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Preface to Clinical Neurophysiology, Neuroimaging,
and Neuromodulation of Neuropsychiatric
Disorders

Over 90 years have passed since Dr. Hans Berger rst reported the electrical activity of the
human brain in 1929, and, in recent years, as suggested by Dr. Gyergy Buzsaki, such ideas as the
rhythm of the brain, the mind is not bornand brain is a device that predicts, and it is the rhythm of
the brain that produces predictive abilityhave come to be accepted. Furthermore, recent advances in
neuroimaging technology, including EEG, have made it possible to visualize various brain activities.
In addition, research on neuromodulation, as an intervention for brain dynamics, the underlying
neurophysiological basis of the brain, was rapidly accelerated by the development of TMS in 1985
by Dr. Anthony Barker. On the other hand, as a trend in the eld of psychiatry in recent years,
the concept of precision medicine has become important in elucidating mental disorders as well as
for developing new therapeutic strategies. Research in these areas is progressing rapidly, and new
knowledge is being accumulated every day. This Special Issue aims to present cutting-edge research
in clinical neurophysiology, neuroimaging, and neuromodulation.

Yoshihiro Noda
Editor
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The goal of this Special Issue is to introduce the cutting-edge research in clinical
neurophysiology, neuroimaging, and neuromodulation. We were able to publish 11 orig-
inal articles and 3 review papers that utilize the latest neuroscience approaches in the
abovementioned elds. | would like to introduce these excellent works below.

1. EEG Related Research

First, Runnova and Selskii et al. conducted a long-term test in subjects where they
maintain attention to sound stimuli, and the authors recorded EEGs and performed wavelet
analysis to quantitatively evaluate how EEGs change during the daytime in patients with
sleep disorders. In healthy subjects, alpha peak occurred around 9 Hz, but in patients with
primary insomnia, the peak was found to increase to around 11 Hz. As for the changes
in the dynamics of the alpha rhythm during the process of attention test, there was a
signi cant difference between patients with sleep disorders and healthy controls in the
frequency range of 7.5 10.5 Hz, supporting the concept of 24-h hyperarousal in primary
insomnia [1].

Second, EEG activity in the brain at gamma frequencies re ects the process of encoding
and transmitting information. A 40 Hz auditory steady-state response (40 Hz ASSR) has
often been linked to cognitive processing changes in psychiatric disorders; however, the
relationship between ASSR and cognitive function remains unclear. Most studies to date
have assessed ASSR usinga xed 40 Hz gamma frequency, and less attention has been paid
to studies using individual gamma resonance frequencies (IGFs), which are more re ective
of individual network characteristics. Parciauskaite et al. focused on processing speeds
in various types of cognitive tasks and examined the relationship between 40 Hz and
IGF-induced ASSR to determine how IGF is related to certain aspects of cognitive function.
The results showed that, when assessing ASSR with 40 Hz and IGF, gamma activity was
associated with performance speed in both complex cognitive tasks, i.e., tapping planning
and problem solving. However, in the individualized approach with IGF, the observed
associations were stronger than with 40 Hz stimulation, and the associations mainly
re ected individual differences in higher-order cognitive processing [2].

Third, in treatment-resistant schizophrenia (TRS), abnormal connectivity between the
anterior cingulate cortex (ACC) and the default mode network (DMN) has been shown to
potentially play an important role in its pathophysiology. Wada et al. aimed to evaluate
the connectivity between the ACC and posterior cingulate cortex (PCC), the hub of the
DMN, using iCoh, a causal connectivity index. The iCoh values between the PCC and ACC
were calculated by SLORETA from 19-channel resting-state EEGs. The results showed that
the iCoh ratio in the delta and theta bands with directionality from the left PCC to ACC
was lower in the TRS group than in the non-TRS group, suggesting that it may re ect the
neurophysiological basis of TRS [3].

