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Objectives: Memory is an important brain function, and is impaired with brain lesions. Resection of the lesion is
one solution for that, but presurgical planning (PSP) is needed to guide the surgery for maximum removal of the
lesion, as well as maximum preservation of the function. Functional Magnetic Resonance Imaging (fMRI) is one
of the best approaches for such a purpose, but performing an fMRI study needs careful consideration of the
factors which influence its results. Studies have shown that mental fatigue does have the potential to alter brain
functions, and therefore this study aims to identify if mental fatigue should also be considered as a confounding
factor when performing an fMRI study, particularly for clinical purposes.

Patients and methods: Using 57 healthy young volunteers, face and word encoding tasks were performed, with
half of the participants performing the memory tasks after a set of language tasks and half of them before that.
Results: The results showed that mental fatigue led to increased activity in the bilateral thalamus and caudate in
the face encoding task, and in the right thalamus, posterior cingulate and medial temporal lobe in word en-
coding. In addition, activation was declined with mental fatigue in the left lingual, precuneus, and posterior
cingulate gyri in face encoding.

Conclusion: This study has shown the importance of the number and sequence of cognitive/mental tasks when
performing an fMRI study, which could help to obtain more reliable fMRI maps in clinical applications. This
finding is also important for performing research/cognitive studies using fMRI.

1. Introduction areas for that function [4]. Functional Magnetic Resonance Imaging

(fMRI) is currently one of the best non-invasive approaches for PSP

Memory is a substantial part of our cognitive abilities, as it gives us
the capability to learn, to adapt to new conditions by taking advantage
of previous experiences, and to build new skills [1]. Brain lesions cause
deficits in human memory by affecting the relevant brain regions,
mostly observable in explicit (episodic) memories [2]. One solution to
brain lesions is resection. Presurgical Planning (PSP) is a process per-
formed to assess the feasibility of the surgical removal of brain tumors
and tries to balance the maximum resection of the tumor while pre-
serving the maximum function of the patient [3]. This is performed by
identifying brain neural networks relevant to a specific function and
then estimating the distance between the lesion and the eloquent brain

purposes, as it can predict the potential risks of surgery on functional
deficits [5], determine the dominant hemisphere of the brain for a
function [4], and efficiently guide the neurosurgical procedure [6];
however, performing fMRI for PSP purposes needs a precise metho-
dology [4], which should be considered.

Using fMRI needs careful attention to the confounding effects of
external conditions. In a previous study of our group on 120 patients
who had undergone presurgical planning by fMRI, the stimulus task,
lesion location, and age showed significant influences on the fMRI re-
sults [4]; the influence of other factors such as task stimulus [7], task
performance [8], fMRI data analysis method [9], and task types [10],
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are also reported. These show the importance of an optimal scanning
situation to obtain reliable fMRI results, particularly for PSP purposes.

Mental fatigue could also be important in fMRI. Engaging in a
continuous cognitive task increases the demand for more sources of
fresh blood in the brain [11]; this raised demand following cognitive
effort leads to a temporary effort-related fatigue, called fatigability
[12,13]. Several definitions elucidate the state of fatigability, including
a neurobiological perspective which explains this sense to be related to
increasing of cytokines or chemokines in different brain areas following
a period of keeping attention on doing an exercise [14,15].

Studies have tried to take advantage of non-invasive techniques to
reach a uniform definition for this complicated feeling. For instance,
Electro- and Magneto-encephalography studies have demonstrated the
possibility of monitoring brain activation during fatigue condition by
measuring the variation of power spectral densities of brain waveforms
[16,17]. These studies showed that fatigue sensation could happen after
listening to repeated sounds such as a metronome, in which insular
cortex might be the key neural substrate for this feeling. Others showed
that mental fatigue influences brain oscillatory activities, i.e., the beta
wave, in precentral, right middle, or superior frontal gyri [17], and the
prefrontal cortex [16]. fMRI offers more detailed information about the
spatial localization of brain areas engaged in fatigability, and such
studies have shown that fatigue has a widespread and non-specific ef-
fect on brain regions associated with working memory and executive
functions, specifically in the parietal, cingulate, inferior frontal, su-
perior temporal, and cerebellar areas [18,19].

