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Abstract
Characterization of critical power/torque (CP/CT) during voluntary exercise requires maximal effort, making difficult for 
those with neuromuscular impairments. To address this issue we sought to determine if electrically stimulated intermittent 
isometric exercise resulted in a critical end-test torque (ETT) that behaved similar to voluntary CT. In the first experiment 
participants (n = 9) completed four bouts of stimulated exercise at a 3:2 duty cycle, at frequencies of 100, 50, 25 Hz, and a low 
frequency below ETT (Sub-ETT; ≤ 15 Hz). The second experiment (n = 20) consisted of four bouts at a 2:2 duty cycle—two 
bouts at 100 Hz, one at an intermediate frequency (15–30 Hz), and one at Sub-ETT. The third experiment (n = 12) consisted 
of two bouts at 50 Hz at a 3:2 duty* cycle with proximal blood flow occlusion during one of the bouts. ETT torque was 
similar (p ≥ 0.43) within and among stimulation frequencies in experiment 1. No fatigue was observed during the Sub-ETT 
bouts (p > 0.05). For experiment 2, ETT was similar at 100 Hz and at the intermediate frequency (p ≥ 0.29). Again, Sub-ETT 
stimulation did not result in fatigue (p > 0.05). Altering oxygen delivery by altering the duty cycle (3:2 vs. 2:2; p = 0.02) 
and by occlusion (p < 0.001) resulted in lower ETT values. Stimulated exercise resulted in an ETT that was consistent from 
day-to-day and similar regardless of initial torque, as long as that torque exceeded ETT, and was sensitive to oxygen delivery. 
As such we propose it represents a parameter similar to voluntary CT.
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Abbreviations
ANOVA	� Analysis of variance
CP	� Critical power
CT	� Critical torque
ETT	� End-test torque
H+	� Hydrogen ions
IACT​	� Impulse above critical torque
∫T Total	� Impulse above the end-test torque
MVC	� Maximal voluntary contraction
NMES	� Neuromuscular electrical stimulation
PCr	� Creatine phosphate
Pi	� Inorganic phosphate
W′	� Finite amount of work that can be performed 

above CP

Introduction

Critical power (CP) is an integrative measure/concept that 
represents the “critical” or upper boundary of work output 
that can be maintained at metabolic steady state without 
leading to fatigue and task failure (Jones et al. 2010). As 
such it represents an important, but understudied, aspect of 
aerobic metabolic function. Exercise performed above CP 
inevitably results in fatigue in a time-predictable manner, 
often termed the power–duration relationship, where the 
higher the work rate is above CP, the shorter the exercise 
duration. Fatigue during exercise above CP is associated 
with depletion of creatine phosphate (PCr) stores, declines 
in pH, and accumulation of inorganic phosphate (Pi) (Jones 
et al. 2008; Poole et al. 1988).

The CP/power-duration concept has been shown to hold 
across exercise modalities such as cycling (Vanhatalo et al. 
2007; Moritani et  al. 1981; Poole et  al. 1988), running 
(Broxterman et al. 2013; Pettitt et al. 2012), and intermit-
tent isometric exercise (Kellawan et al. 2014; Burnley 2009; 
Burnley et al. 2012; Szczyglowski et al. 2017)—in which 
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case the threshold is termed critical torque (CT). Burnley 
(2009) validated a protocol using the performance of 60 
intermittent maximal isometric contractions over 5-min (at 
a 3:2 work to rest cycle) to evaluate CT in a single testing 
visit. Torque was shown to decline and then plateau over the 
final 30 s of this “all out” test, and yield CT values similar 
to those determined using multiple tests to failure above CT 
(Burnley 2009). When assessed in this manner both volun-
tary activation, assessed via twitch-interpolation, and poten-
tiated doublet torque declined during the test indicating a 
role for both central and peripheral fatigue in the attainment 
of CT (Burnley 2009; Burnley et al. 2012). The development 
of central fatigue highlights the necessity of participants pro-
viding a maximal effort in order for a valid assessment of 
CT to be achieved—perhaps limiting the utility of assessing 
CT in populations such as older, sedentary individuals and 
those with neuromuscular impairments (e.g. multiple sclero-
sis, Parkinson’s) who are known to have difficulty maximally 
activating their muscles during exercise (Kent-Braun et al. 
1994; Olive et al. 2003; Sabatier et al. 2006). Determining 
the distinct contribution(s) of central and peripheral factors 
to CT, especially during single session, all-out tests (where 
the central and peripheral contributions to fatigue might 
differ from tests employing multiple bouts), could provide 
important information regarding the specific loci of func-
tional impairments/limitations in clinical populations and 
could lead to better and more specific exercise interventions.

