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Increased individual variability
in functional connectivity of
the default mode network and
Its genetic correlates in major
depressive disorder
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Major depressive disorder (MDD) is a highly heterogeneous psychiatric disorder characterized with
considerable individual variability in clinical manifestations which may correspond to brain alterations
including the default mode network (DMN). This study analyzed resting-state functional magnetic
resonance imaging (rs-fMRI) data from 796 MDD patients and 823 healthy controls (HC) to investigate
individual variability in functional connectivity (IVFC) between the DMN and 108 non-DMN regions.
We aimed to identify MDD-related IVFC abnormalities and their clinical relevance, alongside exploring
gene expression correlations. The results revealed similar spatial patterns of IVFC within the DMN in
both groups, yet significantly increased IVFC values in MDD patients were observed in regions such

as the ventromedial prefrontal cortex, anterior cingulate cortex, posterior cingulate cortex, fusiform
gyrus, and occipital cortex. Notably, the mean IVFC in the DMN and fusiform gyrus was positively
correlated with Hamilton Rating Scale for Depression (HAMD) scores in MDD patients. Gene expression
analyses explained 47.0% of the variance in MDD-related IVFC alterations, with the most associated
genes enriched in processes including membrane potential regulation, head development, synaptic
transmission, and dopaminergic synapse. These findings highlight the clinical importance of IVFC
variability in the DMN and suggest its potential role as a biomarker in MDD.

Keywords Individual variability, Heterogeneity, Default mode network, Major depressive disorder, Resting-
state fMRI

Major depressive disorder (MDD) is a prevalent psychiatric condition with considerable heterogeneity,
encompassing symptoms ranging from diminished interest and pleasure to recurrent suicidal ideation, often
accompanied by physical and cognitive dysfunction!?. This diversity presents challenges in establishing
standardized diagnostic criteria and developing effective treatments®. The variability in MDD is reflected in
distinct symptom profiles, clinical trajectories, and treatment responses across individuals, complicating
the identification of reliable biomarkers for diagnosis and prognosis. Recent advances in neuroscience have
highlighted the pivotal role of alterations in brain structure and function, particularly within neural circuits
implicated in emotion regulation and cognitive control, in elucidating the pathophysiology of MDD?. However,
the mechanisms linking these neural changes to the clinical heterogeneity in MDD remain unclear. Elucidating
these pathways is essential to improving our comprehension of MDD and fostering the development of more
targeted, personalized, and efficacious diagnostic and therapeutic approaches.

One brain network that has attracted significant interest in this context is the default mode network (DMN).
The DMN, which comprises various brain regions, exhibits a distinctive pattern of activity modulation,
characterized by a reduction in activity during tasks requiring sustained attention and an increase in activity
during introspective mental processes*®. Dysfunction in the DMN had been linked to a number of mental
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health issues, including MDD”. It was hypothesized that this dysfunction contributed to maladaptive rumination
by preventing disengagement from intrusive, non-task-related thoughts®. While the DMN’s influence on MDD
had been consistently demonstrated®-!!, studies examining DMN dysregulation in MDD produced conflicting
results'?, likely reflecting high heterogeneity within the DMN.

Recent advancements in neuroimaging techniques, particularly those utilizing functional magnetic resonance
imaging (fMRI), have significantly enhanced our ability to measure intersubject variability and map the brain
mechanisms underlying the clinical heterogeneity of MDD. Previous studies developed the individual variability
of functional connectivity (IVFC) method for the purpose of characterizing the biological heterogeneity'>.
Researches indicated that the distribution of IVFC across the brain was non-uniform, with higher variability
observed in multimodal cortical areas compared to primary cortical regions, a pattern consistent across both
neonates and healthy adults'>-!5. Furthermore, higher IVFC has been positively correlated with higher-order
brain functions, suggesting that increased variability may reflect enhanced cognitive capacities'®.

In MDD, altered whole-brain IVFC patterns have been observed, particularly involving inter-network
connectivity in DMN'7. These findings emphasized the potential role of altered functional connectivity variability
in the neuropathology of MDD and underscored the importance of investigating IVFC as a biomarker for
cognitive and behavioral variability in this disorder. However, the heterogeneity of IVFC of the DMN remains
underexplored, especially in the context of mental health disorders. Further research is needed to clarify the
neurophysiological mechanisms underlying MDD’s clinical variability and diverse manifestations.

