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Abstract

Neuroimaging studies investigating the association between mental fatigue (henceforth fatigue) and brain physiology have
identified many brain regions that may underly the cognitive changes induced by fatigue. These studies focused on the func-
tional changes and functional connectivity of the brain relating to fatigue. The structural correlates of fatigue, however, have
received little attention. To fill this gap, this study explored the associations of fatigue with cortical thickness of frontal and
parietal regions. In addition, we aimed to explore the associations between reward-induced improvement in performance and
neuroanatomical markers in fatigued individuals. Thirty-nine healthy volunteers performed the psychomotor vigilance task
for 15 min (i.e., 3 time-on-task blocks of 5 min) out of scanner; followed by an additional rewarded block of the task lasting
5 min. Baseline high-resolution T1-weigthed MR images were obtained. Reaction time increased with time-on-task but got
faster again in the rewarded block. Participants’ subjective fatigue increased during task performance. In addition, we found
that higher increase in subjective mental fatigue was associated with the cortical thickness of the following areas: bilateral
precuneus, right precentral gyrus; right pars triangularis and left superior frontal gyrus. Our results suggest that individual
differences in subjective mental fatigue may be explained by differences in the degree of cortical thickness of areas that are
associated with motor processes, executive functions, intrinsic alertness and are parts of the default mode network.
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Introduction effects of fatigue are often enhanced with increasing time

spent on a cognitive task (see e.g., Matuz et al. 2019, 2022a;

Mental fatigue (henceforward: fatigue) is a very common
phenomenon that refers to a psychobiological state that
results from prolonged mental activity and is usually asso-
ciated with feelings of exhaustion, tiredness, reduced moti-
vation, and impaired cognitive functioning (Hockey 2011;
Lorist et al. 2005; van der Linden 2011). Deteriorating
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Mockel et al. 2015). This phenomenon is usually denoted in
the literature as the Time-on-Task (ToT) effect and can be
manifested in both subjective and objective markers (e.g.,
increased response time, altered brain activity) (Ackerman
et al. 2010; Darnai et al. 2023; Hopstaken et al. 2015a). The
fatigue resulted from ToT is often described as a stop-signal
(van der Linden 2011) that warns the individual when the
expected energetical costs of task performance outweigh
its expected benefits (Boksem and Tops 2008). In line with
this, fatigue has been associated with the feeling of reduced
motivation and willingness to continue the cognitive task at
hand (Hopstaken et al. 2015a, b).

It is well known that fatigue induced by ToT is associ-
ated with not only psychological but significant biological
changes as well (Boksem et al. 2006; Ishii et al. 2014; Lorist
et al. 2005). More specifically, to mention a few, fatigue
has been associated with decreased pupil size (Hopstaken
et al. 2015b), increased eye blinking frequency (Martins
and Carvalho 2015), increased heart rate variability (Matuz
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et al. 2021) and altered brain activity (Tran et al. 2020). As
the aim of the present study was the investigation of struc-
tural neural correlates of fatigue, the most relevant previous
findings are that showed associations between fatigue and
brain activity measured by MRI. Functional MRI studies
reported that the activation of various cortical and sub-cor-
tical areas (e.g., middle frontal, pre/postcentral gyri, insular
cortex) decreased with ToT (Asplund and Chee 2013; Darnai
et al. 2023; Lim et al. 2010, but see Gui et al. 2015). Most
recently, for example, Darnai et al. (2023) found that the
activity of many frontal and parietal areas (e.g., inferior and
superior frontal gyri, bilateral supramarginal gyrus) that are
responsible for attention, cognitive control, motor processes,
spatial processing (i.e., processes involved in task perfor-
mance) decreased as participants spent more time on the
fatiguing psychomotor vigilance task (PVT). In addition,
it has also been shown that the activation of areas such as
the middle frontal gyrus (MFQG), insula and anterior cingu-
lar cortex that are involved in motivational processes also
decreased over time (Darnai et al. 2023).

