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Abstract

Purpose The aim of this study was to investigate the
effect of obesity on neuromuscular fatigue in adolescent
girls.

Methods Twelve lean (13.6 £ 0.8 years) and 12 obese
(13.9 £ 0.9 years) girls repeated 5-s maximal voluntary
contractions (MVC) of the knee extensors until the gen-
erated torque reached 55 % of its initial value. Magnetic
stimulations were delivered to the femoral nerve every five
MVCs to follow the course of voluntary activation (VA)
and potentiated twitch torque (Qtw,,).

Results Torque reached 55 % of its initial value after
52.6 & 20.4 and 74.9 £ 22.8 repetitions in obese and lean
girls, respectively (p < 0.01). Furthermore, the decline
of VA was smaller in obese girls (p < 0.001). In con-

trast, Qtw,, decreased to a greater extent in obese girls
(p <0.05).
Conclusions Obese girls fatigue faster than their lean

counterparts. The peripheral factors mainly account for
fatigue in obese girls, whereas central factors are mainly
involved in lean girls.
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Abbreviations

APHV  Age from peak height velocity
BMI Body mass index

BF Body fat

DXA Dual-energy X-ray absorptiometry
EMG Electromyography

FFM Fat-free mass

KE Knee extensors

MVC Maximal voluntary contraction
M-wave Compound action potential amplitude
Qtw,,  Potentiated twitch torque

RF Rectus femoris

VA Voluntary activation

VL Vastus lateralis

VM Vastus medialis

Introduction

Commonly, muscle fatigue is defined as “an exercise-
induced reduction in the ability of skeletal muscle to pro-
duce power or force irrespective of task completion”
(Gandevia 2001). Historically, potential factors involved
in muscle fatigue were classified into two categories, i.e.,
(i) central factors involving the central nervous system
and neural pathways, and (ii) peripheral factors occurring
within the muscle, beyond the neuromuscular junction
(Enoka and Stuart 1992). As a result, it is possible to distin-
guish between central, i.e., neural, and peripheral fatigue,
i.e., muscular fatigue. As the neuromuscular system is
highly adaptable (Enoka and Stuart 1992), neuromuscular
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fatigue varies in response to different conditions. For
instance, numerous studies examined the differential effect
of growth (Ratel et al. 2002, 2015), aging (Kent-Braun
et al. 2002), sex (Hunter et al. 2004), training status (Bog-
danis 2012) and the mode of contraction (Callahan et al.
2009) on muscle fatigue. However, less attention has been
paid to the impact of pathological conditions such as obe-
sity on the development of neuromuscular fatigue.

This lack of information about obesity-associated
neuromuscular fatigue is surprising, since fatigue has
important functional implications. Indeed, it is frequently
advocated as a potential limitation to daily-living tasks in
young and adult obese individuals (Tsiros et al. 2011). Yet,
there is currently no consensus on the detrimental effect
of obesity on neuromuscular fatigue. For instance, Maffiu-
letti et al. (2007, 2008) conducted two successive studies
regarding the effect of obesity on muscle fatigue of the
knee extensor (KE) muscles during 50 repeated isokinetic
contractions in adolescent boys and men, but reported
different results. While Maffiuletti et al. (2007) reported
a greater voluntary torque decrement of the KE muscles
in 25-year-old obese men (BMI: 41 kg m™?) as com-
pared to their normal weight counterparts; these authors
also showed no significant difference of muscle fatigue
between severely obese (BMI: 34 kg m~2) and non-obese
adolescent boys (Maffiuletti et al. 2008). Furthermore,
other authors showed that manifestations of fatigue over
the course of repeated contractions of the lower or upper
limb muscles were similar (Cavuoto and Nussbaum 2013;
Halvatsiotis et al. 2002; Minetto et al. 2013; Paolillo et al.
2012) or lower (Cavuoto and Nussbaum 2014; Mehta and
Cavuoto 2015) in obese compared to their normal weight
counterparts. Besides, it is still unclear whether the contri-
bution of central and peripheral factors to fatigue is differ-
ent between non-obese and obese people, since no objec-
tive measurement of central vs. peripheral fatigue has been
done so far in obese subjects.