A previous study identified an association between IVFC and the gene expression of human accelerated
regions'®, while another demonstrated that IVFC mediates the relationship between gene expression and
depression severity'”. The microarray dataset of the Allen Human Brain Atlas (AHBA) offers a valuable resource
for investigating the correlation between microscopic-scale transcriptomic genes and macroscopic brain
changes'®. Investigating these genetic factors-brain alterations associations may facilitate clarify the specific
brain alterations observed in MDD from a molecular perspective. Considering these findings, we aimed to
examine the potential link between MDD-related DMN IVEC alterations and gene expression.

The present study aimed to elucidate the IVFC patterns of the DMN and its clinical implications, as well as its
genetic association in MDD patients. Given the extensive involvement of the DMN in MDD and its multimodal
properties, we hypothesized that MDD patients would exhibit significantly increased IVFC in DMN compared
to healthy controls. This research sought to advance understanding of the biological heterogeneity underlying
MDD, paving the way for individualized clinical diagnosis and tailored treatment strategies.

Methods and materials

Participants

The demographic and clinical profiles of the study participants are concisely presented in Table 1. The sample
data utilized in this study were sourced from a rigorously quality-controlled, publicly accessible dataset
contributed by the REST-meta-MDD project!®, which is part of the DIRECT Consortium?’ and available at (ht
tp://rfmri.org/REST-meta-MDD). MDD diagnoses were confirmed in accordance with the criteria outlined in
either the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) or the International
Classification of Diseases, 10th Revision (ICD-10). The severity of depressive symptoms was quantified using the
17-item Hamilton Depression Rating Scale?!. The healthy controls (HC) consisted of individuals with no history
of Axis I psychiatric or neurological disorders, either current or past.

As shown in Fig. 1, the participants from the REST-meta-MDD project were rigorously screened using
stringent inclusion and exclusion criteria, aligning with previous studies!®?2. Specifically, Site 4 and Site 25
were excluded from the current analysis due to participant duplication between Site 4 and Site 14, as well as an
excessively high proportion of late-onset depression cases (mostly > 60 years old) and remitted patients at Site
25. Participants were subsequently disqualified if they: (1) lacked data on sex, age, or education; (2) were under
18 or over 65 years old; or (3) exhibited excessive head motion, defined as a mean framewise displacement
(FD) exceeding 0.2 mm. Additionally, MDD patients were excluded if their 17-item Hamilton Rating Scale for
Depression (HAMD) scores were below 8 points. Participants were also excluded if they had visually identified
imaging distortions or missing signals in any region of interest (ROI) from the Dosenbach atlas?® used in this

Characteristics MDD (mean+SD) | HC (mean+SD) | t/x? p

Sex (M/F) 796 (289/507) 823 (332/491) 2.785 | 0.095*
Age (years) 35.127+11.914 35.033+£13.332 0.150 | 0.881°
Mean FD 0.068+0.037 0.071+0.038 ~1.556 | 0.120°
Education level (years) 11.755+3.430 13.315+3.446 -9.127 | <0.001®
HAMD scores 22.275£5.619

HAMA scores® 20.415+8.631

Durations of illness (months)? | 38.522 +62.938

Table 1. Demographic data and group differences. MDD major depressive disorder, HC healthy controls, SD
standard deviation, M male, F female, HAMD 17-item Hamilton Rating Scale for depression, HAMA 17-item
Hamilton Rating Scale for anxiety, FD framewise-displacement. *The p-value was obtained by a chi-square test.
The p-value was obtained by a two-tailed two-sample t-test. “Data on the HAMA scores was available for 544
patients. YData on the duration of illness was available for 691 patients.
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Fig. 1. The flowchart outlining the exclusion process of subjects and the labels assigned to excluded subjects at
each stage of the process. MDD major depressive disorder, HC healthy controls.
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study. To balance sample size optimization with minimizing extreme biases, sites with fewer than 10 MDD
patients or 10 HC subjects were not considered in the analysis.

Ethical considerations

The study was conducted in full compliance with the ethical principles set forth in the Helsinki Declaration and
received approval from the Institutional Review Boards (IRB) at all participating sites. All subjects provided
written informed IRB-approved consent before participating in the formal testing at their local institution.

