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Over-integration of visual network in major depressive disorder
and its association with gene expression profiles
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Major depressive disorder (MDD) is a common psychiatric condition associated with aberrant functional connectivity in large-scale
brain networks. However, it is unclear how the network dysfunction is characterized by imbalance or derangement of network
modular interaction in MDD patients and whether this disruption is associated with gene expression profiles. We included 262 MDD
patients and 297 healthy controls, embarking on a comprehensive analysis of intrinsic brain activity using resting-state functional
magnetic resonance imaging (R-fMRI). We assessed brain network integration by calculating the Participation Coefficient (PC) and
conducted an analysis of intra- and inter-modular connections to reveal the dysconnectivity patterns underlying abnormal PC
manifestations. Besides, we explored the potential relationship between the above graph theory measures and clinical symptoms
severity in MDD. Finally, we sought to uncover the association between aberrant graph theory measures and postmortem gene
expression data sourced from the Allen Human Brain Atlas (AHBA). Relative to the controls, alterations in systemic functional
connectivity were observed in MDD patients. Specifically, increased PC within the bilateral visual network (VIS) was found,
accompanied by elevated functional connectivities (FCs) between VIS and both higher-order networks and Limbic network (Limbic),
contrasted by diminished FCs within the VIS and between the VIS and the sensorimotor network (SMN). The clinical correlations
indicated positive associations between inter-VIS FCs and depression symptom, whereas negative correlations were noted between
intra-VIS FCs with depression symptom and cognitive disfunction. The transcriptional profiles explained 21-23.5% variance of the
altered brain network system dysconnectivity pattern, with the most correlated genes enriched in trans-synaptic signaling and ion
transport regulation. These results highlight the modular connectome dysfunctions characteristic of MDD and its linkage with gene
expression profiles and clinical symptomatology, providing insight into the neurobiological underpinnings and holding potential

implications for clinical management and therapeutic interventions in MDD.
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INTRODUCTION

Major depressive disorder (MDD) is one of the most common
serious psychiatric disorders, characterized by persistent low
mood, loss of interest and cognitive deficits, with a lifetime
prevalence of up to 20 and 30% in men and women, respectively
[1, 2]. Despite significant efforts, the pathophysiology of MDD
remains poorly understood. However, MDD is increasingly
recognized as a brain “dysconnectivity” disorder [3, 4]. Conse-
quently, exploring the neurobiological underpinnings of MDD
from a brain connectome perspective could offer a reasonable
entry point and the development of new treatment targets
for MDD.

Recent progress in integrating resting-state functional magnetic
resonance imaging (R-fMRI) with connectome analysis has
facilitated in vivo studies that have helped elucidate the inherent
functional brain networks of humans [5-8]. Typically, the modular

