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Abstract

Background The negative effect of mental fatigue (MF) on physical performance has recently been questioned. One
reason behind this could lie in the interindividual differences in MF-susceptibility and the individual features influenc-
ing them. However, the range of individual differences in mental fatigue-susceptibility is not known, and there is no
clear consensus on which individual features could be responsible for these differences.

Objective To give an overview of interindividual differences in the effects of MF on whole-body endurance perfor-
mance, and individual features influencing this effect.

Methods The review was registered on the PROSPERO database (CRD42022293242). PubMed, Web of Science,
SPORTDiscus and PsycINFO were searched until the 16th of June 2022 for studies detailing the effect of MF on
dynamic maximal whole-body endurance performance. Studies needed to include healthy participants, describe at
least one individual feature in participant characteristics, and apply at least one manipulation check. The Cochrane
crossover risk of bias tool was used to assess risk of bias. The meta-analysis and regression were conducted in R.

Results Twenty-eight studies were included, with 23 added to the meta-analysis. Overall risk of bias of the included
studies was high, with only three presenting an unclear or low rating. The meta-analysis shows the effect of MF on
endurance performance was on average slightly negative (g=—0.32,[95% Cl —0.46; —0.18], p < 0.001). The multiple
meta-regression showed no significant influences of the included features (i.e. age, sex, body mass index and physical
fitness level) on MF-susceptibility.

Conclusions The present review confirmed the negative impact of MF on endurance performance. However, no
individual features influencing MF-susceptibility were identified. This can partially be explained by the multiple meth-
odological limitations such as underreporting of participant characteristics, lack of standardization across studies, and
the restricted inclusion of potentially relevant variables. Future research should include a rigorous description of multi-
ple different individual features (e.g., performance level, diet, etc.) to further elucidate MF mechanisms.
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Key Points
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+ There is a large range of interindividual differences in the negative impact of mental fatigue on dynamic maximal

whole-body endurance performance.

+ No influence, both combined as well as isolated, on mental fatigue-susceptibility was found for the included
individual features (i.e., age, sex, BMI and performance level).
« Further research is needed to understand the individual response to mental fatigue, and individual features pos-

sibly influencing this response.

Introduction

Mental fatigue (MF) can be defined as a psychobiologi-
cal state that arises during prolonged demanding cogni-
tive, physical and/or emotional activity and results in
an acute feeling of tiredness and/or a decreased perfor-
mance capacity [1]. Throughout the years, multiple dif-
ferent terms for this complex phenomenon have been
put forward (e.g., ego depletion [2], cognitive fatigue [3])
due to the isolated study of the MF concept in different
research fields [4]. While there is merit in debating the
exact nature and meaning of these terms (see Forestier
et al. [5]), this review is not aimed at getting involved in
this debate, and will, for the sake of clarity, be uniformly
referring to this phenomenon as MFE. Multiple studies
have shown that MF causes decrements in specific forms
of both cognitive (e.g. attention [6] and executive control
[7]) and physical (e.g. endurance [8, 9] and sport-specific
psychomotor [1]) performance. Meanwhile, numerous
theories about the mechanisms underlying MF-effects
have already been proposed across different research
fields [2, 10—14]. However, the abundance of mechanisms
remain largely theoretical, as current research is only able
to provide indirect evidence [10, 11]. The true mecha-
nisms of MF are therefore still to be elucidated, and many
important aspects remain, at this point, underexamined
[15].

More recently, the true effects of MF have been ques-
tioned by a bias sensitive meta-analysis, which concluded
that the effect of MF is small and possibly insignificant
[16]. Also, some multicentre replication studies examin-
ing MF-effects have failed to replicate them [17, 18]. This
result is diametrically opposed to the findings of other
meta-analyses [9, 14]. A potential explanation for these
conflicting results might be the variability in individual
responses to MF [19, 20]. Yet, this specific research-
focus (i.e., assessing individual responses in MF-effects)
has mostly been neglected. Ackerman et al. [21] already
proposed in 2011 that interindividual differences are the
most overlooked subject in the study of MF. Multiple,
more recent, studies have agreed with this statement,
and have mentioned that these differences are something
important to keep in mind in future research [16, 19, 20,

22]. Noé et al. [19] noted a distinct amount of variability
between individuals which allowed the authors to clus-
ter participants based on their MF-susceptibility (i.e., the
amount of MF a person suffers from and the influence it
has on that person’s performance). To further explicate
MF effects and its mechanisms, it is imperative that the
individual responses to MF are taken into account and
the possible reasons behind these interindividual dif-
ferences are further examined [20]. For instance, fur-
ther research could aim at uncovering the true nature
of MF-susceptibility, being either state- (i.e., interindi-
vidual differences fluctuate in time) or trait (i.e., interin-
dividual differences are robust in time) related [23]. MF
in diseased populations (e.g., traumatic brain injury [24])
is seen as a trait [23], while it is generally accepted that
acute MF induced in healthy individuals is a transient
cognitive state (see definition provided [1]). However,
while some preliminary research on this topic has already
been carried out [23, 25], no clear consensus can yet be
given on the nature of MF-susceptibility. Identifying this
fundamental aspect of MF-susceptibility will be one of
the ways that investigating interindividual differences will
greatly enhance our understanding of MF, and the ways
we investigate it.

One important way to evaluate the individual differ-
ences in MF-susceptibility is by investigating the role
of individual features. This hypothesis is based on the
established finding that some individual features (e.g. age
[26], genetics [27], resilience [28]) affect cognitive perfor-
mance and functioning. Hence, it could be argued that
the same individual features influencing cognitive prow-
ess might impact MF-associated decrements in physical
performance. Some studies have already investigated the
influence of individual features on MF-susceptibility. For
example, Noé et al. [19] linked the variability in the level
of MF and MF-susceptibility to associations between
subjective responses, behavioural impairments and bal-
ance control. Moreover, other recent studies indicated
that the physical fitness level of participants influences
ME-susceptibility [29-34]. Other features investigated
are age [35], sex [36], and self-regulation [37]. It should
be mentioned that factors of a biological origin (e.g., age,



Habay et al. Sports Medicine - Open (2023) 9:14

fitness level) have been more extensively investigated
compared to psychological factors (e.g., mental tough-
ness [38], hardiness [39]). However, the exact role of each
of these individual features in defining MF-susceptibility
is yet to be accurately determined, given that no large
study has examined these features in relation with one
another. This limits researchers in their search for the
underlying mechanisms of the impact of MF on physical
performance, as well as practitioners who might use these
features to identify and protect individuals who are more
susceptible to ME. Moreover, an investigation into both
biological and psychological features enables researchers
to view MF-susceptibility in a truly holistic way, present-
ing findings simultaneously within two research domains
that have already prominently, but largely independently,
investigated MF and its effects on performance [4].

Therefore, the aim of the present systematic review and
meta-analysis is not only to provide a potential range of
interindividual differences in MF-effects, but also to iden-
tify, analyse and quantify individual features that might
underlie these differences. Even though most MF reviews
and meta-analyses have already incorporated various
subgroup analyses, these subgroups are often based
on differences in study methods and not on participant
characteristics [9, 16, 40]. A multiple meta regression is
more flexible and allows us to investigate different group
specific effects and interaction effects with group indica-
tors or other characteristics. A multiple meta-regression
was thus performed to investigate the interaction effects
of multiple individual features on MF-susceptibility.

Methods

The present systematic review and meta-analysis was
conducted in accordance with the updated “Preferred
Reporting Items for Systematic review and Meta-anal-
yses” (PRISMA) guidelines of 2020 [41]. The guidance
for implementing PRISMA in exercise, rehabilitation,
sport medicine and sports science (PERSIST) was also
consulted [42]. The protocol was registered with PROS-
PERO: CRD42022293242.

Eligibility Criteria

Studies were eligible when the studied population only
included healthy individuals; when the target of the inter-
ventions was to induce MF; and when the study outcomes
featured whole-body dynamic maximal endurance per-
formance. The following terms were accepted as possible
equivalents of MF: mental fatigue, cognitive fatigue, self-
control strength depletion and ego depletion. All forms
of MF interventions were accepted, as long as they con-
sisted of a purely cognitive challenge (no dual tasks [8])
and the presence of MF was confirmed using some sort
of manipulation check (s) (subjective, behavioural and/
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or physiological) [1]. In order for manipulation checks to
be valid they clearly had to examine the degree of MF in
participants. If not, the study was excluded. When avail-
able in studies, control tasks had to serve the purpose of
not inducing MF or at least triggering less MF than the
intervention task. Moreover, in studies without control
tasks, the presence of a baseline measure providing a
comparison in primary performance outcome between a
mentally fatigued and a non-mentally fatigued state was
mandatory. The physical performance outcome needed
to be evaluated after the MF-inducing intervention. We
chose to only include dynamic whole-body endurance
performance as a physical outcome measure to keep the
heterogeneity of the review and meta-analysis, that can
be linked to both methodology and different theorised
MF-mechanisms based on performance outcome, to a
minimum. This type of physical performance has been
consistently shown to be impacted by mental fatigue and
is one of the most investigated aspects of physical perfor-
mance within MF research [8, 9]. We defined dynamic
whole-body endurance performance as: “performance
during dynamic (i.e., in motion), whole-body (i.e., multi-
ple different large muscle groups) exercise that involves
continuous effort and lasts 75 s. or longer” [8, 43, 44].
Moreover, only tasks where participants were instructed
to perform at their personal best were included. All
experimental cross-over study designs (randomised con-
trolled trials, non-randomised controlled trials or non-
randomised non-controlled trials) which were published
in peer-reviewed scientific journals were considered
eligible for inclusion. Between-subjects study designs
were excluded as it would be impossible to connect any
individual features to MF effects. Lastly, all MF studies
utilising additional interventions were also considered
and included when the isolated effects of MF could be
interpreted.

Information Sources and Search Strategy

PubMed (MEDLINE) (Ovid) (sorted on best match),
Web of Science (Core collection), PsycINFO (Ovid)
and SPORTDiscus (EBSCOhost) were searched till the
16th of June 2022. There were no limits applied to the
employed databases. All search strategies included,
among others, combinations of the following terms:
“mental fatigue’, “central fatigue’, “cognitive fatigue’, “cog-
nitive exertion’, “mental exertion’, “mental strain’, “cogni-
tive strain’, “ego depletion’, “performance’, “skills’, “speed’,
“accuracy’, “physical; “endurance’, “exercise’;, “sport’
“psychomotor’, “neuromuscular’, “muscle’, and “isomet-
ric” (see also Table 1). Where possible, Medical Subject
Headings (MeSH) terms were added to the search string.
A backwards and forwards citation search of the included

studies was also conducted using the Web of Science
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citation database. Lastly, to make sure no eligible studies
were missed, the included article list of different topic-
related systematic reviews [1, 8, 9, 14, 16, 45-52] were
also examined, and potential eligible articles from these
lists were included in the final study list of the present
review.

Study Selection Process

Articles were gathered from all databases, while dupli-
cates were removed using Endnote version X9.3.3. After-
wards, this pool of studies was imported into Rayyan
[40], where two authors (J.H. and R.U.) independently
screened all articles on title and abstract for eligibility.
In a subsequent meeting the two authors resolved any
conflicts arising from the first screening stage. The sec-
ond screening stage featured the same two authors inde-
pendently screening the full texts and performing a last
meeting to resolve full text inclusion conflicts. The num-
ber of conflicts related to the total number of articles was
230 (3.5%) in the first stage and 3 (1.2%) in the second
stage. Any conflicts arising from the proposed meetings
between the two authors were resolved through consen-
sus or through a general meeting with all other authors.