The use of neuromuscular electrical stimulation (NMES) 
to evoke skeletal muscle contractions can provide infor-
mation regarding the contribution of peripheral factors in 
fatigue because it bypasses the central nervous system. 
NMES is thought to activate muscle in a non-selective, spa-
tially fixed manner (Gregory and Bickel 2005) which likely 
contributes to the heightened fatigue observed with NMES 
compared to force-matched voluntary contractions. Inter-
estingly, several previous studies using intermittent NMES 
during isometric exercise have demonstrated a hyperbolic 
torque–duration relationship (Bickel et al. 2003; Russ and 
Binder-Macleod 1999; Slade et al. 2003), with torque declin-
ing over time and then reaching a plateau, that appears quali-
tatively similar to the relationship observed during voluntary 
exercise (Burnley 2009; Burnley et al. 2010; Kellawan et al. 
2014; Szczyglowski et al. 2017). The observed plateau in 
torque likely represents a torque at which a metabolic steady-
state, dependent solely on a host of peripheral factors con-
tributing to fatigue, was achieved.

The initial purpose of the present study was to test 
whether intermittent isometric exercise evoked by NMES 
reaches a “critical” steady-state in end-test torque (ETT). 
Once this was established we sought to examine whether 
this ETT: (1) was reliable across multiple testing days; 
(2) occurred at a similar torque level regardless of initial 
torque; and (3) was sensitive to oxygen delivery, which was 

manipulated by altering the work-to-rest (duty cycle) of the 
intermittent contractions and by occluding blood flow to the 
exercising muscles.

Methods

Participants

The study consisted of three separate experiments. Nine 
healthy volunteers (5 men, 4 women; 23 ± 1.6  years, 
176.0 ± 10.7 cm, 82.9 ± 15.6 kg) participated in experi-
ment 1, 20 healthy volunteers (10 men, 10 women; 
25.0 ± 2.8 years, 174.5 ± 9.1 cm, 77.5 ± 16.8 kg) partici-
pated in experiment 2, which was part of a larger study, 
and 12 healthy males (24.2 ± 2.1 years, 182.4 ± 6.8 cm, 
89.2 ± 13.4 kg) participated in experiment 3, which was part 
of another larger study. All participants provided written 
informed consent prior to participation in the study, which 
was approved by the University of Oklahoma Institutional 
Review Board and complied with the Declaration of Hel-
sinki. Participants were instructed to refrain from strenuous 
lower body exercise in the 24-h preceding each visit. Partici-
pants were also asked to refrain from caffeine consumption 
8 h prior to testing and to be food-fasted 2 h before testing.

Dynamometry

All testing was performed using a KinCom isokinetic 
dynamometer (KinCom, Chattanooga, TN, USA). Partici-
pant positioning was similar to previous studies (Bickel et al. 
2003; Burnley 2009). Briefly, participants were seated in 
the dynamometer and positioned with the hip joint of 85° 
(with 0° being full extension) and the knee joint angle of 
70° below horizontal. The lower leg was strapped to the 
lever arm at the ankle using an inelastic Velcro strap, and 
the participant was firmly strapped to the seat at the waist 
and chest. Participant position was marked and recorded to 
ensure continuity throughout the study.

