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ARTICLE INFO ABSTRACT

Keywords: Increasing time spent on the task (i.e., the time-on-task (ToT) effect) often results in mental fatigue. Typical effects

Psychomotor vigilance task of ToT are decreasing levels of task-related motivation and the deterioration of cognitive performance. However,

fMRI . a massive body of research indicates that the detrimental effects can be reversed by extrinsic motivators, for

xe?al:angue example, providing rewards to fatigued participants. Although several attempts have been made to identify brain
otivation areas involved in mental fatigue and related reward processing, the neural correlates are still less understood. In

Neurocognitive framework . .. . .

Insula this study, we used the psychomotor vigilance task to induce mental fatigue and blood oxygen-level-dependent

functional magnetic resonance imaging to investigate the neural correlates of the ToT effect and the reward
effect (i.e., providing extra monetary reward after fatigue induction) in a healthy young sample. Our results
were interpreted in a recently proposed neurocognitive framework. The activation of the right middle frontal
gyrus, right insula and right anterior cingulate gyrus decreased as fatigue emerged and the cognitive performance
dropped. However, after providing an extra reward, the cognitive performance, as well as activation of these
areas, increased. Moreover, the activation levels of all of the mentioned areas were negatively associated with
reaction times. Our results confirm that the middle frontal gyrus, insula and anterior cingulate cortex play crucial
roles in cost-benefit evaluations, a potential background mechanism underlying fatigue, as suggested by the
neurocognitive framework.

Middle frontal gyrus
Anterior cingulate cortex

1. Introduction

Prolonged performance of cognitively demanding tasks often leads
to mental fatigue (hereafter fatigue), a psychobiological state that is fre-
quently accompanied by performance decline, increased distractibility
and decreased motivation to continue the ongoing task (Csathé et al.,
2012; Hopstaken et al., 2016; Pattyn et al., 2008). With increasing time
spent on a demanding task, a higher level of subjective fatigue as well
as a slowing in response times and an increase in the number of er-
rors can be expected, i.e., time-on-task (ToT) effect (Boksem et al.,
2005; Lorist et al., 2009; Matuz et al., 2019). The fatigue resulting
from ToT has a profound negative impact on our everyday life, as it
has been associated with a higher risk of traffic and occupational ac-

cidents (Nachreiner, 2001; Zeller et al., 2020). In addition, it has been
shown that patients suffering from neurological conditions such as mul-
tiple sclerosis (MS; Sandry et al., 2014), stroke (Brosnan et al., 2022),
as well as traumatic brain injury (Wylie and Flashman, 2017) are more
sensitive to the ToT effect. This suggests, that in patients with the above-
mentioned conditions, working on demanding tasks leads to a steeper
performance decline and higher subjective fatigue, substantially con-
tributing to their poor quality of life. Thus, understanding the neural un-
derpinnings of fatigue would be beneficial for both clinical and healthy
populations.

To date, only a few theoretical models have been proposed to explain
the neural background of fatigue. A recently proposed neurocognitive
framework posits that fatigue emerges in two distinct ways on the neu-
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ral level (Miiller and Apps, 2019). First, as fatigue arises, a decrease in
activity is observed in regions involved in task performance (task-specific
areas). Second, the activation of non-task-specific areas, consisting of the
insula, dorsolateral prefrontal cortex (DLPFC) and the anterior cingu-
late cortex (ACC), simultaneously decreases. These regions monitor the
potential task-related benefits and individuals’ internal states, as well
as regulating the extent of effort, taking the costs and benefits of task
performance into account. Several lines of empirical evidence support
the involvement of these areas in the emergence of fatigue. Lim and
colleagues, for example, found decreased activity in the middle frontal
gyrus (MFG, part of the DLPFC) and in the ACC after completion of a
fatiguing sustained attention task (i.e. during post-task resting period)
compared to the pre-task resting period (Lim et al., 2010). In addition,
when investigating the ToT effect (i.e., by comparing the last quintile of
the task with the first) they also found a significant activation decrease
in the MFG. Similarly, Asplund and Chee (2013) found associations be-
tween ToT-induced fatigue and non-specific areas, including the MFG
and anterior insula. In contrast, another study reported the opposite of
the trend suggested by the framework; that is, they observed activation
increases in the bilateral MFG as well as other frontal areas with in-
creasing time spent on a fatiguing task (Gui et al., 2015). Thus, further
investigations are still needed to clarify the role of non-specific areas in
fatigue.