Data preprocessing

Brain image processing was performed in accordance with a standardized protocol'® utilizing the DPARSF
software (accessible at http://www.rfmri.org/). To ensure signal stabilization and allow for environmental
adaptation, the initial ten functional volumes were excluded. The remaining images were corrected for temporal
shifts between different acquisitions within each volume and realigned to the first volume to minimize head
motion artifacts. The corrected images were then normalized to the standard Montreal Neurological Institute
(MNI) space with a voxel size of 3 mm x 3 mm x 3 mm. Nuisance regression was applied to remove Friston-24
motion parameters, as well as signals from white matter and cerebrospinal fluid (CSF). Finally, temporal
bandpass filtering was conducted, restricting the frequency range to 0.01-0.10 Hz to capture biologically relevant
fluctuations.

Gene expression data and preprocessing

Gene expression data for this study were obtained from six neurotypical adult donors provided by the Allen
Human Brain Atlas®* (AHBA; http://human.brain-map.org). The preprocessing of gene microarray data from
brain tissue samples followed the recommended pipeline? of the abagen toolbox (https://www.github.com/ne
tneurolab/abagen). The microarray data was mapped onto a parcellation with 34 DMN brain regions defined
by Dosenbach atlas?®. After pre-processing, a gene expression matrix (34 DMN regions x 15,632 genes) was
generated for subsequent transcription-neuroimaging association analysis.

Characterizing individual variability in the default mode network
Following previous procedure proposed by Mueller et al.!?, the IVEC value of ROI i was defined as follow:

2 [corr (Fi (sp) , Fi (5q))]

IVFC; =1 —
VEC m(m—1)

0, q = 17m;p # q.

where p and g are both subjects in the MDD or HC groups; m is the number of subjects in the dataset; s
indicates the subject; and F; (sp)is the functional connectivity profile of region i of subject p; the corr is Pearson’s
correlation between the functional connectivity of two subjects.

The existence of individual differences (including cognitive and behavioral differences) among humans is
partially attributed to differences in brain function and structure (see Fig. 2A). In this study, the individual
variability of functional connectivity (IVFC) in the the default mode network (DMN) was computed based
on the functional connectivity between the 34 DMN regional seeds (Fig. 2B) towards 108 non-DMN cerebral
regions generated using the Dosenbach atlas?® (Fig. 2C). Specifically, the DMN-cerebral functional connectivity
for each participant was first measured using Pearson’s correlation analysis between the time series of each
DMN seed and the time series of non-DMN cerebral regions. The correlation coefficient was then normalized
using Fisher’s z-transformation to improve its normality, followed by a z-score transformation (subtracting
the mean and dividing by the standard deviation) to ensure comparability across measures. We applied the
Combat technique to adjust for site effects in the functional connectivity matrices, with sex, age, education, and
mean framewise displacement considered as biological covariates of interest and the empirical Bayes procedure
employed a default non-parametric prior method®. For one of the 34 DMN ROIs, each subject had a 108-unit
functional connectivity vector with another 108 non-DMN cerebral ROIs. By correlating these vectors across
all subjects within each group, we generated a subject-to-subject similarity matrix. The IVFC for a DMN ROI
was then estimated by subtracting the average similarity (calculated per subject as the mean similarity with all
other subjects) from one. For the 34 DMN ROIs, this process yields a matrix with dimensions corresponding
to the number of ROIs and the number of subjects. Each DMN ROI has a functional connectivity (FC) vector
with other ROIs, and the IVFC value represents the average dissimilarity between an individual’s FC distribution
and those of other subjects. These IVFC values derived from functional connectivity can explain significant
variations in cognitive and behavioral functions among individuals within the same group.

