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The Role of Pulse Duration and
Stimulation Duration in Maximizing the

Normalized Torque During Neuromuscular
Electrical Stimulation

S
urface neuromuscular electrical stimulation (NMES) is a
useful treatment tool in sports medicine and for clinical
conditions characterized by motor impairments such as stroke,
cerebral palsy, and spinal cord injury.16,18,30,38,39 The common

neuromuscular adaptations that characterize the aforementioned
conditions are muscle weakness and atrophy resulting from disuse

lation parameters is typically based on
each patient’s rehabilitation goals. For
example, selecting a protocol with pulse
frequency of less than 15 Hz could help
increase aerobic capacity in patients
with heart failure.15 On the other hand, a
frequency greater than 50 Hz is used to
increase muscle strength.16,38 Therefore,
studying the parameters that could maxi-
mize torque output to attenuate skeletal
muscle weakness and atrophy is a key ele-
ment to the application of NMES.

The pulse parameters that are most
commonly adjusted to maximize torque
output include amplitude of the cur-
rent, pulse duration, and frequency of
the pulses.8,9,20,23 These parameters char-
acterize the features of a single pulse or
series of pulses.34 In a single pulse, the
current amplitude, duration of the pulse,
and the shape of the waveform determine
the magnitude of the pulse charge of a
stimulus.24 The pulse charge is defined as
the current-time integral of the pulse and
determines the strength of the stimulus
and the evoked torque.24,34 Laufer et al27

showed that there was no difference in
torque production between monophasic
and biphasic waveforms; however, both
were superior to the polyphasic wave-
form. Therefore, in a single waveform
the interaction between the amplitude
and the pulse duration is critical to the
pulse charge.3 Unlike single pulse, series

 Controlled laboratory study.

 To determine the effects of pulse
duration and stimulation duration on the evoked
torque after controlling for the activated area by
using magnetic resonance imaging (MRI).

 Neuromuscular electrical
stimulation (NMES) is commonly used in the clinic
without considering the physiological implications
of its parameters.

 Seven able-
bodied, college students (mean  SD age, 28
4 years) participated in this study. Two NMES pro-
tocols were applied to the knee extensor muscle
group in a random order. Protocol A applied
100-Hz, 450-microsecond pulses for 5 minutes in
a 3-seconds-on 3-seconds-off duty cycle. Protocol
B applied 60-Hz, 250-microsecond pulses for 5
minutes in a 10-seconds-on 20-seconds-off duty
cycle. The amplitude of the current was similar
in both protocols. Torque, torque time integral,
and normalized torque for the knee extensors
were measured for both protocols. MRI scans
were taken prior to, and immediately after, each

protocol to measure the cross-sectional area of the
stimulated muscle.

 The skeletal muscle cross-sectional
areas activated after both protocols were similar.
The longer pulse duration in protocol A elicited
22% greater torque output than that of protocol
B (P .05). After considering the activated area
in both protocols, the normalized torque with
protocol A was 38% greater than that with protocol
B (P .05). Torque time integral was 21% greater
with protocol A (P = .029). Protocol B failed to
maintain torque at the start and the end of the
10-second activation.

 Longer pulse duration, but not
stimulation duration, resulted in a greater evoked
and normalized torque compared to the shorter
pulse duration, even after controlling for the acti-
vated muscular CSA with both protocols.

 Therapy, level 5.
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electrotherapy, MRI, NMES,
quadriceps

or neurological injury.18,38 NMES pro-
tocols consist of a combination of pulse
parameters and time modulations to

induce muscle contractions that aim to
simulate both endurance and resistance
training.4,10,15,18 The selection of stimu-
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be achieved with pulse durations in the
range of 20 to 200 microseconds, without
stimulation of pain response. In contrast,
Hultman et al23 showed that a pulse dura-
tion of 500 microseconds resulted in 40%
greater torque output compared to 150
microseconds. Moreover, a pulse dura-
tion of 450 microseconds has been shown
to be effective in conducting electrically
induced resistance training in individu-
als with spinal cord injury.18,31 However,
despite this evidence, most researchers
have used pulse durations of 300 micro-
seconds or below in their studies,4,16,29,38

which could potentially limit the outcome
of NMES protocols in maximizing elic-
ited torque output. The controversy re-
garding pulse duration selection reflects
the limited amount of knowledge regard-
ing the optimal pulse duration required
to maximize torque output. Together with
a short pulse duration, a long stimulation
duration (5-20 seconds) has often been
proposed to augment skeletal muscle
torque and strength.27,29,30,38 For example,
a stimulation duration of 10 seconds has
been previously recommended to evoke
skeletal muscle strength in individuals
with anterior cruciate ligament tear.38

However, the rationale for selecting
stimulation duration to maximize torque
output is not clear.