The above reports show the association of mental fatigue with brain
activation alteration. In PSP, some patients are needed to perform more
than one fMRI task, either due to the lesion invading several brain re-
gions associated with different functions, or because different aspects of
a function may need to be tested; for example we showed that the word
production, auditory responsive naming, and visual semantic decision
tasks are needed when examining brain language areas [20]. Per-
forming several cognitive tasks in a single fMRI session could cause
mental fatigue, resulting in a different brain activation pattern com-
pared to the situations with a limited number of tasks. This could
mislead the surgical decision.

Due to the importance of a precise PSP, we were interested in de-
termining the fatigability effects on the task-related brain activation
maps. To do so, using 57 healthy young volunteers, we performed face-
and word-encoding tasks randomly before or after performing a series
of language tasks. Episodic memory plays an essential role in recalling
events, objects, or people that we previously encountered, and it has
been one of the primary functions usually tested in PSP. The principal
aim of the study is to identify if brain activation patterns would alter
when the number and sequence of fMRI tasks change, and this finding
could be a help for fMRI applications in PSP.

2. Patients and methods
2.1. Participants

This study was performed under the Ethics Statement of Tehran
University of Medical Sciences. All participants declared their assent
during the telephone interview and after being informed about the
general aims of the study, and they signed their consent forms on the
test day. A gift card was presented to the participants for appreciation
of their participation.

Recruitment of the participants was through public advertisement.
An inclusion/exclusion questionnaire was prepared by a physician of
the group and based on the criteria of the Iranian Brain Imaging
Database [21]. It comprised the following sections: a) telephone
screening, b) demographic and medical questionnaire, c) exclusion
criteria, d) clinical assessments and e) Mini-Mental State Examination
[22]. In summary, the inclusion criteria were: age range between 20
and 30 years old; being Right-handed (based on the Edinburgh
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Inventory [23]); minimum 14 years of education; and Persian race. The
applicants were excluded due to any current or past chronic or acute
Neurologic or Internal disorder, medicine consumption, surgery, or
trauma; being overweight (over one-hundred Kilograms); having a se-
vere family history of any disease; being smoker or drug/alcohol
abuser; being claustrophobic; or having implants or any other metal
objects in the body.

Based on the above criteria, we recruited 60 participants, of which 3
data were excluded due to excessive motion. This resulted in a sample
size of 57 (28 M), with the mean age of 25.36 ( + 3.1) years, and mean
education of 16.72 ( = 1.91) years. There were no significant male-fe-
male differences regarding age or education.

2.2. fMRI task stimuli

2.2.1. Memory tasks

As explained above, we targeted face- and word-encoding tasks for
this study. For the face encoding task, we developed a database of
pictures of unknown faces, with the following criteria: the included
faces were not wearing glasses, had ordinary clothing and hairstyle,
were of different races, were either neutral or smiling albeit with no
emotional load, and the pictures were coloured. Based on that, 108
images were selected, which were implemented in a block-design
paradigm. The task included 8 rest and 8 act blocks, starting with an
additional 18 s rest for scanner transitions. The rest blocks were a black
cross on a white background for 18s. The act block, lasting for 36s,
included 9 faces, each for 4 s, being randomly selected and presented to
the participant. Therefore, of the 108 faces, 72 faces were presented to
the participant during the encoding phase in the MR scanner. The de-
sign of this paradigm was based on a number of previous works
[24-26].

The paradigm of the word encoding task had a similar timing and
design as the face encoding task. As a result, 108 words were selected,
based on the Snodgrass & Wandervart database, normalized for the
Iranian population and the Persian language [27], and the whole task
lasted for 7:30 min.

