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ARTICLE INFO ABSTRACT
Keywords: Objectives: Balance impairment is among the main complications of stroke. The gravity-based
Stroke subjective vertical (SV) is considered an important reference for upright posture and naviga-
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EEG

eLORETA

Resting-state network

tion affected by stroke. The correlation between injury location and pathological perception of
verticality remains controversial. This study aimed to evaluate the cortico-cortical network of
vertical perception among patients with the right hemisphere stroke and abnormal visual-vertical
perception compared with healthy individuals.

Materials and methods: This observational cross-sectional study included 40 patients with the right
hemisphere stroke and 35 healthy participants. All patients had abnormal visual-vertical
perception. The EEG connectivity analysis was conducted through the exact low-resolution
brain electromagnetic tomography analysis (eLORETA).

Results: Stroke survivors manifested a power spectral density that reduced within the beta-2
frequency band in the left hemisphere and increased within the beta-3 frequency band in the
right hemisphere compared with controls (p < 0.01). The lagged-phase synchronization was
increased within alpha-1, beta-2, and beta-3 bands and decreased in stroke survivors compared
with controls in the vestibular network involved in visual-vertical perception (p < 0.01).
Conclusion: The results of this study demonstrated variations in the function and functional
connectivity of cortical areas involved in the visual-vertical perception that are mainly located in
the vestibular cortex.

1. Introduction

The vestibular system provides information regarding the translation, rotation, and orientation of the head in a gravitational
environment [1]. With this information, the gravity-based subjective vertical (SV) is considered an important reference for upright
posture and navigation. This reference helps maintain the position of the body and move the body relative to the surrounding
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environment by combining vestibular, visual, and proprioception information and vertical representations [2,3]. Constant central
nervous calculations and representations of signals provided by peripheral vestibular organs are the prerequisites for an individual’s
ability to stand upright and perform bi-pedal moves [4].

Brain injuries such as strokes can damage these representations. With the rapid growth in the elderly population and considering
genetic factors, the number of stroke patients will increase [5,6]. Having severe impacts on an individual’s gait or ability to perform
daily activities independently, balance impairment is among the main complications of stroke [7]. Subjective verticality (SV) is also
affected in stroke by rotating in the opposite direction of the lesion in the frontal plane (roll) and tilting the subjective vertical line [8].
Therefore, spatial representation errors lead to positional disorders. The SV errors that occur in the first three months after stroke can
predict imbalance and dependence of patients within the following six months; hence, they can be considered an important factor in
the occurrence of functional disability in the activities of daily living (ADLs) [9].

According to the examination of cortical areas involved in vertical perception in healthy individuals, the basis of visual vertical
judgment is a wide and bilateral cortical networking consisting of different areas such as the occipital cortex, lingual gyrus, cuneus,
precuneus, cerebellum, and brainstem. The results of neuroimaging performed in patients with brain injuries indicated that several
cortical areas could be involved in the vertical perception cortical network [2]. Vertical misjudgments have been reported in patients
with damage to the temporal and parietal cortices, posterior insula, inferior frontal gyrus, upper temporal gyrus, and rolandic
operculum [10]. The areas mentioned in various studies (on stroke survivors or healthy people) for vertical perception are parts of the
cortical vestibular network [1].

After stroke, variations in the resting-state EEG frequency characteristics may represent underlying structural changes. Evidently,
brain networks with a large group of neurons or a large spatial amplitude oscillate at lower frequencies [11]. The study of cortical
rhythms is especially suitable for the study of the vestibular cortex, which includes a distributed (extensive) network of multisensory
brain regions [12]. With the evolution of neuroimaging techniques, communication models within the human brain have been
designed functionally and structurally. In this regard, the concept of connectome was introduced by Sporns et al. (2005). Disease
connectomics and comparative connectomics have received a great deal of attention for the analysis of common differences and
substrates within and among species [1]. The study of human lesions allows for relevant clinical interpretations [13], and connectome
localizations can set new therapeutic goals for patients with complex neurological and psychological symptoms [14].

