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During high intensity exercise, metabosensitive muscle afferents are thought to inhibit
the motor drive command to restrict the level of peripheral fatigue to an individual’s
critical threshold. No evidence exists of an individual relationship between peripheral
fatigue and the decrease in voluntary activation reached after prolonged all-out
exercise. Moreover, there is no explanation for the previously reported large decrease
in voluntary activation despite low metabolic stress during high force contractions.
Thirteen active men completed two maximal intensity isokinetic knee extension tests
(160 contractions) under conditions of low force – high velocity and high force – low
velocity. Neuromuscular testing including maximal torque, evoked torque and voluntary
activation, was done every 20 contractions. The exponential modeling of these variables
over time allowed us to predict the stable state (asymptote) and the rate of decrease
(curvature constant). For both high and low force contractions the evoked torque and
voluntary activation asymptotes were negatively correlated (R2 = 0.49 and R2 = 0.46,
respectively). The evoked torque asymptotes of the high and low force conditions were
positively correlated (R2 = 0.49). For the high force contractions, the evoked torque
and voluntary activation curvature constant were negatively correlated (R2 = 0.43).
These results support the idea that a restrained central motor drive keeps peripheral
fatigue under this threshold. Furthermore, an individual would show similar fatigue
sensibility regardless of the force generated. These data also suggest that the decrease
in voluntary activation might not have been triggered by peripheral perturbations during
the first high force contractions.

Keywords: evoked torque, voluntary activation, group III/IV muscle afferents, exercise, performance

INTRODUCTION

Muscle fatigue can be defined as an exercise-induced reduction in maximal voluntary muscle force
(Gandevia, 2001). This phenomenon may arise from many sites along the neuromuscular system,
i.e., from the initiation of the motor drive to the cross bridge cycle (Bigland-Ritchie and Woods,
1984). Most studies distinguish central fatigue, a decrease in neural activation of the muscles
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due to numerous spinal and supraspinal factors (Gandevia, 2001),
from peripheral fatigue, an attenuated contractile response to
neural input induced by biochemical changes at the myocyte
level (Allen et al., 2008; Debold, 2012; Westerblad, 2016).
However, as the last decade has provided abundant evidence of
interactions between central and peripheral fatigue (Taylor et al.,
2016; Blain and Hureau, 2017), this simplistic model no longer
appears pertinent.

Specific neural pathways, including feed forward and feedback
processes, seem to be involved in the connections between the
brain and the muscles during fatigue (Hureau et al., 2016b). The
feed forward process refers to corollary discharge (Wolpert et al.,
1995), a neural signal generated in the brain’s motor centers,
which activates sensory areas within the cortex, influencing
perception of the effort and participating in central fatigue
(Gallagher et al., 2001; Liu et al., 2005). Feedback processes
involve various mechano- and metabo-sensitive muscle afferents.
It has been found that group Ia, Ib, and II spindle afferents are
able to modulate their discharge rate during sustained or repeated
contractions and thus reduced excitatory or increase inhibitory
inputs to the motor neurons (Gandevia, 2001). However, their
role in muscle fatigue appears to be minimal (McNeil et al.,
2011). Conversely, group III and IV afferents have clearly been
shown to significantly influence the development of fatigue
(Amann and Dempsey, 2016; Blain et al., 2016; Matsuura, 2016).
These muscle afferents are free nerve endings activated by
contraction-induced mechanical and chemical stimuli (Rowell
and O’Leary, 1990; Kaufman et al., 2002). Group III afferents
are more responsive to mechanical stimuli such as muscle
contraction or stretch than group IV afferents and may provide
information to the central nervous system about the force of
muscular contractions (Kaufman et al., 2002). In contrast, group
IV afferents are the most sensitive to metabolic by-products
and respond quickly to perturbations in muscle homeostasis
(Kaufman et al., 2002).

Several studies have demonstrated the existence of a “critical
threshold of peripheral fatigue.” This hypothetical construct is
based on the idea that a negative feedback loop involving group
III/IV muscle afferents operates to protect the muscle from severe
threats to homeostasis during whole-body exercise (Amann and
Dempsey, 2008; Amann et al., 2009; Blain et al., 2016). Although
Babault et al. (2006) and Morel et al. (2015a) did not design their
studies to address questions concerning the “critical threshold”
concept, they interestingly compared maximal intensity repeated
knee extensions that differed in their contraction mode and/or
force-velocity contraction characteristic. Despite similar intensity
(i.e., maximal), the mechanical characteristic of the contraction
(i.e., force and velocity) produce different neuro-physiological
responses. For instance, while higher force contractions (i.e.,
during low velocity contractions) can produce intramuscular
blood flow occlusion (Zwarts and Arendt-Nielsen, 1988), the
higher velocity contractions (i.e., with lower force production)
are associated with a greater metabolic activity (Dorel et al.,
2003). As a result, it was reported that “higher force – lower
velocity” contractions rapidly induce a significant decrease
in voluntary activation which precedes (Babault et al., 2006)
and/or limits (Morel et al., 2015a) the decrease in evoked

torque. As, the “critical threshold of peripheral fatigue” is not
applicable to all exercise modalities (Hureau et al., 2016b).
It might be that the development of central fatigue during
repeated “high force – low velocity” contractions is not solely
related to increased intramuscular metabolic perturbations.
The “sensory tolerance limit,” another more global concept,
may be interesting to consider here. This theoretical concept
purports that exercise intensity is regulated by a negative
feedback loop that is the sum of all feedback (i.e., not only
feedback from the metabolic activation of the active group III/IV
muscle afferents) and feed forward mechanisms to ensure that
voluntary activity remains tolerable (Hureau et al., 2016b). Better
understanding the force decrease mechanisms resulting from
high-force contractions would allow us to specifically optimize
training. This may be critical for athletes needing to develop
high forces (Morel et al., 2015b) but also deconditioned people
which performed daily tasks at near maximal force capacity
(Hortobágyi et al., 2003).