Maximal voluntary isometric contractions

On each testing day for all three experiments participants’ 
maximal voluntary contraction strength (MVC) with their 
knee extensors of their dominant leg was initially assessed. 
Each contraction lasted 3 s, and 2 min of rest was provided 
between each successive attempt. Participants were cued to 
contract and relax by a metronome and verbal instruction 
from the researcher. Strong verbal encouragement was also 
provided during each effort. The peak torque value from the 
plateau region of the force tracing was calculated. Values 
from two efforts that differed by ≤ 5% were averaged and 
served as the criterion value for MVC.



1409European Journal of Applied Physiology (2018) 118:1407–1414	

1 3

Train current determination

Following determination of their MVC, a current determina-
tion protocol was completed to determine the amplitude of 
stimulation used during each of the 5-min tests. Stimulating 
electrodes (3ʺ × 4ʺ; PALS Platinum; Axelgaard; Fallbrook, 
CA, USA) were placed over the proximal vastus lateralis 
and over the distal vastus medialis. Stimulation electrode 
positions were marked with indelible ink to ensure continu-
ity throughout the duration of each study. A constant cur-
rent stimulator (model DS7AH; Digitimer, Hertfordshire, 
England) controlled by a custom-written program in Biopac 
Acknowledge software was used for electrical stimulation. 
Pulse duration was held constant at 200 µs. Participants ini-
tially received a single 100 Hz train, for 3 s (experiments 1 
and 3) or 2 s (experiment 2) at a current of 30 mA. Stimula-
tion intensity was then progressively increased by 10 mA 
and additional stimulations were applied every 20 s until 
the evoked force produced equaled 25% of the participant’s 
MVC. All participants tolerated the intensity of stimulation. 
For all experiments the current that was sufficient to elicit 
25% of MVC during 100 Hz stimulation was used for all 
subsequent stimulation bouts. This was done as previous 
research has demonstrated that stimulation current deter-
mines the amount of muscle mass recruited during stimu-
lated exercise (Adams et al. 1993) and that when current is 
held constant altering stimulation frequency does not alter 
recruited muscle mass (Black et al. 2008).

Stimulated exercise

Each participant completed NMES tests using constant fre-
quency, constant current trains with initial torque varying 
by altering the stimulation frequency—depending on the 
experiment. Stimulated exercise was well tolerated by all 
participants regardless of whether the duty cycle was 3:2 or 
2:2 with all participants completing all exercise bouts with 
minimal complaint of discomfort.

For experiment 1, volunteers completed a familiarization 
visit and two identical testing visits. During the testing visits 
participants completed the train current determination pro-
tocol and four separate 5-min NMES bouts using a 3:2 duty 
cycle (3 s of stimulation followed by 2 s of rest) with a total 
of 60 contractions per bout. Participants received 20 min of 
rest between each bout. The frequency used during the first 
bout was 100 Hz. During the second bout, a frequency that 
elicited a torque value below the ETT during the 100 Hz test 
(Sub-ETT; ≤ 15 Hz) was used. The third and fourth tests 
were at 50 and 25 Hz, applied in a random order. Following 
at least 24 h of rest, participants returned to the lab and the 
four exercise bouts were repeated.

For experiment 2, volunteers completed two testing visits. 
During each visit, participants completed two separate 5-min 

NMES bouts using a 2:2 duty cycle (2 s of stimulation fol-
lowed by 2 s of rest) with a total of 75 contractions per bout. 
The first testing visit consisted of tests at 100 Hz and a low 
frequency (Sub-ETT; ≤ 15 Hz), with 30 min of rest between 
each test. A frequency that elicited an initial torque value 
below the ETT during the 100 Hz test was used for this bout. 
The second visit consisted of tests at 100 Hz and an inter-
mediate frequency (15–30 Hz), again, with 30 min of rest 
between each test. A frequency eliciting a torque equal to 
50% of the difference between peak torque and ETT from the 
100-Hz protocol was used for the intermediate frequency.

