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Introduction: Abnormal brain networks with emotional response in bipolar disorder (BD). However, there have been few studies on
the local consistency between manic episodes in drug-naive first-episode BD patients and healthy controls (HCs). The purpose of this
study is to evaluate the utility of neural activity values analyzed by Regional Homogeneity (ReHo).

Methods: Thirty-seven manic episodes in first-episode, drug-naive BD patients and 37 HCs participated in resting-state functional
magnetic resonance rescanning and scale estimation. Reho and receiver operating characteristic (ROC) curve methods were used to
analyze the imaging data. Support vector machine (SVM) method was used to analyze ReHo in different brain regions.

Results: Compared to HCs, ReHo increased in the left middle temporal gyrus (MTG.L), posterior cingulate gyrus (PCG), inferior
parietal gyrus, and bilateral angular gyrus, and decreased in the left dorsolateral superior frontal gyrus in target group. The ROC results
showed that the ReHo value of the left PCG could discriminate the target group from the HCs, and the AUC was 0.8766. In addition,
the results of the support vector machine show that the increase in ReHo value in the left PCG can effectively discriminate the patients
from the controls, with accuracy, sensitivity, and specificity of 86.02%, 86.49%, and 81.08%, respectively.

Conclusion: The increased activity of the left PCG may contribute new evidence of participation in the pathophysiology of manic
episodes in first-episode, drug-naive BD patients. The Reho value of the left posterior cingulate gyrus may be a potential neuroimaging
biomarker to discriminate target group from HCs.
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Introduction

Bipolar disorder (BD) is a serious mental illness with high rates of suicide and relapse that severely impairs patients’
quality of life and social functioning and places a heavy burden on society and families.' > However, the pathophysio-
logical mechanisms of BD remain unclear,* and fMRI is an important tool for studying its mechanisms.>® With the rapid
development of medical imaging, resting-state functional magnetic resonance imaging (rs-fMRI) has been widely used to
study the pathogenesis, treatment effect, and prognosis of neuropsychiatric diseases. The exploration of brain imaging
biomarkers is still a current research hot spot.”® rs-fMRI shows abnormal functional connectivity in specific brain areas
in patients with BD and local dysfunction in multiple brain areas, including morphological changes in the frontal cortex,
frontal lobe, cortex, thalamus, and amygdala.” These brain areas are mainly concentrated in the default mode network
(DMN)."® The network consists of a group of brain regions including the posterior cingulate gyrus (PCG), precuneus,
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medial prefrontal cortex (MPFC), bilateral angular gyrus (AG), lateral temporal cortex (LTC), and hippocampus
(HPC)."""'? Many studies have shown that the DMN plays an important role in the pathophysiology of BD.'*!*
Judging from the current research on abnormal functional connections of the DMN in BD, the conclusions of these
studies are not entirely consistent.’ In BD type II, increases and decreases in functional connectivity related to the DMN
were found.'" Psychotic pediatric BD is characterized by abnormal DMN connectivity in the anterior cingulate cortex/
MPFC, bilateral caudate nuclei, AG, and left middle temporal gyrus (MTG.L), but non-psychotic pediatric BD is not.'
In BD patients, functional connectivity decreased from the pregenual anterior cingulate cortex to other areas located
mainly in the posterior part of the DMN, such as the posterior cingulate cortex (PCG) and inferior temporal gyrus, and to
salience network areas, such as the supracingulate anterior cingulate cortex and prefrontal cortex.'® It is worth noting that
the analysis methods applied in these studies were independent component analysis (ICA) and/or functional connectivity
based on seed points. Although both methods provide important clues for exploring the neurophysiology of BD, they
have their own limitations.