A large body of research indicated that the detrimental effects of
ToT-induced fatigue can be reversed by increasing the task-related mo-
tivation levels. More specifically, providing rewards (e.g., monetary re-
wards) to the participants experiencing fatigue due to ToT was found to
effectively improve task performance (Hopstaken et al., 2015a, 2016;
Lorist et al., 2009). However, little is known about the neural effects of
this motivational effect. To the best of our knowledge, only one study
has been conducted that utilized fMRI to measure neural changes in-
duced by motivational manipulation in healthy fatigued participants.
In the fatigue session of the study of Gergelyfi et al. (2021), fatigue
was induced by a Stroop task performed out-of-scanner and fMRI data
were only recorded when the fatigued participants engaged in a work-
ing memory task under high and low monetary reward conditions.
They revealed a significant reward effect in the ACC, insula, puta-
men, and nucleus accumbens. However, the authors did not find signif-
icant topographical overlap between reward-related brain activations
and the fatigue map (i.e., the correlation map between task-induced
brain activity and subjective fatigue scores), and therefore they have
concluded that there is no direct link between fatigue and motivation.
However, these findings are not in line with several previous studies
claiming that motivation plays a crucial role in fatigue (Boksem and
Tops, 2008; Dobryakova et al., 2018; Hopstaken et al., 2015b, 2015a).
For example, Dobryakova et al. found that the stimulation of the fronto-
striatal network through monetary reward leads to decreased fatigue
in MS and healthy control. Thus, further fMRI studies are required
to explore the neural background of the fatigue-motivation relation-
ship.

In the current study, we applied the prolonged version of the psy-
chomotor vigilance task (PVT) to induce fatigue and investigate the
fatigue- and motivation-related neural mechanisms. The PVT was origi-
nally developed in 1985 as a measure of sustained attention (Dinges and
Powell, 1985). Since then, it has been used for a large number of studies
investigating fatigue (Angius et al., 2022; Lee et al., 2010; Smith et al.,
2019). We decided to use this task for two reasons. First, the PVT is con-
sidered to be free of learning effects which may be confounding when
investigating ToT-induced fatigue. Second, it has been shown to be a re-
liable task that is highly sensitive to fatigue-related changes (Lim et al.,
2012; Sun et al., 2014). Based on the neurocognitive framework of
Miiller and Apps (Miiller and Apps, 2019), we hypothesized decreas-
ing activity with increasing ToT in both task-specific and non-specific
areas. The second aim of the present study was to investigate the effects
of reward on brain activity in fatigued participants. We manipulated
the level of motivation by providing monetary rewards after inducing
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fatigue and expected to find activation increases in task-specific and
non-specific areas.

2. Methods
2.1. Participants

Fifty-six healthy young individuals participated in this study. As de-
pressive symptoms have been found to be associated with PVT per-
formance (Lee et al., 2010; Plante et al., 2020), participants who re-
ported moderate or severe depression on the Beck Depression Inventory
(Beck et al., 1988) were excluded (six participants). PVT is highly sen-
sitive to sleep propensity as well, so participants who slept for less than
six hours before the day of the MRI measurements, were also excluded
from analysis (five participants). To assess sleep propensity, participants
were given a sleep diary that contained questions regarding the times
of falling asleep and waking up for the three nights preceding the mea-
surements. The diary was used to detect unusual sleep patterns (e.g.,
irregular sleep-wake rhythm) as well. Participants were also asked to
abstain from alcohol-containing substances 24 h before the experiment.
In addition, one participant was excluded from the study due to an ex-
cessive number (>25% of trials) of lapses (i.e. reaction times higher
than 500 msec). Thus, the final sample included 44 participants (23
males). Mean age was 24.8 + 3.1 years. A small fee (3,000 HUF) was
paid to each participant as a compensation for their time and efforts.
Subjects had right-hand dominance according to the Edinburgh Hand-
edness Inventory (Oldfield, 1971). All subjects were informed about the
study, and all provided written informed consent. The study was ap-
proved by the National Medical Research Council (registration number:
6843- 5/2021/EUIG).

