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Purpose: Mental fatigue is highly prevalent in chronic low back pain (cLBP) but rarely assessed in clinical practice. Standard
physical capacity tests may underestimate functional abilities when mental fatigue is present. This study investigated whether a simple
handgrip endurance task could objectively detect mental fatigue effects on physical performance in cLBP patients.

Patients and Methods: One hundred twenty participants (60 cLBP patients, 60 pain-free controls) performed a handgrip endurance
task at 13% of maximal voluntary contraction before and after either a mentally fatiguing Stroop task (30 minutes) or watching
a neutral documentary. Time to exhaustion (TTE) was compared between conditions within each group using analysis of variance.
Results: cLBP patients who performed the Stroop task showed significantly greater reduction in endurance (mean decrease:
118 seconds) compared to those who watched the documentary (mean decrease: 71 seconds), p <0.05. This mental fatigue effect
was not observed in pain-free participants (p =0.644). Importantly, both groups performed similarly on the Stroop task itself, indicating
that cognitive performance did not differ between populations.

Conclusion: Mental fatigue selectively impairs physical endurance in cLBP patients. The handgrip endurance test offers a practical,
low-cost tool to objectively assess mental fatigue in clinical settings. These findings have important implications for functional
capacity evaluations and return-to-work assessments, as standard tests may systematically underestimate patients’ true abilities when
mental fatigue goes unrecognized.
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Introduction

Mental fatigue is highly prevalent in individuals with chronic low back pain (cLBP), yet it remains rarely assessed in
clinical practice. Epidemiological data on the relationship between pain and fatigue are scarce, partly due to the ongoing
debates regarding whether fatigue should be considered a comorbidity of chronic conditions such as depression or
a distinct construct in its own right." In the general population, between 6% and 43% of individuals report symptoms of
fatigue, whereas prevalence rates appear to be up to 20% higher among people with chronic conditions. In patients with
cLBP, fatigue has been identified as a particularly salient symptom. A systematic review by Perry et al' highlighted
fatigue as an important factor to consider in the rehabilitation, and a large Norwegian cohort study reported that 69.7% of
patients with cLBP experienced substantial fatigue.® Similar observations have been reported in French pain care
institutions.* However, despite its prevalence, the functional consequences of mental fatigue on physical performance
in cLBP patients remain poorly understood.

Mental fatigue can be defined as a transient psychophysiological state induced by sustained and effortful cognitive
activity requiring executive control. It is characterized by a reduced capacity and/or motivation to perform the ongoing or
subsequent physical or cognitive task. In chronic pain populations, mental fatigue is often associated with mood
disturbances, impaired social functioning, and deficit in attention and planning.> Previous research also suggests that

https://doi.org/10.2147/JPR.S602280 Journal of Pain Research 2026:19 602280 |
Received: 20 February 2026 © 2026 Grousset et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 24 May 2026 AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing the

Published: 9 July 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0132-3154
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Grousset et al

individuals experiencing pain exhibit reduced capacity for effortful control, which may contribute to the development and
maintenance of chronic pain and its associated disorders.®® Pain may increase cognitive load through attentional capture,
emotional regulation demands, and altered sensory processing, thereby contributing to mental fatigue in chronic pain
population.” "3

There is increasing evidence that mental fatigue alters physical performance, particularly endurance-related outcomes (eg.,

decreased time to exhaustion). A systematic review by Van Cutsem et al'*

demonstrated that mental fatigue is associated with
reduced endurance performance, such as shorter time to exhaustion, alongside increased perceived exertion, whereas maximal
strength is generally preserved. In patients with chronic pain, this raises the possibility that physical endurance may be
undermined by mental fatigue induced by the ongoing management of pain. Consequently, conventional measures of muscular
endurance commonly used in low back pain assessment (ie., the Biering-Serensen test for lumbar extensors or the Shirado—Ito
test for abdominal muscles) may underestimate actual physical capacity if mental fatigue is not considered. Such under-
estimation could have important implications for rehabilitation planning and return-to-work decisions.

In most studies examining fatigue in patients with chronic low back pain, assessment relies primarily on self-report
1215 the Checklist of Individual Strength,'® the Fatigue Severity Scale,'”

and the Brief Fatigue Inventory.'® However, these instruments present several limitations. Subjective experiences of fatigue

questionnaires, including the Chalder Fatigue Scale,

vary considerably across individuals, and some may underestimate their fatigue.'® In addition, fatigue is frequently confused
with related states such as boredom or sleepiness.?’ Importantly, these questionnaires primarily assess chronic or trait fatigue
and do not adequately capture acute mental fatigue induced by sustained cognitive effort.

Acute mental fatigue differs from chronic fatigue in both underlying mechanisms and temporal dynamics. Acute
mental fatigue arises from prolonged cognitive activity and typically dissipates after a recovery period, whereas chronic
fatigue reflects longer-term dysregulation of neuromodulatory systems.”'>* Importantly, chronic fatigue may increase
fatigability and amplify acute mental fatigue effects.®” In the present study, we focus on experimentally induced acute
mental fatigue, while acknowledging that it may interact with pre-existing fatigue in cLBP patients.