For experiment 3, volunteers also completed two test-
ing visits. During each visit, participants completed a 5-min 
NMES test at a 3:2 duty cycle (60 contractions per bout) at 
50 Hz. During one of the visits, vascular blood flow in the 
dominant leg was occluded by inflating a pneumatic pressure 
cuff (Hokanson, Bellevue, WA) placed around the proximal 
portion of the thigh. The cuff was inflated to 220 mmHg for 
every participant. The cuff was inflated for 5 min prior to 
the start of the NMES test while the participant rested and 
remained inflated until the completion of the 5-min test.

Data analysis

Peak force of each contraction was determined for every 
5-min test. Force output was converted to torque by multi-
plying the measured force by the moment arm at the knee 
and expressed as an absolute torque value (N m). In order to 
aid in comparisons among experiments and stimulation fre-
quencies relative torque (%) was expressed as a percentage 
of starting torque at 100 Hz for experiments 1 and 2 and of 
starting torque at 50 Hz for experiment 3. ETT was calcu-
lated as the average torque of the final six contractions (30 s) 
for the 3:2 duty cycle (experiment 1 and 3) and the final 
seven contractions (28 s) for the 2:2 duty cycle (experiment 
2). Impulse above the end-test torque (∫T Total) was calculated 
as the area under the torque–time curve that was above ETT. 
The area for each contraction was summed to yield the cri-
terion value for ∫T Total.

Statistics

All statistical tests were performed using SPSS 24 (IBM, 
Armonk, NY, USA). For each stimulated exercise bout, a 
one-way analysis of variance (ANOVA) was initially per-
formed on the final six contractions (experiment 1 and 
3) and final seven contractions (experiment 2) to deter-
mine if a plateau in torque occurred. Once this was con-
firmed, absolute and relative ETT as well as ∫T Total were 
compared among the different stimulation protocols. For 
experiment 1, a 2 (visit 1, 2) × 4 (100, 50, 25 Hz, and 
Sub-ETT) repeated measures ANOVA within partici-
pant analysis was performed to determine if ETT differed 
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among the protocols or between testing visits. For experi-
ment 2, a one-way ANOVA was performed to compare 
absolute and relative ETT, and ∫T Total among the 100 Hz 
protocol from visit 1 and visit 2, the intermediate protocol 
and the Sub-ETT protocol. Main effects were only inter-
preted in the absence of a significant interaction. Post-hoc 
comparisons among the protocols were performed using a 
paired samples t test. Absolute and relative ETT and ∫T Total 
between the control and occluded conditions in experi-
ment 3 were analyzed using a two-tailed paired samples 
t test. The effect of duty cycle (3:2 vs. 2:2) on ETT at 
100 Hz was examined using an independent samples t test 
to compare vales from experiment 1 and experiment 2. 
Since no differences were found between 100 Hz testing 
visits in both experiments 1 and 2, the values from each 

visit were averaged for this analysis. Significance was set 
a priori at p ≤ 0.05.

Results

Experiment 1

Stimulated torque declined (p < 0.001) over the course of 
the 5-min protocol during both testing visits at 100, 50, and 
25 Hz stimulation (Fig. 1; Table 1). No changes (p ≥ 0.43) 
were observed in the Sub-ETT protocol during either visit 
when the final contractions were compared to initial. Torque 
plateaued during the final six contractions of each protocol 
during both testing visits (Fig. 1). The visit × stimulation 

Fig. 1   Mean (n = 9) contraction by contraction peak torque normal-
ized to the starting torque during 100 Hz stimulation over two testing 
visits (a, b) during 100, 50, and 25 Hz stimulation at a 3:2 duty cycle. 
During the Sub-ETT bout, the stimulation frequency was lowered 

(typically 5–15  Hz) to elicit an initial torque lower than the deter-
mined ETT of the other stimulation frequencies. Error bars are not 
shown for the sake of clarity

