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Abstract Objective measures of activity recovery performance in monotonous psychomotor task after brief
episodes of daytime sleep were investigated. We used a psychomotor test in which the partially sleep-
deprived subjects had to press the button 10 times with alternating left and right hands for 70 min. The
task-induced short episodes of sleep, after which subjects had to resume the task. EEG of the anterior and
central lead areas was studied when resuming the task after awakening from the first stage of sleep. We
compared the situations of resumption of the pattern with left and right hands. The power of beta- and
gamma-EEG oscillations during preparation and beginning of psychomotor activity was found to be higher
when the subject starts to press the button with the left (nondominant) hand which may be a manifestation
of sleep inertia. We attribute this to the fact that in this case the strategy for resuming activity interrupted
by the short sleep is suboptimal and energy intensive, requiring greater cognitive activity. We also assume
that this situation is preceded by a lower level of consciousness, in which the subject correctly remembers
the instruction, but does reliably start with the dominant hand. However, the subject fully recovers and
correctly performs the motor and synchronized cognitive account task immediately after awakening. This
study contributes to an objective assessment of fluctuations in the human condition in monotonous work,
which can lead to loss of concentration, reduced response time, drowsiness and negatively affect work
safety.

1 Introduction

The study of cognitive activity in different functional states of the subject, which are determined by the sleep—wake
cycle, is of great theoretical and practical importance. The phenomenon of awakening is a good experimental
model for studying the recovery of consciousness and activity interrupted by a sleep episode. The speed and
accuracy of the subject’s motor response are usually used to assess the functional state under these conditions [1].
Neurophysiological studies show a faster recovery of baseline characteristics of bioelectrical activity in motor and
sensorimotor cortical areas during awakening [2—4]. In other areas, such as the parietal cortex, delta oscillations
typical to sleep state may persist [5]. There are few works that study the neural correlates of cognitive performance
after awakening. In them, subjects performed the Stroop test [6] or arithmetic calculations (descending subtraction
task) [7].

Current neurophysiological studies of activity in a motor task immediately after awakening are virtually non-
existent. It has previously been shown that button press parameters objectively assess the transition from sleep
to wakefulness [8-10]. This behavioral assessment is consistent with the bioelectrical characteristics observed
during and immediately after awakening [9]. Based on behavioral and EEG data, right hemisphere (left handed)
dominance has been shown when performing the bimanual tapping test during brief nocturnal as well as after final
morning awakening [11]. We have previously investigated the neurophysiological correlates of the performance in
the unimanual psychomotor test after spontaneous awakenings from daytime sleep. It was shown that complete
and correct reproduction of the test tasks is accompanied by a more pronounced and widespread alpha rhythm
in the cortex than in cases of incomplete reproduction [12]. These results were obtained when performing the
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psychomotor test with the right hand only. However, the bimanual performance of psychomotor tests has significant
behavioral and electroencephalographic differences from their unimanual versions (with right (dominant) and left
(subdominant) hand presses) [13, 14].

The purpose of this study is to identify differences in EEG when resuming bimanual psychomotor test perfor-
mance with the dominant and non-dominant hand after episodes of daytime sleep. We hypothesize that the onset
of test performance by the nondominant hand will impede the onset of activity and will be reflected in its neural
correlates. The task of the study was to compare the power characteristics of the EEG during preparation and the
beginning of button pressing with the dominant and non-dominant hands.

2 Methods

2.1 Participants

Twenty-seven people (14 women and 13 men), aged 19-40 years (median 24 years) without neurological, psychiatric
or sleep disorders were studied. They were not taking any medications. They were instructed not to consume alcohol
during the day preceding the study. On the day of the experiment, they were advised to refrain from taking coffee,
strong tea, chocolate, energy drinks, etc. All participants in the study received no monetary reward.

