were seated in an upright chair with hips and
knees flexed to ~90°. The axis of the dynamometer was
aligned with the axis of rotation around the knee joint,
and the leg was secured to the lever arm. Proximal stabi-
lization was achieved with straps around the chest, waist,
and thigh, as described previously [14]. Prior to data col-
lection, subjects were allowed to perform several warm-
up contractions. Next, a value for maximum voluntary
isometric contraction (MVIC) was determined. MVIC
was defined as the peak isometric torque achieved during
three consecutive maximal efforts (~5 s contraction sepa-
rated by 120 s of rest). In the event that the peak torque
values differed by more than 5 percent, additional trials
were conducted. Contraction intensity for subsequent
NMES testing was calculated relative to each subjects’
MVIC.

Electrical Stimulation

Bipolar, self-adhesive, neuromuscular stimulation
electrodes (7 x 10 cm) were placed over the distal-medial
and proximal-lateral portion of the quadriceps muscle
group [3,15]. Stimulation pulses were delivered using a
Grass S88 stimulator with a Grass Model SIU8T stimulus
isolation unit (Grass Technologies; West Warwick,
Rhode Island). The intensity of stimulation to elicit ~50
percent of each subjects” MVIC was determined using a
60 Hz/600 us pulse train of 500 ms duration. We used a
relatively high frequency and pulse duration to elicit ini-
tial force, knowing we were going to lower these parame-
ters to obtain 25 percent MVIC during the fatigue
protocols. Voltage was incrementally increased until 50
percent MVIC was obtained. After we determined the
desired stimulation intensity, five stimulation trains (150
total pulses) were delivered at the aforementioned set-
tings to ensure potentiation of the quadriceps muscle
group, as done previously [11]. After the muscle was
fully potentiated, one of the three fatigue protocols was
conducted.

BICKEL et al. NMES parameters and muscle fatigue

Fatigue Protocols

Fatigue protocols were conducted using an initial
starting force equal to ~25 percent of each subjects’
MVIC. This intensity was selected because it allows for
recruitment of a sufficient number of motor units in the
guadriceps muscle and is generally well tolerated by par-
ticipants. After the voltage to elicit 50 percent MVIC
(V50 percent) Was determined using 60 Hz/600 ps pulse
trains, one of the three parameters (frequency, pulse dura-
tion, voltage) was decreased so that 25 percent of MVIC
was elicited. Thus, there were three possible fatigue pro-
tocols: low frequency (lowHz), low pulse duration
(lowPD), and low voltage (lowV). Specific parameters
were held constant when they were not being manipu-
lated: frequency = 60 Hz, pulse duration = 600 s, and
voltage = Vg percent USINg 60 Hz/600 pis train characteris-
tics. Contractions were 1 s long with 1 s rest between
contractions for 2 min (60 total contractions), as done
previously [11]. A single fatigue test was conducted on
the left and right legs during the first session (separated by
~15 min) and the subjects returned approximately 1 week
later for the third protocol. Given our a priori hypothesis
that the lowHz protocol would result in less soreness, the
lowHz protocol was included during the first session in
an effort to prevent the influence of a repeat-bout effect
on muscle soreness [16].

Present Pain Intensity

Forty-eight hours after fatigue tests, each subject
rated their quadriceps muscle soreness using the Present
Pain Intensity (PPI) visual analog scale that is part of the
Short-Form McGill Pain Questionnaire [17]. The scale
ranges from 0 to 100 mm, with the 0 value representing
“no pain” and the 100 mm value representing the “worst
possible pain.”

