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Abstract

Purpose Cancer-related fatigue (CRF) is the most reported side effect of cancer and its treatments. Mechanisms of CRF are
multidimensional, including neuromuscular alterations leading to decreased muscle strength and endurance (i.e., fatigabil-
ity). Recently, exercise fatigability and CRF have been related, while fatigability mechanisms remain unclear. Traditionally,
fatigability is assessed from maximal voluntary contractions (MVC) decrease, but some authors hypothesized that the rate
of force development (RFD) determined during a rapid contraction could also be an interesting indicator of functional altera-
tions. However, to our knowledge, no study investigated RFD in cancer patients. The purpose of this study was to determine
whether RFD, fatigability amplitude, and etiology are different between fatigued and non-fatigued cancer patients.
Methods Eighteen participants with cancer, divided in fatigued or non-fatigued groups according their CRF level, completed
a 5-min all-out exercise in ankle plantar flexor muscles composed of 62 isometric MVC of 4 s with 1 s rest, to assess fatigabil-
ity amplitude as the force—time relationship asymptote (¥, ). Before and after exercise, fatigability etiologies (i.e., voluntary
activation (VA) and evoked forces by electrical stimulation (Db,,)) were assessed as well as RFD in 50 and 100 ms (RFDsy,
and RFD,,, respectively) during rapid contractions.

Results F, is significantly lower in fatigued group. Significant differences were found between pre- and post-exercise VA,
Db, ), RFDs,, and RFD,,, for both groups, with no statistical difference between groups.

Conclusion During treatments, fatigability is higher in fatigued patients; however, the mechanisms of fatigability and RFD
alterations are similar in both groups.

Trial registration ClinicalTrials.gov, NCT04391543, May 2020.

Keywords Cancer-related fatigue - Cancer - Neuromuscular fatigability - Force—time asymptote - Twitch interpolation
technique

Abbreviations Dby, 10-Hz doublet electrical stimulation
ANOVA  Analysis of variance Db, 100-Hz doublet electrical stimulation
BMI Body mass index EORTC  European Organization for Research and Treat-
CAR Central activation ratio ment of Cancer
CRF Cancer-related fatigue Fy Force—time relationship asymptote
Feax Peak force occurring during a muscular
Communicated by Michalis G Nikolaidis. contraction , o
FS Force when the superimposed electrical stimu-
D4 M. Chartogne lation was applied
martin.chartogne @univ-nantes.fr MVC Maximal voluntary contraction
. o ) RFD Rate of force development
Le Mans University, Movement-Interactions-Performance, SD Standard deviati
MIP, UR 4334, 72000 Le Mans, France tandard deviation .
ST Difference between the force produced during

2 Centre de Cancérologie de la Sarthe, 72000 Le Mans, France . .
a maximal voluntary contraction and the force

induced by a superimposed electrical stimula-

tion applied on this later
Nantes University, Movement-Interactions-Performance, VA Voluntary activation
MIP, UR 4334, 44322 Nantes Cedex 3, France

Univ Savoie Mont Blanc, Laboratoire Interuniversitaire de
Biologie de la Motricité, EA 7424, 73000 Chambéry, France

@ Springer


http://orcid.org/0000-0002-9353-6677
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-023-05347-5&domain=pdf