Before imaging, the participants were instructed that they were
required to memorize (encode) each item (face and word) and that they
would be tested after the imaging session for the successful retrieval of
the items. After the imaging, the participants were sitting in a quiet
room, completing two tests with the 108 words and faces, with the
exact timing of the main paradigm. They were asked to mark each face/
word presented to them as “seen”, “not seen”, or “maybe seen”. Later,
only the stimuli of the “seen” category were used for data analysis.

2.2.2. Mental fatigue

To study the association of mental fatigue with brain functionality
during the encoding phase, the memory tasks were presented in two
different modes. In the fatigue mode (FM), the subjects performed the
memory tasks after they performed a set of language tests in the MRI
scanner. In the non-fatigue mode (NFM), subjects performed the
memory tasks before the language tests. Selecting either of the modes
for a participant was random, and nearly 50 % of the participants were
selected for the FM.

2.2.3. Language tasks

Word Production (WP), Auditory Responsive Naming (ARN), and
Visual Semantic Decision (VSD) tasks were selected for the language
tests. Details of these tasks have been published previously [4,20]. As a
summary, the WP paradigm, mostly associated with speech production,
included 4 control and 4 act blocks, each lasting 24 s, resulting in a total
stimulus time of 3:12 min. Japanese alphabets were presented in con-
trol blocks, and Persian alphabets, which the participant had to add
them together to produce a word and read silently, were presented in
the act blocks. The ARN task, associated with the perception of mean-
ingful short sentences, included presentation of multiple sounds lasting
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for 3 s following by 3 s of silence. The sentences of the act block were
between 6-9 syllables, and included implications such as “This is the
capital of Iran” or “This is the first season of the year”. This task also lasted
for 3:12min. The VSD task was to activate brain areas related to both
language expression and perception, again with similar timing to the
above. During the act block, 8 images, each lasting for 3s, were pre-
sented to the participant. Each image included two words, which the
participant had to read them and respond whether they could be re-
garded to be of the same category or not; examples for the same and
different categories were “food — pasta”, and “food — shoe”, respectively.

2.3. Imaging

There had been a checklist to be followed by the examiner before
each MRI scan. This list was designed to confirm performance of the
telephone screening, not consumption of any doping food or medicine
such as coffee or alcohol on the exam day, not consumption of any
antineuropathic pain drug, performance of clinical checks by the phy-
sician, setting lenses for a better visualization of the goggle (if required)
as well as goggle cleanness, training the participant with his/her fMRI
tasks, asking the participant to respond silently to the questions with no
mouth motion, setting the headset volume on a preset level, and ac-
curate performance of the response box.

Magnetic Resonance Imaging of the brain was carried out using a
SIEMENS 3T MRI scanner (MAGNETOM Trio; Siemens Healthcare
GmbH, Federal Republic of Germany) with an 8-channel head coil at
the Medical Imaging Center, Imam Khomeini Hospital, Tehran, Iran. A
32-channel head coil was also available; however, the smaller size of
this coil limited the use of goggles and headphones for the participant.
Functional T2*-weighted images were collected using blood oxygen
level dependent (BOLD) contrast (TR=3000ms, TE=30ms, flip
angle = 90degree, FOV = 192mm?, matrix size = 64 X 64, voxel
size = 3 X 3 X 3mm, slice thickness = 3 mm, and slice gap = 0 mm).
Prior to the functional scan, a T1-weighted anatomical volume was
acquired, using a gradient echo pulse sequence (TR=1800ms,
TE=3.44ms, flip angle = 7degree, voxel size=1 x 1 X 1mm,
FOV = 256mm?, matrix size = 256 x 256, slice thickness = 1 mm and
slice gap = 0 mm). After the scan, the participant was questioned about
clear presentation of the visual and auditory stimulus during the exam.

To present the images and sounds to the participants during the
scan, a goggle (800*600 pixel resolution in a 0.25 square area and re-
fresh rate of up to 85Hz) and earphone (30dB noise-attenuating
headset with 40 Hz to 40 kHz frequency response), which were suitable
for up to 4.7 T magnetic fields were used (VisuaStim, The Pennsylvania
State University, USA). Presentation of fMRI tasks to the participant
was synchronized with the scanning, using the trigger pulse of the MRI
scanner.

