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Effects of Electrical Stimulation Parameters 
on Fatigue in Skeletal Muscle

N
euromuscular electrical stimulation (NMES) is a promising 
tool in the rehabilitation of individuals with a limited ability 
to activate their skeletal muscles,13,35,36 as well as a method 
of strength training and short-term resistance training in 

athletic populations.26,27 During NMES application, the capacity to 
maintain performance is compromised compared to voluntary exercise,

 Experimental laboratory study.

 The primary purpose was to 
investigate the independent effects of current 
amplitude, pulse duration, and current frequency 
on muscle fatigue during neuromuscular electrical 
stimulation (NMES). A second purpose was to 
determine if the ratio of the evoked torque to the 
activated area could explain muscle fatigue.

 Parameters of NMES have 
been shown to differently affect the evoked torque 
and the activated area. The efficacy of NMES is 
limited by the rapid onset of muscle fatigue.

 Seven healthy 
participants underwent 4 NMES protocols that 
were randomly applied to the knee extensor 
muscle group. The NMES protocols were as fol-
lows: standard protocol (Std), defined as 100-Hz, 
450-μs pulses and amplitude set to evoke 75% of 
maximal voluntary isometric torque (MVIT); short 
pulse duration protocol (SP), defined as 100-Hz, 
150-μs pulses and amplitude set to evoke 75% 
of MVIT; low-frequency protocol (LF), defined as 
25-Hz, 450-μs pulses and amplitude set to evoke 
75% of MVIT; and low-amplitude protocol (LA), 
defined as 100-Hz, 450-μs pulses and amplitude 

set to evoke 45% of MVIT. The peak torque was 
measured at the start and at the end of the 4 
protocols, and percent fatigue was calculated. The 
outcomes of the 4 NMES protocols on the initial 
peak torque and activated cross-sectional area 
were recalculated from a companion study to 
measure torque per active area.

 Decreasing frequency from 100 to 25 
Hz decreased fatigue from 76% to 39%. Decreas-
ing the amplitude and pulse duration resulted in no 
change of muscle fatigue. Torque per active area 
accounted for 57% of the variability in percent 
fatigue between Std and LF protocols.

 Altering the amplitude of the 
current and pulse duration does not appear to 
influence the percent fatigue in NMES. Lowering 
the stimulation frequency results in less fatigue, by 
possibly reducing the evoked torque relative to the 
activated muscle area. J Orthop Sports Phys Ther 
2009;39(9):684-692. doi:10.2519/jospt.2009.3045

 amplitude, frequency, NMES, 
pulse duration

resulting in a higher rate of muscle fa-
tigue.23 Muscle fatigue is defined as a 

reduction in the peak force, with contin-
uous and repeated activation that could 

impair functional or therapeutic goals.14,15 
Muscle fatigue could result from either 
increasing the metabolic cost of muscular 
contractions or from the pattern of motor 
units recruitment during stimulation.

Measuring the peak torque or torque-
time integral (TTI) has been used as an 
index to reflect the metabolic cost of 
the stimulated muscle,5,29-31 because the 
force-generating capacity is a function 
of the number of cross-bridges between 
actin and myosin myofilaments which 
are directly related to ATP hydrolysis.32,33 
Additionally, the initial peak torque has 
been correlated to fatigue resulting from 
NMES.29 Moreover, during stimulation, 
muscle fiber recruitment patterns vary 
from the well-known size principle re-
cruitment that occurs during voluntary 
contractions.20,21 Evidence suggests that 
muscle recruitment during NMES oc-
curs in a random order, likely depending 
on the position of the stimulating elec-
trodes,1,18,21,24 and that motor units are 
activated in a synchronous and repeated 
manner.1,8,24 This pattern of motor unit 
activation may lead to greater fatigue by 
preventing the cycling of motor unit acti-
vation that is thought to occur during sub-
maximal voluntary muscle actions.1,8,24

NMES parameters (eg, current am-
plitude, frequency, and pulse duration) 
are known to play a critical role in torque 
production during repeated contrac-
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ty community. None had a history of knee 
or hip pathological conditions. They were 
(mean  SD) 28  4 years old, weighed 
68  9 kg, and were 173  9 cm tall. They 
all had previous experience with similar 
research protocol to address different re-
search questions. The associated benefits 
and risks of participating in the study 
were explained to each subject, and each 
subject signed a written informed con-
sent. The Institutional Review Board of 
The University of Georgia approved the 
protocol for this study.