Table 1   Comparison of 
parameters of the 5-min 
stimulated test and the end-test 
torque derived from 3:2 duty 
cycle

Values are mean ± SEM. Starting torque, peak torque observed during the first contraction of the test; end-
test torque, mean peak torque of the final six contractions (30 s)
*Significantly different from starting torque (p < 0.05). #Significantly different (main comparison) from 100 
and 50 Hz (p < 0.05)

Stimulation 
frequency

Visit Starting torque (N m) End-test torque (N m) % starting 
torque at 
100 Hz

∫T Total (N m s)

100 Hz 1 56.6 ± 9.1 12.4 ± 1.6* 24.1 ± 2.7 1959.6 ± 323.4
2 58.8 ± 7.2 13.6 ± 1.2* 24.7 ± 1.9 2036.3 ± 314.3

50 Hz 1 37.0 ± 7.0 12.4 ± 2.0* 23.2 ± 2.5 1829.8 ± 327.8
2 49.7 ± 6.8† 14.9 ± 1.2* 27.0 ± 2.0 2043.4 ± 291.9

25 Hz 1 18.1 ± 3.6 11.8 ± 1.9* 21.6 ± 1.9 1087.1 ± 310.5#

2 20.8 ± 5.8 13.2 ± 2.2* 21.4 ± 1.7 1244.9 ± 358.2#

Sub-ETT 1 6.8 ± 2.1 7.0 ± 1.5 12.4 ± 1.8 –
2 5.1 ± 1.8 6.8 ± 1.4 11.0 ± 1.7 –



1411European Journal of Applied Physiology (2018) 118:1407–1414	

1 3

protocol interaction for absolute ETT was not significant 
(p = 0.39), nor was the main effect for visit (p = 0.18). A 
main effect for protocol was found (p < 0.001) with values 
from the Sub-ETT protocol being lower than ETT from 
100, 50, and 25 Hz (p ≤ 0.004; Table 1). Similar results 
were found for relative ETT (normalized to starting torque 
at 100 Hz) with the interaction (p = 0.44) and main effect for 
visit (p = 0.65) not being significant while a main effect for 
protocol (p < 0.001) was found with the Sub-ETT protocol 
(p ≤ 0.001) being reduced from 100, 50, and 25 Hz protocols 
(Fig. 1). No differences were found among the 100, 50, and 
25 Hz protocols (p ≥ 0.13). ∫T Total did not differ between 
testing visits (p = 0.84 for the interaction and p = 0.42 for 
the main effect). A significant main effect for stimulation 
protocol was found (p = 0.002; Table 1) with values from 
100 and 50 Hz not differing (p = 0.98), while values from 
25 Hz were reduced compared to 100 Hz (p = 0.02) and 
50 Hz (p = 0.001).

Experiment 2

Stimulated torque declined (p < 0.001) over the course of the 
5-min protocol during both 100 Hz stimulations (visit 1 and 
visit 2), and during the intermediate stimulation frequency 
protocol (Fig. 2; Table 2). No changes were observed over 
time in the Sub-ETT protocol (p = 0.71). Torque plateaued 
during the final seven contractions of each protocol dur-
ing both testing visits (Fig. 2). Absolute ETT did not differ 
among both 100 Hz protocols and the intermediate protocol 
(p ≥ 0.29; Table 2), but values from the Sub-ETT protocol 
were lower than those from 100 Hz and the intermediate 
protocol (p ≤ 0.001; Table 2). Similar results were found for 
relative ETT (normalized to starting torque at 100 Hz) with 
differences observed among the 100 Hz protocols and the 
intermediate protocol (p ≥ 0.11), but the Sub-ETT protocol 
was reduced (p < 0.001) from the 100 Hz and intermedi-
ate protocols (Table 2). ∫T Total did not differ between the 
100 Hz protocols (p = 0.36), but values from the intermedi-
ate protocol were reduced compared to both 100 Hz proto-
cols (p < 0.001; Table 2).