Data Collection Process, Items and Categorization

The effects of MF on endurance performance were col-
lected from the included articles. One author (J.H.)
extracted relevant data from the included articles, the
correctness of which was checked by a second author
(M.P). Discrepancies between authors were resolved
through discussion. Critical data that needed to be
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collected included the used physical task, any individ-
ual characteristics of the participants, and the effect of
the intervention with suitable effect size. Other impor-
tant information included the study design, interven-
tion details, manipulation checks, sample size, treatment
groups, control and statistical analysis. No changes were
made to the inclusion/definition of the proposed primary
and secondary outcomes or to the importance given to
them throughout the data collection process of the pre-
sent review. In case of missing data in included studies,
corresponding authors were contacted to either provide
the data or a reason for omittance. If no answer was
received, the missing data were not further pursued and
were, if relevant, added to the risk of bias assessment.
Overall, about 38% of included studies did not describe
all included participant characteristics, which changed to
35% after contacting the different authors, and decreased
to 16% after calculation of variables (concerning the stud-
ies that were eventually included in the meta-analysis,
and keeping in mind the variables that were chosen for
the meta regression analysis).

The following individual features (and the reason
behind their selection) were analysed using a multiple
meta-regression: age (chosen based on deterioration of
cognitive abilities with old age and the development of
the brain during youth [53, 54]), biological sex (chosen
based on the different ways that men and women cope
with mental load [36, 55]), anthropometric measures
(based on a link between body mass index (BMI)/body
fat percentage, a typical measure of health, and cognitive
abilities [56]) and training level (based on the hypothe-
sized cognitive abilities of elite athletes [31, 57] and the

Table 1 Search strategies and number of hits for the PubMed (MEDLINE), Web of Science, PsycINFO and SPORTDiscus databases

Database Interface/platform Complete search strategy Hits
(16/06/2022)

PubMed Ovid (((((((("mental fatigue") OR ("central fatigue")) OR ("cognitive fatigue")) OR ("cognitive exer- 3400

tion")) OR ("mental exertion")) OR ("mental strain")) OR ("cognitive strain")) OR ("ego depletion"))

OR ("mental fatigue"[MeSH Terms])) AND ((((((((((((performance) OR (skills)) OR (speed)) OR

(accuracy)) OR (physical)) OR (endurance)) OR (exercise)) OR (sport)) OR (psychomotor)) OR

(neuromuscular)) OR (muscle)) OR (isometric)) OR ("psychomotor performance"[MeSH Terms]))

OR ("athletic performance"[MeSH Terms]))
Web of Science / TS=((performance OR skills OR speed OR accuracy OR physical OR endurance OR exercise OR 4240

sport OR psychomotor OR neuromuscular OR muscle OR isometric) AND ("mental strain" OR
"cognitive strain” OR "mental fatigue" OR "central fatigue" OR "cognitive fatigue" OR "cognitive
exertion" OR "mental exertion" OR "ego depletion" OR “self-control strength depletion”))

PsycINFO Ovid

(performance OR skills OR speed OR accuracy OR physical OR endurance OR exercise OR sport 1681

OR psychomotor OR neuromuscular OR muscle OR isometric) AND ("mental fatigue" OR "central
fatigue" OR "cognitive fatigue" OR "central fatigue" OR "cognitive exertion" OR "mental exertion"
OR "mental strain" OR "cognitive strain" OR "self-control strength depletion” OR "ego depletion")

SPORTDiscus EBSCOhost

( performance OR skills OR speed OR accuracy OR physical OR endurance OR exercise OR

1020

sport OR psychomotor OR neuromuscular OR muscle OR isometric) AND ( "'mental fatigue" OR
"central fatigue" OR "cognitive fatigue" OR "cognitive exertion" OR "mental exertion" OR "mental
strain” OR "self-control strength depletion” OR "ego depletion"”)
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possible way to train MF-susceptibility with endurance
training [32]). These features encapsulate the following
outcomes (both given by the studies as well as calculated
by the author team): mean age and age categories, num-
ber of men, number of women and sex distribution (num-
ber of women/total sample size), mean mass, height,
body fat percentage and BMI, physical fitness level [58,
59], peak power output (PPO), VO,peak/max, mean
years of experience and category of years of experience,
mean training frequency (sessions/week) and category
of training frequency, mean training load (km/week) and
category of training load, and mean training volume (hrs/
week) and category of training volume. Participants were
categorized by physical fitness level based on the perfor-
mance levels proposed by both De Pauw et al. [58] (men)
and Decroix et al. [59] (women). In groups utilising both
men and women, performance levels were categorised
based on the sex that was most prevalent (n studies=5).
If no relevant performance level metrics were present,
the VO,max was calculated using the results of the Yo-Yo
intermittent recovery (IR) test [60] and the beep test [61]
using the appropriate formulas (if these metrics were pre-
sent in the included study), which was then connected to
the appropriate performance level. The above-mentioned
factors were selected based on the most prominently
described participant characteristics of the eventually
included articles.

Risk of Bias Assessment

Since only within-subjects study designs were eventu-
ally included in the present review, the Revised Cochrane
Risk of Bias (RoB) tool for cross-over trials as proposed
by Ding et al. [62] was used to determine risk of bias of
the included studies. The RoB screening was done inde-
pendently by two authors (J.D.W. and R.U.). Based on
the signalling questions provided in the RoB tool, each
of the proposed domains received a rating which was
either “low risk of bias’, “high risk of bias” or “some con-
cerns of bias” Finally, an overall risk of bias judgement
was made for each study (i.e., “low’, “high” or “unclear”).
The authors followed the guidelines provided by the
Cochrane community. Disagreements between authors
were resolved through discussion. If no consensus could
be reached, a third author (J.H.) was consulted who
reached a final verdict based on the comments of both
authors and an independent screening of the articles that
were the subject of discussion. RoB results were visual-
ised by the robvis tool (https://mcguinlu.shinyapps.io/
robvis/).

Synthesis Methods and Effect Measures
All studies were summarized in a comprehensive
table featuring study name, available participant
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characteristics, intervention and control task, dura-
tion of tasks, manipulation checks and physical out-
come measures. The meta-analysis and meta-regression
analysis were performed using the meta (version 5.2-
0) [63], metafor (version 3.4-0) [64], and dmetar (ver-
sion 0.0.9000) [65] packages in R (version 4.1.2.). Based
on previous systematic analyses [9, 16, 40] of the MF
literature, a random-effects model was adopted with
Hedges’ g used as the definitive effect size [66]. These
effect sizes were calculated in Excel and checked using
the dmetar package. If studies did not report the true
means and standard deviations, the authors were
contacted to provide this or the original data. 80% of
authors contacted provided us with their data to be
used in the eventual meta-analysis. If authors were
unable to provide the data, but the data were depicted
in figures, the means and standard deviations were
extracted from the figures using GetData Graph Digi-
tizer 2.26 software. Fatigue effects can be represented
by both an increase or a decrease in outcome variables
(e.g., the duration to overcome a specific distance in a
time trial is suspected to increase when fatigued, while
TTE is suspected to decrease when fatigued). There-
fore, to improve readability, all MF effects in which an
increase in the primary outcome is related to an impair-
ment in performance were inverted, so that all nega-
tive/impairing effects also resulted in a negative effect
size. If multiple physical performance outcome meas-
ures were available, the outcome that best represented
dynamic maximal whole body endurance performance
was selected for the meta-analysis. If studies incorpo-
rated different groups, based on outcome measure or
population, these groups were seen as distinct effects,
and within study similarities were ignored. Tau and
tau squared values were calculated using the restricted
maximum likelihood procedure. Between-study het-
erogeneity is displayed using Cochran’s Q (represents
the weighted sum of squares) and I? (representing the
amount of variability in effect size outcomes that is
not caused by the sampling error). High, moderate and
low amounts of heterogeneity are represented by an I*
value of 75%, 50%, and 25% respectively. Publication
bias was assessed visually using Funnel plots and quan-
titatively using Egger’s regression test and Rosenthal’s
fail safe N. Forest plots were also generated with the
forest.meta function in R. A meta-regression was per-
formed in order to examine the influence of internal
factors on the effects of MF on endurance performance.
Multi-collinearity was first checked for the eventual
included factors, using both quantitative data and fig-
ures. Afterwards, the rma function in R was used to
perform the multiple linear meta-regression. Knapp-
Hartung adjustments were used to reduce the risk of
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false significant effects. Estimates were removed one by
one based on the estimate to attempt at improving the
meta-regression model. The level of significance was set
at p<0.05.

All data (Excel file with effect size measures and study
data, and R work files) are presented in Additional file 1
and Additional file 2.

Results

Study Selection

The original paper pool featured 10,341 articles, which
was reduced to 6706 original and distinct articles after
the removal of duplicates (see Prisma Chart, Fig. 1). 243
full texts were eventually read and subjected to the afore-
mentioned inclusion criteria: healthy population, manip-
ulation check presence, goal to induce MF and a physical
outcome measure. Other exclusion reasons included the
use of a dual physical and cognitive performance task as
primary outcome, a non-suitable study design and addi-
tional duplicates not noticed in Endnote. This finally
resulted in 134 articles detailing the effects of MF on
physical performance, with 1 report added based on the
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reference list search. Eventually, 28 studies that detailed
an investigation of MF-effects on dynamic maximal
whole-body endurance performance were selected and
included in the present review.

Study Characteristics and Individual Features

All relevant information regarding study characteristics,
MF tasks and manipulation checks, and effects on physi-
cal performance outcomes can be found in Table 2. Fig-
ure 2 depicts the reporting of different individual features
of the included studies. Studies which included very dis-
tinct features only once (e.g., fat percentage [29], caffeine
consumption [67]) were not included in this figure.

Risk of Bias

All but three of the included studies [32, 36, 68] featured
a high risk of bias as determined by the RoB-2 tool for
cross-over trials. The high risk of bias present in the
other included studies was mainly the result of bias aris-
ing from deviations of intended interventions and bias
due to missing outcome data. Figures 3 and 4 detail the
RoB within and across studies, respectively.

