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Introduction

Anchoring exercise to a rating of perceived exertion (RPE-
Clamp Model) has been used to examine complex fatigue-
induced responses1-5. Kluger et al.6, reported that fatigue can 
be explained by two independent characteristics including 
perceived fatigability and performance fatigability (PF). 
Perceived fatigability encompasses subjective perceptions 
of fatigue, effort, or discrepancies between expended 
exertion and achieved performance6. In contrast, PF refers 
to the magnitude of changes in performance-associated 

measurements (e.g., force/power decrease) after a given 
fatiguing task. Furthermore, it has been suggested that PF is 
affected by peripheral factors (e.g., uncoupling of excitation/
contraction due to an accumulation of metabolic byproducts 
in active muscles) as well as central factors (e.g., decrease in 
central drive, and cortical and subcortical networks)6,7. In this 
regard, the RPE-Clamp Model has been utilized to investigate 
the impacts of perception of fatigue on adjustments in force 
throughout a task and on the resultant PF2-4,7. Previous 
studies have reported continuous reductions in force to 
maintain the required RPE and significant reductions in 
maximal voluntary isometric contraction (MVIC) force from 
pre- to post- exercise (PF of 34.7% [women] to 47.5% 
[men]) for unilateral, isometric leg extensions2,8. However, 
the amount of muscle mass engaged can also play an 
important role in the magnitude of perceived fatigability and 
PF9,10. Thomas et al.10, suggested that as the active muscle 
mass is smaller, the exerciser is able to tolerate greater 
local muscular stress, leading to greater magnitude of PF 
(i.e., greater reduction in MVIC) than in exercise involving 
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greater active muscle mass. Therefore, it is possible that a 
fatiguing task requiring a muscle contraction of small muscle 
group (e.g., forearm muscles related to unilateral handgrip) 
would bring about greater magnitude of PF compared to a 
muscle contraction of a larger muscle group (e.g., quadriceps 
muscles related to leg extension)10. Koral et al.11, not only 
demonstrated that there was a significantly lower post- 
exercise MVIC in a unilateral condition compared to bilateral 
condition after a 1-min sustained maximal leg extension 
exercise, but cautioned that other factors such as an exercise 
intensity (maximal vs. submaximal muscle contraction), 
a contribution of assistive muscles, and psychobiological 
processes should be also considered when assessing the 
global fatigue response. The PF has not been examined for 
RPE-clamp exercise involving the relatively small muscles of 
the forearm during submaximal, isometric handgrip exercise. 

The application of RPE-Clamp exercise allows for the 
examination of mechanisms underlying pacing strategies 
reflected by the selection of an initial force and the continuous 
modulations in force throughout a task to maintain the 
required RPE4,5,7,12,13. Tucker5 suggested that the initial 
exercise intensity for RPE-Clamp exercise is informed by an 
anticipatory or feedforward component that involves physio-
psychological inputs (e.g., previous experiences, motivation, 
skin temperature, muscle glycogen) which are processed 
within the pre-motor and/or motor areas of the brain. 
However, it has been proposed that the continued reductions 
in force throughout exercise at a fixed RPE are related to both 
feedforward and feedback mechanisms4,5,7,12,13. The Corollary 
Discharge Model from previous studies13,14 supports the 
feedforward mechanism, and proposed that the corollary 
discharge may arise from premotor and primary motor areas 
that can produce an internal signal that traverses outward 
via efferent pathways, thus the perception of effort may be 
generated from central motor commands and integrated 
within the supplementary motor area (SMA) to regulate 
the exercise intensity. During continuous exercise, however, 
it has been suggested that feedback from the exercising 
muscle, via group III and IV afferent neurons which are 
sensitive to mechanical and metabolic changes within 
the muscles, respectively, may inform modulations in the 
exercise intensity and reduce central motor drive12. These 
feedforward and feedback mechanisms are integrated in the 
Sensory Tolerance Limit (STL) Model which identifies a global 
model of fatigue where the sum of feedback from primary and 
indirectly involved muscles during an exercise are combined 
with feedforward corollary discharges to regulate the 
magnitude of central motor command and ultimately inform 
the voluntary modulations in force generation that lead to 
task failure15. Therefore, the RPE-Clamp Model allows for the 
examination of how pacing strategies are influenced by the 
integration of these anticipatory, feedforward, and feedback 
mechanisms4,5,7,12,13.

The RPE-Clamp Model has been also used to examine the 
fatigue-induced neuromuscular responses as an alternative 
method of anchoring to force2-4,7. Previous studies have 
reported that during prolonged, submaximal, isometric 

muscle contractions anchored to force, there were fatigue 
induced increases in electromyographic (EMG) amplitude 
(AMP) that reflect an increase in muscle excitation (i.e., 
motor unit recruitment, firing rate, synchronization), and 
decreases in EMG mean power frequency (MPF) due to the 
decreases in action potential conduction velocity along the 
sarcolemma as a result of metabolic perturbations2,16,17. 
Moreover, neuromuscular efficiency (NME), defined as 
normalized force divided by normalized EMG AMP, has 
been shown to decrease during prolonged contractions 
because more muscle excitation of the fatigued muscle is 
required to maintain the same voluntary tension during 
or after fatiguing muscle contraction18-20. However, during 
RPE-clamp exercise, where force is modulated to maintain a 
fixed RPE, evidence of neuromuscular fatigue diverges from 
the typical manifestations present during constant force 
exercise2-4,7. Specifically, Keller et al.2, demonstrated that 
there was a decrease in EMG AMP, but no change in EMG 
MPF during a sustained, isometric leg extension muscle 
contraction anchored to RPE=5 (OMNI-RES) in males. It is 
plausible that it was necessary to decrease force production 
which was accompanied by reductions in muscle excitation 
(EMG AMP) to maintain the assigned RPE=5 during the 
isometric, fatiguing task, and no clear evidence of metabolic 
perturbations based on the lack of change in EMG MPF, which 
may assume that there would be little change in NME (force/
EMG AMP)2. However, this study2 set the maximal time of 
exercise at 5 min. Specifically, the isometric, fatiguing leg 
extension exercise was terminated at a predetermined 
5 min endpoint even though four of the 10 subjects had 
not reached zero force output and, therefore, could have 
continued to reduce force to maintain the assigned RPE. 
It is possible that a fatiguing task sustained for longer 
periods of time (more than 5 min), until subjects reach zero 
force output, could alter the accompanied neuromuscular 
patterns and NME responses. 