Increasing pulse duration from 150
to 450 microseconds has recently been
shown to increase motor unit recruit-
ment by measuring the activated CSA
of the stimulated muscle.20 Unlike pulse
duration, stimulation duration is known
to sustain the activation of the stimulated
motor units.34 Increasing the length of
the stimulation duration (10 seconds or
more) could possibly deliver more pulse
trains per stimulation and increase the
evoked torque.33 At a constant frequen-
cy, a 10-second stimulus has more pulse
trains than a 3-second stimulus. Addi-
tionally, a longer contraction has been
shown to be better than a short one to
augment skeletal muscle strength and
cause hypertrophy.37 This could lead to
believe that a long stimulation duration
could possibly sustain the evoked torque,

hence offset the effect of short pulse du-
ration. Therefore, the primary purpose
of the current study was to examine the
effect-dependent interrelationship of
pulse duration and stimulation dura-
tion at constant stimulation intensity on
the evoked torque of skeletal muscle in
healthy volunteers after controlling for
the activated CSA of the muscle being
stimulated. A second purpose is to com-
pare the evoked torque developed over
a 10-second contraction at the start and
at the end of the contraction. A decline
in the evoked torque between the start
and the end could mean muscle fatigue,
which limits the application of NMES to
maximize torque output.

Participants

S
even able-bodied college stu-

dents (1 woman, 6 men; mean
SD age, 28  4 years; body mass,

68  9 kg; height, 173  9 cm) partici-
pated and completed this study. They
all had previous experience with similar
NMES protocols to address different re-
search questions.20 All participants were
recruited from the University community
by word of mouth and had no history of
knee or hip pathologies. All participants
were right handed and they were asked to
refrain from any strenuous activities for
the 48 hours prior to their participation
in the study. Detailed descriptions for all
procedures and risks of participation in
this study were given to each potential
participant. All subjects gave written in-
formed consent prior to the study. The
Institutional Review Board of The Uni-
versity of Georgia approved this study.

Procedures
Each participant underwent 2 separate
test sessions, one for familiarization with
the testing protocol and the second, per-
formed at the magnetic resonance im-
aging (MRI) facility, to determine the
activated CSA. The 2 sessions were sepa-
rated by a 1-week period. Both left and
right knee extensor muscle groups were

of pulses could be determined by adjust-
ing the frequency that controls the num-
ber of pulses per unit time or by setting
the interpulse intervals.34

Frequency of the pulses has been
studied extensively because of its im-
portant role in determining the torque
development and controlling muscle fa-
tigue.9,13,20,35,36 Increasing the frequency
results in a sigmoidal increase in torque
production but concurrently accelerates
muscle fatigue.9,10,13,25 Also, increasing the
frequency from 25 to 100 Hz has been
shown to increase the evoked torque
without increasing the size of the cross-
sectional area (CSA) that was activat-
ed.11,20 However, muscle fatigue may limit
how much a further increase in frequency
can further increase torque output.

The effect that current amplitude
has on evoked torque and activated
muscle CSA has been previously inves-
tigated.1,6,8,20,22 Adams et al1 showed that
increasing the current amplitude in a
manner to increase stimulation from 25%
to 75% of maximum voluntary isometric
torque (MVIT) increased the percentage
of knee extensor muscle group activat-
ed from 18% to 54%. We have recently
showed that increasing the current am-
plitude results in a proportional increase
in the torque produced and the size of the
activated CSA of the stimulated muscle.20

Rate of muscle strength recovery follow-
ing anterior cruciate ligament injuries
has been associated with the stimulation
at higher percentage of MVIT.38 How-
ever, increasing current amplitude to
maximize torque output and to produce
clinically meaningful percentage of MVIT
was limited by participants’ tolerance to
the stimulation, and not all healthy par-
ticipants were able to tolerate such a high
level of stimulation.17,27,32 Patient’s pain
tolerance to electrical stimulation is con-
sidered another limitation to the process
of maximizing torque output.