Regional Homogeneity (ReHo) describes the similarity of the time series of a given voxel (BOLD signal) with the
time series of its nearest neighbors. In ReHo, when a functional brain region is involved in a particular condition, the
voxels within the region are more uniform in time, which is a proven and more reliable feature of rs-fMRI. Nearest
neighbors are formed into clusters of 7, 19, or 27 voxels, and similarities are then calculated in these clusters. Each voxel
will calculate ReHo once with its neighborhood, so the final ReHo is a three-dimensional volume corresponding to the
brain position, which we can use for further analysis, such as statistical testing, machine learning, and so on.'”'® The
ReHo method measures the regional coherence of low-frequency (<0.08 Hz) activity of fMRI signals, which reflects the
local temporal uniformity of regional blood oxygenation level-dependent signals and serves as a complement to resting-
state brain neural activity. Increases or decreases in ReHo represent abnormal activity in local brain areas. Therefore,
ReHo analysis has been successfully used in studies investigating networks in psychiatric disorders.'®' The Support
vector machine (SVM) analysis method has proven to be of great practical clinical value in the context of decision-
making in high-dimensional neuroimaging databases.”” In fMRI studies, SVM weights can be overlaid on the original
brain space to create discriminant maps by visually tracing the most important weights to the brain regions with the
highest discriminant values.> Our previous study used the SVM method to explore the degree centrality of DMN in
patients with bipolar mania.** However, a direct comparison of ReHo in first-episode and drug-naive BD patients and
healthy controls has not been studied. Therefore, we hypothesized that patients with first-episode, drug-naive BD would
have changes in ReHo scores in emotional, cognitive, and sensorimotor domains and that abnormal ReHo scores would
be associated with clinical features.

Here, we collected rs-fMRI data from drug-naive and first-episode bipolar mania patients and used the ReHo method
to analyze whole-brain activity abnormalities. Their potential utility as neuroimaging biomarkers for first-episode and
drug-naive BD was evaluated using SVM. We believe that this study will provide more promising evidence on the
neuropathological mechanisms of BD.

Materials and Methods

Participants
A total of 37 manic episodes of first-episode bipolar patients and 37 healthy controls, aged between 12 and 35 years,
were recruited from the outpatient ward of Renmin Hospital of Renmin Hospital of Wuhan University between
October 2020 and December 2022. All volunteers underwent a face-to-face the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) semi-structured clinical interview and were independently diagnosed by two
psychiatrists, following the methodology outlined by Kessing et al.*®

To be included in the study, all patients had to meet the following criteria: no family history of BD, confirmed
diagnosis of first episode of bipolar disorder based on medical history, age between 12 and 35, no history of psychiatric
medication or electroconvulsive treatment, absence of cognitive impairment, intellectual disability, and low educational
attainment.
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Healthy controls were recruited from the community and universities through advertising and their gender distribution
was matched to that of the patient group. Exclusion criteria for all participants included other psychiatric disorders
meeting the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) diagnostic criteria, a history
of or current serious physical illness, pregnancy, brain structural abnormalities detected on MRI scans, and any
restrictions or contraindications for undergoing MRI scans.

All subjects were screened by MMSE. The subjects had no cognitive impairment (>27 points), mental retardation (IQ
< 85), and short education years (<12 years).”® All subjects were right-handed and of Chinese Han population.

The study was granted ethical approval by the Medical Research Ethics Committee of Renmin Hospital of Wuhan
University and was conducted in accordance with the principles outlined in the Helsinki Declaration. Prior to participa-
tion, all subjects provided written informed consent.

Neuropsychological Assessment

The participants’ emotional state was assessed using the Young Mania Rating Scale (YMRS) and the Pittsburgh Sleep
Quality Index (PSQI), while anxiety and depression levels were evaluated using the Hamilton Anxiety Scale (HAMA)
and the Hamilton Depression Scale (HAMD). The entire neuropsychological assessment was conducted in a standardized
environment by two trained psychiatrists.