Familiarization Session One week prior 
to data collection, subjects participated in 
a 30-minute practice session to acquaint 
themselves with the NMES protocols. In 
this session, each subject was asked to 
perform 3 trials of maximum voluntary 
isometric knee extension efforts for both 
lower extremities. The highest trial for 
each lower extremity was considered the 
MVIT effort. To demonstrate tolerance of 
the 4 NMES protocols, each knee exten-
sor muscle group was assigned 2 protocols 
and was then stimulated. Each stimu-
lation protocol delivered 30 isometric 
contractions to the knee extensor muscle 
group. The procedure was performed to 
determine if all participants could toler-
ate stimulation at 75% of their MVIT.
Maximum Voluntary Isometric 
Torque MVIT of the left and right knee 
extensors were determined for each 
participant, as described previously.1,34 
The participant sat on a custom-built 
chair, with a hip angle of 110° and the 
knee secured at approximately 60° of 
flexion. The shin of the lower leg was 
firmly secured to a rigid lever arm with 
an inelastic strap, to ensure that the knee 
extensors could perform only isomet-
ric actions. A lever arm was established 
by placing a load cell perpendicular to, 
and 33 cm away from, the axis of rota-
tion of the lever arm. The participant was 
asked to contract the knee extensors as 
fast and forcefully as possible, while ver-
bal encouragement was provided. Trials 
were repeated if the difference between 

cause more fatigue compared to 25 Hz10 
because of the high metabolic cost asso-
ciated with stimulation at 85 Hz.29,30 Yet 
another study showed that this general 
rule is debatable when settings of 80 Hz 
and 100 Hz demonstrated no significant 
difference in muscular fatigue.31 Com-
pared to the influence of current am-
plitude and frequency, the role of pulse 
duration on muscle fatigue is even less 
well established.

The primary purpose of this study was 
to examine the independent effects of 
current amplitude, frequency, and pulse 
duration on muscle fatigue after altering 
the evoked torque and muscle recruit-
ment. To accomplish this purpose, the 
current amplitude was increased from 
that needed to evoke 45% of maximal 
voluntary isometric torque (MVIT) to 
that needed to evoke 75% of MVIT, pulse 
duration was increased from 150 to 450 
μs, and the frequency was increased from 
25 to 100 Hz. A second purpose was to 
examine the relationship between the 
evoked torque adjusted to the activated 
area and muscle fatigue. The rationale 
was based on the hypothesis that alter-
ing the NMES parameters to increase 
the initial peak torque relative to the ac-
tivated area would lead to a concomitant 
increase in muscle fatigue.

his study used data collected, 
but not analyzed, in an earlier study 
of the effects of NMES on specific 

tension (ie, the evoked torque relative 
to the activated area). Because of the 
inherent difficulties in determining the 
physiological variables (pennation angle, 
moment arm, and fiber length) used to 
estimate specific tension for the knee ex-
tensor muscle group, we have separated 
these data into 2 sets to address different 
research questions using the same NMES 
protocols.