Data Analyses

Torque data were analyzed using a commercially
available software package (Acknowledge v3.7.1 [Bio-
pac System, Inc; Shirley, New York] or Chart v5.0
[ADInstruments; Bella Vista NSW, Australia]). Torque
values during the fatigue tests were normalized to the ini-
tial starting force. All statistical analyses were performed
using standard statistical software packages. Torque val-
ues obtained for each contraction and the relative drop in
force from the initial contraction to the last contraction
were calculated for each individual after each session. A
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repeated measures linear model was fitted to the torque
data and subsequent linear contrasts were used to deter-
mine differences between the three stimulation protocols
for relative drop in force. A t-test was used to determine
whether the lowHz protocol resulted in lower PPI ratings
than the protocols that used a higher frequency (lowPD
and lowV combined because they had the same 60 Hz
frequency). For all tests performed, the level of signifi-
cance was set at o = 0.05.

Repeated measures linear models were also used to
determine the critical contraction at which the slope for
the fitted linear model became not significantly different
from zero. To determine the critical contraction, we fitted
repeated measures linear models sequentially to the data,
beginning with the last 20 contractions and sequentially
adding previous contractions until the slope of the model
became significantly different from zero. The signifi-
cance level for the slope was corrected with a stepwise
Bonferroni correction. The resulting models included
contractions 28 to 60 for the lowPD protocol and contrac-
tions 24 to 60 for the lowV protocol. However, for the
lowHz protocol, the initial fitted slope for the last 20 con-
tractions was significantly different from zero; therefore,
for this protocol, the initial model used to determine the
critical contraction included only the last 10 contractions.
The resulting model for the lowHz protocol included
contractions 46 to 60 (Figure 1). The lines from the
resulting sequential repeated measures models were used
as secant lines with slopes significantly different from
zero. Next, for each protocol, a curvilinear model that
followed more closely the pattern of the data locally was
fitted. An S-curve was fitted to the lowPD data, an
inverse model curve was fitted to the lowV data, and a
quadratic curve was fitted to the lowHz data. Then, using
the curvilinear fitted models, we numerically determined
the critical contraction, i.e., the contraction whose tan-
gent line to the fitted curve had the slope of the secant
line, for the three protocols.

RESULTS

The relative starting torque (mean * standard devia-
tion) for each fatigue protocol was lowHz = 25.7 + 0.06,
lowPD = 25.5 + 0.06, and lowV = 25.3 £ 0.03. Average
contraction by contraction torque levels for each fatigue
test are presented in Figure 2. Values are normalized to
each participant’s initial torque. Significant differences
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Figure 1.

Contraction by contraction analysis to determine critical con-
traction where slope of curve is not significantly different from
zero. (a) Low frequency (lowHz), critical contraction = 50; (b) low
pulse duration (lowPD), critical contraction = 39; (c) low voltage
(lowV), critical contraction = 38.
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Figure 2.

Normalized torque values for each contraction obtained during
fatigue test (60 contractions; 1 s on: 1 s off) under 3 different
conditions: ® = low frequency (15 + 2 Hz), O = low pulse dura-
tion (167 £ 29 us), ¥ = low voltage (56 + 12 V).

were found between the three conditions (p < 0.001).
Linear contrasts revealed that the lowHz protocol
resulted in significantly less fatigue than the lowPD (p <
0.001) and lowV conditions (p < 0.001, Figure 3). The
lowPD and lowV conditions were not significantly dif-
ferent from one another (p = 0.82). The lowHz protocol
resulted in significantly less muscle soreness 48 h after
testing than the protocols that used 60 Hz (p = 0.006, Fig-
ure 4).

Figure 2 suggests that for the lowPD and lowV pro-
tocols, the initial contractions resulted in larger decreases
in torque than the final contractions and that after a cer-
tain critical contraction, the relative decrease in torque
was minimal; i.e., the slope of the curve became not sig-
nificantly different from zero. The critical contractions
for the lowPD, lowV, and lowHz data were approxi-
mately contractions 39, 38, and 50, respectively.