Despite the clinical relevance of mental fatigue in cLBP, objective assessment remains uncommon in rehabilitation
settings. Existing objective measures are often time-consuming, costly, or require specialized equipment, limiting their
applicability in routine practice. There is thus a clear need for simple and clinically feasible tools to assess mental fatigue
in painful populations. The handgrip endurance task represents a promising candidate in this regard. Unlike standard
endurance tests used in low back pain assessment (eg., Biering—Serensen or Shirado—Ito), it does not directly load the lumbar
musculature, making it suitable for patients with chronic low back pain. In addition, it has been validated as a measure of
vitality capacity in clinical populations and has demonstrated sensitivity to experimentally induced mental fatigue.?*’
Notably, a recent study conducted by Daneshgar-Pironneau et al*® successfully applied this protocol in healthy participants
and demonstrated a significant mental fatigue effect on handgrip endurance performance (d = 0.818). Together, these features
support its use as a simple and clinically applicable tool to assess mental fatigue. The present study extends this work to
a clinical population of patients with chronic low back pain. If validated as an indicator of mental fatigue in patients with cLBP,
this task could be readily integrated into standard functional capacity evaluations, potentially improving the accuracy of
rehabilitation planning and return-to-work assessments.

The primary aim of the present study was to examine whether a handgrip endurance task could serve as an indicator of
acute mental fatigue in patients with chronic low back pain. The primary outcome was time to exhaustion (TTE) during the
handgrip endurance task. We hypothesized that (1) TTE would decrease following a mentally fatiguing task compared with
a control condition, (2) this decrease would be greater in patients with cLBP than in pain-free participants, and (3) cognitive
performance during the Stroop task would deteriorate over time, particularly in patients with cLBP.

Method

Participants and Design
Sixty patients suffering from cLBP (35 women, mean age = 43.77, SD = 9.90) and 60 volunteers recruited from the general
population who did not suffer from chronic pain (38 women, mean age = 40.47, SD = 12.74) participated in the study.
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None of the patients suffered from any serious spinal pathology. As for the volunteers, none of them experienced
chronic pain. All volunteers met predefined inclusion and non-inclusion criteria approved by the ethics committee; full
details of these criteria are provided in Supplementary Material 6. For instance, non-inclusion criteria included: being

colorblind, engaging in muscle-strengthening activities for more than six months, having insufficient visual correction to
perform the experimental task, having language or learning difficulties, having a history of severe neurological or
metabolic disorders, being retired and/or having a functional impairment involving the dominant hand. Symmetrically, to
be included in the study, all patients had to be over eighteen years of age and have French as their native language. Color
vision was screened prior to inclusion using the Ishihara Color Vision Test. Participants were required to correctly
identify numbers embedded in pseudoisochromatic plates, ensuring normal color vision and the ability to perform the
Stroop task. All participants completed the protocol without dropout, likely due to the single-session design, financial
compensation (€30), and high levels of engagement.

The sample size was determined via G*Power software, with a moderate effect size (f = 0.25; based on study 3 of
Mangin et al,?? alpha =0.05, and power =0.80. The analysis indicated that a sample size of 110 participants was sufficient
to detect the effect. To account for potential dropouts, we recruited 120 participants. Informed consent was obtained from
each participant following a verbal explanation of the study procedures. All 120 participants completed the full
experimental protocol, and no dropouts occurred.

cLBP patients were recruited from the Centre Richelieu in La Rochelle after admission to the Functional Restoration
of the Spine (FRS) program. The pain-free controls were recruited through local press announcements. This study was
approved by the Ethics Committee of Tours and Poitiers Universities (Ethics Code: CER-TP 2020-06-03) on June 29th,
2020; it was therefore conducted in accordance with the ethical principles of the Declaration of Helsinki, ensuring the
protection of the rights, safety, and well-being of the participants. All participants provided written informed consent
prior to enrolment in the study. Within each group, participants were randomized in a single-blinded fashion to the
fatigue or control conditions. Clinical characteristics of the cLBP participants, including pain intensity (assessed using
the Brief Pain Inventory), duration of the condition, and functional capacity (eg., Ito test), were collected to describe the
sample and are reported in Table 1 (see Results section).

In addition to age and sex, a comprehensive set of demographics, physical, and psychosocial variables that may
influence fatigue was assessed. These included body mass index (BMI), baseline physical performance (MVC and time-
to-exhaustion), trait self-control, anxiety and depression (HADS), as well as occupational characteristics such as socio-
professional category and work-related stress assessed using the Job Content Questionnaire (psychological demands,
decision latitude, and social support). In patients with chronic low back pain, additional clinical variables (eg., pain
intensity, duration, fear-avoidance beliefs, and medication use) were also collected. These variables were measured to
characterize the sample and to examine the comparability of groups. Differences between groups on these variables are
reported in the Results section. Medication use was assessed prior to the experimental session. Participants were screened
to ensure that they were not taking medications likely to affect mental fatigue or cognitive performance (eg., anti-
depressants, anxiolytics, hypnotics, or psychostimulants).