No previous studies have reported the effects of RPE-
clamp exercise on the neuromuscular responses (EMG AMP, 
EMG MPF, and NME) and PF (i.e., absolute force difference 
between pre-MVIC to post-MVIC, and percent decline of 
MVIC) during sustained, isometric, fatiguing handgrip holds. 
This information may provide insight into how the subjective 
sensations (perceived fatigability) influence the actual force 
production (PF) during the fatiguing task. The purpose of 
this study was to investigate PF as well as the time course 
of changes in force and neuromuscular responses (EMG 
AMP, EMG MPF, and NME) during a sustained, isometric, 
handgrip hold to failure (HTF) using the RPE-Clamp Model 
at an RPE level equal to 5 on the OMNI-RES 0-10 scale. 
Based on previous reports2,10, it was hypothesized that there 
would be reductions in force and EMG AMP to maintain the 
predetermined RPE=5, but there would be no changes in EMG 
MPF. It was also hypothesized that the magnitude of PF of the 
forearm muscles would be greater than previously reported 
for the leg extensors2. 
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Methods

Research Design

This study utilized a repeated measure, experimental 
design that consisted of 2 visits separated by a minimum of 
24 hours. Testing procedures involved performing isometric 
muscle actions using a handgrip dynamometer (TSD121C; 
BioPac Systems Inc), which had a sensitivity rating of 
0.022N. During the familiarization visit (visit 1), the subjects 
were oriented to the RPE scale, completed MVIC testing of the 
dominant hand for reliability purposes, and were asked to set 
anchors to the RPE scale. At visit 2, the subjects performed 
a continuous isometric handgrip hold anchored by RPE at an 
RPE=5 on the OMNI-RES 0-10 scale to task failure (i.e., force 
= 0N). The HTF during visit 2 was performed on the dominant 
hand and pre- and post-MVICs were performed to examine 
PF which was expressed as absolute newton (N) values for 
analyses and as a relative value for descriptive purposes (i.e., 
% change). During all handgrip exercises, neuromuscular 
responses (EMG AMP and MPF) were measured from the 
brachioradialis of the dominant limb. NME (normalized 
force/normalized EMG AMP) was examined for each MVIC 
and throughout the RPE hold. After the fatiguing handgrip 
task, the subjects were asked to identify the specific factors 
that contributed to the task failure via a post-test failure 
questionnaire. Specifically, the subjects were asked to 
indicate 1) muscles (forearm muscles, hand, biceps, triceps) 
or organs (lungs/out of breath), 2) psychological factors 
(loss of mental focus, loss of motivation, boredom), 3) levels 
of pain or discomfort that were all categorized from 1 (no 
contribution at all) to 5 (extreme contribution). 

Subjects

Twelve males (mean±SD: 28.2±3.8yr, 179.2±7.0cm, 
82.5±17.5kg) were recruited and completed testing for this 
study. Inclusion in the study comprised subjects who were 
free of musculoskeletal injuries and neuromuscular diseases, 
currently were participating in resistance training (for at 
least 6 months, 1 time per week), demonstrated readiness 
for physical activity via an informed consent form, had no 
medical contraindications as determined via a health history 
form. The subjects were asked to maintain their current level 
of physical activity, but to abstain from upper body resistance 
training exercise for at least 24 hours, and from consuming 
caffeine within 3 hours prior to their testing session. All of 
the subjects completed a health history form. 

Familiarization Session and MVIC Determination

The first visit included a familiarization session to orient 
the subjects to the RPE scale. In addition, MVIC testing 
was performed, which was used for test-retest reliability 
determination along with the pre-MVIC measurement during 
visit 2. During the familiarization and experimental visits, the 
following RPE instructions, which were modified from Keller 
et al.2, were read to subjects: 

“You will be asked to set an anchor point for both the lowest 

and highest value on the RPE scale. To determine the lowest 
anchor, you will be asked to sit quietly and relax your whole 
body without contracting your forearm muscles to familiarize 
yourself with a zero. You will be then asked to perform two 
maximal voluntary isometric contractions to familiarize 
yourself with a 10. When instructed to perform the handgrip 
task corresponding to this scale, perceived exertion at a 
given RPE level should be relative to these defined anchors”.

Following these instructions and prior to the MVIC trials, a 
warm-up was performed with 3-5, 6-s holds at a perceived 
effort of 30-80% of maximum. After three minutes of rest 
from the last warm-up contraction, the subjects performed 
3-5 MVICs for the dominant hand, each consisting of a 3-s 
contraction at 90° of forearm flexion, with the hand in the 
neutral position. For the MVICs, a 1-s epoch corresponding 
with the middle 1/3 of the contraction was isolated for signal 
analysis. Two trials of MVICs within 5% of one another were 
selected, and the test that resulted in the greatest peak force 
was used as the test 1 MVIC force. 