Despite this lack of consensus regarding the rate of
fatigue development in obese people, we suggest that obese
individuals could fatigue to a greater extent than their nor-
mal weight counterparts because of (i) their higher absolute
strength/power capacity (Abdelmoula et al. 2012; Maffiu-
letti et al. 2013; Tsiros et al. 2013) and (ii) their potentially
higher amount of fast-fatigable muscle fibers (Kriketos
et al. 1997; Wade et al. 1990). 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 MVC force (Hunter et al. 2004),
suggesting that the higher the MVC force, the higher is
the muscle fatigue. In addition, the amount of periph-
eral fatigue is greater in individuals with predominantly
type II fibers (Hamada et al. 2003). Taken together, these
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factors could promote a faster and/or greater development
of peripheral fatigue in obese people during repeated maxi-
mal contractions. Conversely, the higher strength/power
capacity and the fast-fatigable typology should be associ-
ated with a short exercise duration, when exercising until
exhaustion. This could limit the development of central
fatigue, which is mainly promoted by prolonged exercise
durations (Martin et al. 2010).

Therefore, the purpose of the present study was to exam-
ine the consequences of obesity on neuromuscular fatigue
development and its etiology in obese subjects during
repeated maximal contractions. We chose to study more
specifically an adolescent girl population given that the
prevalence and incidence of obesity are increasing world-
wide in this population because of a gradually decreasing
level of physical activity during adolescence (Yan et al.
2014). On that basis, contrary to an obese male adolescent
population (Maffiuletti et al. 2008), the level of fatigability
could be specifically higher in obese adolescent girls com-
pared to their non-obese counterparts.

Materials and methods
Subjects

Twelve obese (12—15 years; BMI: 32.1 4 4.2 kg m~2) and
12 non-obese (12—15 years; BMI: 18.3 £ 1.3 kg m~2) ado-
lescent girls volunteered to participate in the present study.
They were classified as obese and non-obese according
to the IOTF criteria (Cole et al. 2000). Both groups were
formed so that chronological age, age from peak height
velocity (APHV), height and maturation status (Tanner
stages) were not significantly different. At first, both groups
were formed according to chronological age and matu-
ration status, and in a second time we checked whether
APHYV and height differed between obese and non-obese
adolescents (Table 1). In both groups, all adolescents per-
formed recreational physical activity for <4 h/week. The
level of physical activity (i.e., variety of physical activi-
ties, intensity and sedentary level scores) was determined
from a questionnaire validated among French children and
adolescents (Tessier et al. 2007). None of the participants
had orthopedic or cardiovascular pathology interfering
with the execution of the tests. This study was approved by
the local ethics committee (Protection Committee of Peo-
ple for Biomedical Research South East VI; Authorization
Number AU994). All the volunteers were fully informed of
the experimental procedures and gave their written assent
before any testing was conducted. In addition, the written
consent of the parents/guardians was obtained for every
participant.
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Table 1 Subjects’ characteristics

Non-obese (n = 12)  Obese (n = 12)

Age (years) 13.6 £ 0.8 13.9+ 0.9
APHYV (years) 123 +0.3 120+ 04
Years to (from) APHV 1.3+£09 1.9+£0.6
Height (m) 1.60 £+ 0.04 1.61 £ 0.04
BM (kg) 46.9 +4.2 83.9 + 11.6%**
BMI (kg m™2) 183+13 32.1 £ 4.0k
FFM (kg) 355426 49.2 £ 4.6%%*
BF (kg) 9.6 £2.0 32.8 £ 8.1%**
BF (%) 204 £2.9 38.2 £ 4.9%**
Physical activity scores

Variety of activities (0-48) 11.0£5.6 10.9 £ 3.8

Intensity (0-7) 23+£1.1 21+£06

Sedentary level (0-28) 55+£23 8.6 £5.8
Tanner stage (size of breasts)

TI-111

v-v 5 8
Tanner stage (pubic hair)

II-111

Iv-v 8

Values are expressed as mean £ SD

BMI body mass index, FFM fat-free mass, APHV age at peak height
velocity, BF body fat, BM body mass

Normal physical activity scores (mean £ SD) for a French adoles-
cent girls population: (i) variety of activities: ~15.2 £ 7.5; (ii) inten-
sity: ~4.8 £ 2.3 and (iii) sedentary level: ~10.9 £ 7.0 (Tessier et al.
2007)

*#% Significantly different between obese and non-obese groups
(p <0.001)

Experimental procedure (design)

All subjects were tested on three experimental sessions
separated by at least 1 week. The first session was dedi-
cated to collecting subjects’ characteristics, familiarization
with the experimental procedures and clinical examination
by a pediatrician. During the second session, the partici-
pants were asked to perform maximal voluntary contrac-
tions (MVC) of the KE muscles at different knee angles
(20°, 40°, 60°, 70°, 80°, 90°, 100°; 0° = full extension) to
determine the optimal angle for maximal torque produc-
tion. Finally, during the third session, subjects performed
an intermittent voluntary isometric fatigue protocol, at the
optimal angle, until the voluntary torque reached 55 % of
its initial value.

