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Purpose: The deformation-based morphometry (DBM) method could precisely detect the brain morphological changes, which has
rarely been explored in bipolar disorder (BD) patients. This study utilized DBM to identify the structure of grey matter (GM) and
white matter in BD patients, and compared DBM with traditional voxel-based morphometry (VBM) on decoding the abnormal
changes within the brain, to provide new insights for the pathophysiological mechanism of BD.

Patients and Methods: Brain structural changes in 67 BD patients and 70 healthy controls (HC) were analyzed using DBM and
VBM. The spatial correlations of the two indicators in both hemispheres were calculated, regions with significant differences between
BD and HC were analyzed by correlating with clinical variables. Furthermore, support vector machine classification algorithm was
utilized to detect the capability of VBM, DBM, and fusing two indicators in diagnosing BD patients.

Results: DBM showed increased volumes in GM region in the insula and pregenual anterior cingulate cortex in BD patients. VBM
showed reduction of the grey matter volume (GMV) from the inferior temporal gyrus, hippocampus, inferior frontal gyrus, olfactory
cortex, fusiform gyrus, middle temporal gyrus, superior temporal gyrus, middle frontal gyrus, middle cingulate and paracingulate gyri,
inferior occipital gyrus, Heschl’s gyrus, and dorsolateral superior frontal gyrus. The white matter volume (WMV) from the thalamus,
inferior frontal gyrus, pallidum, and anterior cingulum were decreased in BD patients. The spatial correlations of the two indicators in
both hemispheres were moderately correlated. Furthermore, the highest classification accuracy of DBM-GM and GMV were 69.34%
and 72.42%, respectively, which was further increased to 73.72% after fusing two indicators, indicating fusion as the superior strategy.
Conclusion: Our findings indicated structural abnormalities in multiple brain regions in BD patients using VBM and DBM, with
different information obtained. Fusing DBM-GM and GMYV significantly improved the classification accuracy, suggesting their
potential as neuroimaging markers to assist the diagnosis of BD.

Keywords: bipolar disorder, voxel-based morphometry, deformation-based morphometry, machine learning, multivariate pattern

analysis

Neuropsychiatric Disease and Treatment 2025:21 2017-2034 2017
Received: 6 April 2025 © 2025 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 25 August 2025 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati li /by-nc/4.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 11 September 2025


http://orcid.org/0000-0002-3837-2761
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chen et al

Introduction

Bipolar disorder (BD) is a chronic severe mental disorder, imposing a serious burden due to its early age of onset, high rates of
self-harm, and hospitalization.' Previous studies have reported a 20-fold suicide risk from BD patients compared with the
general population,® © and suicide attempt is one of the most important causes of mortality.” In addition, the diversity of
psychopathological features and clinical performances in BD and many other mental disorders makes its classification,
diagnosis, and subsequent appropriate treatment considerably complex.® Therefore, exploring specific BD neurobiological
markers could potentially benefit the diagnosis and therapeutics for BD patients.

The advance of magnetic resonance imaging (MRI) technology provides a non-invasive approach to study the neuro-
pathophysiological mechanism of BD. Numerous studies explored brain structure changes in BD patients, aiming at finding
more accurate imaging predictive indicators, but no more consistent conclusions were reached. In the brain morphological
analysis method, compared with the traditional voxel-based morphometry (VBM) method, deformation-based morphometry
(DBM) reflects the brain structural differences of different individuals based on the deformation field generated in the process
of spatial registration. DBM is more sensitive to the detection of local morphological changes, and the results are less affected
by spatial registration.” However, to date, most of the studies utilized the VBM method in exploring the abnormal changes in
grey matter volume (GMV) and white matter volume (WMV) in BD patients.'®'? There were extremely limited studies
utilizing the DBM method to explore brain structure changes in patients with mental illnesses, which were mainly focusing on
schizophrenia and depressive disorders. Volz et al found that the volume of the right putamen was increased, while the volume
of the frontal lobe, the temporal lobe, the thalamus, the left cerebellar hemisphere, and the right cerebellar vermis were
decreased in schizophrenia patients.'* Another study showed that compared with the healthy controls (HC), major depressive
disorder patients have reduced GMV in the right anterior cingulate cortex, right precentral gyrus, and left paracentral lobule.'*
To the best of our knowledge, there are still no studies on the abnormal morphological changes of grey matter (GM) and white
matter (WM) by using the DBM method in BD patients.

It has been indicated that multivariate pattern analysis (MVPA) could detect more information than conventional univariate
statistical methods by combining information from many features.'> Among them, the support vector machine (SVM)
classification algorithm has good sensitivity and specificity in the classification diagnosis and prediction of neuropsychiatric
diseases, especially suitable for studies with limited sample sizes.'®>' Salvador et al used different machine learning
classification algorithms to explore the classification ability of the model in patients with mental illnesses and HC. The
study found that GMV could provide the best classification accuracy, with an average classification accuracy of 75% between
schizophrenia patients and HC, 63% between BD patients and HC, and 62% between schizophrenia patients and BD
patients.”> Matsuo et al utilized the SVM classification algorithm to classify the GMV in BD patients, obtaining a preferred
classification accuracy rate of 88.1%, with a sensitivity of 92.1%, and a specificity of 73.4% between BD patients and HC.*
However, those studies have mainly focused on investigating GMV rather than WMV in BD patients. Furthermore, utilizing
different morphological analysis methods could extract varied indicators in characterizing the structural features of the
cerebral cortex, but most of the current studies only reported the result yielded by a single structural indicator, neglecting
the fact that different results could be obtained from different methods. For example, applying different morphological
analysis methods to detect the temporal lobe epilepsy-related brain structural changes, different aspects of brain atrophy could
be revealed,’ suggesting that the fusion of multiple methods may further enhance the diagnosis and prediction of the disease.
To date, it is still unclear whether fusing morphological indicators obtained by VBM and DBM methods could improve the
ability of diagnosis and prediction in BD, which reflected a research gap that should be thoroughly investigated.