Experimental Visit: Handgrip exercise anchored to a rating of 
perceived exertion

During the experimental visit, the subjects performed 3-5 
MVIC trials (the greatest force was recorded as test 2 for 
reliability analyses) before and one MVIC trial immediately 
after a continuous isometric hold exercise anchored to 
RPE 5. Prior to the MVIC trials, the subjects performed 
the standardized warm-up and were read the same RPE 
instructions previously described. After the MVIC trials, 
the subjects completed the RPE=5 HTF. The subjects 
were instructed to adjust force production to maintain a 
predetermined level of exertion equivalent to RPE=5 (between 
somewhat easy and somewhat hard). During the hold, the 
subjects were blinded to the force output to mitigate any 
potential pacing strategies from visual feedback during the 
trial. Specifically, the subjects did not receive visual feedback 
associated to force production, so that the perception of 
exertion would not be confounded with visual information 
of force. Task failure was determined as the timepoint at 
which subjects indicated that they could no longer sustain 
the assigned RPE (i.e., increase in perceived exertion) despite 
continued reductions in force (i.e., zero force production). 
The time to task failure (Tlim) was recorded in seconds. The 
changes in force were examined in standardized segments 
every 5% of time to failure to examine the changes across 
time. Specifically, a 1-sec epoch at the beginning and end 
(0% and 100% Tlim) of each HTF and 500 ms before and 
after each 5% of Tlim (1-second epoch from the center of each 
5% segment) were used to examine the changes in force 
over time, providing 21 timepoints. 

Electromyography Measurements

During the test 1 MVIC as well as the test 2 pre- and post-
MVICs and the RPE=5 HTF trial of the experimental visit, 
pre-gelled surface EMG electrodes were placed in a bipolar 
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arrangement (20mm center-to-center) on the brachioradialis 
of the dominant arm. The brachioradialis was selected based 
on pilot data that demonstrated pronounced changes in EMG 
signals, despite this muscle not being the primary muscle 
in handgrip, and to minimize cross-talk between electrodes 
placed on the intrinsic muscles. Prior to electrode placement, 
the site on the skin was shaved, carefully abraded, and cleaned 
with isopropyl alcohol. According to recommendations from 
Barbero et al.21, a line from the styloid process of the radius 
to a midpoint on the line between the lateral and medial 
epicondyles were indicated. One electrode was then placed at 
75% of this line (i.e., proximal part of the muscle belly), and 
another electrode was placed 2 cm distally from the attached 
electrode on the same line. A reference electrode was placed 
on the radial styloid process. 

Signal Processing

The raw EMG signals were digitized at 2000 Hz and stored 
in a personal computer for analysis. The recorded signals 
were processed with a custom code written in MATLAB (The 
MathWorks) program. The EMG signals were amplified (EMG 

100c, BIOPAC Systems, Inc., gain: x1,000) and bandpass-
filtered (zero-phase shift fourth-order Butterworth) at 
10-500 Hz. The EMG AMP and MPF were recorded in 
standardized segments of 5% of Tlim during the fatiguing 
testing session and normalized to the respective values at 
the pre-MVIC. A 1-sec epoch at the beginning (0% Tlim) and 
end (100% Tlim) of the HTF and 500 ms before and after 
each 5% of Tlim (1-second epoch from the center of each 5% 
segment) were used to calculate the EMG AMP (microvolts 
root mean square, μVrms). For the EMG MPF analysis, each 
data segment was processed with a Hamming window and 
a Fast Fourier transform (FFT) algorithm. The MPF was 
selected to represent the power spectrum based on the 
recommendations of Hermens et al22. In addition, NME was 
calculated for the initial (0% Tlim), final (100% Tlim), and each 
5% segment by determining the ratio of the normalized force 
to normalized EMG AMP20.

Statistical Analyses

Anthropometric data (age, height, and weight) were 
used for descriptive purposes. The reliability of the MVIC 

Figure 1. Time course of changes for the mean ± SD normalized force and neuromuscular responses (% pre-maximal voluntary isometric 
contraction [MVIC]) during the sustained, isometric handgrip holds anchored to RPE 5. A) Force, B) Electromyographic amplitude (EMG 
AMP), C) Electromyographic mean power frequency (EMG MPF), D) Neuromuscular efficiency (NME). Data are presented using means 
(dots) and standard deviation (error bars). * Indicates a significant (p<0.0025) decrease, relative to the initial time point (0% Tlim).
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force from test 1 and test 2 was examined using a one-way 
repeated measures ANOVA, ICC (2,1), standard error of the 
measurement (SEM), minimal difference to be considered 
real (MD)23, and coefficient of variation (CoV)24. A paired 
samples t-test was used to compare the pre- to post-MVIC 
force (N) (i.e., PF). Analyses were performed to examine 
the time course of changes in force, EMG AMP and MPF 
responses as well as NME. Since each subject had a different 

Tlim, time was normalized as a percentage of Tlim, and 21 
timepoints (5% segments, 0%-100% Tlim) were used for 
the analyses of force, EMG AMP and MPF as well as NME 
responses. Specifically, the time course of changes in force, 
EMG AMP, EMG MPF, and NME were examined using separate, 
1-way repeated measures ANOVAs across time and post-hoc 
t-tests with a Bonferroni corrected alpha level to determine 
changes across time, relative to the initial value (p<0.0025). 

Table 1. The results of the post-test failure questionnaire after the handgrip task anchored to a rating of perceived exertion at=5. The number 
of reports was indicated among 12 subjects. 

No Contribution Slight Contribution
Moderate 

Contribution
Significant 

Contribution
Extreme 

Contribution

Forearm Muscle Groups 2 3 3 4

Handgrip-involved Muscles 1 1 5 5

Biceps 6 5 1

Triceps 10 1 1

Loss of Mental Focus 8 3 1

Loss of Motivation 10 2

Boredom 10 1 1

Pain 8 2 1 1

Discomfort 7 2 1 2

Table 2. The post-hoc t-tests with a Bonferroni corrected alpha level for comparisons across time (p<0.0025) for the force indicating mean 
difference (% MVIC), 95% confidence interval of the difference (uncorrected), effect size (Cohen’s d), and p-value between each time point.