When investigating individual differences in fatigue,
Lim et al. (2010) found that resting cerebral blood flow in
the middle frontal gyrus was positively associated with the
increase in reaction time during the PVT task. A relation-
ship between fatigue and resting activity of the default mode
network (DMN) has also been found (Gergelyfi et al. 2021;
Gui et al. 2015). DMN is a brain network known to be acti-
vated during rest but deactivated during task performance
(Raichle 2015). Higher activity of the DMN was associ-
ated with higher subjective fatigue (Gergelyfi et al. 2021)
and larger ToT-related slowing in reaction times (Gui et al.
2015). To conclude, empirical evidence supports the notion
that individual differences in fatigue are associated with
functional neural processes. However, it is an interesting
and yet unanswered question whether individual differences
in ToT-induced fatigue have structural neural correlates
(e.g., the correlation with cortical thickness, a measure of
columnar organization of the cortex). In fact, this question is
highly relevant for research and practice alike as identifying
the structural correlates of fatigue not only would help us
deepen our understanding of the phenomenon but also would
make the prediction of fatigue sensitivity more effective.
To date, only a few studies have investigated the structural
neural correlates of fatigue resulted from prolonged cogni-
tive task performance. Recently, Romén et al. (2022) tested
the relationship between white matter microstructure and
fatigue induced by a prolonged switching task in patients
with multiple sclerosis. They found that lower white matter
integrity in several white matter tracts was positively associ-
ated with a steeper increase in subjective fatigue. Another
study showed that the decline in the performance of a pro-
longed vigilance task was associated with total brain white
matter lesion volumes and grey matter lesions in the right
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frontal lobe in patients with traumatic brain injury (Schon-
berger et al. 2017). It is important to point out that these
studies included clinical samples only and thus, these results
cannot be generalized to the healthy population. To our best
knowledge, no previous study explored the structural neural
correlates of fatigue induced by ToT in healthy individu-
als. A potential reason for the gap in literature might be the
general lack of between-subject studies in the fatigue litera-
ture as most studies primarily focused on the within-subject
changes related to fatigue (see also Discussion).

As mentioned earlier, brain areas related to motivation
has been also shown to be associated with fatigue. The
pivotal role of motivational processes in fatigue has been
supported by several lines of empirical evidence (Boksem
et al. 2006; Darnai et al. 2023; Hopstaken et al. 2015a, b;
Lorist et al. 2009, but see Gergelyfi et al. 2021). Hopstaken
et al. (2015a, b), for example, showed that introducing a
time reward (i.e., the promise of early finish) restored the
detrimental effects of fatigue even after two hours of cogni-
tive performance. Similar results were found when 15-min
of continuous performance of the PVT task was followed
by the introduction of monetary reward (Darnai et al. 2023).
These results support the notion that the emergence of
fatigue is associated with an imbalance between the expected
costs and benefits of task performance (Boksem and Tops
2008). As providing an extra reward resulted in restored task
performance, it can be assumed that the expected costs and
benefits had become more balanced (i.e., due to the increase
in the expected benefits, while the expected costs remained
the same). On the neural level, the restoration of cognitive
performance has been linked to several brain areas includ-
ing the MFG (Darnai et al. 2023), an area that might play
an important role in fatigue-related motivational processes
(Miiller and Apps 2019).

To summarize, this study aimed to fill in the gap in lit-
erature by exploring the relationship between cortical thick-
ness and fatigue induced by a prolonged vigilance task, the
PVT task, in healthy individuals. The PVT is a widely used
task (e.g., Dimitrakopoulos et al. 2018; Moller et al. 2017;
Smith et al. 2019) in fatigue studies. The frequent use of
PVT is possibly due to its high sensitivity to fatigue (Lim
et al. 2012; Sun et al. 2014). It has also been argued that
PVT is cognitively very demanding and requires strong cog-
nitive control (Langner and Eickhoff 2013; Lim et al. 2012).
The main goal was to identify further biological factors that
might explain the individual differences in task-induced
fatigue. In addition, we also explored the structural neural
correlates of reward-induced changes in task performance.
To achieve this, after the fatigue induction, a time reward
was introduced to the participants to increase the level of
motivation and we investigated the association between the
magnitude of change in task performance and the cortical
thickness of frontal and parietal brain areas. We decided to
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focus on these areas for two reasons. First, multiple lines of
empirical evidence support the notion that there is strong
relationship between ToT-induced fatigue and frontal and
parietal areas (e.g., Lim et al. 2010; Sun et al. 2014; Taya
et al. 2018; Trejo et al. 2015). Second, recently, Darnai et al.
showed that these areas are related to not only ToT-induced
fatigue but also reward-related changes, which are also in
the focus of the current study. For example, while the acti-
vation of the MFG decreased with ToT, after a motivational
manipulation, its activation increased (Darnai et al. 2023).

Materials and methods
Participants

As part of a larger protocol, forty-four volunteers were
involved in the study. The data of five participants had to
be dropped due to technical failures or problems with MRI
images. Thus, the final dataset consisted of thirty-nine par-
ticipants (24 female, 1 left-handed, aged between 18 and
30 years, M =22.68, SD=3.2). All of them had normal
or corrected-to-normal vision and none of them reported
any neurological or psychiatric history. Participants were
screened for neurological and psychiatric problems via tel-
ephone interview prior to the experiment. They provided
informed consent to the protocol that has been approved by
the National Medical Research Council (registration num-
ber: 6843- 5/2021/EUIG).