Raiser et al. (2020) identified a very precise organization of cortical vestibular connections [1]. According to the research findings,
injuries to the right hemisphere cause more vestibular symptoms and impairment of vertical perception than injuries to the left
hemisphere, and these symptoms last longer [1]. However, Yelnik et al. (2002) found no correlation between impaired visual vertical
perception and injury location in patients with right and left hemisphere strokes [15].

Some studies do not confirm the correlation between vertical perception and location of injury [15,16], and because previous
studies have provided conflicting results; hence, the relationship between injury location and pathological perception of verticality still
remains controversial [10]. A recent pilot study addressed some cortical areas in vertical perception [17].

Furthermore, functional neuroanatomy and precise connections between regions identified in vertical perception are still uncer-
tain. This study aimed to evaluate the cortico-cortical network of vertical perception among patients with the right hemisphere stroke
and abnormal visual vertical perception in comparison with healthy individuals through brain mapping (EEG neuroimagimg method).
The network was analyzed with accuracy and details based on the centrality of individual nodes in the vestibular network.

2. Methods
2.1. Research design and participants

This observational and exploratory cross-sectional study was conducted in the audiology department of Rofeideh Rehabilitation
Hospital in Tehran. The patients experienced a confirmed unilateral stroke of the right hemisphere the first time during the past year
based on MRI results without regarding the affected arterial territory. The inclusion criteria for stroke survivors were as follows: age
below 60 years, stable neurological condition, abnormal visual vertical perception, absence of cerebellar injuries, mini-mental status
examination score (MMSE) above 21, left hemiparesis due to lesion in the right hemisphere, and right-handedness (A score above 18/
20 in the Edinburgh Manual Excellence Questionnaire [18]), to eliminate any lateralized effects due to manual superiority that may
interfere with lateralization of vestibular processes [19,20].

The exclusion criteria were as follows: history of brain disease, epilepsy, head trauma, vestibular disorders (peripheral occulomotor
disorders or nystagmus), major mental disease, visual acuity below 3/10 after correction, addiction to or use of any medication
interfering with neural activities or cerebral blood flows, aphasia, visual field impairment, hemineglect, apraxia, history of alcohol use,

Table 1
Demographic and clinical features of subjects included in the study sample.
group Age (years) gender SVV*® (degree) Day after onset Lesion side etiology Additional signs and symptoms
Stroke Survivor 52.3 + 4.3 Female (52.5 %) -5.6 £ 1.2 162 +13 Right Ischemic Left Hemiparesis
Male (47.5 %)
Normal 49.8 + 3.6 Female (54.5 %) 1.3+£0.7 none none none none

Male (45.5 %)

@ Subjective Visual Vertical (SVV).
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and severe cognitive impairment preventing the patients from perceiving instructions orally or written.

According to these criteria, 40 patients with right hemisphere strokes were selected. The average time from the onset of stroke to
participation in the study was 162 + 13 days.

The patients were compared with 35 healthy participants in terms of age and education. The healthy volunteers were all right-
handed. They had normal or corrected vision and reported no history of vestibular, neurological, or mental diseases. They also did
not take any medicine on a regular basis.

Table 1 reports the characteristics of participants. According to the Declaration of Helsinki, after the study method was fully
explained to the participants, they signed written informed consent forms and ensured that their participation in the research is
voluntary and they were able to withdraw from the study in every stage of the data collection process. Following their consent, data
were collected in the participant’s convenient time and day. The exploratory study was approved by the Ethics Committee (University
of Social Welfare and Rehabilitation Sciences, Tehran, Iran; (with number IR. USWR.REC.1398.118).

3. Clinical evaluation
3.1. Subjective visual vertical (SVV)

Visual vertical perception was clinically assessed with SVV evaluation to determine the inclusion criteria. The tools used in this
evaluation included SVV goggle and SVV-VII software (Synapsys, Inventis Co, Italy). A value of 0 indicates that the line is aligned with
the objective vertical with respect to the convention that a negative rotation corresponds to a counterclockwise deviation (to the left)
and a positive rotation corresponds to a clockwise deviation (to the right).

