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Abstract

Purpose The aim of the present study was to investigate the role of maturation on the etiology of neuromuscular fatigue
induced by repeated maximal voluntary isometric contractions (MVIC).

Methods Nine prepubertal boys (9.9 + 1.3 years), eight male adolescents (13.6 + 1.3 years) and eleven men (23.4 + 3.0 years)
performed a series of repeated isometric MVICs of the knee extensors until the MVIC torque reached 60% of its initial value.
Magnetic stimulations were delivered to the femoral nerve every five MVICs to follow the course of voluntary activation
level (VA) and the potentiated twitch torque (Qtw,).

Results Task failure was reached after 52.9+12.7, 42.6 +£ 12.5, and 26.6 + 6.3 repetitions in boys, adolescents and men,
respectively. VA remained unchanged in men whereas it decreased significantly and similarly in boys and adolescents
(p<0.001). In contrast, Qtw,, remained unchanged in boys and decreased significantly less in adolescents than adults
(p<0.05).

Conclusions Children and adolescents experience less peripheral and more central fatigue than adults. However, adolescents
experience more peripheral fatigue than children for a comparable amount of central fatigue. This finding supports the idea
that the tolerance of the central nervous system to peripheral fatigue could increase during maturation.
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Introduction

Neuromuscular fatigue is commonly defined as “any exer-
cise-induced reduction in the ability of skeletal muscle to
produce force or power irrespective of task completion”
(Bigland-Ritchie and Woods 1984). Historically, potential
factors involved in neuromuscular fatigue were classified
into two categories (1) central factors involving the central
nervous system and neural pathways, and (2) peripheral
factors occurring within the muscle, beyond the neuromus-
cular junction (Gandevia 2001). As a result, it is possible
to distinguish both central, i.e., neural, and peripheral, i.e.,
muscular fatigue. As the neuromuscular system is highly
adaptable (Enoka and Stuart 1992), neuromuscular fatigue
varies in response to different conditions. For instance,
numerous studies examined the differential effect of age
(Streckis et al. 2007), ageing (Kent-Braun et al. 2002), sex
(Hunter et al. 2004), training status (Mira et al. 2018) and
the mode of contraction (Souron et al. 2018) on neuromus-
cular fatigue. However, less attention has been paid to the
impact of maturation on the development and etiology of
neuromuscular fatigue.

Current knowledge suggests that fatigue increases pro-
gressively from childhood to adulthood during intermittent
whole-body dynamic activities or repeated maximal vol-
untary contractions. For instance, during repeated cycling
sprints, the decline of peak power output is higher in ado-
lescents than children and lower than adults (Ratel et al.
2002). This finding has been confirmed during a series
of isokinetic maximal voluntary contractions of the knee
extensors (KE) and knee flexors (Zafeiridis et al. 2005;
Dipla et al. 2009). Similarly, when muscle contractions
include an eccentric phase (i.e., a stretch of the active
muscle), the decline of peak torque during exercise is
higher in adolescents than children and lower than adults
(Chen et al. 2014). Moreover, the magnitude of symptoms
appearing during the days following a series of eccentric
contractions (i.e., stiffness, oedema, decreased range of
motion) is higher in adults than adolescents, and higher in
adolescents than children (Chen et al. 2014).