Time Mean difference 95% CI Effect size p- value

0% - 5% 0.551 -12.277 13.378 0.027 0.926

0% - 10% 6.115 -5.259 17.489 0.342 0.262

0% - 15% 9.253 -2.264 20.771 0.510 0.105

0% - 20% 11.264 0.304 22.225 0.653 0.045

0% - 25% 13.056 2.551 23.561 0.790 0.019

0% - 30% 15.488 5.837 25.138 1.020 0.005

0% - 35% 15.824 6.023 25.625 1.026 0.005

0% - 40% 16.954 7.387 26.521 1.126 * 0.002

0% - 45% 18.066 9.299 26.832 1.309 * <0.001

0% - 50% 18.930 9.486 28.374 1.274 * 0.001

0% - 55% 19.608 10.042 29.173 1.302 * <0.001

0% - 60% 20.247 10.754 29.739 1.355 * <0.001

0% - 65% 19.876 11.203 28.549 1.456 * <0.001

0% - 70% 19.518 10.466 28.569 1.370 * <0.001

0% - 75% 20.058 10.841 29.274 1.383 * <0.001

0% - 80% 20.802 11.684 29.919 1.450 * <0.001

0% - 85% 21.058 12.229 29.888 1.515 * <0.001

0% - 90% 21.537 12.243 30.830 1.472 * <0.001

0% - 95% 23.335 14.210 32.460 1.625 * <0.001

0% - 100% 24.588 15.427 33.748 1.705 * <0.001

 * Indicates a significant (p<0.0025) decrease in force, relative to the initial time point (0% Tlim).
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An alpha level of p≤0.05 was used to determine statistical 
significance for all ANOVAs. Measures of effect size included 
partial eta square (η  p2) and Cohen’s d. All statistical analyses 
were conducted using the Statistical Package for Social 
Sciences software (v.28.0 IBM SPSS Inc.).

Results

Reliability

There were no mean differences between the test 1 
(Mean±SD: 452.95±93.82 N) and test 2 (453.63± 94.01 N) 

pre-MVICs (F=0.011, p=0.920, η  p2=0.001). The ICC values of 

pre-MVICs (R=0.970) from test 1 and 2 indicated ‘excellent’ 

test-retest reliability25. In addition, the SEM and MD were 

15.89 N, and 44.15 N, respectively. Furthermore, the CoV 

(3.51%) was below the 10% threshold to be considered 

sufficiently reliable24.

Time to Task Failure and Time Course of Changes in Force

The Tlim for the handgrip HTF at RPE 5 was 512.4±245.9 

sec (range: 156 – 1033 sec). All of the subjects reached 0 N 

Table 3. The pre- and post- maximal voluntary isometric contraction (MVIC) expressed in absolute (N) and relative (% decrease) terms for 
each subject.

Subject pre (N) post (N) % decrease

1 543.3 433.6 20.2

2 425.9 235.4 44.7

3 525.0 338.3 35.6

4 357.4 204.2 42.9

5 669.0 538.7 19.5

6 390.1 233.9 40.0

7 439.7 237.0 46.1

8 374.9 188.9 49.6

9 417.6 275.1 34.1

10 432.8 214.8 50.4

11 348.2 263.6 24.3

12 519.7 255.2 50.9

Mean 453.6 284.9 38.2

SD 94.0 103.9 11.5

Figure 2. The pre- and post-maximal voluntary isometric contraction (MVIC) values for handgrips holds anchored at RPE 5. The mean ± 
SD values of pre- and post-MVIC were 453.6±94.0 N, and 284.9±103.9 N, respectively. * Indicates a significant (p<0.001) decrease in 
force from pre- to post-MVIC.
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Table 4. The post-hoc t-tests with a Bonferroni corrected alpha level for comparisons across time (p<0.0025) for the normalized 
electromyographic amplitude (EMG AMP) responses including the mean difference between time points, 95% confidence interval of the 
difference, effect size (Cohen’s d), and p-value between each time point.

Time Mean difference 95% CI Effect size p- value

0% - 5% 2.120 16.127 4.655 0.131 0.658

0% - 10% 6.798 12.097 3.492 0.122 0.078

0% - 15% 7.732 12.713 3.670 0.562 0.059

0% - 20% 8.254 12.246 3.535 0.523 0.040

0% - 25% 10.866 11.238 3.244 0.608 0.006

0% - 30% 12.077 10.651 3.075 0.566 * 0.002

0% - 35% 9.933 11.549 3.334 0.674 0.013

0% - 40% 10.692 11.784 3.402 0.627 0.009

0% - 45% 11.595 10.896 3.145 0.967 0.004

0% - 50% 11.065 10.436 3.013 0.899 0.004

0% - 55% 12.091 10.887 3.143 1.134 0.003

0% - 60% 13.384 10.698 3.088 1.054 * 0.001

0% - 65% 11.591 10.717 3.094 0.86 0.003

0% - 70% 11.079 11.562 3.338 0.8 0.007

0% - 75% 11.590 11.245 3.246 0.907 0.004

0% - 80% 10.903 11.296 3.261 0.844 0.007

0% - 85% 11.027 10.745 3.102 1.064 0.005

0% - 90% 10.720 11.507 3.322 0.99 0.008

0% - 95% 12.247 12.071 3.485 1.06 0.005

0% - 100% 13.812 11.261 3.251 0.986 * 0.001

* Indicates a significant (p<0.0025) decrease in EMG AMP, relative to the initial time point (0% Tlim).

Table 5. The post-hoc t-tests with a Bonferroni corrected alpha level for comparisons across time (p<0.0025) for the normalized 
electromyographic mean power frequency (EMG MPF) responses including the mean difference between time points, 95% confidence 
interval of the difference, effect size (Cohen’s d), and p-value between each time point.