Reports not retrieved
(h=0)

Reports excluded
(n=0)

Identification of studies via databases and registers [ Identification of studies via other methods ]
c . . .
gg Records /den{lﬁ_ed from: . Records identified from:
g PubMed (n = 3400) Records removed before screening: Topic related review citation searching (n = 1)
= Web of Science (n = 4240) > Duplicate records removed using Endnote Forward citation search (n = 0)
= PsycINFO (n = 1681) (n = 3635) L P
ﬁ SPORTDiscus (n = 1020) Backwards citation search (n = 0)
—
l Records excluded (n =6409)
Different population (n = 1288)
Records screened on title and > Different intervention (n = 1622)
abstract (n = 6706) - Different outcome (n = 1760)
Different study design (n = 1569)
l Additional duplicate (n = 170)
A4
Reports sought for retrieval »| Reports not retrieved (n = 54) Reports sought for retrieval o
(n=297) Meeting abstract (n = 33) (n=1) d
Conference paper/poster (n = 4)
l Not digitally available (n = 17) i
i
=
o
2 Reports assessed for eligibility | Reports excluded (n = 109): Reports assessed for eligibility _
3] (n=243) > No healthy population (n = 2) (n=1) >
L No mental fatigue intervention (n = 29)
No (suitable) manipulation check (n = 14)
No physical performance outcome (n = 44)
Dual task (n = 7)
Wrong study design (n = 11)
Additional duplicates (n = 2)
v
Studies detailing effects of mental fatigue on general physical performance
(n=134)
Reports of studies detailing effects of mental fatigue on physical performance
(n=1)
—
—
o
(J . . . Studies included in quantitative synthesis (based on effective induction of MF
3 Stu_dles detailing effects of mental fatigue on DMWBEP —>{ proven by suitable n?anipulation cmecks) (
2 (n=28) (n=23)
—

Fig. 1 Prisma chart DMWBEP dynamic maximal whole body endurance performance
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Fig. 2 Schematic overview of the included individual features of the selected studies (PL performance level; Icons courtesy of the Noun Project.
com (artists: Adrien Cocquet, Guilherme Silva Soares, Aleksandr Vector, Monkik))

Mental Fatigue Characteristics

Interventions and Control Tasks

The following intervention tasks were used to induce
MEF: computer/app-based cognitive tasks (i.e., Stroop
[31, 35, 36, 68-76], AX continuous performance task
(AX-CPT) [3, 77, 78], rapid visual information pro-
cessing test (RVIP) [67, 79, 80], TloadDback [81], stop-
signal task [82] or a combination of cognitive tasks
[32, 33]), paper-based cognitive tasks (i.e., Stroop [29,
83-86], an arithmetic task [68]) and smartphone use
[87]. In most studies, some form of documentary movie
was included as a control condition [3, 29, 33, 36, 69,
70, 77, 78, 82—84, 87]. Other control tasks consisted of
drawing a mandala [68], reading (emotionally neutral)
magazines [35, 73, 75, 85, 86], staring at a white screen
[32] or black cross [31], performing cognitive tasks
that required less cognitive load [71, 72, 74] and rest
[80, 81]. Some studies employed no control tasks [67,
76, 79]. Duration of all interventions ranged between
10 [74] and 90 [3, 32, 77] min, with almost all studies
applying the same duration for the intervention and
control tasks, although there were some exceptions [32,
35].

Manipulation Checks
A variety of manipulation checks were used to evaluate
the presence of MF in participants. These specific checks
were either subjective (i.e., mental fatigue visual analogue
scale (M-VAS) [29, 32, 35, 36, 67, 75-77, 79, 81, 83, 84, 86,
87], Likert scale [71, 73, 74] and Borg scale [82]), behav-
ioural (ie., cognitive performance on the intervention
task [3, 31, 33, 35, 68-70, 72, 74, 77-81] or on a different
pre-post cognitive task [36, 85, 87]) and/or physiological
(i.e., electroencephalography [67, 79, 80], functional near-
infrared spectroscopy [33] and heart rate variability [69]).
As with previous research [1], studies that showed no
evidence of MF despite using appropriate manipulation
checks (i.e., Clark et al. [33], Filipas et al. [68, 69], Mac-
mahon et al. [3], and Martin et al. [31]) were excluded
from further qualitative and quantitative analyses.

Effects of Mental Fatigue on Dynamic Maximal Whole-Body
Endurance Performance

Qualitative Overview of Included Studies

The following tasks were used as outcome measures:
Time trials (N=8 [32, 67, 72, 76, 80, 81, 84, 87]), time-to-
exhaustion (TTE) task (N=4 [36, 73, 77, 78]), maximal
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incremental exercise tasks (N=2 [79, 82]), the Yo-Yo IR1
test (N=6; [35, 70, 75, 76, 83, 86]), the beep test (N=3
[71, 74, 85]), and a judo specific fitness test (N=1 [29]).

Time trials were divided based on nature of the time
trial-goal. This varied between overcoming a specific
distance as fast as possible (distance-based), or covering
as much distance as possible within a given time frame
(time-based). One study [32] showed negative effects of
MF using a time-based trial, showing a decrease in total
distance. Contrarily, O’Keeffe et al. [81] found no effects
of MF on average/maximal power output and oxygen
consumption. Meanwhile, in the distance-based trials, all
studies [67, 72, 76, 80, 84, 87] showed an increase in time
to complete the trials when comparing mentally fatigued
individuals with the control groups (although some sup-
ported small effects [76]), which they attributed to a
negative effect on speed [72, 84], pacing [84] and average
power output during the trial [67].

Three [36, 73, 78] out of the four studies examining
TTE tests showed a significant negative effect of MF on
test performance (i.e., decrease in TTE) compared to
the control group. Lopes et al. [36] observed this nega-
tive effect in two distinct groups based on sex, but found
no influence of this feature on the overall effect of MF on
TTE performance. Salam et al. [73] even portrayed this
effect on four different TTE tests based on VO,max per-
centage. In contrast, Holgado et al. [77] found no effect of
MF on TTE performance.

Brietzke et al. [79] and Zering et al. [82] examined the
effect of MF on a graded maximal exercise test. Both
found a decrease in Peak Power Output (PPO) when
comparing groups, which also resulted in a decrease of
the TTE in the study of Brietzke et al. [79] (Zering et al.
[82] did not report on TTE). VO,peak measures were
also investigated in both studies, with Brietzke et al. [79]
reporting no effect and Zering et al. [82] reporting a
decrease in peak value. Zering et al. [82] also investigated
a possible effect of sex on the responses to MF, but found
no interaction between sex and condition.

50% 75% 100%

| . Low D Unclear . High |

All studies [35, 70, 75, 76, 83, 86] that utilized the Yo-Yo
IR test required participants to perform the level 1 vari-
ant. This variant consists of two 20-m runs multiple times
with an active recovery period in between [60]. The test is
stopped if participants fail to reach the finish line on two
consecutive occurrences, enforced by beeping sounds
[60]. MF caused a decrease in total distance covered in all
studies [35, 70, 75, 76, 83, 86]. Moreover, an effect of age
was investigated by Filipas et al. [35], which illustrated a
greater resilience to MF in younger players compared to
the older ones.

The beep test is a well-known measure of basic physi-
cal performance, with instructions and test setup that are
identical to the Yo-Yo IR1, but with no active recovery
in-between bouts [61, 88]. Macmahon et al. [71] and Sli-
mani et al. [85] both showed a negative influence of MF,
with a decrease of total duration and of both estimated
and speed-related VO,max values respectively, compared
to the control condition. Schiicker et al. [74] found no
effect of MF on total beep test duration on two separate
occasions.

Lastly, Campos et al. [29] examined the effect of MF
on a judo specific fitness test (performing as many judo
throws as possible in a given time frame [89]), showing
no influence of MF on the total number of throws and
performance index.

Overall Meta-analysis and Publication Bias

The forest plot of the overall effect of MF on endurance
performance can be found in Fig. 5. Twenty-three stud-
ies were eventually included in the meta-analysis, which
contributed to 32 distinct effects of MF (based on differ-
ent groups/outcome measures within these studies) in
437 participants. The pooled effect across all studies was
g=-0.32(95% CI [—0.46; — 0.18], t=—4.72, p <0.0001).
The test of heterogeneity was non-significant (Q=34.52,
df=31, p=0.3034). I* was equal to 10.2%, with a
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Standardised Mean

Author Subjects RoB Difference g SE 95%-Cl Weight
Brietzke et al. [79] 20 High —FH— -0.21 0.3109 [-0.82; 0.39] 4.2%
Campos et al. [29] 13 High ——f— 0.10 0.3801 [-0.65; 0.84] 3.1%
Filipas et al. [32] (Placebo) 10 Unclear —— -0.28 04305 [-1.12; 0.57] 2.5%
Filipas et al. [32] (Training) 10 Unclear —lE—— -0.32 04312 [-1.16; 0.53] 2.5%
Filipas et al. [35] (U14) 12 High —E—:—— -0.55 0.4020 [-1.34; 0.24] 2.8%
Filipas et al. [35] (U16) 12 High —HF— -0.57 04028 [-1.36; 0.22] 2.8%
Filipas et al. [35] (U18) 12 High —H— -1.31 0.4374 [-2.17;-0.46] 2.5%
Fortes et al. [87] 25 High —FF1— -0.28 0.2798 [-0.83; 0.27] 4.9%
Franco-Alvarenga et al. [67] 10 High — 8 -0.21 04295 [-1.05; 0.64] 2.5%
Holgado et al. [77] 30 High : —F— 0.69 0.2625 [0.18; 1.20] 5.4%
Lam et al. [76] (study 1) 9 High —— -0.97 04491 [-1.85;-0.09] 2.4%
Lam et al. [76] (study 2) 9 High T -0.24 0.4209 [-1.06; 0.59] 2.6%
Lopes et al. [36] (female) 15 Low —— -0.26 0.3568 [-0.95; 0.44] 3.4%
Lopes et al. [36] (male) 16 Low —_— -0.25 0.3461 [-0.93; 0.43] 3.6%
Macmahon et al. [71] 13 High —— -0.21 0.3809 [-0.95; 0.54] 3.1%
Marcora et al. [78] 16 High —fF—— -0.34 0.3472 [-1.02; 0.34] 3.6%
O'Keeffe et al. [81] 15 High ——f— 0.01 0.3437 [-0.66; 0.69] 3.6%
Pageaux et al. [72] 12 High — T -0.29 0.3963 [-1.06; 0.49] 2.9%
Penna et al. [83] 12 High — -0.40 0.3983 [-1.18; 0.38] 2.9%
Penna et al. [84] 16 High ﬁ— -0.36 0.3476 [-1.04; 0.32] 3.6%
Pires et al. [80] 8 High —_———1 -0.71 04890 [-1.66; 0.25] 2.0%
Salam et al. [73] (TTE 100%) 11 High — -0.86 0.4302 [-1.70;-0.02] 2.5%
Salam et al. [73] (TTE 40%) 11 High —F—— -0.39 04145 [-1.21; 0.42] 2.7%
Salam et al. [73] (TTE 60%) 11 High —— -0.91 04323 [-1.75;-0.06] 2.5%
Salam et al. [73] (TTE 80%) 11 High ——t— -0.69 0.4231 [-1.52; 0.14] 2.6%
Schiicker et al. [74] (study 1) 12 High —— -0.15 0.3948 [-0.93; 0.62] 2.9%
Schiicker et al. [74] (study 2) 14 High e v p— 0.02 0.3670 [-0.70; 0.74] 3.3%
Slimani et al. [85] 10 High %E—:— -1.03 0.4353 [-1.88;-0.17] 2.5%
Smith et al. [86] 12 High —— -0.53 0.4015 [-1.31; 0.26] 2.8%
Veness et al. [75] 10 High —F— -0.40 0.4330 [-1.25; 0.45] 2.5%
Weerakoddy et al. [70] 25 High —FF— -0.27 02797 [-0.82; 0.28] 4.9%
Zering et al. [82] 15 High —— -0.11 0.3556 [-0.81; 0.59] 3.5%
|
|
Random effects model (HK) > -0.32 [-0.46; -0.18] 100.0%
Prediction interval — [-0.74; 0.09]
Heterogeneity: 12 = 10%, 1 = 0.0350, p = 0.30 I J ! !
-2 -1 0 1 2

Negative effect

Positive effect

Fig. 5 Forest plot detailing the effect of mental fatigue on dynamic maximal whole-body endurance performance (random effects meta-analysis;
95%-Cl=95% confidence interval; g=Hedges' g; RoB = Risk of Bias; SE = standard error; TTE =time to exhaustion)

confidence interval between 0.0 and 41.1%. The predic-
tion interval ranged between — 0.74 and 0.09.

Egger’s test (t=-5.06, df=31, p<0.0001) showed the
significant presence of publication bias, also seen in
the funnel plot (Fig. 6). Rosenthal’s fail safe N was also
significant (p<0.0001), and indicated that 284 stud-
ies were needed to provide a null-effect for the overall
meta-analysis.