DISCUSSION

The results of this study indicate that pulse frequency
influences skeletal muscle fatigue and soreness to a
greater degree than pulse duration and/or voltage during
electrically elicited muscle contractions. We examined
levels of muscle fatigue after three different protocols
that used similar initial starting torques. The novel aspect
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Average relative decline in torque production for three different
conditions. lowHz = low frequency, lowPD = low pulse duration,
lowV = low voltage. "Significantly lower than other protocols.

of this study was that initial starting torque was obtained
by three different combinations of electrical stimulation
parameters. Each protocol had two standard parameters
and a third parameter was altered to determine how the
modification of each parameter influenced skeletal mus-
cle fatigue. We determined that pulse duration and volt-
age adjustments had no effect on the degree of muscle
fatigue during repeat contractions. However, pulse fre-
guency was the primary determinant in whether a high
(~50 percent drop in torque) or more modest (~25 percent
drop) force loss was elicited.

This is not the first study to determine that altering
pulse frequency will vary fatigue levels; however, it is
the first, to our knowledge, to examine three separate
parameters of stimulation at the same time. Pulse fre-
guency has been implicated as a primary cause of muscle
fatigue during electrically elicited contractions for some
time [18]. Recently, Kesar and Binder-Macleod investi-
gated differences in muscle fatigue after repeated stimu-
lation using a low (11.5 Hz), medium (30 Hz), and high
(60 Hz) frequency protocol [9]. They determined that the
relative decline in peak force after repetitive electrical
stimulation was related to the pulse frequency used for
each protocol. Their high frequency protocol resulted in
the greatest decline in peak torque followed by the
medium and then low frequency trials. Our data are con-
sistent with these findings in that our two high frequency
sessions resulted in similar levels of fatigue (~50% drop
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Figure 4.

Average ratings of pain on visual analog scale (VAS), 48 h after
fatigue tests. Average frequency for Low Frequency condition
was 15 + 2 Hz. Low pulse duration and low voltage protocols
combined in High Frequency group (60 Hz). *Significantly differ-
ent from Low Frequency.

in peak torque), which were each significantly greater
than our lowHz protocol.

Because pulse frequency is a primary cause of mus-
cle fatigue during repeated electrical stimulation, we and
others have spent considerable effort investigating how
alterations in frequency may limit muscle fatigue without
considering the other stimulation parameters that influ-
ence torque production [15,19]. Relatively little is known
regarding how alterations in pulse duration influence
torque production. Our recent article on the relationship
between total pulse charge (product of pulse frequency
and pulse duration) and torque production indicates that
pulse duration may influence torque production to a simi-
lar degree as pulse frequency; however, the mechanisms
remain unclear [11]. We concluded from an earlier study
that optimal stimulation parameters would probably
include the lowest possible frequency combined with
longer pulse durations when voltage remains constant
[11]. The results of the present study further support this
statement. All three protocols achieved similar starting
forces (~25 percent MVIC), and the protocol that used
the lowest frequency resulted in the least fatigue.

As mentioned previously, little attention has been
paid to how other stimulation parameters that affect mus-
cle torque production influence muscle fatigue. Adams et
al. measured muscle fatigue using 500 ps/50 Hz trains of
stimulation with different stimulation amplitudes that

resulted in 25, 50, and 75 percent of MVIC [3]. They
determined that with greater amplitude of stimulation,
more motor units were recruited, as determined by MRI.
They also reported that force declines were slightly
greater when using a stimulation amplitude that evoked
25 percent MVIC (20% decline in torque) compared with
75 percent MVIC (15% decline in torque) [3]. A study by
Slade et al. investigated the influence of stimulation
intensity on muscle fatigue and force augmentation by
variable frequency stimulation [20]. They used moderate
(25% MVIC) and high (50% MVIC) amplitude stimula-
tion protocols with similar frequencies that resulted in
similar torque declines between protocols (~60%—65%).
Generally, stimulation amplitude is thought to primarily
affect the number of motor units recruited; it is not clear
whether stimulation intensity does [3] or does not [20]
influence skeletal muscle fatigue to a great degree. Data
from the present study indicate that pulse frequency
influences muscle fatigue to a greater degree than stimu-
lation amplitude.