Based on the above-mentioned research gaps, this study first used the DBM method to explore the morphological
differences in GM and WM between BD patients and HC. Additionally, since VBM and DBM reveal changes in brain
structure from different perspectives, this study also analyzed the GMV and WMV in the brain structure of BD patients
using VBM, and concluded the similarities and differences between the two methods in exploring the neuropathological
and physiological mechanisms of BD patients. Moreover, this study also explored the correlation between brain regions
with significant differences in VBM and DBM and clinical variables. Finally, based on the SVM classification algorithm,
this study examined the classification and diagnosis ability of VBM and DBM in the GM and WM regions in BD
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patients, and further tested whether the classification ability after fusing the two morphological indicators was improved
than the single morphological indicator.

Materials and Methods

Subjects

We recruited 67 patients with BD and 70 HC. The HC without personal or family history of mental disorders were recruited by
local advertisement. The diagnosis of BD was determined by two experienced psychiatrists based on the structured clinical
interview criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR), and
could not be diagnosed with other mental disorders following the DSM-IV-TR criteria. All the participants were from the Chinese
Han ethnic group and right-handed (age = 16~50). The exclusion criteria for all participants are as follows: (1) a history of
organic brain disorder and/or severe physical illness; (2) a history of abuse of psychoactive substances; (3) a history of epilepsy,
severe traumatic brain injury, or had ever lost consciousness for more than 5 mins due to other reasons; (4) any contraindications
to MRI scanning; (5) pregnancy or lactation; (6) intelligence quotient < 70. Moreover, this study was approved by the Ethics
Committee of Tianjin Fourth Central Hospital and conducted following the Helsinki Declaration, participants were enrolled in
this study voluntarily and signed the informed consent form either by themselves or by their legal guardians.

Imaging Data Acquisition

The MRI scanning was performed on all participants using an Achieva 3.0T MRI scanner (Philips Healthcare,
Netherlands). All participants were required to enter the scanning room to quietly rest for 30 minutes to adapt to the
environment prior to MRI scanning. In addition, we communicated with the participants in detail, to remind them to close
their eyes, relax, stay awake, try to stay motionless, and not engage in any specific mental activities during the scanning
process. Foam pads were used to hold the participant’s head to avoid head movement, and earplugs were worn to reduce
noise. The imaging parameters for collecting 3D T1 weighted structural images were as follows: repetition time (TR) =
8.2ms, echo time (TE) = 3.8ms, flip angle (FA) = 7°, field of view (FOV) = 256 x 256mm, matrix = 256 X 256, layer
thickness = 1mm, layer spacing = lmm, and number of layers = 188. The scanning time is 250s. All brain imaging data
of the participants were subjected to image quality control by experienced radiologists, to guarantee the acquisitioned
images had no artifacts or abnormal brain structures before proceeded with subsequent data preprocessing analysis.

Data Processing

VBM

MATLAB 2016b software platform was applied for data processing, the T1 images were converted from the original DICOM
format to NIFTI format and then utilized CAT12 (Computational Anatomy Toolbox, http://dbm.neuro.uni-jena.de/cat12)
toolkit of SPM12 (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm) software for data preprocessing. The

preprocessing process was as follows: Firstly, the high-resolution T1 structural images were segmented into GM, WM, and
cerebrospinal fluid based on the tissue probability map; The segmented images were then normalized to the Montreal
Neurological Institute (MNI) standard space using the diffeomorphic anatomical registration through exponentiated Lie
algebra (DARTEL), with voxel sizes resampled to 1.5mm x 1.5mm X 1.5mm. Subsequently, the normalized GM density and
WM density maps were multiplied by the nonlinear deformation parameters in the spatial registration process, to finally yield
the modulated GM probability maps (GMV image) and WM probability maps (WMYV image). In addition, the total intracranial
volume (TIV) of each subject was calculated for subsequent analysis. Finally, we conducted sample homogeneity tests on the
standardized images using visual box plots and correlation matrices to ensure the quality of the processed images. After
confirming the accuracy of the images, the images were smoothed using a Gaussian smoothing kernel with a full width at half
maximum (FWHM) of 8mm % 8mm x 8mm.

DBM

The CAT12 toolkit of SPM12 software was used to segment the image. The image was standardized to the MNI standard space
by DARTEL and resampled to the voxel size of 1.5mm x 1.5mm % 1.5mm. Then, based on the deformation field parameters
obtained by the above nonlinear registration process, the Jacobian matrix was obtained by calculating the second derivative of

Neuropsychiatric Disease and Treatment 2025:21 hetps: 2019


http://dbm.neuro.uni-jena.de/cat12
http://www.fil.ion.ucl.ac.uk/spm

Chen et al

the deformation field, and each Jacobian matrix was the deformation information of each voxel. Finally, the images were
spatially smoothed using a Gaussian smoothing kernel with a FWHM of 8mm x 8mm x 8mm.