architecture of a healthy brain is characterized by an optimized
network organization, which segregating the brain into various
functional systems/modules with dense intramodular but sparse
intermodular connections [8]. This modular network organization
is pivotal for sustaining the balance between functional specializa-
tion and integration, thereby supporting emotional control and
cognitive abilities [5-10]. However, convergent evidence from
fMRI studies has shown that this balance is alerted in MDD,
manifesting as aberrant intra- and inter- connectivity of specific
functional systems encompassing both higher-order and primary
networks [11-25]. Specifically, within each of these networks,
substantial alterations in intra-modular connectivity have been
consistently observed in patients with MDD. For instance, the
default mode network (DMN), known for its role in self-referential
thought processes, demonstrates significantly reduced functional
connectivity within its subsystems, leading to abnormal
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rumination and pathological introspection [11-13]. In the
frontoparietal network (FPN), which is crucial for cognitive control
and executive functioning, decreased intra-network segregation
has been observed, which contributes to the impaired executive
function and cognitive control symptoms commonly reported in
MDD [14-17]. Similarly, the salience network (SN), which is pivotal
in identifying and responding to emotionally salient stimuli,
exhibits reduced connectivity within key nodes such as the
anterior insula and the dorsal anterior cingulate cortex. This
deficiency is associated with a failure to properly detect and
prioritize emotionally salient events, potentially exacerbating
mood dysregulation and the persistence of negative affect
[18-20]. Additionally, imbalanced inter-modular connections
between distinct functional systems are implicated in various
traits of MDD. For instance, cognitive models of MDD proposed
that imbalanced connectivity between DMN, FPN and SN leads to
impaired regulation of introspection, external attention, and mood
[15, 21, 22]. In primary networks, dysconnectivity of the VIS and
auditory network in MDD patients may lead to impaired facial
processing, sound processing, and integration of visual and
auditory information [23]. Furthermore, a resting-state fMRI study
involving 56 MDD patients and 53 healthy controls (HCs) applied
the participation coefficient (PC)-a modular architecture metric- to
quantify inter- and intra-module connections of brain networks,
finding that MDD participants had higher FPN integration and
increased interconnections between the FPN, cingulo-opercular
network, and cerebellum [14]. Another study found distinct
modular architectures between MDD patients and HC, with
increased PC in the left orbitofrontal cortex and paracentral
lobule, decreased PC in the left superior parietal lobule, and
abnormal integration between higher-order and primary func-
tional systems involving the DMN, FPN, and sensorimotor network
(SMN) in MDD [26]. These studies indicate that MDD is indeed a
“dysconnectivity” disorder characterized by changes in the
functional brain network modular. Due to the limited number of
studies on modular architecture in MDD and their inconsistent
findings, more research is needed to robustly identify of the neural
alterations in MDD.

Moreover, much research has indicated that MDD is a
moderately heritable disorder, with meta-analyses estimating its
heritability to be 31-42% [27-29]. Genome-wide association
studies (GWAS) have identified 44 risk variants linked to MDD,
and which have been found to be linked to clinical symptoms of
MDD, various anatomical brain regions [30, 31] and biological
functions [31, 32]. Notably, genetic factors also play a crucial
role in the brain connectome organization [33]. Recently,
transcriptome-connectome association studies have emerged,
offering an unprecedented capacity to bridge the gap between
the microscale transcriptome profile and the macroscale brain
network [34-37]. Specifically, the organization of intrinsic func-
tional brain network systems has been associated with gene co-
expression patterns in the brain, with these genes primarily
involved in ion channel activity, oxidative metabolism, and
synaptic-related functions [32, 35, 38]. More recently, by linking
ex vivo transcriptome data with the in vivo gradient structure of
functional brain networks in MDD patients, Xia et al. identified
genes associated with gradient changes in MDD, with the most
correlated genes enriched in transsynaptic signaling and calcium
ion binding [32]. Therefore, if MDD patients present alterations in
the macroscale functional organization of brain modules, we
speculate that connectome dysfunction in brain networks may
potentially be associated with specific transcriptome profiles.
Clarifying this link could deepen our insight into molecular genetic
underpinnings of connectome dysfunction of brain network
system in MDD.

In this study, we integrated an R-fMRI dataset of 559 individuals
with transcriptomic data from the brains of six donors provided by
the Allen Human Brain Atlas (AHBA) from the Allen Institute for
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Brain Science (AIBS) [34, 39], to investigate the modular
connectome patterns of brain networks in MDD and their
relationships with gene expression profiles. Firstly, we identified
MDD-related connectome dysfunction in brain network system by
computing PC and further intra- and inter-modular connections.
Secondly, we established the relationship between the above
graph theory measures and the severity of clinical symptoms in
MDD. Finally, we used AHBA to identify genes spatially correlated
with the modular connectome pattern of MDD and preformed
enrichment analysis for biological pathways related to the
modular connectome in brain network system of MDD.

MATERIALS AND METHODS

Participants

We recruited 262 patients with MDD and 297 healthy controls (HC), aged
18-45 years. The patients with MDD were recruited from the inpatient
department of the Shenyang Mental Health Center and the outpatient
clinic of the Department of Psychiatry of the First Affiliated Hospital of
China Medical University in Shenyang, China. The study received approval
from the ethics committees of China Medical University, and every
participant provided written informed consent. For details about all
participants'diagnostic procedures, demographic and clinical information,
see Supplementary Materials.