Statistical analysis

We performed nonparametric permutation tests to compare DMN IVEC profiles between MDD and HC groups.
All participants were combined into a single pool, and group labels were randomly shuffled before splitting
the participants into two new groups. IVFC patterns and their differences were then recalculated for each
permutation. This procedure was repeated 10,000 times to create a null distribution. The p-value was calculated as
the proportion of the null distribution that exceeded the observed group difference. To examine the relationship
between IVFC and clinical variables in MDD, we performed partial correlation analyses, controlling for age,
sex, educational level, and mean framewise displacement (FD) as covariates. The IVFC measures included both
the overall mean IVFC across the entire DMN and the IVFC values of five significantly altered DMN regions.
Clinical variables analyzed in this study comprised HAMD-17 scores, HAMA scores, and illness duration.
Statistical significance was determined using a Bonferroni correction for multiple comparisons, with a threshold
set at p<0.05.
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Fig. 2. Conceptual overview of the individual variability of functional connectivity (IVFC) between the DMN
and other cerebral regions. (A) The individual variability. There are extensive behavioral differences among
individuals, and behavioral differences are partially represented by differences in the brain. (B) The 34 DMN
regions segmented utilizing the Dosenbach atlas. (C) The flowchart depicting the methodology for calculating
individual variability based on the functional connectivity between the DMN and other cerebral regions.
DMN default mode network, Sub subject, RSFC resting-state functional connectivity, MDD major depressive
disorder, HC healthy controls, Corr correlation, ROI region of interest, FC functional connectivity, [VFC
individual variability of functional connectivity.

Transcription-neuroimaging association analysis

To investigate the genetic associations with MDD-related IVFC changes, we applied partial least squares (PLS)
regression. The z-score normalized gene expression matrix (34 DMN regions x 15,632 genes) served as the
predictor variable, while the z-score normalized Z-values from the between-group IVFC comparisons were
used as the response variable. Statistical significance was determined using a spatial autocorrelation-corrected
permutation test (10,000 iterations) with spherical rotations?”. For each significant component, a spatial
correlation between the weighted gene expressions and the Z-value map was performed and corrected with
a spatial autocorrelation-corrected permutation analysis (10,000 times). The PLS weight for each gene was
transformed into z-scores by dividing each weight by the standard deviation obtained from 10,000 bootstrap
times. Genes were ranked by their z-scores, and univariate one-sample Z tests were employed to assess statistical
significance. Genes passing the 1% false discovery rate (FDR) threshold were classified as PLS+ (positive weights)
or PLS— (negative weights). In order to elucidate the biological significance of the PLS gene list, gene enrichment
analyses were conducted using Metascape (https://metascape.org/gp/index.html#/main/stepl), utilising the
Gene Ontology (GO) Bioprocesses and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases.
The enriched pathways were corrected to a 5% false discovery rate (FDR) correction to ascertain their statistical
significance.

Results

Individual variability in the default mode network

As illustrated in Fig. 3A, the results revealed a remarkable similarity in the spatial distribution pattern of IVFC
within DMN regions between MDD patients and HC (r=0.9841, p <0.001). Notably, the peak IVFC values were
observed in the ventromedial prefrontal cortex (vmPFC), while the lowest values were found in the intraparietal
sulcus (IPS). However, MDD patients demonstrated a rightward shift in the IVFC density distribution
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Fig. 3. The alterations of individual variability in MDD patients. (A) The mean IVFC spatial patterns of the
DMN regions. (B) The different DMN IVEC patterns of the MDD and HC groups, including density, mean,
and standard deviation values. (C) The Z-value patterns of the DMN regions. The z-value for each ROI was
obtained through between-group comparisons using the permutation test. (D) The subregions of the DMN
exhibited altered IVFC patterns. A comparison was conducted between the density distribution and the

mean IVFC values across the DMN regions. ***p <0.001; **p <0.01; *p <0.05; IVFC individual variability of
functional connectivity, Std standard deviation, MDD major depressive disorder, HC healthy controls, vinPFC
ventromedial prefrontal cortex, IPS intraparietal sulcus, ACC anterior cingulate cortex, PCC posterior cingulate
cortex, DMN default mode network.

MNI Brain region | DIVFC | p 4 | Cohen’sd
-11,45,17 vmPFC 0.022 <0.001 |0.484
9, 39,20 ACC 0.027 0.014 | 0.341
28,-37,-15 Fusiform gyrus | 0.022 <0.001 |0.393
-8,-41,3 PCC 0.018 0.048 | 0.304
—28,-42,—- 11 | Occipital 0.028 <0.001 |0.475

Table 2. Brain regions with significant differences in IVFC between MDD and HC. DIVFC differences in
IVEG, P, rected? Bonferroni corrected, vinPFC ventromedial prefrontal cortex, ACC anterior cingulate cortex,
PCC posterior cingulate cortex.