2.2. Stimuli

The PVT was administered in the MRI scanner. Using Presenta-
tion software (Neurobehavioral Systems, Inc., Berkeley, CA, USA), the
visual stimuli were presented via MRI-compatible LCD screen with
1920 x 1200 resolution (BOLDscreen 24 LCD for fMRI, Cambridge Re-
search Systems Ltd, Rochester, United Kingdom). Each trial started with
a white fixation cross presented at the center of the screen. After an
inter-stimulus-interval that varied between trials in a pseudorandom
fashion and ranged between 2 and 20 s, as determined by Optseq2
(Dale, 1999), a blue circle was presented until 2 s elapsed or a response
was made. Responses were collected via MRI-compatible response but-
tons (ResponseGrip, NordicNeuroLab AS, Bergen, Norway). Participants
were instructed to press a button with the thumb of their dominant hand
as soon as possible when the blue circle appeared (Fig. 1).

2.3. Experimental design and procedures

Before the task, participants were given five practice trials and re-
ported their levels of subjective fatigue on a Visual Analogue Scale (VAS)
by moving a slider from 0 to 10, with increments of 1. The extreme ends
were labelled with “No fatigue at all” and “Very severe fatigue”.

ToT phase (fatigue induction): the ToT phase of the experiment was
intended to induce mental fatigue and consisted of three 5 min blocks of
trials (15 min in total). The sequence of inter-stimulus intervals across
the trials of these experimental blocks was identical within and between
the participants; however, they were not informed about this invari-
ance and none of them recognized any repeating patterns according to
self-report. Prior to testing, the trial sequence was inspected by an ex-
perimental psychologist (AM) to ensure the appropriate proportion and
order of trials with short and long inter-stimulus-intervals that are es-
sential elements of the PVT. At the end of the ToT phase, subjective
fatigue was registered again.

Motivational phase (motivation manipulation): after the ToT phase,
participants were informed that they could get an extra fee (fix 1,000
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Fig. 1. Schematized sequence of a trial (A) and the
schematized procedure of the experiment. VAS: visual

~N, D> analogue scale used to assess the level of subjective
/’716 fatigue; ToT phase: Time-on-Task phase.
Fixation cross \\
2-20s .
Stimulus presentation:
2 s or until response
Fixation cross:
Immediately after response
(B)
Motivational
VASI. ToT lphase VAS I1. phase VAS I11.
L
Block 1 Block 2 Block 3 Block 4
~5 min ~5 min ~5 min ~5 min
Motivational
instruction (20 s)
¥
JMRI scanning

HUF) if they performed better in the subsequent block of trials. This
fourth experimental block also lasted for 5 min and all task parame-
ters were identical to that of the 5 min blocks in the ToT phase. After
the motivational phase, participants again reported their actual level of
subjective fatigue on a VAS.

2.4. MRI data acquisition

Participants were imaged using the same 3T MRI scanner (MAG-
NETOM Prismafit, Siemens Healthcare, Erlangen, Germany) with a 20-
channel Head/Neck coil.

Functional images for the PVT task were obtained using a 2D single-
shot gradient-echo echo planar imaging (EPI) sequence with the follow-
ing parameters: repetition time (TR)/Echo time (TE) = 2000/30 ms; flip
angle (FA) = 76°; field of view (FOV) = 210 x 210 mm?2; 70 x 70 ma-
trix; and 36 axial slices with a thickness of 3 mm, 2040 Hz/pixel receiver
bandwidth and interleaved slice order.

After the fMRI measurement, field mapping sequences (TR/TE1l/
TE2=400/4.92/7.38 ms;

FA =60°; 36 axial slices; slice thickness = 3mm; distance fac-
tor = 25%; FOV=210 x 210 mm?2; 70 x 70 matrix; receiver band-
width = 290 Hz/pixel) with the same orientation and adjustment param-
eters as the fMRI scan were used for distortion correction.

Anatomical images were acquired using a T1-weighted 3D MPRAGE
sequence (TR/TE/TI = 2530/3.41/1100 ms; FA = 7°; FOV = 256 x 256
mm?; 256 x 256 matrix; slice thickness = 1 mm; 176 sagittal slices, 200
Hz/pixel receiver bandwidth).