Every participant sat on a chair in a dark room, and straps were placed around their torsos and heads to keep the body upright and
prevent any unwanted movements. The SVV evaluation was then performed. Glasses were placed on their faces to cover the entire field
of vision. Only through a circular output could a person view the scene. In this method, the visual scene is narrowed to a circular
surface (25 cm in diameter) to prevent any vertical and horizontal reference interferences. (See Lopez et al., 2009 [21] for similar
methods). A 15-cm long beam of light was presented on the screen (Full HD 1080p LED, 43" screen, 1920X 1080 resolution, LG, Korea)
in line with the level of the person’s eye 1.2 m away from the person’s face (nasion) (Fig. 1). The beam of light was tilted to the left and
right by the tester using arrow keys on a keyboard (tilt resolution = 0.2°), and the participant would notify the tester when the beam
was in the vertical position. The participant then closed his/her eyes for a few seconds, and the next test beam was shown for 1500 ms
with an intermittent interval of 3000-1500 ms (false random jumps). Ten trials were then presented to the individual in a false random
sequence. The means and standard deviations of ten deviations were calculated for the subjective vertical per person. A tilt value above
+2.6° was considered pathological. The final mean deviation was obtained in stroke survivors as well as those in the control group.

3.2. Electroencephalography (EEG)

3.2.1. Data collection

The experiments were conducted when every participant was sitting on a comfortable chair in a quiet room. They were asked to
stay still as long as they could, close their eyes, minimize eye movements, calm their minds, and control the movements of their
tongues and muscles of the forehead, neck, and jaw to reduce extracranial artifacts. The raw EEG data were collected for approximately
3 min in the rest and relaxed state. Their mastoids and foreheads were gently cleansed with abrasive alcohol to remove any grease and
dirt from the skin. The EEG was recorded from 32 cranial locations, according to the International System of 10-20 through electrodes
mounted on a Waveguard™ cap (ANT Neuro, Enschede, the Netherlands). The 33rd electrode was placed 10 % anterior to Fz (called
GND electrode, AFz position) as a common reference. The EEG cap was placed on the individual’s head so that the Cz electrode would
be aligned with the prearticular points of the frontal plane and with the nasion and inion points of the sagittal plane. An electro-gel
(ELECTRO CAP CENTER, Nieuwkoop, the Netherlands) was used between the skull and the electrodes to keep the electrode imped-
ances below 5 KOhm to prevent any polarization effects.

H ;

SVV test EEG test Posturography test

Fig. 1. Schematic picture of evaluation process.
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The EEG data were recorded by using asalab ® software and amplifiers (ANT Neuro, Enschede, the Netherlands) at a sampling rate
of 256 Hz. Moreover, a 0.1-100-Hz band-pass filter and a 50-Hz notch filter were utilized for surveillance, blinking, and other artifact-
related movements. All raw EEG signals were stored for offline analysis.

3.2.2. Pre-processing

The preprocessing was performed in MATLAB (version 2014a, Mathworks, Inc., Natick, MA, USA) through the EEGLAB toolbox
(version v13.4.4 b), and the recorded raw data were filtered by using a linear finite impulse response (FIR) bandpass filter (1-80 Hz).
EEG artifacts were manually removed by visual inspection of the topographies and time courses of the components by a skilled and
certified electroencephalographer. In order to avoid EEG and behavioral drowsiness, the expert examiner monitored the subject and
the final appearance of EEG drowsiness, if there was any, verbally gave the subject the necessary instructions and warnings. Such EEG
drowsiness was also rejected in data processing. Therefore, EEG data with low-amplitude basal rhythms (less than 10 pV) were
excluded. Eye and muscle artifacts were also rejected. These activities are usually shown with amplitudes greater than 100 pV. Then
the independent component analysis (ICA) was performed to remove other small value artifacts including blink, eye movements,
auditory artifacts, persistent scalp muscle activity, electrode noise or other motion-related artifacts. ICA was applied using the RUNICA
algorithm implemented in EEGLAB. Each component classified with a probability rating >0.8 for any class of artifacts (line noise,
channel noise, muscle activity, eye activity, or heart artifacts) was removed from the data. Finally, residual bad channels were
excluded if their standard deviation exceeds a threshold of 25 pV or is smaller than 1 pV. Bad channels with excessive artifacts were
then excluded from the mean (With an upper limit 2 channels for each subject). Subsequently, the missing channels removed in the
preprocessing were interpolated by using a spherical spline interpolation (EEGLAB function eeg_interp.m) and all channels were re-
referenced to the common average. Finally, 60 s of artifact-free EEG in each sample was selected for the subsequent analysis.