Sample size justification

The sample size was determined based on a priori power
analysis conducted by using Gpower 3.1 (Faul et al. 2007).
In general, our aim was to achieve a power of 90% with
alpha set to 5%. Sample size calculation for the ToT effect
in the PVT task was based on previous studies that used the
same task and had similar aims. These studies reported large
effects sizes (ﬂp2= 0.29-0.57; Darnai et al. 2023; Steinborn
et al. 2016) and by applying these, the minimum required
sample size was 5. For the reward-effect, the estimation was
based on studies using the PVT task or investigating the
effects of reward in fatigued participants (Hopstaken et al.
2015a, 2015b; Massar et al. 2018). Applying the effect sizes
reported (np2=0.20—0.60), the minimum required sample
size was also 5. Finally, for the sample size calculation of
the structural neural correlates of fatigue and reward, the
power analysis was based on the studies of Lim et al., (2010)
and Gergelyfi et al. (2021). In these studies, r-values of sig-
nificant associations ranged between 0.44 and 0.70. The
correlates of fatigue in our study were explored by a series
of linear regression analyses conducted separately on each
region of interest (see also Data analysis). By applying the

r-values reported by the abovementioned studies (with the
number of predictors =4, that is, age, sex, sleep duration
and cortical thickness of one area), the required minimum
sample size was 32 to detect the associations between corti-
cal thickness and fatigue and reward related effects. To con-
clude, the final sample of 39 participants had the appropriate
statistical power to detect the effects we aimed to investigate.

Task and procedure

The PVT was administered out-of-scanner using Psy-
choPy 3 (version 3.0.6. for Windows, Peirce 2007, 2009)
for stimulus presentation. Each trial started with a fixation
cross (occupying 1.2° of the visual angle) presented at the
centre of the monitor. The target stimulus was a running
millisecond counter that appeared after a random interval
of 2—-10 s drawn from a uniform distribution. Participants
were instructed to stop the millisecond counter by press-
ing the ‘Space’ button as quickly as possible. Upon button
press, the millisecond counter remained on the screen for 1 s
providing visual feedback on reaction time. The next trial
started after the feedback disappeared. Figure 1 schematizes
the sequence of a trial.

Participants were asked to have an adequate sleep dur-
ing the night prior to the experiment. Upon arrival to the
laboratory, participants were given a consent form to read
and sign and their sleep duration was assessed by self-report
(the mean sleep duration was 7.48 h with an SD of 1.57).
After that, the task was explained to the participants, and
they also had a few practice trials. Prior to the PVT task,
they were asked to indicate their subjective level of fatigue
on a 100 mm visual analogue scale (VAS, ). The scale
was presented on the screen with the labels “No fatigue at
all” on left side and “Very severe fatigue” on the right side.
Participants performed 3 blocks of 44 trials of the PVT. This
whole period lasted approx. 15 min.

Immediately after the third block of trials (i.e., at the end
of the fatigue induction), participants’ subjective experience
with fatigue was registered for the second time on the same
scale (VAS,4.,), and then the time-reward manipulation was
introduced. We used a similar protocol as described in Hop-
staken et al. (2015a, b) combined with the RT-based method
of rewarding reported in Massar et al. (2018). Participants
were given a message on the screen that the remaining time
of the experiment would depend on their performance: for
each response below a specified reaction time criterion, the
remaining time of the experiment decreases by 1 min. Indi-
vidual criterion was determined as the participant’s median
RT over the first three blocks. They were also informed that
the remaining time could be as long as 25 min but in reality,
the length of the reward block was identical to the preceding
blocks (i.e., approx. 5 min). All the other task parameters
of the reward block were identical to that of the first three
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Fig. 1 Schematic representation N

. . 2
of the sequence of a trial in the Ze
psychomotor vigilance task

Fixation cross \\/
2-10s

blocks. The motivational instruction remained for 20 s on
the screen and then, the fourth block started immediately.

MRI examination

MRI data were collected on a 3 Tesla MR scanner (MAG-
NETOM Trio a Tim System, Siemens AG, Erlangen,
Germany) equipped with a 12-channel head coil. For the
morphometric analyses, isotopic 3D T1-weighted magneti-
zation-prepared rapid gradient echo images were used: rep-
etition time/inversion time/echo time =2530/1100/3.37 ms,
slice thickness =1 mm, number of sagittal slices=176,
flip angle =7°, receiver bandwidth =200 Hz/pixel, field of
view =256 X 256 mm?, 256 X 256 matrix.