However, it is still unclear whether the contribution of
central and peripheral factors to neuromuscular fatigue
may differ throughout maturation since no objective com-
parison of central vs. peripheral fatigue has been per-
formed between prepubertal children, pubertal children
(i.e., adolescents) and adults. To date, only Streckis et al.
(2007) reported a lower peripheral fatigue and a higher
central fatigue during a sustained 2-min maximal volun-
tary isometric contraction (MVIC) of the KE muscles in
12—14-year old boys and girls than men and women. How-
ever, in that study, no objective measurement of matu-
rity status (i.e., biological age) was done, hence limiting
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our knowledge regarding the role of maturation on the
etiology of neuromuscular fatigue. Despite this lack of
information, peripheral fatigue could be higher in adoles-
cent individuals than children, but lower in adolescents
than adults because of (1) the progressive increase in the
strength/power-generating capacity (Tonson et al. 2008)
and (2) potential changes in the metabolic profile through-
out maturation, e.g., transformation of slow-twitch fibers
into fast-twitch fibers (Lexell et al. 1992) and progressive
increase in the capacity of the anaerobic energy turno-
ver over maturation (Ratel and Blazevich 2017). Indeed,
it has been shown that the higher neuromuscular fatigue
of healthy men vs. women was no longer observed when
subjects were matched for absolute MVIC force (Hunter
et al. 2004) suggesting that the higher the MVIC force,
the higher the muscle fatigue. In addition, the amount of
peripheral fatigue was found to be greater in individu-
als with predominantly fast-twitch fibers (Hamada et al.
2003) and relying more on anaerobic than aerobic energy
turnover as in explosive power-trained athletes (Garrandes
et al. 2007). Taken together, these factors could promote
a faster and/or greater development of peripheral fatigue
during repeated maximal contractions in adolescents than
children but a lower peripheral fatigue in adolescents than
adults. Consequently, the development of strength/power
and the transformation of slow-twitch into fast-twitch fib-
ers over maturation could be associated with a progressive
reduction of time to task failure from childhood to adult-
hood. As central fatigue is mainly promoted by prolonged
exercise duration (Thomas et al. 2015), this could translate
into a lower central fatigue in adolescents than children as
well as in adults than adolescents.

Therefore, the purpose of the present study was to verify
these assumptions by examining the consequences of matu-
ration on the development and etiology of neuromuscular
fatigue induced by repeated voluntary maximal contractions.

Material and methods
Participants

A total of nine 8—11 years old boys (Tanner stage 1-2), eight
13—16 years old male adolescents (Tanner stage 3—4) and
eleven 18-25 years old healthy men were recruited. All the
participants were involved in different physical activities
such as rugby, basketball, swimming, etc. To be included,
participants had to exercise less than 4 h per week and to be
free of any medical contra-indication to physical activity.
The present study was approved by the local Ethics Com-
mittee (Protection Committee of People for Biomedical
Research South East VI; Authorization Number AU929).
All the participants were fully informed of the experimental
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procedures and gave their written consent before any test-
ing was conducted. In addition, the written consent of the
parents/guardians was also obtained for the children and
adolescents.

Experimental procedure (design)

All participants were tested on three experimental sessions
separated by at least 1 week. The first session was dedicated
to collecting participants’ physical characteristics, familiari-
zation with the experimental procedures and clinical exami-
nation by a medical practitioner or a pediatrician. During
the second session, the participants were asked to perform
MVIC of the KE muscles at different knee angles (30°, 40°,
50°, 60°, 70, 75°, 80°, 85°, 90°, 100°, 110°; 0° = full exten-
sion) in a randomized order to determine the optimal angle
for maximal torque production. Participants performed two
MVICs at each knee angle. Finally, during the third ses-
sion, all the participants performed the intermittent volun-
tary fatigue protocol at the optimal knee angle. All sessions
were done in a temperate room (18-22 °C).

Anthropometric measurements

Body mass was measured to the nearest 0.1 kg using a cali-
brated scale and height was determined to the nearest 0.01 m
using a standing stadiometer. Height and body mass were
measured without shoes and while wearing underwear only.
Sitting height was also measured while the participants sat
on the floor against a wall, using the same stadiometer. Body
mass index was calculated using a standard formula, mass
divided by height squared (kg m~2). Body fat and fat-free
mass were determined using dual-energy X-ray absorptiom-
etry (HOLOGIC, QDR-4500, Hologic Inc, Bedford, Mas-
sachusetts, USA).

Maturity status assessment

Two methods were used to assess children and adolescents’
maturity status: (1) Tanner stages were determined from
self-reported assessment based on pubic hair and testicular/
penis development (Tanner and Whitehouse 1976), the chil-
dren and adolescents being assisted by their parents while
completing the questionnaire; (2) age from peak height
velocity (APHV) was used to assess somatic maturity and
determined using height, sitting height and body mass (Mir-
wald et al. 2002).