Influence of Different Features on the Effect of Mental
Fatigue on Dynamic Maximal Whole-Body Endurance
Performance

Due to the underreporting of many of the investigated
features of the included articles and to avoid overfitting,
only four features were eventually chosen to be included
in the analysis. These features included sex ratio, mean
age, BMI (either given or calculated based on height and
weight), and training level (either based on given data or

calculated using the field-based performance test [58,
59]). Results showed no evidence of any significant influ-
ence of the included individual features on the proven
negative effect of MF on endurance performance. The
complete regression equation is presented below:
y(Hedges’g) = 0.53x;(Sex)—0.003x2 (Age) + 0.05x3

40.006x4 (Performance level) — 1.54 The amount of
residual heterogeneity consisted of 27.66%, while the
model itself accounted for a heterogeneity of 18.97%. The
test for residual heterogeneity was non-significant
(»p=0.0609). Due to the omittance of individual features
throughout the different manuscripts, 22 effects distrib-
uted across 15 studies [32, 35, 36, 67, 72, 73, 75-80, 85—
87] were eventually included in this model. Attempts to
improve the model (i.e., omitting the values that contrib-
uted least to the overall effect) resulted in a decrease of
the estimates. As such, a better model could not be
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Fig. 6 Funnel plot detailing publication bias of the present review (every study is represented by a yellow triangle; shades of grey detail the
significance levels of the included studies; the triangle in the bold dashed line represents the effect of the present meta-analysis)

constructed. A visual representation of the regression
can be found in Fig. 7.

An overview of the meta regression results is presented
in Additional file 3.

Discussion

The overall aim of this meta-analysis and meta-regres-
sion was to clarify the sometimes contradictory results
regarding the effect of MF on endurance performance,
by evaluating the contribution of different participant
characteristics to MF-susceptibility. Based on the lit-
erature, we expected a negative effect of MF on endur-
ance performance, which would be influenced by a
combination of different individual features. The overall
meta-analysis indeed confirmed a negative effect of MF
on endurance performance. However, no influence was
found of the individual features included in the mul-
tiple meta-regression on MF-related impairments in
endurance performance. This review is therefore unable
to confirm previous assumptions regarding the influ-
ence of previously investigated individual variables,
such as physical fitness level, on MF-susceptibility.

Effect of Mental Fatigue on Dynamic Maximal Whole-Body
Endurance Performance

Unsurprisingly, the overall meta-analysis showed a sig-
nificant negative effect of MF on endurance performance.
The observed effect size was very similar to other pub-
lished systematic reviews (e.g., Brown et al. [9] =—0.26)
that examined the link between MF and physical per-
formance. However, these findings do contradict those
found by recent/more critical studies. Holgado et al.
[16] performed a bias sensitive meta-analysis and found
a substantially lower and non-significant effect com-
pared to other analyses [9]. Different multicentric stud-
ies further investigated these inconsistencies, and often
found no clinically meaningful effect of MF on physical
performance in larger sample sizes [17, 18, 90]. Multiple
reasons can be put forward for this discrepancy. Most
importantly, the heterogeneity in our review was very
low, as a result of the focused inclusion criteria of the pri-
mary outcome measure. The results of other reviews that
question effects of MF report higher heterogeneity, which
might indicate that methodological factors (e.g. variety
in primary outcome measure) played a role in their con-
clusions [16]. Secondly, the multicentric studies utilized
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Fig. 7 Visual representation of the regressions and the overall distribution of the included individual features. Ratios were calculated for all features
except for sex to portray all equations in the same graph (ratio=value individual feature — inimal value of that feature/maximal value of that
feature — minimal value of that feature). Sex ratio was calculated by dividing the total number of women by the total number of participants

a shorter duration of intervention tasks and a cognitive
performance outcome, making comparison between
both less straightforward [5]. Lastly, analyses show that,
while there was significant publication bias present, 284
unpublished studies are necessary to completely nullify
the effect of MF on endurance performance. This analysis
therefore further solidifies the established effect of MF on
endurance performance.

The CI of the current meta-analysis ranged between
—0.46 and — 0.18. Moreover, the prediction interval (i.e.
the expected range of effects when a similar but novel
study would be conducted, based on the results of past
evidence [91]) showed a substantial range of effects
(—0.74 to 0.09). The present review therefore suggests
that there is a large amount of variability in the way dif-
ferent individuals cope with the effects of MF, which
confirms intuitive findings from the field regarding inter-
individual variability. At present, researching interindi-
vidual differences in MF-susceptibility remains one of the
most important challenges in the MF research field. A
first step in elucidating the mechanisms underlying these
differences would be to determine whether they are sta-
ble and robust over time (i.e., trait-like) or whether they

fluctuate over time (i.e., state-like). If the interindividual
variability in MF-susceptibility has trait-characteristics,
this would put forward a possible role for individual fea-
tures (e.g., genes, age, physical fitness-level). While, if the
interindividual differences in MF-susceptibility are deter-
mined to be state-like, this would suggest a possible role
for other, more externally oriented, factors (e.g., sleep
deprivation, mood). Since MF is seen as a multifactorial
and complex phenomenon [4], the most likely explana-
tion is that MF-susceptibility will be a dynamic combi-
nation of trait and state. More specifically, the individual
factors that are featured in the analysis will probably play
a part in how different persons cope with different state
events to ultimately influence our level of MF through-
out the day and its effects on performance. When the
research field succeeds in identifying the nature of these
differences, it will have opened a door to multiple future
research opportunities, from further elucidating mecha-
nisms of MF in general, to research lines linked to the
detection, prevention and treatment of mental fatigue in
practical settings. In the present review, we were unable
to evaluate whether interindividual differences are robust
over time. In an attempt to create additional insight
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in this matter, we performed a meta-regression that
assessed the influence of often-reported participant char-
acteristics in the effect of MF on endurance performance
(i.e., physical fitness level, age, sex and BMI).

Influence of Individual Features on Mental
Fatigue-Susceptibility

Physical Fitness Level

Martin et al. [31] were the first authors to examine dif-
ferences in MF-effects related to athlete proficiency by
comparing MF-susceptibility between professional and
recreational cyclists. Results showed that time trial per-
formance of professional cyclists was not impacted by
ME, compared to a decrease in performance in the rec-
reational participants. This finding was attributed by
Martin et al. [31] to the superior inhibitory control (i.e.
the ability to stop, change, or delay an inappropriate
response [92]) of the professional athletes (determined
by comparing Stroop task performance). These results
suggest that physical fitness could potentially help ath-
letes to resist the negative effects of MF. Indeed, physical
fitness-level has repeatedly been connected to improved
cognitive functioning [32, 93-95]. Evidence for this inter-
pretation can be found in a study of Filipas et al. [32],
which indicated that a four week endurance training pro-
gram increased the tolerance of initially untrained par-
ticipants to MF. However, other studies and the current
review have found no influence of training level on the
effects of MF [33, 34, 96]. One explanation for this might
be methodological, as there was a only small variation in
physical fitness level for the effects included in the meta-
regression, and some of the relevant variables were indi-
rectly calculated. Another explanation is related to the
complex interactions of different factors that determine
the overall performance level of an athlete. For exam-
ple, it could be that the resistance of elite cyclists to MF
might be the result of talent identification and selection
(i.e., the chance to become an elite athlete is higher in
individuals that portray greater resistance to MF-effects)
[31]. This highlights a possible influence of genetic [97,
98] and/or trait personality (e.g., hardiness, elite men-
tality) [39, 99] factors on MF resistance. Other features
that could play a role in the way training level impacts
ME-susceptibility include subject expertise [1, 100, 101],
the person-situation fit [1], the type of sport (i.e. open
or closed skill environment) [102], and the daily use of
self-regulation [37]. Taken together, these findings show
that, while the physical fitness level of participants might
sometimes show up as a moderating variable, it is by no
means the only parameter that needs to be considered
when assessing influences of overall athlete training level
on MF-susceptibility.
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Age

Age is an important feature to consider as research clearly
links increasing age with a degree of cognitive decline
[54]. Physiological mechanisms behind this are connected
to a decrease in neuronal glucose uptake, and increased
neuro-inflammation and oxidative damage to the brain
[103]. A psychological rationale behind a possible influ-
ence of older age on MF-susceptibility could be attributed
to continuous changes in life events, goals and motivation
[104, 105]. An effect of young age on MF-susceptibility is
also possible. Research has found that younger individu-
als were more likely to have a decreased MF-susceptibility
[35, 68]. This can possibly be linked to a decreased acces-
sibility to brain regions that support complex behavior
in young children compared to older ones, indicating
a lower activation of complex cognitive processes and
therefore limiting the impairments of these processes
over time due to high cognitive load [35, 106]. Teenagers
also display increased risk taking linked to a decrease in
self-control, which might be driven by locally-connected
subcortical regions [107]. While these regions are fully
developed at an early stage, prefrontal cortex maturation
persists until adulthood [107-109]. These findings might
indicate an increase in MF-susceptibility when children
reach adolescence, and a subsequent decrease again when
they reach adulthood. However, similar to the review of
Brahms et al. [40], the present model showed no influence
of age on MF-susceptibility. That said, a major problem
with the analyses is the limited range in age effects. In the
present review, the oldest individuals were 38 years old,
while the youngest were 14. Age-related declines in dif-
ferent cognitive functions and changes in life goals occur
throughout the entire lifetime [54, 110], and a signifi-
cant part of brain development also happens before the
onset of adolescence [111]. Overall, it seems that effects
of age on MF-susceptibility are primarily expected in
either younger or older individuals than those primarily
included in research (see also Fig. 7). This does not mean
that researchers should resort to only testing children and
elderly individuals, but rather that the current age range
used in MF research is inadequate and limits the trans-
lation of research to the general population. Therefore,
there is a large research potential present in the detailed
investigation of this parameter, as the proven influence
of age could have implications for both young as well as
older individuals regarding the importance of MF screen-
ing and its effects on performance capacity [40].

Sex

Over the years, different studies have examined sex (i.e.,
the physiological/bodily aspect) and, to a lesser extent,
gender (i.e., the societal norms aspect) differences in
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cognition and brain structure/activity [112-114]. For
example, female participants regularly show improved
performance in processing speed, while males have a
faster reaction time [55, 112, 115, 116]. Xing et al. [117]
identified 25 brain structures that were significantly dif-
ferent between men and women, and differences have
been found in brain activation in the limbic system and
the default mode network [118, 119]. It is argued that
gender underlies fundamental differences in social cog-
nition and societal expectations between different indi-
viduals, which could also impact the way that males and
females cope with the effects of MF [113, 120]. However,
our model showed that, while sex had the most sub-
stantial effect on MF responses, it did not reach signifi-
cance. This is in line with other studies that have already
used sex as a confounding feature in MF effects, with no
influences of this feature found on the effects of MF on
physical performance [36, 82] or on the subjective level
of MF [116]. In the present model, the effect will likely
have been influenced by the one-sided inclusion of male
participants, increasing the negative effect on the far end
of the ratio. This one-sided inclusion is a general find-
ing in sport science literature, where female participants
are often omitted from experimental investigations [121,
122]. The present review further confirms that sport-sci-
ence research that focuses on including both males and
females is urgently needed [121]. Additionally, because
of the differences in social expectations among different
genders in today’s society [113], assessing influences of
sex and gender across different studies is very difficult to
ascribe to either a more biological or a more psychologi-
cal influence when examining different experiments. The
influence of sex/gender on MF-susceptibility is therefore
to be further elucidated.