Freesurfer v6.0 was used for the cortical reconstruction
and volumetric segmentation of the images (http://surfer.
nmr.mgh.harvard.edu/). Freesurfer is a freely available and
widely-used software for MRI data processing (e.g., Dale
et al. 1999; Fischl et al. 1999). Freesurfer’s semi-automatic
anatomical processing scripts (autorecon 1, 2, and 3) were
executed on all the subjects’ data. For all the subjects, the
data was visually inspected and manual adjustments were
applied when needed. Following Pellicano et al. (2010),
we only focused on the frontal and parietal cortical areas.
Thus, we defined 15 regions of interest (ROIs) using the
Desikan—Killiany—Tourville atlas (Klein and Tourville 2012)
implemented in Freesurfer. The Desikan-Kiliany-Tourville
protocol is a modified version of the Desikan-Killiany label-
ling protocol, which relies on region boundaries that are
approximated by surface depth and curvature, and it includes
more consistent and unambiguous regions. The improve-
ment of the labelling procedure resulted in a more reliable
estimation, thus a higher overlap between automatically
and manually labelled cortical regions (Klein and Tourville
2012).The following bilateral subregions of the frontal and
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parietal lobes were selected for the analyses: caudal and
rostal middle frontal gyri, lateral and medial orbitofrontal
gyri, precentral and paracentral gyri, pars opercularis, pars
orbitalis, pars triangularis, superior frontal gyrus, inferior
and superior parietal cortex, postcentral gyrus, precuneus
and supramarginal gyrus.

Data analysis

Data preprocessing as well as statistical analyses were car-
ried out in SPSS (version 28, IBM) and in Python using
the “statsmodels” package (version 0.13.5., Seabold &
Perktold 2010). Subjective fatigue induced by the PVT task
was tested by paired samples t-test (VAS, ¢ore VS VAS jfer)-
For the analysis of behavioural performance, mean RT was
computed for each block of trials. RTs below 100 ms (i.e.,
anticipatory responses) were excluded from the analyses.
There were three such trials in total. There were no omission
errors and thus error rates were not analyzed. The ToT-effect
on RT was tested by repeated measures ANOVA (rANOVA)
with Block (3 levels: the first three blocks of the PVT task)
as within-subject factor. Pairwise comparisons were adjusted
for multiple comparisons using Bonferroni correction. The
reward-effect on RT was tested by paired-samples t-test
(Block 3. vs. Block 4.).

To explore the association between cortical thickness
and fatigue-, and reward-related changes, a series of mul-
tiple linear regression analyses was performed with three
outcome variables: change in subjective fatigue, change in
RT in the first three blocks, and reward-effect. The change
in subjective fatigue was defined as the difference between
the two administrations of VAS (VAS;.,—VAS, ;). For
the analysis, this difference score was used as an index of
ToTl—induced fatigue. The change in RT was calculated as
the RT difference between the first and third block of the
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PVT task (Block 3—Block 1), while the reward-effect was
calculated as the RT difference between the third block and
the reward block (Block 3—Block 4). Multiple linear regres-
sion analyses were conducted for each outcome variable and
ROI, separately. Sex and age of the participants as well as
self-reported sleep duration were added as covariates. We
included sleep duration, because it is widely recognized that
sleep and fatigue are strongly related and thus, sleep dura-
tion might be a confounding variable (e.g., Akerstedt et al.
2004; Asplund and Chee 2013). The normality assumption
of residuals was tested by both visual and statistical tests.
Homoscedasticity was tested by the Breusch-Pagan test. If
these assumptions were violated, robust regression was con-
ducted instead of ordinary least squares regression (Field
and Wilcox 2017). To detect outliers, Mahalanobis distance
and Cook’s distance were applied. To adjust for multiple
testing, the Benjamini—-Hochberg procedure (Benjamini
and Hochberg 1995) was applied with the false discovery
rate (FDR) set at 5%. Results were considered significant at
p <0.05 after FDR-correction.