3.2.3. EEG-source localization analysis

The localization of an EEG data source is a controversial problem. In recent decades, various algorithms have been developed
through various methods and hypotheses to estimate the locations of EEG sources [22]. The exact low-resolution brain electromagnetic
tomography analysis (eLORETA) is among the most commonly used methods. In this study, eLORETA was employed to estimate
cortical activity from surface EEG data. Designed and developed by Pascual-Marqui [23-25], it is available at the LORETA website
(http://www.uzh.ch/keyinst/loreta.htm). The accuracy of LORETA was demonstrated by several comparative studies of EEG-PET
[26] and EEG-fMRI [27,28]. In addition, LORETA has also been used successfully to locate activities in areas with complex spatial
configurations such as insula [29]. In fact, LORETA employs a real head model [30], and the estimated solutions are limited to the
cortical gray matter modeled on 6239 voxels and 5-mm spatial resolution [29]. This feature allows for the identification of
macro-cortical multiple regions of interest (ROIs), each of which includes different Broadmann areas (BAs). In this study, all voxels

Table 2
The 28 ROIs" created in LORETA for Analysis of functional connectivity in terms of
“lagged phase synchronization”.

Seeds/hob MNI (X, Y, Z)
OP2 (Parietal Operculum) L: 39 -30 20
R: 37-31 19
IPL (Inferior Parietal lobule) L: 39 -51 60
R: 35-45 55
SPL (Superior Parietal lobule) L: 22 -62 54
R: 16-66 57
Parietal lobe (postcentral) L: 60 -20 10
R: 63-16 22
Precuneus L: 3-5239
R: 9-52 52
Precentral Gyrus L: 51 -3 42
R: 30-4 49
Post-central gyrus L: 10 -40 65
R: 15-40 65
Middle frontal gyrus L: —27 21 36
R: 306513
Superior frontal gyrus L: —10 1565
R: 243345
SMA (supplementary motor area) (prearcuate) L: 8-865
R: 4160
CSv (cingulate sulcus visual) L:10-17 41
R: 12-24 43
Cingulate Gyrus L: —10 0 40
R: 5-10 40
STG (superior temporal gyrus) L: 66 -22 22
R: 3023 -26
Insular Cortex (IC) L: -3888
R:494-2

@ Region of Interests (ROIS).
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were selected within a radius of 15 mm to define ROIs from seed points. The intracranial spectral density of the purified EEG was
calculated through eLORETA at a resolution of 1 Hz (1-30 Hz). The eLORETA functional images were estimated from spectral density
for eight frequency bands: delta (1.5-4 Hz), theta (4-8 Hz), alpha 1 (8-10 Hz), alpha 2 (10-13 Hz), beta 1 (13-18 Hz), beta 2 (19-21
Hz), beta 3 (22-30 Hz), and gamma (>30 Hz).

3.2.4. Functional connectivity analysis

The Brodmann areas (BAs) of whole-brain regions created in eLORETA based on Talairach Daemon (http://www.talairach.org/)
were selected to calculate the functional connectivity [31]. After common areas were defined in the vestibular and visual-vertical
perception (Table 2) [1,2,4,10,29,32-38] through seed points with a radius of 15 mm [39] in both hemispheres, the lagged phase
synchronization (LPS) was used as a measure of nonlinear functional connectivity.