Intermittent voluntary fatigue protocol
Participants performed an intermittent voluntary fatigue pro-

tocol consisting of a repetition of isometric 5-s MVICs of the
KE muscles interspersed with 5-s passive recovery periods

until the voluntary torque failed to reach a target value of
60% of its initial value over three consecutive MVICs. The
participants had no visual feedback of torque output during
the exercise. However, they were strongly encouraged by
the investigators during the entire fatiguing task. During the
fatigue protocol, all participants were allowed to drink water
ad libitum. The knee joint was fixed at the optimal angle for
maximal torque production (75.6° +5.3°, 90.0°+0.0° and
81.8°+7.5° in boys, adolescents and men, respectively;
p<0.001), which was determined from the torque—angle
relationship during the second visit. The number of repeti-
tions was considered as the performance criteria to quan-
tify neuromuscular fatigue. Single magnetic stimulations
were delivered to the femoral nerve every five MVICs to
determine the maximal level of voluntary activation (VA)
using the twitch interpolation technique (see below for fur-
ther details). The electromyographic (EMG) activity of the
vastus lateralis (VL) and rectus femoris (RF) muscles was
recorded during the entire fatigue protocol. The amplitude
of the potentiated twitch torque (Qtw; see below) and VL
and RF concomitant compound action potential amplitudes
(maximal M-wave; M,,,,) were considered as indicators of
peripheral fatigue. The time-course of VA and normalized
EMG (see below) of the VL and RF muscles throughout
the protocol were considered as indexes of central fatigue.
Examples of raw data (MVIC torque and VL. EMG; panel
A) and time-courses of MVIC torque, Qtw,,, and VA during
the fatigue protocol in a typical boy, adolescent, and man are
presented in Fig. 1.

Torque measurements

Voluntary and evoked contractions were assessed in isomet-
ric condition with an isokinetic dynamometer (Cybex Norm,
Lumex, Ronkonkoma, NY, USA). Participants were com-
fortably positioned on an adjustable chair with the hip joint
flexed at 30° (0° =neutral position). The dynamometer lever
arm was attached 1-2 cm above the lateral malleolus with a
Velcro strap. The axis of rotation of the dynamometer was
aligned with the lateral femoral condyle of the right femur.
Torque data were corrected for gravity using the Cybex soft-
ware and were digitized to an external A/D converter (Pow-
erlab 8/35, ADInstruments, New South Wales, Australia)
driven by the Labchart 7.3 Pro software (ADInstruments,
Australia).

Femoral nerve stimulation
Evoked contractions of the KE muscles were triggered
by a single magnetic stimulus, delivered to the femoral

nerve using a 45-mm figure-of-eight coil connected to a
magnetic stimulator (Magstim 2002, peak magnetic field
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Fig.1 a Example of raw data for maximal voluntary isometric con-
traction (MVIC) torque and vastus lateralis electromyographic signal
(VL EMG) obtained at before (0%REP) and after the fatigue protocol
(100%REP) in a typical boy (top), adolescent (middle), and man (bot-

strength 2.34 T, stimulation duration 0.1 ms; MagstimCo,
Whiteland, Dyfed, UK). The coil was placed high in the
femoral triangle in regard of the femoral nerve. Small
spatial adjustments were initially performed to determine
the optimal position where the greatest unpotentiated KE
twitch amplitude (Qtw,,,,) and the greatest VL and RF
M., were evoked. The optimal stimulation intensity,
i.e., the intensity where maximal twitch and concomitant
M-waves amplitudes started to plateau, was determined
from a recruitment curve. Qtw,, . and M, plateaued
at 85.0+4.3%, 84.4+7.8% and 85.0 +6.7% of the stimu-
lator power output for prepubertal boys, adolescents and
men, respectively. To overcome the potential confounding
effect of axonal hyperpolarization (Burke 2002), the stimu-
lation intensity was set to 100% of the stimulator output
during the subsequent testing procedures (i.e., voluntary
intermittent fatigue protocol). This intensity corresponded
to 117.9+6.0%, 119.5+11.7%, and 118.4 +10.1% of
the optimal intensity in the boys, adolescents, and men,
respectively, and was not significantly different between
groups. This supramaximal intensity of stimulation
(~120%) has been demonstrated as being optimal for an
adequate assessment of central and peripheral fatigue of
the KE muscles (Neyroud et al. 2014).

max
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tom). b Example of time-courses of MVIC torque (top), potentiated
twitch torque (Qtwpm) (middle), and voluntary activation level (VA)
(bottom) during the intermittent fatigue protocol in a typical boy, ado-
lescent and man