Results
Fatigue and reward effects

The analysis of subjective fatigue ratings revealed signifi-
cantly higher fatigue after the third block of trials (VAS 4.,
M=47.10, SD=25.16) compared to fatigue reported prior
to the task (VASy s M=28.26, SD=21.19) suggest-
ing elevated levels of mental fatigue due to the PVT-task
(t(38)=5.40, p<0.001, Cohen’s d=0.87). Table 1 and Fig. 2
depicts the results of mean RT over the four blocks of trials.
The analysis showed that RT significantly changed over the
first three blocks of the PVT task (F(1.71, 64.79)=16.11,
np2 =0.30). Bonferroni-corrected post-hoc analyses showed
that mean RT was significantly higher in the third block
compared to the first and second blocks (Block 1 vs. Block
2: p=0.10; Block 1 vs. Block 3: p<0.001; Block 2 vs. Block
3: p<0.001). After the reward manipulation, in the fourth
block, RT was significantly lower compared to the third

Table 1 Descriptive statistics of reaction times in the psychomotor
vigilance task

Time-on-task Descriptive statistics

Mean RT CI95% Minimum  Maximum
Block 1 329 .318-339 281 418
Block 2 335 326-.344 287 404
Block 3 .346 .336-356  .297 446
Rewarded block  .328 318-339 276 420

CI95% =95% confidence interval; RT =reaction time

Reaction time (sec)

T T 1
Block2 Block3 Rewarded block

Time-on-Task

I
Block1

Fig.2 The effects of Time-on-Task and reward on reaction time.
Error bars represent 1 + standard error

block (#(38)=6.57, p<0.001, Cohen’s d=1.05). To con-
clude, both the fatigue and reward manipulations were suc-
cessful as indicated by increasing RTs and subjective fatigue
during the first three blocks, and decreased RT in the fourth,
rewarded block, respectively.

Associations between behavioural measures,
subjective fatigue, and cortical thickness

Results of linear regression analyses for each frontal and
parietal ROI are summarized in Tables 2 and 3, respectively.
Here we report the most important findings. The change in
subjective fatigue was negatively associated with the cortical
thickness of the bilateral precuneus, right precentral gyrus,
right pars triangularis and left superior frontal gyrus (SFG).
That is, thinner cortical thickness in these areas were associ-
ated with higher levels of fatigue induced by the PVT-task.
The RT-based outcome measures, the change in RT over the
first three blocks, and the reward-effect, showed no signifi-
cant association with cortical thickness of our ROIs after
correcting for multiple testing. Using a little more liberal
threshold (FDR = 10%), however, the reward-effect showed
significantly negative associations with the cortical thickness
of the left rostral MFG and the left SFG. That is, higher RT
improvement in the fourth block was associated with thinner
cortical thickness in the two areas.

Discussion

It is an everyday phenomenon that the levels of alertness
and attention fluctuate (Adém, 2004) and it is well known
that these fluctuations tend to be enhanced with increas-
ing ToT (see e.g., Lorist et al. 2005; Matuz et al. 2022a).
Although the psychological and biological correlates of
fatigue resulted from the ToT effect have been extensively
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Table 2 Associations between
fatigue-, and reward-related
measures and the cortical
thickness of frontal brain
regions

@ Springer

Brain area Side Subjective fatigue Change in RT Reward-effect
Caudal middle frontal gyrus Left t -2.372 -.353 —1.817
B —-.333 —-.053 —.283
p .024 727 079
Right t —1.760* —1.385 —1.757
§ —-.276 —.180 —.266
p .078 177 .088
Lateral orbitofrontal gyrus Left t —1.545 =777 .018
§ -.216 —-.116 .003
p 132 443 985
Right t —1.608 —1.241 —1.354
i —.237 —.226 -.212
p 118 224 185
Medial orbitofrontal gyrus Left t 212 —.782 591
i .030 —-.110 .099
p .833 440 559
Right t -2.173 —-.861 —.641
B —.267 —.128 -.110
p .038 .396 526
Paracentral gyrus Left t —-1.911 —1.810 —1.840
B -.302 —.283 —.293
p .065 .080 075
Right t —2.564 —1.258 -2.142
B —-.346 —-.191 -.319
p .015 218 .040
Pars opercularis Left t —2.469 .106 —.800
p —-.350 017 —.143
p .019 916 430
Right t 387 077 —1.283
B .054 012 —.200
p 701 939 208
Pars orbitalis Left t -2.139 —-1.700 —-1.516
B —.286 —.293 —.241
p .039 .099 139
Right*  t -1.716* —1.047 —1.400
p —-.236 —.143 —-.226
p .086 .303 171
Pars triangularis Left t —2.294 —.166 -.391
p -.301 -.025 —-.067
p .028 .869 .698
Right t —2.860 -2.742 -2.329
p —.428 -.360 -.375
p .008* .010 .026
Precentral gyrus Left t -1.711 —.296 -.577
p -.253 —-.047 —.104
p .097 769 .568
Right t —2.896 —.499 —-2.002
p —.406 —-.085 —-.295
p .007* 621 .054
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Brain area Side Subjective fatigue Change in RT Reward-effect
Rostral middle frontal gyrus Left t -1.711 =777 —-2.932
B -.229 -.117 -0.424
p .104 443 .006
Right t —2.234 -1.306 -1.413
B —.290 —.185 -.219
p .033 201 167
Superior frontal gyrus Left t —3.435 =771 —2.934
B —415 —-.115 —.422
p .002%* 446 .006
Right t -1.918 -.579 -1.627
B —.255 —.084 —.253
p .064 .566 113