Previous studies of this threshold concept have all used
sustained tasks such as cycling (Dekerle et al., 2008; Hureau
et al., 2016a), knee extensions (Burnley, 2009) or handgrips
(Kellawan and Tschakovsky, 2014). During such exercises,
fatigue was seen to be characterized by a hyperbolic decay of
power or torque with time (Poole et al., 2016). This model is
mathematically defined by an asymptote generally interpreted
as the highest intensity (i.e., force, velocity or power depending
on the exercise modality) at which a physiological steady-state
can be achieved, e.g., for oxygen uptake (Poole et al., 2008),
blood flow (Copp et al., 2010), intramuscular concentration
of inorganic phosphate, phosphocreatine and hydrogen ions
(Jones et al., 2008). Unfortunately, to our knowledge, no study
has yet modeled the corresponding decreases in voluntary
activation and evoked torque with decreasing force/power over
time which could help us understand the interactions between
the central and peripheral fatigues during maximal-intensity
exercise. Furthermore, it has recently been suggested that the
consistency of the loss of force threshold observed across studies
(in agreement with the threshold concept) may be an “artifact”
of aggregated data (Neyroud et al., 2016). These authors consider
that critical thresholds (global or peripheral) would be relevant
only at the subject level making the analysis of individual data,
and not just aggregated data, necessary.

The aim of the present study was therefore to analyze,
on an individual basis, the time course of the decreases
in voluntary activation and evoked torque during repeated
maximal contractions. Repeated maximal intensity isokinetic
knee extensions were performed following two force-velocity
characteristics of contraction: high versus low velocities allowing
the production of low versus high forces, respectively. We
hypothesized that (i) the time course for the decrease in
voluntary activation observed for the low force contractions
would be positively correlated to the decrease in evoked
torque thus confirming the concept of a critical threshold
for peripheral fatigue in this condition, (ii) the higher forces
produced in the low velocity condition would additionally induce
central fatigue but dissociated from the time course for the
peripheral fatigue.
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MATERIALS AND METHODS

Subjects
Thirteen active men volunteered to participate in this study
(Mean ± SD; age: 22.1 ± 3.8 year; mass: 74.3 ± 8.2 kg; height:
1.81 ± 0.06 m; self-reported training volume: 7.0 ± 3.3 h.wk−1).
All participants were involved in collective sports with mixed
aerobic and resistance training. Written informed consent was
obtained from the participants, and the study was conducted
according to the declaration of Helsinki. Approval for the project
was obtained from the local ethics committee for human research
(CPP Sud Est I, France).

Experimental Design
The subjects first participated in a session to familiarize them
with the testing procedures. Two force conditions (low force: LF;
high force: HF) were then tested during two randomly ordered
experimental sessions, separated by a week but performed at the
same time of day. Neuromuscular measurements and the fatigue
testing procedure were done on an isokinetic dynamometer
(Contrex MJ; Dübendorf, Switzerland; sensitivity 0.5 N.m). The
participants were seated with their hips at 100◦ (180◦ is full
extension) and secured with straps across the chest, hips and the
thigh of the working leg (dominant side, right for all participants)
to avoid lateral and frontal displacement. They were also asked
to cross their arms over their chests during the voluntary
contractions to limit the involvement of core muscles. The leg
was fixed to the fulcrum with a 40 mm strap placed 2 cm proximal
to the medial malleolus. After preparation and determination of
the optimal intensity for femoral nerve stimulation (see below),

subjects performed a standardized warm-up (8 × 240◦.s−1;
6 × 180◦.s−1; 4 × 90◦.s−1; 2 × 30◦.s−1; 2 × 0◦.s−1; with
1 min rests between sets; intensity increased progressively to
90% of maximal perceived effort at the end of the warm up).
Neuromuscular measurements of the knee extensors were then
made 3 min before and then every 20 contractions during the
fatigue testing (without any rest) and immediately after the last
(160th) contraction (Figure 1).

Fatigue Testing Procedure
Two contraction velocities were used (30◦.s−1: HF; 90◦.s−1:
LF) for the isokinetic knee extensions at maximal voluntary
intensity. The range of motion was adapted to each contraction
velocity to standardize the contraction time (1 s) and provide
a similar “central point” of 120◦ (180◦ is full extension) for
the resting length of the quadriceps muscle (i.e., 30◦.s−1:
105◦–135◦; 90◦.s−1: 75◦–165◦). Fatigue testing consisted of
eight sets of 20 repetitions of a maximal 1-s isokinetic
knee extension and a 2-s passive flexion. Neuromuscular
measurements were made in the 15-s period separating each
set. The fatiguing exercise lasted 10 min in total. As previously
demonstrated in the literature, such a duration is sufficient
to reach the asymptote (i.e., stable state) of the torque–
time relationship (Burnley, 2009; Kellawan and Tschakovsky,
2014). During all voluntary contractions, the subjects were
instructed to “push as hard and as fast as possible” and
were provided with real-time visual feedback allowing them
to monitor the torque produced during each maximal knee
extension. Participants were given strong verbal encouragement
throughout the exercise.

FIGURE 1 | Typical torque traces obtained during the fatigue procedure (left panel) and a neuromuscular measurement (right panel). An isometric neuromuscular
measurement was conducted after every twenty 1–s contractions performed either at 30◦.s−1 or 90◦.s−1. NMx, neuromuscular measurements after x seconds of
accumulated contraction time; Tstim, torque level at the point of the stimulation; Tmax, maximal torque produced before the stimulation; ST, superimposed twitch, i.e.,
difference between the maximal torque attained after the stimulation and Tstim; Qtw, resting potentiated twitch, i.e., maximal torque response following a high
frequency doublet stimulation on the relaxed potentiated muscle.

Frontiers in Physiology | www.frontiersin.org 3 July 2019 | Volume 10 | Article 875

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00875 July 13, 2019 Time: 15:27 # 4

Morel et al. Force-Velocity Characteristics Influence Fatigue

Electrical Stimulation of the Femoral
Nerve
The femoral nerve was stimulated percutaneously using a
self-adhesive cathode (10-mm diameter, Ag-AgCl, Contrôle
Graphique Medical, Brie-Comte-Robert, France) stuck manually
over the femoral triangle. The anode, a 10 × 5 cm self-adhesive
stimulation electrode (Medicompex SA, Ecublens, Switzerland),
was placed over the gluteal fold. The best position for the anode
was that which maximized the twitch response and minimized
the M-wave of the biceps femoris. Squarewave stimuli of 200 µs
duration with a maximal voltage of 400 V were delivered
with a constant current (Digitimer DS7AH, Hertfordshire,
United Kingdom). The supramaximal stimulation intensity was
determined for each experimental session by progressively
increasing the current until there was no further increase in the
evoked isometric twitch response. The last intensity obtained
was then increased by 20% to ensure a supramaximal stimulus
(optimal intensity: 158± 45 mA).