2.4. Data analysis

2.4.1. Pre-processing

All MRI data preprocessing was conducted in FSL (the FMRIB
Software Library) v5.0.8' [28]. First, fieldmap-based unwarping of EPI
data was applied using PRELUDE + FUGUE [29]. Next, motion cor-
rection was performed using MCFLIRT [30]. To prepare statistical
group analyses all images were normalized to the 152-brain T1-
weighted Montreal Neurological Institute (MNI) template using FLIRT
[30,31] in two steps: first, an example fMRI image was registered to the
same individual’s high-resolution T1-weighted image using BBR algo-
rithm; second, the high-resolution image was registered to the standard
MNI template using a 12 DOF linear transformation. These two steps
were then combined into one registration matrix which was used to
register the EPI images into the MNI space. Coordinates (x, y, z) of

L http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
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activity are therefore reported here in the MNI space. All registration
results were manually inspected to guarantee valid registration. Finally,
the images were spatially smoothed using a Gaussian kernel with a Full
Width at Half Maximum (FWHM) value of 5mm. Structural images
were skull-stripped using BET [32] and segmented into white matter
(WM), gray matter (GM), and cerebrospinal fluid (CSF) using FAST
[33]. The individuals' binarized GM, WM, and CSF masks were pro-
jected to the MNI space using inverse registration matrices that were
created earlier and then were averaged to generate study-specific
templates of different tissue types.

2.4.2. General linear model

The statistical analysis of time-series was carried out using FILM
(FMRIB Improved Linear Model) pre-whitening to make the statistical
approaches valid and maximally efficient, and a “z-score” was devoted
to the corresponding BOLD signal. Although the paradigms were of
block-design, the analysis was performed as an event-related paradigm,
so that only those stimuli (faces/words) which were successfully en-
coded were included in the analysis. Next, cluster thresholding was
carried out to reveal clusters that were significantly activated. Clusters
with a z-stat greater than 2.6 and with a p-value less than 0.001 were
considered to be significantly activated. Six contrasts were tested: I)
face encoding network; II) word encoding network; III) FM > NFM in
face encoding; IV) NFM > FM in face encoding; V) FM > NFM in
word encoding; VI) NFM > FM in word encoding. Higher level ana-
lyses were later performed using FLAME (FMRIB's Local Analysis of
Mixed Effects) for all the six contrasts, and with a p-value < 0.001.

3. Results
3.1. Face and word encoding networks

The maps relevant to brain activations during the face encoding
stimulus are provided in Fig. 1. Multiple brain regions were observed
active, with the characteristics of the activations provided in Table 1.
Accordingly, brain areas involved in face encoding and in the NFM
were bilateral fusiform gyrus (G.), precentral G., middle frontal G.
(MFQG), inferior frontal G. (IFG), postcentral G., intracalcarine G., cu-
neus, precuneus, lingual G., hippocampus, parahippocampus, amyg-
dala, posterior cingulate cortex (PCC), pallidum, thalamus, and left
paracingulate and superior frontal G. (SFG). Similarly, a number of
brain areas were active during the same stimulus and in the FM in-
cluding bilateral lingual G., IFG, MFG, Precentral G., thalamus, amyg-
dala, hippocampus, parahippocampus, fusiform G., PCC, right frontal
pole and right orbitofrontal G., as well as the left occipital (Occ.) pole
and the putamen.

The maps of brain activations relevant to the word encoding sti-
mulus are also provided in Fig. 2. As it illustrates, and in more detail in
Table 1, the brain areas active during this stimulus and in the NFM were
bilateral inf. Occ. and fusiform, right anterior (ant.) cingulate, and left
hippocampus, parahippocampus, thalamus, insula, precentral G.,
paracingulate, MFG, postcentral G., lingual G, and caudate. In addition,
active brain areas in the FM included bilateral fusiform, and left hip-
pocampus, thalamus, inferior Occ., IFG, MFG, precentral G., superior
Occ., paracingulate, superior frontal G. (SFG), and supplementary
motor area (SMA).