compared to healthy controls (Fig. 3B), indicating significantly increased IVFC values, both in terms of the
mean (Z=3.014, p=0.002) and standard deviation (Z=1.772, p=0.042). As depicted in Fig. 3C,D, MDD patients
exhibited significantly elevated regional IVEC values compared to HC in several crucial regions, including the
vmPFC (Z=4.835, p<0.001, Bonferroni corrected, Cohen’s d=0.484), ACC (Z=3.472, p=0.014, Bonferroni
corrected, Cohen’s d=0.341), fusiform gyrus (Z=3.941, p<0.001, Bonferroni corrected, Cohen’s d=0.393),
PCC (Z=3.076, p=0.048, Bonferroni corrected, Cohen’s d=0.304), and occipital cortex (Z=4.728, p<0.001,
Bonferroni corrected, Cohen’s d=0.475). A summary of these findings can be found in Table 2.
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Residual of HAMD

Relationship between IVFC and clinical variables in MDD

As shown in Fig. 4, there was a statistically significant association between the mean IVFC values of the DMN
in MDD patients and HAMD scores (r=0.071, p=0.043). At the regional level within the DMN, a positive
correlation was observed between the IVFC values in the fusiform gyrus and HAMD scores (r=0.096, p=0.033,
Bonferroni corrected). Besides, there were correlations between the IVEC values of the ACC and illness duration
(r=-10.094, p=0.0136, uncorrected), between the IVFC of the PCC and HAMA scores (r=—0.1016, p=0.0182,
uncorrected).

Results of transcription-neuroimaging association analysis

Figure 5 presents the results of the transcription-neuroimaging association analysis. Figure 5A illustrates
the distribution of Z-values on the left and the distribution of PLS1 gene scores on the right. For subsequent
analysis, we concentrated on PLS1, which accounted for 47.0% of the variance in gene expression. (pSpin =
0.038). The spatial distribution of gene expression exhibited a pattern characterised by lower expression levels
in the anterior DMN regions and higher expression levels in the posterior DMN regions. A significant positive
correlation was observed between PLS1 scores and Z-value patterns (r=0.68, Pyin < 0.001, Fig. 5A, middle).
After performing univariate one-sample Z-tests, 941 genes with positive weights (PLS1+) and 531 genes with
negative weights (PLS1-) were identified, both at a false discovery rate (FDR) threshold of 1%, with only
PLS1 + showing significant gene enrichment results. The PLS1 + genes were found to be enriched in several key
biological processes, including “regulation of membrane potential,” “head development” and “modulation of
chemical synaptic transmission”. Moreover, KEGG pathway enrichment analysis revealed associations with the
“Dopaminergic synapse” and “Retrograde endocannabinoid signaling” pathways (Fig. 5B).

Discussion

In this study, we quantitatively assessed the heterogeneity of the default mode network (DMN) by analysing
individual variability in functional connectivity (IVFC) between the DMN regions and non-DMN cerebral
regions. Subsequently, we sought to elucidate the clinical implications of this heterogeneity in MDD patients.
The principal findings of this study were as follows: First, although MDD patients and HC exhibited a similar
spatial distribution of DMN IVFC, MDD patients exhibited significantly higher mean and standard deviation
values of IVFC. Second, MDD patients demonstrated markedly increased IVFC in five DMN regions compared
to HC, specifically in the vmPFC, ACC, PCC, fusiform gyrus, and occipital cortex. Third, the mean IVFC values
of the DMN and the fusiform gyrus were significantly positively correlated with HAMD scores in MDD patients.
These findings provided evidence of heightened variability in the functional integration related to the DMN
among patients with MDD and underscored the importance of exploring DMN variability in MDD research.

A consistent spatial distribution pattern of IVFC was observed across 34 DMN regions in both MDD patients
and HC. Specifically, the vmPFC and intraparietal sulcus (IPS) exhibited the highest and lowest IVEC values,
respectively. Importantly, as a pivotal brain region implicated in MDD, the vmPFC displayed a notably high
degree of heterogeneity across the patient population, suggesting potential variations in its functional integration
that may underlie MDD. This finding aligned with previous studies'”?3, suggesting that the fundamental
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Fig. 4. The partial correlation analysis of IVFC and HAMD scores (A) The correlation between HAMD scores
and the mean IVFC of DMN in MDD patients. (B) The correlation between HAMD scores and IVEC of the
fusiform gyrus in MDD patients. HAMD Hamilton Rating Scale for depression, IVFC individual variability of
functional connectivity, DMN default mode network.
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Fig. 5. Gene expression profiles related to MDD-related IVFC alterations. (A) Regional mapping of PLS1
scores and Z-values (both sides). The z-values were obtained from between-group comparisons of IVFC for
MDD and HC. Explained variance of each PLS component and the correlation between PLSI scores and
Z-map (middle). (B) Left: Bubble plot of top 20 enrichment analysis results. This bubble plot illustrates the
functional annotations for PLS1 + genes based on Gene Ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. The size of each bubble reflects the number of genes that are shared
between the given term and the other terms shown, while the color bar represents the Benjamini-Hochberg
False Discovery Rate (BH-FDR) corrected p-value. Right: Network of enriched terms. This network derived
from Metascape, features nodes representing individual pathways, color-coded by cluster to indicate potential
functional relationships, on the left side of this network enriched terms, dots were used to represent the color
of each cluster, and these are matched with the terms in the left bubble plot.