Fourth, Shakeel et al. investigated whether forward prediction of time series using an
adaptive least mean square (LMS)-based autoregressive (AR) model could be implemented
in a real-time closed-loop system by applying state-dependent triggers to EEG alpha
oscillation peaks and troughs. During the resting state and a visual task, the proposed
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method successfully triggered at a speci ¢ phase of the EEG oscillations for all subjects.
These results indicate that the LMS-based AR model is an adaptive approach that can be
implemented in real-time closed-loop systems for speci ¢ phases of alpha oscillations, and
can be used as an alternative to traditional or machine learning approaches with a lower
computational load [4].

Fifth, EEG can be a powerful tool to assess the effects of substance use disorders (SUD)
on cognitive functioning. Speci cally, modulated gamma activity may be an indicator
of the pathophysiology of SUDs. Ramlakhan et al. systematically reviewed the effects
of alcohol, tobacco, cannabis, cocaine, and amphetamines on gamma activity of acute
and chronic exposure and withdrawal states in preclinical and clinical populations. The
results showed that all of the abovementioned substances were associated with modulation
of gamma activity, in both preclinical and clinical populations, regardless of the state.
However, the effect of alcohol on gamma activity is complex, indicating that it may affect
differently from other substances. Thus, the modulation of gamma activity is involved in
the pathophysiology of SUD, suggesting the possibility of novel therapies targeting this
neurophysiological substrate [5].

2. Combined TMS and EMG/EEG Research

First, Noda administered 1 Hz-rTMS to the right DLPFC in healthy subjects and
examined its acute neurophysiological effects using combined TMS-EEG. A 1 Hz-rTMS
was administered at rest and during a verbal task, and TMS-related power and TMS-
related coherence at the F4 and F3 electrode sites were calculated. The results showed that
TMS-related power at rest was signi cantly increased by 1 Hz-rTMS at the stimulation
site in alpha, beta, and gamma bands, and TMS-related power during verbal task was
signi cantly increased in alpha and beta bands. On the other hand, TMS-related coherence
was signi cantly increased by 1 Hz-rTMS to the right DLPFC in the resting state in alpha
and beta bands, but not in gamma band. Therefore, 1 Hz-rTMS to the right DLPFC may
rapidly neuromodulate EEG activity, which may be relevant to the treatment mechanism
of depression [6].

Second, Noda et al. compared the amplitudes and latencies of each TMS-evoked
potential (TEP) component evoked by single-pulse TMS (spTMS) to the left M1 and DLPFC
between groups of healthy young subjects, older subjects, and schizophrenia patients to
clarify the spatiotemporal characteristics of each group. Compared with healthy young,
the amplitudes of N45 and P180 were decreased by M1-spTMS in the elderly and P180 in
patients. On the other hand, N45 was reduced by DLPFC-spTMS in the elderly. Further-
more, in the elderly, P60 was delayed after M1-spTMS and N45-P60 was delayed in the
right median after left DLPFC-spTMS, whereas in patients, N45-P60 was delayed in the
right central area after DLPFC-spTMS. Our results suggest that the inhibitory and excita-
tory mechanisms, as indexed by TEP, may be altered in the elderly and in schizophrenia
patients [7].

Third, Fisicaro et al. performed single-pulse TMS on patients with Parkinson’s disease
(PD) and progressive supranuclear palsy (PSP) to compare neurophysiological characteris-
tics, including motor evoked potentials (MEPs) and cortical suppression periods (CSPs),
and to determine whether these differences were related to cognitive function. The results
showed that the amplitude of MEPs was higher in the patient groups than in healthy
controls, and there was no difference between PD and PSP groups; CSPs were longer
in both M1 in patient groups than in healthy controls, but were similar between patient
groups. Furthermore, RMT was positively correlated with frontal lobe function in the PSP
group, indicating that RMT may be an indicator re ecting cognitive decline in PSP [8].