Experiment 3

Stimulated torque declined (p < 0.001) over the course of 
the 5-min protocol using 50 Hz stimulation in both the con-
trol and occluded conditions (Fig. 3). Additionally, torque 
plateaued during the final six contractions in each condi-
tion (Fig. 3). Absolute (p < 0.001) and relative (p < 0.001) 
ETT were significantly reduced in the occluded condition 
(Fig. 3; Table 3). ∫T Total increased (p = 0.03) by ~ 39% in the 
occluded condition compared to control.

Effects of duty cycle

When data from 100 Hz stimulation in experiment 1 were 
compared to 100 Hz stimulation in experiment 2, reducing 
the duty cycle of stimulation from 3:2 to 2:2 resulted in a 
31% increase (13.0 ± 4.0 vs. 17.2 ± 4.1 N m; p = 0.02; Fig. 4) 
in absolute ETT. Relative ETT increased 30% (29.9 ± 4.6 

Fig. 2   Mean (n = 20) contraction by contraction peak torque normal-
ized to starting torque during 100  Hz stimulation using a 2:2 duty 
cycle for both visits at 100  Hz, at an intermediate stimulation fre-
quency (typically 15–30 Hz) and a Sub-ETT bout (typically 5–15 Hz) 
eliciting an initial torque lower than the determined ETT from the 
other stimulation frequencies. Error bars not shown for clarity

Table 2   Comparison of 
parameters of the 5-min 
stimulated test and the end-test 
torque derived from 2:2 duty 
cycle

Values are mean ± SEM. Starting torque, peak torque observed during the first contraction of the test; end-
test torque, mean peak torque of the final seven contractions (28 s)
*Significantly different from starting torque (p < 0.05). #Significant difference from 100 Hz (p < 0.05)

Stimulation frequency Starting torque (N m) End-test torque (N m) % starting 
torque at 
100 Hz

∫T Total (N m s)

100 Hz (visit 1) 57.2 ± 4.0 17.1 ± 1.1* 30.7 ± 1.5 2429.1 ± 30.9
100 Hz (visit 2) 55.5 ± 3.3 17.3 ± 0.9* 32.1 ± 1.6 2236.6 ± 25.9
Intermediate 25.9 ± 1.8 18.5 ± 1.1* 34.2 ± 1.8 1149.2 ± 22.3#

Sub-ETT 11.5 ± 0.9 11.7 ± 0.8 20.9 ± 1.2 –
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vs. 31.2 ± 5.7 N m; p = 0.002; Fig. 4) in the 2:2 condition 
compared to the 3:2 duty cycle condition.

Discussion

In the current study, we have demonstrated that torque output 
during contractions evoked by intermittent electrical stimu-
lation mirrors the hyperbolic decline and subsequent plateau 
observed during voluntary contractions—suggesting attain-
ment of a critical end-test torque. Additionally, the observed 
ETT was found to be reliable over multiple testing days, was 
similar regardless of starting torque, and was reduced when 
oxygen delivery altered by increasing the contraction duty 
cycle and when proximal blood flow occlusion was applied, 
again mimicking findings under voluntary conditions.

In our initial experiment we found that ETT plateaued 
at a similar torque value during stimulation at 100, 50, 
and 25 Hz and that ETT values were similar from day-to-
day. The attainment of a plateau in ETT is consistent with 
observations from previous studies (Bickel et al. 2003; Russ 
and Binder-Macleod 1999; Slade et al. 2003) employing 