Compared to pulse frequency and cur-
rent amplitude, the role of pulse duration
is less appreciated in its possible influence
on maximizing torque output. Alon et al3

showed that motor stimulation could
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involved in the testing procedures. Two
protocols (A and B) for NMES were ad-
ministered: one protocol was randomly
assigned to the right knee extensors and
the other protocol was administered to
the knee extensors of the opposite lower
extremity. Four of the participants re-
ceived protocol A on their right side and
the other 3 on their left side, and vice
versa for protocol B. This design was ap-
plied to avoid the effect of muscle fatigue
on 1 muscle group and to save time with
the MRI unit. At least 1 hour separated
both protocols.
Familiarization Session Seven days prior
to the testing day, each participant per-
formed a familiarization session for 30 to
60 minutes. The participant was asked to
perform 3 MVIT efforts with each knee
extensor muscle group and to demon-
strate tolerance to NMES with each thigh.
All participants received 5 minutes of
stimulation to each knee extensor muscle
group to ensure their eligibility to join the
study. There were 3 eligible participants
who were excluded because they could
not tolerate the assigned protocols.
Determination of MVIT MVIT of each
knee extensor muscle group was de-
termined for each subject. Testing was
performed with the subject sitting in a
custom-built chair and the subject’s low-
er leg strapped at 60° below horizontal to
an immovable wooden lever arm, so that
an isometric action could be performed.
The lever arm was established by mount-
ing a load cell perpendicular to, and 33
cm away from, the axis of rotation. The
dynamometer was calibrated by hanging
known weights on the load cell (model
RL 2000; Rice Lake Weighing Systems,
Rice Lake, WI). Each subject was asked
to extend the knee against resistance as
fast and forcefully as possible. The effort
was maintained for 3 seconds. A 1-minute
rest was given between trials. The partici-
pant was asked to perform an additional
trial if the difference between 2 of the 3
trials was greater than 5%. The load cell,
interfaced with a personal computer, was
used to measure knee extension torque
expressed in Nm. All force data were

compensated for gravity.20,21,27,33

Instrumentation A Theratouch 4.7 elec-
tric stimulation unit (Rich-Mar Corpora-
tion, Inola, OK) was used to determine the
current amplitude required to elicit 45%
of the predetermined MVIT of each thigh.
Two commercially available 7  10-cm
self-adhesive electrodes were placed on

the skin over each quadriceps muscle. One
was placed 2 to 3 cm above the proximal
aspect of the patella over the vastus me-
dialis muscle and the other 30 cm proxi-
mal to the patella over the vastus lateralis
muscle.6,7,18,20 To determine the current
amplitude required to reach 45% of the
MVIT for both protocols, NMES, using a

250 ms
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R R
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500 ms

 Start  End

A 3-s
contraction

A 10-s
contraction

Protocol A

Protocol B
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)

500 ms
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A schematic diagram of the 3- and 10-second stimulation durations used in protocols A and B,
respectively. Letter R denotes rise time with interval of 250 milliseconds to standardize the starting point of
measuring the evoked torque in both protocols. The evoked torque was the torque maintained over a 500-
millisecond window started directly after the rise time. For protocol B, the evoked torque was measured for a
500-millisecond window after the initial 250-millisecond rise time and for a 500-millisecond window ending 250
milliseconds prior to the end of 10-second stimulus.