2.5. Functional MRI data processing and analysis

Pre-processing and statistical analyses were performed using FEAT
(FMRI Expert Analysis Tool) Version 6.00, part of FSL (FMRIB’s Soft-
ware Library, http://www.fmrib.ox.ac.uk/fsl). Pre-processing included
MCFLIRT motion correction, slice timing correction, brain extraction,
spatial smoothing with 5mm full width at half maximum, EPI distor-
tion correction with FSL FUGUE and a high-pass temporal filter of 90s.
The single-session data sets were registered into the MNI152 standard
space using a two-step process. First, the functional (EPI) image of each
participant was registered to that subject’s T1 structural scan using 6
degrees-of-freedom Boundary-Based Registration (BBR) which includes
simultaneous distortion correction in combination with the FUGUE tool.
Then, each participant’s T1 image was registered to the 2mm MNI152
standard space T1 image using a 12 degrees-of-freedom linear fit fol-
lowed by nonlinear registration (FNIRT, warp resolution = 8 mm). Next,
for each participant, these two registrations were combined and applied
to the first-level statistical maps to take them into standard space. Whole
brain general linear model (GLM) time-series statistical analyses of indi-
vidual data sets were carried out using FILM (FMRIB’s Improved Linear
Model) with local autocorrelation correction.

The fMRI time series were split into four blocks (B1, B2, B3 and
B4, which correspond to the 5 min experimental blocks in the ToT and
motivational phases, respectively) for each individual subject, each con-
taining 150 scans. The first-level analysis generated contrast images for
task regressors for each participant. In the next step mixed-effects anal-
yses were carried out using FLAME (FMRIB’s Local Analysis of Mixed
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Fig. 2. (A) Mean reaction time (RT) for each experimental
block. Error bars indicate + 1 standard deviation. (B) Mean
subjective fatigue scores based on the visual analogue scale
(VAS) reported before and after the ToT phase and after the re-
ward block. Error bars indicate + 1 standard deviation. (C) Pos-
itive correlation between changes in subjective fatigue (VAS)
from the pre-, to the post-ToT phase and mean RT change
between the first and third blocks (Spearman’s rho = 0.384,
p =0.01).

260 T T T
B1 B2 B3

VAS change

-4 1 1 1 1
5 0 50 100 150
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Effects, stage 1) in the following order:

1. Within-group activation differences between B1, B2, and B3 (voxel-
wise F-test);

2. Within-group activation differences between B1 and B3 (B1 minus
B3 and B3 minus B1);

3. Within-group activation differences between B3 and B4 (B3 minus
B4 and B4 minus B3).

Since according to previous studies our primary interest is the effect
of ToT (B1 minus B3) and motivation (B4 minus B3), only these con-
trasts will be included in the Results section (the remaining contrasts
are included as supplementary materials). Statistical maps were consid-
ered to be significant at Z > 2.3 and a family-wise error corrected cluster
significance threshold of p=0.05 (Worsley et al., 2002).

Region of interest (ROI) analysis was also conducted to discover
whether BOLD signal changes in the ROIs were correlated with RTs and
subjective fatigue scores. Our analytical approach employs the a priori
use of anatomically defined ROIs, including the left and right MFG, left
and right insular cortex and bilateral ACC (i.e. the non-specific brain ar-
eas according to (Miiller and Apps, 2019)) based on the Harvard-Oxford
Structural Atlas, thresholded at 25%. For each ROI mean parameter esti-
mates were extracted for each experimental block with FSL’s Featquery
tool. These values reflect the magnitude of task-evoked activity in ex-
perimental blocks (B1, B2, B3 and B4).

2.6. Statistical analysis of the behavioral data

Analysis of behavioral data was performed using IBM SPSS Statis-
tics for Windows, version 25.0 (IBM Corp., Armonk, NY, USA). To test
the ToT effect, behavioral performance data were subjected to repeated
measures ANOVA with Block (i.e., the three experimental blocks, B1, B2
and B3) as a within-subject factor. Subjective fatigue ratings obtained

before and after the ToT period were analyzed by Wilcoxon signed
rank tests. Finally, to investigate the effects of motivational instruction
on the performance measures and subjective ratings, paired t-tests and
Wilcoxon signed rank tests were conducted, respectively.

To examine the relationship between performance and subjective
score changes, Spearman’s rank correlation was performed. Perfor-
mance change was defined as the mean difference in RT between B3
vs. B1, while change in the subjective scores were calculated as the dif-
ference between VAS II and VAS I (i.e. after B3 and before B1, respec-
tively).

The associations between behavioral and subjective scores (i.e., RTs
and VAS scores) with neural activation levels in the ROIs were also
tested with Spearman’s rank correlation for each block separately. B2-
related subjective fatigue scores were not included in the statistical anal-
ysis, because the subjective measurements of fatigue were administered
only before B1, after B3 and after B4. In addition, for the correlational
analyses, the Benjamini-Hochberg procedure was applied to limit the
Type L. error rates (Benjamini and Hochberg, 1995). The false discovery
rate was set at 5%.