Image Acquisition and Data Preprocessing

All participants underwent MRI scanning using an Achieva 3T-MRI scanner (GE, SIGNA Architect) in the presence of
two licensed technicians with intermediate professional titles. Participants were instructed to lie down and keep their eyes
closed while remaining awake throughout the scan. Prior to the scan, 3M earplugs were provided to minimize noise
levels (<80 dB). All subjects were instructed to stay awake during the scanning session. T2 structural image scanning
parameters included a repetition time (TR) set to the maximum, echo time (TE) set to the minimum, 1 excitation (NEX),
slice thickness of 5 mm with a spacing of 1.5 mm, field of view (FOV) measuring 240 mm x 240 mm, and a total of 20
slices, resulting in a scanning duration of 1 min. 3D-T1 structural image scanning parameters included a TR set to the
maximum, TE set to the minimum, 1 NEX, slice thickness of 2 mm with no spacing, FOV measuring 256 mm X 256 mm,
180 locs per tab, and a scanning duration of 4 min. Resting-state functional magnetic resonance imaging (rs-fMRI)
parameters were as follows: TR = 2000 ms, TE = 30 ms, FOV = 220 mm X 220 mm, flip angle = 90°, matrix size = 64 %
64, slice thickness = 4 mm with no gap, resulting in a voxel resolution of 3 mm x 3 mm % 3 mm. A total of 36 slices were
acquired over 240 time points, yielding a scanning duration of 8 min.

The acquired data underwent preprocessing using the data processing assistant for rs-fMRI (DPARSF) software in
MATLAB.?” The first 10 time points were discarded, and slice timing correction and head motion correction were
performed to adjust for temporal and spatial inconsistencies across the images. Participants with maximal displacements
exceeding 2 mm in the x, y, or z-axis, as well as maximal rotations exceeding 2°, were excluded from the analysis. The
structural image of each individual was coregistered to their functional image by first registering the individual T1 data to
the individual EPI image. Subsequently, the T1 data were segmented into gray matter, white matter, and cerebrospinal fluid
components, and the registration parameters obtained during the segmentation were applied to register the individual EPI
image to the standard Montreal Neurological Institute (MNI) space. The voxel size was resampled to 3 mm X 3 mm X 3 mm
during this normalization process. During functional image normalization, head motion parameters, white matter signals,
and cerebrospinal fluid signals were regressed out as covariates. The resulting images were then smoothed using a Gaussian
kernel with a full-width at half-maximum (FWHM) of 6 mm, followed by band-pass filtering (0.01-0.08 Hz) and linear
detrending to remove low-frequency drift and high-frequency physiological noise.

Regional Homogeneity Analysis

Resting-state functional connectivity (RSFC) was calculated using the REST. For each voxel, time series data were
extracted, and correlation coefficients were computed between each voxel and the remaining voxels across the brain. The
resulting correlation matrix was binarized by thresholding at a correlation coefficient greater than 0.25. The number of
connections for each voxel was then counted to generate a degree centrality measure. Individual degree centrality maps
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were transformed into z-scores using the mean and standard deviation of the entire grey matter mask. The resultant
degree centrality maps were then smoothed with a Gaussian kernel (FWHM = 6 mm) and subjected to group
comparisons.

Correlation Analysis

Regions with significant differences in degree centrality between groups were identified as “regions of interest”. Mean
z-values for these regions were extracted and used in correlation analyses to investigate the relationship between ReHo
values and clinical features in first-episode bipolar patients. To control for multiple comparisons, the Benjamini—
Hochberg correction method with a significance threshold of P < 0.05 was applied.

Receiver Operating Characteristic Curve

Based on the identified regions from the correlation analysis, a total of six regions exhibiting increased ReHo in the
MTG.L, PCG, inferior parietal gyrus, and AG, as well as decreased ReHo in the left dorsolateral superior frontal gyrus,
were selected for further analysis. The ReHo values of these six regions were found to effectively differentiate between
bipolar patients and healthy controls, as indicated by ROC curve analyses. The resulting ROC curves demonstrated good
sensitivity and specificity.

Classification and Receiver Operating Characteristic Analyses

SVM methods using the SVMs software package in MATLAB (LIBSVM) were employed to perform classification
analyses. Initially, two-sample ¢-tests were conducted to identify regions exhibiting significant differences between the
patient and control groups. Subsequently, SVM classification was performed based on the ReHo values of the identified
regions. A grid of parameters was evaluated using LIBSVM, and the highest cross-validation accuracy was selected from
all evaluated parameter settings.