A recent article by Gorgey et al. investigated the
effects of different stimulation parameters on muscle spe-
cific tension [7]. They used T2-weighted MRI to quantify
activated skeletal muscle using four different stimulation
protocols that differed in parameter settings. When
higher frequency stimulation (100 Hz) was used, the spe-
cific tension was higher in activated muscle. They also
report that specific tension was reduced when pulse dura-
tion was decreased from 450 to 150 ps, while frequency
remained constant at 100 Hz, suggesting that pulse dura-
tion is influencing something other than recruitment of
motor units. Part of their explanation included the notion
that longer pulse durations may preferentially activate
fast-twitch motor units, which produce higher torque than
slow-twitch motor units. Our data do not support the
hypothesis that longer pulse durations preferentially acti-
vate fast-twitch motor units. If that was the case, we
would expect to see differences in fatigue between our
lowV and lowPD conditions that used the same 60 Hz
frequency. A lowPD condition would presumably acti-
vate more slow-twitch motor units than the lowV condi-
tion and thus potentially show less fatigue. Instead, both
of these conditions resulted in similar declines in torque
after 60 contractions (49% and 48% for lowPD and lowV,
respectively). A more recent article by Gorgey et al. fur-
ther illustrated that pulse duration did not seem to affect
muscle fatigue [8]. It is currently unclear what factors,
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other than motor unit recruitment, pulse duration may be
influencing in regards to torque production.

We examined the rate of fatigue among our three pro-
tocols and observed that the lowPD and lowV protocols
each had a rapid decline in force that appeared to level
out in the last half of the session. This led us to statisti-
cally determine the critical contraction in which the slope
of the decline was no longer different from zero. It was
determined that each protocol appeared to reach a point
at which declines were much smaller and force produc-
tion was maintained. If resultant muscle fatigue was due
to an imbalance in the ratio of energy supply to energy
demand, it appears the muscle fibers reached a point at
which energy supply could meet the energy demand.
Simply, energy supply mechanisms were able to provide
adequate ATP to meet the needs of the contracting mus-
cle fibers. The “critical contraction” appeared after force
had dropped to about 55 percent of initial values for the
lowV and lowPD protocols (contractions 38 and 39 for
lowV and lowPD, respectively). Interestingly, torque dur-
ing the lowHz protocol was only 72 percent of initial val-
ues after 60 contractions and did not reach its critical
point until contraction 50. Apparently, the lowHz proto-
col could have continued without ever reaching the levels
of fatigue encountered by the other two protocols. Fur-
ther studies need to be conducted that include longer
fatigue tests and modulation of parameters (e.g., pulse
waveforms, frequency, duration, or amplitude) to identify
strategies that can reduce levels of fatigue. While some of
this work has been done with varying degrees of success
[10,21-22], electrical stimulation has great potential for
rehabilitation if the degree of muscle fatigue can be
reduced.

The muscle soreness data in the present study are
consistent with recent reports that high frequency stimu-
lation results in a higher specific tension (force/area of
muscle activated) and may contribute to exercise-induced
muscle injury [7,12]. These data are altogether not sur-
prising because of the known differences in motor unit
activation between voluntary and electrically induced
motor unit recruitment. Prolonged, high-frequency acti-
vation of motor units would be a rare observation during
voluntary recruitment strategies [23]. Therefore, anytime
this type of activation occurred in an individual, it would
be a novel activity that the neuromuscular system had not
readily experienced. It has been reported for some time
that delayed-onset muscle soreness often results after novel,
unaccustomed muscular contractions [24]. Another advan-
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tage of lower frequency stimulation coupled with higher
pulse durations and/or voltages may be reduced levels of
contraction-induced muscle injury.