p values are uncorrected p-values adjusted for age, sex, and sleep duration by multiple linear regression
analysis. p values represent standardized betas. RT =reaction time

*Survived the Benjamini-Hochberg procedure (FDR =5%)

#Robust regression was conducted

investigated, most of these studies applied a within-subject
design and relatively little is known about the correlates of
interindividual differences in fatigue, which could be tested
by applying a cross-sectional design. As a matter of fact,
in general, only a few factors have been identified so far
that might explain the individual differences in fatigue in
the healthy population. The factors that might be potential
predictors of fatigue caused by prolonged cognitive activity
include sex (Hopko et al. 2021; Matuz et al. 2022b), age
(de Jong et al. 2018), dopaminergic polymorphism (Lim
et al. 2012), personality traits (Ackerman and Kanfer 2009;
Ackerman et al. 2010), oculometrics (Bafna et al. 2021),
resting cardiac activity (e.g., Matuz et al. 2022b; Mun and
Geng 2019) and resting brain activity (Gergelyfi et al. 2021;
Gui et al. 2015; Lim et al. 2010). In a machine learning
study, for example, Matuz et al. (2022b) showed that female
participants were more likely to indicate higher subjective
fatigue induced by a cognitive task. In addition, they also
showed that higher resting heart rate variability was associ-
ated with higher subjective fatigue (Matuz et al. 2022b).
Regarding personality traits, high-anxiety or neuroticism
has been found to be positively associated with subjective
fatigue (Ackerman and Kanfer 2009; Ackerman et al. 2010).

To extend the literature relating individual differences in
fatigue, in this study, we used brain volumetry to measure
the cortical thickness of ten frontal and five parietal bilat-
eral areas and investigated whether their cortical thickness
might explain individual differences in ToT-induced fatigue.
We found negative associations between the increment of
subjective mental fatigue and the cortical thickness of brain
regions such as the bilateral precuneus, right precentral
gyrus, right pars triangularis, and left superior frontal gyrus.

In general, these findings are consistent with fMRI studies
that showed decreasing activation in these areas as a func-
tion of time spent on fatiguing tasks (Asplund and Chee
2013; Darnai et al. 2023; Lim et al. 2010).

Higher increase in ToT-induced subjective fatigue was
associated with thinner cortical thickness of the precuneus
in both hemispheres. The precuneus is considered a core
region of the DMN (Raichle et al. 2001). As mentioned
earlier, the connectivity within the DMN is predictive of
fatigue (Gergelyfi et al. 2021; Gui et al. 2015). Thus, on
the one hand, our findings provide further support for the
conclusion that the DMN plays a key role in fatigue. On the
other hand, a novel finding of the present study is that the
association between the DMN and fatigue was shown on
the structural level of the brain in healthy individuals. In
clinical studies, the fatigue and precuneus association have
already been observed. These studies found decreased corti-
cal thickness in the right precuneus in patients with chronic
fatigue symptom (Thapaliya et al. 2022) and multiple scle-
rosis (MS) (Hanken et al. 2016). MS is a neurodegenerative
disease often characterized by increased fatigue (see Oliva
Ramirez et al. 2021 for review) and a higher sensitivity to
task-induced fatigue indicated by a steeper increase in sub-
jective fatigue over time spent on a cognitive task compared
to healthy controls (Sandry et al. 2014). Hence, the negative
associations between the cortical thickness of the bilateral
precuneus and subjective fatigue shown in the present study
are in line with previous clinical studies and suggest that the
thinning of the precuneus is likely to be an important factor
in fatigue sensitivity.