Seven healthy participants (6 males and 1 
female) were recruited from the universi-

tions.1,8,16,17 It is generally accepted that 
increasing current amplitude, frequency, 
and pulse duration will increase evoked 
torque; however, the independent ef-
fects of these parameters on motor units 
recruitment are less appreciated. Pre-
vious studies have clearly established 
that increasing current amplitude leads 
to increased torque production via the 
activation of additional motor units.1,17 
Binder-Macleod et al8 showed that in-
creasing the current amplitude results 
in steep rise of the torque, followed by 
a plateau at a high level of stimulation. 
Increasing pulse duration has also been 
shown to increase the evoked torque by 
possibly increasing motor unit activa-
tion.17 A pulse duration of 450 μs elicited 
22% and 55% greater torque output com-
pared to pulse durations of 250 and 150 
μs, respectively.16,17 However, increasing 
the frequency of NMES has been shown 
to increase evoked torque by increasing 
the torque per active muscle area of skel-
etal muscle.9,17

Because increasing the frequency and 
pulse duration increase the evoked torque 
per unit of activated muscle,9,17 it causes 
an increased energy demand that can-
not be supplied by the muscle and thus 
leads to muscular fatigue.4,28 These find-
ings may illustrate that fatigue during 
NMES is not necessarily related to peak 
muscle torque production, but may in 
fact be related to the metabolic demand 
placed upon each activated motor unit. 
Thus torque per active area, rather than 
torque production, could provide a better 
indicator of the metabolic demand dur-
ing stimulation.

The independent effects of these 3 
parameters on muscular fatigue are still 
controversial. Conflicting results exist on 
the role of current amplitude on muscle 
fatigue, with 1 study demonstrating an 
increase fatigue with increasing am-
plitude8 and others demonstrating no 
change in fatigue with increasing current 
amplitude.1,34 Increasing the frequency of 
pulses has been shown to accelerate mus-
cle fatigue.7,25 For example, a stimulus at 
a frequency of 85 Hz has been shown to 
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the peaks of 2 separate 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 corrected for gravity 
and then saved for future analysis.

After determining the MVIT, each 
subject was asked to assess his/her abil-
ity to tolerate NMES. A Theratouch 4.7 
NMES unit (Rich-Mar Corporation, Ino-
la, OK) was used. The current amplitude 
required to elicit 75% of the MVIT for 
each lower extremity was determined by 
delivering 1-second trains of progressive-
ly greater amplitude at a frequency of 100 
Hz, with a 450-μs pulse duration. At least 
1 minute separated each train. All partici-
pants were asked to completely relax, and 
the current was progressively increased. 
Three to 4 trials per participant were per-
formed to determine the amplitude of the 
current in milliamps (mA).

NMES was applied to the knee exten-
sor muscle group via large (8  10-cm) 
surface electrodes (Uni-Patch Inc, Wa-
basha, MN), as done previously.1,13,34 One 
electrode was placed on the skin 2 to 3 
cm above the superior aspect of the patel-
la, over the vastus medialis muscle, and 
the other lateral to and 30 cm above the 
patella, over the vastus lateralis muscle. 
The anatomical location of each pair of 
electrodes was marked with a permanent 
marker to ensure similar positioning in 
subsequent protocols.
NMES Protocols The current amplitude 
was adjusted until a torque equivalent 
to 75% of the MVIT was evoked, using 
the nonfatiguing trains. The current am-
plitudes were determined for the right, 
followed by the left, knee extensors.17 
Next, 1 of 4 NMES protocols was ran-
domly applied to the knee extensors: 2 
protocols were applied to the right lower 
extremity and the other 2 applied to the 
left. The protocols were as follows: (1) a 
standard protocol (Std) of 100-Hz fre-
quency, 450-μs pulse duration, and a cur-
rent amplitude set to evoke 75% MVIT; 
(2) a short pulse duration protocol (SP) 
of 100-Hz frequency, 150-μs pulse du-
ration, and a current amplitude set to 

evoke 75% MVIT; (3) a low-frequency 
protocol (LF) of 25-Hz frequency, 450-
μs pulse duration, and a current ampli-
tude set to evoke 75% MVIT; and (4) a 
low-amplitude protocol (LA) of 100-Hz 
frequency, 450-μs pulse duration, and 
at a current that evoked the average of 
the initial torques of SP and LF, as there 
was no available consensus on the lowest 
amplitude that should be used to stimu-
late the knee extensors ( ). Rectan-
gular symmetrical biphasic pulses were 
used for the 4 protocols ( ). Thirty 
3-second contractions were evoked over a 