1176

European Journal of Applied Physiology (2024) 124:1175-1184

Introduction

Cancer-related fatigue (CRF) is the most reported side
effect of cancer and its treatments (Weis 2011). CRF is
defined as “a distressing persistent subjective sense of
physical, emotional, and/or cognitive tiredness or exhaus-
tion related to cancer or cancer treatment that is not
proportional to recent activity that interferes with usual
functioning” (Berger et al. 2015). Numerous parameters
have been evidenced to be related to CRF among bio-
logical, physical, behavioral, psychological, and/or social
dimensions (Bower 2014). Within the physical dimen-
sion, alterations of the peripheral nervous system and
muscle induced by cancer and its treatments can be noted
(Grisold et al. 2016), sometimes leading to fatigability,
a decrease in the force-generating capacity of the neu-
romuscular system during exercise. Fatigability can be
defined as “a response that is less than the expected or
anticipated contractile response, for a given stimulation”
(MaclIntosh and Rassier 2002) and involves central and
peripheral mechanisms, with interactions between both
(Gandevia 2001). If increased exercise fatigability is one
of the mechanisms involved in the onset of CRF, it would
be possible to envisage interventions targeting a reduction
in fatigability (through physical activity) in an attempt to
reduce CREF, as suggested by the results of de Lima et al.
(2020). One way to evaluate fatigability amplitude is to
compare the maximum force that can be produced during
maximal voluntary contractions (MVC) before and after
an exercise. Different exercise modalities are frequently
used such as fixed-intensity exercises until exhaustion,
or do a given number of muscle contractions (Place and
Millet 2020). Nevertheless, these modalities may only
partly describe the fatigability phenomenon. Indeed, the
pre—post-exercise comparison masks the fatigue kinetic
information. Based on the critical force concept (Monod
and Scherrer 1965), Burnley (2009) proposed to perform
repeated MVC until reaching a force plateau, represent-
ing maximum fatigability amplitude that can be reached
during an exercise. Initially validated for knee extensors
muscles, such all-out protocols have been extended to fin-
gers flexors (Chartogne et al. 2020; Veni et al. 2019) and
ankle plantar flexors (Abdalla et al. 2018). The latter are
not only recognized as representative of activities of daily
living (Millet et al. 2023), but also enable a valid assess-
ment of central and peripheral mechanisms of fatigability
in both resting and fatigued states using electrical muscle
stimulation (Neyroud et al. 2015).

Significant correlation between CRF and fatigability
amplitude was reported in three studies, with fatigability
being knee extensor MVC decrease after an incremental
cycling test to task failure (Brownstein et al. 2021) and
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in fingers flexor MVC decrease during a 60 MVC all-out
exercise (Chartogne et al. 2020; Veni et al. 2019). This
suggests that the more fatigued a cancer patient is, the
more fatigable he/she is. This also indicates that there
may be a link between a perceived feeling of exhaustion
and an objective performance decrease after an exercise,
while being two distinct phenomenon (Kluger et al. 2013).
This rational was developed by Twomey et al. (2017), who
hypothesized that this link is supported by a deteriorated
resistance to acute exercise in daily physical tasks (e.g.,
house cleaning, climbing stairs) leading to greater func-
tional capacity reductions, in turn associated to longer
recovery time. Furthermore, only three studies, to our
knowledge, investigated differences in terms of fatigabil-
ity amplitude and etiologies between fatigued and non-
fatigued cancer patients and reported inconsistent results.
First, Neil et al. (2013) found no differences between
fatigued and non-fatigued patients in MVC decrease and
fatigability etiologies during sustained contractions of
the biceps brachii. Then although they did not find differ-
ences in MVC decrease, Prinsen et al. (2015) concluded
that non-fatigued cancer survivors exhibited more periph-
eral mechanisms implication in fatigability compared to
fatigued ones. Finally, Brownstein et al. (2022) demon-
strated that MVC decrease was more important in fatigued
than in non-fatigued patients during and after an incremen-
tal cycling test with no differences in central mechanisms
implication. Fatigability is well-known for being task
dependant (Enoka and Stuart 1992), so these differences
could be explained by different fatiguing exercises in the
abovementioned studies.

Besides, maximum force is often reported but it only
represents one characteristic of the muscle function. Some
authors hypothesized that the force production during a short
and rapid contraction could also be an interesting indicator
of functional alterations (D’Emanuele et al. 2021). Indeed,
some daily living activities are more characterized by a short
time to develop a muscular force than the need to develop a
maximal force (e.g., descending stairs, walking) (Aagaard
et al. 2002; Izquierdo et al. 1999; Maffiuletti et al. 2010).
However, fatigued cancer patients showed impaired bal-
ance (Morris and Lewis 2020; Schmitt et al. 2017), thus
requiring to produce quickly a muscular force to restore bal-
ance and prevent a fall after a sudden postural perturbation.
To our knowledge, either no study investigated rapid force
alterations after a fatiguing exercise in cancer patients, nor
whether there are differences between fatigued and non-
fatigued cancer patients. Commonly used to measure rapid
force, the rate of force development (RFD) is the ability
to increase force as quickly as possible. RFD is calculated
from the derivative of the force—time signal as a function of
time recorded during a rapid voluntary contraction. Interest-
ingly, the rapid force development is governed by different
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mechanisms than maximum force in both fresh (Maffiuletti
et al. 2016) and fatigue conditions (Morel et al. 2015). In
the early phase of contraction (first 50 ms), RFD is mainly
determined by reaching a maximal frequency discharge rate
while in the advanced-late phases (> 100 ms), discharge rate
being already maximal, RFD depends rather on contractile
factors (Maffiuletti et al. 2016). In a fatigue context, Morel
et al. (2015) showed that RFD was strongly associated with
average torque reduction during 160 isokinetic maximal
knee extensions at moderate velocity (i.e., 240°.s71). This
demonstrates that rapid force production alteration can be
also an important manifestation of fatigability.