Procedure

This experiment occurred during a single session with an average duration of 2 hours. All the participants were
welcomed individually and given a general description of the procedure before starting the experiment. After signing
the informed consent form, the participants completed different questionnaires and tests allowing to check for inclusion
criteria. The 120 participants included 60 patients with cLBP and 60 pain-free volunteers. All the participants followed
the same protocol regarding the physical and cognitive tasks (see Figure 1). On two occasions, before and after the
cognitive task, participants completed the same sequence of physical tasks. First, they performed a series of three
maximal voluntary contractions (MVCs), each lasting 3 s, with a 1-minute rest period between contractions, to determine
their maximal force. One minute after the last MVC, participants performed a handgrip task until exhaustion at 13% of
their MVC. Immediately after this task, they completed a second series of MVCs, following the same procedure as the
first series, to verify that the instructions to perform the task “until exhaustion” had been respected. Regarding the
cognitive task, participants were randomly assigned to either a fatiguing condition using a modified Stroop task or to
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Table | Demographic, Clinical, and Psychological Characteristics of the Participants

Variable LS AS Lv AV Statistics
N 30 30 30 30 -

Demographic characteristics
Age (years) 43.266 (9.713) 39.133 (11.658) 44.266 (10.225) 41.800 (13.800) F (3, 116) = 1.138; p =0.337; n* = 0.029
Sex F/IM 17/13 18/12 18/12 20/10 $* (3, N = 120) = 0.665; p =0.88; V = 0.074
Handedness (R/L) 29/1 26/4 26/4 26/4 P (3, N =120) = 2.329; p =0.51; V = 0.139
BMI (kg/m?) 26.237 (5.356) 23.614 (5.047) 26.165 (5.868) 23.320 (2.862) F (3, 116) = 3.108; p <0.05; 12 = 0.074; L > A
SPC C1/C2/C3 5/9/16 7/15/8 5/2/23 10/12/8 e (2, N = 120) = 23.671; p <0.05; V = 0.314

Baseline physical performance

ITO (s)

Tampa (17-68)
FABQI (0-42)
FABQ2 (0-24)
Medication (0-3)

85.433 (68.064)
42,667 (5.909)
19.867 (13.863)
13.333 (7.308)
1.067 (1.112)

64.400 (43.974)
40.630 (6.499)
19.957 (13.133)
10.815 (6.575)
1429 (0.997)

MVCI (kg) 14.524 (3.729) 14.883 (3.952) 14.249 (4.736) 13.547 (5.009) F (3, 116) = 0.536; p =0.659; n2 = 0.014
TTEI (s) 416.800 (202.670) | 469.700 (152.859) | 332.833 (140.774) | 420.467 (173.669) | F (3, 116) = 3.382; p <0.05; n? = 0.080; L < A
Clinical characteristics (cLBP groups only)

BPI (0-10) 4.158 (1.597) - 3.417 (1.439) - t (58) = 1.89; p =0.064; d = 0.488
cLBPD (years) 13.786 (11.587) - 10.133 (10.947) - t (56) = 1.234; p =0.222; d = 0.311

t (55) = 1.239; p =0.220; d = 0.328

t (56) = 0.003; p =0.998; d = 0.056

t (55) = 1.362; p =0.179; d = 0.362
t (56) = —1.301; p =0.198; d = —0.358

(

t (58) = 1.422; p =0.160; d = 0.333
(
(

Psychological characteristics

Anxiety (0-21)
Depression (0-21)
SC Trait (13-65)

8.900 (3.487)
5433 (3.481)
48.633 (7.531)

6.300 (3.789)
3.033 (2.822)
48.467 (6.027)

9.000 (4.449)
5.500 (4.092)
47.900 (5.904)

7.967 (3.232)
3.300 (2.366)
45333 (9.015)

F (3, 116) = 3.308; p <0.05; n? = 0.079; L > A
F (3, 116) = 5.024; p <0.05; 12 = 0.115; L > A
F (3, 116) = 1.347; p =0.263; n’* = 0.034

Work-related factors

JCQ-PD (9-36)
JCQ-DL (24-96)
JCQ-SS (8-32)

25.200 (4.080)
66.467 (8.398)
21.933 (5.445)

24.600 (4.746)
69.800 (9.011)
24.800 (4.055)

26.448 (3.969)
65.172 (9.142)
22.103 (4.296)

23.167 (4.418)
71.067 (8.233)
25.233 (3.530)

F (3, 115) = 2.944; p <0.05 n*> = 0.071; L > A
F (3, 115) = 2.990; p <0.05; n*> = 0.072; L< A
F (3, 115) = 4.689; p <0.05; 1> = 0.109; L < A

Performance in the Stroop task

RT (ms)

Error rate

734.173 (68.791)
0.059 (0.036)

728.752 (72.776)
0.052 (0.030)

t (58) = 0.297; p = 0.768; d = 0.077
t (58) = 0.640; p = 0.525; d = 0.221

Notes: Values are presented as mean (SD). Clinical variables were collected to characterize the chronic low back pain sample. Medication = Level of drug-induced
sleepiness; C| = Craftsmen, shopkeepers, business owners, executives and higher intellectual professions; C2 = Intermediate professions; C3 = Employees and workers. Sex
refers to biological attributes that are associated with physical and physiological features.
Abbreviations: L, Low-back pain; A, Asymptomatic; S, Stroop; V, Video; BMI, Body mass index; MVCI, Maximal voluntary contraction |, measured before the cognitive
task; TTEI, Time-to-exhaustion |, measured before the cognitive task; SC Trait, Self-control trait; JCQ, Job Content Questionnaire; PD, Psychological demands; DL,
Decision latitude; SS, Social Support from supervisors and from colleagues; SPC, Socio-professional category; RT, reaction time; cLBPD, Duration of low back pain (years);
BPI, Pain intensity (Brief Pain Inventory); ITO, Functional capacity assessed with the duration of the spinal flexor muscle endurance test (Ito test, s); Tampa, Kinesophobia
index; FABQI = Fear Avoidance Beliefs Questionnaire related to work; FABQ2 = Fear Avoidance Beliefs Questionnaire related to physical activity.