3-minute period for each protocol (work-
to-rest cycle of 3 seconds on and 3 sec-
onds off).17 The administration order of 
the 4 protocols was randomized to each 
participant and to both knee extensors. 
At least 120 minutes separated 2 subse-
quent protocols to ensure muscle fatigue 
recovery. Before starting a new protocol, 
the recovery of force was examined by ap-
plying Std for 1 second and performing 
a MVIT. The recovery force and MVIT 
had to be within 1% of the initial test-
ing to proceed to the next protocol. Pilot 
work suggested that recovery time should 

Phase duration

Phase duration

Pulse duration

Pulse duration

200 μs 50 μs

200 μs

50 μs
50 μs

50 μs

A

B

Illustration of the durations (450 and 150 μs) of the symmetrical biphasic pulses used for the Std, LF, 
LA (450 μs), and SP (150 μs) protocols. The phase duration was 200 and 50 μs for the 450 and 150 μs pulses, 
respectively.

 
Summary of the 4 NMES Protocols  

and Their Outcomes*

Abbreviations: CSA, cross-sectional area; LA, low-amplitude protocol; LF, low-frequency protocol; 
NMES, neuromuscular electrical stimulation; SP, short pulse duration protocol; Std, standard protocol.
* Values, except those of frequency and pulse duration, are mean  SD.
† Different from the Std protocol.
‡ Significantly different from Std (P .05).

 
μ 2 2

Std 74  18 100 450 166  41 30  7 5.7  1.2

SP 76  16 100 150† 78  40‡ 18  10‡ 4.3  1.3‡

LF 72  18 25† 450 137  30‡ 36  8 3.9  0.9‡

LA 56  13† 100 450 109  35‡ 22  12‡ 5.8  2.1
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not exceed 10 minutes after any of the 4 
protocols. Therefore, the 2-hour interval 
provided between the 2 protocols was 
enough to ensure full recovery of force of 
the same knee extensors.
Peak Torque Peak isometric torque was 
reported as the average torque over a 
500-millisecond window. The window 
began after the contraction rose above 
baseline and recorded torque from 250 
to 750 milliseconds ( ). The peak 
torque was reported at the beginning of 
each minute (contractions 1, 11, 21) of the 
3-minute session and for the final con-
traction (contraction 30) ( ). The 
fatigue index was measured and reflects 
the difference between the torques of the 
initial and final contractions divided by 
the torque of the initial contraction2,3: 
percent fatigue = ([torque of the first con-
traction – torque of the last contraction]/
torque of the first contraction)  100.
Torque-Time Integral (TTI) The TTI of 
the first contraction was measured and 
was used as an index for the force gener-
ated during the 3-second isometric con-
tractions of the 4 NMES protocols.29,30 
The TTI of the first contraction was ad-
justed to the activated cross-sectional 
area (CSA) to determine its possible role 
in muscle fatigue.
Torque per Active Area The torque per 

active area was calculated by dividing the 
highest torque (Nm) achieved for each 
NMES protocol by the total activated 
skeletal muscle area (cm2).9,16,17 The torque 
and the activated CSA values in response 
to the 4 NMES protocols were previously 
measured and published.17 Considering 
the clinical purpose of the current study, 
we recalculated these values and present-
ed them as torque relative to the activated 
CSA (Nm/cm2): torque per active area = 
peak torque of the first contraction/the 
activated knee extensor CSA. The activat-
ed CSA was measured using T2 magnetic 
resonance imaging (MRI).
Magnetic Resonance Imaging Standard 
spin echo images of the thighs were col-
lected using a Signa 1.5-T superconducting 
magnet (General Electric Company, Mil-
waukee, WI) ( ). After 30 minutes of 
lying down supine to avoid body fluid shift, 
subjects were positioned within the mag-
net using the whole body coil. Transaxial 
images were obtained before NMES, and 
the participant was then moved out of the 
magnet to a separate room to perform the 
NMES protocols. After each NMES pro-
tocol, the subject was asked to walk to the 
MRI unit without bearing weight on the 
stimulated lower extremity so as to repeat 
the imaging within 3 minutes after end-
ing the electrical stimulation. The total 
time of the scan was around 4 minutes 
and 40 seconds. The scout view time and 
subsequent imaging adjustments (mean 