3.2. Fatigue vs. non-fatigue mode

Our analysis included a contrast between the FM and NFM in both
the face and word encoding tasks, to investigate the fatigue effects. As a
result, and in the face encoding condition, bilateral thalamus and
caudate, as well as the right putamen, SFG, and pallidum showed
higher activations in the FM, compared to NFM (Fig. 1.d). On the other
hand, left lingual G., precuneus, and PCC showed a higher level of
activation in the NFM (Fig. 1.e).
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Fig. 1. Brain activation maps relevant to the 5 conditions of the face encoding stimulus; brain activations of a) the FM and NFM together; b) only the FM; c) only the
NFM; d) the contrast of FM > NFM; e) the contrast of NFM > FM; FM: fatigue mode; NFM: non fatigue mode.

For the word encoding stimulus, we observed no areas with a higher
activation in the NFM (Fig. 1.e), whereas right PCC, thalamus, middle
temporal G. (MTG), SFG, and supramarginal G. showed higher activa-
tion in the FM (Fig. 1.d). All these results and differences were statis-
tically significant, and the details are provided in Table 1.

4. Discussion
4.1. Summary of the results

The aim of this study was to examine if mental fatigue would alter
the brain activations reported by fMRI. For this aim, we used face and
word encoding tasks before and after a set of language stimuli, and the
results showed that mental fatigue leads to increased activity in the
bilateral thalamus and caudate in the face encoding task, and the right
thalamus, PCC, and MTG in the word encoding task. In addition, acti-
vation was declined with mental fatigue in the left lingual G., pre-
cuneus, and PCC in face encoding, whereas no such effect was found in
word encoding.

4.2. The importance of episodic memory

In this study, we examined the influence of mental fatigue on face
and word encoding activations, which are subcategories of the episodic
memory. The brain receives and registers information during encoding,
and therefore encoding is the initial step in episodic memory.
Performing episodic memory tasks for PSP, particularly when temporal
structures are affected, is suggested in the previous reports [34,35].
Examples include the studies which have suggested examining face
encoding brain areas during PSP for patients with right mesial temporal
pathology, and similarly the word encoding tasks for patients with left
mesial temporal pathology [36]. Another advantage of these tasks
would be their ability to differentiate between the familiarity and re-
collection processes, both dependent to the temporal lobe structures;
examples include perirhinal cortex which contributes to familiarity-
based recognition [37], and lateral entorhinal which encodes in-
formation of distinct items (e.g., people, objects, events) and is involved
in the recovery of specific item-item associations. These are all in ad-
dition to the importance of these functions in our daily life.
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Table 1
The results of brain activations in the face and word encoding tasks, and in the 4 contrasts of FM, NFM, FM > NFM, and NFM > FM.
Task Cluster # voxels Z-max X,Y,Z Cluster # voxels Z-max X,Y,Z
Face Encoding  FM- Average NFM- Average
1 32786 7.6 —24,-96,4 1 37079 8.3 —40,-80,-6
2 1748 5.1 48,14,30 2 1516 5.3 42,8,30
3 696 4.2 42,18,24 3 1328 5.4 44,10,28
4 286 3.9 26,36,-22 4 441 4.5 6,16,50

Brain areas: B lingual G.; B IFG; B MFG; B Precentral G.; B thalamus; B
amygdala; B hippocampus; B parahippocampus; B fusiform G.; B PCC; R frontal

pole; R orbitofrontal G.; L Occ pole; L putamen

FM > NFM

1 469 4.4 18,16,8

2 295 6.4 16,18,58

Brain areas: B thalamus; B caudate; R putamen; R SFG; R pallidum
Word Encoding FM- Average

1 4724 6.9 —22,-98,0

2 3483 6.1 40,-80,-10

3 2903 5.1 —34,18,30

4 607 3.9 —30,-58,46

5 435 3.5 —4,24,46

Brain areas: B fusiform; L hippocampus; L thalamus; L inf Occ; L IFG; L MFG; L

precentral G.; L sup Occ; L paracingulate; L SFG; L SMA

FM > NFM

1 416 5.7 12,-24,38
2 305 5.9 62,-34,22
3 303 5.4 12,36,48

Brain areas: R PCC; R thalamus; R MTG; R SFG; R supramarginal G.