Measurements and Data Analysis
The isometric torque was measured with the isokinetic
dynamometer during all the neuromuscular test procedures and
stored at a sampling rate of 2 kHz on a computer using an analog-
to-digital converter (Power Laboratory/16SP; AD Instruments,
Australia). Subjects were requested to perform one isometric
maximal voluntary contraction (IMVC; duration: about 4 s) with
the knee at 120◦. For the baseline measurements, if the plateau
did not reach at least 95% of the control IMVC performed
at the end of the warm up, the procedure was stopped and
a new one started after a 1-min rest. During the IMVC, a

high-frequency doublet stimulus (100 Hz) was delivered when
maximal torque was reached (visually controlled) while the
subjects were asked to continue producing maximal effort for
about 1 s after the stimulation. Another doublet stimulation
(100 Hz) was performed on the relaxed muscle in a potentiated
state 2-s later (Figure 1). The whole procedure lasted less than
15 s. The IMVC torque plateau was calculated as the mean
torque over a 500-ms period prior to the superimposed twitch.
The voluntary activation (VA) was calculated using equation
1. The evoked torque (Qtw) was calculated as the maximal
torque response following a high frequency doublet stimulation
of the relaxed, potentiated muscle. IMVC, VA, and Qtw measured
during and after testing were then expressed as a percentage of
the pre-fatigue values.

Equation 1. Voluntary activation calculation (Strojnik and
Komi, 1998). VA, Voluntary activation; Tstim, torque level
at the point of the stimulation; Tmax, maximal torque
produced before the stimulation; ST, Superimposed Twitch,
i.e., the difference between the maximal torque attained after
stimulation and Tstim; Qtw, resting potentiated twitch, i.e., the
maximal torque response following a high frequency doublet
stimulation on the relaxed, potentiated muscle.

VA = [1− [ST× (Tstim/Tmax)]/Qtw] × 100

Statistical Analysis
All data were analyzed with Statistica 8.0 Software (StatSoft Inc., R©

Tulsa, OK, United States) and expressed as means ± standard
deviation. Non-linear regression techniques were used to fit
the kinetics of the dependent variables, i.e., IMVC, Qtw and

TABLE 1 | Individual exponential models of fatigue for high force (HF) and low force (LF) conditions.

HF LF

IMVC VA Qtw IMVC VA Qtw

A (%) τ (s) R2 A (%) τ (s) R2 A (%) τ (s) R2 A (%) τ (s) R2 A (%) τ (s) R2 A (%) τ (s) R2

#01 64 34 0.81 69 95 0.81 71 31 0.94 47 42 0.98 68 107 0.94 67 79 0.95

#02 65 52 0.96 83 18 0.96 76 76 0.92 53 75 0.96 88 161 0.96 59 49 0.98

#03 66 32 0.92 85 8 0.83 77 56 0.90 45 65 0.98 79 106 0.76 56 25 0.98

#04 73 19 0.72 83 14 0.76 63 75 0.89 56 19 0.98 81 131 0.61 58 91 0.98

#05 70 17 0.69 56 11 0.98 84 75 0.96 32 117 0.88 67 110 0.99 71 68 0.91

#06 63 25 0.94 90 71 0.92 74 48 0.96 63 23 0.98 80 42 0.92 70 23 0.98

#07 74 12 0.90 83 10 0.81 75 66 0.97 55 37 0.88 57 133 0.90 73 28 0.96

#08 59 33 0.98 74 51 0.92 77 59 0.94 51 24 0.94 60 41 0.79 70 8 0.88

#09 73 61 0.90 91 32 0.94 73 51 0.90 76 45 0.92 82 33 0.83 70 51 0.86

#10 51 33 0.94 97 80 0.98 55 16 0.90 41 90 0.96 59 136 0.63 58 75 0.98

#11 70 17 0.81 78 60 0.89 77 30 0.99 65 62 0.90 81 62 0.96 61 29 0.98

#12 55 24 0.85 84 70 0.81 73 17 0.96 46 29 0.98 61 27 0.83 79 14 0.88

#13 48 42 0.96 97 35 0.99 50 42 0.98 56 27 0.96 97 86 0.88 41 28 0.94

Mean 64 31 0.88 82 43 0.89 71 49 0.94 53∗ 50∗ 0.95 74∗ 90∗ 0.85 63∗ 44 0.94

SD 9 14 0.09 11 30 0.08 10 21 0.03 11 30 0.04 13 45 0.12 11 27 0.04

Asymptote (A), curvature constant (τ), and coefficient of determination (R2) are provided for each modeling of isometric maximal voluntary contractions (IMVC), voluntary
activation (VA), and evoked torque (Qtw) parameters. Mean and standard deviation (SD) are provided for each variable. ∗Statistically different from the same variable in
the HF condition.
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VA for the independent variable: contraction time [equation 2
(Hendrix et al., 2009)] and for each subject. An iterative process
was used to minimize the sum of the squared error between the
fitted function and the observed values.

Equation 2. Equation used for the non-linear regression.
Dependent Variable (DV, i.e., IMVC, Qtw, or VA) and A
(asymptote) are expressed as a percentage of the value
measured during the pre-fatigue neuromuscular test; t,
accumulated contraction time in seconds; τ, curvature
constant in seconds.

DV(Time) = A+ (100− A)× e(−t/τ)

In order to compare alterations in voluntary activation and
evoked torque for a given IMVC decrease, we also expressed both
VA and Qtw as a function of torque. To do this, from equation 2,
time can be expressed as a function of IMVC which gives,

t = −τIMVC × ln
(

IMVC− AIMVC

100− AIMVC

)
(3)

Substituting equation 3 in equation 2 gives,

DV = ADV + (100− ADV)×

(
IMVC− AIMVC

100− AIMVC

) τIMVC
τDV

(4)

with the dependent variable (DV) being VA or Qtw. Equation 4
was then used to estimate on an individual basis the VA and Qtw
for 10, 20, and 30% IMVC.