Time Mean difference 95% CI Effect size p- value

0% - 5% 13.861 13.637 3.937 1.016 0.005

0% - 10% 18.322 13.918 4.018 0.945 * <0.001

0% - 15% 19.634 10.565 3.050 1.316 * <0.001

0% - 20% 21.832 9.956 2.874 1.224 * <0.001

0% - 25% 22.090 12.150 3.507 1.858 * <0.001

0% - 30% 19.175 8.890 2.566 1.728 * <0.001

0% - 35% 17.919 10.533 3.041 2.193 * <0.001

0% - 40% 22.048 8.860 2.558 2.039 * <0.001

0% - 45% 20.016 9.690 2.797 1.818 * <0.001

0% - 50% 23.576 12.585 3.633 1.691 * <0.001

0% - 55% 19.512 14.380 4.151 2.157 * <0.001

0% - 60% 19.833 12.925 3.731 2.006 * <0.001

0% - 65% 19.671 10.394 3.000 1.701 * <0.001

0% - 70% 19.496 6.270 1.810 1.582 * <0.001

0% - 75% 17.281 13.223 3.817 2.488 * <0.001

0% - 80% 18.679 14.882 4.296 2.314 * 0.001

0% - 85% 18.314 14.385 4.153 2.066 * 0.001

0% - 90% 18.031 15.046 4.343 1.921 * 0.002

0% - 95% 21.326 11.873 3.427 1.873 * <0.001

0% - 100% 20.990 14.709 4.246 1.742 * <0.001

* Indicates a significant (p<0.0025) decrease in EMG MPF, relative to the initial time point (0% Tlim).
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in the last millisecond during the handgrip holds at RPE 5. The 
contributing factors that led to the task failure were indicated 
in Table 1 via the post-test failure questionnaire. A 1(RPE 
5) x 21(time: 0-100% MVIC) repeated measures ANOVA 
indicated that there were significant differences across 
time (F=24.989, p<0.001, η p2=0.694) for the relative force 
response (% MVIC). The post-hoc t-tests with a Bonferroni 
corrected alpha level (p<0.0025) indicated that there were 
decreases in force, relative to the initial value (0% Tlim), from 
40% to 100% Tlim (Figure 1A and Table 2).

Performance Fatigability

The absolute values of pre- and post- MVIC values (N) and 
% decrease for each subject for the handgrip HTF at RPE 5 
are indicated in Table 3 and Figure 2. The PF for the handgrip 
HTF at RPE 5 was 38.2±11.5% (range: 19.5% – 50.9%). 
There was a significant decrease (p<0.001, 95% CI=13.997–
20.408, d=3.412) in MVIC force from pre- to post- HTF. 

Electromyographic Responses

A 1(RPE: 5) x 21(time: 0-100% MVIC) repeated measures 
ANOVA indicated that there were significant changes across 

time (F=8.416, p<0.001, η  p2=0.433) for EMG AMP. The post-
hoc t-tests with Bonferroni corrected alpha level (p<0.0025) 
indicated that there were decreases in EMG AMP, relative 
to the initial value (0% Tlim), at 30%,60%, and 100% Tlim 
(Figure 1B) (Table 4).

A 1(RPE: 5) x 21(time: 0-100% MVIC) repeated measures 
ANOVA indicated that there were significant changes across 
time (F=5.415, p<0.001, η  p

2=0.330) for EMG MPF. The 
post-hoc t-tests with a Bonferroni corrected alpha level 
(p<0.0025) indicated that there were decreases in EMG MPF, 
relative to the initial value (0% Tlim), from 10% to 100% Tlim 
(Figure 1C) (Table 5).

Neuromuscular Efficiency Response

A 1(RPE 5) x 21(time: 0-100% MVIC) repeated measures 
ANOVAs indicated that there were significant changes across 
time (F=22.368, p<0.001, η p2=0.670) for NME (normalized 
force/normalized EMG AMP). The post-hoc t-tests with a 
Bonferroni corrected alpha level (p<0.0025) indicated that 
there were decreases in NME, relative to the initial value (0% 
Tlim), from 50% to 65%, and from 80% to 100% Tlim (Figure 
1D and Table 6).

Table 6. The post-hoc t-tests with a Bonferroni corrected alpha level for comparisons across time (p<0.0025) for the neuromuscular 
efficiency (normalized force/ normalized electromyographic amplitude) responses including the mean difference between time points, 95% 
confidence interval of the difference, effect size (Cohen’s d), and p-value between each time point.

Time Mean difference 95% CI Effect size p- value

0% - 5% -0.105 0.221 0.064 -0.476 0.127

0% - 10% -0.066 0.201 0.058 -0.443 0.280

0% - 15% 0.002 0.161 0.047 -0.328 0.962

0% - 20% 0.060 0.216 0.062 -0.305 0.359

0% - 25% 0.053 0.245 0.071 0.014 0.471

0% - 30% 0.094 0.210 0.061 0.013 0.152

0% - 35% 0.190 0.258 0.075 0.276 0.027

0% - 40% 0.193 0.230 0.066 0.257 0.014

0% - 45% 0.208 0.245 0.071 0.215 0.013

0% - 50% 0.258 0.180 0.052 0.2 * <0.001

0% - 55% 0.257 0.207 0.060 0.445 * 0.001

0% - 60% 0.242 0.170 0.049 0.414 * <0.001

0% - 65% 0.305 0.260 0.075 0.735 * 0.002

0% - 70% 0.290 0.304 0.088 0.683 0.007

0% - 75% 0.307 0.276 0.080 0.839 0.003

0% - 80% 0.340 0.261 0.075 0.78 * <0.001

0% - 85% 0.360 0.287 0.083 0.85 * 0.001

0% - 90% 0.390 0.277 0.080 0.791 * <0.001

0% - 95% 0.427 0.222 0.064 1.43 * <0.001

0% - 100% 0.488 0.252 0.073 1.33 * <0.001

* Indicates a significant (p<0.0025) decrease in neuromuscular efficiency (normalized force/ normalized EMG AMP), relative to the initial 
time point (0% Tlim).
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Discussion

