
Eur. Phys. J. Spec. Top. (2024) 233:505–518
https://doi.org/10.1140/epjs/s11734-023-01064-4

THE EUROPEAN
PHYSICAL JOURNAL
SPECIAL TOPICS

Regular Article

Changes in EEG oscillatory patterns due to acute stress
caused by orthodontic correction
Maksim Zhuravlev1,2,3,a , Daria Suetenkova4,b, Ruzanna Parsamyan3,5,c, Anastasiya Runnova1,2,3,d,
Margarita Simonyan1,3,e, Rakhman Nasrullaev4,f, Anton Kiselev2,g, and Dmitriy Suetenkov6,7,h

1 Institute of Physics, Saratov State University, Saratov 410012, Russia
2 Center for Coordination of Fundamental Scientific Activities, National Medical Research Center for Therapy and

Preventive Medicine, Moscow 101990, Russia
3 Institute of Cardiological Research, Saratov State Medical University, Saratov 410005, Russia
4 Department of Pediatric Dentistry and Orthodontics, Saratov State Medical University, Saratov 410005, Russia
5 Department of Neurology named after K. N. Tretyakov, Saratov State Medical University, Saratov 410005, Russia
6 Department of General Practice Dentistry, Therapeutic Dentistry and Pediatric Dentistry, Penza Institute for

Postgraduate Medical Education, Penza 440060, Russia
7 Medical Institute, Russian State Social University, Moscow 129226, Russia

Received 23 July 2023 / Accepted 24 November 2023 / Published online 18 December 2023
© The Author(s), under exclusive licence to EDP Sciences, Springer-Verlag GmbH Germany, part of
Springer Nature 2023

Abstract The manuscript presents a pilot study of the impact of orthodontic intervention on the brain
electrical activity. The orthodontic treatment is a powerful factor of both physiological influence on the jaw
system and the surrounding tissues of the head and stress influence. All practically healthy subjects of the
same age category (18–25 years) were distributed among three groups based on the method of orthodontic
treatment. Group 1 included patients using braces, groups 2 and 3 included patients using aligners in
which pressure was applied to 3–5 or 1–2 teeth, respectively. Brain activity electroencephalographic data
were collected twice during neurophysiological monitoring: before and after orthodontic correction. The
collected data sets included EEG signals from the occipital region of the brain. Numerical processing
was performed based on continuous wavelet analysis to estimate the number and duration of oscillatory
patterns in narrow frequency bands from 1 to 50 Hz. An assessment of the oscillatory brain activity
demonstrated that different grades of correction intensity, regarding the dentition and occlusion, lead
to uniform changes in the oscillatory patterns assessed by the electroencephalography in the occipital
lobe. Comparison of the number of oscillatory patterns in the groups showed significant changes in the
high-frequency

⋃
HF � {[16; 18], [20; 28], [32; 34], [42; 50]} Hz. The number of patterns in the

⋃
HF-band

increases when using the most intense bracket devices; while in cases of more gentle correction based on
aligner systems, it remains unchanged or even decreases. The independent clustering procedure by assessing
changes in oscillatory processes of

⋃
HF-band occurring in a single occipital O1-canal made it possible to

divide the data array into three clusters. The clusters of changes in brain activity correspond to clinical
groups of patients. Thus, different types of dental exposure lead to significantly different changes in the
brain activity of patients.
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1 Introduction

This manuscript is devoted to investigating changes in the oscillatory electrical activity of the brain under the
impact of pronounced somatic stress caused by medical orthodontic procedures. Currently, the study of brain
activity from the standpoint of nonlinear dynamics methodology and the theory of dynamic chaos is the mainstream
of neuroscience.

