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ABSTRACT

In this paper, we investigated the fatigue-related processes of reconfiguring the human brain functional network
while solving the cognitive task. We analyzed the correlations between the psychophysiological state of the
subject with the characteristics of neural activity. We found that the subject’s fatigue positively correlates with
the average degree of functional connectivities between neural ensembles in the beta and alpha frequency ranges.
The obtained results indicate the increase in the integrative processes of a functional neural network. We revealed
that the increasing fatigue during the experiment does not decrease the efficiency of the task completion: the
speed and correctness of responses do not change. This suggests that functional integration may reflect the
optimization of the brain’s neural network during the experiment.

Keywords: Functional brain network, cognitive fatique, EEG, integrative processes, Sternberg paradigm, source
localization

1. INTRODUCTION

At present, an actual problem in neuroscience is the development of brain-computer interfaces to control the
human state in the process of solving cognitive tasks.1–4 In particular, such technology seems to allow increasing
the efficiency of learning new information by optimizing of the educational load, taking into account the individual
psychophysiological characteristics of a subject, his/her cognitive state, and memory characteristics.5–8 This
direction is actively developing in world science.9–13 A bulk of works aim to identify neurophysiological markers
that characterize the efficiency of the human brain operation in the perception and assimilation of information
and the efficiency of memory.14–16 The properties of the time-frequency and space-time structure of the signals
of brain activity neurovisualization were analyzed using artificial intelligence methods and statistical analysis
in these works.17–22 Nevertheless, the specific mechanisms of neural activity that determine the formation of
the corresponding patterns are not considered in detail usually. As a consequence, the developed approaches
are the subject-specific and there are instability of their operation due to the variability of the neural activity
properties that are influenced by external and internal factors. Moreover, the relationship between a person’s
cognitive state (especially fatigue level) and the neural processes that determine memory efficiency in retaining
new information remains poorly understood.

In this paper, we investigate the fatigue-related processes of reconfiguring the human brain functional net-
work while solving the cognitive task using the Sternberg paradigm and analyze the correlations between the
psychophysiological state of the subject with the characteristics of neural activity.

2. METHODS

The experimental design was based on the Sternberg paradigm. This test allows one to explore information-
processing mechanisms in short-term memory.23 The main part of the experiment begins and ends by recording
the background activity for 60 s and consists of four blocks of tasks (see Fig. 1a). Each block in the main part
consists of 72 trials. It was necessary to complete the task in the form of the Sternberg test within every trial.
The experimental studies involved 17 student volunteers (11 males and 6 females, mean age – 20 years). All
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Figure 1. (a) The general scheme of the experimental study: the main part, consisting of four blocks of tasks (block1–4 or
time intervals T1–T4); background activity at the beginning and the end of the main part (bgr1 and bgr2); NASA TLX
test (NASA); two MFI tests (MFI1 and MFI2); subjective visual assessment of fatigue (VAS 1-5). (b) Scheme of EEG
electrodes arrangement on the subject’s head based on “10-1” scheme; Nz – grounding, REF – referent.

volunteers were asked to adhere to a healthy lifestyle within 48 hours before the experiment: ensure at least 8
hours of sleep, eliminate alcohol consumption, eliminate or limit consumption of caffeine-containing foods, and
avoid excessive physical exertion. The volunteers were familiarized with the experimental procedure in advance
and were aware of the possible inconveniences associated with participating in the experiment. Also, they had
the opportunity to ask questions of interest and get satisfactory answers to them. Each volunteer completed and
signed an informed consent form for participation in the experiment. All experimental works were carried out
in accordance with the requirements of the Declaration of Helsinki and approved by the Ethics Commission of
Innopolis University.

The subject sat in a specialized chair for carrying out neurophysiological experiments. There was a monitor on
the table in front of him (distance from the screen to the eyes 90 cm; monitor resolution 1920 x 1080). A mouse
and two one-button remote controls were used as input devices. The monitor was used to demonstrate tests and
tasks, while input devices were used to record the subject’s responses. The duration of each experiment was
about 60-65 minutes. The electrical activity of the brain was recorded using actiCHamp electroencephalograph
(Brain Products, Germany) during the experiment. EEG signals were recorded with 63 channels following the
10-10 scheme (see Fig. 1b). The ground (Nz) was located at the location of the Fpz electrode, and the reference
electrode (REF) was placed behind the right ear. For EEG registration, active Ag/AgCl electrodes ActiCAP
were used, which were located on the scalp surface in the sockets of a special EasyCAP cap. The scalp was
pretreated with NuPrep abrasive gel to improve signal quality and provide better conductivity, and then the
electrodes were positioned using SuperVisc conductive gel.

EEG signals were recorded with a sampling rate of 1 kHz and filtered using bandpass (1-70Hz) and notch
(49.5-50.5Hz) filters. The bandpass filter limits the considered frequency range on the EEG signals and removes
low-frequency and high-frequency activities not associated with the EEG. The notch filter removes 50Hz inter-
ference from the power grid. Eyes blinking and heartbeat artifacts removal was performed by the Independent
Component Analysis (ICA). Data was then inspected visually and corrected for remaining artifacts.