4. Statistical analysis

The statistical analyzes were performed in SPSS 24 and eLORETA [40,41]Significant differences between cortical voxels were
identified through statistical nonparametric mapping (SnPM) with randomization in LORETA to determine the cortical potential
threshold values for the modified observed t-values of multiple comparisons between all voxels and all frequencies. A total of 5000
permutations were utilized to determine the significance of each randomization test [42]. Independent sample t-tests and randomi-
zation processes were employed to compare the cortical electrical activity within each frequency band between the groups of stroke
survivors and healthy individuals. The statistical tests allowed for the calculation of the threshold values in the expression “log F-ratio”
and resulted in a file containing the calculated extremes of probabilities (ExtremePs), the corresponding maximum thresholds, and the

(X.Y.2)=(-385,-45)[mm] ; (-2.27E+0) ; 6 SLORETA

(2)

+5

0
-5
(Y) +5 0 5 10¢cm 5 0 +Hem (X)
(X.Y 2)=(18,60,30)[mm] ; (0.00E+0) ; 7 SLORETA
v
L R
(2) (2)
+5 +5
0 0
5 -5
5 0 +5cm [X] [Y] +5 0 5 -10cm 5 0 +5cm [X]

Fig. 2. eLORETA statistical maps of (A) p2 band oscillations and (B) 3 band oscillations. Colored areas represent the spatial extent of voxels with
significant differences (red-coded for p < 0.05; blue and yellow-coded for p < 0.01) in source current density in stroke survivors vs. healthy
participants. Significant results are projected onto a brain MRI template. The MRI slices are located at the MNI-space coordinate indicated in the
figure that corresponds to the voxel of highest significance. (P = 0.008400, Log-F = 2.07) for 2 band oscillations and (P = 0.006, Log-F = 1.9) for
B3 band oscillations.
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thresholds in probability values of p < 0.01, p < 0.05, and p < 0.10. The thresholds with p < 0.05 were considered the indicators of
statistical significance.

The LPS was adopted to measure the functional connectivity. For this purpose, the t-statistic test was conducted with variance
smoothing parameters equal to 0 and 5000 randomizations. ExtremePs, maximum thresholds, and thresholds of probability values of p
< 0.01, p < 0.05, and p < 0.10 were all collected in a file.

5. Results
5.1. Demographic variables

This study was conducted on 40 stroke survivors aged 34-59 years (52.3 + 4.3 years, 52.5 % women) in the stroke group, and 35
healthy subjects aged 37-58 years (49.8 + 3.6 years, 54.5 % women) in the control group. The results of vertical perception were
reported —5.6 + 1.2° and 1.3 + 0.7° in the experimental and control groups, respectively (Table 1).

5.2. Source localization

According to the power spectral density results, the stroke patients had lower electrical cortical activities than the healthy in-
dividuals within the beta-2 frequency band in the left hemisphere. The beta-2 frequency band power showed a significant decrease (p
< 0.01) in the frontal, temporal, and parietal lobes in addition to the insula (Fig. 2 (A, B) and Table 3).

The stroke patients experienced significant increases in the beta-3 band power in their right hemispheres (p < 0.01) in the medial
frontal gyrus, superior frontal gyrus, and anterior cingulate (Fig. 2 (A, B) and Table 3).

5.3. Functional connectivity

The experimental and control groups were compared in terms of the lagged phase synchrony differences in the common areas
between the vestibular network and the visual vertical perception within all band frequencies. According to the statistical analysis
results, stroke survivors showed decreases in the phase synchronization within the delta band and increases within the alpha-1, beta-2,
and beta-3 bands compared with the control group in the vestibular network involved in the visual vertical perception (p < 0.01)
(Fig. 3 (A-D)).

6. Discussion

Previous studies have shown that patients experience impaired balance after stroke. The abnormal vertical perception is a factor
affecting the balance function of stroke survivors. However, there is still insufficient information regarding to what extent the active