Anthropometrical measurements
Body mass (BM) was measured to the nearest 0.1 kg using

a calibrated scale and height was determined to the nearest
0.01 m using a standing stadiometer. Height and BM were

measured without shoes and while wearing underwear. Sit-
ting height was also measured while the participants sat on
the floor against a wall, using the same stadiometer. Body
mass index (BMI) was calculated using a standard formula,
i.e., mass divided by height squared (kg m~2). Body fat
(BF) and fat-free mass (FFM) were determined using dual-
energy X-ray absorptiometry (DXA) (HOLOGIC, QDR-
4500, Hologic Inc, Bedford, Massachusetts, USA).

Maturation assessment

Two methods were used to assess adolescent girls’ matura-
tion. Tanner stages were the first method and determined
from self-assessment of pubic hair and breast development
(Tanner and Whitehouse 1976). The second method was
the age from peak height velocity (APHV). APHV was
used to assess somatic maturity and determined by using
height, sitting height and BM. Its calculation was based on
sex-specific regression equations, as proposed by Mirwald
et al. (2002).

Metabolic indexes

The metabolic profile of obese girls was determined at the
children’s medical center. In fasting conditions, venous
blood samples were withdrawn from a prominent superfi-
cial vein in the antecubital fossa for the determination of
metabolic indexes. Glucose, triglycerides (TG), total cho-
lesterol (TC), HDL-cholesterol, calculated LDL-choles-
terol, and C-reactive protein (CRP) were measured using
a Konelab analyzer (Konelab, France). Insulin hormone
was measured with enzyme-linked immunosorbent assay
(ELISA). Insulin sensitivity was assessed by using the
homeostasis model assessment-insulin resistance (HOMA-
IR) proposed by Matthews et al. (1985).

Intermittent voluntary fatigue protocol

Subjects performed an intermittent voluntary fatigue pro-
tocol consisting in a repetition of isometric 5-s MVCs of
the KE muscles interspersed with 5-s passive recovery peri-
ods until the generated torque reached 55 % of its initial
value. The subjects were not informed of this criterion of
task failure and had no visual feedback of torque output
during the exercise. However, they were strongly encour-
aged by the experimenters during the entire fatiguing task.
To follow the recovery process, the participants performed
a 5-s MVC 3, 6 and 15 min after the end of the protocol.
Single magnetic stimulations were delivered to the femoral
nerve every five MVCs and during the recovery period to
determine the maximal level of voluntary activation (VA)
by means of the twitch interpolation technique (see below
for more details). The electromyographic activity of the KE
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muscles was recorded during the entire fatigue protocol.
The amplitude of the potentiated twitch torque (Qtw,,,) and
vastus lateralis (VL) and rectus femoris (RF) concomitant
compound action potential amplitudes (M,,,,) were consid-
ered as indicators of peripheral fatigue. The time course of
VA and normalized electromyographic activity (EMG; see
below) of the VL and RF muscles throughout the protocol
were considered as indexes of central fatigue.

Torque measurements

Voluntary and evoked contractions were assessed in iso-
metric condition with an isokinetic dynamometer (Cybex
Norm, Lumex, Ronkonkoma, NY, USA). Subjects were
comfortably positioned on an adjustable chair with the hip
joint flexed at 30° (0° = neutral position). The dynamom-
eter 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 con-
dyle of the right femur. During each test, subjects were
instructed to grip the seat during the voluntary contrac-
tions to stabilize the pelvis. Torque data were corrected for
gravity using the Cybex software and acquired and digi-
tized on-line at a rate of 2 kHz by an A/D converter (Pow-
erlab 8/35, ADInstruments, New South Walles, 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 70-mm figure-of-eight coil connected to a magnetic
stimulator (peak magnetic field strength 2.2 T, stimulation
duration 0.1 ms; MagstimCo, Whiteland, Dyfed, UK). The
coil was placed high in the femoral triangle with regard
to the femoral nerve. Small spatial adjustments were ini-
tially performed to determine the optimal position where
the greatest unpotentiated KE twitch amplitude (Qtw,,,,,)
and the greatest VL and RF M, ,, were evoked. The opti-
mal stimulation intensity, i.e., the intensity, where maximal
twitch and concomitant M-waves amplitudes started to pla-
teau, was determined from a recruitment curve. Briefly, two
single stimulations were delivered every 30 s at 70, 80, 85,
90, 95, 97 and 100 % of the maximal stimulator power out-
put. Qtw,,, plateaued at 88.7 + 6.0 and 82.1 + 7.0 % of
the stimulator power output in obese and non-obese ado-
lescent girls, respectively. To overcome the potential con-
founding effect of axonal hyperpolarization, the stimulation
intensity was set to 100 % of the stimulator output during
the subsequent testing procedures (i.e., voluntary intermit-
tent fatigue protocol). This intensity then corresponded to
113.3 4+ 10.0 and 122.7 &+ 11.0 % of the optimal intensity
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in the obese and non-obese groups, respectively. M,
evoked at 100 % of the stimulator output corresponded to
119.6 & 13.8 and 130.1 &+ 12.3 % of the optimal intensity
for VL and 122.9 £ 7.8 and 129.7 £ 10.1 % of the opti-
mal intensity for RF in obese and non-obese adolescent
girls, respectively. Values were not significantly different
between groups.