3. Results
3.1. Behavioral performance and subjective fatigue

Fig. 2 depicts the results of behavioral performance and subjective
fatigue. The analysis of mean RT yielded a significant Block main ef-
fect (F(2,86) = 55.433, p < 0.001, '1p2 = 0.569). Bonferroni-corrected
post-hoc comparisons revealed that the mean RT was significantly lower
in the first compared to the last two blocks of trials and it was signif-
icantly lower in the second than in the third block (p < 0.001 in all
comparisons). The analysis of subjective fatigue ratings revealed that
mental fatigue was significantly higher after the ToT phase than before
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Brain areas showing significantly decreased activation due to the time-on-task effect (B1 minus B3), significantly increased

activation due to the reward-effect (B4 minus B3).

Cluster Area

MNI coordinates

Voxels Max Z-scores

X Y Z

B1 minus B3

1 Right angular gyrus
Right supramarginal gyrus
Right middle temporal gyrus
Right postcentral gyrus
Right cerebellum

2 Left supramarginal gyrus
Left postcentral gyrus
Left angular gyrus

3 Left lateral occipital cortex
Left middle temporal gyrus
Left inferior temporal gyrus

4 Right inferior frontal gyrus
Right middle frontal gyrus
Right frontal orbital cortex
Right precentral gyrus
Right insular cortex

5 Left precentral gyrus
Left inferior frontal gyrus
Left insular cortex
Left middle frontal gyrus

6 Right frontal pole

7 Right paracingulate gyrus
Cingulate gyrus, anterior division
Right superior frontal gyrus

8 Left insular cortex
Left frontal orbital cortex

9 Right frontal pole
Right middle frontal gyrus

10 Bilateral caudate
Bilateral nucleus accumbens
Right thalamus

B4 minus B3

1 Right frontal pole
Right inferior frontal gyrus
Right precentral gyrus

2 Right supramarginal gyrus
Right angular gyrus

3 Left frontal pole
Left middle frontal gyrus
Left inferior frontal gyrus

4 Right superior frontal gyrus
Right paracingulate gyrus
Cingulate gyrus, anterior division

5 Left insular cortex
Left middle frontal gyrus
Left inferior frontal gyrus
Left precentral gyrus

5350 5.12 50 -38 46

2042 4.78 -56 -22 34

1916 4.49 -48 -68 0

1686 4.65 32 20 -6

937 4.73 -58 4 30

590 4.12 32 50 -10

329 4.41 -34 20 -2

321 3.52 48 44 24

307 3.42 10 20 -8

1731 4.02 46 42 22

865 3.54 58 -36 36

723 4.21 -44 36 14

492 3.6 4 28 48

342 3.51 -50 4 20

(Z = -4.323, p < 0.001) (Fig. 2B). In addition, an increase in subjective
fatigue (VAS change) was positively associated with elevated RT (RT
change) from the first to the third block of trials (rtho = 0.384, p = 0.01)
(Fig. 2C). To summarize, the analysis of both the behavioral and self-
reported measures indicated elevated levels of mental fatigue induced
by PVT performance.

In the motivational phase (B4), we found significantly lower RTs
compared to the third block (B3) of the ToT phase (t(43) = 4.830, p
< 0.001) suggesting that the expectation of an extra monetary reward
positively affected PVT performance. The motivational manipulation,
however, had no significant effect on the subjective ratings of fatigue
(Z =-0.536, p = 0.59).

3.2. Neuroimaging results

3.2.1. Changes in PVT task activation

When comparing Bl and B3 (ToT effect), significantly decreased acti-
vation was discovered in B3 bilaterally in the cerebellum, angular gyrus,
supramarginal gyrus, middle temporal gyrus, postcentral gyrus, inferior

frontal gyrus, MFG, frontal orbital cortex, precentral gyrus, insular cor-
tex, caudate and nucleus accumbens, along with left lateral occipital
cortex, left inferior temporal gyrus, right frontal pole, right paracingu-
late gyrus, right superior frontal gyrus, right thalamus and ACC (Table 1,
Fig. 3A). A motivation effect (B4 vs. B3) analysis also resulted in acti-
vation differences. We found a significant activation increase in the bi-
lateral frontal pole, inferior frontal gyrus, precentral gyrus, as well as in
right supramarginal, angular, superior frontal and paracingulate gyrus,
left MFG and insular cortex and ACC (Table 1, Fig. 3B). The mean acti-
vation maps in B1, B2 and B3, the results of the F test and the contrasts
that were out of interest (B3 minus B1 and B3 minus B4) are presented
in the Supplementary file.