 SD, 2 minutes  23 seconds) made the 
total 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 matrix size, and the number of excita-
tions was 1. Fourteen to 18 slices for each 
subject were analyzed for the knee exten-
sors, beginning with the first slice contain-
ing the 4 heads of the quadriceps femoris 
muscle group, and continued distally until 
the slice just before the proximal pole of 
the patella. Images were analyzed and T2 
values calculated with the NIH Image 1.62 
software.16,17

Data were analyzed using a 2-way (proto-
cols by contractions), repeated-measures 

 
Knee Extensor Torque for Number of 

Contractions by the 4 Stimulation Protocols*

Abbreviations: LA, low-amplitude protocol; LF, low-frequency protocol; SP, short pulse duration proto-
col; Std, standard protocol.
* Knee extensor torque (Nm) was measured at the beginning of each minute (contractions 1, 11, 21) and 
for the final contraction (30). Values are mean  SD Nm.
† Significantly different from the initial contraction (P .05).

Std 166  41 64  19† 51  17† 40  18†

SP 78  40 36  29† 31  27† 25  14†

LF 137  30 105  36† 88  33† 83  28†

LA 109  35 49  29† 39  26† 37  20†
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Force traces of the 3-second first and last 
contractions of electrically evoked torque for the 4 
stimulation protocols. For the last contraction, Std 
and LF were only labeled for the purpose of clarity. 
Abbreviations: LA, low-amplitude protocol; LF, low-
frequency protocol; SP, short pulse duration protocol; 
Std, standard protocol.

Representative anatomically matched 
axial T2 magnetic resonance images from the 
mid-thigh region of the knee extensor muscle group 
before (A) and immediately after (B) stimulation with 
the Std protocol. Letters R and L denote the right and 
left thighs, respectively. Note the activation on the R 
side immediately after stimulation.
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ing that lowering the frequency could 
enhance performance over repeated con-
tractions. No differences in the decline of 
peak torque over repeated contractions 

analysis of variance (ANOVA) to examine 
the effects of the 4 NMES protocols on 
muscle fatigue. The independent vari-
ables were the protocols (Std, SP, LF, 
LA), the contraction numbers were 1, 11, 
21, and 30, and the dependent variable 
was peak torque. If there was an inter-
action, alpha level was adjusted for pair-
wise comparison using the Bonferroni 
correction. A 1-way ANOVA was per-
formed to compare the difference in TTI 
of the 4 NMES protocols. Simple linear 
regression was used to examine the rela-
tionship between the selected variables 
(percent fatigue and torque per active 
CSA). Statistical difference was set at a 
level of P .05, and values were presented 
as means  SD.

he mean  SD current ampli-
tudes for Std, SP, LF, and LA pro-
tocols were 74  18, 76  16, 72  

18, and 56  13 mA, respectively ( ). 
The Std, SP, LF, and LA protocols evoked 
mean  SD percents of MVIT of 74%  
3%, 31%  12%, 60%  8%, and 45%  
9%, respectively ( ). The influence 
of the 4 NMES protocols on the evoked 
torque, activated area, and torque per 
active area are summarized in . 
The 1-way ANOVA revealed a significant 
difference in the TTI among the 4 pro-
tocols (P .0001). TTI was significantly 
higher for the Std protocol compared to 
the SP (P .0001), LF (P .035), and LA 
(P .0001) protocols ( ). After ad-
justing for the activated CSA, mean  SD 
TTIs were 16  4 and 10  4 Nm·s/cm2 
for the Std and LF protocols, respectively 
(P = .014).