intermittent stimulated exercise. Under voluntary condi-
tions submaximal work performed above CP/CT results in 
fatigue that occurs in a predictable manner that is inversely 
related to how far the work rate exceeds CP/CT (Jones et al. 
2008; Burnley 2009). In the present study, contraction torque 
was manipulated by altering stimulation frequency while 
holding stimulation amplitude constant. This enabled us to 
alter work rate and metabolic intensity without altering acti-
vated skeletal muscle mass (Black et al. 2008; Gorgey et al. 
2009). Four stimulation frequencies were employed, three 
of which resulted in a starting torque that was above ETT 
and one where initial torque was below ETT. The finding 
that torque declined to a similar ETT when initial torque 
was above ETT, regardless of how far, and that no fatigue 
occurred when starting torque was below ETT of 100, 50, 
and 25 Hz stimulation supports the supposition that a critical 
threshold exists for repeated intermittent stimulated exer-
cise. In experiment 2 we found similar results for day-to-day 
reproducibility and for the effects of altering initial torque on 
ETT while employing a 2:2 duty cycle. Again, the findings 

Fig. 3   Contraction by contraction peak torque normalized to starting 
torque during 50 Hz stimulation at a 2:2 duty cycle between control 
(closed circle) and occluded (open circle) conditions. *Significant dif-
ference in ETT (mean of the final six contractions) between condi-
tions (p < 0.05)

Table 3   Comparison of parameters of the 5-min stimulated test and the end-test torque derived from control and occlusion conditions

Values are mean ± SEM. Starting torque, peak torque observed during the first contraction of the test; end-test torque, mean peak torque of the 
final six contractions (30 s)
*Significantly different from starting torque (p < 0.05). †Significantly different from control (p < 0.05)

Blood flow condition Starting torque (N m) End-test torque (N m) % starting torque ∫T Total (N m s)

Control 58.6 ± 4.5 18.9 ± 1.7* 32.9 ± 2.3 2330.2 ± 200.8
Occlusion 59.6 ± 5.2 6.1 ± 1.4*,† 11.9 ± 3.4† 3227.4 ± 375.9†

Fig. 4   Comparison of group peak torque during 100 Hz stimulation 
between the 3:2 (n = 9) and 2:2 (n = 20) duty cycles relative to start-
ing torque. Since no differences were observed between visit 1 or 
visit 2 for either stimulation duty cycle, the visits were averaged for 
this comparison. Error bars represent SEM (for clarity). *Significant 
difference in ETT between duty cycles (p < 0.05)
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support the idea of a critical torque threshold where a meta-
bolic steady-state can be achieved.

As the voluntary critical threshold represents an oxygen-
dependent, metabolic steady-state, changes in blood flow 
to working skeletal muscle, either via occlusion or changes 
in the work-to-rest cycle, have been shown to affect CP/CT 
(Broxterman et al. 2015, 2014). In experiment 3 occluding 
blow flow to contracting skeletal muscle resulted in a 68% 
reduction in ETT compared to the control, unoccluded con-
dition. When expressed relative to the initial torque, ETT 
occurred at only 12% of starting torque. Our findings under 
occluded conditions are consistent with those of Broxter-
man et al. (2015) who demonstrated that during voluntary 
exercise occlusion resulted in a reduction of CP to essen-
tially zero. Broxterman et al. (2014) also demonstrated that 
increasing the work-to-rest cycle during intermittent exercise 
lead to greater oxygen desaturation and a concomitant reduc-
tion in CP. Given this, we compared ETT during 100 Hz 
stimulation in experiment 1 (employing a 3:2 duty cycle) 
and experiment 2 (employing a 2:2 duty cycle). Reducing 
the work-to-rest cycle from 3:2 to 2:2 resulted in ETT val-
ues that were ~ 30% higher. Taken together our findings that 
altering oxygen delivery to working muscles by increasing 
the duty cycle and by applying occlusion indicate, much 
like voluntary CP/CT, that stimulated ETT is also sensitivity 
oxygen delivery.