Phase duration

200 μs 50 μs

200 μs

Phase duration

100 μs 50 μs

100 μs

Protocol A

Protocol B

Illustration of the durations (450 and 250 microseconds) of the symmetrical biphasic pulse used in
protocols A and B. Both pulses have interphase period of 50 microseconds.
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turned to baseline, were used to measure
the torque at the start and at the end of
a given 10 seconds contraction (
2). Additionally, the peak torque for con-
tractions 3, 7, and 10 for protocol B were
measured to determine the effect of 10-
second stimulus on muscle fatigue. The
TTIs over the 500-millisecond window
in protocol A and B were calculated. To
adjust for the duty cycles between both

100-Hz pulse rate and 450-microsecond
pulse duration, was applied to the quad-
riceps femoris muscles for 1 second, while
the subject was asked to completely relax
and the current progressively increased.
We started by determining the current
amplitude required for the right knee ex-
tensors then determined the amplitude
for the left knee extensors. After achiev-
ing 45% of MVIT, the current amplitudes
(mA) for the right and left knee extensor
muscle groups were recorded. This per-
centage of MVIT was chosen because it is
comfortable and tolerated by most partici-
pants and it has been recommended previ-
ously to induce muscle strength.28,38

NMES Protocols After determining the
required current amplitude to achieve
45% of MVIT, a rest of 3 minutes was
given to ensure no muscle fatigue before
stimulation. Two stimulation protocols
were randomly applied. Common to
both protocols was the use of symmetric
biphasic waveform, current amplitude set
at an intensity predetermined to induce a
quadriceps contraction at 45% of MVIT,
and a session duration of 5 minutes. Con-
trasting elements between the protocols
were that protocol A delivered a 100-Hz
pulse rate, 450-microsecond pulse dura-
tion, and a stimulation duration lasting 3
seconds, followed by 3-second relaxation;
protocol B delivered a 60-Hz pulse rate,
a 250-microsecond pulse duration, and a
10-second stimulation duration followed
by a 20-second relaxation. shows
the symmetrical biphasic pulses that were
used for each protocol.
Torque Analysis Peak torque and torque
time integral (TTI) were determined for
the first contraction for both protocols.
Peak torque was defined as the maximum
torque produced over a 500-millisecond
window and covered the plateau phase
after a 250-millisecond rise time above
baseline. The 500-millisecond window
of each corresponding contraction was
used to establish peak torque ( ).20

For protocol B, two 500-millisecond win-
dows, one beginning 250 milliseconds
after torque rose above baseline and the
other 750 milliseconds before torque re-

protocols, the TTI was adjusted relative
to the on-time in each protocol, a similar
approach was adopted in NMES proto-
cols with different duty cycles.33 The TTI
of protocol A was equal to the torque in-
tegrated over the 500-millisecond win-
dow divided by 150 seconds. The TTI of
protocol B was equal to the torque inte-
grated over the 500-millisecond window
divided by 100 seconds.

A B

C

E

D

Resting T2 Activated T2

Interslice space 1

Interslice space 2

Slice thickness 1

Slice thickness 2

Volume 1

Volume 2

Representative binary T2 maps of quadriceps femoris muscle from 1 participant before and after the
neuromuscular electrical stimulation (NMES) protocols. (A) Pre-NMES T2 map for a single slice of left thigh. (B) T2
map for the same slice after stimulation with protocol A. (C) Pre-NMES T2 map for a single slice of right thigh. (D)
T2 map for the same slice after stimulation with protocol B. (E) The activated measured cross-sectional area in
each slice was multiplied by slice thickness (1 cm) and interslice space (1 cm) to calculate muscle volume that was
activated (volume 1 + volume 2 + ….+ volume 14). J
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Magnetic Resonance Imaging
(MRI) Standard spin echo images of the
thighs were collected using a 1.5-T su-
perconducting magnet (Signa, General
Electric, Milwaukee, WI).6,20,22 After 30
minutes of lying down supine to avoid
body fluid shift, subjects were positioned
within the magnet using the whole body
coil. Transaxial MR images were obtained
before NMES, the participant was then
moved out of the magnet to a separate
room to apply NMES. After the NMES
protocol, the subject was asked to hop to
the MRI unit without bearing weight on
the stimulated lower extremity so as to
repeat the imaging within 3 minutes after
ending the electrical stimulation. The to-
tal time of the scan was around 4 minutes
and 40 seconds. The scout view time and
subsequent imaging adjustments (mean