a control condition involving watching an animal documentary. The cognitive task and the documentary lasted

30 minutes. Immediately after its completion, participants repeated the same MV C—time-to-exhaustion—-MVC sequence

under identical conditions. At different times, the state of fatigue, satisfaction with the performance achieved, motivation

and perceived difficulty in performing the tasks before and after each sequence were measured via a visual analog scale

(VAS) calibrated as a percentage. Figure 1 shows the steps of the protocol.
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Fatigue VAS Fatigue VAS
Motivation VAS Watchi d Ennui VAS
atching a documentary Difficulty VAS

Motivation VAS
Fatigue VAS
Satisfaction VAS or Fatigue VAS

Satisfaction VAS

Performing a Stroop task

Time to e‘xhaustlon MVC2 30-min Cognitive task MVC3 Time to e'xhaustlon
handgrip task 1 handgrip task 2

Figure | Experimental design. Participants first performed a series of 3 maximal voluntary contractions (MVCI), followed by a first handgrip task to exhaustion. After
a second MVC (MVC2), they completed a 30-min cognitive task (i.e., watching a documentary or performing a Stroop task, followed by another MVC (MVC 3) and a second
handgrip task to exhaustion (TTE-2). A final MVC was performed at the end of the protocol (MVC4). At the beginning of the session, just before the cognitive task, just after
the cognitive task and at the end of the session, participants scored their feelings on visual analog scales.

Tasks

Time-to-Exhaustion Handgrip Task

A time-to-exhaustion (TTE) handgrip task was employed to evaluate acute mental fatigue following either the fatiguing
task or the control task, for three main reasons. First, this task has been shown to be a reliable measure of fatigue
resistance.?***3° Second, previous research has demonstrated that performing isometric handgrip exercises to the point
of exhaustion can impair subsequent cognitive performance, as evidenced by reduced scores on a Stroop task.’! Third,
the TTE handgrip test was associated with the second largest average effect size (d = 0.63) in the meta-analysis by
Hagger et al,*> which examined the impact of ego depletion on task performance. Notably, ego depletion shares
conceptual similarities with acute mental fatigue.”> Moreover, to enhance the task’s sensitivity to self-control demands
and extend its duration, we reduced the target intensity from 50% to 13% of the participants’ maximal voluntary
contraction (MVC). This low-intensity version demonstrated strong reliability based on data from a previous study (n =
55; ICC3 [A, 2] =0.868; 95% CI = [0.774,0.923]). It was selected from a range of intensities during a pilot study, aiming
to produce average task durations that were neither too short (< 3 minutes) nor excessively long (> 20 minutes).

A dynamometer (TSD121C, BIOPAC), AcqKnowledge software, version 4.2 (BIOPAC Systems Inc., Goleta, CA,
USA) and an MP160WSW data acquisition unit were used to record the force signal in the handgrip tasks. Data were
recorded online at a sampling rate of 2000 Hz and later stored and analyzed offline.

The participants started the physical task by performing a maximal voluntary contraction (MVC) while squeezing
a hand dynamometer. The highest MVC measured before the first TTE handgrip task was used throughout the session as
the reference to calculate the targeted force (ie., 13% MVC) in the TTE handgrip task.

Then, the participants had to squeeze the hand dynamometer and stay between 12% and 14% of the MVC until
exhaustion. This TTE handgrip task was used as the dependent task. The end of the TTE task was defined as a failure to
maintain the targeted force (ie., force < 12% MVC) for more than 2 s. During the TTE task, every 30s, we asked the
participants to rate their perception of effort and their perception of pain. After the TTE handgrip task, the participants
repeated the procedure to measure the MVC. This cycle succession of handgrip tasks (ie., the MVC task, TTE task, and
MVC task) was repeated after the mental task (see Figure 1).

Incongruent Stroop Task
We used a modified Stroop task implemented on a computer equipped with an S-R response box and E-prime software,
version 2.0 (Psychological Software Tools, Pittsburgh, PA, USA), as a fatiguing task for the experimental group. The
participants sat in front of a screen and responded orally to the visual stimuli that appeared at the middle of the screen.
The participants underwent 888 trials, each of which lasted for 2 seconds. Fifty percent of the trials were “reading”
trials (ie., the participants had to read the word), and the other 50% were “naming ink color” trials (ie., the participants
had to name the color of the ink). These two types of trials were presented in a randomized order and primed with
a preparatory signal.
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Performance in the modified Stroop task was analyzed as a function of time-on-task and type of trial. The data were
divided into 4 consecutive periods of 222 trials lasting 7 minutes and 30 seconds. For each period and type of trial, we
calculated the mean reaction time (RT) for correct responses and error rate.

Documentary Watching Task

We chose a documentary movie named Earth as a control task for the control groups.>* This documentary was tested as
emotionally neutral and weakly boring.?’ The participants were subsequently asked to answer three questions related to
the content of the documentary to verify whether they were actively watching the movie.