Performance fatigability

The present study examined the effects of sustained, 
isometric, fatiguing handgrip HTF anchored to RPE=5 
on PF, Tlim, force alterations, neuromuscular patterns of 
response (i.e., EMG AMP and MPF), and NME. The PF was 
examined based on the decrease in absolute force (N) and 
expressed as a percent change in the pre- to post-MVIC 
force output for descriptive purposes26. This was in line with 
the previous recommendation of Enoka and Duchateau27 
who suggested that rather than dichotomizing fatigue into 
peripheral and central factors, measures that reflect “real-
world performance” (p. 2229) such as time to task failure, 
rating of perceived exertion, and changes in pre- and post-
maximal voluntary contraction should be used to describe 
global fatigue. The magnitude of PF in the current study 
(38.2±11.5%) was consistent with the magnitude of PF 
reported for sustained, isometric leg extension anchored to an 
RPE=5 in females8 and males2, where the percent reductions 
in MVIC were 34.7±17.1% and 47.5±19.6%, respectively. 
In these studies2,8, however, the RPE holds were ended at 
a maximal time-limit duration of 5 min, instead of allowing 
subjects to reach the zero-force output. In the current 
study, the Tlim was approximately 9 min (512.4±245.9 sec) 
and subjects were instructed to continue to alter force as 
necessary to maintain the RPE=5 and the task was not ended 
until the force output (N) was zero. The current findings did 
not support the hypothesis that the smaller muscle mass 
(i.e., handgrip-involved muscles) engaged likely resulted 
in greater magnitude of PF compared to relatively bigger 
muscle mass (i.e., quadriceps)2. In addition, despite the 
different endpoints between the current study and previous 
findings2,8, the similar magnitude of PF may be explained by 
the intensities above >20% MVIC of the isometric muscle 
contractions during the initial phases (~5% Tlim) in this study 
and throughout the RPE anchored isometric leg extensions 
previously reported2,8. Previous studies have reported that 
during a sustained, isometric muscle contraction, blood flow 
begins to decrease at forces higher than 20% MVIC28 due 
to an increased occlusion of vascular beds caused by an 
increase in intramuscular pressure29. These alterations in 
blood flow result in buildup of metabolic byproducts (e.g., 
H+ and inorganic phosphates) within the muscle, which 
impacts excitation-contraction coupling and decrease 
force generating capacity4,30. In addition, the metabolic 
perturbations elicit feedback of group III/IV afferents that 
may alter the level of central motor drive and reduce the 
force generating capacity2,8,12. In the current study, subjects 
sustained the handgrip holds above 20% MVIC from the 
onset of exercise through 5% Tlim, which corresponded to 
~30 sec of the task and may have been sufficient to cause 
a partial accumulation of metabolic byproducts during the 
initial phase. Thus, it is possible the metabolic perturbations 
at the beginning of the handgrip holds in this study were 
sufficient to alter the intracellular environment to a level that 
contributed to a decrease in force generating capacity at task 

failure that reflected a similar magnitude of PF to previous 
tasks anchored to RPE=5. 

Force and Neuromuscular Responses

It has been suggested that the perceptually determined 
force levels when anchored to RPE underestimate the values 
related to an expected % of MVIC3,5,7. In the current study, the 
initial (0% Tlim) force (26.3±7.6% MVIC) was underestimated 
relative to the expected force (% MVIC) corresponding to 
RPE=5 (50% MVIC). This response was consistent with 
other RPE anchored studies3,7. The dissociation between 
the expected force and actual force may be explained by an 
anticipatory or feedforward component5. During RPE-clamp 
exercise, Tucker5 indicated that an anticipatory or feedforward 
component may integrate previous training and experience, 
motivation, expected time to task failure, and physiological 
inputs (e.g., stored muscle glycogen, skin temperature), and 
these combined physio-psychological factors are integrated 
to inform the self-selected initial exercise intensity. At the 
onset of exercise, subjects in this study could perceive the 
sensations of tension from the handgrip-involved muscles31, 
and after the initial force was selected, they consciously 
adjusted the force to maintain the anticipated duration of 
exercise at the prescribed RPE. These reductions in force 
were associated with conscious decreases in central motor 
command, which are descending neural signals (i.e., efferent 
copy) from higher brain centers including the primary motor- 
and pre-motor areas4. 

After the initial force selection, despite the no significant 
changes of forces, the qualitative pattern of force response 
demonstrated ~26% decrease from 0% to 10% Tlim at which 
point the relative force output was <20% MVIC and continued 
to decrease at a consistent rate until ~40% Tlim (Figure 1A). 
In addition to the anticipatory or feedforward components, 
the magnitude of force reductions during the initial phase 
may also be affected by inhibitory feedback from mechano-
sensitive (i.e., group III afferent) and metabosensitive neurons 
(i.e., group IV afferent)12. It is possible that as the exercise 
started, the perceived sensations of mechanical tension 
generated from the handgrip-involved muscles were detected 
by group III afferent neurons12,31. Moreover, the reduction in 
force during the first 5% Tlim accounted for ~30 sec and it 
is likely that the continuous muscle contraction above 20% 
MVIC led to the generation of metabolic perturbations which 
mainly came from reliance on the adenosine triphosphate 
(ATP), creatine phosphate (CP) system (i.e., APT-PCr system), 
and anaerobic glycolysis32. The inhibitory feedback from 
group IV muscle afferents may have decreased the neural 
drive to avoid the additional accumulation of intramuscular 
metabolites12. 