3.2.2. ROI analysis

Predefined ROIs were further investigated whether subjective fatigue
scores and task performance (RT) were associated with activation levels
in the experimental blocks (Fig. 4). The bilateral ACC activation showed
negative correlation with RTs in the B1 (rho = -0.518, p < 0.001), B2
(tho = -0.491, p < 0.001) and B3 (rho = -0.342, p = 0.023); the left
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Fig. 3. (A) Group-level differences in BOLD signal changes between the first and third blocks (time-on-task effect) of the psychomotor vigilance task. (B) Group-
level differences in BOLD signal changes between the fourth and third blocks (reward effect) of the psychomotor vigilance task. Images were thresholded using
clusters determined by Z > 2.3 and a corrected cluster significance threshold of p=0.05. Red-yellow color bars depict Z scores Axial slices are shown in radiological

convention.

insula was also negatively correlated with RTs in the B1 (tho = -0.419,
p = 0.005), B2 (rho = -0.540, p < 0.001), B3 (rho = -0.368, p = 0.014)
and B4 (rho = -0.370, p = 0.013), while the left MFG activation was not
related to performance or subjective feeling of fatigue.

On the right hemisphere, insular activation was negatively associ-
ated with RTs in the B1 (rho = -0.500, p < 0.001), B2 (rtho = -0.475,
p=0.001), B3 (tho =-0.370, p = 0.013) and B4 (rho =-0.392, p=0.008),
while the MFG showed negative correlations with RTs in the B1 (tho = -
0.357, p = 0.017), B2 (tho = -0.416, p = 0.005) B3 (rho = -0.325,
p = 0.031) and B4 (tho = -0.403, p = 0.007). In all cases, higher
activation was associated with better performance. All of the signifi-
cant correlations survived the Benjamini-Hochberg procedure. A sub-
jective feeling of fatigue was not related to the activation levels of our
ROIs.

4. Discussion

In the present study, we had two main goals. First, we used a pro-
longed sustained attention task (i.e., psychomotor vigilance task) to in-
duce fatigue and investigated how neural activity changed as a function
of ToT. Second, after the fatigue-induction, we provided an extra mon-
etary reward to motivate participants for better performance and ex-
plored the reward-related changes, while participants reengaged in the
task. We interpret our results in the neurocognitive framework proposed
by Miiller and Apps (2019).

Similarly to previous findings (Lim et al., 2012; Massar et al., 2018),
fatigue was successfully induced by the PVT task as reflected in im-
paired task performance (i.e. slower RTs) as a function of ToT and in-
creased levels of subjective fatigue. In line with our hypothesis, we found
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Fig. 4. Correlation analyses (Spearman) of the reaction times and activation levels of the left and right middle frontal gyrus (MFG), left and right insula and bilateral
anterior cingulate cortex (ACC). B1, B2, B3, and B4 correspond to the experimental blocks of the task. Uncorrected p values are presented because all significant p

values (<0.05) survived Benjamini-Hochberg correction.

that the activity of both task-specific and non-specific areas decreased
as fatigue emerged. These findings are consistent with earlier works
(Asplund and Chee, 2013; Breckel et al., 2011; Lim et al., 2010; but see
Gui et al. 2015) and are in line with the neurocognitive framework of
motivational fatigue (Miiller and Apps, 2019). This model suggests that
with increasing fatigue, the activity of areas linked to task-execution
(i.e., task specific areas) decreases, leading to poorer performance. Ac-
cordingly, we observed decreasing activities over time in various cor-
tical areas (including the inferior and superior frontal gyri, precentral
gyrus and the occipital areas), as well as in the cerebellum, which are
thought to be involved in processes required for the execution of the
PVT task. More specifically, these areas are known to be involved in cog-
nitive functions, such as sustained attention, motor control and visual
processing (Cisek and Kalaska, 2010; Langner and Eickhoff, 2013). The
slowing trend of reaction times could thus be explained by the reduced
activation of areas related to these cognitive functions. The motivational
fatigue model (Miiller and Apps, 2019) claims that the processes men-
tioned above are associated with changes in the non-specific areas. More
specifically, the model assumes that the activations of task specific re-
gions depend on the input coming from the non-specific areas such as
the MFG, ACC and insula. This input is defined as the result of certain
evaluation processes controlled by these three areas. More precisely, the
costs and benefits of performing the task are constantly being weighted
and the final output of this evaluation process will determine whether
to exert more effort to perform well on the task. Our results showed re-
duced activity in non-specific brain areas, which indicates that the costs
of prolonged task performance outweighed its benefits. As a result, ac-