Voluntary activation level

To determine VA, the twitch interpolation was used. Briefly,
a superimposed (Qtw,) and a potentiated (Qtw,o) single
twitch were delivered during MVIC after the torque had
reached a plateau, and 3-s after the cessation of the con-
traction, respectively. These superimposed and potentiated
mechanical amplitudes allowed the quantification of VA
(%VA) as proposed by Merton (Merton 1954) (Eq. 1):

VA = <1 Qtw, > 100
N Qtwpm (1
EMG recordings

The EMG signals of the VL, RF, and biceps femoris (BF)
muscles were recorded using bipolar silver chloride sur-
face electrodes (Blue Sensor N-00-S, 30X 22 mm, Ambu,
Denmark) during voluntary and evoked contractions. The
recording electrodes were taped lengthwise on the skin
over the muscle belly, as recommended by SENIAM (Sur-
face ElectroMyoGraphy for the Non-Invasive Assessment
of Muscles) (Hermens et al. 2000) with an inter-electrode
distance of 20 mm. The reference electrode was attached to
the patella. Low impedance (Z< 5 kQ) at the skin—electrode
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surface was obtained by shaving, gently abrading the skin
with thin sand paper and cleaning with alcohol. EMG signals
were amplified (Dual Bio Amp ML 135, ADInstruments,
Australia) with a bandwidth frequency ranging from 10 to
500 Hz (common mode rejection ratio > 85 dB, gain=1000)
and simultaneously digitized together with the torque signals
(2 kHz). During the course of the fatigue protocol, Root
Mean Square (RMS) values of the VL and RF EMG activity
were calculated during the MVIC trials over a 0.5-s period
before the superimposed stimulation. This RMS value was
then normalized to the maximal peak-to-peak amplitude of
the potentiated VL and RF M-waves (RMS.M, . ).

Antagonist co-activation

The level of antagonist co-activation (%CoActgy) of the
BF muscle was computed as the BF EMG activity during
knee extensions, normalized to the maximal BF EMG activ-
ity recorded during a maximal knee flexion at the optimal
angle for maximal KE torque production (Eq. 2). To record
this maximal BF RMS value, the participants were asked to
perform 3-s MVICs of the knee flexors before the fatigue
protocol. This measurement was repeated twice, and the best
trial was used for subsequent analysis.

RMSanta
%CoAct = w - 100 (2)

ago
where RMSanta is the RMS value of BF during intermittent
contractions, and RMSago is the RMS value of BF during
maximal voluntary knee flexion, recorded before the fatigue
protocol.

Statistical analysis

The participants were categorized according to their age
and maturity level. There were three groups (prepubertal
boys, adolescents, and men). Therefore, we considered the
group as an independent categorical variable while the other
variables (i.e., neuromuscular parameters) were dependent
variables.

All variables measured during the intermittent fatigue
protocols were linearly interpolated between the nearest
values at 20%, 40%, 60%, and 80% of number of repetitions
(%REP) to fairly compare the different groups. Values at
0%REP and 100%REP corresponded to pre- and post-fatigue
values, respectively.

Data were screened for normality of distribution and
homogeneity of variances using a Shapiro—Wilk normality
test and the Barlett’s test, respectively. All the data were nor-
mally distributed, and variances were homogeneous. One-
way analysis of variance (ANOVA) was used to compare age
and anthropometric characteristics between groups. When

ANOVA revealed significant effects, Tukey HSD post-hoc
tests were applied to test the discrimination between groups.
Differences in absolute values were analyzed using a two-
way (group X %REP) ANOVA with repeated measures.
When significant differences in initial values were identi-
fied between groups, two-way (group X %REP) ANOVA was
applied to test differences in percent changes relative to the
pre-fatigue values. The effect size and statistical power were
reported when significant main or interaction effects were
detected. When the ANOVA revealed significant effects or
interactions between factors, a Tukey HSD post hoc test was
applied to test the discrimination between mean values. The
effect size was assessed using the partial eta-squared (17%)
and ranked as follows: ~0.01 =small effect, ~0.06 = moder-
ate effect, and > 0.14 =large effect (Cohen 1969).