The idea that NMES may result in increased muscle
injury is an interesting concept that has recently received
attention [12-13,25]. Most of the studies that have
detailed specific skeletal muscle responses to muscle
injury have been performed in animal models that used
electrically elicited contractions. As these studies were
translated to human models, the type of activation was
not; most human studies used voluntary contractions,
which often vyielded conflicting results. However,
Crameri et al. compared voluntary and NMES-induced
contractions and their resultant effect on delayed-onset
muscle soreness and specific myofiber damage [25].
They found that while soreness was similar between pro-
tocols, the NMES appeared to evoke greater cytoskeletal
damage as evidenced from histological analyses. Other
studies have reported that NMES induced greater muscle
damage than voluntary contractions [13], and NMES has
even been found to cause contraction-induced muscle
injury during isometric contractions [2,26]. As NMES
protocols continue to be optimized, issues related to con-
traction-induced muscle injury should be considered.

CONCLUSIONS

One of the primary limitations to widespread use of
electrical stimulation is the high degree of muscle fatigue
that is often observed. We and others have shown that
frequency is a key regulator of muscle fatigue, but other
parameters can enhance muscle torque output without
causing increased levels of fatigue. Therefore, future pro-
tocols should include low frequencies in combination
with longer pulse durations and higher voltages to maxi-
mize motor unit recruitment and minimize metabolic
demand of recruited motor units. Doing so may improve
muscle performance during repeated contractions elicited
by electrical stimulation. We recognize that this will
undoubtedly still be inferior to voluntary contractions,
but in conditions such as stroke and/or spinal cord injury,
voluntary contractions are often not possible. Future
work to improve NMES protocols for these and other
populations should investigate how altering parameters
during activities can attenuate the degree of muscle
fatigue that will occur and improve rehabilitation pro-
grams that use NMES. We and others contend that
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NMES has great potential to provide individuals with
many different diagnoses the ability to perform contrac-
tions that could help maintain muscle mass, increase
exercise capacity, and potentially enhance function [27-29].

ACKNOWLEDGMENTS

Author Contributions:

Study concept and design: C. S. Bickel, C. M. Gregory.

Acquisition of data: C. S. Bickel, C. M. Gregory.

Analysis and interpretation of data: C. S. Bickel, C. M.

Gregory, A. Azuero.

Drafting of manuscript: C. S. Bickel, C. M. Gregory, A. Azuero.
Critical revision of manuscript for important intellectual content:

C. S. Bickel, C. M. Gregory, A. Azuero.

Statistical analysis: C. S. Bickel, C. M. Gregory, A. Azuero.
Obtained funding: C. S. Bickel, C. M. Gregory.

Administrative, technical, or material support: C. S. Bickel,

C. M. Gregory.

Study supervision: C. S. Bickel, C. M. Gregory.

Financial Disclosures: The authors have declared that no competing
interests exist.

Funding/Support: This material was based on work supported by the
Rehabilitation Research and Development Service of the Department
of Veterans Affairs (VA) (grant HD055929 to C. M. Gregory), a VA
Career Development Award (grant B6341W to C. M. Gregory), and the
Brain Rehabilitation Research Center of Excellence (grant F2182C).
This work was partially supported by the VA Office of Research
and Development and the Malcom Randall VA Medical Center,
Gainesville, Florida.

Institutional Review: Prior to participating in the study, all subjects
provided written informed consent, as approved by the institutional
review boards at the University of Florida and the University of
Alabama at Birmingham.

Participant Follow-up: The authors do not plan to inform partici-
pants of the publication of this study.