Stress and noticeable pain effects almost always accompany orthodontic correction. Orthodontic pain and dis-
comfort in some cases can be so significant that it leads patients to abandon orthodontic treatment without
specialist supervision [1]. There are many papers investigating the effects of different psychological interventions
on the duration and severity of this type of pain, a meta-review of which is given, for example, in Feng et al.
[2]. Among such psychological practices considered were cognitive behavioral therapy (CPT) [3], music therapy
[4], structured online and or telephone monitoring of patients, et al. Apparently, in the short term after initial
orthodontic procedure, all psychological interventions significantly reduced the pain intensity without significant
differences [2]. The understandable weaknesses of such studies are due to the inability to use of placebo con-
trol group and double-blind control to separate groups of patients make comparative studies of such techniques
particularly challenging. Nevertheless, some studies of music therapy for pain demonstrate no differences in pain
level reduction for different types of music [5], and even music exposure and CPT [6], but significant reductions
compared to a control group without any therapy. At the same time, the level of pain sensation is a highly indi-
vidual patient characteristic, perhaps more related to the patient’s neuropsychological status and even cognitive
function states than to the severity of orthodontic effects [7]. At the same time, moving away from the subjective
and poorly measurable concept of pain, it should be noted that the configuration of the dentoalveolar system in
orthodontic patients in the course of treatment changes significantly objectively as a result of bone formation on
the extension side and bone resorption in the pressure area. In the process of orthodontic treatment, there is also a
partial transformation of the soft tissues of the face, as well as innervating nerve fibers and associated structures.
Changes in facial structure, oral sensory experience modulate cortical neural networks, at least in the sensorimotor
cortex region [8, 9]. Congenital bite abnormalities in children are known to result in significant changes in the
spectral density of electroencephalographic signals (EEG) of the brain in theta (4–7 Hz) and alpha (8–12 Hz)
bands compared with a conventionally normotypic structure, without anterior open bite [10]. Considering oral
changes from the perspective of neuroplasticity, the oral cavity appears to be essentially an information-sensory
system corresponding to the oral part of the sensorimotor cortex of the brain, and various oral functions, such
as speech, mastication, deglutition, etc., are controlled by different parts of the brain [11, 12]. In this context,
the corrective effects of orthodontic treatment may induce corresponding changes in brain structure and function
[13–15]. Current research on brain activity changes during orthodontic corrections has mainly focused on finding
and evaluating neural correlates associated with pain scores after orthodontic correction and its therapy [16–18].
Overall, it has been demonstrated that pain therapy leads to some changes in the electrical activity of the patients’
brain. However, it should be noted that the results of the analyses are somewhat contradictory. In particular, EEG
analysis showed improved functional connectivity among different brain regions in patients using non-medication
pain reduction methods compared to the control group without pain treatment [3, 6]. However, spectral power
in theta, alpha and beta (14–30 Hz) bands for the groups with better pain treatment results in various studies
showed both an increase [6] and a decrease [3], compared with the results of EEG analyses performed in the groups
with more severe pain. We speculate that such different results may be related to the presence in patients of a
process of changes in brain activity due to objective factors of pressure of orthodontic correction systems on the
oral cavity. To determine these changes in our study, we examine the change in brain activity before and after
the start of orthodontic correction in patients without significant pain syndromes. Thus, getting rid of subjective
factors of pain and stress, we can focus on the changes caused directly by the transformation of the configuration
of the dentoalveolar system.

For the numerical processing of biomedical signals recorded in the cerebral cortex, we used the method for
estimating oscillatory patterns based on the simultaneous assessment of energies, frequencies, and diagnostic time
of continuous wavelet transform (CWT) skeletons. The method was described in our previous publication [19]. The
use of this method makes it possible to distinguish the dynamics of various oscillatory components in a complex
signal, as was shown for model systems [19] and tested for processing actual signals of living systems [20–22]. Our
study, intended for the special issue, applied the above-mentioned method for identifying the effect of acute stress
on the brain activity in patients during routine cognitive load. Surface recordings of the brain electrical activity
in patients before and immediately after the orthodontic correction of their occlusion and/or dentition were used
as experimental material.

In performed clinical studies, the dental anomalies observed in patients were local and were associated with a
slight disorder of the occlusion. Patients did not complain of pain during the installation of braces or aligners.
However, the beginning of the use of dentition correction systems imposes a substantial stress due to obvious
awkwardness occurring in the facial area. Besides, the use of bracket systems inevitably entails some changes
in the eating behavior of patients and in their sensations [23]. At the same time, the study participants hardly
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experienced significant changes in the blood supply and lymph flow of the brain andor activity of their facial
muscles, at least at the starting time of using orthodontic systems for correcting the dentition.

Thus, this paper is devoted to the mathematical analysis of changes in brain activity under the influence of
orthodontic correction. The Materials and methods section first describes the clinical studies in which EEG signals
were recorded. Volunteers participated in the studies were divided into three groups according to the strength
of the effects on the dentoalveolar system. Second, this section includes a description of the methods of digital
processing of EEG signals. The processing based on oscillatory CWT patterns made it possible to thoroughly trace
the dynamic characteristics of various EEG components. A description of the identified features of EEG signals
in patients groups with different types of orthodontic correction is given in the Results section. The evaluation
of brain activity differences before and after the start of orthodontic correction allowed independent clustering of
the set of characteristics of EEG oscillatory patterns. The clusters detected by EEG characteristics coincide with
the clinical groups of patients. Thus, the first results show that different levels of exposure to the dental system
change brain activity in significantly different ways.