Voluntary activation level

To determine VA, the twitch interpolation technique was
used. Briefly, a superimposed (Qtw,) and a potentiated
(Qtw,,,) single twitch were delivered during MVC after the
torque had reached a plateau and 3 s after the cessation of
the contraction, respectively. This provided the opportu-
nity to obtain a potentiated mechanical response and hence
reduce the variability of VA values. These superimposed
and potentiated mechanical amplitudes allowed the quanti-
fication of VA (%VA) as proposed by Merton (1954):

BVA = [1 — (Qtws x Qtw;olt)} % 100. )
EMG activity

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, Ambu, Denmark)
during voluntary and evoked contractions. The recording
electrodes were taped lengthwise on the skin over the mus-
cle belly, as recommended by SENIAM (Hermens et al.
2000) with an inter-electrode distance of 20 mm. The ref-
erence electrode was attached to the patella. Low imped-
ance (Z < 5 k2) at the skin—electrode 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 (com-
mon mode rejection ratio >85 dB, gain = 1000) and simul-
taneously digitized together with the torque signals. The
sampling frequency was 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 MVC tri-
als over a 0.5-s period after the torque had reached a pla-
teau and before the superimposed stimulation was evoked.
This RMS value was then normalized to the maximal peak-
to-peak amplitude of the potentiated VL and RF M-waves
(RMS M}

max) *

Antagonist co-activation

The level of antagonist co-activation (%CoActgg) of the
BF muscle was computed as the BF EMG activity dur-
ing knee extensions (KE), normalized to the maximal BF
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EMG activity recorded during a maximal knee flexion (KF)
(Eq. 2). To record this maximal BF RMS value, the partici-
pants were asked to perform 3-s maximal voluntary isomet-
ric contractions of the knee flexors before the fatigue pro-
tocol. This measurement was repeated twice at a 90°-knee
angle. The best trial was used for subsequent analysis:

%CoActpr = (RMSKg x 100) x RMSg;. )

Statistical analysis

Data were screened for normality of distribution and
homogeneity of variances using a Shapiro—Wilk normality
test and the Bartlett’s test, respectively. Student’s ¢ tests
for unpaired samples were used to compare age, APHV
and anthropometric characteristics between both groups.
Maturation status (Tanner staging) was compared between
groups using a Chi squared test for qualitative variables.
Differences in absolute values and in percent changes
relative to initial values were analyzed with a two-way
(group x % of repetitions) ANOVA with repeated meas-
ures. When the ANOVA revealed significant effects or
interactions between factors, a Fisher’s LSD post hoc test
was applied to test the discrimination between means.
Moreover, to discriminate the effect of MVC torque on
fatigue, we used a mixed general linear model: the ini-
tial MVC torque was used as continuous predictor vari-
able (=co-variable), the group as categorical independent
variable and the MVC torque during exercise, Qtw,,, or
VA as dependent variables. Pearson’s correlation coeffi-
cients were used to determine linear correlations between
the initial MVC torque, the total number of repetitions
and relative Qtw,,, and VA variations over the fatigue
protocol. The limit for statistical significance was set at
p < 0.05. Statistical procedures were performed using
the Statistica 8.0 software (Statsoft, Inc, USA). Results
were presented in the text and tables in absolute values
(mean £ SD). For the sake of clarity, data presented in
figures were expressed as a percentage of their initial val-
ues (mean =+ SD).

Results
Participants’ characteristics

As expected, obese adolescent girls showed significantly
higher values for BM, BMI, FFM and BF as compared with
their normal weight counterparts (p < 0.001) (Table 1). No
significant difference was observed between groups for
chronological age, height, sitting height, Tanner staging,
APHYV and physical activity scores (Table 1). Furthermore,
all metabolic indexes fell within the normal ranges for this
age and sex (Table 2).