REFERENCES

1. Scott WB, Lee SC, Johnston TE, Binkley J, Binder-
Macleod SA. Contractile properties and the force-frequency
relationship of the paralyzed human quadriceps femoris
muscle. Phys Ther. 2006;86(6):788-99. [PMID:16737404]

2. Bickel CS, Slade JM, Dudley GA. Long-term spinal cord
injury increases susceptibility to isometric contraction-
induced muscle injury. Eur J Appl Physiol. 2004;91(2-3):
308-13. [PMID:14586584]
http://dx.doi.org/10.1007/s00421-003-0973-5

3. Adams GR, Harris RT, Woodard D, Dudley GA. Mapping
of electrical muscle stimulation using MRI. J Appl Physiol.
1993;74(2):532-37. [PMID:8458767]

10.

11.

12.

13.

14.

. Gregory CM, Bickel CS. Recruitment patterns in human

skeletal muscle during electrical stimulation. Phys Ther.
2005;85(4):358-64. [PMID:15794706]

. Binder-Macleod SA, Lee SC, Fritz AD, Kucharski LJ. New

look at force-frequency relationship of human skeletal mus-
cle: Effects of fatigue. J Neurophysiol. 1998;79(4):1858-68.

[PMID:9535953]

. Black CD, Elder CP, Gorgey A, Dudley GA. High specific

torgue is related to lengthening contraction-induced skele-
tal muscle injury. J Appl Physiol. 2008;104(3):639-47.
[PMID:18079265]
http://dx.doi.org/10.1152/japplphysiol.00322.2007

. Gorgey AS, Mahoney E, Kendall T, Dudley GA. Effects of

neuromuscular electrical stimulation parameters on spe-
cific tension. Eur J Appl Physiol. 2006;97(6):737-44.
[PMID:16821023]
http://dx.doi.org/10.1007/s00421-006-0232-7

. Gorgey AS, Black CD, Elder CP, Dudley GA. Effects of

electrical stimulation parameters on fatigue in skeletal
muscle. J Orthop Sports Phys Ther. 2009;39(9):684-92.
[PMID:19721215]

. Kesar T, Binder-Macleod S. Effect of frequency and pulse

duration on human muscle fatigue during repetitive electri-
cal stimulation. Exp Physiol. 2006;91(6):967-76.
[PMID:16873456]
http://dx.doi.org/10.1113/expphysiol.2006.033886

Kesar T, Chou LW, Binder-Macleod SA. Effects of stimula-
tion frequency versus pulse duration modulation on muscle
fatigue. J Electromyogr Kinesiol. 2008;18(4):662—71.
[PMID:17317219]
http://dx.doi.org/10.1016/j.jelekin.2007.01.001

Gregory CM, Dixon W, Bickel CS. Impact of varying pulse
frequency and duration on muscle torque production and
fatigue. Muscle Nerve. 2007;35(4):504-9.
[PMID:17230536]

http://dx.doi.org/10.1002/mus.20710

Black CD, McCully KK. Force per active area and muscle
injury during electrically stimulated contractions. Med Sci
Sports Exerc. 2008;40(9):1596-604.

[PMID:18685532]
http://dx.doi.org/10.1249/MSS.0b013e3181757182

Jubeau M, Sartorio A, Marinone PG, Agosti F, VVan Hoecke
J, Nosaka K, Maffiuletti NA. Comparison between volun-
tary and stimulated contractions of the quadriceps femoris
for growth hormone response and muscle damage. J Appl
Physiol. 2008;104(1):75-81. [PMID:17975128]
http://dx.doi.org/10.1152/japplphysiol.00335.2007
Jayaraman A, Gregory CM, Bowden M, Stevens JE, Shah
P, Behrman AL, Vandenborne K. Lower extremity skeletal
muscle function in persons with incomplete spinal cord
injury. Spinal Cord. 2006;44(11):680-87.



