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Abstract

Purpose The aim of this study was to compare performance fatigability between young (n=13; 18-35 yr.; 23.5+3.3 yr.),
old (n=13; 60-79 yr.; 68.24+4.3 yr.), and very old (n=11;>80 yr.; 85.6+ 1.8 yr.) females during single-limb isometric
(ISO) vs. isokinetic concentric (CON) vs. cycling (BIKE) fatiguing tasks.

Methods Participants randomly performed three incremental fatiguing tasks where increments were set as percentage of
body weight to better reflect the daily life: (1) ISO and (2) CON consisted of stages of 75 contractions (120 s, 0.8 s on/0.8
s off) on an isokinetic dynamometer and (3) BIKE consisted of stages of 120 s at 37.5 rpm with similar duty cycle. Knee
extensors maximal force, voluntary activation and potentiated twitch amplitude were measured at baseline, after each stage
and at exhaustion.

Results Compared to young, exercise performance was 20% and 53% lower in old and very old females in ISO, 46% and
76% lower in CON and 32% and 62% lower in BIKE (all p<0.01). For a given workload (i.e. common stages), performance
fatigability (i.e. force loss) was greater for very old compared to young females in CON only (p =0.018). At exhaustion,
performance fatigability was similar across groups and conditions (~30%; all p>0.05), with similar impairments in both
voluntary activation and twitch amplitude.

Conclusion These results emphasize the importance of the kind of fatiguing task and modalities of evaluation when inves-
tigating the effects of aging on performance fatigability.

Keywords Aging - Fatiguing tasks - Knee extensors - Performance fatigability
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Introduction

Aging is associated with a decline in functional capaci-
ties in old adults (> 60 years) and this decline is exacer-
bated at very old (> 80 years) age (Doherty 2003). These
age-related alterations threaten autonomy, especially for
females whose maximal strength is on average lower than
males, and are thus at higher risk of autonomy loss (Var-
esco et al. 2022). The decline in maximal force produc-
tion capacities is due to alterations in the neuromuscular
system, that involves phenomena such as a decrease in the
estimated number of motor units (Campbell et al. 1973),
and a decrease in muscle mass (Janssen et al. 2000). This
age-related decrease in force production depends on con-
traction mode, with greater deficits in concentric than iso-
metric contractions (Rozand et al. 2017). In addition, the
completion of the activities of daily living can be limited
by the ability to repeat muscle contractions. Indeed, the
repeated solicitation of the neuromuscular function with
exercise is known to cause performance fatigability, which
is defined as an exercise-induced decrease in maximal
force or power (Bigland-Ritchie & Woods 1984).

Contraction mode has also an impact on age-related
alterations in performance fatigability (Kriiger et al. 2018).
In a meta-analysis, Kriiger et al. (2018) evidenced that maxi-
mal isometric force loss was higher for young than for old
adults after isometric fatiguing tasks, whereas there was no
difference when fatigue is induced by dynamic tasks. How-
ever, this greater fatigue resistance of old adults to isometric
tasks is not maintained in very old adults, who show similar
performance fatigability than young adults (Varesco et al.
2022). Moreover, isotonic dynamic tasks (i.e. with uncon-
strained velocity) induce a higher performance fatigability in
old adults (Paris et al. 2022). Similarly, when performance
fatigability is quantified as a decrease in maximal power,
older adults show greater power reduction than young adults
after a high velocity concentric fatiguing task (Kriiger et al.
2018; Sundberg et al. 2018).

Age-related alterations in performance fatigability are
also influenced by the type of workload (Hunter 2016). Most
of the studies set the workload as percentage of maximal
force production capacities (Hunter et al. 2004; Justice et al.
2014; Kent-Braun et al. 2002; Varesco et al. 2022; Weavil
et al. 2018). More recently, more ecologically valid methods
have been proposed, such as setting the workload relatively
to body weight (Brownstein et al. 2022; Coates et al. 2020;
Hureau et al. 2021; Royer et al. 2023). This approach is
thought to better reflect activities of daily living that require
moving its own body weight (e.g., walking, climbing stairs)
rather than producing a percentage of maximal capacities.

