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Background: Suicidal ideation (SI) is a major cause of death in patients with major depressive disorder (MDD). Although current 
clinical tools can assess suicide risk, objective neurobiological markers based on research remain lacking. Clinical evidence suggests 
that resting-state functional magnetic resonance imaging (rs-fMRI) studies utilizing voxel-mirrored homotopic connectivity (VMHC) 
analysis can uncover the neural mechanisms underlying mental disorders. This study explores differences in interhemispheric 
connectivity between MDD patients with and without SI, aiming to identify imaging biomarkers for suicide risk.
Methods: This study included 48 SI patients and 44 non-SI patients. VMHC values were calculated to assess interhemispheric 
functional connectivity. Brain regions with significant differences between the groups were identified. A support vector machine 
(SVM) model was applied to evaluate the utility of VMHC values in distinguishing SI patients from non-SI patients with MDD.
Results: Patients with suicidal ideation exhibited significantly increased VMHC values in the superior frontal gyrus, putamen, inferior 
temporal gyrus, and cerebellum compared to those without suicidal ideation. The SVM model achieved an accuracy of 77.2%, 
sensitivity of 83.3%, specificity of 70.5%, and an area under the curve (AUC) of 0.81. When combining VMHC values from multiple 
brain regions, classification accuracy improved to 86.8%.
Conclusion: MDD patients with SI exhibit abnormal interhemispheric connectivity, with VMHC abnormalities in specific brain 
regions serving as potential biomarkers for suicide risk. The integration of machine learning and neuroimaging highlights the clinical 
relevance of VMHC as a tool for early detection and targeted intervention in suicide prevention.
Keywords: suicidal ideation, major depressive disorder, support vector machine, fMRI, voxel-mirrored homotopic connectivity, 
biomarkers, neuroimaging

Introduction
Major depressive disorder (MDD) represents a critical global public health issue, with a high disability rate and an 
increasing prevalence.In recent years, the global suicide rate has continued to rise, posing a significant challenge in the 
field of public health. According to data from the World Health Organization (WHO), approximately 800,000 people die 
by suicide each year, making it the second leading cause of death among individuals aged 15 to 29. It is estimated that 
approximately 27% of individuals will experience MDD or related symptoms at some point in their lives.1,2 Suicide, the 
most severe outcome of depression, poses a significantly elevated risk for individuals with MDD, imposing a profound 
burden on patients, their families, and society at large. However, the underlying mechanisms of MDDSI pathogenesis 
remain poorly understood. Additionally, suicidal ideation (SI) is not merely a symptom of depression but is thought to be 
driven by specific neurobiological processes. Investigating the neural mechanisms of SI is therefore crucial for early 
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identification and intervention efforts.3 The process of suicide is generally divided into three stages: the generation of SI, 
the development of a suicide attempt (SA), and the execution of suicidal behavior.4 SI is a key predictor of future suicidal 
behavior and has been identified as a significant risk factor for suicide attempts and death by suicide.5,6 Consequently, SI 
can be considered the initial step in the progression towards suicide. Understanding the brain changes associated with SI 
in MDD patients is essential for elucidating the development of SI, which may facilitate early interventions and reduce 
suicide rates. Despite this, the precise neural mechanisms involved in suicide pathogenesis remain largely unknown.7,8 

Moreover, it can overcome the subjectivity and inaccuracy of traditional psychological assessments by providing 
objective neurobiological data, enabling the identification of high-risk individuals who may not openly express or may 
conceal suicidal ideation. This not only facilitates early intervention and personalized treatment but also advances the 
understanding of the neural mechanisms underlying suicide.