 and 5 illustrate the decline in 
the evoked torque for the 4 NMES pro-
tocols. For all 4 protocols, there was a 
significant reduction in torque from the 
initial contraction (F3,18 = 12, P .009). 
The LF protocol resulted in less fatigue 
when compared to the other 3 protocols 
(mean  SD percent MVIT, 39%  19% 
versus 76%  10%; F1,6 = 85.2; P .001). A 
significant protocol-by-contraction num-

ber interaction (F9,54 = 13.2, P .0001) 
was observed, with differences between 
contractions 11, 21, and 30 for both the 
Std and LF protocols (P .02), suggest-
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ed stimulation. Currently, the indepen-
dent effect of pulse duration on muscle 
fatigue is not clear, yet it has been shown 
that pulse duration modulation has less 
effect on muscle fatigue than frequency 
modulation.22 Previously, the effect of the 
product of the frequency and pulse dura-
tion was tested on muscle fatigue. After 
matching the initial peak torques, a com-
bination of 20 Hz and 500 μs produced 
less fatigue compared to 50 Hz and 200 
μs.19 In our study, we observed puzzling 
effects of pulse duration on torque per 
active area and muscle fatigue. As re-
vealed in  and , long pulse 
duration modestly increased torque per 
active area but not muscle fatigue, which 
runs contrary to the main hypothesis. 
This effect may have occurred because 
both pulses (150 and 450 μs) were ap-
plied at 100 Hz; this means that the im-
pact of the frequency on fatigue should 
be similar in both protocols regardless of 
the activated area.

The findings could be explained by 
understanding the effect of pulse dura-
tion on the recruitment of motor units. 
The relationship between pulse duration 
and torque is not linear,11,19 suggesting 
preferential recruitment of large motor 
units. Two recent studies confirmed the 
nonlinearity in the evoked torque with 
increasing pulse durations.11,19 It has also 

er NMES parameters constant modestly 
increased fatigue.8 This suggests that as 
the current amplitude increases, more 
fast-twitch motor units are recruited, 
resulting in greater fatigue due to their 
higher metabolic demand in comparison 
to slow-twitch motor units. We found no 
such response in this study, because the 
extent of fatigue was independent of the 
current amplitude. Our results suggest 
that as the current amplitude is increased, 
fast- and slow-twitch motor units are ran-
domly recruited.21,24 Our recent findings 
are in agreement with previous findings 
from our laboratory. Adams et al1 showed 
that increasing the current amplitude 
from that required to evoke 25% to 75% 
of MVIT did not alter fatigue. Slade et al34 
also showed that moderate versus high-
amplitude protocols resulted in similar 
fatigue. Their findings could be explained 
by the fact that current amplitude does 
not affect specific tension. Increasing the 
current amplitude increased the evoked 
torque, which was associated with in-
crease in the recruited muscle area and 
maintained the metabolic demand per 
activated motor units.17

Compared to the Std protocol, a pulse 
duration of 150 μs showed no difference 
in skeletal muscle fatigue during repeat-

among the 3 protocols (Std, SP, and LA) 
were observed. The mean  SD declines 
in peak torque after the SP and LA pro-
tocols were 71%  15% and 70%  17%, 
respectively ( ).

Both peak torque (r2 = 0.17, P = .10) 
and the activated CSA (r2 = 0.23, P = 
.08) did not explain any of the variance 
in percent fatigue between the Std and 
LF protocols. However, torque per active 
area accounted for 57% of the variance 
in percent fatigue between the Std and 
LF protocols (r2 = 0.57, P .002) (
6). TTI explained 33% of the variance be-
tween the 2 protocols (r2 = 0.33, P = .03). 
After adjusting for the activated CSA, TTI 
explained 59% of the variance in percent 
fatigue between the Std and LF protocols 
(r2 = 0.59, P .001). These relationships 
were not evident when fatigue occurred 
with increasing the amplitude or pulse 
duration (data not shown), because per-
cent fatigue was similar and torque per 
active area did not change.