In addition to the contraction mode and the workload,
the timing of the measurement must be considered when
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evaluating performance fatigability. Indeed, as exhaustion
is rarely reached by healthy elderly during activities of
daily living, which rather involve submaximal contrac-
tions, it may be more relevant to focus on performance
fatigability at submaximal levels. Recently, Varesco et al.
(2023) found no age-related difference in performance
fatigability during a single-limb concentric task at a given
submaximal workload, but greater fatigability for very old
compared to young males in a single-limb isometric task
and a cycling task. It appears that, even when more ecolog-
ically valid approaches are implemented, the age-related
differences depend on the kind of task performed and the
muscle mass involved, at least in males.

Indeed, performance fatigability also depends on sex.
In a review, Hunter (2016) reported that females are less
fatigable during isometric fatiguing tasks with workload set
as percentage of maximal force production capacities. This
difference is generally reduced with aging but the mecha-
nisms are still unclear (Hunter 2009). Moreover, the lower
number of studies evaluating performance fatigability in
females limits our understanding of their age-related differ-
ences relative to different task demands (Hunter 2016). As
a result, there is a lack of literature for exercise performance
and performance fatigability in females during isometric and
dynamic (concentric or cycling) tasks with the workload set
as percentage of body weight, better representing the activi-
ties of daily living.

The present study aimed to compare performance fati-
gability (i.e. exercise-induced decrease in maximal force)
in young, old, and very old females during single-limb iso-
metric, isokinetic concentric and cycling fatiguing tasks,
involving different muscle masses, with workloads set as
percentage of body weight. We hypothesized that perfor-
mance fatigability at common stages would be greater in
very old females compared to young and old females inde-
pendent of the task. At exhaustion, we hypothesized that
old and very old females would present lower performance
fatigability than young females after the isometric task but
similar for all groups after the concentric and cycling tasks.

Methods
Participants

Thirty-seven females took part in the study including
13 young (18-35 yr.; 23.5+3.3 yr.), 13 old (60-79 yr.;
68.2+4.3 yr.) and 11 very old (>80 yr.; 85.6+ 1.8 yr.)
adults. They were informed of the procedures and gave their
written informed consent before the beginning of the study.
All of them were free from neurological, mental, or physi-
cal disorders and the old and very old females presented a
Mini-Mental State Examination score above 20 (29.5+0.7;
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maximal score=30) (Folstein et al. 1975). They were asked
to refrain from intense physical exercise, caffeine or alcohol
consumption 24 h before each session. All the procedures
were approved by the Comité de Protection des Personnes
and were performed in accordance with the declaration of
Helsinki (ClinicalTrials.gov, Identifier: NCT04516538). The
University Hospital of Saint-Etienne was the sponsor of the
present study.

Experimental protocol

Participants visited the laboratory on four different occa-
sions, separated by at least 48 h. During the first session they
were informed and familiarized with the different testing
procedures used to assess neuromuscular capacities and per-
formance fatigability. Old and very old females performed
a six-minute walk test (6MWT) during which they had to
walk as far as possible for six minutes in a 30-m corridor
with standardized encouragements. They also performed the
Timed Up and Go test (TUG) that consisted of getting up
from a chair, walking 3 m to a mark on the floor and then
walking back to the chair. Time recording started when they
moved their back from the chair and ended when the back of
the participants was back on the chair. All the participants
were finally given an accelerometer (WGT3X-BT; ACTI-
GRAPH, Pensacola, FL) to wear on the non-dominant wrist
for 7 days to assess their physical activity level.

Sessions 2, 3 and 4 were similar and corresponded to
the three intermittent incremental tests performed in a rand-
omized order: isometric (ISO), concentric (CON) or cycling
(BIKE) condition. A schematic representation of the experi-
mental conditions is presented on Fig. 1. ISO and CON were

1 Single twitch clectrical stimulation

derived from the quadriceps intermittent fatigue (QIF) test
developed in isometric (Bachasson et al. 2013) and concen-
tric (Varesco et al. 2021) modes. BIKE was also adapted
from the QIF test to have a similar duty cycle and stage
duration across the three conditions (Varesco et al. 2023).