In recent years, resting-state functional magnetic resonance imaging (rs-fMRI) has emerged as an effective tool for 
investigating the neural mechanisms underlying mental disorders by detecting neuronal activity that reflects the brain’s 
functional dynamics.9 Although increasing evidence suggests a relationship between disrupted neural connectivity and 
the cognitive and emotional dysfunctions associated with MDD, there remains no consensus on the specific brain regions 
linked to suicidal ideation (SI) in patients with depression.10 Taylor et al reported that, compared to patients with 
depression without SI, those with SI exhibited reduced cortical thickness in the insula, caudal middle frontal gyrus, 
superior parietal gyrus, and temporal gyrus.11 Similarly, Sun et al found significant differences in the fractional amplitude 
of low-frequency fluctuations (fALFF) in the bilateral cerebellum (CB), superior frontal gyrus (SFG), and left para-
hippocampal gyrus (PHG), as well as in the gray matter volume (GMV) of the left superior temporal gyrus (STG) 
between MDD patients with SI (R-MDD-SI) and those without SI (R-MDD-NSI).12 Additionally, other studies have 
revealed abnormal gray matter volumes in patients with SI, particularly in the lingual gyrus.13 At the cortical level, SI 
patients show reduced functional connectivity among the right anterior cingulate cortex (ACC), medial orbitofrontal 
cortex (OFC), and right middle temporal gyrus, while dynamic functional connectivity between the left posterior 
cingulate cortex (PCC) and left inferior frontal gyrus is increased, reflecting more frequent switching between these 
regions.13,14 Moreover, Chen et al found that SI was associated with decreased resting-state regional homogeneity 
(ReHo) in the right insula and right frontal lobe, alongside increased ReHo in the left middle temporal gyrus and right 
middle frontal gyrus.15 There is growing evidence that structural and functional changes in the frontal, temporal, and 
parietal lobes are linked to SI.16 These interconnected brain regions are involved in emotional processing, regulation, and 
self-referential thinking, but their functions become disrupted in MDD. The most common finding across studies on SI in 
MDD is the presence of abnormalities in brain regions within the default mode network (DMN). Therefore, we focused 
on exploring the abnormalities in the DMN in MDD patients with SI. Specifically, we aimed to differentiate between 
MDD patients with SI (MDDSI) and those without SI (MDDNSI) based on these abnormal brain regions.

Voxel-mirrored homotopic connectivity (VMHC) is a novel rs-fMRI parameter commonly used to assess the degree 
of functional connectivity between the bilateral cerebral hemispheres. It has been extensively applied to investigate 
abnormal homotopic connectivity in various psychiatric disorders.17–19 This parameter quantifies the functional con-
nectivity between each voxel in one hemisphere and its mirrored counterpart in the opposite hemisphere during resting 
state, reflecting the synergistic interaction between the two hemispheres.20 This synergy plays a critical role in 
coordinating cognitive, emotional, and behavioral functions, and impairments in these areas can contribute to suicidal 
tendencies.21,22 In patients with depressive disorders, the potential of VMHC has also been validated. For instance, Guo 
found that MDD patients exhibited significantly reduced VMHC levels in core regions of the default mode network 
(DMN), such as the anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC).23 These regions are closely 
associated with rumination, a common symptom in MDD. Such abnormalities may lead to difficulties in processing 
emotional stimuli and self-referential thinking, thereby increasing the risk of suicidal ideation (SI). Traditional local 
indicators, such as ALFF or ReHo, often fail to capture this global dysfunction. Notably, VMHC excels in revealing 
abnormalities in cross-hemispheric collaboration within the DMN. Abnormalities in the DMN have been repeatedly 
identified as a core feature of SI in MDD. By integrating VMHC analysis, researchers can gain deeper insights into the 
specific role of the DMN in the development of SI, providing new clues for potential clinical interventions. These 
findings lay a foundation for the development of objective clinical tools, facilitating the early identification of high-risk 
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individuals and the implementation of interventions, ultimately reducing the risk of suicide.Furthermore, VMHC is likely 
to be sensitive to MDD-related lesions, as alterations in any region of one hemisphere can impact the VMHC of 
corresponding areas.Most previous studies12,24–26 have focused on regions of interest (ROI), such as ROI-ROI, ROI- 
voxel, or network-based functional connectivity in MDDSI patients, while few have investigated changes in VMHC 
among MDDSI patients. Currently, no studies have combined VMHC features with machine learning methods, such as 
Support Vector Machine (SVM), to differentiate between MDDSI and MDDNSI patients. However, SVM demonstrates 
exceptional performance in handling small sample sizes and high-dimensional datasets, making it particularly suitable for 
neuroimaging studies of psychiatric disorders with limited sample sizes. Integrating VMHC with SVM could support the 
development of objective clinical tools, facilitating early intervention and reducing the risk of suicide.