Brain areas: B fusiform G.; B precentral G.; B MFG; B IFG; B postcentral G.; B
intracalcarine G.; B cuneus; B precuneus; B lingual G.; B hippocampus; B
parahippocampus; B amygdala; B PCC; B pallidum; B thalamus; L paracingulate; L

SFG

NFM > FM

1 547 4.7 16,-52,8
Brain areas: L lingual G.; L. precuneus; L. PCC

NFM- Average

1 7263 7.6 —36,-84,-6
2 5101 6.3 32,-90,2

3 4558 5.2 —28,28,2
4 1492 4.8 —26,-68,50
5 510 4.4 8,4,28

6 327 3.9 —16,-54,-14
7 314 3.8 26,-66,10

Brain areas: B Inf. Occ.; B fusiform; R ant cingulate; L hippocamp; L
parahippocamp; L thalamus; L insula; L precentral G.; L paracingulate; L. MFG; L
postcentral G.; lingual G; L caudate

NFM > FM

No Effect.

Each activation pattern is reported by the number of clusters, number of voxels in each cluster, maximum z-value of the cluster, and the coordinates (x,y,z) of the

voxel with the highest z-value in the cluster.

FM: fatigue mode; NFM: non-fatigue mode; B: bilateral; R: right; L: left; G: gyrus.

4.3. The involved brain regions

Neuroimaging reports have indicated a complex neural basis for
encoding episodic memory, albeit with some disputes related to the
hemispheric laterality of them, or the manner of interaction between
the cortical and subcortical brain structures [38]; however, the brain
regions which were among the most agreed responsible regions for
encoding episodic memory included prefrontal cortex, medial temporal
lobe, posterior parietal, and posterior cingulate cortices [39-42].

In our word encoding task, we found more unilateral activations in
the left hemisphere in the hippocampus, parahippocampus, thalamus,
caudate, precentral, MFG, and SMG. This hemispheric specialization
and left-lateralized dominance for word encoding are documented in
numerous previous studies [43,44]; an example is the essential roles of
left SMG in word and phonological processing [45]. In an fMRI study
with a large sample size, Szaflarski et al. [46] showed that language
lateralization occurs during development and finalizes in early adult-
hood. Similarly, in a recent neurophysiological study, Dundas et al.
[47] claimed that the left-lateralized activation following word stimuli
is an adulthood pattern in which the brain is trained to devote the areas
proximal to the language-related regions of the left hemisphere to lit-
eracy processing. The same study has also shown that the homologous
areas of these regions in the right hemisphere are involved in face
processing. This pattern of selectivity has been observed in our results
as well, where the word encoding task activated left SMG, and the face
encoding task activated bilateral precuneus and cuneus areas; we found
more bilateral brain activations in our face encoding tasks which in-
cluded a network of precentral and postcentral gyri, middle and inferior
frontal gyri, cuneus and precuneus, along with activations in the hip-
pocampus, parahippocampus, thalamus, pallidum, and amygdala, si-
milar to older reports [48,49]. The involvement of precuneus/cuneus
areas in the face and visual perception are also documented previously
[43].