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16737404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14586584&dopt=Abstract
http://dx.doi.org/10.1007/s00421-003-0973-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8458767&dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15794706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9535953&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18079265&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.00322.2007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16821023&dopt=Abstract
http://dx.doi.org/10.1007/s00421-006-0232-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19721215&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16873456&dopt=Abstract
http://dx.doi.org/10.1113/expphysiol.2006.033886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17317219&dopt=Abstract
http://dx.doi.org/10.1016/j.jelekin.2007.01.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17230536&dopt=Abstract
http://dx.doi.org/10.1002/mus.20710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18685532&dopt=Abstract
http://dx.doi.org/10.1249/MSS.0b013e3181757182
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17975128&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.00335.2007

331

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

[PMID:16344848]

http://dx.doi.org/10.1038/sj.5c.3101892

Bickel CS, Slade JM, Warren GL, Dudley GA. Fatigability
and variable-frequency train stimulation of human skeletal
muscles. Phys Ther. 2003;83(4):366-73. [PMID:12665407]
Clarkson PM, Nosaka K, Braun B. Muscle function after
exercise-induced muscle damage and rapid adaptation. Med
Sci Sports Exerc. 1992;24(5):512-20. [PMID:1569847]
http://dx.doi.org/10.1249/00005768-199205000-00004

Melzack R. The McGill Pain Questionnaire: Major proper-
ties and scoring methods. Pain. 1975;1(3):277-99.
[PMID:1235985]
http://dx.doi.org/10.1016/0304-3959(75)90044-5

Garland SJ, Garner SH, McComas AJ. Relationship
between numbers and frequencies of stimuli in human
muscle fatigue. J Appl Physiol. 1988;65(1):89-93.
[PMID:3403497]

Binder-Macleod SA, Lee SC, Baadte SA. Reduction of the
fatigue-induced force decline in human skeletal muscle by
optimized stimulation trains. Arch Phys Med Rehabil.
1997;78(10):1129-37. [PMID:9339165]
http://dx.doi.org/10.1016/S0003-9993(97)90140-4

Slade JM, Bickel CS, Warren GL, Dudley GA. Variable
frequency trains enhance torque independent of stimulation
amplitude. Acta Physiol Scand. 2003;177(1):87-92.
[PMID:12492782]
http://dx.doi.org/10.1046/].1365-201X.2002.01053.x

Chou LW, Kesar TM, Binder-Macleod SA. Using custom-
ized rate-coding and recruitment strategies to maintain
forces during repetitive activation of human muscles. Phys
Ther. 2008;88(3):363-75. [PMID:18174446]
http://dx.doi.org/10.2522/ptj.20070201

Graham GM, Thrasher TA, Popovic MR. The effect of ran-
dom modulation of functional electrical stimulation param-
eters on muscle fatigue. IEEE Trans Neural Syst Rehabil
Eng. 2006;14(1):38-45. [PMID:16562630]
http://dx.doi.org/10.1109/TNSRE.2006.870490

Bellemare F, Woods JJ, Johansson R, Bigland-Ritchie B.
Motor-unit discharge rates in maximal voluntary contrac-
tions of three human muscles. J Neurophysiol. 1983;50(6):
1380-92. [PMID:6663333]

Armstrong RB. Mechanisms of exercise-induced delayed
onset muscular soreness: A brief review. Med Sci Sports
Exerc. 1984;16(6):529-38. [PMID:6392811]
http://dx.doi.org/10.1249/00005768-198412000-00002

BICKEL et al. NMES parameters and muscle fatigue

25. Crameri RM, Aagaard P, Qvortrup K, Langberg H, Olesen
J, Kjaer M. Myofibre damage in human skeletal muscle:
Effects of electrical stimulation versus voluntary contrac-
tion. J Physiol. 2007;583(Pt 1):365-80. [PMID:17584833]
http://dx.doi.org/10.1113/jphysiol.2007.128827

26. Aldayel A, Jubeau M, McGuigan MR, Nosaka K. Less
indication of muscle damage in the second than initial elec-
trical muscle stimulation bout consisting of isometric con-
tractions of the knee extensors. Eur J Appl Physiol. 2010;
108(4):709-17. [PMID:19908060]
http://dx.doi.org/10.1007/s00421-009-1278-0