Overall, the results indicated that 
altering the evoked torque and skeletal 
muscle recruitment by adjusting pulse 
duration and amplitude of NMES did 
not affect percent fatigue. However, 
minimizing frequency decreased fatigue 
by apparently reducing the evoked torque 
relative to the activated area. Torque per 
active area explained more than 57% of 
the variance in percent fatigue between 
the Std and LF protocols.

he current study examined 
the effects of the evoked torque and 
skeletal muscle recruitment on mus-

cle fatigue after altering the amplitude, 
the pulse duration, and the frequency of 
pulses.

Compared to the Std protocol, amplitude 
of the current adjusted at 45% of MVIT 
showed no difference in skeletal muscle 
fatigue during repeated stimulation. A 
previous study showed that increasing 
the current amplitude while keeping oth-
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plained more than 57% of the variance in 
muscle fatigue when the frequency was 
altered, but not with the current ampli-
tude or the pulse duration. The current 
findings do not inherently imply a cause-
and-effect relationship. An alternative 
explanation can be found in the nature 
of the100-Hz frequency, which would re-
sult in high-frequency or impaired motor 
nerve conduction. The drawback of using 
100 Hz is that it can disproportionately 
lead to rapid fatigue, thus mask any effect 
of changing pulse duration and current 
amplitude on fatigue. This argument is, 
however, refuted by a recent study that 
examined the effect of different stimula-
tion frequencies and fatigue on the shape 
of the force-intensity relationship curve 
by using a pulse duration ranging from 
100 to 600 μs. The study documented 
that fatigue does not affect the force-
intensity relationship regardless of the 
applied frequency.11

The findings of this study may help cli-
nicians design NMES protocols that can 
minimize muscle fatigue and enhance 
performance by increasing skeletal mus-
cle recruitment. For example, in a person 
with partial motor and sensory preser-
vation after spinal cord injury, cycling 
with functional electrical stimulation 
is often used in concert with voluntary 
actions to overcome limited aerobic ca-
pacity and muscle weakness. Therefore, 
cycling using electrical stimulus at a fre-
quency close to 25 to 30 Hz and a pulse 
duration of 450 to 500 μs may maximize 
performance and allow a longer exercise 
session. Additionally, it could potentially 
counteract musculoskeletal atrophy and 
the transformation in the fast-twitch fat-
igable fibers that commonly occur after 
spinal cord injury.

Only a limited number of parameter 
combinations were studied, therefore fu-
ture studies should focus on studying the 
combination of different parameters in 
healthy and in clinical populations such 
as those with spinal cord injury. More-
over, a limited number of studies have ex-

in K+ in the extracellular fluid during 
stimulation.6 Impaired motor nerve con-
duction was also noted by a decrease in 
M-wave and torque output after apply-
ing 30 contractions to the knee extensor 
muscle using a 75-Hz frequency.40 Failure 
of action potential propagation may lead 
to decrease in Ca++ release, generating 
muscle fatigue.38 Moreover, increasing 
the frequency may lead to nonuniform 
distribution of Ca++, a phenomenon that 
can be minimized by lowering the stimu-
lation frequency.39

The metabolic and energy demands 
per unit muscle mass are markedly in-
fluenced by the force that is developed 
during skeletal muscle contraction.33 
Because cross-bridges are the site of 
chemical-to-mechanical energy conver-
sion, fewer attachments could imply less 
metabolic demands on the resources of 
the skeletal muscle. At a constant fre-
quency, the increase in current amplitude 
and pulse duration enhances the evoked 
torque by recruitment of additional mo-
tor units, suggesting that the number 
of cross-bridge attachments remains 
constant across different muscle fibers. 
When the frequency was reduced, the 
evoked torque decreased without chang-
ing the activated area,9,17 suggesting that 
the number of cross-bridge attachments 
per unit of active tissue was reduced. The 
current findings suggest that initiation of 
the cross-bridge attachments is far more 
costly at 100 Hz compared to 25 Hz (ie, 
more cross-bridges at 100 Hz than 25 
Hz).5,29