With the assumption of normality and homogeneity of
variance confirmed, paired t-tests with Bonferroni correction
were employed to test the force condition (HF vs. LF) on the
asymptote and curvature constant for IMVC, Qtw and VA Data
as well as VA and Qtw estimated for 10%, 20% and 30% IMVC
decrease (Equation 4). Within each force condition, a simple
linear regression was used to verify the influence of AVA on
AQtw and τVA on τQtw. A simple linear regression was also
used to verify the influence of AQtw−HF on AQtw−LF. For the
regression analysis, the coefficient of determination (R2) was used
to calculate the correlations between the two scores. For all tests,
the alpha level for statistical significance was set at p < 0.05.

RESULTS

Individual Models
All the individual exponential regressions were statistically
significant for IMVC, VA, and Qtw for both HF and LF conditions
(all p < 0.05). Each parameters of the exponential modeling are
provided for each individual in Table 1.

Force Condition Effect Based on Pooled
Data
Both the first contraction and the asymptote absolute peak
torque were statistically higher at 30◦.s−1 compared to 90◦.s−1

(1st contraction: 234 ± 36 N for HF vs. 184 ± 29 N for
LF, p < 0.001; Asymptote: 155 ± 17 N for HF vs. 112 ± 21

for LF, p < 0.001). The absolute IMVC baseline values were
not statistically different between LF and HF for IMVC (LF:
275 ± 64 N.m; HF: 285 ± 62 N.m), VA (LF: 94.7 ± 4.7%;
HF: 96.9 ± 4.4%) and Qtw (LF: 96 ± 18 N.m; HF: 96 ± 19 N.m).
For IMVC, the asymptote was lower (p = 0.005) and the
curvature constant greater (p = 0.044) for LF compared to HF
(Figure 2A and Table 1). For Qtw, the asymptote was lower for
LF compared to HF (p = 0.025) but the curvature constant was
not significantly different (p = 0.544; Figure 2B and Table 1).
For VA, the asymptote was lower (p = 0.001) and the curvature

FIGURE 2 | Mean fatigue kinetics for isokinetic knee extensions performed
with high force (HF; black) and low force (LF; white). Individual data are
represented by the small markers. (A) Torque (Isometric Maximal Voluntary
Contraction) – time relationship. (B) Evoked torque (Qtw) – time relationship.
(C) Voluntary activation (VA) – time relationship; IMVC, Qtw and VA are
expressed as a percentage of the maximal value. The solid/dotted line
corresponds to exponential modeling of the relationship for HF and LF,
respectively. Markers representing HF and LF conditions are slightly shifted for
a visualization purpose.
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FIGURE 3 | Mean evoked torque (Qtw; panel A) and voluntary activation (VA; panel B)expressed as a function of torque (IMVC) decrease for high force (HF; black)
and low force (LF; white) condition. Each neuromuscular testing are represented by the small markers. The big markers represent the mean (pooled data) for VA/Qtw

decrease at 10, 20, and 30% IMVC decrease estimated from individual models and Equation 4. All data are expressed as a percentage of the maximal value
obtained during the pre-fatigue neuromuscular testing. The solid/dotted line corresponds to mean exponential modeling of the relationship for HF and LF,
respectively. ∗Statistical difference between HF and LF.

constant greater (p = 0.004) for LF compared to HF (Figure 2C
and Table 1).

When compared to a similar IMVC decrease, Qtw decrease was
significantly more important for LF compare to HF (Figure 3A;
p = 0.006, <0.001, and <0.001 for 10, 20, and 30%, respectively).
Conversely VA decrease was significantly more important for HF
compare to LF (Figure 3B; p = 0.036, <0.001, and <0.001 for 10,
20, and 30%, respectively).

Evoked Force and Voluntary Activation
Correlations Based on Individual Data
The asymptotes of HF and LF were statistically correlated for
Qtw (p = 0.014, R2 = 0.43; Figure 4) but not for VA and IMVC
(respectively, R2 = 0.11 and 0.10; p = 0.268 and 0.293). The
asymptotes of VA and Qtw were negatively correlated for HF
(p = 0.008; R2 = 0.49) and LF (p = 0.011; R2 = 0.46; Figure 5A).

The curvature constant of VA and Qtw were negatively correlated
for HF (p < 0.001; R2 = 0.68) and positively correlated for LF
(p = 0.039; R2 = 0.33) (Figure 5B).

DISCUSSION

The purpose of the present study was to analyze the individual
time course of central and peripheral contributions to force
loss during prolonged exercise performed at maximal voluntary
intensity with low vs. high force using high vs. low velocity
isokinetic knee extensions, respectively. The major results were
that (i) the decrease in muscle contractility is limited to different
critical thresholds in low vs. high force conditions, in the context
of data modeled on an individual basis; (ii) the significant
correlation between the stable states for voluntary activation
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FIGURE 4 | Evoked torque asymptote correlation for high force (HF) and low
force (LF) condition. Each dot represent an individual. The evoked torque
asymptote for HF (AQtw−HF) and LF (AQtw−LF) are expressed as a percentage
of the maximal value obtained during the pre-fatigue neuromuscular testing.
The correlation was statistically significant, p < 0.001.

and evoked torque modeled in each condition reinforces the
idea that central inhibitions keep the peripheral fatigue under a
critical threshold; (iii) the inverse correlation between the rate of
voluntary activation and the decrease in evoked torque during
high force contractions suggests that, in this condition, central
inhibition was not triggered by peripheral perturbations at the
start of exercise.

The analysis of the torque–time relationship evidenced
that the torque losses observed at the end of the exercise
(i.e., asymptote) were greater for the lowest force condition
(Figure 2A) which is in line with previous studies (Mathiassen,
1989; Callahan et al., 2009; Morel et al., 2015a). Furthermore,
the curvature constant was almost twice lower for HF.
Mathematically, 95% of the torque loss is achieved when 3
τ elapsed, independently of the asymptote value, i.e., 90-s of
accumulated contraction time for HF ad 150-s of accumulated
contraction time for LF (Figure 2A). In other words, fatigue
develops faster during low force contractions. The analysis of
evoked torque and voluntary activation time courses will allow
a better understanding of the observed differences.