Neuromuscular evaluation

Participants reported to the laboratory and first performed a
standardized warm-up consisting of 5-s isometric contrac-
tions at 30, 50 and 70% of their perceived maximal volun-
tary isometric contraction (MVIC), with three repetitions at
each intensity. Following the warm-up, their neuromuscular
capacity was assessed. First, participants performed two 5-s
MVICs during which they had to push “as hard as possible”,
which were followed by two maximal voluntary concentric
contraction [MVCC, range of motion=60° (90-150°, knee
fully extended = 180°), velocity: 120°.s™!] during which they
had to “push as hard and as fast as possible”. Participants
then underwent two neuromuscular evaluations (NME)
consisting of a 5-s MVIC with a superimposed electrical
stimulation (superimposed twitch) and a stimulation at rest
2 s after the MVIC (potentiated twitch, Tw). One minute
of rest was allowed between each maximal contraction and
one additional contraction was performed if the difference
between the two maximal contractions (isometric or con-
centric) was greater than 5%. Visual feedback of the force
(BIKE) or torque (ISO and CON) was provided on a large
screen in front of the participants. Participants received
vigorous verbal encouragements during all their maximal
contractions to ensure a maximal motivation. At least 1 min

NME )
1 NME
. | | NME
i 0 M Exhaustion
E ] j NME
\ Y o Y f ) Stage 1 Stage 2 Stage 3 Stage x ISO & CON only
MVIC MVCC NME \ . )
ISO & CON only
QIF test

Fig.1 Experimental procedures for the three body-mass based
quadriceps intermittent fatigue (QIF) tests. MVIC maximal voluntary
isometric contraction, MVCC maximal voluntary concentric contrac-
tion, NME neuromuscular evaluation, ISO isometric body-weight

based QIF test, CON concentric body-weight based QIF test, Dot-
ted contractions were performed only if the difference between peak
force values of the previous two contractions was > 5%

@ Springer



European Journal of Applied Physiology

after the last NME, participants started the fatiguing task
(QIF test).

QIF tests

ISO and CON were performed on an isokinetic ergometer
and consisted of 75-contractions stages (0.8 s ON-0.8 s
OFF, stage duration =120 s). Contraction and rest times
were defined to match duration of isokinetic concentric
contractions at 120°.s~!. Workload was calculated as a per-
centage of body weight and increased by 5% at each stage
until exhaustion. The first stage workload was defined as
10% of body weight with the following formula (Varesco
et al. 2023):

Workload first stage (Nm) = [(body mass(kg) X 9.81)

Xlever arm (m)] * 0.1

The target load was displayed on the screen with guide-
lines (1 Nm above and 1 Nm below). Contraction-relaxation
pacing was ensured with a soundtrack of 75 bpm for ISO
and participants were instructed to push immediately after
the passive return of their leg (90° knee flexion) for CON.
Immediately (~2 s) after the end of a stage and at task fail-
ure, participants performed one NME. Stages were separated
by 1 min. Task failure was defined as 5 contractions that did
not reach the target load within the same stage.

BIKE was performed on a custom-made cycle-ergom-
eter that allows to lock the pedals to perform NME on the
cycle-ergometer (Doyle-Baker et al. 2018). Stage dura-
tion was set at 120 s at a cadence of 37.5 rpm that leads
to 75 pedal strokes to obtain the same duty-cycle as ISO
and CON. Due to different contraction conditions, work-
load was defined differently according to pilot studies,
in order to reach a similar duration than during ISO and
CON. Despite the same duty cycle used for ISO, CON and
BIKE, workload was differently set for BIKE and elic-
ited different movement coordination and muscle mass
involved. Consequently, the three different conditions
could not be directly compared. The workload of the first
stage was set at 0.6 W.kg™! and increments were set at 0.3
W.kg™! (Varesco et al. 2023) Heart rate was recorded using
two electrodes placed under the right clavicle and on the
10th rib. The skin was shaved, abraded, and cleaned with
alcohol before electrode placement. Heart rate signal was
recorded at 2 kHz and was amplified (gain =500) using an
octal bio-amplifier (ML138, AD Instruments, Bella Vista,
Australia) with a bandwidth frequency range of 10-500 Hz
and digitized by a Power-Lab System (16/30-ML880/P,
AD Instruments, Bella Vista, Australia). At baseline, at the
end of each stage and at task failure pedals were blocked
to perform NME (about 2 s after the stop of pedaling) and

@ Springer

participants scored their rating of perceived exertion (RPE)
on a 620 Borg scale (Borg 1982). Stages were separated
by 1 min. Exhaustion was defined as a cadence <37.5 rpm
for 6 s inducing task failure. Cadence was paced with the
same soundtrack as for ISO and a visual feedback was
provided. Participants received vigorous verbal encour-
agements during all the fatiguing tests to ensure maximal
motivation.