Table 2 Metabolic profile of obese adolescent girls

Obese (n = 12)

Glucose (mmol L") 40+£0.2
TG (mmol L") 0.7 £0.1
TC (mmol L) 33405
HDL (mmol L) 0.9+0.1
LDL (mmol L) 20404
CRP (mg L") <3

Insulin (mIU mL™") 93+38
HOMA-IR 1.74+0.7

Values are expressed as mean £ SD

TG triglycerides, TC total cholesterol, HDL HDL-cholesterol, LDL
calculated LDL-cholesterol, CRP C-reactive protein, HOMA-IR
homeostasis model assessment-insulin resistance

MYVC torque

The peak MVC torque was produced at a knee angle of
82 £ 8° and 84 + 5° in non-obese and obese girls, respec-
tively. Task failure, corresponding to the predetermined
55 % MVC decrement was reached, respectively, after
74.9 &+ 22.8 and 52.6 £ 20.4 repetitions in normal weight
and obese adolescent girls and this difference was signifi-
cant between groups (p < 0.01). ANOVA revealed a signifi-
cant interaction of group and percentage of repetitions for
the time course of absolute MVC torque (p < 0.001). Obese
adolescent girls produced significantly higher absolute
MVC torque values than non-obese girls throughout the
fatigue protocol and subsequent recovery period (p < 0.001)
(Fig. 1a). However, when percent MVC changes (relative
to the first MVC torque) were calculated, obese adolescent
girls displayed both a similar decline of MVC torque dur-
ing the fatigue protocol and a similar recovery pattern than
non-obese adolescent girls (Fig. 2a). In both groups, the
recovery of MVC torque was not complete at the 15th min
of recovery compared to the initial MVC value.

Furthermore, when the MVC torque was used as co-var-
iable, no main effect or interaction was observed.

Potentiated twitch torque

ANOVA revealed a significant interaction of group and
percentage of repetitions for the time course of Qtw,
(p < 0.001). Obese girls showed greater Qtw,,, than non-
obese girls over the entire protocol (p < 0.05) (Fig. 1b).
Furthermore, the percent Qtw,, decrement was signifi-
cantly higher in obese compared to their normal weight
counterparts at the end of the test (p < 0.05). Qtw,,, reached
82.7 £ 18.4 and 66.1 £ 14.0 % of initial value in non-obese
and obese adolescent girls, respectively (Fig. 2b). During

the recovery period, no recovery of Qtw,,, was observed in
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Fig.1 Time course of the
maximal voluntary contrac-
tion (MVC) torque (panel

A), potentiated twitch torque
(Qtwpm; panel B) and voluntary
activation (VA; panel B) of the
knee extensor (KE) muscles
during the fatigue protocol and
subsequent recovery period

in the obese (open square)

and non-obese (filled square)
adolescent girls (mean &+ SD).
$, $$ and $$3$ Significantly
different from the first MVC at
p <0.05,p<0.01 and p < 0.001
respectively. £, ££ and £££
Significantly different from the
post-exercise (100 %) measure-
ment at p < 0.05, p <0.01 and
p <0.001, respectively.

*, %% and *** Significantly
different between groups

atp <0.05, p <0.01 and

p <0.001, respectively
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Fig. 2 Time course of the
maximal voluntary contrac-
tion (MVC) torque (panel

A), potentiated twitch torque
(Qtwpm; panel B) and voluntary
activation (VA; panel C) of the
knee extensor (KE) muscles
(expressed as a percentage of
the corresponding initial values)
during the fatigue protocol and
subsequent recovery period in
obese (open square) and non-
obese (filled square) adolescent
girls (mean + SD). $$ and $33
Significantly different from

the first MVC at p < 0.01 and
p <0.001, respectively. £ and
£££ Significantly different
from the post-exercise (100 %)
measurement at p < 0.05 and

p <0.001, respectively.

*, %% and *** Significantly
different between groups

at p <0.05, p <0.01 and

p <0.001, respectively
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the normal weight group, while the Qtw,,, recovered sig-
nificantly at the 3rd min in obese girls compared to the end
of test (p < 0.001). Nevertheless, the Qtw,,, recovery was
still incomplete in both groups at the 15th min of recovery
(Fig. 2b).

However, when the MVC torque was used as co-varia-
ble in the statistical analysis, no significant interaction was
observed for the Qtw,, variable over the entire fatigue
protocol.