 SD, 120  23 seconds) made the to-
tal imaging time almost 7 minutes. The
transaxial T2 images (TR/TE, 2000/30,
60) were 1 cm thick and 1 cm apart. They
had a 40-cm field of view, with a 256
256-pixel matrix size, and used 1 number
of excitation (NEX). Fourteen to 18 slic-
es for each subject were analyzed for the
knee extensors, beginning with the first
slice containing the 4 heads of the quad-
riceps femoris muscle group and contin-
ued distally until the slice just before the
proximal pole of the patella. Images were
analyzed and T2 values calculated in NIH
Image 1.62 (http://rsb.info.nih.gov/nih-
image/download.html).
Calculation of Activated Skeletal Mus-
cle MR images were transferred to a
computer for calculation of the activated
skeletal muscle CSA ( ). A region
of interest was defined by tracing the
outline of the quadriceps femoris muscle
within the subfascial fat. A T2 for each
pixel within the region of interest was de-
termined from the native images exclud-
ing the fat content within the region on
interest. Pixels with a T2 signal intensity
between 20 and 35 milliseconds were
used to represent quadriceps muscle in
the pre-electrical stimulation images. The
pattern and extent of stimulation was as-
sessed, as reflected by pixels with an ele-

vated T2 in the postelectrical stimulation
images. The mean and SD of the T2of the
pixels in each pre-electrical stimulation
image were calculated. Pixels in match-
ing postelectrical stimulation images
with a T2 greater than the mean plus 1
SD of the T2 of pre-electrically stimulat-
ed images were considered elevated or as
having an increased T2 signal intensity
( ). The CSA of such pixels was
determined. Values were averaged over
slices to determine the average absolute
and relative CSA of skeletal muscle that
was stimulated.6,20,22

The activated volume (cm3) of each
axial section was calculated by multiply-
ing the CSA of the section by slice thick-
ness (1 cm) and interslice space (1 cm).
The activated volumes of each section
and spacing were summed to calculate a
volume of the entire knee extensor mus-
cle group along the length of the femur
( ).
Normalized Torque Knee extensors nor-
malized torque was calculated by divid-
ing the highest torque (Nm) achieved
during either protocol by the total acti-
vated skeletal muscle volume (cm3); the
results were normalized torque in Nm/
cm3. The normalized torque was defined
as the torque per unit volume of active
motor units.

Differences in peak torque, TTI, activated
CSA, activated volume, and normalized

torque between the 2 NMES protocols
were tested using paired t tests. Two-way
repeated-measures ANOVA was used to
test for differences in torque and fatigue
between the start and the end of each of
the 4 contractions of protocol B (contrac-
tions 1, 3, 7, and 10). Statistical signifi-
cance was set at a level of P .05.

A
summary of the results for the

2 protocols is presented in .
The mean  SD amplitude of the

current delivered was not different (P =
.2) between protocols A and B (56  13
and 59  15 mA, respectively). The am-
plitude of the current in both protocols
initially produced 45% of MVIT (ie, when
they had a 450-microsecond pulse). How-
ever, after shortening the pulse duration
to 250 microseconds, protocol A resulted
in a 22% greater absolute torque output
compared to protocol B (P .05). The CSA
of the knee extensors activated was not
different between the protocols (P = .7)
( ). Thus, normalized torque (Nm/
cm3) for protocol A was 38% greater than
that of protocol B (P .05). To offset for
the difference in the duty cycles between
both protocols, TTI was 21% greater in
protocol A compared to protocol B (P =
.029) ( ). However, after adjusting
for the on-time, the difference in TTI dis-
appeared (P = .3), reflecting the difference
in the on-time between both protocols

Torque and Muscle Activation (Mean  SD)

Produced With Protocols A and B

Abbreviations: CSA, cross-sectional area; MVIT, maximum voluntary isometric torque; NMES, neuro-
muscular electrical stimulation; TTI, torque time integral.
* Significant difference between protocols (P .05).

A B

MVIT (Nm) 239  60 241  66

Torque (Nm) 109  57* 85  53

Activated CSA (cm2) 22  11 25  10

Activated muscle volume (cm3) 599  330 722  316

Normalized torque (Nm/cm3) 0.21  0.07* 0.12  0.04

Adjusted TTI (Nm·s/s) 0.39  0.1 0.42  0.1
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( ). Simple linear regression analysis
showed positive increase between the ac-
tivated skeletal muscle volume and torque
output after both protocols (r2= 0.51, P =
.004) ( ).