Table 3
Regional location and significant comparisons of the voxel values between stroke survivors and healthy controls.
Band oscillation Area Lobe R/L BA® Voxel X Y VA
p2 Middle Temporal Gyrus (TGm) Temporal lobe L 38 —2.30053 -35 5 —45
21 —40 10 —40
Superior Temporal Gyrus (TGs) Temporal lobe L 38 —2.27539 -30 10 —45
22 —45 0 -5
Inferior Temporal Gyrus (TGi) Temporal lobe L 20 —2.27009 -35 0 —45
Sub-Gyral Temporal lobe L 13 —2.11923 —40 0 -10
21 —40 -5 -10
Fusiform Gyrus Temporal lobe L 20 —2.00768 —40 -10 -30
Middle Frontal Gyrus (FGm) Frontal lobe L 6/8/9 —2.28271 -50 5 40
46 —55 25 25
Precentral Gyrus Frontal lobe L 6/4/9 —2.26674 -50 5 45
44 —40 10 10
Inferior Frontal Gyrus (FGi) Frontal lobe L 45/44/6/9/47 —2.24495 —50 15 15
Subcallosal Gyrus Frontal lobe L 34 —2.14474 -25 5 -15
Uncus Limbic lobe L 20/38/28/36 —2.232 -30 5 —40
Parahippocampal Gyrus Limbic lobe L 34 —2.15808 -30 5 -20
28 -15 -5 -15
Insula L 13 —2.22023 —40 5 10
Extra-Nuclear L 13 —2.10147 —40 5 -10
Postcentral Gyrus Parietal lobe L 2/3/1 —2.14078 —60 -20 35
43 -15 20
Inferior Parietal Lobule (PLi) Parietal lobe L 40 —2.10599 —55 -25 30
B3 Superior Frontal Gyrus (FGs) Frontal lobe R 9/10 1.99917 15 50 25
Medial Frontal Gyrus Frontal lobe R 10 1.96826 10 45 15
Anterior cingulate Limbic lobe R 32 1.92137 10 45 10

2 Brodmann area.
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Fig. 3. eLORETA diagram illustrating cortical regions in vestibular network with significantly decreased & (A) and increased a1(B), p2 (C) and B3
(D) frequency bands lagged phase synchronization (functional connectivity) in stroke survivors vs. healthy participants. The red and blue colors of
the arrows indicate a significant increase and decrease in functional connectivity between brain areas in the two groups respectively. MFG: Medial
Frontal Gyrus, SFG: Superior Frontal Gyrus, PoG: Postcentral Gyrus, ACC: Anterior Cingulate Gyrus, PrG: Precentral Gyrus, Ins: Insula.

cortical areas are involved in vertical perception among stroke survivors. Variations in cortical activities after stroke have been well
established.

In this study, stroke survivors were compared with healthy individuals in terms of EEG activities in the vestibular cortex. The results
indicated variations in oscillation power and functional connectivity within specific frequency bands during the resting state. First,
there was a decrease within the beta-2 frequency band activity in the areas of the left hemisphere as well as an increase within the beta-
3 frequency band activity in the areas of the right hemisphere. Second, there was a decrease in the functional connectivity of the delta
frequency band in the medial frontal gyrus (MFG) region and an increase in the functional connectivity within the alpha-1, beta-2, and
beta-3 frequency bands in the areas of the vestibular cortex.

6.1. Variations in functions of vestibular cortex areas

The results of this study showed increases in the activities of the beta-3 (upper beta) band (22-30 Hz) in areas of the frontal lobe
(superior and medial frontal gyrus) and the anterior cingulate cortex of the right hemisphere (damaged hemisphere). There were also
decreases in the activities of the beta-2 band (19-21 Hz) in areas of the temporal lobe (middle, superior, and inferior temporal gyrus),
frontal lobe (middle and inferior frontal gyrus and precentral), inferior parietal lobe, postcentral gyrus, and insula region in the left
hemisphere (healthy hemisphere). All of these areas are in the vestibular cortex [43].

Lower beta band activities (beta-2) are related to the multisensory integration. According to the results of this study, the activity of
this frequency band decreased in areas of the left hemisphere. These areas include precentral gyrus, post-central gyrus, and insula,
middle, and inferior temporal gyri. The precentral gyrus (PrG) (Broadman Region 6) is the part of the pre-motor cortex in the brain
involved in the planning of movements as well as in the organization of certain postural movements [44,45]. It plays a key role in
transmitting vestibular signals in the brain of primates [12] and acts as part of a direct locomotor pathway [46]. The posterior parietal
region (post-central gyrus) is part of the sensory-motor network that processes the multisensory inputs used in motor responses. It can
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also possibly contribute to the processing of gravitational perception information regarding the upright orientation [47]. The insula is
considered a multisensory processing area of the brain. The posterior part of the insula is a multimodal region receiving inputs from the
scattered sensory systems. The vestibular system is a prominent part of such convergent inputs [48,49]. The middle and inferior
temporal gyri are involved in looking at complex and often emotional stimuli as well as the subjective rotation and differentiation of
places in space [49]. In addition, the beta-2 activities are involved in motor system functions, inhibition, alertness, and maintenance of
current sensorimotor and cognitive status [50,51]. Therefore, the decreased or suspended beta activities indicate the readiness to start
moving. This sign is manifested by the left hemisphere.