The cortical thickness of the left superior frontal gyrus
(ISFG) also showed a negative association with subjective
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Table 3 Associations between

. Brain area Side Subjective fatigue Change in RT Reward-effect
fatigue-, and reward-related
mh?al:ures a?d th'e C(irlt)ice'll Inferior parietal gyrus Left t —2.402 -.052 —-1.193
Ee;cior;zss of parietal brain 8 _313 — 008 — 188
p .022 959 241
Right t —2.263 462 -.723
8 —.296 .070 —-.112
p .030 .647 475
Postcentral gyrus Left t -2.214 —.431 —1.008
B —.291 —.068 —-.167
p .034 .669 321
Right t —.984 .580 —-.065
B —.140 .089 —-.011
p 332 .566 .949
Precuneus Left t -3.515 —1.341 -2.293
B —.504 —-.200 -.354
p .001* .189 .028
Right t -3.714 —2.598 -2.217
§ -.522 -.371 —-.356
p .001* 014 .034
Superior parietal gyrus Left t —1.555 -.318 —.704
B -.210 —.048 —.111
p 129 153 487
Right t —-1.971 —-411 —.482
B —-.260 —.060 -.077
p .057 .684 .636
Supramarginal gyrus Left t —1.857 —.566 —1.077
i —-.250 —.087 -.172
p .072 575 .289
Right t -.316 412 .028
[} —.044 .061 .005
p 154 .683 978

p values are uncorrected p-values adjusted for age, sex, and sleep duration by multiple linear regression
analysis. f# values represent standardized betas. R7 reaction time

*Survived the Benjamini-Hochberg procedure (FDR =5%)

fatigue in our study. Functional MRI studies showed that the
ISFG is involved in processes related to working memory
(Courtney et al. 1998), executive functioning (Cutini et al.
2008), and spatial orientation (Boisgueheneuc et al. 2006).
Similar to the precuneus, morphometric studies also shed
light on the association between grey matter atrophy in ISFG
and fatigue in MS patients (Calabrese et al. 2010; Sepulcre
et al. 2009). For example, Sepulcre et al. (2009) found that
higher levels of self-reported fatigue were associated with
atrophy in the ISFG. In addition, they also showed that the
degree of atrophy in the ISFG was significantly higher in MS
patients with fatigue compared to MS patient without fatigue
and healthy controls.

In the present study, two additional frontal structures
in the right hemisphere were found to be associated with
task-induced increase in subjective fatigue. The precentral
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gyrus or primary motor cortex is known as one of the areas
contributing to voluntary movement control (Stippich
et al. 2007). This area has also been linked to both mental
and physical fatigue (Darnai et al. 2023; Ishii et al. 2014;
Kato et al. 2009; Tanaka et al. 2012). Physical fatigue is
usually distinguished from mental fatigue because it is
evoked by physical instead of mental work (Hockey 2012).
However, it has also been hypothesized that the neural
systems associated with physical and mental fatigue may
partly overlap (Ishii et al. 2014; Noakes 2008). Ishii et al.
(2014), for example, postulated that a dual regulation sys-
tem involving multiple brain areas (e.g., anterior cingular
cortex, insula, basal ganglia) plays a key role in the emer-
gence of both physical and mental fatigue. This system
can also affect the function of the primary motor cortex,
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allowing, among others, motor functions to compensate
for the adverse effects of increasing fatigue.

Finally, we found a negative association between sub-
jective fatigue and the cortical thickness of the right pars
triangularis. Langner et al. (2012) showed that the right pars
triangularis is part of a mainly right-lateralized brain net-
work associated with intrinsic alertness. Intrinsic alertness
refers to the capacity of maintaining attention during non-
rewarding, monotonous tasks that highly depends on volun-
tary control of response readiness (Sturm et al. 1999; Sturm
and Willmes 2001). Intrinsic alertness has been associated
with subjective fatigue: tasks that relied on intrinsic alert-
ness were very likely to induce subjective fatigue (Hanken
et al. 2014). For example, increased subjective fatigue was
found after the completion of a prolonged pointing task
that was demanding in terms of intrinsic alertness (Matuz
et al. 2022a). To summarize, our result regarding subjec-
tive fatigue and the pars triangularis is consistent with the
literature and provides further evidence for the suggested
relationship between intrinsic alertness and fatigue.

In sum, the relationship between fatigue and cortical
thickness of bilateral precuneus, right precentral and par-
acentral gyri and the right pars triangularis suggests that
the susceptibility to mental fatigue may rely on structural
biological substrates that are also influenced by genetical
factors (Panizzon et al. 2009). On the one hand, this is an
important finding because it provides further support for the
notion that fatigue is also affected by trait-like factors and
that individual differences in fatigue can be explained by
structural biological characteristics. On the other hand, it
has several implications for both the clinical and healthy
populations as the cortical thickness of frontal and parietal
areas are often altered by normal aging (Salat et al. 2004;
Thambisetty et al. 2010) and several pathologies like Parkin-
son’s disease (Jubault et al. 2011) and amyotrophic lateral
sclerosis (Consonni et al. 2020).