2 Materials and methods

The first part of this section provides the necessary information about clinical studies in which procedures for
recording electrical activity of the brain were carried out. Our research was carried out in accordance with the
requirements of Declaration of Helsinki [24] and was approved by the Ethics Committee at State Medical University
of Saratov, Ministry of Healthcare of the Russian Federation. All participants provided written informed consent
prior to their participation in the study. All research results, along with personal data regarding each volunteer,
were used exclusively for the purposes of research implementation, without their transfer to third parties.

In the second part, all methods used for EEG processing are described. The use of these methods is aimed at
searching for and quantifying differences in the oscillatory structure of the electrical activity of the brain before
and after the start of orthodontic correction.

2.1 Clinical materials

2.1.1 Study subjects

We recruited volunteers without neurological disorders and signs of cognitive decline. The exclusion criteria were
as follows: age under 18 and over 25 years, the value on the Hospital Anxiety and Depression Scale (HADS)
≥ 10, body mass index (BMI) value ≥ 25, chronic pain (head, back, pelvic area, etc) for over 6 months, history
of serious neurological disorders (epilepsy, presence of acute cerebrovascular accident, etc.), psychiatric disorders
(schizophrenia, dementia, severe cognitive impairment). The HADS was developed for the initial identification of
depression and anxiety in general medical practice [25, 26]. This questionnaire was consisted of 7 questions with
answer options ranging from 0 to 3 points; the sum 10 of the scores for all answers allowed a rough assessment of
the presence of clinically and/or subclinically significant anxiety and depression in patients. BMI was estimated
as the ratio of the patient’s body weight to the square of his or her height, i.e., [BMI] = kg/m2, BMI value > 25
corresponds to overweight for adult patients according to the World Health Organization classification.

The inclusion criterion for the study group was the presence of dentoalveolar anomalies. When diagnosing the
latter, such pathologies as distal occlusion (class 2 malocclusion in concordance with the classification of E. Angle
[27, 28], here and below) and abnormal position of individual teeth (class 1 malocclusion) were identified. Patients
were diagnosed using a standardized protocol that included the following: (a) patient complaints; (b) clinical
examination of organs and tissues of the maxillofacial region; (c) instrumental examination of the dentition to
exclude concomitant dental pathology; (d) determination of morphometric parameters of analog models of the
jaws, as well as the analysis of virtual computer models of the jaws (control and diagnostic) to determine the
parameters of the dentition. The photographs in Fig. 1a, b demonstrate examples of dentoalveolar disorders
diagnosed as class 1 and class 2 malocclusion, respectively.

The morphometric characteristics were refined by comparing 3D models of dentition during scanning and creating
virtual computer models on the iTero 2 scanner. We identified the type of dentoalveolar system anomaly in each
patient and the lack of space in the dentition for teeth, the location of which was supposed to change during the
treatment, to determine the degree of complexity of orthodontic correction (tooth movement). Group 1 patients
were treated with G &H self-ligating bracket systems with 0.022 bracket slot and NiTi 0.014 archwires. When
using bracket systems, pressure was applied to all teeth of both dentitions. The process of a typical treatment
based on bracket systems is demonstrated in Fig. 1c.

The remaining patients received treatment based on materials and aligners manufactured by Align Technology
[23, 29, 30]. The Fig. 1d demonstrates an example of aligners treatment. When exposed to aligners, pressure was
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Fig. 1 a, b Dental photos of a typical patient from the Group 1 and 2 before treatment, respectively; c, d dental photos
of the same patients in the process of orthodontic treatment, based on using bracket system and aligners, respectively

applied locally, and the subjects were divided into two separate groups, namely Group 2 and Group 3, depending
on the number of teeth that were affected. In these groups, only one jaw was subjected to orthodontic correction,
and pressure was applied to 3–5 (Group 2) or 1–2 teeth (Group 3). Thus, the pressure on the patient’s dental
system decreases from Group 1 to Group 3.

Figure 2a demonstrates two independent repeated neurophysiological monitoring sessions with each patient: prior
to the orthodontic intervention (on the same day—experiment No. 1) and next day after it (experiment No. 2). This
article presents the results of 16 neurophysiological monitoring sessions recorded in 8 patients with orthodontic
correction.