Univariate Statistical Analysis

The SPSS 24 software was used to analyze the demographic and clinical characteristics of the research subjects, and
a normality test was conducted on the continuous variables. The #-test was utilized to compare the continuous variables that
conformed to a normal distribution, and the data were expressed as mean + standard deviation. When the continuous variable
did not conform to a normal distribution, a non-parametric test (Mann—Whitney U-test) was selected, with the data expressed
as the median (upper quartile, lower quartile); The comparison of non-continuous variables was performed by the chi-square
test, set P < 0.05 as the significant difference.

The univariate statistical analysis of image data was performed with a ¢-test by the SPM 12 software based on the MATLAB
2016b software platform. To reduce the false positive error, the multiple comparison correction was performed using family-
wise error (FWE) at the voxel level (P < 0.05, FWE-corrected). Since DBM only measured the total brain volume changes but
failed to divide the brain into different tissue types; we used the “Template 4 IXI555 MNI152 GS.nii” image®* that included
voxels with a value > 0.3 in CAT12 software to create a GM mask and WM mask to analyze DBM-GM and DBM-WM. All
indicators were analyzed using age and gender as covariates to control for their impacts on the results. In addition, the
influence of TIV was considered during the comparison of GMV and WMV of BD patients vs HC. To quantify the similarity in
spatial patterns between the results obtained by the two methods, we further used Spearman correlation to calculate the spatial
correlation coefficients between GMV and DBM-GM, WMV and DBM-WM statistical maps. Besides, the brain regions with
significant differences in the above indicators were also taken as regions of interest, and the average voxel values of each
region of interest in all patients were extracted, and correlation analysis was conducted between them and clinical variables.

MVPA

The SVM in MVPANI toolbox?’ was utilized to examine the classification ability of image indicators based on four
indicators, including DBM-GM, GMV, DBM-WM, and WMV, to explore whether these indicators could distinguish BD
patients from HC. Firstly, the 10-fold cross-validation®* method was used to randomly divide all subjects into 10
subgroups, both BD patients and HC were ensured to be included in each subgroup. 9 subgroups were set as the training
set and the remaining 1 subgroup as the testing set. The above-mentioned training was repeated 10 times to ensure that
each subgroup had been set as a testing set once. Each feature was standardized before cross-validation: the values in
each row (each row represents one sample) were normalized by transforming all values in each sample to z scores with
a mean of 0 and a standard deviation (SD) of 1 using the following equation:

x;; — mean(x;.)

SD0x) for the i” row

zj =

To attenuate the influence of irrelevant or redundant features and enhance the accuracy of the model in the process of
cross-validation, we further performed a feature selection. The specific process was as follows: in each cross-validation
process, F-test was conducted on the BD patients’ group and HC group in the training set. All features were ranked from
highest to lowest according to the F-value. Then, the top 10% features with the highest F-value were selected to train the
new classifier using the training data set, and the classifier was tested using the reserved testing set, resulting in the
classification accuracy of this cross-validation. Through the above process, the classification accuracy will be obtained in
each cross-verification, and the final classification accuracy was the average of the classification accuracy obtained in all
cross-verification.

The above-mentioned cycle was repeated, with the number of included features increased by 10% per cycle, till all the
features were included, 10 selected feature sets and 10 average classification accuracy were totally generated. The statistical
significance of classification accuracy was determined by permutation test, with a significance threshold of P < 0.05.
Furthermore, we conducted 1000 random permutation tests to obtain 1000 random classification accuracies and then used
these 1000 random classification accuracies to construct a null distribution. The P-value was the percentage greater than or
equal to the actual classification accuracy (P = 0.001, i.e., 1/1000). Since 10 independent MVPA analyses were performed in

2020 e Neuropsychiatric Disease and Treatment 2025:21



Chen et al

the above-mentioned feature selection process, the Bonferroni correction method was necessary to further perform multiple
comparison corrections on the P values obtained from the permutation test (P < 0.05/10 = 0.005 was considered statistically
significant). In addition, to explore whether VBM and DBM indicators are complementary and whether the information fusion
between the two indicators could further improve classification accuracy, we used the voting method to fuse two datasets (GM
regions and WM regions calculated by different methods) based on the classification results of DBM-WM and WMV, DBM-
GM and GMV. The final classification accuracy was also calculated through data fusion, and the P-value of the fused
classification accuracy was generated through 1000 permutation tests. Besides obtaining the classification accuracy, we also
calculated the receiver operating characteristic (ROC) curve and the corresponding area under the curve (AUC) for each
classification.

Results

Demographics

The demographic and clinical variables of the participants were shown as below: BD group (n = 67) contained 30 male
and 37 female patients, while HC group (n = 70) had 33 male and 37 female participants (x> = 0.077, P = 0.781). The age
of participants from BD and HC were 23.34 + 4.74 and 21.64 + 5.54 years, respectively (t = 1.926, P = 0.056). The
duration of illness from BD patients was 9.72 + 8.23 months, and the age of onset was 22.54 + 4.93 years. In summary,
no significant difference was concluded in gender and age between BD patients and HC (P > 0.05).