Voluntary activation level

Absolute voluntary activation levels of both groups are dis-
played in the Fig. 1c. ANOVA showed a significant effect
of group and percentage of repetitions on absolute VA
values (p < 0.001). Furthermore, a significant interaction
of group and percentage of repetitions for the relative VA
change was observed (p < 0.001). The relative VA loss was
significantly smaller in obese compared to non-obese girls
between 80 and 100 % of total repetitions (Fig. 2c). At the
end of the test, VA reached 74.2 + 14.3 and 90.6 &= 7.9 %
of initial value in non-obese and obese adolescent girls,
respectively (p < 0.001). At the 15th min of recovery, VA
had fully recovered in obese girls, whereas in controls, VA
remained significantly below the initial pre-fatigue value
(—8.3+£9.0 %, p <0.01).

However, the time course of VA over the fatigue test was
similar between groups when the MVC torque was used as
co-variable in the statistical analysis.

Raw data of representative obese and non-obese subjects
for the first and last MVC of the fatigue test are displayed
in Fig. 3. These raw traces clearly show that the obese sub-
ject developed mainly peripheral fatigue, as illustrated by
the greater reduction of Qtw,,, whereas the non-obese
subject mainly developed central fatigue, as evidenced by
the increased Qtw; at the end of the fatiguing exercise. The
higher torque produced by the obese subject is also clearly
visible.

EMG activity

ANOVA revealed no significant interaction of factors for
the RMS M_! ratio of the VL and RF muscles. How-
ever, a main effect of the percentage of repetitions was
obtained for both muscles (p < 0.001). More specifically,
the RMS M. values of the VL and RF muscles declined
significantly over the entire fatigue test (—16.2 + 27.5 and
—25.5 + 20.5 %, respectively) and had fully recovered
after 3 min of recovery. Furthermore, the M, of the VL
and RF muscles did not vary as a function of the percent-
age of repetitions, but as a function of group: the M, of
VL muscle was significantly higher in non-obese com-

pared to obese girls (p < 0.01). The M, of RF muscle was
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Fig. 3 Example of raw data for the first (continuous line) and last
(dashed line) MVC of the fatigue test superimposed with a twitch
(Qtw,) and followed by a potentiated twitch (Qthot) for typical non-
obese (A) and obese (B) adolescent girls. At the onset of the fatigue
protocol, the obese subject produced higher evoked and voluntary
torque levels than the non-obese subject (MVC torque: 220.4 vs.
105.3 N.m; Qtw,,: 53.3 vs. 38.8 N.m, respectively). At the end of

ot*
the exercise, thepobese subject mainly developed peripheral fatigue,
as illustrated by the greater reduction of Qtw,, (=53 vs. =17 %,
respectively), whereas the non-obese subject mainly developed cen-
tral fatigue, as evidenced by the greater impairment of VA (—40 vs.
—5.6 %), translating into an increased Qtw,

also higher in non-obese girls, but this difference was not
significant.

Antagonist co-activation

ANOVA only revealed a main effect of the percentage
of repetitions on %CoActyy (p < 0.01). %CoActyy val-
ues declined significantly during the fatigue test from
22.8 + 8.6 % at the onset of the test to 20.3 £ 5.8 % at the
end of the test (p < 0.01).

Correlations

The MVC torque at the beginning of the fatigue test was
significantly related to the exercise duration and to the rela-
tive VA and Qtw,, changes: the higher the MVC torque,
the smaller was the number of repetitions (r = —0.67,
p < 0.001; Fig. 4a), the smaller was the VA decrement
(r = —0.59, p < 0.01; Fig. 4b) and the higher was the
Qtwpot decrement (r = 0.44, p < 0.05; Fig. 4c).
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Fig. 4 Correlations between initial MVC torque, the number of total
repetitions (panel A) and the relative decrements of voluntary activa-
tion (VA; panel B) and potentiated twitch torque (Qtwpm; panel C)
over the fatigue test. In all panels, both groups were pooled. Initial
MVC torque was inversely related to the number of total repetitions
(panel A) and the VA decrement (panel B) and positively associated

with the Qtw,,., decrement (panel C)

Discussion

The aim of the present study was (i) to determine the effect
of obesity on neuromuscular fatigue induced by repeated
maximal contractions of the KE muscles and (ii) to com-
pare the contribution of central and peripheral factors to

fatigue development between normal weight and obese
adolescent girls. The main findings revealed that obese
girls are more fatigable than their normal weight counter-
parts. Moreover, the central and peripheral contributions
to fatigue development differed as a function of weight
status. Peripheral factors mainly accounted for fatigue in
obese adolescent girls, whereas central factors were mainly
involved in normal weight adolescent girls. However, when
MVC was used as a co-variable in the statistical analysis,
all the differences reported between groups disappeared.