At the end of the exercise the decrease in evoked torque was
significantly greater for the lowest force contractions (Figure 2B)
which is consistent with the results previously reported by
Babault et al. (2006) and Morel et al. (2015a). Moreover, even
when expressed for a given IMVC decrease to account for a
possible dose response, the evoked torque decrease was greater
for the lowest force condition (Figure 3A). A loss of muscle
contractility is commonly associated with an accumulation
of intramuscular metabolites (e.g., inorganic phosphate and
adenosine diphosphate) (Debold, 2012; Westerblad, 2016). Since
the mean power produced in the high force condition was
lower (i.e., ≈ 60 W vs. ≈ 120 W at the end of the exercise)
it can be hypothesized that the metabolic power and thus
the intramuscular metabolic perturbations were lower in this
condition (Barclay, 1996; Dorel et al., 2003). Since an individual’s
“critical peripheral fatigue threshold” is considered to limit
exercise capacity (Amann and Dempsey, 2016; Blain et al.,
2016; Poole et al., 2016) it is interesting to observe that in the

present study the decrease in evoked torque was confined to
a critical threshold which differs between low and high force
conditions. The fact that the subjects present largely different
thresholds (from 20 to 60% of evoked torque loss) may be
explained by endogenous reference signals (Matsuura, 2016).
Indeed, some authors claim that numerous factors such as
training history, muscle substrate reserves, muscle metabolic
rates, prior experience or mental fatigue alter the interpretation
of group III/IV muscle afferent feedback and may generate
different individual responses (Lambert et al., 2005; Marcora,
2009; Marcora et al., 2009). Interestingly, the peripheral fatigue
thresholds of LF and HF were positively correlated among our
subjects (Figure 4). Consequently, an individual would be more
or less sensitive to peripheral perturbations but would remain
so regardless of the exercise. This may explain the mathematical
relationship between the peripheral thresholds for HF and LF.
An analysis of the decrease in voluntary activation with repeated
contractions may provide insight into the inhibitory mechanisms
and the contractile losses.

The exponential modeling indicated that the voluntary
activation asymptote was significantly lower for LF (Figure 2C).
This remains exact when the voluntary activation decrease is
normalized to the IMVC decrease (Figure 3B). However one
should keep in mind that the curvature constant was really
high in this condition and thus the fatigue testing procedure
was not long enough to allow the subject to reach the stable
state. Previous studies reported a greater decrease in voluntary
activation with isometric or low velocity contractions compared
to higher contraction velocities (Babault et al., 2006; Morel
et al., 2015a) or no differences between conditions (Callahan
et al., 2009). Considering the entire voluntary activation-time
relationship these discrepancies previously observed can be
explained by the time of the neuromuscular testing. For example,
in the present study, the voluntary activation can be different after
60 s but not after 120 s when comparing the two force conditions
(Figure 2C). This demonstrates the interest of recording and
modeling the development of peripheral and central fatigue over
time. Considering the greater loss of contractility seen during
LF (see above), the greater decrease of voluntary activation
estimated in this condition may be explained by peripheral
perturbations, possibly through activation of the III-IV afferent
inhibitory pathways. Originally, the curvature constant of the
model (τ) indicated a faster decrease in voluntary activation
for HF despite lower peripheral fatigue. Thus, in this condition
it appears unlikely that central fatigue has been mediated by
peripheral perturbations. However, these results come from mean
analysis of pooled data while Neyroud et al. (2016) recently raised
the point that critical thresholds would be relevant only at the
individual level. Hence, we propose below to consider individual
rather than averaged data.

The Figure 5A shows that asymptotes for the decreases
in voluntary activation and evoked torque were negatively
correlated. This supports the concept of a “critical peripheral
fatigue threshold.” Whatever the exercise modality tested in
the present study, the development of “peripheral fatigue” was
kept under this critical threshold. It is worth noting that very
important inter-individual differences occurred despite a rather
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FIGURE 5 | Correlation of evoked torque and voluntary activation for asymptotes and curvature constant of the exponential fatigue kinetics model. Each dot
represent an individual. (A) Evoked torque (Qtw) and voluntary activation (VA) asymptote correlations for knee extensions performed with high force (HF) and low
force (LF). (B) Evoked torque (Qtw) and voluntary activation (VA) curvature constant (τ) correlations for knee extensions performed with high force (HF) and low force
(LF). All correlations are statistically significant, p < 0.05.

homogeneous population (i.e., all were active young men).
Indeed, some participants were able to maintain almost 100%
of the initial voluntary activation level but demonstrated a
60% evoked torque decrease, whereas others experienced a 50%
decrease in voluntary activation but only a 20% evoked torque
decrease. It appears that each participant was uniquely sensitive
to the peripheral perturbations that regulate the descending
motor drive. All this reinforces the idea discussed above that each
individual is more or less sensitive to intramuscular metabolic
perturbations possibly due to factors such as training status
(Zghal et al., 2015) or psychological aspects (e.g., motivation,
anxiety, mental stress) (Lambert et al., 2005). Another interest
of this time-course model is to quantify the rate at which
evoked torque or voluntary activation decreases. Indeed, the
curvature constants (τ) for voluntary activation and evoked
torque over time were positively correlated for LF (Figure 5B).
It could be hypothesized that, in this condition, the rate at

which metabolites accumulated influenced the rate at which
voluntary activation decreased via metabo-activation of group
III-IV afferents as previously suggested (Blain et al., 2016;
Matsuura, 2016). Interestingly, this was apparently not the case
during HF since a negative correlation was observed (Figure 5B).
For each individual, the faster the drop in voluntary activation,
the slower the decrease in muscle contractility. The mechanisms
involved in this interrelation between central and peripheral
mechanisms cannot be identified in the present study and one
should keep in mind that correlation does not imply causation.
Nevertheless, in this condition, central fatigue might not have
been triggered by peripheral homeostasis perturbations at the
very beginning of the exercise. Other feedback such as mechano-
activation of group III afferents might have been involved in
response to the high level of force developed (Kaufman et al.,
2002) (peak torque for HF was twice higher than for LF).
Hence, central inhibition mighty have preceded and limited the
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intramuscular metabolic perturbations during the beginning of
the contractions.