A summary of the torque values at the
start and the end of 4 contractions with
protocol B is presented in . Proto-
col B fails to show maintenance of torque
at the start and the end of the 10-second
contractions over the 5 minutes. At con-
traction 10, torque decreased (P = .0001)
compared to the torque of the first con-
traction by a mean  SD of 31%  8%
(start) and 50%  11% (end). The decline
in torque was different between the start
and the end of protocol B (P .05). Over
a 10-second contraction, the decline in
torque was not different between the start
and end of the evoked torque for contrac-
tions 1, 3, and 7 (P = .3). For contraction
10, there was a decline in torque by 24% at
the end compared to the start (P = .06).

T
he role of pulse duration in

maximizing torque output has been
overlooked in previous research

trials when compared to the attention
given to the frequency or the amplitude
characteristics of the NMES.9,16,17,35,38 In
fact, a short pulse duration combined
with a long stimulation duration has
been proposed to achieve skeletal muscle
strength.4,29,30,38 This would suggest that
a long stimulation duration could offset

the effect of a short pulse duration, by
possibly adding more pulses during the
stimulation period, hence sustain the
evoked torque output during NMES. To
test this hypothesis, 2 protocols with dif-
ferent pulse durations (250 versus 450
microseconds) and stimulation dura-
tions (10 versus 3 seconds) were used to
examine if a long stimulation duration
could maximize the evoked torque rela-
tive to the activated muscle volume. The
major findings of the current study did
not support this hypothesis and showed
that increasing pulse duration but not
stimulation duration is responsible for

maximizing torque output.
One of the major limitations to the ap-

plication of NMES is the lack of evidence-
based knowledge on how to maximize
elicited torque output.2 Maximizing the
torque output generated by electrical
stimulation is critical, especially when the
goals are to achieve muscle strengthening
and hypertrophy as an outcome of treat-
ment.4,16,18,30,38 Various clinical trials have
shown that increasing the frequency and
the amplitude of the current are limited
by the rapid onset of muscle fatigue and
the subject’s tolerance to the delivered cur-
rent, respectively.8,15,25,32 This would sug-
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ful consensus regarding the importance
of these variables. For example, Alon et
al3 used monophasic pulse where phase
duration and pulse duration are the same
and can be termed either phase or pulse
duration. Laufer et al27 used symmetric
biphasic pulse with a phase duration of
200- and 50-microsecond intrapulse
interval, making the pulse duration 450
microseconds. In the current study, pulse
durations of 450 and 250 microseconds
were used; but the phase durations were
200 and 100 microseconds, respectively.
Therefore, it is erroneous to report that
the pulse duration was 200 microsec-
onds. Moreover, it is well established
that if the stimulator is designed as a
constant voltage, there is a discrepancy
between the reported and the actual val-
ues of pulse duration.24,34 The effective
phase and pulse duration of the current
waveform are shorter than the phase and
pulse duration of the voltage waveform,
due to the exponential decline associated
with the capacitative properties of the bi-
ological conductive medium.24 Therefore,
future trials need to consider the differ-
ence between phase and pulse durations
as well as the type of stimulators.

The rationale for using long stimula-
tion duration in different NMES proto-
cols is not clearly justified. The length of
the stimulation duration contributes to
the overall training by maintaining the
activation of the stimulated motor units.34

For example, it has been suggested that
long contraction evokes skeletal muscle
strength and hypertrophy after 14 weeks
of voluntary isometric training.37 Addi-
tionally, the authors37 showed a drop in
the pH and phosphocreatine and greater
rise in inorganic phosphate with long vol-
untary contraction time. These metabolic
changes may definitely cause muscle fa-
tigue.37 Moreover, a long contraction time
could interrupt circulation and cause
ischemic muscle fatigue.5 After stimula-
tion, a 3-second stimulation caused more
fatigue than 1.6 seconds during NMES.5

Owing to the fact that minimizing muscle
fatigue may be desired consequence of ap-
plying NMES, the use of long contraction

duration has recruited large motor units
or result in nonlinear summation of mo-
tor units compared to the short one13,40;
this results in 20% increase in the evoked
torque during protocol A compared to B.
Another alternative explanation is that the
product of the frequency and pulse dura-
tion, which has been recently suggested
to strongly explain the variance in torque
output, could have played a role in maxi-
mizing torque output in protocol A.21