BMI

Finally, BMI was also included in the model based on
the participant characteristics that were mentioned by
the included studies. BMI can be seen as potentially rel-
evant as it is traditionally seen as a measure of general
metabolic health [123]. Unhealthy nutrition and obesity
have also been connected to decreases in cognitive per-
formance and increases in cognitive decline and fatigue
in diseased populations [56, 124, 125]. In healthy partici-
pants, BMI has been connected to decreased functional
connectivity in brain areas related to cognition, cognitive
flexibility and emotion regulation [126, 127]. However,
the utilised model showed no influence of BMI on MF-
effects, investigated utilizing a limited range of BMI val-
ues. This limited range is of course justifiable, since a very
high or low BMI would classify participants as ‘diseased,
which was beyond the scope of this review. BMI has
also been criticized for its extensive use as an indicator
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of biological health, as it seems to have a poor correla-
tion with the percentage of body fat [128]. Therefore,
in studies that do find differences in cognition linked to
BM]I, the real reason underlying these differences might
be obscured. For example, research has shown that BMI
is a proxy measure of socio-economic status [129], which
also influences cognitive behavioural and structural
outcomes [130]. This means that a potential influence
of BMI on MF-susceptibility could also be the result of
the societal standing of individuals. Therefore, studies
that attempt to directly link BMI and MF-susceptibility
might not be that relevant. Instead, a promising avenue
for further research could lie in linking more appropriate
measures of metabolic health (e.g., body fat percentage)
to MF-susceptibility, clearing the way for novel counter-
measures against ME.

Conclusions Based on the Meta Regression Model
The present model is restricted in its conclusions due
to the limited reporting of different characteristics that
influence cognitive functioning. The proposed features
that might have an effect on MF-susceptibility were
considered because they all influence the overall level of
cognitive functioning. All integrated individual features
(i.e. physical fitness level, age, sex, BMI) may contrib-
ute to improved or deteriorated cognitive functioning,
which would allow people to receive increased cogni-
tive load without becoming mentally fatigued, or ensure
that performance is maintained while mentally fatigued.
With this in mind, it is also important to understand that
there is not one clear feature that definitively increases
or decreases MF-susceptibility, leading to the possibility
of a complex interaction between different features. An
example supporting this theory can be seen in the study
of Lopes et al. [36], which found no influence of sex on
ME-susceptibility in highly trained individuals (per-
formance level 5). This might mean that differences in
ME-susceptibility based on sex are nullified by the high
training level of participants. The interactions between
different features and how these interactions influence
ME-susceptibility warrant more extensive investigation.
When examining the included studies, it is clear that
the current body of evidence examining MF-effects in
sport science mainly includes physiological characteris-
tics of participants. Studies that do investigate influences
of one specific factor on MF-susceptibility also seem to
focus on physiological features. While these features
could definitely play a role, we must keep in mind that
MF is defined as a psychobiological phenomenon. As
such, a large number of individual features, namely those
focusing on psychological characteristics, are currently
predominantly omitted in research. It is understandable
that sport scientists approach the research question from
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their own expertise and experience; in this case, physi-
ological measurements. However, as mentioned before
[4], the limited inclusion of the psychological perspec-
tive reduces the translatory value of MF research, includ-
ing this review, and the impact it could have within the
general research community. It is also important to
know that the most sensitive indicators of MF are sub-
jective measurements [131], which are arguably primar-
ily influenced by the psychological state of the individual.
Moreover, when all physiological features are similar in
the same study population, it is likely that psychological
constructs determine physical performance [132-134].
Features such as motivation [135] and perception of
effort [136] have already been investigated in different
research papers, but their true contribution to MF sus-
ceptibility still needs to be elucidated. Taken together,
these findings suggest that psychological features have
a similar or even larger influence on MF-susceptibility
compared to the more often investigated physiologi-
cal factors. For example, Martin et al. [37] showed that
individuals who had higher levels of occupational cogni-
tive demand were less affected by MF, implying that the
level of self-regulation might be an important mediator
in MF-susceptibility. Other examples of psychological
features that could be included in future research include
state/trait anxiety [137], trait self-control [138], mental
toughness [139], motivation [135] and hardiness/resil-
ience [39]. While these specific factors have already been
investigated in some studies, more research is needed. It
should be mentioned that these factors could have also
impacted the results of the present study, as different
performance tasks might trigger different levels of fea-
tures such as motivation and perception of effort, which
can be seen in the different pacing strategies that are
triggered when comparing different performance tasks
[140]. These changes could be the reason that no effects
of individual features were found in the present analysis.
In essence, this review further highlights that not only are
there huge differences in MF-susceptibility across indi-
viduals, relevant features are currently not being exten-
sively investigated.

To summarize, the utilized meta-regression model
has primarily identified several gaps of knowledge in
MEF research, showing the need for high quality research
examining changes in MF-susceptibility related to multi-
ple different individual features.

Proposed Guidelines for Future Research

The present review, in addition to the already pub-
lished systematic reviews [1, 8, 9, 14, 16, 40, 45-50, 52,
141], confirms that MF impairs endurance performance.
However, established assumptions on MF effects are
questioned by the results of the present review (e.g., the
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notion that physically fit individuals are better at resisting
MF compared to sedentary ones [31]). Therefore, while
studies investigating effects of MF are important, an
expanding focus on different promising research domains
(such as interindividual differences) will further elucidate
MF mechanisms and help in finding ways to counter and/
or prevent it.

While this paper is the first attempt in elucidating the
interindividual variation in responses to MF, the number
of studies specifically examining these interindividual dif-
ferences and especially their link with participant charac-
teristics was very small. This gap in knowledge needs to
be addressed by investigating the nature and occurrence
of individual differences in MF-susceptibility in a truly
holistic way, using knowledge of both exercise physiology
and clinical psychology. Examples of features that war-
rant further investigation include sociodemographic vari-
ables (such as work situation [142]), baseline cognitive
performance level (on cognitive domains such as atten-
tion [143] and working memory [144]), and different psy-
chological determinants (see suggestions in Conclusions
Based on the Meta Regression Model). Where it is already
possible to do this, further systematic reviews should
evaluate other features that might impact MF level and
its effects, such as motivation [135] and perception of
effort [136]. However, as mentioned, a systematic review
is limited in its conclusions because of the large hetero-
geneity in performance outcomes, leading to differences
in different psychological characteristics. Therefore, a
large experimental trial investigating different individu-
al’s features in the same general population including one
specific type of human performance should be the next
step. Advanced knowledge on interindividual differences
in MF-susceptibility and the features underlying these
differences, has the potential to greatly augment our
understanding of MF mechanisms. Moreover, determin-
ing possible underlying features also has great practical
potential, from aiding in identifying individuals that are
more susceptible to MF, to individualizing interventions
that counter MF-effects [145].

The present review specifically investigated MF sus-
ceptibility, i.e. how much is performance affected when
mentally fatigued. Consequently, articles that were con-
sidered for inclusion were required to have proof of a
mentally fatigued state within their participants. How-
ever, another interesting research opportunity would be
to assess the influence of different moderating variables
on the induced level of MF, be it subjective, behavioural
or neurophysiological. While out of the scope of the pre-
sent review, future research should definitely consider
further investigation along this line of research.

An important consideration is the lack of a detailed and
thorough description of the individual characteristics of
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participants, especially when it concerns detailing the
training/performance level of participants, as is seen
across the sport science literature [146]. To define the
performance level, an extensive number of different vari-
ables (e.g. VO,max, years of expertise, awards, level of
play) should be taken into account. Different classifica-
tions of athlete performance already exist in the literature
[58, 59, 146, 147], but are rarely used. Using these classi-
fications will enhance the quality and comprehensiveness
of results across sport science fields.

The authors of the present review chose to not exclude
papers based on terminology, i.e., all possible equiva-
lents of MF: mental fatigue, cognitive fatigue, self-control
strength depletion and ego depletion were eligible for
inclusion. Rather, the authors chose to include studies
based on the presence of manipulation checks and the
type of task used to induce MF. This methodology was
applied, independently from the terminology-discussion,
to increase the number of relevant articles that could be
included in the meta-analysis. However, it is important
that a consensus regarding the different interpretations
of MF is reached. Different definitions, interpretations
and terms that ultimately describe the same phenom-
enon are detrimental to interprofessional communication
and act as a barrier to the development of this particular
research field. This was, however, not the goal of the pre-
sent review. Rather, this review should be interpreted as a
call to action to finally agree on a consensus definition of
ME, and the other representations in the literature.

Limitations of the Present Review

The overall RoB of the included studies was high, with
only three studies [32, 36, 68] detailing an unclear or low
RoB. These ratings were primarily the result of high RoB
values in the categories “deviations from the intended
interventions’;, and “missing outcome data” These obser-
vations were also made by previous analyses [9]. Efforts
should therefore be made to decrease the RoB in studies
researching MF effects (e.g. blinding personnel, provid-
ing all information on the performed trial, etc.). Secondly,
as with other reviews incorporating meta-analyses [9,
16], a significant amount of publication bias was present.
However, Rosenthal’s fail safe N showed that over 280
(un)published studies are necessary to completely nullify
the found effect. While this measure has been criticized
[148], it is highly unlikely that this amount of studies
has remained unpublished. A recent meta-meta-analysis
even suggested that the likeliness of publication is not
that much higher for studies that document statistically
significant results than those that do not [149]. The pre-
sent review also included an abundance of studies whose
effects failed to reach statistical significance. This shows
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that non-significant MF studies are being published, lim-
iting the anticipated number of studies supporting null
effects in gray literature. These limitations should be
taken into account when interpreting the results of the
present review.

Conclusion

The present meta-analysis confirms the deleterious effect
of MF on whole-body maximal dynamic endurance per-
formance. Furthermore, it shows a large range of inter-
individual differences in MF-susceptibility. However, the
included individual features (i.e. sex, age, BMI and physi-
cal fitness level) did not affect MF-susceptibility. The
main reason for this might be mostly methodological and
related to the poor reporting of the individual character-
istics across the included studies. We thus conclude the
main determinants of individual variations have not been
adequately measured in the field so far. Therefore, this
review primarily identifies substantial knowledge gaps
within the MF research field.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540798-023-00559-7.

Additional file 1. Meta Analysis Data.

Additional file 2. R code used in the development of the meta analysis
and regression.

Additional file 3. Meta regression result.

Acknowledgements

Bart Roelands is a Collen-Francqui research professor. The research foundation
Flanders kindly supported this review through a PhD research grant awarded
to Jelle Habay. We would like to thank the Luxemburg Institute of Research

in Orthopedics, Sport Medicine and Science (LIROMS), the Strategic Research
Program Exercise and the Brain in Health & Disease: The Added Value of
Human-Centered Robotics (SRP17 and SRP77) and the Research Council of the
Vrije Universiteit Brussel for their valuable contribution to this work.

Author Contributions

The design of the search strategy was performed by JH, and subsequently
revised by JVC, BR and KDP. Screening on title and abstract and full text was
done by JH and RU. Data synthesis was conducted by JH and MP. Figures and
tables were designed by JH and MP. The meta-analysis en regression was
performed by JH, and revised by BT. RoB assessment was performed by JDW
and RVD, while the RoB figures where designed by JH. JH wrote the first draft
of the manuscript which was later altered by JH, JVC, BR, BT, MP, NP, KDP, JDW,
RU, RVD and RM. All authors read, revised and approved the final manuscript.