All subjects signed an informed consent form and were explained the goals and the course of the study. On
the night before the experiment, the subjects slept for 4 h, i.e. they were in a state of partial sleep deprivation.
The study complied with the ethical standards of the World Medical Association’s Declaration of Helsinki, Ethical
Principles for Scientific Medical Research Involving Human Subjects, as amended in 2000. It was approved by the
Ethics Committee of the Institute of Higher Nervous Activity and Neurophysiology of the Russian Academy of
Sciences (protocol No. 2 of June 3, 2019).

2.2 Study protocol

Participants completed questionnaires to assess their habitual sleep patterns, sleep quality, sleepiness, and general
condition before the start of the experiment, (The Chronotype and Psychological Traits Questionnaire; Wellbeing-
Activity-Mood questionnaire; Karolinska Sleepiness Scale; Epworth Sleepiness Scale). All experiments were con-
ducted in the daytime, beginning at 13-15 h. The duration of the experiment was about 3 h. EEG was recorded
for 70 min. During the recording, the subject lay on a couch with closed eyes in a darkened, soundproofed and
ventilated room.

The psychomotor test [15] was used in the study. A button was fixed on the index finger of each hand, which
the participant had to press with the thumbs. The subjects were instructed to press the buttons once per second
10 times, alternating series of presses with the right and left hand. Performance of the task continued until
a subject spontaneously fell asleep. After sleep followed by spontaneous awakening, subjects were required to
immediately resume the psychomotor test. The alternation of episodes of falling asleep and waking up accompanied
by psychomotor activity makes it possible to study neural correlates of changes in the functional state and level
of human consciousness.

2.3 Data

Heart rate measurement, cutaneous galvanic response, and monopolar EEG (64 Ag/AgCl leads using the 10-10
system) were recorded using an ActiChamp amplifier (Brain Products, Germany). The frequency bandpass was
0.5-70 Hz. The reference electrode was placed on the midline, in the Cz lead. Electrooculogram (EOG) was
recorded using bipolar Ag—AgCl electrodes above and below the left eye; mechanograms of button presses were
also recorded. The sampling rate for all data was 1000 Hz. Two independent experts staged polysomnograms on
30-s epochs by the American Academy of Sleep Medicine (AASM) criteria [16].

Segments of EEG recordings corresponding to episodes of spontaneous awakening, after which the subject fully
recovered psychomotor activity, were selected for analysis. After awakening, the participant had to perform at
least once a pattern consisting of 10 presses, first with one and then with the other hand. Subjects who performed
this pattern at least once starting with each hand were included in the analysis. There were 11 such subjects (6
women and 5 men), all of them right-handed. In this study, we included awakenings only from stage 1 of sleep,
because there were significantly more of them than from other stages. Two-second EEG recordings before and
after the onset of button presses were extracted. For analysis, 25 EEG leads in the antero-central cortical regions
associated with motor activity and control functions were selected as the region of interest. These leads are shown
in Figs. 1 and 2.
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Fig. 1 Schematic maps of anterior and antero-central regions of EEG leads 2 and 1 s before the resumption of psychomotor
test performance after an episode of sleep. Theta, beta and gamma frequency bands are shown. The leads with significant
(p < 0.05) predominance of EEG power characteristics in the case when the subjects started to perform the test with their
left compared to right hand are highlighted in red

2.4 Statistical analysis

To estimate the power characteristics of the bioelectrical activity of the cortex, we performed continuous wavelet
transformation based on the “mother” complex Morlet wavelet (Matlab 78.01, parameters for the scripts were taken
from [17]. Wavelet transform coefficient modulus (WTC) distribution maps were plotted in the band 0.5-40 Hz
with a step of 0.5 Hz and a time resolution of 0.01 s. WT'C was averaged over frequency in the theta (4-7.5 Hz),
beta (15-19.5 Hz), and gamma (2040 Hz) frequency bands; it was further averaged over time, in 1-s intervals
(2 s before and after the onset of button presses). For each 1-s interval and each spectral range for all selected
EEG leads, the characteristics of bioelectrical activity were compared between right- and left-hand button press
resumption situations using the paired Student. These characteristics were then averaged across leads in the left
and right hemispheres.