Thus, the aim of the present study was to determine
whether at the end of a 5-min all-out exercise (i), fatigabil-
ity amplitude and etiology are different between fatigued
and non-fatigued cancer patients during treatments and (ii)
whether RFD decreases are related to CRF severity. We
hypothesized that fatigued cancer patients would exhibit
(i) a higher fatigability amplitude associated to exacerbated
central mechanisms; and (if) a greater RFD alteration com-
pared to non-fatigued patients.

Methods
Participants

Twenty participants diagnosed with an early stage can-
cer were recruited while treatments were in progress
(chemotherapy, radiotherapy, and/or hormone therapy).
They were included after oncologist agreement and if
no contraindication to physical exercise or comorbidities
(e.g., neurological, muscular, skeletal disorders, or other
conditions that would influence their sensorimotor perfor-
mances) have been identified. Written informed consent

was obtained from the participants before inclusion. This
study is a feasibility study of the BIOCARE Factory study
(ClinicalTrials.gov, NCT04391543, May 2020; (Chartogne
et al. 2021a, b) and has been approved by the French ethics
committee of human research CPP SUD EST VI (IDRCB:
2019-A02525-52) and will be performed according to
the Declaration of Helsinki. Participants were required
to answer the EORTC QLQ-C30 self-assessment ques-
tionnaire alone at home in quiet conditions. This ques-
tionnaire assesses several aspects of quality of life, nota-
bly CRF through a specific symptom scale (FA) with a
score ranging from 0 to 100, with higher level indicating
greater degree of CRF. A cutoff value of 39 is used for
the FA score to identify clinically relevant CRF symp-
toms (Giesinger et al. 2016). This value has been used to
divide participants in two groups (i.e., fatigued group, with
FA score > 39 or non-fatigued group, with FA score < 39)
(Table 1).

Experimental protocol

Throughout the test (Fig. 1), participants remained lie
prone on a patient table, with a fully extended knee and
an ankle angle of 90°, their foot securely blocked at the
metatarsal level in a custom-made device enabling iso-
metric strength measurement with a load cell (LSB350,
Futek, Irvine, USA). First, optimal electrical stimulation
intensity was determined to set the supramaximal inten-
sity used during the subsequent neuromuscular assess-
ments by progressively increasing the current (from 20
to 200 mA, with a 20-mA increment) until there was no
further increase in the evoked isometric twitch response.
The last intensity obtained was further increased by 20%
to ensure stimulus supramaximality (optimal intensity:
150+ 28 mA). All electrical stimulations were delivered

Table 1 Anthropometric and
clinical characteristics of

Fatigued (n=9) Non-fatigued (n=9)

participants and CRF scores
(mean +SD)

Gender

Age (years)

Height (m)

Body mass (kg)

Body mass index (kg.m™2)
FA score (/100)

Cancer types

Treatment types

Female: 7 Female: 8
Male: 2 Male: 1
51.6+13.8 57.1+8.8
1.70+0.07 1.67+0.07
77.9+13.7 58.9+10.3*
27.1+5.3 21.1£2.7*
66.7+13.6 32.1+£3.7*%
Breast: 6 Breast: 5

Colon, bronchial
tubes, ovary, lym-
phoma: 1

Prostate, myeloma, colon: 1

Chemotherapy: 6
Hormone therapy: 3

Chemotherapy: 5
Radiotherapy: 1
Hormone therapy: 3

*Significant difference between both groups, with p <0.05
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with a constant current (Digitimer DS7A-H, Hertford-
shire, UK) using squarewave stimuli of 200 ps duration
with a maximal voltage of 400 V and via rectangular self-
adhesive electrodes (5% 10 cm, Compex). The cathode was
placed over the gastrocnemii (~ 5 cm distal to the popliteal
fossa) and the anode over the soleus (~ 10 cm proximal to
the calcaneus).