27. Sillen MJ, Speksnijder CM, Eterman RM, Janssen PP,
Wagers SS, Wouters EF, Uszko-Lencer NH, Spruit MA.
Effects of neuromuscular electrical stimulation of muscles
of ambulation in patients with chronic heart failure or
COPD: A systematic review of the English-language litera-
ture. Chest. 2009;136(1):44-61. [PMID:19363213]
http://dx.doi.org/10.1378/chest.08-2481

28. Feil S, Newell J, Minogue C, Paessler HH. The effective-
ness of supplementing a standard rehabilitation program
with superimposed neuromuscular electrical stimulation
after anterior cruciate ligament reconstruction: a prospec-
tive, randomized, single-blind study. Am J Sports Med.
2011;39(6):1238-47. [PMID:21343386]
http://dx.doi.org/10.1177/0363546510396180

29. Routsi C, Gerovasili V, Vasileiadis I, Karatzanos E, Pitsolis
T, Tripodaki E, Markaki V, Zervakis D, Nanas S. Electrical
muscle stimulation prevents critical illness polyneuromy-
opathy: A randomized parallel intervention trial. Crit Care.
2010;14(2):R74. [PMID:20426834]
http://dx.doi.org/10.1186/cc8987

Submitted for publication February 25, 2011. Accepted in
revised form May 16, 2011.

This article and any supplementary material should be
cited as follows:

Bickel CS, Gregory CM, Azuero A. Matching initial
torque with different stimulation parameters influences
skeletal muscle fatigue. J Rehabil Res Dev. 2012;49(2):
323-32.

http://dx.doi.org/10.1682/JRRD.2011.02.0030

ALL SUBMISSIONS SCREENED BY: m
+/iThenticate" | £ros
CROSSREF.ORG
THE CITATION LINKING BACKEONE



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16344848&dopt=Abstract
http://dx.doi.org/10.1038/sj.sc.3101892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12665407&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1569847&dopt=Abstract
http://dx.doi.org/10.1249/00005768-199205000-00004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1235985&dopt=Abstract
http://dx.doi.org/10.1016/0304-3959(75)90044-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3403497&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9339165&dopt=Abstract
http://dx.doi.org/10.1016/S0003-9993(97)90140-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12492782&dopt=Abstract
http://dx.doi.org/10.1046/j.1365-201X.2002.01053.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18174446&dopt=Abstract
http://dx.doi.org/10.2522/ptj.20070201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16562630&dopt=Abstract
http://dx.doi.org/10.1109/TNSRE.2006.870490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6663333&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6392811&dopt=Abstract
http://dx.doi.org/10.1249/00005768-198412000-00002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17584833&dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2007.128827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19908060&dopt=Abstract
http://dx.doi.org/10.1007/s00421-009-1278-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19363213&dopt=Abstract
http://dx.doi.org/10.1378/chest.08-2481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21343386&dopt=Abstract
http://dx.doi.org/10.1177/0363546510396180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20426834&dopt=Abstract
http://dx.doi.org/10.1186/cc8987




	Matching initial torque with different stimulation parameters influences skeletal muscle fatigue
	C. Scott Bickel, PT, PhD;1* Chris M. Gregory, PT, PhD;2 Andres Azuero, PhD3
	1Department of Physical Therapy, University of Alabama at Birmingham, Birmingham, AL; 2Ralph H. Johnson Department of Veterans Affairs Medical Center, and Department of Health Sciences and Research, Medical University of South Carolina, Charleston, S...


	INTRODUCTION
	METHODS
	Subjects
	Study Design
	Isokinetic Dynamometry
	Electrical Stimulation
	Fatigue Protocols
	Present Pain Intensity
	Data Analyses
	Figure 1.


	RESULTS
	Figure 2.

	DISCUSSION
	Figure 3.
	Figure 4.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