Moreover, to discriminate the effect of MVIC torque on
the etiology of neuromuscular fatigue, we used a mixed
general linear model: the initial MVIC torque was used as
a continuous predictor variable (= co-variable), the group
as a categorical independent variable and the Qtw,, or VA
as dependent variables. Pearson’s correlation coefficients
were used to determine linear correlations between the ini-
tial MVIC torque, the total number of repetitions and Qtw,
and VA variations over the fatigue protocol. The limit for
statistical significance was set at p <0.05. Statistical pro-
cedures were performed using the Statistica 12.0 software
(Statsoft, Inc, USA).

Results
Participants’ characteristics

Participants’ characteristics are described in Table 1. The
boys were prepubertal (Tanner stages I and II and far from
their peak height velocity: —3.8 +0.7 years) while the ado-
lescents were circa-pubertal (Tanner stages III and IV and
around their peak height velocity: — 1.1 + 1.3 years).

Number of repetitions

Task failure, corresponding to the predetermined 60%
decrement of MVIC, was reached after 52.9+12.7 [CI
95% =43.1-62.6], 42.6 +12.5 [CI 95% =32.2-53.0], and
26.6 +£6.3 [CI 95% =22.4-30.9] repetitions in boys, ado-
lescents and men, respectively. ANOVA revealed a sig-
nificant group effect for the total number of repetitions
[F(2;25)=15.80, p<0.001, ;72 =0.56, power=1.0]. The total
number of repetitions was significantly higher in boys and
adolescents than in men (p <0.001). The number of repeti-
tions tended to be higher in boys than adolescents (p =0.056,
7*=0.81, power=0.39).
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Table 1 Physical characteristics

. Boys (n=9) Adolescents (n=38) Men (n=11)
of the experimental groups

Age (years) 9.9+1.3% 13.6+1.3° 23.4+3.0
APHV (years) 144+1.0 14.7+0.5 -

Years to APHV -3.8+0.7 —-1.1+1.3 -
Tanner stages (pubic hair) I-1I I-1v -
Tanner stages (testicular size) I-11 I-1v -

Height (m) 1.38+0.10* 1.60+0.09° 1.76 +£0.06
Body mass (kg) 32.6+8.2° 49.0+7.7° 77.3+79
BMI (kg m™2) 17.0£3.9° 19.1+£1.6° 249429
Body fat (%) 18.8+8.4 19.4+6.8 18.4+5.9
FFM (kg) 23.9+54% 39.9+8.6° 59.8+6.3

Values are expressed as mean + SD

APHYV Age at Peak Height Velocity, BMI Body Mass Index, FFM Fat-Free Mass
Significantly different from adolescents and men at p <0.001

®Significantly different from adolescents at p <0.001

“Significantly different from men at p <0.001

MVIC torque

Significant interactions (group X %REP) were found for
the absolute MVIC torque [F(10;125)=14.78, p <0.001,
7 =0.55, power=1.0]. As expected, initial MVIC torque
values were significantly lower in boys than adolescents
and men, and in adolescents than men (87.4 +31.2 [CI
95%=63.4-111.3], 184.2+47.9 [CI 95% = 144.2-224.3]
and 298.4 +50.5 [CI 95% =264.4-332.3] N.m in boys, ado-
lescents and men, respectively; p <0.001).

A %REP effect was found for MVIC torque changes, i.e.,
in percentage of initial values [F(4;100)=89.96, p <0.001,
n*=0.78, power = 1.0]. MVIC torque significantly and pro-
gressively decreased throughout the fatigue test regardless
of group (Fig. 2a).

Potentiated twitch torque

During the fatigue protocol, ANOVA revealed a signifi-
cant interaction of group X %REP for absolute Qtw, val-
ues [F(10;125)=16.72, p<0.001, #*>=0.57, power=1.0].
Initial absolute Qtw,,, values tended to be lower in boys
than in adolescents (p=0.07) and were lower in boys than
in men (23.2+9.3 [CI 95% =16.0-30.3], 56.8 +18.9 [CI
95%=38.8-71.3] and 79.3 +28.0 [CI 95% =60.5-98.0] N.m
in boys, adolescents and men, respectively; p <0.001). No
significant difference was found between adolescents and
men for initial Qtw,,, values. Adolescents and men showed
a significant decrement of Qtw,,, during the fatigue exercise,
while it remained unchanged in boys (Fig. 2b).
Furthermore, a significant interaction of group X %REP
was observed for relative Qtw,,, i.., in percentage of initial
values [F(8;100)=8.19, p<0.001, 172 =0.40, power =0.99].
The Qtw,_, decreased, respectively, up to 20% and 60%REP

pot
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and then remained unchanged until the end of the fatigue
protocol in adolescents and men. At the end of the fatigue
protocol, men showed a greater relative decrement of Qtw
than adolescents (—50.5+14.5% and —23.2+18.9%,
respectively; Fig. 2b).