Fourth, the glutamatergic hypothesis and excitatory/inhibitory (E/I) imbalance hy-
pothesis have been proposed as new hypotheses for the pathophysiology of schizophrenia
(SCZ). TMS-EEG is an attractive tool to study the neurophysiology of the human cortex.
Li et al. systematically reviewed TMS-EEG studies that investigated cortical functions
in SCZ to examine whether TMS-EEG is a suitable modality to account for the above
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hypotheses. The results suggested that TMS-EEG for SCZ patients showed E/I de cits in
the prefrontal cortex, which may be related to cognitive impairment and clinical severity.
Furthermore, TMS-induced gamma activity of the prefrontal cortex was associated with
positive symptoms, while EEG activity in theta and delta bands was associated with nega-
tive symptoms. Thus, TMS-EEG neurophysiology may provide a physiological basis for
the establishment of biomarkers for better diagnosis of SCZ and the development of novel
treatment strategies [9].

3. Neuromodulation Intervention Research

First, rTMS for tinnitus has the advantage that effects can be assessed immediately
after intervention, making it an excellent model for testing individualization of rTMS. In
this context, Schoisswohl et al. aimed to investigate the reliability of test-retest in modifying
tinnitus loudness and oscillatory brain activity with brief rTMS and to examine the feasibil-
ity of individualizing rTMS for tinnitus. Patients with tinnitus received brief active and
sham stimulation, and EEG was measured before and after each protocol, as well as tinnitus
loudness assessment. As a result, they could identify individual rTMS protocols character-
ized by reliable tinnitus loudness changes (55% of behavioral responders), increased alpha
power with parieto-occipital dominance (91% of alpha responders), and decreased gamma
power with frontal dominance (100% of gamma responders), respectively. This study
demonstrates the potential for individualization using neurophysiological markers rather
than behavioral responses, suggesting that individualization of stimulation protocols is
possible despite the lack of group-level reliability [10].

Second, Kashyap et al. introduced the dose-target determination index (DTDI), the
ratio of the average current density in the target ROI to the ROI with the maximum value
(peak region), to quantify the focality of transcranial direct current stimulation (tDCS) and
examined the dose-focality relationship in three populations: young adults, middle-aged
adults, and older adults. Frontal montage was performed with the target ROI set to the left
middle frontal gyrus. As a result, they found that nonlinearity was dominant and focality
decreased in the older adults, and this decrease was stronger in males. Therefore, it is clear
that increasing the current level can increase the focality of the stimulus in this population,
and that DTDI can provide information on which tDCS current level optimizes the focality
of the stimulus [11].

Third, vagal nerve stimulation (VNS) has been shown to be effective in the treatment of
depression, but until recently VNS devices have required surgical implantation, which has
limited their widespread use. However, a novel non-invasive VNS (nVNS) device that can
externally stimulate the vagal nerve was developed, raising hopes for its clinical application
in stress-related psychiatric disorders. Bremner et al. systematically reviewed the effects of
NVNS on physiological functions of patients with stress-related psychiatric disorders in
the perspectives of brain imaging, blood in ammation biomarkers, and wearable sensing
devices. The results suggest that nVNS favorably affects central brain regions involved
in the regulation of autonomic tone, cardiovascular function, in ammatory response,
and emotion, and that dysregulation of these circuits and systems may constitute the
pathological basis for stress-related psychiatric disorders such as post-traumatic stress
disorder (PTSD) and depression. The application of nVNS to stress-related psychiatric
disorders may lead to the prevention and treatment of these disorders [12].

Fourth, Noda et al. investigated the effects of gamma frequency violet light (VL)
stimulation on human EEG in healthy subjects by comparing it with white light (WL)
under the same conditions. Comparing the power spectral density (PSD) of 40 Hz-VL EEG
with that of 40 Hz-WL EEG, 40 Hz-VL had signi cantly lower enhancement of delta and
theta bands than 40 Hz-WL. In the occipital region, the negative peak of VEP of 40 Hz-VL
was smaller than that of 40 Hz-WL. Furthermore, 40 Hz-VL showed increased alpha-phase
and gamma-amplitude coupling compared to the baseline EEG at the F5 electrode site
during stimulation and at the C4 electrode site immediately after stimulation. Therefore,
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40 Hz-VL stimulation could induce a unique photobiological neuromodulation of human
EEG activity [13].