Psychological Measures

Three questionnaires were previously administered by therapists as part of routine clinical care. Of the 3 questionnaires,
only the participants’ levels of anxiety and depression (Hospital Anxiety and Depression Scale [HADS])*® were
measured in both groups (pain and pain-free) using a 14-item scale with two subscales (7 items each), scored from 0
to 21; a score of 11 or above is considered indicative of a definite symptomatology (HADS-A, a = 0.83; HADS-D, a =
0.82). Kinesiophobia was assessed using the Tampa Scale for Kinesiophobia (TAMPA),*® a 17-item questionnaire rated
on a 4-point Likert scale, with scores ranging from 17 to 68. Participants scoring above 40 were classified as presenting
with kinesiophobia. Fear-avoidance beliefs were measured using the Fear-Avoidance Beliefs Questionnaire (FABQ),*”
with both the physical activity subscale (FABQ-PA, scored from 0 to 24) and the work subscale (FABQ-W, scored from 0
to 42). The TAMPA and the FABQ are two questionnaires that have been validated for patients with chronic pain and it
would not have been relevant for pain-free participants to complete these two questionnaires. It should be noted that this
asymmetry in questionnaire administration limits direct between-group comparisons on these variables; accordingly, only
the HADS, which was administered to both groups, was used for comparative analyses.

Two others questionnaires were completed by all the participants. Trait self-control was assessed using the Trait Self-
Control Scale,”® which is designed to assess interindividual differences in self-control capacities, with scores ranging
from 13 to 65 (o = 0.75). Work-related stress as well as working conditions were evaluated using the Job Content
Questionnaire,>® which includes psychological demand (9-36) (o = 0.43), decision latitude (24-96) (o = 0.68), and social
support (8—32) (a = 0.64). The questionnaires were completed by the participants in the form of individual interviews that
took place before the start of the experiment. In this way, we ensured that there was no problem understanding the
statements, that each answer was formulated instinctively and that the conditions for passing were the same. Each session
was then designed in three sequences carried out consecutively. The participants benefited from familiarization time with
the tasks before each of these sequences.

Pain Assessment

Pain intensity was assessed prior to the experimental session using the short French version of the Brief Pain Inventory
(BPI).*° This self-administered 4-item questionnaire uses numeric rating scales from 0 (no pain) to 10 (pain as bad as you
can imagine) to evaluate pain intensity across several temporal dimensions, including the most severe, least, usual, and
current pain. The BPI is a validated and widely used tool in both clinical and research settings, demonstrating good
internal consistency (o =0.93). For the pain-free control group, no pain questionnaire was administered, since the absence
of chronic pain was an inclusion criterion. In addition, during the handgrip task, participants reported their perceived pain
every 30 seconds using a visual analog scale. This repeated assessment allowed us to monitor fluctuations in pain during
the physical task and to ensure that pain levels remained comparable across experimental conditions. Finally, all
experimental procedures were conducted within a single session under standardized conditions, thereby limiting potential
variability in pain levels across conditions.

Statistical Analysis

Statistical analyses were conducted using fixed-effects models, primarily through univariate analyses of variance
(ANOVAs). When applicable, higher-order interactions were examined first, followed by the interpretation of significant
lower-order effects. When interactions were not significant, only the main effects relevant to the study hypotheses were
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reported. For repeated-measures factors with more than two levels, multivariate analyses of variance (MANOVAs) were
conducted to avoid violations of the sphericity assumption. Post hoc comparisons were performed using Bonferroni
corrections when multiple comparisons were involved. The main analyses were hypothesis-driven and focused on
a limited number of planned comparisons directly related to the study objectives, namely the effects of mental fatigue
on time-to-exhaustion performance. Separate analyses were conducted for patients with chronic low back pain and pain-
free participants due to baseline differences between groups, which could not be adequately controlled without
substantially increasing model complexity. To describe group characteristics, one-way ANOVAs and chi-square tests
were conducted across the four subgroups. These analyses were considered descriptive and exploratory in nature and
were not adjusted for multiple comparisons. Given the number of statistical tests performed, the potential inflation of
Type I error was considered. However, this risk was mitigated by the hypothesis-driven nature of the primary analyses
and the use of Bonferroni corrections for post hoc tests. Therefore, results from secondary or exploratory analyses should
be interpreted with caution. Effect sizes were reported to complement p-values. For ANOVAs, eta squared (%) was used;
for chi square tests, Cramér’s V was reported; and for #-tests, Cohen’s d was calculated. Effect sizes were interpreted
according to guidelines for pain research,*' with thresholds of 0.10 (small), 0.30 (medium), and 0.70 (large) for
Cohen’s d, 0.10, 0.30 and 0.50 for Cramér’s V, and 0.01 (small), 0.09 (medium), and 0.50 (large) for n°.

Results

Characteristics of the Participants

A one-way univariate ANOVA was conducted on each characteristic of the participants with Group (cLBP patients
allocated to the Stroop task, cLBP patients allocated to the Video task, pain-free participants allocated to the Stroop task,
and pain-free participants allocated to the Video task) as a between-subjects factor. The differences among the four
groups are summarized in Table 1.

Regarding the socioprofessional category of the participants, Table 1 shows that the group of cLBP patients included
fewer intermediary professions and more workers and employees than the group of pain-free participants. This result is
consistent with the job-content questionnaire data since cLBP patients perceived more psychological demands and less
decisional latitude and social support. Additionally, cLBP patients had higher BMI, anxiety and depression scores and
lower performance in the time-to-exhaustion test in the first handgrip task. The two populations (cLBP patients and pain-
free participants) clearly presented different profiles in terms of at least four different characteristics. We decided to
conduct separate analyses for cLBP patients and pain-free participants because including all four groups in a single
ANOVA would have required controlling for too many covariates in an ANCOVA, thereby increasing the risk of a Type
IT error. However, differences between the two populations will be taken into account when interpreting the results,
without making a direct comparison.