Fig. 2 Design of neuropsychological experiment during EEG monitoring: a an algorithm for conducting a clinical study,
b EEG electrode placement map, c sample EEG signals used for numerical processing, d an order for passing neuropsycho-
logical tests according to the time scale
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2.1.2 Experimental design

As part of each experiment, the subjects underwent EEG monitoring. 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 reference points and N = 5
electrodes, located according to the 10–20 scheme [31]. The adhesive Ag/AgCl electrodes in prewired head caps
were used to detect EEG signals. Two reference electrodes, A1 and A2, were located on mastoids, while the ground
electrode N was placed above the forehead. The EEG signals were filtered by a band-pass filter with cutoff points
at 0.5 Hz (High Pass Filter) and 55.5 Hz (Low Pass Filter), and a 50 Hz notch filter. The position of the electrodes
is shown in Fig. 2b, and examples of the signal in designated EEG channels are presented in Fig. 2c.

EEG was recorded during passive wakefulness, as shown in Fig. 2d. The volunteer was in a comfortable reclining
position, could listen to arbitrary music of hisher choice andor view video clips on a fixed tablet.Patients were
offered a choice of several long (about 60 min) recordings of classical and lounge music, as well as calm nature
video with similar light music. During the first session, each patient made a choice of music or video, and during
the second visit, EEG were recorded in the identical design as the first recording. Thus, the design of the first and
second EEG recordings was completely repeated for each of the volunteers. All participants EEG were registered
in the same way during the daytime, from 1 to 5 pm. The average duration of EEG registration was 60±3.35 min.

2.2 EEG data processing

Numerical processing of EEG signals was carried out over the entire duration of the experimental recordings,
without considering different stages of the experiment, in the range of [ts, te] s, as shown in Fig. 2d.

2.2.1 Assessment of the EEG oscillatory patterns

The initial stage of processing EEG signals was represented by improving the quality of records via reducing the
confounding impact of oculomotor and muscular activities. Such improvement was based on standard methods [32,
33]. The signals of brain activity selected for analysis, recorded in the occipital region of the scalp, are naturally
remote from the activity zones of the masticatory apparatus and the temporal joint, which makes it possible to
assert that there was virtually no confounding effect of changes in the activity of the masticatory system. Then,
for the EEG of each channel, the number and duration of oscillatory patterns were calculated on the CWT basis.

The procedure for estimating oscillatory patterns was proposed and described in Runnova, et al. [19]. First,
CWT, CWTEEG(f , t), was calculated for each EEG channel, xEEG(t). Second, on each surface CWTEEG(f ,
t), certain number, N , local maxima of CWT-amplitudes, max[CWT1, 2...N

EEG (fmax, tmax)] was detected. Third, for
each EEG signal, xEEG(t), we generated a corresponding array of coordinates (fmax, tmax)1, . . . , (fmax, tmax)j , . . . ,
(fmax, tmax)N , for which CWT energy CWTEEG exhibited local extrema. Next, the array of points (fmax, tmax)

1...N

was sorted by time coordinate t : from start time, ts to fin time, te. Note that an arbitrary moment of time, t0, in the
considered array of points (fmax, tmax)

1...N could contain several corresponding coordinates (fmax, tmax = t0)
j1 ,

(fmax, tmax = t0)
j2 , or none (fmax, tmax �= t0)

∀j . For any two points (fmax, tmax)
j1 and (fmax, tmax)

j2 , we estimated
the distance between them δj1, 2(fmax, tmax) =

∥
∥
∥(fmax, tmax)

j1 − (fmax, tmax)
j2

∥
∥
∥. If this distance was enough

small, δj1, 2(fmax, tmax) ≤ 4 · 10−6, the two points were considered to belong to the same oscillatory pattern P .
This procedure was repeated for all points in the array, allowing the formation of sets of coordinates belonging to
different patterns.