Force and torque recordings

For ISO and CON, participants were seated on an isokinetic
ergometer (Con-Trex MJ; Physiomed Elektromedizin AG,
Schnaittach, Germany). They were tested on their right leg
as the cycle-ergometer only allowed to evaluate this leg,
with the hip and knee angles at 95° and 90° (full exten-
sion = 180°), respectively. The axis of the dynamometer was
aligned with the knee joint rotational axis. The tested leg
was firmly attached above the malleolus with a non-compli-
ant strap. Seat belts were attached across the trunk to avoid
extraneous movements during contractions. Participants
position on the isokinetic dynamometer was recorded and
kept consistent across ISO and CON conditions.

For BIKE, the custom-made cycle-ergometer enabled
to reproduce a similar position than for the isokinetic
dynamometer. Hip and knee angles were approximately 90°
and 100° when the pedals were locked. Force was recorded
by instrumented pedals with force sensors (Model PF1.0.0,
Radlabor GmbH, Freiburg, Germany) located between the
pedal and the crank.

Force (BIKE) and torque (ISO and CON) signals were
sampled at 2kHz without analogical or digital filters
(16/30-ML880/P, AD Instruments, Bella Vista, Australia)
and recorded on a computer using Labchart v8 (AD Instru-
ments, Bella Vista, Australia).

Peripheral nerve electrical stimulation

Square-wave stimulus of 2 ms duration (400 V) were deliv-
ered over the femoral nerve by a constant current stimulator
(DS7R, Digitimer, Welwyn Garden City, UK). The cathode
electrode (Kendall Meditrace) was placed on the inguinal tri-
angle and the anode (50 X 100 mm Easysnap electrode; DJO
Global, Vista, CA) was placed midway between the great
trochanter and the lower border of the iliac crest. Stimulation
intensity was successively increased by 30 mA until reaching
a plateau of the twitch response. Then 130% of this intensity
was selected to ensure a supramaximal stimulation (mean
stimulation intensity: 114 +32 mA).
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Data analysis

Data analysis was performed offline with Labchart software
(Reader v8, AD Instruments). Exercise performance was
defined as the number of stages performed. If the last stage
was incomplete, the number of contractions performed was
proportionally included to the total stage number (e.g. 5.6
stages corresponding to 420 contractions completed). Since
the cycle-ergometer recorded force signals, torque signals for
ISO and CON were converted into force by dividing torque
by the lever arm of each participant. MVIC was defined as
the average force on a 0.5-s window on the maximal force
plateau before the superimposed twitch. MVCC was the
maximal value reached.

Voluntary activation (VA) was calculated
with the following formula including the Stron-
jik and Komi correction (Strojnik and Komi 1998):
VA(%) = [1 = ST X (F y;;/ F par)/ TwW] X 100, where super-
imposed twitch (ST) and Tw are the amplitude of the twitch
evoked by the electrical stimulation during the MVIC and
at rest, respectively. F; . is the force level at the point of the
stimulation and F__,, is the maximal force produced before
the stimulation.

MVIC, MVCC and Tw were also normalized to individ-
ual body masses.

All data were obtained at baseline, at the end of each
stage and at exhaustion.

Data from the accelerometer were analyzed with
ActiLife® software (v6.13.3, Actigraph).

max

Statistical analysis

Results for all variables are presented as mean + standard
deviation (SD) in the text, figures, and tables. Normality was
assessed with Shapiro—Wilk test and ANOVAs homogeneity
of variances with Levene test.

Unpaired t-tests were used to compare exercise perfor-
mance of old and very old females at the 6 MWT and TUG
test. One-way ANOVAs with age as between-subjects factor
were used to analyze age-related differences in participants’
characteristics (age, body mass, height, body mass index
(BMI) and steps.day~"), differences in neuromuscular prop-
erties at baseline (normalized and absolute MVIC, MVCC
and Tw and VA), exercise performance and percentage of
MVCC loss at exhaustion. All the participants were included
in these analyses (young and old: n=13; very old: n=11,
n=10 for CON).

Because participants performed different number of
stages, only the stages performed by all the participants,
i.e. common stages, were analyzed. However, some partici-
pants did not complete all the contractions of the first stage.
To ensure a minimum number of common stages could be
compared between groups while maintaining a reasonable

number of participants, we kept only the females that per-
formed 3 stages in ISO (young and old: n=13; very old:
n=10), 1 stage in CON (young and old: n=13; very old:
n=7) and 2 stages in BIKE (young and old: n=13; very old:
n=9). To investigate the effect of age on the longitudinal
evolution of MVIC, Tw, VA and RPE across the common
stages, Generalized Estimating Equations (Zeger et al. 1988)
analyses using an autoregressive structure (AR-1) were per-
formed on data expressed relative to baseline (except VA
and RPE) for each condition, with age and time as factors.
A second analysis was conducted for data (MVIC, Tw, VA
and RPE) at exhaustion.