The waveform used in the current
study is symmetrical biphasic in nature. A
symmetrical biphasic pulse is equal to the
sum of 2 phases ( ). A symmetri-
cal biphasic waveform was found prefer-
able over a monophasic or asymmetrical
biphasic waves during stimulation of the
knee extensor muscle.24,34 Kantor et al24

explained this observation by showing
that symmetrical biphasic form has a low
total pulse charge. Therefore, it is impor-
tant to use a biphasic form to minimize
the charges delivered and this might help
reduce the pain clinically reported with
long pulse durations. Moreover, increas-
ing pulse duration tends to be less painful
compared to increasing the current ampli-
tude, because less electrical charges devel-
op under the electrodes.20 It is known that
the strength of a single pulse is the prod-
uct of the amplitude and the duration of
each pulse. Alon et al3 calculated the dif-
ference in the amplitude between motor
and sensory thresholds after changing the
length of pulse duration at logarithmic in-
tervals from 5 to 1000 microseconds. The
findings showed that as the pulse duration
becomes longer, the absolute difference
in the intensity required to cause motor
stimulation decreases.3 The reduction in
the amplitude is associated with insuffi-
cient charges to stimulate the pain fibers
at longer pulse duration.

A number of factors complicate the
appropriate selection of pulse duration
in clinical settings. The difference be-
tween phase duration and pulse dura-
tion continues to confuse both clinical
and research inquiries. Because of er-
roneous and inconsistent use of these 2
terms, it is impossible to reach meaning-

gest that both parameters can not always
be used to maximize torque output. Re-
cently, we have shown that increasing the
pulse duration from 150 to 450 microsec-
onds has resulted in increasing the peak
torque generated by the electrical stimu-
lus by 55%, independent of the current
amplitude and frequency.20 Our current
findings reaffirm previous findings about
the role of pulse duration in augmenting
the evoked torque. Hultman et al23 showed
that increasing pulse duration from 150 to
500 microseconds resulted in increasing
the evoked torque by 40%. Despite these
findings, there are several research and
clinical trials that are still using pulse du-
rations of 100 or 250 microseconds and a
stimulation duration of 10 seconds or lon-
ger to achieve strength training.27,29,38

The physiological mechanisms un-
derlying the effect of pulse duration in
maximizing torque need to be examined.
A progressive increase from short to long
pulse durations can result in more motor
units being recruited; this may lead to
steep rise in the evoked torque.13,25 This
was just confirmed when increasing pulse
duration from 150 to 450 microseconds
resulted in increasing the activated mus-
cle CSA by 40% as determined by MRI.20

The activated area represents the motor
units recruitment during the process of
stimulation.1,6,20,22 Conversely, further in-
crease in pulse duration above 500 micro-
seconds results in less motor units being
recruited and torque reaches a plateau.25

However, others have shown that long
pulse durations greater than 500 to 1000
microseconds may result in increasing
torque output via antidromic stimulation
of the alpha motor neurons and contribu-
tion of the central nervous system.14 In the
current study, long pulse duration with a
short stimulation duration evoked greater
normalized torque compared to a short
one. This could demonstrate the ability of
long pulse duration to recruit additional
motor units. However, we could not con-
firm this observation by measuring the ac-
tivated area using MRI, which showed no
difference between protocols A and B. A
possible mechanism is that the long pulse
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time may accentuate such process. The
major objective of the current study was
to compare the outcomes of 2 protocols
with different lengths of pulse durations
and stimulation durations. A simple de-
bate is that no relation exists between
pulse duration and stimulation duration,
and short pulse durations have been pre-
viously used because they are comfortable
at high current amplitude.3 Another ex-
planation is that using short pulse dura-
tion may have had different clinical goals
(ie, muscle re-education or submaximal
training). Therefore, those parameters
may still have valid rationales for use in
clinical practice. For example, short pulse
duration is required to selectively stimu-
late sensory, motor, and pain fibers.3