Thus, the all coordinates of each oscillatory pattern P were detected, consisting of sets [fmax, tmax] forming
continuous lines of the maxima of the CWT-surface (f , t). Time duration TP and mean frequency FP were
estimated for each pattern P . We denote the coordinates of the beginning of pattern P registration as

(

fP
0 ; tP0

)

,
and the coordinates of the end of its registration as

(

fP
R ; tPR

)

, where R is the number of points belonging to this
pattern P . Then, the registration time and average frequency of each pattern P were estimated as

TP = tP1 − tP0 ,

FP =
∑R

i=1 fP
i

R
. (1)

All oscillatory activity was considered in the range [1; 50] Hz divided into 25 frequency bands: Δf1[1, 2], and
24 equal bands with a width of 2 Hz: Δf2[2, 4], . . . , Δfi, . . . , Δf25[48, 50] Hz. For each frequency band Δfi in
a floating time interval of 30 s, we estimated the number of patterns NP with a mean frequencies FP belonging
to the given Δfi band, FP ∈ Δfi. Also, for oscillatory patterns belonging to Δfi band, average time duration
of oscillatory patterns TP was calculated in every 30-s time interval. As a result, for each EEG, two numerical
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characteristics (NP , TP ) of oscillatory patterns P of 25 Δfi frequency bands were estimated for each time interval
with duration of 30 s. Thus, the numerical processing of each EEG signal made it possible to obtain an array with
a volume

M = 100 · t2 − t1
30

. (2)

The choice of averaging window was due to modern standards of EEG automatic processing during work with
long-term monitoring, such as polysomnography. The time scale of about 30 s allows simultaneous assessment of
brain activity rhythms, muscle movement artifacts, oculomotor oscillations, etc. The use of this time interval could
provide a basis for further comparison of the results of pattern-based assessment in oscillatory brain activity with
classical approaches of neurophysiology.

2.2.2 Assessing the difference of oscillatory patterns between experiments

Let us introduce the coefficients that characterize the differences in the brain electrical activity of the subjects
before and after orthodontic treatment, modeling the stress effect of a significant force, in each Δfi band:

ΘN , Δfi =
R∑

r=1

(NP )r‖EEG#1, Δfi

R
−

K∑

k=1

(NP )k‖EEG#2, Δfi

K
, (3)

ΘT , Δfi =
R∑

r=1

(TP )r‖EEG#1, Δfi

R
−

K∑

k=1

(TP )k‖EEG#2, Δfi

K
, (4)

where (NP )r, (TP )r‖EEG#1, Δfi and (NP )r, (TP )r‖EEG#2, Δfi are number and duration of oscillatory patterns P ,
calculated by time intervals Δt = 30 s in a frequency band Δfi for the EEG, recorded in the first and second
experiment, respectively; R, K and r , k are the total number of time intervals Δt and their serial numbers for the
first and second experiments, correspondingly.

Coefficients ΘN , Δfi (3) and ΘT , Δfi (4) are estimates of the difference in the average values of the number NP

and the duration TP of oscillatory patterns calculated in each frequency band Δfi for the entire duration of
experiments 1 and 2. These parameters describe the differences in electrical activity for a certain recording channel
in different bands from experiment to experiment.

2.2.3 Cluster analysis

To group subjects based on electrical activity in their brain, we applied the cluster analysis based on the hierarchical
clustering method [34]. This method allowed grouping the data into a tree of clusters [35]. Such hierarchical
clustering is widely used by many researchers [36] because it allows higher quality clustering than other methods
(e.g., k -means). To characterize electrical activity in subject’s brain, we performed the hierarchical clustering using
difference variables ΘN , Δfi and ΘT , Δfi calculated according to Eqs. (3) and (4) for the number of patterns and
transition of patterns. We used SPSS software to perform the clustering. To measure the distance between the
clusters, used the Euclidean squared distance method (default) and the farthest neighbor clustering procedure.

2.2.4 Statistical data processing

Mean, median, and standard deviation were used in descriptive statistics of collected data. The Mann–Whitney
U test for independent samples was performed for the comparison of quantitative data. Calculation and graph-
ing of distributions of Tr coefficients made in OriginLab version 6.1. The results with a p-value ≤ 0.05 were
assumed statistically significant. Statistical analyses were conducted by SPSS version 22.0 software for Win-
dows (IBM, Armonk, NY, USA).

3 Results and discussion

This section demonstrates the results of assessing objective quantitative characteristics of the EEG based on
oscillatory patterns assessed in narrow bands. Further studies by the scientific group in this pioneering direction
propose prolongation of clinical EEG recordings during the entire period of orthodontic correction and similar
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numerical processing to detect changes in brain activity throughout the entire cycle of changes in the patient’s
dental system.