Significance was set at p<0.05. For all ANOVAs and
Generalized Estimating Equations, when significant effects
were observed, Bonferroni correction was applied to post-
hoc analysis. For clarity purposes, post hoc results for time
effects are presented in the text, whereas age-related differ-
ences are presented in the figures. Statistical analysis was
conducted using IBM SPSS (Version 23.0, IBM INC., Chi-
cago, IL).

Results

Participants’ characteristics are presented in Table 1. Physi-
cal activity was higher in old females compared to young
(p=0.01) and very old females (p=0.01). Old females per-
formed better at the 6MWT (p <0.001) and the TUG test
(p<0.001) than very old females.

One very old female dropped the study due to pain dur-
ing the study. Thus, 11 very old females completed ISO and
BIKE, and 10 completed CON. Neuromuscular properties
at baseline are presented in Supplementary information 1.
Heart rate data are presented in Supplementary information
2.

Table 1 Characteristics of the participants

Young Old Very old
Age (years) 23.5+3.3 68.2+4.3" 85.6+1.8"" 7
Body mass (kg) 60.8+5.4 56.7+6.2 5744938
Height (cm) 166+5 16245 158 +8"
BMI (kg.m™2)  22.3+3.1 21.6+2.1 23+3
Steps.day ™! 9,429+ 1,417 12,958+4264 ° 9286+1824 7
6MWT (m) - 635+88 425 +75777
TUG test (s) - 5.5+0.8 9.7+2.177

* and *** significantly different from Young (p < 0.05 and p < 0.001,
respectively)

1 and {17 significantly different from Old (p < 0.05 and p < 0.001,
respectively)
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Fig.2 Number of stages
performed by young, old,

and very old females during
isometric (ISO), concentric
(CON) and cycling (BIKE)
quadriceps intermittent fatigue
tests. #=significantly different
from young females (p <0.05);
$ =significantly different from
old females (p<0.05)

-
(3.}
|

|_|

Number of stages
T

1 young
= old
l El very old

o
@

QIF tests exercise performance

Exercise performance, expressed as number of stages per-
formed, showed a significant age effect (p <0.001). In all
conditions, young females performed a higher number of
stages than old (ISO: p=0.017; CON: p<0.001; BIKE:
p<0.001) and very old females (all: p<0.001; Fig. 2).
In all conditions, old females also performed a higher
number of stages than very old females (ISO: p <0.001;
CON: p=0.008; BIKE: p < 0.001; Fig. 2).

Performance fatigability

For the analysis of QIF tests at common stages performed
and exhaustion (MVIC, Tw, VA and RPE) we kept only
the females who performed 3 stages in ISO (young and
old: n=13; very old: n=10), 1 stage in CON (young and
old: n=13; very old: n=7) and 2 stages in BIKE (young
and old: n=13; very old: n=09, see Statistical analysis
for more details).

For MVIC data, stage effect was observed with a sig-
nificant decrease from baseline (all p <0.05).

Common stages performed. For ISO and BIKE, the
decrease in MVIC showed no age effect (ISO: p=0.069,
Fig. 3A; BIKE: p=0.160, Fig. 3C). For CON, a
stage X age interaction was found (p <0.001) with MVIC
decreasing more for very old females than young females
after stage 1 (p <0.001) whereas no differences were
found between young and old females (p=0.075) and
between old and very old females (p=0.281) (Fig. 3B).

At exhaustion. For all conditions and age-groups,
there was no age effect on the decrease of MVIC (ISO:
p=0.489; CON: p=0.364; BIKE: p=0.154).
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There was no age effect on the decrease of MVCC at
exhaustion either for ISO (young: — 18.9 + 12.4%; old:
— 18.7+12.8%; very old: — 22.3+9.0%; p=0.728) or
CON (young: — 20.8+11.5%; old: — 14.6 + 12.7%; very
old: — 15.3 £28.0%; p=0.636).

Potentiated twitch

For Tw data, stage effect was observed with a significant
decrease from baseline (all p < 0.05).