The aim of this study design was to fix the contraction
mode, contraction time, number of contractions, duty cycle and
intensity all known to influence the development of fatigue
(Enoka, 1995) in order to analyze the sole effect of the force-
velocity characteristic of a muscle contraction. Unfortunately,
the range of motion had to differ in order to control the others
parameters; angular positions influence muscle activation and
so force production (Pincivero et al., 2004), and may have
influenced the development of fatigue. The greater range of
motion during LF has probably contributed to the lower force
in this condition since force capacity and voluntary activation
decreased when the angle moved away from the optimal angle
(i.e., 120◦) (Noorkõiv et al., 2014). Nevertheless, the order of
magnitude of the differences between the range of motion used
for HF and LF is less than 20% for the torque and less than 10%
for the voluntary activation (Noorkõiv et al., 2014). This is thus
relatively small compared to the factor two between the peak
forces for HL vs. LF and may not have mainly accounted for the
observed differences.

In summary, this study has demonstrated that peripheral
fatigue is maintained under a critical threshold which is
specific to the force conditions, in the context of data
modeled on an individual basis. The individual thresholds
for the decreases in voluntary activation and evoked torque
modeled in each condition are negatively correlated which
support the idea that a restrained central motor drive keeps
peripheral fatigue under this threshold. Furthermore, although

the average thresholds for peripheral fatigue differed between
low versus high force contractions, the present results show
that an individual would show similar fatigue sensibility
regardless of the force generated. Finally, the negative correlation
between the rate of the decrease in voluntary activation and
evoked torque during the high force contractions suggests
that, in this condition, central inhibition was not triggered
by peripheral perturbations at the very beginning of the
exercise. Other feedback (e.g., mechanical) or feed forward
processes require further study in order to better apprehend the
development of neuromuscular fatigue especially during high
force contractions.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the local ethics committee (CPP Sud
Est I) with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki.

AUTHOR CONTRIBUTIONS

BM, TL, and CH conceived and designed the experiments,
and wrote the manuscript. BM, TL, and CL performed the
experiments. BM, TL, CL, and CH analyzed the data and
contributed materials and analysis tools.

REFERENCES
Allen, D. G., Lamb, G. D., and Westerblad, H. (2008). Skeletal muscle fatigue:

cellular mechanisms. Physiol. Rev. 88, 287–332. doi: 10.1152/physrev.00015.
2007

Amann, M., and Dempsey, J. A. (2008). Locomotor muscle fatigue modifies
central motor drive in healthy humans and imposes a limitation to exercise
performance. J. Physiol. 586, 161–173. doi: 10.1113/jphysiol.2007.141838

Amann, M., and Dempsey, J. A. (2016). “Ensemble input of group III/IV muscle
afferents to CNS: a limiting factor of central motor drive during endurance
exercise from normoxia to moderate hypoxia,” in Hypoxia, eds R. C. Roach,
P. H. Hackett, and P. D. Wagner (New York, NY: Springer), 325–342. doi:
10.1007/978-1-4899-7678-9

Amann, M., Proctor, L. T., Sebranek, J. J., Pegelow, D. F., and Dempsey, J. A.
(2009). Opioid-mediated muscle afferents inhibit central motor drive and limit
peripheral muscle fatigue development in humans. J. Physiol. 587, 271–283.
doi: 10.1113/jphysiol.2008.163303

Babault, N., Desbrosses, K., Fabre, M.-S., Michaut, A., and Pousson, M. (2006).
Neuromuscular fatigue development during maximal concentric and isometric
knee extensions. J. Appl. Physiol. 100, 780–785. doi: 10.1152/japplphysiol.00737.
2005

Barclay, C. J. (1996). Mechanical efficiency and fatigue of fast and slow muscles of
the mouse. J. Physiol. 497, 781–794. doi: 10.1113/jphysiol.1996.sp021809

Bigland-Ritchie, B. R., and Woods, J. J. (1984). Changes in muscle contractile
properties and neural control during human muscular fatigue. Muscle Nerve
7, 691–699. doi: 10.1002/mus.880070902

Blain, G. M., and Hureau, T. J. (2017). Limitation of fatigue and performance
during exercise: the brain–muscle interaction. Exp. Physiol. 102, 3–4. doi:
10.1113/ep085895

Blain, G. M., Mangum, T. S., Sidhu, S. K., Weavil, J. C., Hureau, T. J., Jessop, J. E.,
et al. (2016). Group III/IV muscle afferents limit the intramuscular metabolic

perturbation during whole body exercise in humans. J. Physiol. 594, 5303–5315.
doi: 10.1113/JP272283

Burnley, M. (2009). Estimation of critical torque using intermittent isometric
maximal voluntary contractions of the quadriceps in humans. J. Appl. Physiol.
106, 975–983. doi: 10.1152/japplphysiol.91474.2008

Callahan, D. M., Foulis, S. A., and Kent-Braun, J. A. (2009). Age-related fatigue
resistance in the knee extensor muscles is specific to contraction mode. Muscle
Nerve 39, 692–702. doi: 10.1002/mus.21278

Copp, S. W., Hirai, D. M., Musch, T. I., and Poole, D. C. (2010). Critical speed
in the rat: implications for hindlimb muscle blood flow distribution and fibre
recruitment. J. Physiol. 588, 5077–5087. doi: 10.1113/jphysiol.2010.198382

Debold, E. P. (2012). Recent insights into muscle fatigue at the cross-bridge level.
Front. Physiol. 3:151. doi: 10.3389/fphys.2012.00151

Dekerle, J., Vanhatalo, A., and Burnley, M. (2008). Determination of critical
power from a single test. Sci. Sport 23, 231–238. doi: 10.1016/j.scispo.2007.
06.015

Dorel, S., Bourdin, M., Van Praagh, E., Lacour, J.-R., and Hautier, C. A.
(2003). Influence of two pedalling rate conditions on mechanical output
and physiological responses during all-out intermittent exercise. Eur. J. Appl.
Physiol. 89, 157–165. doi: 10.1007/s00421-002-0764-4