Functional connectivities in the cortical network of the brain were determined in the source space.24,25 For
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Figure 2. (a) Changes in the results of subjective fatigue assessment using the visual-analog scale (VAS) test during the
experiment. Data are shown for each subject, as well as the group mean and the 95% confidence interval. (b) The change
throughout the experiment (T1–T4) in the RT time taken by the subject to respond. (c) The change in the error rate
(ER) of the subject throughout the experiment (T1–T4).

sources localization, the partial canonical coherence (PCC) method, which works in the frequency domain, was
applied.26 Solving such inverse problems is typical in many areas of physics.27–31 We used FieldTrip software
for sources localization.32 Coherence was used as a measure to estimate the strength of the connectivity between
sources,33 which allows excluding the false connections caused by the field spread effect. Thus, the matrix of
connectivities between all dipoles (voxels) in the brain volume was determined at the first stage. A parcellation
procedure was then performed using the AAL brain atlas,34 which calculated a 116x116 matrix containing
measures of functional connections between 116 anatomical brain regions. We analyzed not the absolute values
of the coherences but their change (difference) relative to the matrices of connectivities corresponding to the
background recordings in the subject’s resting state. A network modification of nonparametric cluster testing
was used to identify significant functional connectivities (significantly changing between the conditions under
consideration),35 and also the approach based on false discovery rate,36 which allows solving the problem of
multiple comparisons on network-level effectively. The strength of connectivities was averaged over all connections
belonging to the corresponding revealed cluster or over the group of subjects to analyze the direction of effect
between conditions.

The result of psychological testing of fatigue (VAS) was considered subjective assessment of a person’s psy-
chophysiological state. The response time (RT) and error rate (ER) of subjects on test tasks were considered
characteristics of information perception efficiency. Correlation analysis was performed using the method of
repeated measures correlations.37 The correlation coefficient, statistic value, and confidence interval limits were
calculated for each case.
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3. RESULTS

Analysis of VAS results in the group of subjects showed that fatigue changes significantly during the experiment:
F (3, 48) = 49.298, p < 0.001∗ (based on the results of ANOVA analysis of variance). The results are shown in
Fig. 2a. Thus, the subjects reported an increase in fatigue by the end of the experiment. RT and ER of the
subjects’ answers remained unchanged during the experiment (Fig. 2b,c).
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Figure 3. Illustration of functional connectivities in coronal, axial, and sagittal brain projections revealed by a statistical
test in the alpha frequency range (8-12Hz) (Fig. a) and beta frequency range (14-30Hz) (Fig. b); connectivities change
significantly between 4 time intervals T1-T4. The lower right corner shows the dependence of the change in the measure
(coherence) of the detected connectivities between the corresponding time interval and the resting state.
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To reveal processes of reconfiguration of the brain’s functional network, associated with the influence of
internal factors, we analyzed the change of connectivities in the functional network on 4 intervals, preceding the
presentation of the material. The statistical test revealed functional connectivity in the alpha range (8-12Hz)
that significantly changes between the 4 intervals: Postcentral L-SupraMarginal R (see Fig. 3a). The coherence of
this connectivity increases with increasing interval number (Fig. 3a). In the beta range (14-30Hz), the statistical
test revealed the following functional connectivities, which change significantly between the T1-T4 time intervals:
Precuneus L-Temporal Sup R, Parietal Sup L-Temporal Pole Mid L, Parietal Sup L-Temporal Pole Sup L, Insula
L-Parietal Sup L, Frontal Med Orb L-Putamen L, Frontal Inf Orb L-Parietal Sup L (see Fig. 3b). The coherence
of these connectivities significantly increases with increasing interval number (Fig. 3b).

Note that the sign of the coherence change (∆Coh) is negative for all intervals for almost all connections.
This corresponds to a decrease in the strength of the connectivities in the considered interval in relation to the
background activity or, in other words, to the process of segregation between network elements. However, the
absolute value of ∆Coh decreases with increasing interval number, which indicates the weakening of segregation
over time. Moreover, ∆Coh for the Frontal Med Orb L-Putamen L connection in the beta range becomes
positive starting from T3. This indicates the development of an integration process between the corresponding
brain regions.
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Figure 4. Results of analysis of correlations between psychophysiological state of the subject (level of fatigue according
to VAS) and revealed characteristics of neuronal activity (measure of connectivity in alpha (a) and beta (b) frequency
ranges).

An analysis of the correlations between the subject’s psychophysiological state and the detected characteristics
of neural activity resulted in the following. Subject fatigue positively correlates with the average degree of
functional connectivity between neural ensembles in the beta range: r(44) = 0.6483324, p = 1.105724e−06, 95%
confidence interval [0.4352224 0.7926464] (Fig. 4a). Subject fatigue positively correlates with the average degree
of functional connectivity between neural ensembles in the alpha range: r(44) = 0.4736535, p = 0.0008846606,
95% confidence interval [0.2056981 0.6755404] (Fig. 4b). The results indicate an increase in the integrative
properties of the functional neural network. The fact that increasing fatigue during the experiment does not lead
to a decrease in task performance (speed and correctness of answers does not change) suggests that functional
integration may reflect optimization of the brain’s neural network during the experiment.
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4. CONCLUSION

We revealed that the subject’s fatigue positively correlates with the average degree of functional connectivities
between neural ensembles in the beta and alpha frequency ranges. The obtained results indicate the increase in
the integrative processes of the functional neural network. We revealed that the increasing fatigue during the
experiment does not decrease the efficiency of the task completion: the speed and correctness of responses do
not change. This suggests that functional integration may reflect optimizing the brain’s neural network during
the experiment.
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