Funding

Jelle Habay is a research fellow funded by a backup mandate of the research
council of the Vrije Universiteit Brussel (Grant Number: 0ZR3839), and a recipi-
ent of a fundamental aspirant fellowship funded by the Research Foundation
Flanders (FWO) (Project Number: 11J6323N).

Availability of Data and Materials
All data generated or analysed during this study are included in this published
article (and its supplementary information files).


https://doi.org/10.1186/s40798-023-00559-7
https://doi.org/10.1186/s40798-023-00559-7

Habay et al. Sports Medicine - Open (2023) 9:14

Declarations

Ethics Approval and Consent to Participate

Jelle Habay, Robin Uylenbroeck, Ruben Van Droogenbroeck, Jonas De
Wachter, Matthias Proost, Bruno Tassignon, Kevin De Pauw, Romain Meeusen,
Nathalie Pattyn, Jeroen Van Cutsem and Bart Roelands declare that the
systematic review complies with all ethical standards. No participants were
recruited for the present study, so no consents for participation needed to be
collected.

Consent for Publication
Not applicable.

Competing interests

Jelle Habay, Robin Uylenbroeck, Ruben Van Droogenbroeck, Jonas De
Wachter, Matthias Proost, Bruno Tassignon, Kevin De Pauw, Romain Meeusen,
Nathalie Pattyn, Jeroen Van Cutsem and Bart Roelands have no competing
interests relevant to the content of this review.

Author details

"Human Physiology and Sports Physiotherapy Research Group, Faculty

of Physical Education and Physiotherapy, Vrije Universiteit Brussel, Pleinlaan 2,
1050 Brussels, Belgium. 2BruBotics, Vrije Universiteit Brussel, Brussels, Belgium.
*Vital Signs and Performance Monitoring Research Unit, LIFE Department,
Royal Military Academy, Brussels, Belgium. “Research Foundation Flanders
(FWO), Brussels, Belgium.

Received: 11 July 2022 Accepted: 6 February 2023
Published online: 20 February 2023

References

1. Habay J, Van Cutsem J, Verschueren J, De Bock S, Proost M, De Wachter
J, et al. Mental fatigue and sport-specific psychomotor performance: a
systematic review. Sports Med. 2021;51(7):1527-48.

2. Baumeister RF, Bratslavsky E, Muraven M, Tice DM. Ego deple-
tion: is the active self a limited resource? J Pers Soc Psychol.
1998;74(5):1252-65.

3. Macmahon C, Schiicker L, Hagemann N, Strauss B. Cognitive fatigue
effects on physical performance during running. J Sport Exerc Psychol.
2014;36(4):375-81.

4. Pattyn N, Van Cutsem J, Dessy E, Mairesse O. Bridging exercise
science, cognitive psychology, and medical practice: is “Cognitive
Fatigue”a remake of “The Emperor's New Clothes"? Front Psychol.
2018;9:1246.

5. Forestier C, de Chanaleilles M, Boisgontier MP, Chalabaev A. From ego
depletion to self-control fatigue: a review of criticisms along with new
perspectives for the investigation and replication of a multicomponent
phenomenon. Motiv Sci. 2021;8(1):19-32.

6. Fan X, Zhou Q, Xie F, Liu Z. Mental fatigue and impaired attention:
an event-related potential study. J Med Imaging Health Inform.
2017,7(2):378-87.

7. Terentjeviene A, Maciuleviciene E, Vadopalas K, Mickeviciene D,
Karanauskiene D, Valanciene D, et al. Prefrontal cortex activity predicts
mental fatigue in young and elderly men during a 2 h “Go/NoGo" task.
Front Neurosci. 2018;12:620.

8. Van Cutsem J, Marcora S, De Pauw K, Bailey S, Meeusen R, Roelands B.
The effects of mental fatigue on physical performance: a systematic
review. Sports Med. 2017;47(8):1569-88.

9. Brown DMYY, Graham JD, Innes KI, Harris S, Flemington A, Bray SR.
Effects of prior cognitive exertion on physical performance: a system-
atic review and meta-analysis. Sports Med. 2020;50(3):497-529.

10.  Martin K, Meeusen R, Thompson KG, Keegan R, Rattray B. Mental fatigue
impairs endurance performance: a physiological explanation. Sports
Med. 2018;48(9):2041-51.

11. Meeusen R, Van Cutsem J, Roelands B. Endurance exercise-induced and
mental fatigue and the brain. Exp Physiol. 2020;106:2294-8.

12. McMorris T. Cognitive fatigue effects on physical performance: the role
of interoception. Sports Med. 2020;50(10):1703-8.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

34

Page 24 of 27

Van Cutsem J, Roelands B, Pluym B, Tassignon B, Verschueren J, De Pauw
K, et al. Can creatine combat the mental fatigue-associated decrease in
visuomotor skills? Med Sci Sports Exerc. 2019;52(1):120-30.

Giboin LS, Wolff W. The effect of ego depletion or mental fatigue on
subsequent physical endurance performance: a meta-analysis. Perform
Enhanc Health. 2019;7(1-2):1-23.

Roelands B, Kelly V, Russell S, Habay J. The physiological nature of men-
tal fatigue: current knowledge and future avenues for sport science. Int
J Sports Physiol Perform. 2021;17:149-50.

Holgado D, Sanabria D, Perales JC, Vadillo MA. Mental fatigue might be
not so bad for exercise performance after all: a systematic review and
bias-sensitive meta-analysis. J Cogn. 2020;3(1):38.

Dang J, Barker P, Baumert A, Bentvelzen M, Berkman E, Buchholz N, et al.
A multilab replication of the ego depletion effect. Soc Psychol Pers Sci.
2021;12(1):14-24.

Hagger MS, Chatzisarantis NLD, Alberts H, Anggono CO, Batailler C,

Birt AR, et al. A multilab preregistered replication of the ego-depletion
effect. Perspect Psychol Sci. 2016;11(4):546-73.

Noé F, Hachard B, Ceyte H, Bru N, Paillard T. Relationship between the
level of mental fatigue induced by a prolonged cognitive task and the
degree of balance disturbance. Exp Brain Res. 2021;239(7):2273-83.
Habay J, Proost M, De Wachter J, Diaz-Garcfa J, De Pauw K, Meeusen R,
et al. Mental fatigue-associated decrease in table tennis performance: is
there an electrophysiological signature? Int J Environ Res Public Health.
2021;18(24):12906.

Ackerman PL. 100 years without resting. Cognitive fatigue: Multidis-
ciplinary perspectives on current research and future applications.
Washington: American Psychological Association; 2011. p. 11-43.
MacMahon C, Parrington L, Pickering T, Aitken B, Schiicker L. Under-
standing the effects of cognitive tasks on physical performance: a
constraints framework to guide further research. Int Rev Sport Exerc
Psychol. 2021;2021:1-35.

Skau S, Bunketorp-Kall L, Johansson B, Kuhn H-G. Different properties of
the hemodynamic response and its relation to trait mental fatigue and
proactive cognitive control. Neuroimage Rep. 2021;1(3):100038.
Johansson B. Mental fatigue after mild traumatic brain injury in relation
to cognitive tests and brain imaging methods. Int J Environ Res Public
Health. 2021;18(11):5955.

Kowalski KL, Boolani A, Christie AD. State and trait fatigue and energy
predictors of postural control and gait. Mot Control. 2021;25(3):519-36.
Anderson ND, Craik FIM. 50 years of cognitive aging theory. J Gerontol.
2017;72(1):1-6.

Parasuraman R, Jiang Y. Individual differences in cognition, affect,

and performance: behavioral, neuroimaging, and molecular genetic
approaches. Neuroimage. 2012;59(1):70-82.

Yang JS, Jeon YJ, Lee GB, Kim HC, Jung SJ. The association between
psychological resilience and cognitive function in longitudinal

data: results from the community follow-up survey. J Affect Disord.
2021;290:109-16.

Campos BT, Penna EM, Rodrigues JGS, Mendes TT, Maia-Lima A, Naka-
mura FY, et al. Influence of mental fatigue on physical performance,
and physiological and perceptual responses of judokas submitted to
the special judo fitness test. J Strength Cond Res. 2019;36:461-8.
Jaydari Fard S, Tahmasebi Boroujeni S, Lavender AP, Fard SJ, Borou-

jeni ST, Lavender AP. Mental fatigue impairs simple reaction time

in non-athletes more than athletes. Fatigue-Biomed Health Behav.
2019;7(3):117-26.

Martin K, Staiano W, Menaspa P, Hennessey T, Marcora S, Keegan R, et al.
Superior inhibitory control and resistance to mental fatigue in profes-
sional road cyclists. PLoS ONE. 2016;11(7):e0159907-€.

Filipas L, Martin K, Northey JM, La Torre A, Keegan R, Rattray B. A 4-week
endurance training program improves tolerance to mental exertion in
untrained individuals. J Sci Med Sport. 2020;23(12):1215-9.

Clark IE, Goulding RP, DiMenna FJ, Bailey SJ, Jones M, Fulford J, et al.
Time-trial performance is not impaired in either competitive athletes or
untrained individuals following a prolonged cognitive task. Eur J Appl
Physiol. 2019;119(1):149-61.

Staiano W, Bosio A, Piazza G, Romagnoli M, Invernizzi PL. Kayaking per-
formance is altered in mentally fatigued young elite athletes. J Sports
Med Phys Fitness. 2019;59(7):1253-62.



Habay et al. Sports Medicine - Open

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

(2023) 9:14

Filipas L, Borghi S, La Torre A, Smith MR. Effects of mental fatigue

on soccer-specific performance in young players. Sci Med Football.
2020;5(2):150-7.

Lopes TR, Oliveira DMH, Simurro PBB, Akiba HT, Nakamura FY, Okano
AH, et al. No sex difference in mental fatigue effect on high-level run-
ners’ aerobic performance. Med Sci Sports Exerc. 2020;52(10):2207-16.
Martin K, Thompson KG, Keegan R, Rattray B. Are individuals who
engage in more frequent self-regulation less susceptible to mental
fatigue? J Sport Exerc Psychol. 2019;11:1-9.

Gucciardi DF, Hanton S, Gordon S, Mallett CJ, Temby P. The concept of
mental toughness: tests of dimensionality, nomological network, and
traitness. J Pers. 2015;83(1):26-44.

Bartone PT, Eid J, Helge Johnsen B, Christian Laberg J, Snook SA. Big
five personality factors, hardiness, and social judgment as predictors of
leader performance. Leadersh Org Dev J. 2009;30(6):498-521.

Brahms M, Heinzel S, Rapp M, Muckstein M, Hortobagyi T, Stelzel C, et al.
The acute effects of mental fatigue on balance performance in healthy
young and older adults—a systematic review and meta-analysis. Acta
Psychol. 2022;225:103540.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ. 2021;29(372): n71.

Ardern CL, Buttner F, Andrade R, Weir A, Ashe MC, Holden S, et al. Imple-
menting the 27 PRISMA 2020 Statement items for systematic reviews
in the sport and exercise medicine, musculoskeletal rehabilitation and
sports science fields: the PERSIST (implementing Prisma in Exercise,
Rehabilitation, Sport medicine and SporTs science) guidance. Br J
Sports Med. 2021;56:175-95.

Mccormick A, Meijen C, Marcora S. Psychological determi-

nants of whole-body endurance performance. Sports Med.
2015;45(7):997-1015.

Kenney WL, Wilmore JH, Costill DL. Physiology of sport and exercise. 7th
ed. Champaign: Human Kinetics; 2020.