Since the initial performance of the LV and AS groups in the handgrip task was not homogeneous, the performance in
the TTE task was calculated separately for each participant as follows: TTE delta (s) = time-to-exhaustion in the second
handgrip task minus time-to-exhaustion in the first handgrip task. Finally, to highlight the acute mental fatigue effect,
a two-way ANOVA on the TTE delta was conducted with Population (cLBP, pain-free) and Task (Stroop, Video) as the
between-subject factors.

Manipulation Checks
Maximal Voluntary Contraction
If participants followed the instructions and performed the handgrip task until exhaustion, their maximum voluntary
contraction (MVC) should have significantly decreased between the beginning and the end of the handgrip task.
Consequently, we conducted a mixed ANOVA on MVC with Session time (before and after the cognitive task) and
Handgrip time (before and after the TTE handgrip task) as repeated-measures factors and Task group (Stroop vs. Video)
as a between-subjects factor, separately for cLBP patients and pain-free participants.

In cLBP patients, both groups significantly decreased their MVC from before to after the TTE handgrip task.
However, we observed a significant interaction effect between task group and handgrip time, showing that the cLBP
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Figure 2 Maximal voluntary contraction as a function of Handgrip time measurement (before and after the time-to-exhaustion handgrip task) and Task group. Panel (A) LS =
LBP patients Stroop group, LV = LBP patients Video group. Panel (B) AS = Asymptomatic pain-free participants Stroop group, AV = Asymptomatic pain-free participants
Video group. Error bars denote 0.95 confidence intervals.

patients included in the Stroop group presented a greater decrease in MVC (M = 17.67%; SD = 10.07%) than did the
cLBP patients included in the video group (M = 12.09%; SD = 7.65%) regardless of the session time: F' (1, 58) = 7.643;
p <0.05; #° =0.116 (Figure 2A). In pain-free participants, both groups also significantly decreased their MVC from before
to after the TTE handgrip task: F (1, 58) = 162.018; p <0.05; 5° =0.736 (Figure 2B). The interaction effect between task
group and handgrip time was not significant. On average, pain-free participants exhibited a 17.69% decrease in MVC
(8D = 10.22%). Globally, participants in the four groups followed the instruction of squeezing the handgrip until
exhaustion since we observed a significant decrease in MVC at the beginning and at the end of the session.

Perceived Difficulty of the Cognitive Task

The Stroop task involved two executive functions (inhibitory control and cognitive flexibility) that required cognitive
control, whereas in the video task, watching the documentary required a low level of cognitive control. A one-way
ANOVA showed that the Stroop task was perceived as more difficult (M, = 75.30) by cLBP patients than the video task
(M, =1.07): F (1, 58) = 176.017; p <0.05; n° =0.752. The same results were obtained for the pain-free participants:
F (1, 58) = 106.985; p <0.05; 5° =0.648 (M5 = 73.60 vs. M, = 18.47).

Perceived Fatigue

The Stroop task was designed to induce a high level of mental fatigue, and the video task, as a control task, was designed
to induce a low level of mental fatigue. A mixed ANOVA was conducted on perceived fatigue in cLBP patients with
Session time (before and after the cognitive task) as a repeated-measures factor and Task group (Stroop vs. Video) as
a between-subjects factor. The interaction between session time and task group was significant: F' (1, 57) = 9.221;
p <0.05; 5° =0.139 (Figure 3A). A Bonferroni post hoc correction revealed that cLBP patients who performed the Stroop
task (LS group) perceived a greater level of fatigue after the cognitive task than before, whereas cLBP patients who
performed the video task (LV group) did not show a change in their perceived fatigue. The same analysis was conducted
in pain-free participants. The interaction between session time and task group was close but did not reach significance:
F (1, 56) = 3.146; p =0.088; ;72 = 0.053. However, the simple effect of session time was significant: F (1, 56) = 11.900;
p <0.05; #° =0.175 (Figure 3B). A Bonferroni post hoc correction revealed that pain-free participants who performed the
Stroop task (AS group) perceived a greater level of fatigue after the cognitive task than before, whereas pain-free
participants who performed the Video task (AV group) did not show a change in their perceived fatigue.
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Induction of Mental Fatigue

To explore changes in performance across time during the Stroop task, we conducted repeated-measures MANOVA with Time-
on-Task (T1, T2, T3, and T4) and Type of trials (naming vs. reading) on RT in cLBP patients. The interaction between time-on-
task and type of trial did not reach significance: F (3, 27) = 2.335; p =0.096; Wilks lambda =0.794; i* =0.206. Similarly, the
simple effect of time-on-task was not significant: F (3, 27) = 2.669; p =0.068; Wilks’ lambda =0.771; ;72 =0.229. However, the
simple effect of the type of trial reached significance: F (1, 29) = 223.768; p <0.05; 5 =0.885. The RTs for the naming trials were
significantly slower (M = 811.738 ms, SD = 81.120 ms) than those for the reading trials (M = 653.053 ms; SD = 69.712 ms). The
same analysis was conducted for the error rate. The interaction between time-on-task and type of trial did not reach significance:
F (3, 27) = 1.224; p =0.320; Wilks’ lambda =0.880; 5* =0.120. In contrast, the effect of time-on-task reached significance:
F (3, 27) = 6.949; p <0.05; Wilks’ lambda =0.564; i° =0.436 (see Figure 4). A Bonferroni post hoc correction revealed that
participants significantly decreased their error rate from part 1 (T1) to parts 3 (T3) and 4 (T4). cLBP patients showed a practice
effect: they improved their performance over time. Finally, there was a significant effect of trial type: F' (1, 29) = 52.301; p <0.05;
Wilks” lambda =0.357; n° =0.643. cLBP patients made more errors in naming trials (M = 0.075; SD = 0.057) than in reading trials
(M =0.019; SD = 0.023). Naming trials led to slower RT and a greater number of errors. The same MANOVAs were conducted
for RT and the error rate in pain-free participants, and we obtained exactly the same results as those for cLBP patients. Detailed

performance metrics for the cognitive task (reaction times and error rates) are provided in Table 1 and Table S2.