The EMG AMP and MPF responses in the present study 
supported the possible explanations that metabolic 
byproducts may have been generated, despite the decreases 
in force during the initial phases. The amplitude of the EMG 
signal, which is associated with muscle excitation (i.e., motor 
unit recruitment, firing rate, synchronization)16,17,33, has 
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previously been suggested to track the decreases in force 
required to maintain an assigned RPE during isometric 
muscle actions anchored to an RPE2,4,7. In the present study, 
qualitatively, there were gradual decreases in the EMG AMP 
responses for the initial 25% of Tlim (~53% change from 0% 
to 25% Tlim) that became significantly lower than the initial 
value at 30% Tlim (Figure 1B). These changes in muscle 
excitation (EMG AMP) tracked the decreases in force output. 
In addition, the EMG MPF, qualitatively, showed a ~12% 
decrease at 5% Tlim, and significantly decreased from 10% 
Tlim to the end time point of task failure (100% Tlim), relative to 
the 0% Tlim (Figure 1C). During a fatiguing task, decreases in 
EMG MPF have been suggested to be an indirect indicator of 
decreases in muscle fiber action potential conduction velocity 
(APCV) associated with metabolic perturbations (increases 
in extracellular potassium and decreases in intracellular 
pH) that cause the loss of membrane excitability, resulting 
in slower conduction velocities of active muscle fibers3,34,35. 
In addition, these changes in EMG MPF may have reflected 
de-recruitment of higher threshold motor units with faster 
APCV and increased reliance on lower threshold motor units 
with slower APCV, which resulted in a decrease in the global 
APCV36-40. Thus, after the initial force was selected based on 
the anticipatory feedforward mechanism, it is possible the 
continued reductions in force during the first ~30% of Tlim 
were the result of feedback from mechanical and metabolic 
perturbations detected by group III/IV afferents. 

In the current study, the gradual decreases in force 
became significantly lower at 40% Tlim, relative to 0% Tlim. 
Qualitatively, the rate of change in the force from 40% to 
90% Tlim appeared to slow, relative to the early phase (0-35% 
Tlim) before a more abrupt decrease during the last 10% of the 
RPE=5 holds. A previous study from Smith et al.4, indicated 
that during isometric forearm flexion exercise anchored to 
RPE 7 (OMNI-RES), the force outputs across the majority of 
the task were above 20% MVIC where blood flow alterations 
could occur, leading to an accumulation of intramuscular 
metabolites (e.g., H+ and inorganic phosphates). In the present 
study, however, the forces from mid- to end phases were less 
than 10% MVIC (Figure 1A), which may be due to the different 
RPE anchor level (RPE 5) or muscle group tested. After first 
30 seconds, the force generations below 20% MVIC in this 
study may have allowed for greater perfusion of the active 
muscles and resulted in clearance metabolic byproducts. 
Thus, it is unlikely that during mid- to end phases, the reduced 
force responses were affected by the additional production 
of intramuscular metabolites caused by alterations of 
blood flow. Nevertheless, the responses of EMG AMP, NME, 
and EMG MPF suggested that fatigue-induced metabolic 
responses still existed throughout the handgrip holds. In this 
study, qualitatively, there were ~52% decreases in EMG AMP 
during mid- to end phases, (significantly decreased at 60%, 
and 100% Tlim), relative to 0% Tlim, and these continuous 
reductions in muscle excitation tracked the decreases in 
force necessary to sustain the moderate exercise intensity 
(RPE 5) (Figure 1B). It should be noted that the NME response 
was also significantly reduced, from 50% to 65% Tlim and 

from 85% to 100% Tlim, relative to 0% Tlim (Figure 1D), which 
suggested that greater levels of muscle excitation (EMG 
AMP) were required for a given force to compensate for the 
reductions of force generating capacity of the fatigued muscle 
fibers during the mid- to end phases18. Moreover, considering 
that there were significantly decreased EMG MPF responses, 
from initial- to end phases, relative to the 0% Tlim (Figure 1C), 
it is also possible that metabolic perturbations at the cellular 
levels that occurred in the initial phases still remained at the 
mid- and end-phases3,34,35. Thus, we hypothesized that the 
generation (decrease in NME and EMG MPF) and clearance 
(forces < 20% MVIC) of metabolic byproducts could occur at 
the same time during the mid- to end-phase (40% to 100% 
Tlim), and the residual effects of metabolic perturbations 
could be detected by group III and group IV afferent neurons, 
leading to a decrease in central motor drive2,8,12. 