The current study provides evidence to 
clinicians as to the relative contribution 
of 3 parameters (amplitude, frequency, 
and pulse duration) of NMES to the 
development of muscle fatigue during 
electrically evoked muscle actions. The 
3 protocols that were applied at 100 Hz 
showed similar percent fatigue, inde-
pendent of the initial peak torque. In the 
current study, torque per active area ex-

been suggested that larger motor units 
could be incrementally recruited between 
100 and 400 μs, resulting in a steep rise 
of torque, followed by a gradual rise at 
longer pulse durations.11 This may explain 
why torque increased disproportionately 
to the activated area in our previous find-
ings.17 It is possible that increasing pulse 
duration from 150 to 450 μs results in 
a nonlinear summation of the recruited 
motor units.37

Compared to the Std protocol, a fre-
quency of 25 Hz resulted in a significant 
reduction in skeletal muscle fatigue over 
repeated stimulation. The effect of differ-
ent frequencies (20-100 Hz) on muscle 
fatigue is well documented,7,10,30 showing 
that increasing the frequency accentu-
ates muscle fatigue while minimizing the 
frequency reduces muscle fatigue.7,22 The 
2 frequencies selected (25 and 100 Hz) 
represented the steep and the plateau 
portions of the force-frequency relation-
ship, thereby allowing different forces per 
unit of stimulated muscle. A stimulation 
frequency of 25 Hz was chosen in the 
range of the knee extensors’ firing rate 
from 15 to 30 Hz.12 Previously, the effects 
of matching the initial forces were exam-
ined by delivering 100- and 80-Hz trains, 
with the results showing that the 2 fre-
quencies caused similar fatigue.31 These 
results can be deceptive in that both fre-
quencies were in the plateau region of the 
force-frequency relationship; therefore, 
both imposed similar energy demands 
per contraction.

The metabolic effects of low (20-Hz) 
and high (80-Hz) frequencies were also 
previously examined.29 A 20-Hz frequen-
cy has a lower ATP cost per contraction 
than an 80-Hz frequency. Additionally, 
the 80-Hz frequency showed increase 
in inorganic phosphate and pH, factors 
that are well documented to cause muscle 
fatigue.15,29 It is important to note that a 
high frequency of 100 Hz may impair 
the evoked action potential and cause 
impaired motor nerve conduction as a 
result of reduction in Na+ and increase 
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amined fatigue during cycling electrical 
stimulation. Similar to the current study, 
fatigue was examined during isometric 
training, which may be a limiting factor 
in translating the current knowledge to 
the clinical practice.

he results of the present study 
confirm that the extent of fatigue 
during NMES depends on the fre-

quency of the pulses due to the increas-
ing torque per active area. Neither the 
current amplitude nor pulse duration 
appeared to influence skeletal muscle 
fatigue, when both parameters were de-
creased. Moreover, altering skeletal mus-
cle recruitment did not influence muscle 
fatigue with NMES. Those providing 
rehabilitation should minimize the fre-
quency of the pulses to limit fatigue. 
Increasing pulse duration and current 
amplitude increases the activated area 
of the stimulated muscle but not muscle 
fatigue. Selection of a protocol with a 
low-frequency and tolerable amplitude 
or pulse duration could attenuate the 
occurrence of fatigue for repeated con-
tractions using NMES. 

 Increasing the amplitude of the 
current or pulse duration does not af-
fect the decline in force during NMES. 
Minimizing the frequency of the pulse 
significantly reduces fatigue by possibly 
reducing the tension per activated mo-
tor units.

 Clinicians should consider 
the relative contribution of the 3 pa-
rameters on the evoked torque and 
fatigue during stimulation. Maximizing 
the evoked torque and reducing fatigue 
could be achieved by increasing pulse 
duration or amplitude of the current 
and lowering the frequency of the puls-
es, respectively.

 The study examined healthy in-
dividuals with no pathologies; therefore, 
direct extrapolation to specific clinical 
population should be done with caution.
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