The Comparison of DBM Between BD Patients and HC

The abnormal brain regions of DBM-GM in BD patients and HC were presented in Figure 1. Briefly, in the GM area, the
volume of the left insula (the peak MNI coordinate: —43.5, 13.5, —10.5; the number of voxels = 25; t value = 5.0582;
effect size = 0.6629) and pregenual anterior cingulate cortex (the peak MNI coordinate: —1.5, 52.5, —1.5; the number of
voxels = 15; t value = 4.6180; effect size = 0.05914) were increased in BD patients compared with the HC (P < 0.05,
voxel-level FWE-corrected). However, there were no statistically significant differences in DBM-WM between BD
patients and HC (P > 0.05, voxel-level FWE-corrected).

A B
4
Il BD
HC
) :
y=13.5mm x=-43.5mm =
)
s 2
mMm
A
y=52.5mm x=-1.Smm 0
B L-insula L-pregenual anterior
0 T value 6 cingulate cortex

Figure | (A and B), respectively, shows the abnormal brain regions maps and differential changes between bipolar disorder (BD) and healthy controls (HC) in the grey
matter (GM) region using the deformation-based morphometry (DBM) method.
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The Comparison of VBM Between BD Patients and HC

Significant differences of GMV were presented in numerous brain regions between BD patients and HC, as presented in
Table 1 and Figure 2. Briefly in BD patients, the GMV from the bilateral inferior temporal gyrus and hippocampus; the
left inferior frontal gyrus, olfactory cortex, fusiform gyrus, middle temporal gyrus, superior temporal gyrus, middle
frontal gyrus, and middle cingulate and paracingulate gyri; the right inferior occipital gyrus, Heschl’s gyrus, and
dorsolateral superior frontal gyrus were significantly decreased as compared with HC (P < 0.05, voxel-level FWE-
corrected).

Similarly, significant differences in WMV were shown in numerous brain regions between BD patients and HC, as
shown in Table 2 and Figure 3. BD patients showed significantly decreased WMV in the bilateral thalamus, the right
inferior frontal gyrus, the right pallidum, and the right anterior cingulum, as compared with HC (P < 0.05, voxel-level
FWE-corrected).

The Spatial Correlations of Statistical Maps Between BD Patients and HC Yielded by
the VBM and DBM Analysis

Figure 4 showed the spatial correlations between the differences in GMV and DBM-GM, WMV and DBM-WM between
BD patients and HC. The pair-wise correlation analyses indicated moderate spatial correlations between GMV and DBM-
GM groups (r = 0.43 for the left hemisphere and » = 0.41 for the right hemisphere, P < 0.05); similarly, the spatial
correlations between WMV and DBM-WM were also moderate (r = 0.42 for the left hemisphere and » = 0.51 for the right
hemisphere, P < 0.05).

Table | The Abnormal Brain Regions of GMV in Bipolar Disorder Patients and Healthy Controls

Regions (AAL) MNI Number of Voxels | T value | Effect Size
x y z
L inferior temporal gyrus =51 —495 | -18 33 =5.1915 —0.6957
R inferior temporal gyrus 54 -39 | —165 34 —5.3449 —0.7395
L fusiform gyrus —24 -33 | —165 27 —5.1487 —0.6204
R inferior occipital gyrus 375 | -825 | —I5 51 —5.0966 —0.6988
L hippocampus =315 | -135 | —1I5 16 —4.8408 —0.6052
L middle temporal gyrus -61.5 | —36 3 1412 —6.1897 —0.8275
L olfactory cortex 0 12 -6 28 —5.0528 —0.6736
L inferior frontal gyrus —37.5 15 3 42 —5.5819 —0.7255
L superior temporal gyrus -57 -6 4.5 138 —5.5233 -0.7116
R Heschl’s gyrus 48 -9 7.5 109 —5.9209 —0.7156
R hippocampus 27 —36 7.5 56 —6.0424 —0.8233
R dorsolateral superior frontal gyrus 19.5 45 375 248 —6.4463 —0.7458
L middle frontal gyrus -27 315 39 27 —5.1186 —0.7897
L middle cingulate and paracingulate gyri 0 —285 | 46.5 58 —5.2569 —0.6983

Notes: T value: the statistic value at the peak voxel within clusters showing significant differences between bipolar disorder patients and
healthy controls in the two-sample t-test with FWE voxel-level correction.
Abbreviations: GMV, grey matter volume; AAL, anatomical automatic labeling; MNI, Montreal Neurological Coordinate; L, left; R, right.
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Figure 2 (A and B), respectively, shows the abnormal brain regions maps and differential changes between bipolar disorder (BD) and healthy controls (HC) in the grey
matter volume (GMV) using the voxel-based morphometry (VBM) method.

The Correlations Between Brain Imaging Indicators and Clinical Variables in BD
Patients

The comparison of DBM-GM, GMV, and WMV between BD patients and HC showed that the abnormal brain areas were
not significantly correlated with the duration of illness and age of onset.