The force reductions in the mid- and end-phases may 
also be partially explained by the corollary discharge model. 
Previous studies13,31 reported that the perception of effort 
is regulated by a neuronal process of an efferent copy 
derived from the centrifugal motor commands (i.e., activity 
of premotor and motor area regulating voluntary muscle 
actions). According to the corollary discharge model, when 
muscle fatigue response is produced independently from 
exercise-induced metabolites, the perception of effort results 
from the efferent copy of central motor command without 
afferent feedback. Considering the relatively low force levels 
during mid- and end-phases (< 10% MVIC), in the current 
study, the fatigue responses from metabolic perturbation 
would be minimal, thus the corollary discharge model may, in 
part, explain the continued force decreases. However, Drouin 
et al.41, demonstrated that when the neural drive was held 
constant, effort increased, suggesting that perception was 
not entirely modulated by neural drive. Rather, while efferent 
drive may inform some of perceptual responses, local muscle 
oxygenation may also play an important role in regulating 
perception of effort during exercise41. In concert, it seems 
plausible that force regulation to maintain an RPE=5 during 
the mid- and end-phases resulted from the combination of 
afferent feedback and corollary discharge model. Thus, the 
eventual task failure in the current study may be explained by 
“…a sensory or tolerance limit…” as proposed by Gandevia (p. 
1766)42. Hureau et al.15, conceptualized the STL as the sum 
of feedforward signals (i.e., corollary discharges) and afferent 
feedback (e.g., active muscle, respiratory muscles, and 
indirectly involved muscles and organs) that are integrated 
within the brain and ultimately regulate work rate or the 
magnitude of central motor command, which eventually leads 
to the termination of the task. Keller et al.43, hypothesized 
that during isometric leg extension exercise anchored to RPE 
5 and 8, the metabolic perturbations and afferent feedback 
from both the involved and indirectly engaged muscles (e.g., 
postural stabilizer muscles) would overcome the reduction 
in feedforward motor command, eventually resulting in task 
failure by the STL. Smith et al.4, also demonstrated that 
during a fatiguing, isometric forearm flexion anchored to 
RPE 7, both the sensory feedback primarily from forearm 
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flexors (i.e., biceps brachii) and synergistic muscles (i.e., 
handgrip-involved muscles) and psychological factors (e.g., 
pain, motivation) caused subjects to reach their STL, and 
ultimately led to zero force output for 10 of 12 subjects. In 
the current study, all 12 subjects reached 0 N force in the last 
millisecond of the handgrip task, and on the post-test failure 
questionnaire, 8 of 12 subjects reported that indirectly 
involved muscles (e.g., biceps, triceps) were engaged (slight 
to significant contribution), 9 of 12 subjects reported the 
discomfort or pain in their wrist joints, hand/fingers, or 
forearm muscles (slight to significant contribution), and 8 
of 12 subjects reported loss of motivation and mental focus, 
or boredom during the handgrip task (slight to moderate 
contribution) (Table 1). Therefore, in the current study, it is 
assumed that afferent feedback from the primary muscles 
(i.e., handgrip-involved muscle) and indirectly engaged 
muscles (i.e., biceps, triceps) along with corollary discharge 
related to central command could have contributed to 
decreases in the voluntary reductions in force. Moreover, 
factors associated with perceived fatigability such as loss of 
motivation, pain, or discomfort may have also contributed to 
the reductions in force to zero6,27. Interestingly, the task was 
terminated by the investigator when the subjects reached 
0N force, but the subjects were still holding the handgrip 
dynamometer and perceived that they were still producing 
force, which implied that there were dissociations in actual 
force production and perceptual responses. Kluger et al.6, 
described the distinctions between perceptions of fatigue 
and PF. Perceptions of fatigue are defined as “subjective 
sensations of weariness, increasing sense of effort, mismatch 
between effort expended and actual performance, or 
exhaustion” (p 411)6. In contrast, PF is an objective measure 
of declined performance (e.g., pre- to post- MVIC)6,26. 
Therefore, in the current study, the perception of fatigue such 
as pain, discomfort, and motivation may have influenced the 
magnitude of PF during the handgrip holds, but the subjects 
demonstrated a mismatch in perceived fatigability and PF 
responses such that the perceived force production did not 
reflect the actual force production. 

Conclusion

The findings of the current study demonstrated that during 
a sustained, isometric handgrip HTF anchored to RPE=5, there 
were decreases in force and EMG AMP that likely reflected a 
decrease in central motor command due to an accumulation 
of intramuscular metabolic byproducts (i.e., decrease in EMG 
MPF and NME). In addition, the initial force production was 
likely regulated by anticipatory feedforward mechanisms, 
and then modulated by combination of corollary discharge 
and feedback from group III/IV muscle afferents. Moreover, 
the accumulations of metabolic byproducts at the beginning 
of handgrip holds (~30 sec) due to the alteration of blood flow 
at high intensities of isometric muscle contraction (> 20% 
MVIC) may cause force reductions at task failure, which led 
to similar PF to previous tasks2,8 anchored to RPE=5. The 

current study also demonstrated that despite the recorded 
force output indicating 0 N, the subjects continuously felt they 
were exerting force, which implies there was a dissociation in 
perceived fatigability and PF responses. 

This study was not without limitations. This study examined 
response only in male subjects due to the potential for 
differences in fatigue response (e.g., muscle size, strength, 
endurance time, or metabolism on muscle performance) 
between males and females44-46. Moreover, the EMG AMP 
and MPF responses were measured from the brachioradialis 
which is not the primary muscle for handgrip exercise. In 
addition, the handgrip dynamometer was not adjusted based 
on each subject’s hand size, and therefore, the subsequent 
muscle performance and neuromuscular responses may 
reflect slight variations in the grip width among individuals. 

The physical work capacity during submaximal, sustained, 
isometric handgrip tasks is important in workplaces (e.g., 
assembly line, agricultural field, or machine operation)47 and 
various sports (e.g., race car driving, or rock-climbing)48, 
and handgrip-related musculoskeletal disorders or injuries 
derived from repetitive motion or strain have been prevalent 
in these settings49,50. Therefore, it is crucial to identify the 
underlying fatigue mechanisms of sustained, isometric 
handgrip tasks. In this regard, the application of RPE-Clamp 
model to handgrip exercise may be beneficial because it 
considers the role of perception of effort thereby suggesting 
unique psycho-physiological mechanisms in regulating 
force production, which may better provide an appropriate 
intensity of physical workloads to decrease the risk of hand/
wrist musculoskeletal disorders and injuries. To investigate 
the unrevealed findings from the current study, future studies 
should examine how the factors of perceived fatigability (e.g., 
discomfort/pain, loss of motivation/boredom) contribute to 
the decision to terminate an exercise anchored to a constant 
RPE. Future studies should also investigate the relationship 
between perceptions of fatigue and PF across various modes 
(resistance exercise vs whole-body continuous dynamic 
exercise) and levels of engaged muscle mass to further 
elucidate the integration of perceived and performance 
fatigability in both sexes.
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