4. MRI Neuroimaging Research

Lastly, Sato et al. measured the volumes of the amygdala, hippocampus, Heschl’s
gyrus, and temporal lobe in neuroanatomically de ned regions of interest (ROIs) using
high-resolution MRI in healthy subjects, patients with schizophrenia, and patients with
bipolar disorder. The results showed that there was a difference in the right hippocampal
volume between the groups (healthy control group > bipolar group > schizophrenia group),
with the schizophrenia group showing the smallest value. The study suggested that the
right hippocampal volume could be a biomarker for differentiating between schizophrenia
and bipolar disorder [14].

As introduced above, | believe that translational and clinical research using state-of-the-
art technologies in the eld of neuropsychiatric disorders will continue to ourish and
contribute to the health and well-being of people. Last but not least, we are currently
working on a second part to this Special Issue (https://www.mdpi.com/journal/jpm/
special_issues/Neuromodulation_Neuropsychiatric_Series_II) and are looking forward to
receiving additional excellent submissions.
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Abstract: We aimed to assess which quantitative EEG changes during daytime testing in patients
with sleep disorder (primary insomnia and excessive daytime sleepiness groups). All experimental
study participants were subjected to a long-term test for maintaining attention to sound stimuli,
and their EEGs were recorded and then processed, using wavelet analysis, in order to estimate the
power and frequency structure of alpha activity. In healthy subjects, the maximum increase in the
alpha rhythm occurred near 9 Hz. Patients with primary insomnia were characterized by an increase
in the amplitude of the alpha rhythm near 11 Hz. For subjects with sleep disorders, an increase
in the amplitude of the alpha rhythm was observed in the entire frequency range (7.5 12.5 Hz),
with a maximum increase at 9 10 Hz. Signi cant differences (p  0.001) for changes in the alpha
rhythm dynamics in the course of performing the attention test were observed in the frequency
range of 7.5 10.5 Hz between the control group and patients with sleep disorders. The ratios of the
alpha rhythm power values for passive stages with closed eyes before and after active stage were
signi cantly different among the groups of healthy sleep volunteers, patients with primary insomnia,
and patients with impaired sleep hygiene within the range of 9.5 to 12.5 Hz. The results of the current
study supported the notion of a 24-h hyperarousal in primary insomnia.
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1. Introduction

Although the prevalence of chronic primary insomnia in the general population is
approximately 10%, transient symptoms of sleep disorders are detected much more often in
30 35% of people [1,2]. Despite the effectiveness of contemporary psychotherapeutic and
drug treatment contemporary psychotherapeutic and medicamentous treatment methods
on many occasions, they are all associated with significant limitations [3 8]. A better under-
standing of the primary insomnia pathophysiology appears useful in assessing the potential
of various treatment techniques, and also in developing novel approaches that specifically tar-
get neurophysiological characteristics correlating with primary insomnia symptoms. To date,
the change in neurophysiological characteristics of patients with insomnia in the presleep
period and during their sleep has been sufficiently studied [9 13]. Physiological markers
may include an increase in high EEG frequencies in the peri-sleep onset period, as well as
during non-rapid eye movement sleep and rapid eye movement phase [10,12,14], along with
reduction in the slow-wave sleep [15,16] and power spectra decrease in delta and theta bands
in some subjects [10,13,17].
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At the same time, modern somnology suggests that primary insomnia is more a
condition of 24-h hyperarousal than a purely nocturnal disorder [18]. In particular, it has
been shown that patients with insomnia, in spite of their subjective complaints for daytime
somnolence, as well as their signi cantly shorter nocturnal sleep, do not exhibit augmented
somnolence, as compared with normal sleepers [19 21]. Recent evidence suggests that
patients with primary insomnia show changes in neurophysiological activity during normal
daytime wakefulness compared to those with normal sleep [22 24]. However, a very high
individual variability of the brain electrical activity signi cantly reduces the ability to
identify such traits across patients [25]. Currently, lower values of theta power and higher
values of beta power in patients with primary insomnia were established [24]. However,
the presented characteristics of EEG activity are weakly speci c, since they can be observed
in normal sleepers as well, for example, in conditions of visual fatigue accumulation [26,27]
or with major depressive disorder [28].