tivity in task-specific areas also decreased, leading to deteriorated task
performance. Our assumption was supported by the ROI analysis: posi-
tive associations were found between PVT performance and the activa-
tion levels of the non-specific areas suggesting their importance in the
regulation of effort exertion. Our results related to the MFG is in line
with the recently released neuro-metabolic model of fatigue (Blain et al.,
2016; Wiehler et al., 2022). This theory claims that when performing a
demanding task, cognitive control downregulation leads to lateral pre-
frontal cortex (IPFC) activation decrease, that results in IPFC glutamate
level change. The meta-regulation adjusts this increased metabolic costs
in the 1IPFC and the intensity of control exertion depending on task-
related benefits (e.g. reward that is given when participant performs
well). Increasing the impact of metabolic costs could naturally counter-
act the impact of expected benefits and decrease the intensity of control
exertion (thus leads to decreased performance). The role of the ACC
in maintaining cognitive effort is still under debate, although several
frameworks have been arisen (for review see Vassena et al. 2017). For
instance, the expected value of control framework claims that similarly
to the IPFC, the ACC computes the value of exerting cognitive control
but also plays crucial role in integrating different signals, including re-
ward, costs, and choice difficulty (Shenhav et al., 2013). A more re-
cent model specified a role for the ACC in synchronizing brain oscillations
across various brain areas (Verguts, 2017). This framework also suggests
that ACC exerts top-down control with synchronizing task-related brain
areas, promoting more efficient cortical communication. This assump-
tion is supported by the relationship between ACC activation and task
performance in our study.
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Although task performance as well as the activity of many brain
regions decreased as fatigue emerged, we found the opposite pattern
when an incentive (i.e., monetary reward) increased the perceived ben-
efits of task performance. That is, after the motivational manipulation,
the activity in the MFG, ACC, insular cortex, frontal pole as well as in
right IFG, SMG and angular gyrus increased, while task performance
improved, which is consistent with previous studies (Herlambang et al.,
2021; Hopstaken et al., 2015b, 2015a). The effect of reward on brain ac-
tivity is also in line with the work of Esterman et al. (2017). They found
increased activations in the bilateral MFG, right IFG and SMG when
monetary rewards were provided for the execution of a sustained atten-
tion task compared to unrewarded task blocks. In addition, we found
an activation increase in the bilateral frontal pole. This area has also
been suggested to play a role in the integration of costs and the risk of
exerting effort, a process that is thought to determine reward-related
changes in fatigued individuals (Boksem et al., 2005). These areas have
been shown to be related to spatial attention (Chambers et al., 2004;
Silk et al., 2010), attention control (Hampshire et al., 2010) and vi-
suomotor processes (Bocca et al., 2015) and thus, the increased activ-
ities suggest that the improved cognitive performance in the motiva-
tion block was probably due to the better functioning of these cognitive
mechanisms.

Importantly, our findings regarding the reward-related changes in
neural activity can also be interpreted in the context of a motivational
fatigue framework (Miiller and Apps, 2019). Based on this model, the
increasing activity evoked by the reward in the non-specific areas sug-
gests that the reward affected the cost-benefit evaluation processes.
More specifically, the findings imply that the perceived benefits prob-
ably outweighed the costs of task performance leading to a greater in-
put from the MFG, insula and ACC to the task-specific areas, which is
also supported by the observed activation increases in task-specific ar-
eas. On the other hand, our results are not in accordance with those of
Gergelyfi et al. (2021), who found no anatomical overlap between fa-
tigue and the reward-related changes in brain activity. This discrepancy
might result from methodological differences, for example, not testing
the ToT effect but comparing a fatigue session to a control session or
using high and low reward conditions, while we did not manipulate the
level of reward. Another crucial difference is that while Gergelyfi et al.
defined the topological fatigue map as the correlation map between sub-
jective fatigue scores and task-induced brain activity, we did not con-
sider this kind of analytic approach because the objective and subjec-
tive markers of fatigue often show no correlation (Ackerman and Kan-
fer, 2009; Hockey, 2013, 1997; Matuz et al., 2019; Mehta et al., 2017).
It is important to note that another discrepancy between Gergelyfi et al.
and our results arises. They found motivation-related activation differ-
ences in striatum, including the putamen and nucleus accumbens. The
lack of these activation changes in our results might be also the result
of methodological differences between the two studies, including the
different fatigue- (demanding cognitive task outside the scanner versus
ToT inside the scanner) and reward-inducing (high and low reward con-
ditions versus one-time monetary reward) strategies. These methodolog-
ical differences might result in inconsistent findings regarding brain ar-
eas associated with fatigue as well. One brain area that arises again is the
striatum. We found significant activation decrease in the dorsal (cauda-
tus) and ventral striatum (nucleus accumbens). Although several other
studies also showed that activation in striatum co-vary with the amount
of cognitive effort required (Miiller and Apps, 2019; Schmidt et al.,
2012), some fMRI studies did not confirm the involvement of these sub-
cortical structures in fatigue (Asplund and Chee, 2013; Lim et al., 2010;
Paus et al., 1997). These controversial findings suggest that it is highly
needed to investigate the methodology-based differences in brain acti-
vations. It might shed some light on the involvement of striatum but
also on the role of other brain areas in mental fatigue. However, unfor-
tunately our result cannot answer these questions and discrepancies.