Materials and Methods
Participants
A total of 48 right-handed MDDSI patients (20 males and 28 females), aged 18–65 years, along with 44 age-, gender-, 
and education-matched MDDNSI patients were included in this study. The study protocol was thoroughly explained to all 
participants, and informed consent was obtained prior to their participation. This study was approved by the Ethics 
Committee of Tongji Hospital in Shanghai, China, and complies with the Declaration of Helsinki.

The inclusion criteria were as follows: (1) patients were diagnosed with MDD based on the Diagnostic and Statistical 
Manual of Mental Disorders, 5th edition (DSM-5); (2) imaging findings and symptom information were available; (3) 
patients were assessed using the Beck Scale for Suicidal Ideation (BSI), which contains 19 items;27 (4) the Hamilton 
Depression Rating Scale (HAMD-17) score was≥17.28 The exclusion criteria were as follows: (1) patients had other 
mental disorders such as schizophrenia, bipolar disorder, or neurodevelopmental disorders; (2) patients had current or 
previous drug dependence or abuse (alcohol, cocaine, or other substances); (3) patients had a history of neurological 
diseases, physical illnesses, or severe traumatic brain injury; (4) patients had contraindications to MRI.

Assessment
SI was assessed based on the Beck Scale for Suicide Ideation (BSI) with 19 items. This study primarily used item 4 
(“Have you ever had thoughts of actively ending your own life?”) and item 5 (“Do you wish death would come naturally 
without you taking any action?”) to categorize patients. Patients with scores greater than 0 were assigned to the MDDSI 
group (Major Depressive Disorder with Suicidal Ideation), while the remaining patients were assigned to the MDDNSI 
group (Major Depressive Disorder without Suicidal Ideation).

HAMD-17 (17-item Hamilton Depression Rating Scale): This scale was used to assess the severity of depressive 
symptoms, including low mood, sleep disturbances, and somatic symptoms. A total score of HAMD-17 ≥17 was used as 
an inclusion criterion to ensure that patients met the threshold for moderate to severe depressive symptoms.Both the BSI 
and HAMD-17 have been validated in multiple studies for their high reliability and validity. They have demonstrated 
high sensitivity and specificity in assessing suicidal ideation and are strongly correlated with the results of other 
psychological measurement tools.29 HAMD-17 has also shown excellent reliability and validity in evaluating the severity 
of depression, with outstanding consistency in predicting depression severity and clinical diagnoses.30 These studies 
indicate that both scales are reliable assessment tools in their respective fields. The high internal consistency and 
extensively validated cross-cultural applicability of these scales provide a solid foundation for replicating research.

Imaging Data Acquisition
Imaging was performed using a Siemens Magnetom Verio 3.0T MRI scanner at Tongji Hospital, Shanghai, China. Foam 
padding was applied to minimize head movement. A standard magnetic coil was used for radio frequency transmission 
and reception of nuclear magnetic resonance signals. Subjects were instructed to close their eyes but remain awake 
during the scan. Spin echo planar imaging (EPI) was employed parallel to the anterior-posterior commissure plane. The 
scanning parameters were as follows: repetition time (TR) = 2530 ms, echo time (TE) = 3 ms, image matrix = 64 × 64, 
flip angle (FA) = 90°, field of view (FOV) = 384×384 mm², 30 consecutive slices with a thickness of 3.6 mm and spacing 
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of 4.5 mm, and a total scanning time of 8 minutes (240 volumes). High-resolution structural images were acquired using 
a fast gradient echo T1-weighted sequence: TR = 2530 ms, TE = 3 ms, FOV = 256×256 mm², matrix = 256 × 256, slice 
thickness = 1 mm with no gap, inversion time (TI) = 1100 ms, and FA = 7°.