Effects of Mental Fatigue on the TTE Handgrip Task
We first conducted a Student’s ¢ test on the TTE delta in the handgrip task with Task group (Stroop vs. Video) as a between-
subjects factor in cLBP patients. We excluded one participant (ie., outlier) who had data that were more than two standard
deviations away from the mean. The results of this participant disfavored the hypothesis. The effect of the task group
reached significance: ¢ (57) = —2.406; p <0.05; d = —0.627 (see Figure 5). The difference between the second and the first
time-to-exhaustion tasks was significantly greater after the Stroop task (M = —124.448 s, SD = 86.133 s) than after the
documentary (M =-71.133 s, SD = 80.047 s), indicating that the cLBP patients dropped out earlier after the Stroop task than
after the documentary.

Another Student’s ¢ test was conducted for the pain-free participants. We excluded three participants (ie., outliers)
whose data deviated from the mean by more than two standard deviations: one favoring the hypothesis and the two others
disfavoring the hypothesis. The effect of the task group was not significant: ¢ (55) = —0.464; p =0.644; d = —0.123.
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Figure 5 Box and whisker plot for the four groups of participants illustrating the distributions of time-to-exhaustion delta as a function of group. Panel (A) LS = Low-back
pain patients performing the Stroop task; LV = Low-back pain patients watching the documentary. Panel (B) AS = Asymptomatic pain-free participants performing the Stroop
task; AV = Asymptomatic pain-free participants watching the documentary. TTE delta = TTE in the second handgrip task — TTE in the first handgrip task).

Discussion
This study aimed to examine whether mental fatigue could reduce engagement in a long and demanding effortful task among

cLBP patients compared with a pain-free group. The results revealed that patients with cLBP disengaged earlier from the TTE
handgrip task after the Stroop task than after the control task, whereas pain-free participants showed no difference between
conditions. In addition, both populations showed comparable performance during the 30-min Stroop task, indicating that
inhibitory control was not altered for either group. Notably, and contrary to our hypothesis, this comparable performance
reflected stable or improved performance over time, suggesting a practice effect rather than cognitive deterioration. This
dissociation between objective cognitive performance and subjective fatigue states indicates that cognitive decline is not
a necessary marker of mental fatigue. The discussion will focus primarily on the cLBP group results.

Within the cLBP group, a significant mental fatigue effect emerged under depletion conditions than under the control
condition, with a medium effect size, consistent with prior research in chronic pain populations.******* The handgrip time-to-
exhaustion task primarily measures the ability to sustain physical effort (see Supplementary Material 3 [Figure S1 Panel A —
Figure S1 Panel B]). The earlier disengagement cannot be attributed to reduced motivation (see Supplementary Material 2),
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greater boredom (see Supplementary Material 1), or higher pain levels during the handgrip task (see Supplementary Material 4).

It is thus plausible to argue that acute mental fatigue contributed to reduced physical performance, although other factors such as
physical fitness, BMI, or activity level cannot be entirely ruled out.

According to Nes et al,*?

self-regulatory fatigue constitutes a distinct construct, independent of anxiety and depres-
sion, a view supported by the absence of correlations between depression and anxiety symptoms and handgrip task
performance in our data. They suggest that self-regulatory fatigue may be a critical yet underrecognized dimension in
understanding chronic multisymptomatic illnesses. Similarly, Holmgqvist et al** posited that mental fatigue, closely
related to self-regulatory fatigue, may serve as a specific hallmark of chronic pain.

Two complementary theoretical interpretations may help contextualize these findings, although both remain spec-
ulative. First, individuals with cLBP often exhibit heightened sensitivity to physical fatigue, and impairments in muscular
endurance have been consistently associated with the condition.*> Mental fatigue has furthermore been shown to impair
muscular endurance more than maximal strength,'* and fatigued participants may increasingly rely on interoceptive cues
that are likely altered in chronic pain populations.*® This underscores the importance of incorporating body—mind
connections in research on mental fatigue and pain.*’

Second, prior cognitive fatigue may bias the subjective cost-benefit ratio, leading to earlier disengagement from
subsequent physical effort, a tendency likely amplified in cLBP patients by heightened self-regulatory demands,
maladaptive pain beliefs (eg., fear of movement), and mood-related factors.*® Future studies should test these interpreta-
tions using direct measures of interoception and effort-based decision-making.

The observed correlation between the Shirado-Ito test and performance on handgrip performance (» =0.36; p <0.05;

medium effect size; see Supplementary Material 5 and Table S1) suggests these two measures share common underlying

construct related to vitality capacity,*’ despite assessing different muscle groups. Further research could examine whether
handgrip endurance constitutes a valid proxy for vitality capacity in cLBP populations.