During voluntary cycling exercise, the finite amount of 
work that can be performed above CP is represented by the 
term W′ with task failure being closely associated with the 
depletion of W′. Under isometric conditions the summed 
impulse above critical torque (IACT) calculated for each 
contraction may represent a physiological parameter similar 
to W′ (Kellawan et al. 2014), although data from Burnley 
(2009) disagree with this assertion. In the present study we 
found that the summed area under the torque–time curve 
(∫T Total) was similar from day-to-day in both experiment 1 
and experiment 2 when the initial torque value was greater 
than ETT. When initial torque was reduced by reducing 
stimulation frequency (the 25 Hz protocol in experiment 
1 and the intermediate protocol in experiment 2) ∫T Total 
declined compared the 100 and 50 Hz protocols which 
yielded higher initial torques. This finding was somewhat 
unexpected as under voluntary conditions the magnitude 
of W′ (Broxterman et al. 2015; Jones et al. 2008; Monod 
and Scherrer 1965) and IACT (Kellawan et al. 2014) was 
conserved across bouts of exhaustive exercise above CP/
CT. The most likely explanation of this finding is that the 
reduction in ∫T Total is a consequence of the reduced start-
ing torque, and relatively similar pattern of torque decline 
over time to a similar ETT among the different stimulation 
frequencies. These findings provide additional evidence that 
the physiological determinants of ∫T Total are likely not identi-
cal to those of W′. Interestingly, under conditions of blood 

flow occlusion ∫T Total was increased 39%. Broxterman et al. 
(2015) found W′ also increased (an average of 49%) under 
conditions of blood flow occlusion. It has been suggested 
(Coats et al. 2003; Ferguson et al. 2010) W′ may be deter-
mined by the integration of several mechanisms and may 
not solely be due to the performance of a finite amount of 
work. The modeling performed by Broxterman et al. (2015) 
suggests that especially at low power outputs that a portion 
of W′ may be used for factors that are not related to exter-
nal work performance. The similar increase in ∫T Total in the 
occluded condition in the present study suggests that ∫T Total 
is also an integrative measure and might be used for factors 
unrelated to external work—although future studies specifi-
cally designed to test this supposition are needed.

We believe our findings can be particularly useful in fur-
thering the understanding of peripheral and central factors in 
fatigue in populations who have difficulty performing maxi-
mal contractions such as those with neuromuscular disorders 
and the aged. Critical power represents an important, but 
understudied, parameter of aerobic metabolic function. It 
has been shown to be a better predictor of functional per-
formance tasks than more commonly assessed parameters 
such as V̇O2 peak and lactate threshold (Ade et al. 2014). 
Despite its usefulness, few studies have attempted to deter-
mine CP in clinical populations—likely due the necessity of 
sustained maximal efforts for its determination. The NMES 
exercise test employed in the present study provides a poten-
tial alternative test to study aspects of peripheral metabolic 
function in individuals for whom a maximal voluntary effort 
is difficult and/or contraindicated. The NMES test was well 
tolerated in our participants using the 2:2 and 3:2 stimulation 
duty cycles with all participants completing all of the 5-min 
exercise tests with little to no complaints of discomfort. 
Additionally, ETT plateaued before the final 30-s regard-
less of the duty cycle and stimulation frequency used (at 
approximately 4 min and 25 s at the 2:2 duty cycle and at 
approximately 3 min and 45 s at the 3:2 duty cycle)—sug-
gesting the NMES test could be shortened if the length of 
the test is an issue in clinical populations.

In summary, we have demonstrated that intermittent exer-
cise evoked by NMES yields a steady-state ETT, that is simi-
lar across both multiple testing sessions, yields similar val-
ues regardless of initial torque as long as that torque exceeds 
ETT, and when evoked torque is below ETT that no fatigue 
is observed. When taken together with our findings that ETT 
is sensitive to oxygen delivery we propose that ETT during 
NMES exercise represents a parameter similar to critical 
torque during voluntary exercise. We believe that this NMES 
protocol has the potential to be a useful tool in furthering 
our understanding of peripheral and central factors in fatigue 
during exercise and may prove especially useful in popula-
tions who have difficulty performing maximal contractions 
such as those with neuromuscular disorders and the aged.
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