Image Preprocessing
The Data Processing Assistant for Resting-State fMRI (DPARSF5.4, http://rfmri.org/DPARSF) was used to preprocess 
the functional images.31 The first 10 time points were discarded to ensure stable signal conditions, utilizing Statistical 
Parametric Mapping software (SPM12, http://www.fil.ion.ucl.ac.uk/spm). Subsequently, slice timing and head motion 
corrections were applied. DARTEL registration was employed to normalize the participants’ images to the MNI standard 
space. The fMRI data were then spatially smoothed using a Gaussian kernel with a full width at half maximum (FWHM) 
of 4 mm. The Friston 24-parameter model was used to regress out nuisance covariates, including head motion, and to 
correct for linear drift. Band-pass filtering (0.01–0.1 hz) was applied to reduce low-frequency drift and high-frequency 
noise.

VMHC Calculation
VMHC analysis was performed using DPARSF 6.2 software. First, the time series of each voxel in one hemisphere were 
extracted for each subject. Then, the Pearson correlation coefficient between the time series in one hemisphere and those 
in the symmetrical hemisphere was calculated. Subsequently, the correlation coefficients were transformed into Z-values 
using Fisher’s Z-transformation, and a whole-brain VMHC map was generated for each participant. Brain regions 
showing significant differences between MDDSI and MDDNSI patients were selected as regions of interest (ROIs). 
The average VMHC of these ROIs was extracted for all participants to determine whether these regions exhibit specific 
VMHC abnormalities in MDDSI patients compared to MDDNSI patients.

Statistical Analysis
Clinical and neuroimaging data were compared between MDDSI and MDDNSI patients. SPSS 25.0 software (Chicago, 
IL) was used for statistical analysis of clinical data, while DPARSF software on the MatLab 2022b platform was 
employed for neuroimaging data analysis. Continuous data with a normal distribution and homogeneity of variance were 
compared using independent sample t-tests, and categorical data were compared using Chi-square tests. Continuous data 
are expressed as the mean and standard deviation, while qualitative data are reported as the median and quartiles. If 
a significant difference was observed between the two groups, gender, age, and education level were used as covariates 
for RS-fMRI data analysis. Multiple comparisons were corrected using Gaussian Random Field (GRF) correction. 
A statistically significant difference was defined as p < 0.001 at the voxel level and p < 0.05 at the cluster level. The 
VMHC values of abnormal brain regions were extracted for further correlation analysis and classification.

The support vector machine (SVM) is a powerful supervised learning algorithm, known for its strong performance in 
handling small sample sizes, high-dimensional feature spaces, and nonlinear problems.32 Using SVM, the VMHC values 
of brain regions were treated as potential neuroimaging markers, and the accuracy of differential classification was 
validated, enhancing our understanding of the neural mechanisms underlying SI in MDD. This method was employed to 
assess whether the extracted VMHC values could distinguish MDDSI patients from MDDNSI patients. The PRoNTo 
toolbox for SVM was used to achieve optimal accuracy, sensitivity, and specificity by applying the “Leave-One-Out” 
method. We utilized a binary SVM with a linear kernel to classify the VMHC features of the MDDSI and MDDNSI 
groups and optimized the regularization parameter C through grid search. The area under the receiver operating 
characteristic curve (AUC) was calculated to represent the predictive performance of the SVM model.

Results
Demographic Information and Standardized Tests
As shown in Table 1, there were no statistically significant differences in gender, age, education level, duration of illness, 
onset rate, HAMD-17, and HAMA between the SI group and the NSI group (all P > 0.05).
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Group Comparisons in VMHC Maps
The VMHC values of bilateral superior frontal gyrus, putamen, inferior temporal gyrus, and cerebellum in the MDDSI 
patients were markedly higher than in the MDDNSI group (Table 2 and Figure 1) (GRF correction; voxel level, p<0.001, 
cluster level, p<0.05; cluster size, >64).

Correlations Analyses
Figure 2 shows the correlation analysis between VMHC and clinical features. DPABI software of MatLab2022b platform 
was used to extract VMHC values of different brain regions of all the subjects. Results showed the VMHC values of 
bilateral inferior temporal gyrus were positively related to BSI, and the VMHC values of bilateral putamen were 
positively related to BSI.