organization of the DMN remained intact in MDD. The elevated mean IVFC values in MDD patients indicated
greater heterogeneity in DMN functional connectivity, which may reflect increased randomized functional
connectivity?, which might have led to a more discrete distribution of functional connectivity. Contrary to
previous research that suggested reduced variability as a marker of dedifferentiation in psychiatric conditions®,
our results revealed an increased standard deviation in IVFC within the DMN of MDD patients, suggesting
to a more complex and region-specific disruption. This discrepancy may have been attributed to our focused
methodological approach, emphasizing inter-network analyses between DMN and non-DMN regions. By
minimizing potential confounding factors related to intra-network homogeneity, our approach provided a more
nuanced, DMN-centric depiction of functional variability, revealing distinct and potentially pathognomonic
patterns specific to MDD.

This elevated IVFC was particularly pronounced in five DMN regions: the vmPFC, ACC, PCC, fusiform
gyrus, and occipital cortex. IVFC values represent the average difference between an individual’s FC distribution
and that of others, where the FC distribution is simply the FC between a DMN ROI and all other brain ROIs
in present study. If the IVFC of the MDD increases, it means that the FC distribution of the MDD is more
inconsistent. The vmPFC, a crucial region implicated in emotional regulation, reward processing, and decision-
making®!, was characterised by substantial inter-individual variability, may underlined differential responses to
emotional stimuli**** and decision-making tasks among individuals®*. This variability was particularly relevant
in MDD, where vmPFC dysfunction may have contributed to anhedonia*~%’, a core symptom of depression,
complicating treatment outcomes and underscoring the need for personalized therapeutic approaches.
The elevated IVFC of the vmPFC observed in our study was consistent with previous whole-brain IVFC
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analyses!’, thereby underscoring the vmPFC’s potential role in MDD pathophysiology. The ACC, crucial for
emotion regulation, pain processing and decision-making®*3, had been extensively linked to depression and
antidepressant treatment response®’*!., Abnormalities in the functional connectivity and decreased flexibility
of ACC had been reported in MDD patients?>%*. The ACC, a key region involved in emotion regulation, pain
processing, and decision-making, has been extensively associated with depression and treatment response. Prior
research has reported reduced functional flexibility and abnormal connectivity of the ACC in MDD patients.
The observed increase in functional heterogeneity across MDD patients may indicate distinct sub-patterns of
altered connectivity, which could be linked to variability in symptom domains such as emotional regulation,
negative affect, and decision-making. The fusiform gyrus, involved in facial and body recognition, and within-
category identification**. Specifically, the right fusiform gyrus, which was crucial for automatic face processing®’,
had been implicated in the negative bias towards facial expressions observed in depression?®. In MDD, decreased
cortical folding® in right fusiform gyrus had been reported, which may have affected its ability to process visual
information and impaired cognitive control. The fusiform gyrus also exhibited increased functional heterogeneity
in MDD, which may have impaired its ability to accurately recognize facial expressions and emotional intensity,
potentially leading to exaggerated negative emotions and social impairment in MDD patients. The PCC, central
to the DMN, played a pivotal role in self-referential processing and attention regulation®. Altered functional
connectivity in the PCC had been reported in a wide range of neurological and psychiatric disorders, including
MDD, where it had been correlated with symptom severity*’ and illness duration®. The increased IVFC
observed in the PCC may indicate disruptions in cognitive control and deficits in emotional regulation in MDD
patients®!. The occipital cortex, another region where alterations in IVFC were observed, had been highlighted
in various studies showing decreased activity in MDD%*->%. The increased IVFC in the occipital cortex may
further emphasized the widespread impact of MDD on brain function and highlighted the potential role of the
occipital cortex as a candidate biomarker for the disorder>>.