The present findings should be interpreted carefully given several contextual factors. cLBP patients reported more
stressful and controlling work environments, predominantly belonging to working-class and employee’s socio-
occupational categories. They also presented with higher BMI than pain-free controls (small effect size). These
psychosocial and physical factors may partly explain earlier effort disengagement, and their respective contributions
cannot be fully disentangled from those of chronic pain and mental fatigue.

Several limitations warrant acknowledgment. First, the emotional bonds between the experimenter and the patients
who were enrolled in a rehabilitation program differed from those with volunteers, which may have influenced
commitment to the fatiguing tasks.

Second, the absence of a mental fatigue effect in pain-free participants may reflect lower engagement, and learning
effect may have obscured trait fatigue effects in both groups.*’ Future studies should include a familiarization session and
assess baseline fatigue before cognitive induction.*? The handgrip test’s specificity as a mental fatigue indicator also
warrants further study; whole-body endurance tasks (eg., cycling or walking at fixed aerobic load) may provide
complementary validation.

Third, significant baseline differences between groups (ie., BMI, time to exhaustion in the handgrip task at baseline,
anxiety, depression, subscales of the job content questionnaire) limit the ability to isolate the unique contribution of
chronic pain. Importantly, chronic low back pain and other musculoskeletal disorders are associated with multiple
comorbidities and lifestyle factors, including anxiety, depression, and sedentariness.’®>' The use of different psycholo-
gical questionnaires across groups (TAMPA and FABQ administered to cLBP patients only) further restricts direct
between-group comparisons.

An additional limitation concerns the assessment of pain. Although pain intensity was measured prior to the
experimental session and repeatedly during the handgrip task, it was not systematically assessed immediately before
each experimental condition. Therefore, we cannot entirely rule out the possibility that fluctuations in momentary pain
may have influenced performance. Future studies should include real-time assessment of pain before each task to better
control for its potential confounding effects.

Finally, in accordance with the principle of data minimization, we relied on existing psychological assessments
previously administered by therapists as part of routine clinical care. As these assessments were not conducted for
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research purposes, it is not possible to verify the psychometric properties or administration conditions of the scales used.
However, to reduce participant burden and avoid redundant data collection, we opted not to re-administer the same
questionnaires. This approach aligns with ethical and legal standards. Future studies with prospective designs would
benefit from standardized administration of validated measures.

Clinical and Research Implications

The present findings have meaningful implications for clinical practice and future research. From a clinical standpoint, routine
assessments of cLBP patients should extend beyond physical capabilities to include mental fatigue as a core symptom, as it
may impact patients’ capacity to engage in rehabilitation programs and daily activities, even when physical capacity appears
adequate. The handgrip endurance task represents a simple, low-cost tool that could be integrated into functional capacity
evaluations to objectively detect mental fatigue and inform personalized treatment planning.

Physical activity programs aimed at increasing tolerance or resistance to fatigue could be particularly beneficial for
cLBP patients. These programs should be designed with consideration of mental fatigue, potentially incorporating
strategies to enhance self-regulatory capacity and interoceptive awareness. Given the documented relationship between
mental fatigue and physical endurance, rehabilitation protocols that address both dimensions may yield superior out-
comes compared to those targeting physical restoration alone.

From a research perspective, future studies should distinguish fatigue as a comorbidity of depression or anxiety from fatigue
arising directly from chronic pain and its management demands. Longitudinal designs could clarify temporal relationships
between pain chronicity, mental fatigue, and functional outcomes. Research examining the mechanisms underlying heightened
susceptibility to mental fatigue in cLBP—particularly the roles of altered interoception, biased effort-cost evaluation, and
compromised self-regulatory resources—would advance theoretical understanding and inform targeted interventions.

Finally, validation of handgrip endurance as a proxy for vitality capacity in chronic pain populations could facilitate
more comprehensive functional assessment where whole-body testing is impractical or contraindicated.

Conclusions

Mental fatigue is rarely assessed in patients with cLBP, yet it significantly impacts their ability to sustain physical effort.
Standard endurance tests used in low back pain assessment (eg., the Biering-Sorensen test or Shirado-Ito test) do not
capture this dimension, and self-reported fatigue measures appear insufficiently sensitive to detect it. The present study
demonstrates that mental fatigue selectively impairs physical endurance in cLBP patients, an effect not observed in pain-
free individuals, and that the handgrip endurance task offers a simple, low-cost, and objective means of detecting this
impairment. Standard functional capacity evaluations may therefore systematically underestimate patients’ true capabil-
ities when mental fatigue goes unrecognized.

These findings support integrating mental fatigue assessment into comprehensive pain evaluation protocols. The
handgrip endurance task could help identify patients with increased susceptibility to mental fatigue and monitor fatigue-
related changes over the course of rehabilitation, thereby allowing clinicians to better tailor intervention programs. These
findings also highlight the importance of considering mental fatigue as a relevant dimension contributing to inter-
individual variability in functional performance. Rehabilitation programs may also benefit from incorporating fatigue
management strategies, such as cognitive load reduction, pacing techniques, and self-regulation skills training, alongside
traditional physical interventions. However, these clinical perspectives require confirmation in future intervention studies.

Further research should establish normative values, examine test-retest reliability, and evaluate the task’s sensitivity to
clinical change. Given the high prevalence of mental fatigue in cLBP and its impact on functional performance, developing
validated assessment tools represents an important step toward more comprehensive, patient-centered pain management.
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