While the present findings provide additional informa-
tion on the relationship between fatigue and certain brain
regions, we can further speculate on the more general ques-
tion of how the subjective experience of fatigue is associ-
ated with cortical thickness. A potential explanation for
the negative relationship between subjective fatigue and
cortical thickness could be that higher cortical thickness
might indicate higher capacity to compensate fatigue as it
reflects more synapses per neuron (Anderson et al. 2002).
According to Hockey’s theory, the subjective experience
of fatigue emerges when a conflict arises between com-
peting goals (e.g. performing the task well vs. other goals,
for example, resting or mind-wandering) but importantly,
the conflict can be resolved by compensatory mechanisms
(Hockey 1997; 2011). Thus, one might argue that a higher
capacity for compensatory mechanisms indicated by better
connectivity predicts relatively lower levels of task-induced

subjective fatigue. It is important to note, however, that
our research design and data analysis do not allow us to
draw any far-reaching conclusions about this relationship
and further studies are needed to understand how structural
brain features relate to fatigue.We used a timed-based reward
manipulation in order to test the effects of reward on task
performance and to investigate its structural neural cor-
relates. Compared to the third block of trials, participants
responded faster in the fourth, rewarded block. Thus, simi-
larly to Hopstaken et al. (2015a, b), our time-based reward
manipulation restored task performance. This result is also
in line with other studies using the PVT task and monetary
reward as a motivational manipulation (Darnai et al. 2023;
Massar et al. 2018). It is therefore suggested that the differ-
ent types of reward (i.e., monetary and time rewards) may
be similarly effective in restoring the cognitive performance.

The structural neural correlates of the reward-effect were
also investigated and when applying a more liberal threshold,
we found a negative relationship between the cortical thick-
ness of the 1SFG, left rostral MFG and the reward-induced
improvement in task performance. That is, thinner cortical
gray matter in these areas predicted higher improvement
in the rewarded block. According to fMRI studies, these
areas are responsible for attentional processes and execu-
tive functions (Cutini et al. 2008; Olesen et al. 2004) and it
has also been shown that activation in the MFG increases
when reward is introduced to the participants after a fatigu-
ing task (Darnai et al. 2023). Based on these previous fMRI
findings, a positive instead of negative relationship between
cortical thickness and the reward-effect would probably be
more plausible. A potential explanation for our results is that
individuals with thinner cortical thickness in the ISFG and
left rostral MFG also show higher levels of reward sensitiv-
ity (Adrian-Ventura et al. 2019), a trait that might be a key
factor in reward-related improvement in performance. Thus,
it is possible that individuals with thinner cortical thickness
in the ISFG and left rostral MFG might be more sensitive
to rewards and therefore, they showed greater improvement
in the rewarded block. We need to note, however, that these
results were obtained when applying a more liberal FDR
(i.e., an FDR of 10% instead of 5%).

Limitations

Although the present study adds further insight into the rela-
tionship between neuroanatomy and fatigue, this study had
several limitations as well that need to be admitted. First,
although several factors were taken into account in the sam-
ple size calculation and very conservative FDR was applied,
the sample size calculation did not include the number of
tests as a factor and therefore, there is still a risk of under-
powered statistical analysis. Second, we cannot completely
rule out the possibility that the observed ToT effects were
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at least partially due to other factors (e.g. boredom or time
awake) than fatigue. We must point out, however, that it is
less likely that other factors significantly affected the sub-
jective fatigue ratings too. Finally, a third limitation of the
study is that subjective fatigue was not measured after the
rewarded block, however, it is possible that the reward had
an effect on the subjective aspect of fatigue as well. Future
studies might consider investigating this effect too.

Conclusions for future biology

In summary, we found that individual differences in subjec-
tive mental fatigue induced by prolonged cognitive perfor-
mance are associated with neuroanatomical differences in
the frontal and parietal cortex. More specifically, subjective
fatigue was negatively related to the cortical thickness of
the bilateral precuneus, right precentral and paracentral gyri
and the right pars triangularis. These findings provide new
perspectives for the future of research and practice alike. For
example, the investigation of the effects of cognitive train-
ing on the susceptibility to fatigue is an interesting question
future studies might aim to answer. Based on the plasticity of
grey matter, it could be hypothesized that cognitive training
methods that enhance the thickening of the areas associated
with fatigue might decrease the susceptibility to fatigue.
Nevertheless, our findings are worth for broader follow-up.
Future studies might consider using, for example, different
cognitive tasks relying on different cognitive operations and
explore the structural neural correlates of fatigue induced
by them.
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