Importantly, our partial correlation analysis revealed a positive association between IVFC patterns in
the DMN and the right fusiform gyrus with HAMD scores, aligning with previous studies'”*® showing that
increased IVFC in MDD patients reflects the severity of depressive symptoms. This relationship provides a
potential explanation for the increased IVFC observed in MDD patients. Specifically, as the severity of depressive
symptoms intensifies, patients may exhibit greater variability in functional connectivity patterns, reflecting a
disruption in the brain’s intrinsic functional organization may contributing to cognitive and emotional deficits.
The right fusiform gyrus, which is involved in face processing and social cognition, showed significant variability
linked to depression severity. This altered functionality may impair social interactions, further exacerbating
depressive symptoms. These findings underscore the potential of IVFC as a biomarker for depression severity
and highlight the need to account for clinical variability when investigating functional brain alterations in MDD.

A substantial body of research, including family, twin and adoption studies, had elucidated the complex
genetic underpinnings of major depressive disorder”’. Using transcriptional-neuroimaging spatial correlation
analysis, we identified significant spatial correlations between IVFC changes and specific gene expression
patterns. Genes with positive PLS1 weights were significantly enriched in a number of different GO biological
processes and KEGG pathways. The GO biological processes we identified were predominantly related to the
structure and function of membranes and synapses. This is consistent with previous findings on membrane
abnormalities in depressed patients, such as abnormal membrane potential regulation that may be associated
with chronically elevated levels of polyamines, which are associated with depression and suicide®; and
localisation of proteins on membranes that may affect protein function and synaptic channels, which determine
protein function and synaptic throughput in neurons®. Previous studies have also highlighted the key role
of synaptic integrity in the pathogenesis of MDD, and many of the molecular pathways of depression may
be synapse-related®!. Furthermore, the KEGG pathway at dopaminergic synapses is similar to GO biological
processes, which is consistent with previous studies and supports the importance of synapses in depression. The
IVEC changes observed in depressed patients may result from alterations in neuronal membranes and synapses.
Our findings highlight the critical role of gene expression in the regulation of these depression-related IVFC
changes, thereby deepening our understanding of the underlying mechanisms. While our analysis provides
insights into the potential genetic basis of MDD-related IVEC alterations, we caution that the identified gene
expression patterns suggest vulnerability rather than direct causal links. Further within-subject studies assessing
the relationship between genetic and IVFC alterations will be needed.

While these findings provided new insights into the role of DMN variability in MDD, several limitations
must be acknowledged. Our study was dependent on the Dosenbach atlas for the selection of DMN regions,
and future research should investigate the reproducibility of these findings using alternative atlases. Moreover,
our analysis was limited to functional connectivity, and the inclusion of structural data could provide a more
comprehensive understanding of DMN heterogeneity. The current methodology for assessing IVFC had limited
descriptive power, underscoring the necessity for the development of advanced techniques to measure individual
variability with greater precision. Additionally, despite the use of the Combat algorithm for site harmonization,
residual site effects were observed, indicating the necessity for further optimization of cross-site harmonization
strategies. Finally, a key limitation of this study is that it does not account for potential subtypes of IVFC patterns
of the DMN regions. Future research should focus on identifying distinct IVFC subtypes across DMN regions
and exploring their associations with symptom dimensions in MDD, which may provide a more nuanced
understanding of the disorder’s heterogeneity.

Conclusion

The present study revealed abnormalities in the DMN of MDD patients by examining increased IVFC, which
may reflect greater dysfunction in DMN connectivity. Through transcriptional neuroimaging correlation
analyses, we identified biological processes potentially driving these IVFC alterations. These findings highlighted
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the variability of the default mode network (DMN) in MDD and provided insight into understanding the neural
mechanisms underlying MDD.

Data availability

The data used during the present study could be obtained from open dataset (http://rfmri.org/REST-meta-M
DD). The transcriptomic data were obtained from the Allen Human Brain Atlas (https://human.brain-map.o
rg/).The dataset includes six human adult donors (accession numbers: H0351.2001, H0351.2002, H0351.1009,
HO0351.1012, H0351.1015, H0351.1016).
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