Beside the task-specific and non-specific areas some other brain re-
gions showed ToT-related activation decrease, including the postcentral
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gyrus, inferior temporal gyrus (ITG) and middle temporal gyrus (MTG).
Previous studies revealed that postcentral gyrus is involved in motor
control (Behroozmand et al., 2015), while ITG (Rodrigo et al., 2014)
and MTG (Chehadi et al., 2018) are associated with cognitive control
processes. Since it is understood that both motor and cognitive control
processes are needed to perform well on the PVT (Dorrian et al., 2019),
it can be assumed, that the activation decrease within these areas might
also play role in the performance decline between B1 and B3. Although
future studies are needed to clarify the exact role of these brain areas in
fatigue: e.g. do they play more important role when higher motor (e.g.,
Go/No-go task) and cognitive control (e.g., Stroop task) are required.

Finally, the question arises as to how our findings reflect conditions
where these neural systems are affected, including attention deficit hy-
peractivity disorder (ADHD). Previous studies showed increased ToT
effect (Bioulac et al., 2012; George et al., 2005; Tucha et al., 2017)
and altered motivation processing (Cubillo et al., 2012) in ADHD. Al-
though previous fMRI studies revealed decreased activation in non-
specific brain regions including the dIPFC (Christakou et al., 2012) and
insula (Hwang et al., 2019), it is clear that the involvement of the basal
ganglia structures (Plichta and Scheres, 2014), and the orbitofrontal cor-
tex (Yang et al., 2019) are much more relevant in fatigue and motiva-
tion dysfunctions in ADHD. These results suggest that cost-benefit eval-
uation deficits are not the key factors, other neural features might be
in charge, like the delay of brain function maturation or dysfunctions
in fronto-limbic emotion-motivation circuits (Cubillo et al., 2012). Al-
though further developmental neuroimage studies are needed to verify
these speculations.

The most remarkable limitation is the correlational nature of the
study. Therefore, we cannot clearly clarify the causality of the detected
functional brain alterations. In addition, it would be important to vali-
date our results on clinical cohorts. It is possible that fatigue and reward-
related brain changes differ between clinical subgroups suffering from
chronic mental fatigue. Thirdly, whether the brain mechanisms behind
fatigue and reward are specific for PVT or generic for different types of
tasks is still unknown, as similarly designed studies are sparse. Valida-
tion on other cognitive tasks (e.g. Stroop, go/no-go, n-back) are needed.
Our final limitation is that, in the lack of resting-state data, we do not
know whether our observations might be expanded to resting-state brain
functions. Future attempts are necessary by using pre-task resting-state
fMRI.

5. Conclusion

This study tested the effects of time spent on a fatiguing sustained at-
tention task as well as increasing rewards on neural activity measured by
fMRI. We found that the activation of areas linked to task performance
and areas linked to motivational and evaluation processes decreased as
fatigue emerged. After providing monetary rewards, however, the de-
clining trend of task performance changed and increased back, while
activation of these brain areas also increased. Our findings support the
notion that beside brain areas involved in attention, motor control or
visual processing, other regions such as the insula, anterior cingulate
cortex and middle frontal gyrus in particular play important roles in the
neural mechanisms underlying mental fatigue.
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