The first part of this section is devoted to a description of the N and T characteristics of oscillatory patterns
calculated from EEG recorded in various groups of patients. In the second part, we demonstrate the identified differ-
ences in EEG patterns between the first and second experiments, i. e., before and after orthodontic correction. The
third part describes the results of independent clustering of groups of patients according to the identified charac-
teristics of differences between patterns in the frequency bands Δf9[16; 18], Δf11[20; 22], Δf12[22; 24], Δf13[24; 26],
Δf14[26; 28], Δf17[32; 34], Δf22[42; 44], Δf23[44; 46], Δf24[46; 48] and Δf25[48; 50] Hz. The final part is devoted to
a short discussion of the results obtained.

3.1 EEG features

Figures 3 and 4 present a comparison of the number and duration of oscillatory patterns for four frequency bands:
Δf1[1; 2], Δf4[6; 8], Δf6[10; 12] and Δf11[20; 22] Hz. The comparison is based on the results of calculations made
from the recordings of four EEG channels in two typical participants of a clinical study: Sub.# 2 represents
Group 1, while Sub. # 8 belongs to Group 3. Group 3 and Group 1 are characterized by the orthodontic exposure
of a minimum and maximum intensity, respectively, occurring before experiment 2.

Numerical estimates of the typical dynamics allow observing that the slow oscillation pattern in a low-frequency
band remain virtually unchanged under the impact of orthodontic correction, as seen in Fig. 3. As seen in Fig. 3a,
b, in the EEG recorded in the O1 channel in Group 1 patients (e.g., Sub. # 2,), the characteristics of patterns P in
Δf1 band demonstrate the effect of switching in the number NP and the duration TP . When moving from the first
to the second experimental recording, the number of patterns (NP ) increases while their duration (TP ) decreases.

High-frequency activity changes to a greater extent, as shown in Fig. 4. The number of oscillatory patterns NP

measured in O1-channel in patients with brackets changes significantly from experiment 1 to experiment 2, which
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Fig. 4 a–d Values of Np (number of oscillatory patterns P) and Tp (time duration of oscillatory pattern P) estimated
in frequency bands Δf6[6; 8] and Δf11[20; 22] Hz, respectively. The diagrams of the characteristics calculated for the first
and second experiments are shown in red and blue, correspondingly. The white background corresponds to participant
Sub. # 2 representing Group 1, in which patients received orthodontic treatment based on braces. On the gray background,
the EEG results are shown for participant Sub. # 8 representing Group 3, in which patients experienced the lowest
exposure to aligners. Asterisks indicate significant differences between experiments according to the Mann–Whitney U
test (p-value ≤ 0.05)

in blue and red for Sub. # 2 in Fig. 4c. At the same time, Np in high-frequency bands for patients with aligners
remains unchanged—e.g., in Sub. # 8, as seen in Fig. 4c. Also, the time duration TP of alpha-patterns in Δf6 band
exhibits specific dynamics: the range of such changes in patients of Group 1 significantly exceeds the analogous
range in patients of Group 3 (Fig. 4b).

3.2 EEG changes between experiments

Figure 5 presents the dependences of the coefficients ΘN , Δfi and ΘT , Δfi for several frequency bands in all
subjects. Fast oscillations in beta-1 and gamma frequency bands, Δf9[16; 18] and Δf22[42; 44] Hz, estimated
for EEGO1, have characteristic features of changes in the NP for each group of study subjects. In Group 1, the
coefficient ΘN , Δf(9;22) has large negative values. In Group 2, ΘN , Δf(9;22) approaches zero. In Group 3, the values
of the coefficient ΘN , Δf(9;22) are positive, as this is especially obvious in the graphs in the left panel of Fig. 5c, e.
Oscillatory patterns, determined for low-frequency or slow activity, do not allow observing such regularities.

Preliminary estimates made it possible to isolate the occipital EEG recording channel corresponding to the
O1 lead. An analysis of the activity in this channel allowed observing the most pronounced changes in the dynam-
ics of oscillatory patterns in the high-frequency region. Further, for an independent assessment of changes in
brain activity during orthodontic correction, we performed hierarchical clustering according to the values of the
coefficient ΘN , Δfi (3), estimated for the O1 channel in the following high-frequency bands:

⋃

HF Hz:

⋃

HF

� {Δf9[16; 18], Δf11[20; 22], Δf12[22; 24], Δf13[24; 26],
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Fig. 5 Estimating coefficients ΘN , Δfi (3) and ΘT , Δfi (4) for participants in clinical trials in frequency bands Δf2[2; 4]
Hz (a), Δf5[8; 10] Hz (b), Δf9[16; 18] Hz (c), Δf11[20; 22] Hz (d) and Δf22[42; 44] Hz (e). Different groups of patients are
highlighted with different background colors
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Δf14[26; 28], Δf17[32; 34], Δf22[42; 44], Δf23[44; 46],
Δf24[46; 48], Δf25[48; 50]}. (5)