When the initial MVIC torque value was used as co-
variable, a significant interaction of group X %REP on the
course of Qtw,,,, was observed (p <0.05). Post-hoc analyses
revealed that the decrement of Qtw,,, was higher in men
than adolescents (p <0.01) and higher in adolescents than
boys (p <0.05).

Voluntary activation level

ANOVA revealed a significant interaction of group X %REP
for absolute VA values [F(10;125)=2.20, p<0.05, 772=0.15,
power =0.90]. Before the fatigue test, the VA values were
not significantly different between groups [87.1+7.6%
(CI195%=81.2-92.9), 84.4+5.5% (C1 95%=175.5-91.8),
92.2+3.2% (CI 95%=90.0-94.3) in boys, adolescents and
men, respectively]. Boys and adolescents showed a signifi-
cant decrement in VA during the fatigue protocol, whereas
it remained unchanged in men (Fig. 2c¢). At the end of
the fatigue test, VA decrements were —23.4 +12.2% and
—15.8+15.7% in boys and adolescents, respectively.

However, when the MVIC torque was used as co-variable,
no significant interaction or main effect on the time-course
of VA was observed.

EMG activity

No significant main or interaction effect was found for the
VL and RF M_,. values.

max
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Fig.2 Time-courses of (a) MVIC torque of the knee extensor mus-
cles (b) potentiated twitch torque (Qtwpm) and (c) voluntary activa-
tion level (VA), expressed as a percentage of the initial values, during
the fatigue protocol in prepubertal boys, male adolescents and men.
***Significantly different between boys and men at p <0.001 (identi-
fied from statistical analysis on the relative values); *significantly dif-
ferent between adolescents and men at p <0.05 (identified from statis-
tical analysis on the relative values); *significantly different over the
fatigue protocol at p <0.05 (identified from statistical analysis on the
absolute values);” %, %, and §§§signiﬁcantly different from the initial
value at p <0.05, p<0.01 and p <0.001, respectively (identified from
statistical analysis on the absolute values)
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Fig.3 Time-course of the co-activation level of the biceps femoris
(%CoAct) during the fatigue protocol in boys, adolescents and men.
%% and $%%Significantly different from the initial value at p <0.01 and
p<0.001, respectively (identified from statistical analysis on the
absolute values)

power=0.86 and F(10;125)=2.56, p <0.01, 772 =0.18,
power =0.94, respectively]. No difference was found for
the initial values of VL and RF RMS.M,, ~! between age
groups. Post-hoc tests only revealed a decrement of VL
and RF RMS.M, .. ~" in boys (at least p <0.01).

Antagonist co-activation

ANOVA revealed a significant interaction (group X %REP)
regarding absolute %CoAct [F(10;125)=2.72, p<0.01,
n*=0.18, power =0.96]. No difference was found for the
initial value of %CoAct between age groups. %CoAct val-
ues remained unchanged in adolescents and men during
the entire fatigue protocol whereas in boys, it decreased
significantly at 60%REP, 80%REP, and 100%REP com-
pared to 0%REP (Fig. 3).

Correlations

When the three groups were pooled in the analysis, the
first MVIC torque of the fatigue protocol was correlated to
the number of repetitions (r2 =0.59, p<0.001) and relative
Qtw,,,, changes (r*=0.52, p<0.001) (Fig. 4); the higher
the MVIC torque, the lower the number of repetitions and
the greater the decrement of Qtw,,. In contrast, a sig-
nificant positive relationship was found between the first
MVIC torque and the relative VA decrement (r2= 0.41,
p <0.001); the higher the MVIC torque, the lesser the
decrement of VA. Furthermore, the number of repetitions
was correlated to the relative VA decrement (r>=0.23,
p <0.05) and to the relative Qtw_,, decrement (*=0.33,
p<0.01) (Fig. 4).
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Discussion