Common stages performed. For ISO and CON, a
stage X age interaction was found (ISO: p=0.012; CON:
p=0.021). Tw amplitude decreased more for very old than
young females after stage 1 in CON (p=0.022, Fig. 3E)
and after stages 2 and 3 in ISO (p=0.013, Fig. 3D). The
decrease was also higher for very old than old females
after stage 3 in ISO (p=0.003). There was no age effect in
BIKE on the decrease in Tw amplitude after the common
stages (p=0.194, Fig. 3F).

At exhaustion. For ISO and CON, there was no age
effect on Tw amplitude decrease (ISO: p=0.125; CON:
p=0.132) at exhaustion. For BIKE, young females showed
a larger decrease in Tw amplitude than old and very old
females (all p<0.001).

Voluntary activation

For VA data, stage effect was observed with a significant
decrease from baseline (all p < 0.05).

Common stages performed. For BIKE, there was a main
effect of age (p=0.045) with very old females present-
ing a lower VA than young females (p=0.032, Fig. 31).
There was no stage X age interaction (p=0.280). There
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Fig.3 Evolution of maximal voluntary isometric contraction (MVIC,
upper row), twitch amplitude (Tw, middle row) and voluntary activa-
tion (VA, bottom row) for young, old, and very old females across

(BIKE; C, F, I) QIF tests. The last common stage was stage 3 for ISO,
stage 1 for CON and stage 2 for BIKE. #=significantly different from
young females (p<0.05); $=significantly different from old adults
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are the common stages performed in each condition. #=significantly
different from young adults (p <0.05); $ =significantly different from
old adults (p <0.05)

Fig.4 Evolution of the rate of perceived exertion (RPE) for young,
old, and very old women across isometric (ISO; panel A), concentric
(CON; panel B) and cycling (BIKE; panel C) QIF tests. Stages 1 to 3
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was no effect of age in ISO (p=0.682, Fig. 3G) and CON
(p=0.131, Fig. 3H).

At exhaustion. Very old females presented a lower VA
compared to old females in CON (p=0.004) and BIKE
(p=0.013) and to young females in BIKE (p < 0.001).

Perceived fatigability

Common stages performed. RPE showed a stage X age
interaction in each condition (all p<0.001), with an
increase in RPE over time (all p<0.001). For CON and
BIKE and only the first stage for ISO, RPE was higher for
very old and old women than young women (all p<0.001).
In stages 2 and 3 in ISO, RPE was higher for very old than
young women (p < 0.001, Fig. 4A). In ISO and BIKE, RPE
was also higher for very old than old women in the last
common stage (ISO, stage 3: p=0.017; BIKE, stage 2:
p=0.025, Fig. 4).

At exhaustion. RPE was higher than baseline (all
p<0.001) and higher for young than for old and very old
women (all p<0.001), with no difference between old
and very old women (ISO and CON: p=1.000; BIKE:
p=0.237).

Discussion

The aim of this study was to investigate the effect of age,
including very old individuals, on performance fatigability
during and after three fatiguing tasks involving different
muscle masses and contraction modes (single-joint iso-
metric, single-joint concentric, and cycling) in females.
Contrary to our hypothesis, maximal force decreased more
for very old compared to young females in CON only for
the same relative workload (common stages), with no age-
related difference in ISO and BIKE. At exhaustion, per-
formance fatigability was similar across age groups for
all conditions.

Functional and neuromuscular characteristics
at baseline

The number of steps.day~! performed by the participants
indicated that they can be considered as physically active
females (Tudor-Locke et al. 2011). However, old females
were more active than young and very old females, with
very old being as active as young females. There was prob-
ably a selection bias for older participants, with the fittest
who tended to participate in the study. Furthermore, this
population potentially had more free time to engage in
walking compared to younger individuals who generally
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worked or studied. This may have reduced, at least in part,
the age-related differences in performance fatigability.
Performance at the functional tests (6MWT and TUG test)
were significantly better for old than very old females, as
already observed for males (Varesco et al. 2023).

Exercise performance

As expected, exercise performance decreased with age in
each fatiguing task. These results can be explained by the
reduction in muscle mass occurring with aging (Doherty
2003) as well as structural and functional impairments in the
neuromuscular system, such as greater metabolites accumu-
lation (Hunter et al. 2016). The reduction of cardiorespira-
tory fitness with aging (Harridge and Lazarus 2017) prob-
ably played a role, leading to a decrease in maximal oxygen
uptake and ultimately in exercise performance. Indeed,
young females reached a higher heart rate at exhaustion than
older females (Supplementary information 2). Additionally,
the earlier increase of RPE with aging likely explains the
earlier task failure observed in older groups (Souron et al.
2020). Moreover, setting the workload as percentage of body
weight led to greater workload increments in older females
in terms of maximal force production capacity. For instance,
each stage corresponded to an increment of 7+ 1%, 9+2%
and 13 +5% of MVIC for young, old, and very old females,
respectively; or 8 +1%, 12+2% and 19+6% of MVCC for
young, old, and very old females, respectively. This was due
to the lower strength/body weight ratio with advancing age.
Each increment in intensity was thus harder for old and even
more for very old females.