MVPA

The MVPA results are shown in Figures 5 and 6. The specific information on the performance of the classification model for
distinguishing BD patients from HC were as follows in the GM region: (1) DBM-GM: The highest classification accuracy of
69.34% was achieved using 30% of features, along with an AUC of 0.72, sensitivity of 67.14%, specificity of 71.43%;
(2) GMV: The highest classification accuracy of 72.42% was attained using 30% of features, along with an AUC of 0.78,
sensitivity of 70.48%, and specificity of 74.29%; (3) GM Fusion (GMV and DBM-GM): Fusion led to a further improved
highest classification accuracy of 73.72%, with an AUC of 0.73, sensitivity of 61.19%, and specificity of 85.71%. Permutation
tests confirmed that abovementioned classification accuracies were significantly higher than random level (P < 0.005).
Furthermore in the WM region, the performance of the classification model for distinguishing BD patients from HC showed

Table 2 The Abnormal Brain Regions of WMV in Bipolar Disorder Patients and Healthy

Controls
Regions (AAL) MNI Number of Voxels | T value | Effect Size
x y z
R anterior cingulum 12 24 -3 201 —5.5041 —0.4196
L thalamus —-18 | —I8 6 431 —6.3138 —0.5822
R thalamus 165 | =27 | 13.5 372 —5.9450 —0.5761
R inferior frontal gyrus | 25.5 | 345 | —6 21 —4.8786 —0.3367
R pallidum 165 | 1.5 1.5 33 —4.8025 —0.5383

Notes: T value: the statistic value at the peak voxel within clusters showing significant differences between bipolar
disorder patients and healthy controls in the two-sample t-test with FWE voxel-level correction.
Abbreviations: WMV, white matter volume; AAL, anatomical automatic labeling; MNI, Montreal Neurological
Coordinate; L, left; R, right.
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Figure 3 (A and B), respectively, shows the abnormal brain regions maps and differential changes between bipolar disorder (BD) and healthy controls (HC) in the white
matter volume (WMV) using the voxel-based morphometry (VBM) method.

Frequency

WMV

D,

Figure 4 The spatial correlations of statistical maps generated by two brain structure imaging methods, with the Spearman correlation coefficient (r) presented on the top-
left corner of each picture. (A and B) showed the spatial correlations between grey matter results detected by deformation-based morphometry (DBM-GM) and grey
matter volume (GMV) in the left (L) and right (R) hemispheres, respectively; (C and D) showed the spatial correlations between white matter results detected by
deformation-based morphometry (DBM-WM) and white matter volume (WMV) in the left (L) and right (R) hemispheres, respectively.
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Figure 5 The multivariate pattern analysis (MVPA) results of grey matter results detected by deformation-based morphometry (DBM-GM), grey matter volume (GMV),
white matter results detected by deformation-based morphometry (DBM-WM), and white matter volume (WMV) utilizing feature selection. (A—C) Results by the DBM-
GM; (D-F) Results by the GMV; (G-I) Results by the DBM-WM, and (J-L) Results by the WMV. Within each row: The left column showed the feature numbers and
accuracy (ACC); the middle column indicated the receiver operating characteristic (ROC) curve and area under the curve (AUCs) for each classifier when utilizing the
feature selection; while the right column showed the highest classification ACC (the red vertical lines) and the zero distribution plots (blue color) of random classification
ACC obtained after 1000 permutation tests when using feature selection.

the results below: (1) DBM-WM: The highest classification accuracy of 59.84% occurred when utilizing 70% of features, with
corresponding AUC of 0.63, sensitivity of 60.95%, and specificity of 58.57%; (2) WMV: The highest classification accuracy
of 62.80% was observed using 10% of features, resulting in an AUC of 0.64, sensitivity of 62.86%, and specificity of 62.86%;
(3) WM Fusion (WMV and DBM-WM): The fusion model achieved a highest classification accuracy of 62.77%, with an AUC
of 0.62, sensitivity of 46.27%, and specificity of 78.57%. Permutation tests confirmed that the classification accuracies of
WMYV and WM Fusion were significantly higher than random level (P < 0.005).
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Figure 6 (A) The highest accuracy (ACC) of grey matter results detected by deformation-based morphometry (DBM-GM), grey matter volume (GMV), white matter
results detected by deformation-based morphometry (DBM-WM), white matter volume (WMV), the fusion of DBM-GM and GMV, and the fusion of DBM-WM and WMV.
(B and C) The highest classification ACC (red vertical lines) and the zero distribution plots (blue color) of random classification ACC obtained after 1000 permutation tests
after fusion.

Discussion

Abnormal GM Structure in BD Patients

The GM area of the pregenual anterior cingulate cortex was increased in BD patients as indicated by DBM, which correlates
with cognitive and emotional regulation, attention, problem-solving, motivation, and decision-making, functioning as
a critical center for integrating cognitive and affective neuronal connections.”® The anterior cingulate cortex can be divided
into two subregions: pregenual anterior cingulate cortex and subgenual anterior cingulate cortex.”’® The pregenual anterior
cingulate cortex is a component of the limbic system and the default mode network of the brain and establishes extensive
connections with cortical and subcortical brain regions involved in emotional regulation and cognitive control.** > Studies
have identified that GM occupies the largest amount of neurons within the brain, and N-acetylasparte (NAA) exists in brain
neurons and could be utilized as a marker to reflect neuron density.**~** Studies have reported that BD patients have increased
NAA in the anterior cingulate gyrus.>> Therefore, the above-mentioned backgrounds and the current research indicated that
the neuron density within the pregenual anterior cingulate cortex could be increased in BD patients. The abnormal changes
within such brain regions could potentially be a pathophysiological mechanism of BD patients. To date, there have been few
studies related to the pregenual anterior cingulate cortex, of which the current study bridged the research gap. Additionally, the
DBM study from our paper showed an increased left insula volume in the GM area in BD patients, which is a critical
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component of the limbic system and is responsible for emotional regulation.***” Similarly, one study using Positron Emission
Computed Tomography (PET) imaging indicated an increased serotonin transporter binding-potential in the insula of BD
patients.*® Xu et al showed that the low-frequency amplitude of the insula was increased in BD patients.*® Another study
reported an overactivation of the insula region in BD patients upon the task related to emotional stimulations.** One
investigation on the GM region of the insula showed that the GMV in the left dorsal anterior insula was increased in BD
patients,*" while another study found that the left insula GM density was increased in 11 BD patients.** The above-mentioned
studies indicate the structural or functional changes in the insula region in BD patients. However, our study provided new
evidence beyond such abnormal structure changes in the GM region of the insula. As the insula contains different regions,
further studies could be performed more precisely on specific subregions within the insula to enhance the understanding of
their functions.