SVM Results
The SVM was utilized to model VMHC values to evaluate whether these metrics could effectively distinguish between 
patients with MDDSI and MDDNSI. The analysis revealed that the inferior temporal gyrus demonstrated optimal 
classification performance, achieving an accuracy of 81.6%, sensitivity of 70.5%, specificity of 83.3%, and an AUC of 
0.81 (Table 3 and Figure 3). When differentiating between MDDSI and MDDNSI patients, the superior frontal gyrus was 
identified as the second most effective Region of Interest (ROI), with an accuracy of 74.1%, sensitivity of 68.2%, 
specificity of 72.9%, and an AUC of 0.74 (Table 3). Upon integrating the abnormal VMHC values across these four brain 

Table 1 Demographic and Clinical Characteristics of the SI and NSI Groups 
(Statistical Values Included)

SI (N=48) NSI (N=44) T/X2/Z P

Gender (Female,%) 28 (58%) 32 (72%) 2.097a 0.190

Age (Mean±SD,year) 42.73±14.21 43.41±15.55 −0.219b 0.827

Education (Mean±SD, year) 12.76±3.56 12.98±3.57 −0.303b 0.762
Illness duration (M(P25,P75), months) 6.5 (3.0, 12.0) 5.7 (3.0, 9.5) −0.992c 0.321

First-episode depression (yes, %) 31 (64%) 32 (72%) 0.705a 0.502

HAMD-17 (Mean±SD) 22.13±4.17 21.20±4.63 1.015b 0.312
HAMA (Mean±SD) 16.46±4.22 16.61±4.98 −0.159b 0.874

BSI (Mean±SD) 19.19±5.70 / / /

Notes: a: X2, Chi-square test; b: T, Two-sample t-test; c: Z, Mann–Whitney U-test. 
Abbreviations: BSI, Beck Scale for Suicidal Ideation; SI, major depression patients with suicidal ideation; NSI, 
major depression patients without suicidal Ideation; HAMD-17, the 17-item Hamilton Depression Rating 
Scale.

Table 2 Significant VMHC Differences Across Groups

Cluster location Peak(MNI) Numbers 
of Voxels

T value

X Y Z

MDDSI vs MDDNSI

Cerebellum_8 21 −57 −51 222 4.828
Frontal_Sup_Media 3 54 21 68 4.724

Putamen 30 −30 15 130 5.225

Temporal_Inf 39 −60 −6 203 5.741

Notes: 5000 permutation test; threshold-free cluster enhancement, TFCE; GRF cor-
rected: p<0.05(voxel significance; p<0.001, cluster significance: p<0.05, two tailed). 
Abbreviations: MNI, Montreal Neurological Institute; VMHC, voxel-mirrored homo-
topic connectivity.
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regions, the overall model significantly improved its predictive accuracy for classifying MDDSI versus MDDNSI 
patients, with an accuracy of 86.8%, sensitivity of 82.9%, and specificity of 80.4%, achieving an AUC of 0.84.

Discussion
In this study, VMHC was utilized to compare brain activity between MDDSI and MDDNSI patients. The results 
indicated that, relative to the MDDNSI group, the MDDSI group exhibited significantly increased VMHC in the bilateral 

Figure 1 VMHC differences between MDDSI and MDDNSI patients, highlighting regions with significant interhemispheric connectivity alterations.

Figure 2 Correlation analysis between VMHC values and BSI scores, indicating the relationship between altered connectivity and suicidal ideation severity.
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superior frontal gyrus, putamen, inferior temporal gyrus, and cerebellum, reflecting enhanced synchrony and compensa-
tory information exchange. Furthermore, the VMHC values in the bilateral inferior temporal gyrus and putamen were 
positively correlated with BSI scores in MDDSI patients. According to the SVM analysis, the VMHC values in the 
inferior temporal gyrus and superior frontal gyrus demonstrated the highest AUC, sensitivity, specificity, and accuracy. 
When integrating multiple abnormal brain regions, the classification accuracy increased to 86.8%.