The specified frequency ranges according to classical approaches of modern interdisciplinary brain electrophysiology
are usually described as beta1, β1, (13; 21) Hz, and beta2, β2, (21; 30) Hz, and gamma, γ(30; 50) Hz, rhythms of
electrical activity. The activation of β-rhythms or β-synchronization in occipital cortical areas is observed in tasks
involving the visual modality [37]. In the occipital area, beta synchronization occurs in response to neglected, so-
called NOGO-stimuli, that is, stimuli that are accompanied by a “relaxation” of the subject, but not to stimuli (such
as GO-stimuli) that require further processing or response. In the γ-range, a particular oscillatory activity is
recorded that is independent of the traditional β-rhythm [38]. This activity, so-called “40 Hz rhythms”, may be
directly related to cognitive operations, sensorimotor integration, recognition of tactile stimuli, and purposeful
movements [39]. Assessments of the topical distribution and severity of γ-rhythms can serve to diagnose disorders
of the normal organization of the corresponding higher mental functions [40].

3.3 Clustering according to changes in EEG patterns after orthodontic treatment

The dendrogram in Fig. 6 displays the results of clustering. The clustering procedure by assessing changes in
oscillatory processes of

⋃

HF bands occurring in a single occipital O1-canal made it possible to divide the data
array into three clusters that matched the clinical groups of study participants. The quality of detection of patient
clusters was the highest in the patient groups, where treatment was based on the use of braces and Invisalign
orthodontic aligners. Classes based on EEG activity estimates for Group 2 and Group 3 patients (aligner groups)
differed to a lesser extent, and this division was less reliable.

It should be noted that during numerical processing and further clustering, an extremely limited set of EEG sig-
nals of O1, O2, P3, P4 and Pz was used. The particular importance of the occipital region activity, associated
with visual analyzers, as well as object recognition processes, mental imaginary motor activity and others, is well
known [41–43]. In particular, as was shown in [44], the quality of stimuli detection observed by a test subject
increases significantly when using exclusively occipital EEG channels. Besides, the occipital channels are preferred
in practical use due to both the convenience of applying electrodes and the natural spatial remoteness from the
powerful interference associated with the movements of eyes, facial muscles, mouth, etc.

It should be noted that we used continuous recording of neurophysiological activity over a fairly large set of
samples without dividing into active and relaxation stages and additional evaluation of the special psychological
tests. During a long recording [ts; te], the participants of the study could freely think or be in a state of conditionally
“doing nothing”. An analysis of such complex voluntary cognitive activity with further averaging over a small time
window makes it possible to identify the characteristic individual features of the dynamics of the occipital region
of the brain.

The possibility of such average estimates of the oscillatory activity on the basis of brain EEG was facilitated,
first of all, by the use of the CWT for pattern recognition procedure, which is highly sensitive to the variability
of various components present in the time-frequency domain of complex signals. In particular, when detecting the
CWT energy by conventional methods, it is be possible to track changes in the duration and number of oscillatory
components when a stress factor is introduced.

Fig. 6 Dendrogram depicting the results of hierarchical clustering
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Such approach to the evaluation of experimental records, based on averaging, allows solving the problem of
developing clinical methods for EEG analysis without time marking of certain eventsactions that occur in a
patient during neurophysiological monitoring. The need to create clear conditions for making records seems a
serious limitation for introducing the experimental methods of neuroscience in clinical practice. Hence, in the
future, development and accumulation of the experimental database will allow creating systems for monitoring
the stressful impact at the very beginning of orthodontic corrections, i.e., to objectively identify patients with
amplified sensitivity. For such patients, it is possible to change the process of orthodontic correction (e.g., to
ensure a temporary reduction in the force of exposure). In addition, it is of interest to further evaluate the success
of orthodontic correction in comparison with neurophysiological and neuropsychological assessments made in the
course of a patient testing.

3.4 Discussion

In modern medicine, research and clinical work directly related to the oral cavity, namely the rehabilitation
of occlusion, the restoration of esthetics, the functional assessment after rehabilitation and the development of
orthodontic treatment approaches, belong exclusively to dentistry and are often of a narrow, purely applied nature.
Such studies in scientific terms are somewhat behind modern medical approaches aimed at a comprehensive study
of systemic interactions within the body. However, the applied possibilities of modern dentistry in restoring human
health are currently reaching unprecedented heights and allow optimizing the occlusion of the dentition, normalizing
the functions of the maxillofacial region, even in the most difficult cases.