A recent study with the same experimental design in
males (Varesco et al. 2023) showed no difference in exer-
cise performance between old and very old males in ISO
and CON. This discrepancy may suggest differential effects
of sex on neuromuscular function but also on perception of
effort. Moreover, males in Varesco et al. (2023) performed
more stages than the females in the present study in both
CON and BIKE independent of age, but not in ISO. The
lower exercise performance of females when using a more
ecologically valid workload (percentage of body weight) in
dynamic tasks could be explained by a lower strength/body
weight ratio in females compared to males. This suggests
females may be working at a higher percentage of maximal
strength than males during activities of daily living.

Performance fatigability at common stages

Because exhaustion is almost never reached during activities
of daily living, the QIF tests allow to compare performance
fatigability at submaximal workloads, especially at the com-
mon stages performed by all the participants, i.e. 3 stages in
ISO, 1 in CON and 2 in BIKE.
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In ISO, no age-related differences in performance fati-
gability were observed during the common stages, contrary
to previous results in males (Varesco et al. 2023). Addition-
ally, Tw amplitude loss was greater in very old than young
females from stage 2, and greater than old females at stage 3.
This suggests that age-related alterations in contractile func-
tion were not large enough to lead to a decrease in maximal
force production using the current testing paradigm. Fur-
thermore, the relatively short duration of the task probably
prevented the appearance of deficits in voluntary activation
(Jubeau et al. 2014). Longer exercises may be necessary to
observe potential age-related deficits in voluntary activa-
tion. It has also been suggested that the slowing of muscle
contractile properties with age would lead to lower motor
units firing rates (Mota et al. 2020; Watanabe et al. 2016),
decreasing the cost of contraction in isometric condition
(Kent-Braun 2009). This lower cost of contraction may have
counterbalanced the higher relative workload in percentage
of MVIC with advancing age.

In CON, performance fatigability was greater for very
old than young females after stage 1, with no differences
between old and young females, or between old and very
old females. Similarly, Tw amplitude loss, which is repre-
sentative of contractile function and is related to metabolites
accumulation, was greater for very old than young females.
This accumulation increases with age in concentric mode
(Sundberg et al. 2019) due to both a decrease in contraction
efficiency (Layec et al. 2014) and a lower muscle oxida-
tive capacity. This metabolites accumulation was probably
emphasized by the greater workload increments with age.

In the BIKE condition, no age-related differences were
observed either in performance fatigability or in Tw ampli-
tude loss after the common stages. These results were not
expected and differed from those observed in males who
showed greater and earlier performance fatigability and
twitch amplitude loss for old and very old males compared
to young males (Varesco et al. 2023). The lack of age-related
differences in the present study might be attributed to an
early decrease in MVIC in young females, whereas MVIC
remained similar to baseline at stage 1 in young males (Var-
esco et al. 2023). Additionally, the relatively high level of
physical activity among older females may also help to pre-
serve their cardiovascular capacities, involved during the
cycling exercise. Finally, the limited number of common
stages may have prevented the emergence of age-related dif-
ferences in performance fatigability, despite an increase in
perceived fatigability.

In all conditions, RPE increased, with very old and old
females reporting higher RPE than young females start-
ing from the first stage. RPE was also higher for very old
females compared to old females after stage 3 in ISO and
stage 2 in BIKE. This increased perceived fatigability with
age is likely due to the greater workload relative to maximal

capacities in older females, and potentially participated to
the earlier task failure. Specifically, the higher workload
leads to greater metabolite accumulation, activating group
IIT and IV afferent receptors in the knee extensors, and an
increased neural drive from the motor cortex, which results
in additional corollary discharges. Together, these factors
likely contribute to the heightened perception of exertion
observed in older adults (Lopes et al. 2022).