This study found that GMV was decreased in numerous brain regions in VBM, including the temporal lobe, frontal lobe,
occipital lobe, fusiform gyrus, hippocampus, olfactory cortex, and middle cingulate and paracingulate gyri (Table 1).
However, no region showed an increase in GMV. The temporal lobe has been regarded with several functions, such as
language comprehension, memory, and mental activity,** also the temporal lobe is connected to the prefrontal lobe and the
limbic system via numerous neural connections and participates in the emotion-regulating processes.** Dysfunction of the
frontotemporal neural network influenced emotional processing and regulation, which was considered the main cause of
behavioral abnormalities in BD.*> To date, numerous studies reported the cortical GM was thinned, and the GMV was

46-5

decreased in the temporal and frontal regions in BD patients,**>° consisting with the results from the current study. The

middle cingulate gyrus plays an important role in decision-making, especially in rewards-related decisions.”" Previous studies

suggested BD patients had cognition impairments,**>*

and Neves Mde et al reported that the facial emotional cognitive score
was positively correlated with the GMV of the middle cingulate gyrus in BD type I patients.>> Another study showed that the
middle cingulate gyrus was activated under negative emotional stimuli.’® This study found a decrease in GMV of the middle
cingulate gyrus in BD patients in VBM, suggesting that the atrophy of the middle cingulate gyrus in BD patients may be
related to emotional cognitive impairment. The occipital lobe is the visual cortex center that mainly involved in the procession
of visual information. Previous studies showed abnormal changes in visual functions from BD patients, which were related to
visual perception disorders.’’”® A study using 31P magnetic resonance spectroscopy (MRS) found that the ratio of
phosphocreatine and adenosine triphosphate was changed in BD patients during occipital visual stimulation.’® Moreover,
Singh et al indicated that GMV was decreased in the inferior occipital gyrus and middle occipital gyrus in BD adolescences via
a source-based morphometry method;'® another large-scale MRI study showed a decreased occipital cortex thickness in BD
patients, of which the reduction was positively correlated with the duration of illness.*® The above-mentioned researches
indicated that the occipital lobe brain region abnormalities could potentially be a pathophysiological mechanism of BD
patients, which was reinforced by our study. It has been indicated that the fusiform gyrus was critical in visual perception, such
as understanding and identifying color, in coordination with the occipital lobe. Besides, the fusiform gyrus is also closely

related to the network that suppresses emotions,*®!

which plays a key role in regulating emotions and impulses. Functional
impairment of the fusiform gyrus was previously observed in BD patients.® Perlman et al found that adolescent BD patients
showed a weakened activation of the left fusiform gyrus under the negative emotional face recognition tasks.®* Another study
found that BD patients have decreased GM density in the fusiform gyrus.®> Our study also found that the GMV of the left
fusiform gyrus was decreased from BD patients, suggesting that the abnormal GMV of the fusiform gyrus was closely related
to negative emotions. Previous studies indicated that the cognitive domain that was severely impaired in BD patients was
related with declarative memory.®* % Since hippocampus is an important structure for the acquisition, consolidation, and

retrieval of declarative memory,®’ studies have reported a decrease in GMV®® 7 and neuron density’' "

in the hippocampus
of BD patients, which was consistent with our results. In addition, our study found that GMV in the olfactory cortex was
decreased in BD patients. The olfactory cortex is located in the medial temporal lobe, containing the entorhinal and perirhinal
cortex. The entorhinal cortex is closely related to the hippocampus, which delivers information into the hippocampal region
and simultaneously transmits the information out of the hippocampal region to the cerebral cortex. As we can understand,
there are still no relevant studies on the structure and function of the olfactory cortex in BD patients. Previous studies have
shown that the entorhinal cortex is closely related to cognitive function. A meta-analysis reported the occurrence of brain

atrophy in mild cognitive impairment patients, within which the most influenced regions were the entorhinal cortex and
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hippocampus;’* another study suggested that the decrease in the volume of the entorhinal cortex was associated with
a decrease in declarative memory scores.”” In conclusion, our study indicated that a declarative memory deficit in BD may
be related to GMV atrophy in the hippocampus and olfactory cortex brain regions. Besides, we further measured the spatial
correlation between GMV and DBM-GM statistical maps, and the results showed that the two indicators were moderately
correlated in the left and right hemispheres, suggesting that both indicators could reflect brain structural changes with
consistent trends in certain brain regions. However, we observed that the two indicators yielded different results in the inter-
group correlation analysis, which could be attributed to two reasons: One was the different threshold of statistical significance
from each indicator; the other was the similarity and specificity of the two indicators in measuring the brain structural
information, which were extracted by different methods from different aspects. Hence, these indicators might have varied
sensitivity in investigating different types of brain structural changes.