Second, participants have to accomplish a standardized
warm-up (ten isometric contractions of 4 s at 50% of their
maximal self-estimated maximal strength with 4 s of recov-
ery in between), followed after 2 min of rest by the MVC
measurement (two MVC of 4 s separated by 2 min, if the
difference between these MVCs was superior to 5%, a third
one was performed). The higher peak force produced was
considered as the MVC in baseline conditions (pre-fatigue
MVC). Pre-fatigue neuromuscular functions were assessed
on a third MVC, using a 100-Hz doublet on force plateau
and a stimulation sequence on the relaxed muscles beginning
2 s after the end of contraction: a 100-Hz doublet, a 10-Hz
doublet, and a simple stimulation, interspersed by 3 s.

Then participants were asked to complete a fatiguing exer-
cise composed of 62 isometric MVC in ankle plantar flexor
with the dominant leg. Each MVC last 4 s with 1 s rest, duty
cycle was ensured using a metronome to provide subjects
contraction and relaxation times. To avoid pacing strategies,
participants were kept uninformed of the time remaining or
the number of MVC performed (Tucker 2009) and investiga-
tors used verbal encouragements for participants to contract
as strong as possible and maintain the maximal contraction
until the end of the 4-s period during each MVC. Post-fatigue
neuromuscular functions were assessed on the last MVC (i.e.,
62nd) of the fatiguing exercise with the same stimulation pro-
cedure as in pre-fatigue condition. In case of missing or electri-
cal stimulation applied improperly in the last MVC, neuromus-
cular assessments were also performed on the 60th MVC (i.e.,
100-Hz doublet electrical stimulation during and after the 60th

Neuromuscular
assessments

[
mve |
Neuromuscular
Flash assessments

“‘ L
1 UL oy W

Fatiguing exercise
(62 MVC)

Fig. 1 Schematic illustration of the fatiguing exercise and neuromus-
cular assessments. Arrows represent electrical stimulation
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MVC), but finally all post-exercise data were computed from
electrical stimulations applied to the 62nd MVC.

Besides, to evaluate the rapid force capacity before and
after the fatiguing exercise, three explosive contractions
(“flash™) were performed on 1 s period (15 s rest between
each), with the instructions given to participants to produce
the most important contraction as fast as possible (Maffiuletti
et al. 2016). The first flash contraction started 5 s after the last
electrical stimulation associated with the 62nd MVC of the
fatiguing exercise.

Data analysis

Peak force (Fj,,; expressed in percentage of MVC) occurring
during each 4-s MVC set was recorded and fitted using non-
linear regression techniques in function of time for each partic-
ipant (Eq. 1) (Hendrix et al. 2009). Fittings were performed via
non-linear least-squares procedures with Matlab 2016a (The
MathWorks, Natick, MA, USA), i.e., an iterative process was
used to minimize the sum of squared error between the fitted
function and the observed values:

Fpeak([)=FA+(100—FA)-e(_é)’ 1)

where F, is the force—time asymptote relationship expressed
in percentage of the pre-fatigue MVC; ¢ the time in seconds;
and 7 the curvature constant in seconds, indicating the rate
of force decrease.

Amplitudes of the superimposed and potentiated doublets
force responses were also determined to enable the voluntary
activation (VA) calculation. Since superimposed stimulations
were not always elicited directly at MVC peak force, a correc-
tion factor for determination of VA was adopted (Strojnik and
Komi 1998), as:

VA(%) = (1 = (ST X (FS/MVC))/Db,,) X 100, 2)

where MVC is the maximal force before the superimposed
stimulation; FS the force when superimposed stimulation
was applied; ST the difference between MVC and the force
induced by the superimposed stimulation; and Db, the
force produced by the potentiated stimulation in resting
conditions.

To investigate neuromuscular regulations, a correlation
analysis of voluntary activation-contractile properties was per-
formed, but VA being dependent on Db, (Eq. 2), the central
activation ratio (CAR) (Kent-Braun 1997) was used instead.
CAR was then calculated as:

MVC

CAR = ——,
FS )
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where MVC is the maximal force before the superimposed
stimulation and FS the force when superimposed stimulation
was applied.

The presence of post-exercise low-frequency fatigue
(LFF) was evaluated from the ratio of forces evoked at
low- and high-frequency stimulations (i.e., 10 Hz and
100 Hz) in resting conditions (Millet et al. 2011), as:

where Db, is the force evoked at 10 Hz potentiated stimu-
lation; and Db, the force evoked at 100 Hz potentiated
stimulation.