In addition, both our word and face encoding tasks activated bi-
lateral fusiform areas; this is in opposite to the previous reports on the
different functional roles of the right and left fusiform areas, known as
the fusiform face area (FFA) and the visual word form area (VWFA),
respectively [50]. Similar to our results, other studies have also in-
dicated that the FFA and VWFA refer to the overlapping bilateral areas,
proposing that they might share neural processes [51,52]. However,
due to different methodologies and materials, which impact the sym-
metry of brain activations [53,54], these regions might show priority to
process word or face stimuli, and subsequently, this primacy could
cause a different laterality or robustness in the brain activation pattern
[55,56]. We believe that bilateral activations of fusiform gyrus in both
face and word encoding tasks might be related to different, yet over-
lapping, neural processing procedures. It is recently suggested that as-
signing labels, face vs. word, to the input stimulus is a researcher-re-
lated matter, while brain computes stimuli in a complex and vast neural
network, using shared sources [57,58].

4.4. Fatigue influences functionality

There is evidence that fatigue plays a pivotal role in the cognitive
control system, e.g., where it signals the anterior cingulate cortex on
how to manage the effort and its reward [59]. Analysis of functional
networks of the brain has indicated that connections between the
frontal and temporal brain regions, and within the frontoparietal net-
work, have a role in the cognitive decline and fatigue sense [60], sug-
gesting that fatigue might impose broad effects on different brain areas,
and can change the performance in the cognitive activities.

Mental fatigue led to increased excitability of particular brain areas
in our results. In comparison to NFM in face encoding task, we found
higher activations in the right superior frontal gyrus and subcortical
structures including right putamen, pallidum, and bilateral thalamus
and caudate in FM. Similarly, right PCC, thalamus, MTG, SFG, and
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No Effect.

Fig. 2. Brain activation maps relevant to the 5 conditions of the word encoding stimulus; brain activations of a) the FM and NFM together; b) only the FM; c) only the
NFM; d) the contrast of FM > NFM; e) the contrast of NFM > FM; FM: fatigue mode; NFM: non fatigue mode.

supramarginal G. showed higher activations in the FM of word en-
coding task. Increased activation in the right SFG, in FM of both tasks,
could be related to the critical role of this area in sustained attention
[61,62]; our participants intended to keep their attention on the task
and encode the materials. However, due to the finite capacity of the
brain for processing the presented materials at a limited time [63], the
brain tries to recruit more areas as a help to continue the encoding [64].
This further engagement of brain areas and the internally imposed ef-
fort demand extra sources of blood, which is one possible reason for
fatigability.

Besides, we found increased activation in subcortical brain areas
during the FM. Recent studies have indicated that basal ganglia has
connections with the hippocampus and hence this area might have
prominent roles in memory consolidation and most specifically in en-
coding favored events [65,66]. Besides, it has been shown that moti-
vation for memorizing preferred materials is related to the network of
hippocampus-basal ganglia [67]; functional and structural connections
between the frontal lobe, thalamus, and basal ganglia are also reported
[68]. All these support the involvement of subcortical brain structures

during encoding of visually presented items, and there is evidence for
the alteration of the activation of subcortical brain regions with fatig-
ability [69,70].

4.5. Strength and limitations

The current experiment provided evidence that fatigue plays a pi-
votal role in the cognitive control system of the brain, and causes
changes in the level and network of its functionality, the finding which
could be very helpful in both clinical and research applications of fMRI.
The study used strict criteria for inclusion of healthy participants and
included a considerable number of subjects, used a 3 T MRI machine as
well as robust data analysis methods, and its language tasks had been
validated in previous studies [4,20]. Despite these efforts to obtain
reliable findings, there have been a number of limitations with the
study. Although we aimed to study the neural mechanisms of mental
fatigue, testing this hypothesis on the exact target group, i.e., patients
who will undergo PSP, would obtain more accurate results. Also, al-
though both groups were of the same demographics, the influence of
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between-subject variations on the final results could not be neglected.
Providing a behavioural measure for mental fatigue could strengthen
our claim on the induction of mental fatigue. Human memory includes
a large number of steps and functions, and replicating this study with
other forms of memory such as semantic memory or other steps of it
such as retrieval would be beneficial. And finally, the interpretation of
our findings should be made with caution, as the specific strategy of
each individual for encoding materials could alter and modulate the
number of engaged brain areas in that function [71].
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