Performance fatigability at exhaustion

No age-related effects were observed on performance fati-
gability at exhaustion (MVIC or MVCC) in ISO, CON and
BIKE. Previous studies have shown lower performance fati-
gability in old compared to young adults after a QIF test in
isometric condition with a workload set as percentage of
MVIC (Varesco et al. 2022), and lower performance fatiga-
bility in very old compared to young males when the work-
load was set as percentage of body weight in ISO task only
(Varesco et al. 2023).

Age-related impairments in performance fatigability are
usually reported following concentric exercise, depend-
ing on factors such as total work performed (Weavil et al.
2018), contraction velocity or fatiguing protocol used (Cal-
lahan et al. 2009; Senefeld et al. 2017; Sundberg et al. 2018,
2019; Weavil et al. 2018). In the present study, the age-
related decrease in contraction efficiency during concentric
contractions was likely compensated by a lower total work
performed by older females, thereby limiting the magnitude
of performance fatigability.

The results observed in the BIKE condition are in agree-
ment with a similar study on males (Varesco et al. 2023) but
differ from another study (Weavil et al. 2018) that reported
increased performance fatigability in older adults. In order
to match duty-cycle between conditions, participants in the
present study had to cycle at 37.5 rpm, which is particularly
low compared to the ~60 rpm cadence commonly used in
the literature. Consequently, heart rate reached at exhaus-
tion was~ 126 and 112 bpm for old and very old females,
respectively vs. ~ 150 bpm for old adults in previous studies
(Kriiger et al. 2020; Weavil et al. 2018). This lower heart rate
likely prevented participants from being limited by their car-
diorespiratory system as usually observed in cycling tasks.

In all conditions, old and very old females presented a
lower RPE than young females at task failure. Moreover, old
and very old females did not reach maximal RPE, contrary to
younger females, suggesting that task failure was not due to
maximal perceived fatigability in older females. Instead, task
failure was likely attributed to a muscular inability to sustain
exercise, possibly due to the large workload increments.
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Limitations

Despite the same duty cycle used for ISO, CON and BIKE,
workload was differently set for BIKE and elicited different
movement coordination and muscle mass involved. Conse-
quently, the three different conditions could not be directly
compared. Moreover, the limited number of common stages
analyzed due to the lower exercise performance of old and
even more very old females compared to young females
could have limited the full understanding of age-related dif-
ferences in performance fatigability.

In the BIKE condition, we used a multi-joint dynamic
fatiguing task using a cycling ergometer, aiming to better
approximate real-world, ecological conditions. We believe
this approach offers a more comprehensive assessment
of fatigability in this population. However, the pedaling
cadence was quite low (37.5 rpm) and real life also involves
greater contraction velocity, which may induce greater per-
formance fatigability in older females.

Moreover, it is possible that the familiarization with
maximal voluntary contractions on the cycling ergometer
was insufficient for the very old females, despite following
the same protocol as for young and old females. The cycling
ergometer used in our study requires more advanced muscle
coordination, as it is more challenging to exert force hori-
zontally, and the position slightly differs compared to the
ergometers used in ISO and CON, leading to lower values
in MVIC and ultimately in VA in the BIKE condition. How-
ever, the conditions were similar at the different time points,
which allowed us to confidently assess their evolution during
and after the fatiguing tasks.

Furthermore, the level of physical activity of old and
very old females was relatively high, limiting the effects of
physical inactivity. Thus, this sample of participants may
not represent the whole population of older adults but rather
the more preserved ones, and further investigations would
be needed to differentiate the effects of aging from those of
physical activity.

Lastly, hormonal fluctuations can influence neuromus-
cular function and fatigability (Ansdell et al. 2019). Regret-
tably, menstrual cycles were not controlled in the younger
females, neither were collected data on time since meno-
pause in the older participants. However, we are confident
that the effects of age are much larger than those of men-
strual cycle, so the comparison between groups would not
necessarily differ with this additional information.

Conclusion
This study showed that exercise performance at the three

different fatiguing tasks (isometric, single-limb dynamic
and cycling) decreased with advancing age in females when
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workload was set as percentage of body weight, which
explain in part the reduction in the capacity to perform
activities of daily living of older adults. Greater performance
fatigability occurred in very old compared to young females
at common stages during the concentric task but not dur-
ing the isometric and cycling tasks, whereas no age-related
differences were observed at exhaustion for the three tasks.
These results suggest that age-related differences in perfor-
mance fatigability depend on contraction mode but also on
the timing of evaluation (common stages vs exhaustion),
which should be further considered in future studies.
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