The RFD was calculated as the means slope of the
force—time curve, normalized to pre-fatigue MVC, on
0-50 (RFDs;) and 50-100 ms (RFD,,), corresponding
to the early and the intermediate/advanced phases of the
contraction, respectively. The mean of the three flash con-
tractions were computed for each condition (i.e., pre- or
post-fatiguing exercise, and 0-50 or 50-100 ms interval)
(Maffiuletti et al. 2016). All presented neuromuscular and
RFD parameters were also expressed as pre—post-fatiguing
exercise differences and normalized to pre-fatiguing exer-
cise values (i.e., AVA, ACAR, and ADb ).

Statistical analysis

All data were analyzed with JASP (JASP Team, Uni-
versity of Amsterdam, Netherlands) and expressed as
means =+ standard deviations (SD). Normality of the vari-
ables of interest was tested using Shapiro—Wilk tests and
homogeneity of variance was checked using Levene’s tests.
To compare anthropometric and clinical data, pre-fatigue
MVC, 7 and F, between fatigued and non-fatigued groups,
Student’s ¢ tests for independent samples have been real-
ized. Then an analysis of variance (ANOVA) for repeated
measures with two factors (i.e., pre—post and between-
group) was performed to determine whether some signifi-
cant differences and interactions between factors existed in
neuromuscular parameters (i.e., VA, Db, LFF), RFDy,
and RFD,,. Linear correlation was performed to verify
the relationship between ADb,,, and ACAR variances
characterized by the correlation coefficient (7). Correla-
tion coefficient values of 0.00-0.19, 0.20-0.39, 0.40-0.59,
0.60-0.79, and > 0.79 were classified as very weak, weak,
moderate, strong, and very strong, respectively (Evans
1996). A Student’s ¢ tests for independent samples were
used to compare healthy participants having performed
the same fatiguing exercise in a previous study (Chartogne
et al. 2020) and cancer patients from this study. For all
tests, an alpha level for statistical significance of 0.05 was
selected.

Results
Between-group comparison

Two patients were excluded due to incomplete data (i.e.,
missing questionnaires and incomplete neuromuscular
tests due to discomfort of electrical stimuli). The remain-
ing 18 participants were classified as fatigued (n=9) or
not fatigued (n=9), to perform group comparison. Par-
ticipants from fatigued group presented significant higher
body mass and body mass index (BMI) (Table 1). Fatigued
group had a significant lower F, than non-fatigued one
(63.0+11.4%MVC vs. 74.6 £9.6%MVC, respectively;
p=0.03) (Fig. 2 and Fig. 3a). However, no significant dif-
ference was found between fatigued and non-fatigued groups
for pre-fatigue MVC (419.2+82.8 N vs. 332.2+103.3 N,
respectively; p=0.07), for pre-fatigue MVC normalized
to body mass (5.46+1.02 N.kg™! vs. 5.74+2.12 N.kg™!,
respectively; p=0.72) (Fig. 3b) and for T (12.26 +4.12 s and
13.27 £2.45 s, respectively; p=0.72) (Fig. 2).

Pre-post-exercise comparison

Significant decreases were found between pre- and post-
exercise VA and Db, for both groups (Table 2). AVA and
ADb,, were 30.9+24.6% and 9.3 +33.3% for fatigued
group respectively, and 19.6 +16.5% and 11.7 +23.7% for
non-fatigued group. Regarding RFD, significant pre—post-
exercise differences were evidenced for both groups in
RFDs, and RFD,,, (Table 2). No significant pre—post-
exercise difference has been found for LFF and no inter-
action between groups and pre—post-exercise factors was
observed. Significant negative correlations between ACAR
and ADb,,, were observed when all cancer patients of this
study were gathered (r=—0.63; p=0.005) (Fig. 4a).
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Fig.2 Kinetics of MVC during the fatiguing task, with the asymptote
(F,) and the curvature constant (t) of the force—time relationship for
both fatigued and non-fatigued groups
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Table 2 Neuromuscula.r and Variable Group
RFD parameters for fatigued
group and non-fatigued group VA (%) Fatigued
(mean +SD) Non-fatigued
Db,y (N) Fatigued
Non-fatigued
LFF (%) Fatigued