The frontal lobe, located at the front of the brain, is one of its most crucial regions. It is closely associated with 
advanced cognitive functions such as emotional regulation, thinking, attention, problem-solving, motivation, and 
behavioral planning. The superior frontal gyrus and inferior temporal gyrus are key components of the default mode 
network, which is involved in various neural functions. The default mode network plays an important role in emotional 
processing, self-regulation, activity, and recalling experiences.32,33 Li et al found that MDD patients exhibited increased 
GMV in the right frontal gyrus after electroconvulsive therapy (ECT).34 Pearson correlation analysis revealed that 
baseline BSI scores were negatively correlated with the GMV of the left superior frontal gyrus.35 It has been reported that 
right frontal gyrus activity decreases in depressed patients who attempted suicide after being exposed to angry facial 
expressions. Similarly, adult male subjects with suicide attempts showed reduced activity in the right frontal gyrus in 
response to strong angry and neutral facial expressions, compared to healthy subjects and depressed individuals without 
suicide attempts.36 This suggests that individuals with suicide attempts may be more sensitive to opposing opinions, more 
prone to act on negative emotions, and less attentive to mild positive stimuli. Such sensitivity reflects a heightened 
response to failure signals, a characteristic of the cognitive model of suicide.In addition, Kim et al, using network-based 
statistics (NBS), reported a functional connectivity (FC) network that could distinguish MDD patients with SI from those 
without SI, with some areas overlapping with the left frontal gyrus.37 Kuang et al found that baseline BSI scores in 
patients with SI were negatively correlated with ALFF values in the left inferior temporal gyrus, and that ALFF values in 
this region decreased after ECT.38 Li et al found that the dynamic parameters of the left inferior temporal gyrus were 
reduced (indicating less temporal variability) in MDD patients with SI compared to those without SI. This temporal 

Table 3 SVM Classification Results, Showing Accuracy, Sensitivity, 
Specificity, and AUC Values for Each ROI

Region Accuracy Sensitivity Specificity AUC

Composite Regions 86.8 82.9 80.4 0.84

Temporal_inf 81.6 70.5 83.3 0.81

Frontal_Sup_Media 74.1 68.2 72.9 0.74
Cerebellum_8 76.4 70.5 75.0 0.74

Putamen 62.1 65.9 58.3 0.71

Abbreviations: Temporal_inf, inferior temporal gyrus; Frontal_Sup_Media, superior 
frontal gyrus.

Figure 3 SVM model performance for distinguishing between MDDSI and MDDNSI patients based on VMHC values, with a focus on the inferior temporal gyrus.
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variability could predict SI severity (r = 0.43, p = 0.03).39 Zhang et al observed delayed responses in the right putamen 
and left inferior temporal gyrus in SI patients, compared to a control group.40 In SI patients, the left inferior temporal 
gyrus showed reduced activity, indicating the importance of homologous connectivity between these brain regions in the 
pathogenesis of depression.

Joana et al found a significant association between SI and the functional connectivity network, which includes 
connections among the superior frontal gyrus, cerebellum, and the temporal-occipital region. This suggests that the 
cerebellum may be involved in the functional connectivity network related to SI.41 Studies have confirmed that the 
cerebellum plays an important role in higher-level cognitive processes and is involved in emotion regulation in diseases 
such as depression and bipolar disorder (BD). Research has also shown that cerebellar volume is reduced in BD patients 
who have attempted suicide. Shaffer et al reported that the cerebellum is part of the neural circuits associated with 
suicidal behavior in patients with depression and bipolar disorder.42–44 Zhang et al found that both the left posterior lobe 
of the cerebellum in suicide patients and the right cerebellum in suicide attempt (SA) patients exhibited delayed 
responses. Additionally, suicide attempt victims showed reduced activity in the right cerebellum when exposed to neutral 
faces, compared to exposure to mild, happy, and neutral faces.45 Furthermore, cerebellar volume was reduced in patients 
with highly lethal suicide attempts compared to non-suicidal patients.46

The putamen, a part of the striatum, is typically associated with visual responses, motor-related activities, and reward 
responses.47 Several studies have explored the relationship between the putamen and suicide. In adolescent suicide 
research, a lack of serotonin release is considered a biomarker of suicidal behavior. Serotonin is released from the raphe 
nucleus in the brainstem to the dorsal striatum, which is composed of the caudate nucleus and putamen. In SI patients, 
serotonin levels in the putamen are significantly reduced.48,49 In a PET study conducted on adults with depression and at 
least one suicide attempt, the serotonin binding potential, measured by serotonin transporter (SERT) activity, was 
significantly reduced in the midbrain/pons and putamen compared to healthy controls.50 In another fMRI study on 
adolescents, an increase in SI was found to be associated with decreased putamen activity during social exclusion tasks.51 