Abnormal WM Structure in BD Patients

The WM region mainly belongs to the area where nerve fibers gather, which is composed of neurites surrounded by
myelin sheaths in neurons, responsible for transmitting information within the brain. The WM could ensure the efficiency
and accuracy of neural information transmission. Meanwhile, it is also involved in emotional regulation and maintains
cognitive function. Numerous studies have suggested that abnormalities in WM play an important role in the pathophy-
siological mechanism of BD.”® 7 It was previously recognized by the neuroanatomical circuit theory that the “limbic-
thalamic-cortical” and “limbic-cortical-striatal-pallidal-thalamic™ circuits play a key role in executive function and
emotion regulation.®" The limbic-striatal-pallidal-thalamic is currently the main neural circuit that elucidates the
pathophysiological mechanism of affective disorders.®' The prefrontal lobe is an important hub in two neuroanatomical
circuits. In the above-mentioned circuits, our study indicated that WMV was decreased in the bilateral thalamus, right
inferior frontal gyrus, pallidum, and anterior cingulate gyrus in BD patients, showing abnormal changes in the structure
of WM in these brain regions (Table 2). The prefrontal lobe is an important brain region that regulates emotion and
executive function and is related to emotion, cognition, language function, and behavior control,**** the damage and
dysfunction of which were closely related to emotional regulation disorders.*****> Some studies have shown that
changes in WM integrity in BD patients were mainly presented in the frontal lobe region.®**” Several studies revealed
a T2 or FLAIR hyper-intensity in the deep prefrontal lobe and periventricular WM.**** Haznedar et al found that the
WMV in the frontal cortex was significantly reduced in patients with bipolar spectrum disorders.’ In the study of MRS
in BD patients, a decrease in neuronal density in the prefrontal WM region was revealed.’'*> The anterior cingulum is
the main WM region that connects the limbic system to the frontal lobe region.”*** Previous studies on brain function
and structure suggested abnormalities in the anterior cingulum, which was related to the pathogenesis of BD.”> A meta-
analysis study on diffusion tensor imaging showed the fractional anisotropy (FA) of WM was decreased in the adjacent
right anterior and subgenual cingulate cortex in BD patients.”® Gao et al reported a significantly reduced FA value in the
right anterior cingulate in their study regarding manic episodes in BD adolescents.”” Another study divided the cingulum
into anterior and posterior cingulum and compared the difference of FA values in both areas between the BD patients and
the HC groups. The results showed that the FA values were decreased in both anterior and posterior cingulum in BD
patients. However, the changes in posterior cingulum were not significant.’* The thalamus is a relay station that connects
the cortex with both the subcortical structures and different cortical regions. It has been reported that the thalamus is
functionally involved in regulating emotion, cognition, and social behavior.”® Ishida et al reported that BD patients (n =
29) had significantly decreased local WMV values as compared with HC controls (n = 33) in the bilateral posterior
thalami.” Another study in BD patients similarly found a decreased WMV in the right thalamus.'® The pallidum is an
important part of the basal ganglia located deep in both cerebral hemispheres. The involvement of WM in the basal

ganglia may be related to affective disorders, as reported by several studies,'®'*'%?

and the pallidotomy could potentially
induce a transient manic state.'®> The above-mentioned research suggested abnormal structural changes could potentially
occur in the WMV of pallidum from BD patients. There have been few studies on WMV in BD patients with inconsistent
conclusions. Therefore, the current study provided a new vision that the WMV abnormality in multiple brain regions
could potentially be presented in the limbic-striatal-pallidal-thalamic neural circuit of BD patients. In addition, our study

did not detect significant differences in the WM regions between the BD patients’ group and the HC group in DBM.
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However, in spatial correlation analysis, the results of our study showed a moderate correlation between WMV and
DBM-WM in both left and right cerebral hemispheres, suggesting that there was also the abnormity of WM structure in
some brain regions in DBM in BD patients, but with low statistical significance. Further studies could expand the sample
sizes to better explore the pathophysiological mechanism of the structural changes of WM region in BD patients in DBM.