Non-fatigued
RFDs, (MVC.s™!)  Fatigued

Non-fatigued
RFD, o, (MVC.s™!)  Fatigued

Non-fatigued

949+39 59.4+27.6* 30.9+24.6
92.1+£5.7 63.6+15.1* 19.6+16.5
110.1+18.8 92.6+28.5% 9.3+33.3
95.5+37.9 85.8+45.2% 11.7+£23.7
0.95+0.11 0.90+0.15 3.6+16.4
0.95+0.08 0.93+0.13 0.7+13.6
2.35+1.37 1.66+1.11% 33.5+232
2.11+0.88 1.52+0.77* 28.8+18.6
3.16+£1.55 243 +1.16* 16.6+31.8
295+1.13 1.86+0.66* 339+17.4

*Significant difference between pre—post-exercise values, with p <0.05

-

Fatigued group
° Non-fatigued group

B wn N
(=) (=} (=}
L L J

L]

r=-20.63 ; p=10.005

ACAR (%)
—_— (3] (%)
(=3 o (=] o

—
o

20 10 0 10 20 30 40 50 60 70
ADb100 (%)

Fig.4 Relationship between central activation ratio (ACAR) and
evoked forces (ADb,,) considering all cancer patients (dark grey and
light grey dots represent data for non-fatigued and fatigued patients,
respectively) (a). Relationship between ACAR and ADb,, for all
cancer patients of this study (dark grey dots and regression line),
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Comparison of the later ACAR and ADb,, correla-
tion analysis with one previously obtained in healthy par-
ticipants (Chartogne et al. 2020) (r= — 0.82; p<0.001)
(Fig. 4b) showed no statistical difference (ACAR = -0.4793
ADDby,+30.075; ACAR= - 0.5377 ADb,,,+29.431;
for the present study and Chartogne et al. (2020), respec-
tively). Besides, significant differences were found between
ADb 4, (13.9+22.2% vs. 33.3+18.5%; p<0.01) and age
(54.3+11.6 years vs. 23.5+5.0 years; p <0.001) but not
ACAR (21.9+18.9% vs. 14.1 £10.8%; p=0.07) for cancer
and healthy participants, respectively.

Discussion

The main purpose of this study was to determine whether
fatigability amplitude and etiology evaluated during a 5-min
all-out effort of the ankle plantar flexors were different
between fatigued and non-fatigued cancer patients during
treatments. Results showed that i) F, was significantly dif-
ferent between fatigued and non-fatigued cancer patients; if)
no significant differences regarding fatigability mechanisms
and RFD were observed; and iii) voluntary activation and
evoked force decrease were negatively correlated for all can-
cer patients whatever their CRF condition was.

Fatigued patients showed higher fatigability amplitude
in ankle plantar flexors muscles after a 5-min fatiguing
exercise compared to the non-fatigued one, but with simi-
lar rate of fatigability onset (i.e., T) (Fig. 2). These results
are in accordance with those of Veni et al. (2019) and
Chartogne et al. (2021a, b), showing that higher CRF level
were associated with increased fingers flexors fatigabil-
ity after a 5-min fatiguing exercise. A greater decrease
in maximal force-generating capacities has also been
reported by Brownstein et al. (2022) after an incremen-
tal cycling exercise. Together, these results are in line
with the previously established link between CRF, a
chronic feeling of exhaustion in daily life, and fatigabil-
ity (Twomey et al. 2017), which could be explained by
numerous neuromuscular complications and functional
impairment (e.g., loss of muscular strength, cachexia or
physical deconditioning). Regarding fatigability etiology,
the present study showed significant pre—post differences
in VA and Db, for both patient groups (Table 2), empha-
sizing the involvement of both central and peripheral neu-
romuscular mechanisms. Nevertheless, no significant dif-
ferences were found between both groups, as evidenced
after a sustained fatiguing exercise in a previous study
(Neil et al. 2013), which also reported submaximal VA
in pre-fatigue condition (Table 2). Significant pre—post-
exercise differences were found in RFD5, and RFD
for both patient groups (Table 2). However, there was no
difference between fatigued and non-fatigued patients;

thus, RFD of fatigued patients was as much altered as that
of non-fatigued patients after a fatiguing exercise, even
though fatigued patients are more fatigable (i.e., lower
F ). Moreover, force-generating capacities during a rapid
contraction seem equally impacted in cancer patients than
in healthy participants (Boccia et al. 2018; Thorlund et al.
2008). Based on the results of the present study, no link
between RFD and CRF can be highlighted. Lastly, fatigued
group showed significant higher body mass and body mass
index (BMI) than non-fatigued group (Table 1). Moreo-
ver, mean BMI of fatigued group indicates a tendency to
be overweight (Nuttall 2015), in accordance with previ-
ous studies (Bower 2014; Donovan and Jacobsen 2007),
which found significant correlation between CRF and
BMI during and after treatments. This increase in body
mass could be part of the side effects of some treatments
(e.g., chemotherapy and hormone therapy) (Thomson and
Reeves 2017) or due to a reduced spontaneous physical
activity during cancer (Veni et al. 2019).