Studies have also reported reduced activity in the right putamen of SI patients.40 During cognitive and emotional tasks, 
putamen activity decreases, suggesting that the putamen may help explain the relationship between cognition, emotion, 
and suicide. Reduced connectivity in the putamen has been observed during motor tasks. In cases of suicide attempts 
(SA) with high impulsivity, putamen volume was found to be reduced.52,53 Based on these findings, putamen dysfunction 
may be associated with a higher risk of SI and may contribute to suicide attempts by increasing impulsivity. This study 
deepens the understanding of the neural mechanisms underlying suicidal ideation (SI) by revealing the close association 
between SI and functional abnormalities in the putamen, cerebellum, superior frontal gyrus, and inferior temporal gyrus. 
Functional abnormalities in the putamen, which plays a key role in reward processing and impulse control, may impair an 
individual’s ability to regulate negative emotions, increasing tendencies toward behavioral dysregulation and emotional 
sensitivity. The cerebellum, as a critical node in higher-order cognitive and emotional regulation, may exacerbate 
persistent responses to negative emotions, particularly under stress. Altered functionality in the superior frontal gyrus 
may contribute to cognitive-emotional dysregulation associated with SI by enhancing negative rumination and pessi-
mistic predictions. Meanwhile, dysfunction in the inferior temporal gyrus may affect the processing and interpretation of 
emotional stimuli, further intensifying feelings of isolation and social withdrawal.

Currently, the assessment of SI in MDD is primarily based on clinical scales. Although existing clinical tools can 
assess suicide risk, research on objective neurobiological markers remains relatively limited. Machine learning methods 
based on brain imaging provide a more objective measurement approach, with the potential to significantly improve the 
accuracy of SI assessment in MDD patients. ROC analysis was performed to evaluate the effectiveness of SVM 
classification. In the present study, the SVM model achieved an accuracy of 86.8%, a sensitivity of 82.9%, 
a specificity of 80.4%, and an AUC of 0.84 in predicting SI in MDD. Therefore, abnormal VMHC values in these 
brain regions may serve as potential biomarkers for distinguishing MDDSI patients from MDDNSI patients.This study 
highlights the association between changes in VMHC values in the superior frontal gyrus, inferior temporal gyrus, 
putamen, and cerebellum and suicidal ideation (SI) in patients with depression, further deepening the understanding of its 
neural mechanisms. Functional impairments in these brain regions may contribute to the development of SI by affecting 
emotional regulation, cognitive biases, and impulse control. However, the study has certain limitations.
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First, the small sample size and cross-sectional design may affect the stability of the results and weaken the ability to 
infer causality. Additionally, the duration of suicidal ideation (SI) was not included as a variable in the analysis, which 
may limit a comprehensive understanding of the neuroimaging characteristics of SI. Second, economic factors were not 
systematically collected or analyzed, and only right-handed individuals were included in the study. These factors may 
limit the generalizability of the findings and the ability to account for potential socioeconomic and neurobiological 
variations. Third, since this study focused primarily on Chinese patients, the findings may have certain limitations when 
applied to other populations.

Future research should aim to collect multicenter data, include a broader population, and adopt longitudinal designs 
with extended follow-up periods to validate these findings and explore the potential moderating effects of related 
variables. Furthermore, it is essential to test whether these findings are applicable to different racial and cultural contexts, 
enhancing the cross-cultural applicability of the results and promoting the global clinical application of these neuroima-
ging biomarkers.In the future, integrating multimodal imaging techniques such as T1, DTI, and fMRI could provide 
a more comprehensive understanding of the neural imaging mechanisms associated with VMHC abnormalities. These 
VMHC biomarkers hold promise for combination with psychological assessment tools to enable risk stratification, early 
diagnosis, and personalized interventions for high-risk patients. However, clinical application still faces challenges, 
including high equipment and analysis costs, technical complexity, lack of standardized diagnostic thresholds, difficulties 
in data interpretation, and concerns over patient privacy and ethical considerations. Addressing these issues will require 
technological advancements and interdisciplinary collaboration to promote the broader clinical use of VMHC 
biomarkers.
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