McMorris T, Barwood M, Hale BJ, Dicks M, Corbett J. Cognitive fatigue
effects on physical performance: a systematic review and meta-analysis.
Physiol Behav. 2017;2018(188):103-7.

Kunrath CA, Leite Cardoso FdS, Calvo TG, da Costa IT. Mental fatigue in
soccer: a systematic review. Revista Brasileira De Medicina Do Esporte.
2020;26(2):172-8.

Sun H, Soh KG, Roslan S, Wazir MRWN, Soh KL. Does mental fatigue
affect skilled performance in athletes? A systematic review. PLOS ONE.
2021;16(10):20258307.

Cao S, Geok SK, Roslan S, Sun H, Lam SK, Qian S. Mental fatigue

and basketball performance: a systematic review. Front Psychol.
2021;12:819081.

Gonzélez-Villora S, Prieto-Ayuso A, Cardoso F, Teoldo I. The role of
mental fatigue in soccer: a systematic review. Int J Sports Sci Coaching.
2022;17(4):903-16.

Grgic J, Mikulic I, Mikulic P. Negative effects of mental fatigue on perfor-
mance in the yo-yo test, loughborough soccer passing and shooting
tests: a meta-analysis. J Funct Morphol Kinesiol. 2022;7(1):10.
Silva-Junior FL, Emanuel P, Sousa J, Silva M, Teixeira S, Pires FO, et al. Prior
acute mental exertion in exercise and sport. Clin Pract Epidemiol Ment
Health. 2016;12:94-107.

Clemente FM, Ramirez-Campillo R, Castillo D, Raya-Gonzalez J, Silva AF,
Afonso J, et al. Effects of mental fatigue in total running distance and
tactical behavior during small-sided games: a systematic review with a
meta-analysis in youth and young adult’s soccer players. Front Psychol.
2021;12:656445.

Johnson SB, Blum RW, Giedd JN. Adolescent maturity and the brain:
the promise and pitfalls of neuroscience research in adolescent health
policy. J Adolesc Health. 2009;45(3):216-21.

Bettio LEB, Rajendran L, Gil-Mohapel J. The effects of aging in

the hippocampus and cognitive decline. Neurosci Biobehav Rev.
2017;79:66-86.

Pergher V, Vanbilsen N, Van Hulle M. The effect of mental fatigue and
gender on working memory performance during repeated practice by
young and older adults. Neural Plast. 2021;2021:1-10.

Kronschnabl JM, Kneip T, Weiss LM, Bergmann M. Bodyweight change
and cognitive performance in the older population. PLoS ONE.
2021;16(4):20249651.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 25 of 27

Scharfen HE, Memmert D. Measurement of cognitive functions in
experts and elite athletes: a meta-analytic review. Appl Cogn Psychol.
2019;33(5):843-60.

De Pauw K, Roelands B, Cheung SS, De Geus B, Rietjens G, Meeusen R.
Guidelines to classify subject groups in sport-science research. Human
Kinetics Publishers Inc; 2013. p. 111-22.

Decroix L, De Pauw K, Foster C, Meeusen R. Guidelines to classify female
subject groups in sport-science research. Int J Sports Physiol Perform.
2016;11(2):204-13.

Bangsbo J, laia FM, Krustrup P. The yo-yo intermittent recovery test:

a useful tool for evaluation of physical performance in intermittent
sports. Sports Med. 2008;38(1):37-51.

Leger LA, Mercier D, Gadoury C, Lambert J. The multistage 20 metre
shuttle run test for aerobic fitness. J Sports Sci. 1988,6(2):93-101.

Ding H, Hu GL, Zheng XY, Chen Q, Threapleton DE, Zhou ZH.The
method quality of cross-over studies involved in Cochrane Systematic
Reviews. PLoS ONE. 2015;10(4):e0120519.

Balduzzi S, Rucker G, Schwarzer G. How to perform a meta-analysis with
R: a practical tutorial. Evid Based Ment Health. 2019,22(4):153-60.
Viechtbauer W. Conducting meta-analyses in R with the metafor pack-
age. J Stat Softw. 2010;36(3):1-48.

Harrer M, Cuijpers P, Furukawa T, Ebert DD. dmetar: companion R pack-
age for the guide ‘doing meta-analysis in R. 2019. http://dmetar.prote
ctlab.org/.

Borenstein M, Hedges L, Higgins JPT, Rothstein HR. Introduction to
meta-analysis. West Sussex: Wiley; 2009.

Franco-Alvarenga PE, Brietzke C, Canestri R, Goethel MF, Hettinga F, San-
tos TM, et al. Caffeine improved cycling trial performance in mentally
fatigued cyclists, regardless of alterations in prefrontal cortex activation.
Physiol Behav. 2019;204:41-8.

Filipas L, Mottola F, Tagliabue G, La Torre A. The effect of mentally
demanding cognitive tasks on rowing performance in young athletes.
Psychol Sport Exerc. 2018;39:52-62.

Filipas L, Gallo G, Pollastri L, La Torre A. Mental fatigue impairs

time trial performance in sub-elite under 23 cyclists. PLoS ONE.
2019;14(6):e0218405.

Weerakkody NS, Taylor CJ, Bulmer CL, Hamilton DB, Gloury J, O'Brien
NJ, et al. The effect of mental fatigue on the performance of Australian
football specific skills amongst amateur athletes. J Sci Med Sport.
2021,24(6):592-6.

Macmahon C, Hawkins Z, Schucker L. Beep test performance is
influenced by 30 minutes of cognitive work. Med Sci Sports Exerc.
2019;51(9):1928-34.

Pageaux B, Lepers R, Dietz KC, Marcora SM. Response inhibition impairs
subsequent self-paced endurance performance. Eur J Appl Physiol.
2014;114(5):1095-105.

Salam H, Marcora SM, Hopker JG. The effect of mental fatigue on critical
power during cycling exercise. Eur J Appl Physiol. 2018;118(1):85-92.
Schiicker L, MacMahon C. Working on a cognitive task does not
influence performance in a physical fitness test. Psychol Sport Exerc.
2016;25:1-8.

Veness D, Patterson SD, Jeffries O, Waldron M. The effects of mental
fatigue on cricket-relevant performance among elite players. J Sports
Sci. 2017;35(24):2461-7.

Lam HKN, Middleton H, Phillips SM. The effect of self-selected music on
endurance running capacity and performance in a mentally fatigued
state. J Hum Sport Exerc. 2021;17(4):894-908.

Holgado D, Troya E, Perales JC, Vadillo MA, Sanabria D. Does mental
fatigue impair physical performance? A replication study. Eur J Sport
Sci. 2020;21:762-70.

Marcora SM, Staiano W, Manning V. Mental fatigue impairs physi-

cal performance in humans. J Appl Physiol (Bethesda, Md: 1985).
2009;106(3):857-64.

Brietzke C, Franco-Alvarenga PE, Canestri R, Goethel MF, Vinicius |,
Painelli VDS, et al. Carbohydrate mouth rinse mitigates mental fatigue
effects on maximal incremental test performance, but not in cortical
alterations. Brain Sci. 2020;10(8):493.

Pires FO, Silva-Junior FL, Brietzke C, Franco-Alvarenga PE, Pinheiro FA, de
Franga NM, et al. Mental fatigue alters cortical activation and psycho-
logical responses, impairing performance in a distance-based cycling
trial. Front Physiol. 2018;9(3):227.


http://dmetar.protectlab.org/
http://dmetar.protectlab.org/

Habay et al. Sports Medicine - Open

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

(2023) 9:14

O'Keeffe K, Raccuglia G, Hodder S, Lloyd A. Mental fatigue independ-
ent of boredom and sleepiness does not impact self-paced physical
or cognitive performance in normoxia or hypoxia. J Sports Sci.
2021;39(15):1687-99.

Zering JC, Brown DMY, Graham JD, Bray SR. Cognitive control exer-
tion leads to reductions in peak power output and VO2Peak as well
as increased perceived exertion on a graded exercise test to exhaus-
tion. J Sports Sci. 2017,35(18):1-9.

Penna EM, Filho E, Campos BT, Pires DA, Nakamura FY, Mendes TT,

et al. Mental fatigue does not affect heart rate recovery but impairs
performance in handball players. Revista Brasileira de Medicina do
Esporte. 2018;24(5):347-51.

Penna EM, Filho E, Wanner SP, Campos BT, Quinan GR, Mendes TT,

et al. Mental fatigue impairs physical performance in young swim-
mers. Pediatr Exerc Sci. 2018;30(2):208-15.

Slimani M, Znazen H, Bragazzi NL, Zguira MS, Tod D. The effect of
mental fatigue on cognitive and aerobic performance in adolescent
active endurance athletes: insights from a randomized counterbal-
anced, cross-over trial. J Clin Med. 2018;7(12):510.

Smith MR, Coutts AJ, Merlini M, Deprez D, Lenoir M, Marcora SM.
Mental fatigue impairs soccer-specific physical and technical perfor-
mance. Med Sci Sports Exerc. 2016;48(2):267-76.

Fortes LS, Lima-Junior Dd, Gantois P, Nasicmento-Junior JRA, Fonseca
FS. Smartphone use among high level swimmers is associated with
mental fatigue and slower 100- and 200- but not 50-meter freestyle
racing. Percept Motor Skills. 2020;128(1):390-408.

Ramsbottom R, Brewer J, Williams C. A progressive shuttle run test to
estimate maximal oxygen uptake. Br J Sports Med. 1988;22(4):141-4.
Sterkowicz-Przybycier K, Fukuda DH, Franchini E. Meta-analysis to
determine normative values for the special judo fitness test in male
athletes: 20+ years of sport-specific data and the lasting legacy of
Stanistaw Sterkowicz. Sports. 2019;7(8):194.

Vohs KD, Schmeichel BJ, Lohmann S, Gronau QF, Finley AJ, Ainsworth
SE, et al. A multisite preregistered paradigmatic test of the ego-
depletion effect. Psychol Sci. 2021;32(10):1566-81.

Nagashima K, Noma H, Furukawa TA. Prediction intervals for random-
effects meta-analysis: a confidence distribution approach. Stat
Methods Med Res. 2019;28(6):1689-702.

Logan GD, Cowan WB, Davis KA. On the ability to inhibit simple

and choice reaction-time reponses—a model and a method. J Exp
Psychol Hum Percept Perform. 1984;10(2):276-91.

Buck SM, Hillman CH, Castelli DM. The relation of aerobic fitness to
stroop task performance in preadolescent children. Med Sci Sports
Exerc. 2008;40(1):166-72.

Yoon DH, Lee J-Y, Song W. Effects of resistance exercise training on
cognitive function and physical performance in cognitive frailty: a
randomized controlled trial. J Nutr Health Aging. 2018;22(8):944-51.
Singh AS, Saliasi E, Van Den Berg V, Uijtdewilligen L, De Groot RHM,
Jolles J, et al. Effects of physical activity interventions on cognitive
and academic performance in children and adolescents: a novel
combination of a systematic review and recommendations from an
expert panel. Br J Sports Med. 2019;53(10):640-7.

Van Cutsem J, De Pauw K, Vandervaeren CC, Marcora S, Meeusen R,
Roelands B. Mental fatigue impairs visuomotor response time in bad-
minton players and controls. Psychol Sport Exerc. 2019;45:101579.
Deary V, Hagenaars SP, Harris SE, Hill WD, Davies G, Liewald DCM,

et al. Genetic contributions to self-reported tiredness. Mol Psychiatry.
2018;23(3):609-20.

Niitsu K, Houfek JF, Barron CR, Stoltenberg SF, Kupzyk KA, Rice MJ.