Interestingly, cancer patients showed significant lower
evoked forces decrease but no difference in voluntary acti-
vation decrease compared to healthy participants from a pre-
vious study with the same protocol (Chartogne et al. 2020).
Several studies reported different results with predominant
central mechanisms in cancer patient concluding that they
are the primary cause of fatigability in cancer patients (Cai
et al. 2014; Hucteau et al. 2023; Kisiel-Sajewicz et al. 2012;
Yavuzsen et al. 2009). Hucteau et al. (2023), despite simi-
lar fatiguing task but involving different muscles, reported
higher voluntary activation decrease for breast cancer
patients associated with similar evoked forces decrease
compared to age-matched healthy women. One may hypoth-
esize that the significant difference in evoked forces decrease
observed in our study between cancer and healthy partici-
pants can be due, at least in part, to the significant age dif-
ference, but studies investigating age-related differences in
neuromuscular amplitude and etiology found no differences
between young (< 35 years) and old (> 60 years) participants
(Kriiger et al. 2018; Varesco et al. 2022). We also evidenced
similar negative correlation between voluntary activation
and evoked forces decreases for cancer patients and healthy
participants (Fig. 4). The AVA — ADb,, regression equa-
tion being not different between both populations suggests
that potential regulation between central and peripheral
dimensions of fatigability does not differ, but that patients
are on average found to have greater central fatigability and
preserved peripheral capacity. It is important to note that
there is considerable individual variability, of an order of
magnitude far greater than the difference between the two
populations. These results echo to the sensory tolerance limit
concept (Gandevia 2001; Hureau et al. 2016), a negative
feedback loop integrating muscles sensory afferents and/
or corollary discharge associated with the central motor
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command. When this hypothetical limit is reached, descend-
ing motor drive is limited to prevent intolerable peripheral
perturbations.

This study, illustrating the link between CRF and fati-
gability, is the first, to our knowledge, investigating neuro-
muscular mechanisms of CRF during treatment stage. From
a clinical applications point of view, this seems particularly
relevant since interventions for the management of CRF have
been recommended from cancer treatment period (Camp-
bell et al. 2019; Oberoi et al. 2018) and to be tailored to
patient comorbidities and treatment-induced adverse effects
(Twomey et al. 2018; van der Leeden et al. 2018). Thus,
it could be hypothesized that physical activity in patients
with relevant fatigability could enhance the resistance to
acute exercise in daily living and prevent fatigue accumu-
lation. Thus, CRF would be alleviated during treatments
and his long-term trajectory altered (Bower et al. 2021).
This hypothesis is supported by de Lima et al. (2020) who
observed, in breast cancer patients, a reduced fatigability
after 30 maximal isokinetic knee extensions concomitant to
a decreased CRF following a 10-week strength training pro-
tocol. Moreover, the link between CRF and fatigability could
explain why physical activity remain the most effective, with
a moderate effect, among the most commonly recommended
treatments for CRF (i.e., physical activity, psychological,
combined physical activity and psychological, and pharma-
ceutical treatment) (Mustian et al. 2017).

Conclusion

To conclude, results of the present study indicate that, dur-
ing treatments, fatigability after a 5-min all-out exercise in
ankle plantar flexor muscles is higher in fatigued patients,
demonstrating the links between CRF and fatigability. Con-
trary to our hypotheses, this study has not revealed any sig-
nificant differences regarding central and peripheral fatiga-
bility mechanisms between both fatigued and non-fatigued
groups. However, the voluntary activation and evoked force
decrease are negatively correlated when all cancer patients
were gathered, so descending motor drive may be regulated
to prevent peripheral perturbations. Furthermore, there were
no differences in rapid force production during a short and
rapid contraction between fatigued and non-fatigued cancer
patients. Thus, these results, taken in association with pre-
vious studies, provide valuable information for supportive
care professionals who seek to tailor interventions for CRF
management, especially in physical activity treatment.
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