In this study, we present a quantitative description of the change in the alpha rhythm
(as electroencephalography biomarker) during the daytime in patients with primary in-
somnia. Despite the fact that the EEG activity parameters are extremely variable across the
population [29,30], it is the alpha rhythm that is a very stable trait in subjects of different
ages [31,32]. It is well known that the alpha rhythm activity increases with a decrease in the
levels of sensory signals: e.g., when eyes are closed, the alpha rhythm power increases in
the occipital brain lobe [33]. At the same time, it is known that the alpha rhythm amplitude
changes in the course of cognitive activities, such as cognitive performance, visual attention,
memory, and complex abstract tasks [26,34 38]. Besides, it has been shown that the alpha
rhythm during sleep undergoes signi cant changes in patients with insomnia [39,40].

Hence, the main goal of our study was to identify objective quantitative changes in
the electroencephalography occurring during the daytime activity of patients suffering
from insomnia. For the rst time, the comparison of patients with primary insomnia is
conducted not only with a control group of apparently healthy subjects, but also with a
group of patients suffering from insomnia caused by poor sleep hygiene.

2. Materials and Methods
2.1. Data and Materials

The participants volunteered in our experiments on a complimentary basis. All study
subjects signed an informed medical consent to participate in the experimental work,
received all necessary explanations about the research, and agreed to the subsequent publi-
cation of the study results. Collected experimental data were processed sensu the principles
of con dentiality and anonymity of research participants. The design of experimental stud-
ies was approved by the local scienti c research Ethics Committee. The experimental study
subjects were recruited from the outpatients with sleep disorders at the Pain Management
Clinic (Saratov, Russian Federation). The inclusion criteria for our study were as follows:

Male gender, age <25 years;

Complaints for insuf cient and non-restorative sleep;

Sleep onset disorder (>30 min to fall asleep) or sleep maintenance disorder (two or
more awakenings per night of >15 min long or wake after sleep onset (WASO) time of
>30 min);

Problem incidence rate >3 nights per week;

Problem duration >6 months.

Exclusion criteria were as follows:

Beck Depression Inventory score (BDI) >13 [41];

A score >7 on the Hospital Anxiety and Depression Scale [42];

An apnea-hypopnea index (AHI) or periodic limb movements index (PLM) >5 or
restless leg syndrome (RLS) during the polysomnography night;

A medical or psychiatric disorder;

Psychotropic medicine use over the last month.
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A sleep diary was kept daily for a week by every participant. All patients underwent
neuropsychological status assessment by means of the Schulte Table test, Digital Symbol
Substitution Test (DSST), Hospital Anxiety and Depression Scale (HADS), somnolence
and sleep quality test; as well as tests for semantic and phonemic awareness, and memory.
A comparative assessment of the cognitive functions in study participants via DSST, did
not reveal a signi cant difference in indicators; all patients successfully completed the task
with no more than two errors in 90 s, which was acceptable. It was also noted that all
participants were successful in their studies at various universities (Saratov, Russia). The
sleep interviews and the medical examination were conducted by the physicians, certi ed
in neurology and sleep medicine, whereas the psychiatric interviews were conducted
by board certi ed psychiatrists. Chronic insomnia disorder was diagnosed sensu 2014
International Classi cation of Sleep Disorders-Third Edition.

The study included three groups of subjects. The control group comprised of 15 pa-
tients with healthy sleep (Group I, n = 15; age: 22.5 1.5 years; BMI: 20.3 1.2 kg/m?;
BDI:6 3;HADS:5 1.2). The primary insomnia group included 12 men with chronic
insomnia (Group Il, n = 12; age: 22.6 1.4 years; BMI: 20 1.5 kg/m?; BDI: 7 3;
HADS: 6 0.5). Test subjects in Group Il complained of pre- and intrasomnic disor-
ders. At the same time, according to their sleep diaries, they tried to provide themselves
with adequate conditions for normal sleep. The daytime somnolence group consisted of
5 patients with chronic insomnia and regular impaired sleep hygiene (Group I1l, n = 5;
age:22.8 1.2years;BMI:20 1.1kg/m? BDI:7 1;HADS:5.2 0.8). The main com-
plaint in Group Il was daytime sleepiness. An average age of the subjects was 21 years
3 months. The ailment duration averaged 1.5 years.