The obtained EEG amplitude-power characteristics for each frequency range were analyzed using analysis of
variance with repeated measures (ANOVA RM). Factors included in the analysis were: “Hand pressing the button”
(two levels—right and left hand), “Psychomotor activity” (two levels—before the resumption of pressing the
button and after it), “Hemisphere” (two levels—right and left hemisphere) and “Time” (two levels—two 2-s time
segments). Statistical results were obtained using the Greenhouse—Geisser correction. All statistical computations
were run in SPSS 13.0.
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Fig. 2 Schematic maps of anterior and antero-central EEG leads 1 and 2 s after resumption of the psychomotor test after
an episode of sleep. The designations are as in are as in Fig. 1
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3 Results

The analysis of variance of the total power characteristics of EEG showed the following. In the theta-band, joint
influence of the factors “Hemisphere-Time” (F(1, 10) = 9.88; p = 0.010) and a trend towards the influence of
“Situation” factor (F(1, 10) = 4.72; p = 0.054) were found. In the beta range, the interaction of factors “Hand-
Situation-Hemisphere” (F(1, 10) = 8.16; p = 0.021) was present. In the gamma range, there is a trend towards
the influence of “Hand” factor (F(1, 10) = 3.59; p = 0.087) and “Hand-Situation-Hemisphere” interaction (F(1,
10) = 3.56; p = 0.089). The results of pairwise comparison of amplitude characteristics by paired t-test for the
studied EEG leads are shown in Figs. 1 and 2. In all cases, EEG power characteristics were greater in the situation
where subjects started pressing the button with their nondominant (left) hand.

4 Discussion

The frontal theta rhythm is associated with the processes of cognitive control [18, 19]. In [19], the theta rhythm
increases not only during the performance of psychomotor test tasks but also during the preparation for it. The
function of activity control is turned on earlier than the activity itself begins. In our study, this effect is more
pronounced when the subjects resume the activity with the left hand rather than the dominant right hand.

We hypothesize that in this case their strategy for resuming a psychomotor test interrupted by a sleep episode
may be suboptimal and energy-consuming, requiring more cognitive control in its implementation. Moreover,
it is known that the efficiency of activity immediately after awakening is decreased due to sleep inertia. This
phenomenon is accompanied by higher power characteristics of low-frequency EEG components (delta- and theta-
bands) compared to recordings during activity in the waking state before falling asleep [1, 6, 20]. In our experiment,
the effect of sleep inertia is as follows: the subjects correctly recall the instruction (“press-and-count”) but is yet
unable to reliably start with a dominant hand. As a result, they sometimes start performing the psychomotor
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test with a nondominant hand, which may indicate suboptimal conditions for test implementation against the
background of a general decrease in the level of consciousness caused by the sleep episode. However, due to
the involvement of cognitive control, the subjects fully recover and correctly perform the synchronized motor and
cognitive task of counting button presses immediately after awakening. This suggests that not only the current level
of consciousness but also nonconscious processes influence the efficiency of recovery from the activity interrupted
by a brief daytime sleep.

Previously, the role of beta and gamma rhythms in motor activity and sensorimotor integration has been shown
[21, 22]. These rhythms are also associated with cognitive processes such as attention, perception, memory, etc.
[23]. A study [24] shows an increase in high-frequency EEG oscillations (beta and gamma) at the end of microsleep
before the resumption of activity. This fact, according to the authors, reflects the subconscious brain drive to restore
consciousness, to resume the interrupted perceptual connection with the external environment, to re-synchronize
attention and memory to return to the performance of the cognitive task [24]. Our findings with respect to beta-
and gamma-rhythms may indicate that the recovery of psychomotor activity after an episode of sleep with the
non-dominant hand requires a greater cognitive load in the process of preparation for it and during its realization.

5 Limitation

A limitation is the small number of participants and arousals/awakenings in the study. Further work is needed to
investigate not only the spectral characteristics but also the spatiotemporal relationships of the EEG.
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