A concept analysis of resilience integrating genetics. Issues Ment
Health Nurs. 2017;38(11):896-906.

Baker J, Horton S. A review of primary and secondary influences on
sport expertise. High Abil Stud. 2004;15(2):211-28.

Englert C, Persaud BN, Oudejans RRD, Bertrams A. The influence of
ego depletion on sprint start performance in athletes without track
and field experience. Front Psychol. 2015;6:1207.

Englert C, Bertrams A. The effect of ego depletion on sprint start
reaction time. J Sport Exerc Psychol. 2014;36(5):506-15.

Coyne JOC, Coutts AJ, Newton RU, Haff GG. The influence of mental
fatigue on sessional ratings of perceived exertion in elite open and
closed skill sports athletes. J Strength Cond Res. 2021;35(4):963-9.

103.

105.

106.

107.

108.

109.

112.
113.

114.

117.

118.

120.

122.

123.

124.

125.

126.

127.

Page 26 of 27

Goémez-Gomez ME, Zapico SC. Frailty, cognitive decline, neuro-
degenerative diseases and nutrition interventions. Int J Mol Sci.
2019;20(11):2842.

Nurmi J-E. Age differences in adult life goals, concerns, and their tem-
poral extension: a life course approach to future-oriented motivation.
Int J Behav Dev. 1992;15(4):487-508.

Vicaria IM, Isaacowitz DM. Age-related changes in motivation: do they
influence emotional experience across adulthood and old age? In:
Braver TS, editor. Motivation and cognitive control, chapter xi. New York:
Routledge; 2016. p. 361-80.

Adleman NE, Menon V, Blasey CM, White CD, Warsofsky IS, Glover GH,
et al. A developmental fMRI study of the stroop color-word task. Neuro-
Image. 2002;16(1):61-75.

Casey BJ, Galvan A. The teen brain: “arrested development”in resisting
temptation. In: Braver TS, editor. Motivation and cognitive control,
chapter xi. New York: Routledge; 2016. p. 263-82.

Kolk SM, Rakic P. Development of prefrontal cortex. Neuropsychophar-
macology. 2022;47(1):41-57.

Caballero A, Granberg R, Tseng KY. Mechanisms contributing to prefron-
tal cortex maturation during adolescence. Neurosci Biobehav Rev.
2016;70:4-12.

Salthouse T. Consequences of age-related cognitive declines. Annu Rev
Psychol. 2012;63(1):201-26.

Richmond S, Johnson KA, Seal ML, Allen NB, Whittle S. Development of
brain networks and relevance of environmental and genetic factors: a
systematic review. Neurosci Biobehav Rev. 2016;71:215-39.

Halpern D. Sex differences in cognitive abilities, 4 edn. 2013. p. 1-458.
Vonk J, Mayhew P, Zeigler-Hill V. Gender roles, not anatomical sex,
predict social cognitive capacities, such as empathy and perspective-
taking. In: Watt DF, Panksepp J, editors. Psychology and neurobiology
of empathy, chapter xiv. Nova Biomedical Books: Hauppauge; 2016. p.
187-209.

Lindgvist A, Sendén MG, Renstrom EA. What is gender, anyway:

a review of the options for operationalising gender. Psychol Sex.
2020;12(4):332-44.

Hyde JS. Sex and cognition: gender and cognitive functions. Curr Opin
Neurobiol. 2016;38:53-6.

Jaydari Fard S, Lavender AP. A comparison of task-based mental fatigue
between healthy males and females. Fatigue Biomed Health Behav.
2018;7(1):1-11.

Xin J, Zhang Y, Tang Y, Yang Y. Brain differences between men and
women: evidence from deep learning. Front Neurosci. 2019;13:185.
Wang J, Korczykowski M, Rao H, Fan Y, Pluta J, Gur RC, et al. Gender
difference in neural response to psychological stress. Soc Cogn Affect
Neurosci. 2007;2(3):227-39.

Alarcon G, Cservenka A, Fair DA, Nagel BJ. Sex differences in the neural
substrates of spatial working memory during adolescence are not
mediated by endogenous testosterone. Brain Res. 2014;1593:40-54.
Martin AE, Slepian ML. The primacy of gender: gendered cognition
underlies the big two dimensions of social cognition. Perspect Psychol
Sci. 2021;16(6):1143-58.

Mujika |, Taipale RS. Sport science on women, women in sport science.
Int J Sports Physiol Perform. 2019;14(8):1013-4.

Costello JT, Bieuzen F, Bleakley CM. Where are all the female par-
ticipants in sports and exercise medicine research? Eur J Sport Sci.
2014,14(8):847-51.

Gutin I. In BMI we trust: reframing the body mass index as a measure of
health. Soc Theory Health. 2018;16(3):256-71.

Mcgrattan AM, Mcguinness B, Mckinley MC, Kee F, Passmore P, Wood-
side JV, et al. Diet and inflammation in cognitive ageing and alzheimer’s
disease. Curr Nutr Rep. 2019;8(2):53-65.

Vgontzas AN, Bixler EO, Chrousos GP. Obesity-related sleepiness and
fatigue: the role of the stress system and cytokines. Ann N'Y Acad Sci.
2006;1083(1):329-44.

Zhao J, Manza P, Gu J, Song H, Zhuang P, Shi F, et al. Contrasting dorsal
caudate functional connectivity patterns between frontal and tem-
poral cortex with BMI increase: link to cognitive flexibility. Int J Obes.
2021,45(12):2608-16.

Syan SK, McIntyre-Wood C, Minuzzi L, Hall G, McCabe RE, MacKillop

J. Dysregulated resting state functional connectivity and obesity: a
systematic review. Neurosci Biobehav Rev. 2021;131:270-92.



Habay et al. Sports Medicine - Open

128.

129.

130.

132.

133.

134.

135.

137.

138.

139.

140.

142.

143.

144.

145.

146.

148.

(2023) 9:14

Nuttall FQ. Body mass index: obesity, BMI and health: a critical review.
Nutr Today. 2015;50(3):117-28.

Newton S, Braithwaite D, Akinyemiju TF. Socio-economic status over the
life course and obesity: systematic review and meta-analysis. PIOS ONE.
2017;12(5):.e0177151.

Farah MJ. The neuroscience of socioeconomic status: correlates, causes,
and consequences. Neuron. 2017,96(1):56-71.

Smith MR, Chai R, Nguyen HT, Marcora SM, Coutts AJ. Comparing

the effects of three cognitive tasks on indicators of mental fatigue. J
Psychol. 2019;153(8):759-83.

Schiphof-Godart L, Roelands B, Hettinga FJ. Drive in sports: how mental
fatigue affects endurance performance. Front Psychol. 2018;9:1383.
Marcora SM, Staiano W. The limit to exercise tolerance in humans: mind
over muscle? Eur J Appl Physiol. 2010;109(4):763-70.

Staiano W, Bosio A, de Morree HM, Rampinini E, Marcora S. Chap-

ter 11—The cardinal exercise stopper: Muscle fatigue, muscle pain or
perception of effort? In: Marcora S, Sarkar M, editors. Progress in brain
research. Elsevier; 2018. p. 175-200.

Brown DMY, Bray SR. Effects of mental fatigue on physical endurance
performance and muscle activation are attenuated by monetary incen-
tives. J Sport Exerc Psychol. 2017,39(6):385-96.

Pageaux B, Lepers R. Fatigue induced by physical and mental exertion
increases perception of effort and impairs subsequent endurance
performance. Front Physiol. 2016;7:587.

Englert C, Bertrams A. Anxiety, ego depletion and sports performance. J
Sports Exerc Psychol. 2012;34:580-99.

Dewall CN, Baumeister RF, Stillman TF, Gailliot MT. Violence restrained:
effects of self-regulation and its depletion on aggression. J Exp Soc
Psychol. 2007;43(1):62-76.

Nicholls AR, Perry JL, Jones L, Sanctuary C, Carson F, Clough PJ. The
mediating role of mental toughness in sport. J Sports Med Phys Fitness.
2015;55(7-8):824-34.

Coakley SL, Passfield L. Cycling performance is superior for time-to-
exhaustion versus time-trial in endurance laboratory tests. J Sports Sci.
2018;36(11):1228-34.

Soylu'Y, Arslan E, Kilit B. Psychophysiological responses and cognitive
performance: a systematic review of mental fatigue on soccer perfor-
mance. Int J Sport Stud Health. 2022;4(2):e124244.

Skarpsno ES, Nilsen TIL, Sand T, Hagen K, Mork PJ. Work-related

mental fatigue, physical activity and risk of insomnia symptoms:
longitudinal data from the Norwegian HUNT Study. Behav Sleep Med.
2020;18(4):488-99.

Guo Z, Chen R, Zhang K, Pan Y, Wu J. The impairing effect of mental
fatigue on visual sustained attention under monotonous multi-object
visual attention task in long durations: an event-related potential based
study. PLoS ONE. 2016;11(9):e0163360-¢.

Hofmann W, Schmeichel BJ, Baddeley AD. Executive functions and self-
regulation. Trends Cogn Sci. 2012;16(3):174-80.

Proost M, Habay J, De Wachter J, De Pauw K, Rattray B, Meeusen R,

et al. How to tackle mental fatigue: a systematic review of potential
countermeasures and their underlying mechanisms. Sports Med.
2022;52(9):2129-58.

Mckay AKA, Stellingwerff T, Smith ES, Martin DT, Mujika |, Goosey-Tolfrey
VL, et al. Defining training and performance caliber: a participant clas-
sification framework. Int J Sports Physiol Perform. 2021;17:317-31.
Swann C, Moran A, Piggott D. Defining elite athletes: issues in the
study of expert performance in sport psychology. Psychol Sport Exerc.
2015;16:3-14.

Lefebvre C, Glanville J, Briscoe S, Featherstone R, Littlewood A, Marshall
C, et al. Chapter 4: Searching for and selecting studies. In: Higgins

J, Thomas J, Chandler J, Cumpston M, Li T, Page M, et al,, editors.
Cochrane handbook for systematic reviews of interventions version 63
(updated February 2022). Springer; 2022.

Mathur MB, Vanderweele TJ. Estimating publication bias in meta-anal-
yses of peerreviewed studies: a meta-meta-analysis across disciplines
and journal tiers. Res Synth Methods. 2021;12(2):176-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 27 of 27

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Interindividual Variability in Mental Fatigue-Related Impairments in Endurance Performance: A Systematic Review and Multiple Meta-regression
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Key Points
	Introduction
	Methods
	Eligibility Criteria
	Information Sources and Search Strategy
	Study Selection Process
	Data Collection Process, Items and Categorization
	Risk of Bias Assessment
	Synthesis Methods and Effect Measures

	Results
	Study Selection
	Study Characteristics and Individual Features
	Risk of Bias
	Mental Fatigue Characteristics
	Interventions and Control Tasks
	Manipulation Checks

	Effects of Mental Fatigue on Dynamic Maximal Whole-Body Endurance Performance
	Qualitative Overview of Included Studies
	Overall Meta-analysis and Publication Bias

	Influence of Different Features on the Effect of Mental Fatigue on Dynamic Maximal Whole-Body Endurance Performance

	Discussion
	Effect of Mental Fatigue on Dynamic Maximal Whole-Body Endurance Performance
	Influence of Individual Features on Mental Fatigue-Susceptibility
	Physical Fitness Level
	Age
	Sex
	BMI
	Conclusions Based on the Meta Regression Model

	Proposed Guidelines for Future Research
	Limitations of the Present Review

	Conclusion
	Acknowledgements
	References