The purpose of the present study was to investigate the
effect of maturation on the development and etiology of
neuromuscular fatigue induced by repeated MVIC of the
KE muscles. The main results showed that adolescents
tended to fatigue faster than prepubertal boys but slower
than men during repeated maximal voluntary contractions.
The greater fatigability in adolescents than prepubertal
boys was associated with a greater peripheral fatigue
and a similar central fatigue. In addition, the lower fati-
gability in adolescents than adults was associated with
a lesser peripheral fatigue and a greater central fatigue.
Finally, when MVIC was used as co-variable in the sta-
tistical analysis, differences of peripheral fatigue between
groups persisted, suggesting that factors other than initial
MVIC torque may account for the differences of peripheral
fatigue during maturation.

@ Springer

The results of the present study confirm that adoles-
cents fatigue faster than prepubertal children and slower
than adults during repeated isometric maximal voluntary
contractions of the knee extensors. The number of rep-
etitions to task failure tended to be lower in adolescents
than prepubertal boys and significantly higher in adoles-
cents than men. Our results agree with the data published
by Ratel et al. (2002) showing a higher decline of peak
power output in adolescents than children or in adults
than adolescents during ten repeated 10-s cycling sprints
separated by 30 s of passive recovery. Similarly, it has
been reported that during four series of 18 concentric knee
flexions and extensions, the decline of peak torque is lower
in prepubertal boys than male adolescents and higher in
men than adolescents (Zafeiridis et al. 2005; Dipla et al.
2009). Finally, during five series of six maximal eccentric
contractions of the elbow flexors, the decline of concen-
tric maximal torque was found to be higher in adolescents
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than children and higher in adults than adolescents (Chen
et al. 2014).

Although scientific evidence supports a higher fatigabil-
ity in adolescents than children and a lower fatigability in
adolescents than adults during high-intensity intermittent
exercise, the mechanisms explaining this phenomenon still
remain unclear.

Peripheral mechanisms

In prepubertal boys, no significant alteration of Qtw,,, was
observed during the fatigue protocol. In contrast, in adoles-
cents and men, Qtw,,, decreased significantly throughout the
fatigue protocol and the decrement was significantly higher
in men than adolescents. This suggests that contractile prop-
erties and/or excitation—contraction coupling were preserved
in prepubertal boys and more strongly altered in men than
adolescents. In contrast, the time-course of maximal M-wave
did not differ between groups, suggesting that no maturation-
related change in the excitability of the sarcolemma was
associated with fatigue. These results agree with previous
studies, showing a lower alteration of the potentiated twitch
torque during fatigue in prepubertal children than adults
(Gorianovas et al. 2013; Murphy et al. 2014; Hatzikotoulas
et al. 2014; Ratel et al. 2015; Piponnier et al. 2018). Fur-
thermore, they concur with those published by Streckis et al.
(2007) showing a lower alteration of twitch torque during a
sustained 2-min maximal voluntary contraction of the knee
extensors in 13.6-year-old girls and 13.9-year-old boys than
adults. However, the results of the present study reveal for
the first time an effect of maturation.

Central mechanisms

Regarding neural factors, prepubertal boys and male ado-
lescents showed a significant VA and RMS.M,,,~" (only in
boys) decrement during the fatigue test, whereas no change
of VA and RMS.M,,,.~" was observed in men. Moreover,
the decrement of VA was similar in prepubertal boys and
male adolescents. The interplay of central and peripheral
mechanisms of fatigue through maturation remains to be
elucidated; however, on the basis of these results, it could
be suggested that the greater central fatigue in children and
adolescents accounted for their lower peripheral fatigue than
adults. Indeed, according to the central governor theory, the
central nervous system could limit the recruitment of motor
units to prevent any extensive homeostasis disturbance, mus-
cle damage, and biological harm (Noakes et al. 2005). As
such, some studies proposed that the central nervous sys-
tem may “tolerate” a given peripheral fatigue level (Amann
and Dempsey 2008; Millet 2011; Zghal et al. 2015). It is
currently unknown if this tolerance is different in children,
adolescents and adults, but the lower peripheral and the

higher central fatigue reported here in children and adoles-
cents suggest that this tolerance could be centrally set at a
lower level than adults. Furthermore, the greater peripheral
fatigue found for a comparable amount of central fatigue in
adolescents than children suggests that the tolerance could
be set at higher level in adolescents. This finding could sup-
port the idea that (1) the central nervous system could not
tolerate the development of an extensive peripheral fatigue
in children (Piponnier et al. 2018), contrary to adults, and
(2) the tolerance of the central nervous system to peripheral
fatigue could increase during puberty.