Contrary to the results of this study, Assenza et al. (2013) and Wang et al. (2012) reported bilateral increases in the power of the
delta and theta frequency bands [52,53]. Far from the inherent differences in their analysis methods, this current study was conducted
on the people with only right hemisphere strokes and abnormal vertical perception. This can be the reason for further differences
between this study and the previous ones.

As mentioned earlier, the activity of the upper beta band (beta 3) is involved in local sensory integration. The results of this study
indicated an increase in the beta-3 activity within the areas of superior frontal gyrus, medial frontal gyrus, and anterior cingulate
cortex (ACC) of the right hemisphere. Superior and medial frontal gyri are involved in the cognitive control of visuomotor timing and
movement preparation [49]. In particular, this study showed the central role of the anterior cingulate cortex. The anterior cingulate
cortex is involved in monitoring the action and tracking the error signal [54]. Regarding balance control, Adkin et al. defined the “error
signal” as the difference between the expected state and the actual state of balance during transient balance perturbations [55]. Several
studies reported increases in frontocentral and/or ACC activities during a balance test for the balance instability detection [56,57]. The
studies of fMRI indicated increases in ACC activities during the successful recognition of instability [58].

In line with the study conducted by Hiilsdiinker et al. (2015), the results of this study emphasized the major role of frontal and
parietal beta fluctuations in maintaining balance [54]. Since the beta band represents the oscillation that is not yet fully understood
[59], it is difficult to explain its role in vestibular processing without further data. It is probably related to the coupling of sensory
vestibular input with ocular motors and motor outputs [29]. Beta band fluctuations used to be linked to sensorimotor functions, and
they were thought to represent the “idling rhythm” in the motor system [60]. However, a recent hypothesis links beta band activities to
maintaining the current motor state [59]. The motor reactions of pusher patients are caused by a severe conflict between the visual
vertical perception and the body [47]. Considering the results of this study and those of the previous studies, it can be hypothesized
that increased beta activities in the right (damaged) hemisphere lead to an idling system, which can be considered a possible cause of
the left lateropulsion observed in stroke survivors who participated in the study.

6.2. Changing functional connectivity between active cortical areas in vertical perception

It has been suggested that nesting between fast and slow fluctuations may facilitate cross-modal interactions between sensory
channels related to information processing on different time scales [61].

Increased Alpha Band Synchrony: Connecting vestibular processing to alpha band fluctuations can provide new insights into the
vestibular system and the human vestibular cortex [12]. This finding is consistent with the hypothesis and suggestion that the 8-13-Hz
rhythm is a major neural index for sensory motor integration and “human connection with the environment” [62] and is selectively
suppressed by a variety of motor and multisensory sensory tasks [63]. Alpha suppression is a distinct pattern reflecting multisensory
vestibular cortical activity in bilateral temporoparietal cranial regions [64]. These different functions are all related to primary
vestibular functions such as self-motion and postural control [65]. Accordingly, alpha suppression reflects the cortical processing of
vestibular signals in the vestibular cortex and is a sign of correlation in cortical vestibular processing [66]. In addition, recent theories
have suggested that alpha band fluctuations may also be related to the separation of brain regions from unrelated tasks [59,67].

The increased synchrony of alpha band fluctuations observed in the results of this study is related to the inhibitory neural activity
[68]. The modulation of alpha band oscillations during self-motion may indicate an inhibitory interaction between the visual and
vestibular systems during visual-vestibular conflicts. These fluctuations show some degrees of discrepancy between actual vestibular
activity and what is expected during the continuous self-motion. They can be employed to distinguish between the types of sensory
ambiguities encountered in body postures. The alpha activity reflects the degrees of differences between actual and expected vestibular
activities [69].