Today, there is convincing practical evidence that dental treatment helps to reduce the risk of cardiovascular
disease, the occurrence of dementia, and occlusal rehabilitation correlates with an increase in the duration and
life quality [45–47]. In addition, human cognitive functions such as memory, gnosis, and praxis have been shown
to decrease with loss of normal occlusion associated with tooth extraction andor masticatory dysfunction [48,
49]. Thus, the study of the direct effect of orthodontic treatment on the parameters of the electrical activity of
the brain enriches the modern fundamental system of ideas about the integral nature of the dynamics of various
biophysical systems of the body.

At the same time, the results obtained are also important from an applied point of view, since they allow us to
confirm the possibilities of developing diagnostic systems for clinical diagnosis and monitoring of patient treatment.
Such a breakthrough system, which allows a specialist to obtain an independent additional assessment of the state
of the patient’s body, would be extremely interesting in the tasks of finding out the optimal duration of the total
time of rehabilitation measures during orthodontic correction. Today, the duration of treatment can vary greatly:
from several years in traditional orthodontics for adult patients to several months using innovative approaches,
including surgical interventions (for example, osteotomy, corticotomy, etc.), supplemented by physiotherapeutic
methods of influence [50–52]. Despite the clear advantage of reducing the time of wearing orthodontic appliances,
associated with a decrease in their negative impact on the teeth and periodontal tissues, questions arise about the
adaptive capabilities of the maxillofacial apparatus and its surrounding tissues for the rapid restructuring of this
system while accelerating the correction [53]. Further studies of changes and variation of various functional signals
of the body will be able to expand the range of diagnostic possibilities for specialists in this field in assessing the
observation of the adaptation processes of patients. Of particular interest is the question of differentiating the
effect of stress from braces or aligners and their direct impact on the patient’s dental system.

3.4.1 Future works

In further studies, the team of authors plans to conduct extended studies of the processes accompanying orthodontic
treatment, including assessment of the status of cognitive functions during neuropsychological testing combined
with EEG monitoring, supplemented by an electrocardiogram recording. In addition, during orthodontic treatment,
monitoring data will be collected several times during the entire cycle. The development of this direction will be
aimed at solving the problem of finding and quantifying the relationship between the health of the tissues of
the maxillofacial region, the state of neurophysiological parameters under the control of the cognitive status and
activity of the cardiac system.

4 Conclusion

The paper presents the first results of the study of changes in the electrophysiological activity of the brain of patients
in the acute initial period of orthodontic correction. Eight healthy volunteers with detectable pathologies of distal
occlusion (class 2 malocclusion) and abnormal position of individual teeth (class 1 malocclusion) participated in
the collection of clinical material. Group 1 included volunteers using braces, groups 2 and 3 included volunteers
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using aligners in which pressure was applied to 3–5 or 1–2 teeth, respectively. Brain EEG data were collected
twice during neurophysiological monitoring: at once before and after orthodontic correction. EEG signals from
the occipital region of the brain were collected during quiet wakefulness, i.e., in a state of conditionally “doing
nothing”. Numerical processing was performed based on continuous wavelet analysis to estimate the number and
duration of oscillatory patterns in narrow frequency bands, dividing the entire band 1–50 Hz. An assessment of
the oscillatory brain activity demonstrated that different grades of correction intensity, regarding the dentition
and occlusion, lead to uniform changes in the oscillatory patterns assessed by the electroencephalography in the
occipital lobe. Comparison of the number of oscillatory patterns in the groups showed significant changes in the
high-frequency

⋃

HF Hz. The number of patterns in the
⋃

HF-band (5) increases when using the most intense
bracket devices, while in cases of more gentle correction based on aligner systems, it remains unchanged or even
decreases. The independent clustering procedure by assessing changes in oscillatory processes of

⋃

HF-band (5)
occurring in a single occipital O1-canal made it possible to divide the data array into three clusters. The clusters
of changes in brain activity correspond to clinical groups of patients. Thus, different types of dental exposure lead
to significantly different changes in the brain activity of patients. Our results are of certain interest for studying
changes in stable oscillatory patterns of brain activity under the impact of orthodontic treatment procedures.
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