Regarding the central regulation of the antagonist co-
activation, the results of the present study showed different
patterns between groups, since it decreased in prepubertal
boys whereas it remained unchanged in male adolescents
and men. The progressive decrease of the co-activation
level in prepubertal boys may have contributed to limit the
loss of torque, and therefore to delay the level of fatigue,
as previously reported (Piponnier et al. 2018). This poten-
tial mechanism could withdraw through maturation since
no significant change of the antagonist co-activation during
the fatigue protocol was observed in adolescents. However,
these results should be confirmed since, to our knowledge,
no other studies have investigated the effect of maturation
on the antagonist co-activation associated with fatigue. Fur-
thermore, other studies have reported opposite results when
comparing prepubertal children and adults (Paraschos et al.
2007; Armatas et al. 2010; Murphy et al. 2014). Therefore,
further studies are required to clarify this issue.

Factors underpinning differences in neuromuscular
fatigue

Among the factors that may account for the differences of
peripheral fatigue between prepubertal boys, male adoles-
cents and men, is the absolute torque level. Indeed, when
the three groups were pooled in the analysis, the first MVIC
torque of the fatigue test was correlated to the twitch torque
decrement. This suggestion is consistent with other studies
that showed that the greater fatigue observed in men vs.
women was eliminated if subjects were matched for absolute
strength (Hunter et al. 2004). However, other factors may
account for the differences of peripheral fatigue between
prepubertal children, adolescents and adults. Indeed, the dif-
ferential time-course of the potentiated twitch torque over
repeated maximal voluntary contractions persisted between
groups when the initial MVIC torque was used as co-varia-
ble. This result is consistent with recent reports (Piponnier
et al. 2019), showing that difference in torque level could
not fully account for difference in neuromuscular fatigue
at different muscle—tendon lengths between prepubertal
children and adults. Thus, other factors could be involved
in the development and etiology of neuromuscular fatigue
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during growth and maturation, such as the metabolic profile
(Bontemps et al. 2019). Specifically, the greater proportion
of slow-twitch fibers (Lexell et al. 1992) and the greater
reliance on oxidative metabolism (Tonson et al. 2010) in
prepubertal children may also account for their reduced
peripheral fatigue.

The higher implication of central factors in the devel-
opment of fatigue in children and adolescents could also
be ascribed to their lower absolute MVIC torque and as a
result, to the concurrent longer exercise duration than adults.
Indeed, in the present study, the number of repetitions and
the associated exercise duration were clearly higher in pre-
pubertal boys and male adolescents than adults. Further-
more, the relative VA loss was correlated to the first MVIC
of the fatigue test and to the number of repetitions. These
findings are consistent with another study (Thomas et al.
2015), reporting that central fatigue increases with exercise
duration. Also, the results of the present study reveal no sig-
nificant difference in the time-course of VA between groups
when the MVIC torque was used as co-variable. These
results agree with those published by Russ (2009), which
reported similar changes in MVIC decrements and central
activation in strength-matched men and women.

Conclusions

The results of the present study show that male adolescents
fatigue faster than prepubertal children but slower than men
during repeated maximal voluntary isometric contractions of
the knee extensors. Furthermore, the contribution of central
and peripheral mechanisms to neuromuscular fatigue differs
between groups. Children and adolescents experience less
peripheral and more central fatigue than adults. Moreover,
adolescents experience more peripheral fatigue than children
for a comparable amount of central fatigue. This could sup-
port the idea that (1) the central nervous system could not
tolerate the development of an extensive peripheral fatigue
in children, contrary to adults, and (2) the tolerance of the
central nervous system to peripheral fatigue could increase
throughout maturation. However, further studies are required
to better understand the origin of these central regulations
and the interplay between peripheral and central mecha-
nisms of fatigue throughout maturation.
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