The difference between visual and vestibulo-somastatic signals can be considered an increase in the inhibitory mechanisms
observed in the upright position, in which there is a continuous sensory conflict between experienced and expected gravitational
perception activities. At the same time, the alpha amplitude is assumed to be a reflection of mechanisms to increase the signal-to-noise
ratio. The higher the task demand, the more the inhibition. Consequently, the alpha power increases. However, roll vection requires
the removal of gravitational perception information (due to the vestibular cortex activity) in an upright observer [69].

This hypothesis is consistent with the results of microgravity experiments conducted by Cheron (2006), who reported that the
intensity of alpha band fluctuations in the parito-occipital regions increased when the effect of gravity was not felt [70].

The present study also observed an increase in the functional correlations of alpha band oscillations between the right middle
frontal gyrus and the left postcentral gyrus. In other words, the inhibition and reduction of activities in areas related to the left
vestibular cortex play a key role in vertical perception and transmit conflicting information.

Reduction of Delta Band Fluctuations: The delta band is the leading frequency during a deep sleep. This frequency range is related
to the learning, motivational, and reward systems of the brain [59,71]. In healthy individuals, the delta response is also mainly
correlated with signal tracking and decision-making, whereas the reduced synchronization indicates impairment in these cognitive
functions [72]. In addition to cognitive functions, the delta frequency band is involved in motion, attention processing, and cognitive



M. Jafari et al. Heliyon 9 (2023) 22194

control parameters [50]. Also, in the study of Ertl et al. (2021), the results of the localization of the source of low-frequency oscillations
in the delta band indicate that the low frequencies reflect the interaction between the parts of the vestibular “core” network (PIVC,
CSv) and frontal structures (MFG, MOG) [73]. Hence, delta synchronization has a great effect on attention modulation and motivation.
However, the decrease in synchrony between the superior frontal gyrus of the right hemisphere and the middle frontal gyrus of the left
hemisphere probably indicates a decrease in attention functions within cognitive processes such as vertical perception.

Increased Synchronization of Beta Band Fluctuations: At the resting state between movement areas in the affected hemisphere in
the high beta frequency band, synchronization is an indicator of the baseline movement status, variation in the movement status, and
prediction of the effectiveness of the treatment process [51]. This study also reported an increase in synchrony between the precentral
gyrus and the anterior cingulate cortex as well as the insula in the right hemisphere (damaged hemisphere), a finding which may
indicate variations in the information control processing areas in the affected hemisphere.

This is the first study to analyze the activities and functional correlations between different areas of the vestibular cortex involved
in the visual vertical perception among patients with stroke. There were several research limitations. First, the EEG system is unable to
measure activities in subcortical structures such as the brainstem and cerebellum, which plays a central role in the balance control.
Second, individual differences in stroke or background characteristics may affect the results of this cross-sectional study. Thus, further
longitudinal studies are required to validate the findings of this study. Third, due to consideration of a damaged specific area in stroke
patients and homogenizing it among the patients participating in the study would lead to a reduction in the available samples, so this
variable was not considered in this study and according to the studies previously, right hemisphere damage was used in general. If
possible, it is suggested that this variable be homogenized among the participants.

It is also suggested that the activity and functional connectivity of different oscillation bands be examined among the patients
suffering suffered a right hemisphere stroke but having normal vertical perception. A more accurate description of the cortical areas
involved in vertical perception after brain injury might be obtained by comparing the results of these two groups.

7. Conclusion

The results of this observational cross-sectional study indicated variations in the functions and functional connectivity of cortical
areas involved in the visual vertical perception. These areas are mainly located in the vestibular cortex. According to the research
findings, it can be concluded that these cortical variations are involved in the development of balance problems in stroke patients.
Furthermore, EEG-based measurements (frequency band power and cortical functional connectivity) can manifest change and balance
impairment after stroke.

Neurorehabilitation methods are employed to reduce harmful processes and support beneficial processes in post-stroke neuro-
plasticity. Continuous brain monitoring helps track the brain function derangement in a possible reversible state. Rapid tracking of
brain function derangement enables therapists to consider which rehabilitation program will have the greatest impact on changes in
the cerebral cortex. Due to the high prevalence of stroke, even relatively small improvements in clinical outcomes will be beneficial to
patients.
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