Enoka, R. M. (1995). Mechanisms of muscle fatigue: central factors and task
dependency. J. Electromyogr. Kinesiol. 5, 141–149. doi: 10.1016/1050-6411(95)
00010-W

Gallagher, K. M., Fadel, P. J., Strømstad, M., Ide, K., Smith, S. A., Querry, R. G., et al.
(2001). Effects of partial neuromuscular blockade on carotid baroreflex function
during exercise in humans. J. Physiol. 533, 861–870. doi: 10.1111/j.1469-7793.
2001.t01-1-00861.x

Gandevia, S. C. (2001). Spinal and supraspinal factors in human muscle fatigue.
Physiol. Rev. 81, 1725–1789. doi: 10.1152/physrev.2001.81.4.1725

Hendrix, C. R., Housh, T. J., Mielke, M., Zuniga, J. M., Camic, C. L., Johnson, G. O.,
et al. (2009). Critical torque, estimated time to exhaustion, and anaerobic work

Frontiers in Physiology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 875

https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1113/jphysiol.2007.141838
https://doi.org/10.1007/978-1-4899-7678-9
https://doi.org/10.1007/978-1-4899-7678-9
https://doi.org/10.1113/jphysiol.2008.163303
https://doi.org/10.1152/japplphysiol.00737.2005
https://doi.org/10.1152/japplphysiol.00737.2005
https://doi.org/10.1113/jphysiol.1996.sp021809
https://doi.org/10.1002/mus.880070902
https://doi.org/10.1113/ep085895
https://doi.org/10.1113/ep085895
https://doi.org/10.1113/JP272283
https://doi.org/10.1152/japplphysiol.91474.2008
https://doi.org/10.1002/mus.21278
https://doi.org/10.1113/jphysiol.2010.198382
https://doi.org/10.3389/fphys.2012.00151
https://doi.org/10.1016/j.scispo.2007.06.015
https://doi.org/10.1016/j.scispo.2007.06.015
https://doi.org/10.1007/s00421-002-0764-4
https://doi.org/10.1016/1050-6411(95)00010-W
https://doi.org/10.1016/1050-6411(95)00010-W
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00861.x
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00861.x
https://doi.org/10.1152/physrev.2001.81.4.1725
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00875 July 13, 2019 Time: 15:27 # 10

Morel et al. Force-Velocity Characteristics Influence Fatigue

capacity from linear and nonlinear mathematical models.Med. Sci. Sports Exerc.
41, 2185–2190. doi: 10.1249/MSS.0b013e3181ab8cc0

Hortobágyi, T., Mizelle, C., Beam, S., and DeVita, P. (2003). Old adults perform
activities of daily living near their maximal capabilities. J. Gerontol. A. Biol. Sci.
Med. Sci. 58, 453–460. doi: 10.1093/gerona/58.5.M453

Hureau, T. J., Ducrocq, G. P., and Blain, G. M. (2016a). Peripheral and central
fatigue development during all-out repeated cycling sprints. Med. Sci. Sports
Exerc. 48, 391–401. doi: 10.1249/MSS.0000000000000800

Hureau, T. J., Romer, L. M., and Amann, M. (2016b). The “sensory tolerance limit”:
a hypothetical construct determining exercise performance? Eur. J. Sport Sci. 18,
13–24. doi: 10.1080/17461391.2016.1252428

Jones, A. M., Wilkerson, D. P., DiMenna, F., Fulford, J., and Poole, D. C. (2008).
Muscle metabolic responses to exercise above and below the “critical power”
assessed using 31P-MRS. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294,
585–593. doi: 10.1152/ajpregu.00731.2007

Kaufman, M. P., Hayes, S. G., Adreani, C. M., and Pickar, J. G. (2002). Discharge
properties of group III and IV muscle afferents. Adv. Exp. Med. Biol. 508, 25–32.
doi: 10.1007/978-1-4615-0713-0_4

Kellawan, J. M., and Tschakovsky, M. E. (2014). The single-bout forearm critical
force test: a new method to establish forearm aerobic metabolic exercise
intensity and capacity. PLoS One 9:e93481. doi: 10.1371/journal.pone.009
3481

Lambert, E. V., St Clair Gibson, A., and Noakes, T. D. (2005). Complex systems
model of fatigue: integrative homoeostatic control of peripheral physiological
systems during exercise in humans. Br. J. Sports Med. 39, 52–62. doi: 10.1136/
bjsm.2003.011247

Liu, J. Z., Yao, B., Siemionow, V., Sahgal, V., Wang, X., Sun, J., et al. (2005). Fatigue
induces greater brain signal reduction during sustained than preparation phase
of maximal voluntary contraction. Brain Res. 1057, 113–126. doi: 10.1016/j.
brainres.2005.07.064

Marcora, S. M. (2009). Perception of effort during exercise is independent of
afferent feedback from skeletal muscles, heart, and lungs. J. Appl. Phyiol. 106,
2060–2062. doi: 10.1152/japplphysiol.90378.2008

Marcora, S. M., Staiano, W., and Manning, V. (2009). Mental fatigue impairs
physical performance in humans. J. Appl. Physiol. 106, 857–864. doi: 10.1152/
japplphysiol.91324.2008

Mathiassen, S. E. (1989). Influence of angular velocity and movement frequency
on development of fatigue in repeated isokinetic knee extensions. Eur. J. Appl.
Physiol. Occup. Physiol. 59, 80–88. doi: 10.1007/BF02396584

Matsuura, R. (2016). Possible contributions of group III/IV muscle afferent
feedback to exercise performance. J. Phys. Fit. Sport Med. 5, 177–180. doi:
10.7600/jpfsm.5.177

McNeil, C. J., Giesebrecht, S., Khan, S. I., Gandevia, S. C., and Taylor, J. L. (2011).
The reduction in human motoneurone responsiveness during muscle fatigue is
not prevented by increased muscle spindle discharge. J. Physiol. 589, 3731–3738.
doi: 10.1113/jphysiol.2011.210252

Morel, B., Clémençon, M., Rota, S., Millet, G. Y., Bishop, D. J., Brosseau, O.,
et al. (2015a). Contraction velocity influence the magnitude and etiology of
neuromuscular fatigue during repeated maximal contractions. Scand. J. Med.
Sci. Sport 25, 432–441. doi: 10.1111/sms.12358