Statistical Analysis

We performed a one-way analysis of variance (ANOVA) to analyze group differences in age and years of education between
the two groups using SPSS26.0. Gender distributions were analyzed using the chi-squared test. Analysis of covariance
(ANCOVA) was performed to compare differences between the two groups on voxel-based ReHo value with age, gender,
years of education, and frame displacement as covariates. Post hoc #-tests were then performed to compare differences in
ReHo scores between groups. A Gaussian random field was used to correct for multiple comparisons using REST at p < 0.01
(voxel significance: p < 0.01, cluster significance: p < 0.01). Figures were plotted using GraphPad Prism 8.4.3.

Results

Demographic and Clinical Characteristics

Twenty BD patients were excluded due to the following factors: five, co-morbid anxiety; two, obsessive-compulsive
disorder; two, co-morbid diagnosis of substance abuse or dependence; four, co-morbid other system diseases; five, head
movement or uncoordinated scanning; two, brain organic diseases. Three HCs were excluded because their head motion
was >2 mm in X, y, or z direction, and they did not consent to rescanning. Finally, a total of 37 BD patients and 37 HCs
were enrolled in the analysis (Figure 1). No statistically significant differences were revealed in age across the two
groups. However, statistically significant differences were revealed in education level and age across the two groups, and
the two groups between BD showed significant statistical differences in YMRS, HRSD-17, and HAMA scores (Table 1).

Group Differences in Reho

We examined global brain Reho for each group. Compared with healthy controls, Reho increased in MTG.L, PCG,
inferior parietal gyrus, and AG, and decreased in the left dorsolateral superior frontal gyrus in patients with first-episode
bipolar patients (Table 2 and Figures 2 and 3).
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57 patients with BD and 39 HCs were investigated
using the Chinese MINI version of the Concise
International Neuropsychiatric interview and DSM-5
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5 patients with co-morbid anxiety

2 patients with obsessive-compulsive
disorder

2 patients with co-morbid diagnosis of
substance abuse or dependence

4 Patients with co-morbid other
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state MRI scans

44 patients with BD and 39 HCs underwent resting-
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37 patients with BD and 37 HCs were enrolled

Figure | Flow chart of the selection process for the BD patients and the controls.

Correlations Results

The correlation between the ReHo value and the neuropsychological evaluation score was analyzed using correlation

analysis. No correlation between abnormal Reho values was found in both clustering and meter scores.

Receiver Operating Characteristic Results
We used ROC to analyze the degree centrality value of the difference between groups, and the results showed that Reho

values in the left PCG could discriminate first-episode bipolar patients from healthy controls with an AUC of 0.8766

(Figures 3 and 4).
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Table I Demographic and Clinical Characteristics of the Participants

Variables BD (n=37) | HCs (n=37) tix? P-value
Gender (male/female) 37(23/14) 37(22/15) 0.057 0.812%
Age (years) 17.59+4.08 21.14£2.76 —4.37 0.000°
Education (years) 13.02+1.94 13.78+2.12 -2.13 0.036°
lliness duration (months) | 12 (7,12) N/A N/A N/A
YMRS (scores) 9.92+3.87 N/A N/A N/A
HAMA (scores) 23.2246.91 N/A N/A N/A
HAMD (scores) 32.46+6.22 N/A N/A N/A

Notes: *The p-value for gender distribution was obtained by chi-square test. "The p-value were

obtained by two sample t-tests.

Abbreviations: BD, bipolar disorder; HCs, healthy controls; HAMA, Hamilton Anxiety Scale;
YMRS, Young Mania Rating Scale; HAMD, Hamilton Depression Scale; N/A, Not Applicable.

Table 2 Significant Reho Values Differences Across Groups

Cluster Location Peak (MNI) Number of | T-value
Voxels
z X y

MTG.L —54 -2l -9 21 3.49
PCG.L 0 —45 30 496 6.07
ANG.L -39 72 42 13 4.6l
ANG.R 45 —60 24 26 3.54
SFGdor.L -15 33 33 35 —4.53
IPLR 48 —57 48 58 4.48

Abbreviations: MNI, Montreal Neurological Institute; T-value, Peak intensity; MTGL.L, left middle
temporal gyrus; PCGL.L, left posterior cingulate gyrus; ANG.L, left angular gyrus; ANG.R, right
angular gyrus; SFGdor.L, left superior frontal gyrus, dorsolateral; IPL.R, right inferior parietal, but

supramarginal and angular gyri.