Analyzing anamneses, we discovered that 87% of patients in Groups Il and Il sleep
less than 5 6 h a day. In Group Il, 97% of patients experienced dif culty falling asleep;
85% of subjects were spending over an hour before falling asleep; shallow sleep with
frequent nocturnal awakenings was observed in 73% of patients; and 86% of patients were
dissatis ed with the quality of their sleep. In Group Il1, 100% of patients had unbearable
somnolence during daytime hours, causing dif culties in performing their duties.

The experiments were carried out in the late afternoon hours at a specially equipped
laboratory. The day before and on the day of the experiment, every test subject did not
have any episodes of a daytime sleep. During the experiment, while the participants
were lying comfortably in a relaxed mode, their brain activity was measured (via EEG) in
three different states: (1) stage of passive wakefulness with closed eyes (CY, duration of
about 6 7 min), (2) passive wakefulness with periodic sound stimuli (A, around 35 min),
(3) repeated stage of passive wakefulness with closed eyes (RCY, approximately 6 7 min).
During the A-stage, all test subjects were instructed to stay awake predominantly with
eyes open. In order to estimate their state of awakening and sleep, they were instructed
to press a speci ¢ button on the remote control after each sound signal. Beeping sound
signals alternated with pauses, the duration of which was set randomly in the range 7 to
14 s. We automatically estimated the duration of time interval T, between the sound signal
and the test subject response (i.e., pressing the button). Time recordings for sound signals,
pressing the button, and EEG data were conducted simultaneously.

The multichannel surface EEG data were collected using the Encephalan-EEGR-19/26
recorder (Medicom MTD Ltd, Russia). Data were recorded at 250 Hz sampling rate
using the conventional monopolar method of registration with two referential points and
N = 31 electrodes, as shown in Figure 1la. The adhesive Ag/ZAgCl electrodes in prewired
head caps were used to obtain the EEG signals. Two reference electrodes, Al and A2,
were located on mastoids, while the ground electrode N was placed above the forehead.
The EEG signals were lItered by a band-pass Iter with cut-off points at 0.5 Hz (HP) and
70 Hz (LP) and a 50 Hz notch Iter. Parts of EEG signals are presented in Figure 1b.
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Figure 1. (a) The scheme of the 10 10 EEG electrode arrangement; (b) Fragments of EEG signals
recorded during the experimental active stage; (c) The time dependence of the wavelet-energy in the
band [8;12] Hz by EEG.

2.2. Methods

EEG recordings were processed by using the method of spatio-temporal analysis
of multichannel EEG signals, based upon continuous wavelet transform (CWT) [43,44].
Currently, CWT is considered one of the most effective tools for studying the signals of
biological objects [44,45]. We denote CWT in the following form:

Z
1 °¥ t ot
W(f, o) = pg ¥X(t)Yf,t0 TO dt; (1)

where x(t) is the experimental signal, y; t (t) is the wavelet base function, f is the analog
of ordinary frequency in Fourier analysis, symbol * denotes the complex conjugation.
We use the Morlet wavelet as the CWT base function:

. 2
yo(h) = 1?136‘2% 7 @)

Morlet wavelet is widely used for analyzing the signals of biological objects, allowing
to maintain the optimal ratio between the frequency and time resolution achieved with
CWT (1). Each one-dimensional signal x(t) allows estimating a two-dimensional wavelet
surface as:

W(f, to) = W (f, to)je""(; 3)

This surface W (f, tp) characterizes the oscillatory activity for each frequency f at any
time ty for the initial signal x(t). Next, we de ne the integrated energy distribution hE(tp)i
for a certain frequency range [ fin; fmax] as:

Z forax
hE(t)i = JW(F, to)j?df; 4

min
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