MVPA

To date, there are still many challenges in the diagnosis of BD. The current diagnosis of BD is mainly based on the DSM,
International Classification of Diseases (ICD), and combined with psychological examination scales for clinical evaluation. It
is usually diagnosed based on clinical observation and checks, the behavioral symptoms of patients, and the descriptions from
patients and guardians, which are subjective and could compromise the accuracy of diagnosis.'**'*® In recent years, with the
continuous development of artificial intelligence technology, many studies have attempted to use neuroimaging indicators to
develop a more objective tool that can be used in the auxiliary diagnosis of BD. Deng et al found that the FA value of the left
anterior thalamic radiation could be used to distinguish BD from major depressive disorder using the SVM classification
algorithm, with a classification accuracy of 68.33%.'°® Another study used VBM to classify BD patients and HC, with an
accuracy rate of 58.3%.>> However, most of the related studies focus on a single imaging indicator, and the classification
accuracy of different structural imaging indicators obtained from different studies is not comparable. In this study, we used the
same classification algorithm in the same group of subjects to examine the classification and diagnostic abilities of DBM and
VBM indicators for BD patients and HC, and the specific results were as follows: in the GM region, based on SVM
classification algorithm, the highest classification accuracy of GMV indicator in distinguishing BD patients from HC was
72.42%, and the highest classification accuracy of DBM-GM was 69.34%, suggesting that both GMV and DBM-GM
indicators have good recognition ability in the diagnosis of BD patients at the individual level. In addition, the highest
classification accuracy was 73.72%, obtained by fusing the GMV and DBM-GM indicators, significantly higher than the
highest classification accuracy achieved by using any single indicator, showing that DBM-GM and GMV generated different
information that could mutually complement in depicting the abnormal brain changes of BD patients. A study in patients with
first-episode schizophrenia also found that the classification accuracy of combining VBM and DBM was 5% higher than those
utilizing VBM or DBM alone.** In the future, we should consider combining different structural imaging indicators when
developing neuroimage-assisted diagnostic tools for BD. In addition to the GM region, we also analyzed the WM region, and
the results showed that the highest classification accuracy of using the WMV indicator based on the SVM classification
algorithm to distinguish BD patients from HC was 62.80%, suggesting that WMV could distinguish the BD patients from HC
more accurately. However, the highest classification accuracy of DBM-WM in distinguishing BD patients from HC was
59.84%, which was lower than the classification accuracy at the random level, suggesting that the WM may not be as effective
as GM in recognizing BD from HC. Besides, fusing DBM-WM and WMV indicators showed no improvements in the highest
classification accuracy (62.77%), indicating that in the WM region, DBM-WM may not provide additional complementary
information, and most of the information that could be utilized in the classification model may still be based on the WMV
results. Considering that the current study is pioneering in utilizing VBM and DBM in WM, further exploration could be
performed to reinforce or validate the results. In conclusion, our study indicates that the use of DBM and VBM methods can
discover potential neuroimaging biomarkers in BD patients, and the combination of the two indicators can be used as
a neuroimaging auxiliary for diagnosing BD in the future.

To the best of our knowledge, there were still no studies that utilized the DBM method to explore the morphological
changes of GM and WM regions in BD patients, of which the current study bridged the research gap. Moreover, we also
compared the results by DBM and conventional VBM methods, in terms of the GM and WM regions in BD patients,
which facilitated a new insight in deciphering the pathophysiological changes of BD. The same algorithm was utilized to
investigate the indicator of DBM-GM, GMV, DBM-WM, WMV, and fusion of DBM-GM with GMYV, fusion of DBM-
WM with WMV, by their capacity to diagnose and recognize BD patients.

We also acknowledged several limitations in the current study that could be improved in future studies. First, this study was
cross-sectional with a limited sample size, all participants were recruited from the single center. This limits the in-depth
analysis of different clinical subtypes of BD, and the model could still be improved in various diagnostic performance
indicators, such as sensitivity, specificity, and AUC. In the future, we will integrate multicenter large sample clinical data and

Neuropsychiatric Disease and Treatment 2025:21 hetps: 2029



Chen et al

perform long-term longitudinal follow-up studies to explore the changes in brain structure of BD patients with different
clinical types, and further improve the generalization ability of the model. Second, the current study only focused on analyzing
the fusion of two structural imaging indicators, but did not include functional modal data. Meanwhile, the leave-one-out cross-
validation (LOOCV) method was not adopted in this study.'®’ Future studies will integrate functional imaging data and, when
computational resources permit, employ methods such as LOOCYV to further explore the classification efficacy of multimodal
imaging indicators and the robustness of validation results. Finally, this study did not include major depressive disorder
(MDD) as the control group, and therefore cannot evaluate the specificity of brain imaging indicators in distinguishing BD and
MDD. In clinical practices, the diagnosis of mental disorders mainly based on the clinical diagnostic criteria, and the
subthreshold affective states of MDD patients could be underestimated in clinical records, resulting in biased diagnosis of
patients. Therefore, for future researches, we will expand the patients recruitment to both increase sample size and include
MDD patients, to clarify the practical value of brain imaging indicators in distinguishing BD from MDD.

Conclusions

The DBM method within the current study revealed that the volume of the insula and pregenual anterior cingulate cortex
were increased in BD patients in the GM area. Moreover, the VBM method indicated found that the GMV from the
inferior temporal gyrus, hippocampus, inferior frontal gyrus, olfactory cortex, fusiform gyrus, middle temporal gyrus,
superior temporal gyrus, middle frontal gyrus, middle cingulate and paracingulate gyri, inferior occipital gyrus, Heschl’s
gyrus, and dorsolateral superior frontal gyrus were decreased. Similarly, the WMV from the thalamus, inferior frontal
gyrus, pallidum, and anterior cingulum were decreased in BD patients. In addition, MVPA showed that all three
structural imaging indicators, namely DBM-GM, GMV, and WMV showed their capabilities in diagnosing on the
individual level of BD patients, and fusing the two structural imaging indicators of DBM-GM and GMV in the GM
area could significantly improve the classification accuracy, providing a new insight for developing auxiliary diagnostic
tools towards BD via artificial intelligence in the future.
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