Support Vector Machine Results

Abnormal Reho values in different brain regions were used to classify individuals into these two groups. The left PCG in
first-episode bipolar patients was analyzed individually using the SVM method, which showed that reduced Reho values

Reho Values
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Figure 2 Violin diagram of ReHo values in different brain regions between BD group and HCs group.
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Figure 3 Brain areas with differences in ReHo values between BD and HCs groups. Compared with HCs, increased ReHo value in the left middle temporal gyrus, posterior

cingulate gyrus, inferior parietal gyrus, and AG, and decreased in the left dorsolateral superior frontal gyrus in patients with first-episode bipolar patients. red denotes
a higher ReHo value.
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Figure 4 Line chart of AUC values in different brain regions between BD and HCs. (A) Shows that ReHo was higher in six brain regions in BD group compared with HCs.
(B) Show that ReHo of the left PCC can distinguish the patients from HCs, with an AUC of 0.8766.

Abbreviations: SFGdor.L, left superior frontal gyrus, dorsolateral; ANG.L, left angular gyrus; ANG.R, right angular gyrus; PCC.L, left posterior cingulate cortex; MTGL.L, left
middle temporal gyrus; IPL.R, right inferior parietal, but supramarginal and angular gyri.

in the left PCG could easily discriminate between first-episode bipolar patients and healthy controls with good accuracy
(86.02%), specificity (86.49%), and sensitivity (81.08%) (Figure 5).

Discussion

In this study, we employ Reho and SVM analysis methods to investigate neuroimaging pathogenesis in first-episode,
drug-naive patients with BD. Our analysis of whole-brain ReHo values revealed significant changes in ReHo within BD.
Our primary findings indicate increased Reho values in MTG.L, PCG, inferior parietal gyrus, and AG among BD patients
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Figure 5 Three-dimensional visualization of SVM with the most optimal parameters. Patients were distinguished from controls by using increased ReHo values in the upper
left PCC. Three-dimensional visualization of optimal parameters via SVM using ReHo values in significantly different regions. (A) The result of selecting SVM parameters
through the 3D view; (B) Is the classification diagram of the ReHo value in the upper left PCC.

Abbreviations: ReHo, Regional Homogeneity; Region |, MTG.L, left middle temporal gyrus; Region 2, PCG.L, left posterior cingulate gyrus; Region 3, ANGL.L, left angular
gyrus; Region 4, ANGL.R, right angular gyrus; Region 5, SFGdor.L, left superior frontal gyrus, dorsolateral; Region 6, IPL.R, right inferior parietal, but supramarginal and
angular gyri.

when compared to HCs. In contrast, Reho values in the left dorsolateral superior frontal gyrus decreased. Notably,
alterations in ReHo within the left PCG may serve as potential biomarkers for distinguishing BD patients from the
controls. Using ReHo values as candidate biomarkers to differentiate between the patients and HCs through an SVM
approach, elevated Reho values in the left PCG successfully discriminated between these two groups, achieving an
accuracy of 86.02%, specificity of 86.49%, and sensitivity of 81.08%. Subsequent ROC analyses revealed that atypical
Reho values in the left PCG may hold diagnostic value as a neuroimaging biomarker associated with bipolar mania,
exhibiting an AUC of 87.66%.

The PCG, as the hub center of the brain’s DMN, is an important efferent nerve fiber of the HPC. It also has complex
nerve fiber connections with the prefrontal lobe, parietal lobe, thalamus, and so on® A large number of studies have
shown that PCG is one of the most metabolically active brain regions in the resting state and is closely related to
attention,”® self-evaluation, episodic memory,*® and self-thinking. It is also important for maintaining self-awareness,
self-guided thought activity during rest, and the regulation of cognition, emotion, action, and intuition.?' Study finds that
changes in effective connectivity from the left MPFC to the left PCG circuit during working memory processing may be
a core pathophysiological feature of BD.** This may affect the emotional and cognitive deficits observed in BD
patients.®* Activation of PCG in BD patients implies enhanced integration of emotional information and autobiographical
memories related to each close relationship.®* Alterations in these systems, particularly in the anterior cingulate cortex
(PACC), appear to play a central role in BD. However, the precise role of the PACC in mania and its functional
connections with other midline regions (within and outside the DMN) remain unclear.'®