It is now well acknowledged that muscle fatigue is influ-
enced by growth and maturation (Ratel et al. 2002, 2015)
and by some metabolic pathologies associated with obesity
(i.e., diabetes mellitus) possibly because of an impaired
mitochondrial function (Halvatsiotis et al. 2002). We (Ratel
et al. 2002, 2015) and other authors (Zafeiridis et al. 2005)
showed that adults are more fatigable than children dur-
ing high-intensity intermittent exercise. Moreover, it has
been reported that the muscle oxidative capacity of the KE
muscles, which partly determines fatigue (Bogdanis et al.
1996), is impaired in insulin-resistant obese as compared
to insulin-sensitive obese children and normal weight chil-
dren (Fleischman et al. 2009; Slattery et al. 2014). Conse-
quently, to exclude any confusing effect of growth and mat-
uration on our measurements, we constituted our groups so
that chronological age, height and maturation status were
not significantly different. Furthermore, given that the
metabolic indexes (glycemia, lipidemia, insulinemia and
inflammation status) in obese girls fell within the normal
ranges for their age and sex (Vukovic et al. 2013), we can
reasonably exclude any confusing effect of metabolic disor-
ders on the rate of fatigue development. Thus, other factors
should account for the specificity of neuromuscular fatigue
in obese. The non-obese group was healthy, so it is unlikely
that they had an abnormal metabolic profile. Therefore, we
can assume that this confusing effect can also be ruled out
in the non-obese group, although we did not measure the
metabolic indexes in this group.

The results of the present study highlight that obese
girls fatigue faster than non-obese during repeated iso-
metric maximal contractions of the KE muscles. Our data
concur with some studies that reported a faster voluntary
isometric strength loss and a lower endurance of the upper
limb muscles in obese compared to non-obese individuals
(Cavuoto and Nussbaum 2014; Mehta and Cavuoto 2015).
However, other studies did not observe any difference of
fatigue between non-obese and obese people (Maffiuletti
et al. 2008; Minetto et al. 2013; Paolillo et al. 2012). For
instance, Maffiuletti et al. (2008) showed no significant dif-
ference in the voluntary and stimulated torque decrement
of the KE muscles between normal weight and obese ado-
lescent boys after repeated concentric contractions. Minetto
et al. (2013) also failed to demonstrate any significant
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difference between normal weight and obese adults after
exhausting isometric tasks. Finally, Paolillo et al. (2012)
compared the rate of fatigue over the course of a 1-min set
of voluntary concentric knee extensions of normal weight
and obese women and did not observe any significant dif-
ference in work decrement between groups. Such inconsist-
encies may be ascribed to large experimental differences
regarding age, sex, muscle group, mode of contraction (i.e.,
isometric vs. isokinetic), the severity of obesity and the
metabolic profile, which were not reported in the above-
mentioned studies.

To gain insight into the origin of neuromuscular fatigue,
we assessed the role of central and peripheral mechanisms
in both non-obese and obese adolescent girls. While central
factors were mainly involved in normal weight adolescent
girls, peripheral factors mainly accounted for fatigue in
obese girls.

Peripheral mechanisms

The absence of M,,,, alteration in both groups suggests that
sarcolemmal excitability was preserved. In contrast, the
greater decrement of Qtw,, in obese adolescent girls points
out to a greater impairment of the excitation—contraction
coupling and/or the contractile processes.