Morel, B., Rouffet, D. M., Bishop, D. J., Rota, S. J., and Hautier, C. A. (2015b).
Fatigue induced by repeated maximal efforts is specific to the rugby task
performed. Int. J. Sport Sci. Coach 10, 11–20. doi: 10.1260/1747-9541.10.1.11

Neyroud, D., Kayser, B., and Place, N. (2016). Are there critical fatigue thresholds?
Aggregated vs. individual data. Front. Physiol. 7:376. doi: 10.3389/FPHYS.2016.
00376

Noorkõiv, M., Nosaka, K., and Blazevich, A. J. (2014). Neuromuscular adaptations
associated with knee joint angle-specific force change. Med. Sci. Sports Exerc.
46, 1525–1537. doi: 10.1249/MSS.0000000000000269

Pincivero, D. M., Salfetnikov, Y., Campy, R. M., and Coelho, A. J. (2004). Angle-
and gender-specific quadriceps femoris muscle recruitment and knee extensor
torque. J. Biomech. 37, 1689–1697. doi: 10.1016/j.jbiomech.2004.02.005

Poole, D. C., Barstow, T. J., Mcdonough, P., and Jones, A. M. (2008). Control
of oxygen uptake during exercise. Med. Sci. Sports Exerc. 40, 462–474. doi:
10.1249/MSS.0b013e31815ef29b

Poole, D. C., Burnley, M., Vanhatalo, A., Rossiter, H. B., and Jones, A. M. (2016).
Critical power: an important fatigue threshold in exercise physiology. Med. Sci.
Sport Exerc. 48, 2320–2334. doi: 10.1249/MSS.0000000000000939

Rowell, L. B., and O’Leary, D. S. (1990). Reflex control of the circulation during
exercise: chemoreflexes and mechanoreflexes. J. Appl. Physiol. 69, 407–418.
doi: 10.1152/jappl.1990.69.2.407

Strojnik, V., and Komi, P. V. (1998). Neuromuscular fatigue after maximal stretch-
shortening cycle exercise. J. Appl. Physiol. 84, 344–350. doi: 10.1152/jappl.1998.
84.1.344

Taylor, J. L., Amann, M., Duchateau, J., Meeusen, R., and Rice, C. L. (2016). Neural
contributions to muscle fatigue: from the brain to the muscle and back again.
Med. Sci. Sports Exerc. 48, 2294–2306. doi: 10.1249/MSS.0000000000000923

Westerblad, H. (2016). Acidosis is not a significant cause of skeletal muscle fatigue.
Med. Sci. Sports Exerc. 48, 2339–2342. doi: 10.1249/mss.0000000000001044

Wolpert, D. M., Ghahramani, Z., and Jordan, M. I. (1995). An internal model
for sensorimotor integration. Science 269, 1880–1882. doi: 10.1126/science.
7569931

Zghal, F., Cottin, F., Kenoun, I., Rebaï, H., Moalla, W., Dogui, M., et al. (2015).
Improved tolerance of peripheral fatigue by the central nervous system after
endurance training. Eur. J. Appl. Physiol. 115, 1401–1415. doi: 10.1007/s00421-
015-3123-y

Zwarts, M. J., and Arendt-Nielsen, L. (1988). The influence of force and circulation
on average muscle fibre conduction velocity during local muscle fatigue. Eur. J.
Appl. Physiol. Occup. Physiol. 58, 278–283. doi: 10.1007/bf00417263

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Morel, Lapole, Liotard and Hautier. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 July 2019 | Volume 10 | Article 875

https://doi.org/10.1249/MSS.0b013e3181ab8cc0
https://doi.org/10.1093/gerona/58.5.M453
https://doi.org/10.1249/MSS.0000000000000800
https://doi.org/10.1080/17461391.2016.1252428
https://doi.org/10.1152/ajpregu.00731.2007
https://doi.org/10.1007/978-1-4615-0713-0_4
https://doi.org/10.1371/journal.pone.0093481
https://doi.org/10.1371/journal.pone.0093481
https://doi.org/10.1136/bjsm.2003.011247
https://doi.org/10.1136/bjsm.2003.011247
https://doi.org/10.1016/j.brainres.2005.07.064
https://doi.org/10.1016/j.brainres.2005.07.064
https://doi.org/10.1152/japplphysiol.90378.2008
https://doi.org/10.1152/japplphysiol.91324.2008
https://doi.org/10.1152/japplphysiol.91324.2008
https://doi.org/10.1007/BF02396584
https://doi.org/10.7600/jpfsm.5.177
https://doi.org/10.7600/jpfsm.5.177
https://doi.org/10.1113/jphysiol.2011.210252
https://doi.org/10.1111/sms.12358
https://doi.org/10.1260/1747-9541.10.1.11
https://doi.org/10.3389/FPHYS.2016.00376
https://doi.org/10.3389/FPHYS.2016.00376
https://doi.org/10.1249/MSS.0000000000000269
https://doi.org/10.1016/j.jbiomech.2004.02.005
https://doi.org/10.1249/MSS.0b013e31815ef29b
https://doi.org/10.1249/MSS.0b013e31815ef29b
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1152/jappl.1990.69.2.407
https://doi.org/10.1152/jappl.1998.84.1.344
https://doi.org/10.1152/jappl.1998.84.1.344
https://doi.org/10.1249/MSS.0000000000000923
https://doi.org/10.1249/mss.0000000000001044
https://doi.org/10.1126/science.7569931
https://doi.org/10.1126/science.7569931
https://doi.org/10.1007/s00421-015-3123-y
https://doi.org/10.1007/s00421-015-3123-y
https://doi.org/10.1007/bf00417263
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Critical Peripheral Fatigue Thresholds Among Different Force-Velocity Conditions: An Individual-Based Model Approach
	Introduction
	Materials and Methods
	Subjects
	Experimental Design
	Fatigue Testing Procedure
	Electrical Stimulation of the Femoral Nerve
	Measurements and Data Analysis
	Statistical Analysis

	Results
	Individual Models
	Force Condition Effect Based on Pooled Data
	Evoked Force and Voluntary Activation Correlations Based on Individual Data

	Discussion
	Ethics Statement
	Author Contributions
	References