Reho used in this study is a voxel analysis, which is based on the analysis method of resting state functional magnetic
resonance imaging to reflect the synchronization of brain functional activity status of whole brain voxels in local regions.
Increased Reho in the left PCG may reflect increased coherence of neural functional activity in the left PCG interacting
with the entire DMN, resulting in hyperactive thinking and cognitive dysfunction common in patients with emotional
BD, contrary to previous findings.>> This may be due to the disruption of the dynamic balance between separation and
integration in the DMN in BD patients.

At the same time, many factors, including small sample size, BD I or BD II subtype, different states of BD (ie,
depressive, manic, and stable phases), medication use (ie, antidepressants, mood stabilizers, and antipsychotics), age
range, disease duration, and different metrics of fMRI applied, may contribute to these inconsistencies. Furthermore, the
lack of reproducibility of rs-fMRI may also be due to the misuse of the liberal multiple-comparison correction strategy.'"
Seed-based analysis showed that BD patients had abnormal brain structural and functional properties in the PCG, and the
RSFC between the left PCG and the right MPFC was lower than that of controls. Abnormal RSFC patterns may indicate
sensory and cognitive dysfunction in BD patients.**>” Unfortunately, our study did not include measures of cognitive
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function. Actively exploring the correlation between differential impairments in cognition and brain network activation in
subsequent studies may help reveal the differential development of BD. Previous studies have also applied the ReHo
method to BD and reported widespread neural activity changes in multiple brain regions, including the frontal lobe,
temporal lobe, parietal lobe, and limbic system.>®>° However, few overlapping changes were observed, with patients
with bipolar depression having elevated ReHo scores in the middle frontal gyrus, superior frontal gyrus, insular cortex,
precuneus, occipital lobe, and parietal cortex, whereas the cingulate, precentral gyrus, and inferior frontal gyrus were
decreased.*® Meanwhile, some studies have found reduced ReHo scores in the precuneus, superior frontal gyrus, and
parietal cortex in children with bipolar mania.*' Other studies have found that patients with type I and type II BD have
decreased ReHo in the insular, temporal, and occipital cortices and increased ReHo in the middle and inferior gyrus.*
Distinguishing between MDD and BD by sMRI of cross-body volume difference using supervised machine learning
methods with moderate classification accuracy.*

We also found by SVM analysis that the increased Reho value of the left PCG may serve as a promising biomarker
for discriminating first-episode bipolar patients from healthy controls in SVM analysis, yielding good accuracy (86.02%),
specificity (86.49%), and sensitivity (81.08%). In addition to the left PCG being enlarged, our study also found that the
MTG.L, inferior parietal gyrus, and AG were enlarged. However, our study also found that the Reho value of the left
dorsolateral superior frontal gyrus was reduced suggest that these brain regions are involved in the neuroimaging
pathogenesis of patients with BD. However, our findings suggest that the increased Reho value of the left PCG may
affect the function of this region, increasing the cooperation and connection between the DMN and the limbic system,
and may serve as a discriminator between target patients and HCs candidate biomarkers.

When evaluating our findings, it is essential to acknowledge several limitations. Firstly, our results are exclusively
derived from a single dataset collected at a single site. Additionally, a limitation of our research is the relatively small
sample size. Secondly, it is noteworthy that age and educational attainment may have exerted some influence on the study
outcomes. Thirdly, the controversy over the aetiological diagnosis of BD was also an important factor that negatively
affected the results of the study.*’ Future studies should consider a more extensive sample size and employ a longitudinal
study design to investigate imaging biomarkers of first-episode bipolar mania. This can be accomplished by aggregating
data from multiple centers, with participants experiencing their first bipolar episode while also controlling for age and
educational level.

Conclusion

The present study demonstrates that the Reho value for manic states in first-episode BD patients is anomalous. These
anomalies could serve as potential biomarkers for distinguishing between individuals experiencing their manic episode in
the target group and HCs. Hence, these results underscore the significance of the left PCC in the pathogenesis of first-
episode BD.
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