Among the factors that may account for the greater
peripheral fatigue in obese girls are the MVC torque and
the muscle fiber type composition. Indeed, it is likely that
the level of voluntary torque produced during MVC partly
accounted for the greater peripheral fatigue and earlier
exhaustion in obese girls. As expected (Tsiros et al. 2013),
obese girls produced higher absolute KE torque than their
normal weight counterparts. Interestingly, we demonstrated
here that this higher force production capacity was posi-
tively correlated to the peripheral fatigue development (i.e.,
Qtw,,,, decrement). Furthermore, when the initial MVC
torque was used as co-variable, no significant interaction
or main effect was observed. This suggests that the initial
MVC torque highly accounted for the amount of peripheral
fatigue. This is consistent with other studies, which showed
that the greater fatigue seen in men vs. women was no
longer observed when subjects were matched for absolute
MVC force (Hunter et al. 2004). Furthermore, in a study
showing greater fatigue in men vs. women, Russ (2009)
found that sub-samples of strength-matched men and
women exhibited similar extents of peripheral fatigue. The
principal mechanism cited to support the role of strength
in the development of fatigue is muscle perfusion. Muscle
contraction produces mechanical compression of the vas-
cular supply, with the degree of compression increasing
with contraction intensity (Wigmore et al. 2006). Because
obese girls have typically higher muscle mass and conse-
quently greater absolute force than their normal weight
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counterparts (Abdelmoula et al. 2012; Maffiuletti et al.
2013), this could result in a greater intramuscular pressure
and, hence, a higher degree of vascular occlusion during
intermittent muscular contractions. This greater occlusion
could limit energy supply and the removal rate of metabolic
by-products and hence accelerate peripheral fatigue in the
obese. Muscle fiber type composition could also account
for the greater peripheral fatigue in obese. It has been
shown that individuals with predominantly type II fibers
have a greater decrease in peak twitch torque compared to
subjects with a higher proportion of type I fibers (Hamada
et al. 2003). Kriketos et al. (1997) reported a higher per-
centage of type II fibers in VL muscle in obese compared
to normal weight adults. Furthermore, a significant nega-
tive relationship was observed between body fatness and
the percentage of type I fibers in adults (Wade et al. 1990),
suggesting a higher amount of type II fibers in obese peo-
ple. Therefore, it is likely that this higher fast-twitch fiber
proportion could account for the higher peripheral fatigue
in the obese. However, direct evidence is still lacking to
support this assumption.

Central mechanisms

Regarding nervous factors, this study is the first to have
objectively evaluated the time course of the maximal level
of voluntary activation (VA) throughout a fatigue protocol
in obese subjects. We showed that the VA reduction was
greater in non-obese than in obese girls. This was associ-
ated with a faster initial VA recovery in normal weight
girls.

The lower contribution of central factors to the devel-
opment of fatigue in obese girls could be ascribed to their
higher absolute MVC torque and the associated shorter
exercise duration. Indeed, it is now well acknowledged
that central fatigue is mainly induced by prolonged low-
intensity exercise (Martin et al. 2010), and peripheral
fatigue mainly occurs during maximal contractions or
short-duration high-intensity exercise (Kent-Braun 1999).
This assumption concurs with the results of the present
study, which reports an inverse relationship between the
first MVC of the fatigue test and the relative VA loss. Fur-
thermore, no significant interaction or main effect was
observed when the MVC torque was used as co-variable.
These results agree with those of Russ (2009), which
reported similar changes in neuromuscular fatigue and cen-
tral activation in strength-matched men and women.

However, these results need to be interpreted cautiously.
Despite the fact that the feasibility of surface EMG meas-
urements has been established in the obese (Minetto et al.
2013), we observed a lack of agreement between the time
course of the VA and normalized EMG data, the latter being
comparable between non-obese and obese girls, whereas
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the former differed. This inconsistency between the results
of EMG and the interpolated twitch method probably origi-
nates from the fact that surface EMG is not sufficiently
sensitive to measure small differences in voluntary activa-
tion level (Kalmar and Cafarelli 1999). Other studies previ-
ously reported this lack of consistency between EMG and
the twitch interpolation data (Kluka et al. 2015). Another
difference between the two methods is that the twitch inter-
polation technique reflects the activation of the entire KE
muscle group, whereas EMG assesses the activity of indi-
vidual muscles. Therefore, in the present study, we cannot
rule out the possibility that a greater reduction of normal-
ized EMG activity could have been observed in normal
weight girls on other KE muscles (i.e., on the vastus media-
lis and intermedius muscles).

Finally, the present study was the first to examine the
neural recruitment strategies of antagonist BF muscles
during fatigue in obese girls. Nevertheless, the parallel
decrease of the level of co-activation of BF muscles dur-
ing the fatigue test in the experimental groups rules out any
contribution of this mechanism to the differences of fatigue
reported between non-obese and obese girls.

Conclusions

To conclude, the results of the present study show that
obese girls fatigue faster than normal weight girls, but
that the relative pattern of torque loss over time is similar
in both populations. However, the contribution of central
and peripheral mechanisms to the development of fatigue
differs between the two groups. Peripheral factors mainly
account for fatigue in obese girls, whereas central factors
are mainly involved in normal weight girls. The higher
absolute MVC torque of the KE muscles and the poten-
tially higher proportion of fast-fatigable fibers in obese
adolescent girls could account for their higher peripheral
fatigue and lower central fatigue. The faster development of
neuromuscular fatigue in obese girls may contribute to the
reduction of their functional capacity, but this link remains
to be established during daily-living activities.
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