The current study used MRI to ac-
count for the activated area. T2-weighted
MRI has been previously used to calcu-
late the amount of activated muscle dur-
ing NMES.1,6,20,22 The increase in signal
intensity after stimulation can be used to
delineate between activated and nonac-
tivated muscle areas. Previously, we have
shown that altering NMES parameters
affect the activated area.20 Therefore, the
same current amplitude was used in both
protocols to maintain a constant activa-
tion. A recent study showed that using
similar amplitudes of the current could
match the activated areas between left
and right knee extensors.11 However, it
was surprising that protocol B resulted
in more activation compared to protocol
A. It is possible that the 10-second stimu-
lation was not comfortable to our partici-
pants and caused them to become tense
during the stimulation process.5

There are few important features that
need to be considered pertaining to the
selection of the parameters in both pro-
tocols. Both protocols were set to deliver
matched absolute amplitude that could
generate 45% of MVIT and had a total
duration of 5 minutes. Additionally, a
stimulus generating 45% of MVIT is
known to be well tolerated by most par-
ticipants and is recommended for increas-
ing muscle strength.28 However, both
protocols were different in the frequency

(100 versus 60 Hz), pulse duration (450
versus 150 microseconds), and stimula-
tion duration (3 versus 10 seconds). This
could possibly limit the interpretation
of the current study and challenge the
validity of comparing the protocols. We
originally set both protocols to deliver
100 Hz to evoke maximum tension rela-
tive to the activated area.20 However, the
combination of 100 Hz and 10 seconds
was painful to most of the participants.
Therefore, the 100 Hz was modified to
60 Hz. Even with such modifications, 3
participants were excluded for failing to
tolerate the assigned protocols. However,
it is well established that both frequen-
cies (60 and 100 Hz) are at the plateau
phase of the force-frequency curve, so
that any difference in the evoked torque,
based on the frequency, should not ex-
ceed 5%.9,12,36 Therefore, a difference in
the evoked torque of more than 20% can
not be solely explained by variations in
the frequency between both protocols.
This would suggest that the pulse dura-
tion is responsible for the difference in
the evoked torque between both proto-
cols. Additionally, to account for the dif-
ference in stimulation duration between
both protocols, the TTIs of the initial con-
traction were used, so that any difference
in the evoked torque would be attributed
to the change in pulse duration.

Major limitations to the applications
of NMES are pain and fatigue.6,7,10,17,27 As
the amplitude of the current continues
to increase, painful stimulus increases
and participants do not tolerate further
increase due to stimulation of pain free
nerve endings. Fatigue is a common
neuromuscular adaptation to electrical
stimulation. Fatigue during NMES arises
as a result of repeated activation of the
same motor units.1,8,26 If increasing the
pulse duration serves to increase the re-
cruitment of the motor units,20 then this
could serve to spread the work over many
motor units and attenuate fatigue. How-
ever, this assumption needs to be further
investigated. In previous studies, a 10-
second stimulation duration has been
recommended to induce muscle strength

without occurrence of fatigue.38 Lyons et
al29 found that a protocol similar to pro-
tocol B maintained torque during 10-sec-
ond contraction. The longer contraction
time in protocol B required to measure
torque at the start and at the end of the
contraction to determine the changes
in torque over a 10-second contraction.
Contrary to previous findings, a 10-sec-
ond stimulation fails to maintain perfor-
mance over repeated contractions and
fatigue ensued. The difference between
findings could possibly be explained by
the use of battery power in the previous
study and an AC-powered stimulator in
the current study.

A
longer stimulation duration

fails to offset the effect of short pulse
duration and could not maintain

performance over repeated contractions.
Longer pulse duration evokes greater
peak torque and normalized torque com-
pared to short pulse. Therefore, clinicians
are encouraged to reconsider the use of
pulse duration and stimulation duration
when they are designing protocols to aug-
ment muscle strength. Further studies are
warranted to determine the effectiveness
of different parameters of NMES in clini-
cal settings and on training programs as
well as the effects of pulse durations and
stimulation durations without confound-
ing effects from the frequency.

 With NMES, long pulse dura-
tion evokes greater peak torque and
normalized torque compared to short
pulse duration with long stimulation
duration.

 Long pulse duration is rec-
ommended to increase muscle strength
or cause hypertrophy, because it results
in a greater peak torque, normalized
torque, as well as torque-time integral.

 The study examined healthy
individuals with no pathologies. There-
fore, direct extrapolation to specific
clinical population is not feasible.
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