Image acquisition and MRI processing

Information on the R-fMRI scan parameters and participants requirements
during scan is detailed in Supplementary Materials. All R-fMRI images were
preprocessed using GRETNA toolbox [40] following a specific pipeline. In
summary, the initial steps in preprocessing involved converting DICOM
files to nifti format, discarding the initial 10 volumes for signal stabilization,
and then proceeding with slice-timing and head motion corrections,
excluding any subject movement beyond 3mm or 3°. Spatial normal-
ization was carried out to align with the Montreal Neurological Institute
space using an echo-planar imaging template, and images were resampled
to 3-mm cubic voxels. Spatial smoothing was applied using a 4-mm full-
width half-maximum Gaussian kernel. The preprocessing routine also
included linear detrending and the regression of several nuisance
variables, including Friston’s 24 motion parameters, signals from white
matter and cerebrospinal fluid, as well as the global signal. Temporal
filtering was applied within the frequency range of 0.01 to 0.08 Hz. Frame-
wise displacement exceeding 0.5 was addressed by scrubbing affected
volumes, including one preceding and two subsequent volumes, with
linear interpolation to mitigate the effects of head motion artifacts.

Network construction

Functional connectivity networks for each individual were constructed
using nodes defined by the Human Connectome Project (HCP) atlas [41].
Pearson’s correlation coefficient was calculated for each pair of nodes,
resulting in a 360%x360 correlation matrix for each participant. These
matrices were then weighted using a default density threshold across a set
of densities ranging from 0.05 to 0.5 (with an interval of 0.05), ensuring
consistent edge counts across all network graphs [40, 42, 43]. see
Supplementary Materials.

Module parcellation

Using the Yeo 7 network framework [44], we segmented the entire brain’s
functional networks into seven distinct modules, including the DMN,FPN,
Dorsolateral Attention Network (DAN), Ventral Attention Network (VAN),
Limbic Network (Limbic), VIS and SMN. Module detection was performed
utilizing the PAGANI toolkit (www.nitrc.org/projects/pagani_toolkit/) [45].

Graph theory parameters calculation

The Participation Coefficient (PC) is an effective approach for calculating
modular integration among brain networks [46]. The calculation of PC is
based on the modular partitions of each subject’s brain network. For each
node within a subject’s brain network, the PC is calculated using the
following equation:

s=1
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Where, for each given node i within module m, kis represents the number
of links between node i and other nodes in module m, while ki represents
the total connections node i has. The PC values for each individual were
subsequently normalized as follows:

k.
(Nmod - 1)/N

'mod

Pcnorm:

where Nmod is the number of modules per subject. Nodes were classified
as connectors if their PC exceeded 0.3 [47]. Connectors play a crucial role
associated with module integrity. Furthermore, using regions with
significant group differences in PC as seeds, we detected functional
connectivities (FCs) at both region-to-module and region-to-region levels
throughout the brain, to explore how connections between different
modules and regions contribute to group variances in PC, see
Supplementary Materials.

Gene expression dataset and preprocessing

Gene expression data, derived from microarrays, were obtained from the
AHBA [34, 39]. Tissue samples in the dataset came from the brains of six
adult donors (average age: 42.5 years, including 1 female, detailed in Table
S1). The gene expression microarray data were preprocessed using an
established pipeline, which involved aligning the samples to a cortical
parcellation consisting of 360 regions [41], reannotating and selecting
probes, and normalizing data across donors [48], see Supplementary
Material.

Statistical analysis

Demographic and clinical data. Independent two-sample t-tests (Gaussian
distribution) or Mann Whitney U tests (No Gaussian distribution) were
employed to investigate differences in age, education, MeanFD and clinical
variables; the chi-square tests was employed in gender between the two
groups. The threshold for significance level was defined as P < 0.05.

PC and FCs analysis. Taking age, gender, education and meanFD as
covariates, the two sample t-test in each module was conducted for the PC
between the two groups. The false discovery rate (FDR) correction was
performed for multiple comparisons, and the significance was set to a
corrected Pgpg < 0.05. After the FCs in region-to-module and FCs in region-
to-region were calculated in two groups, taking age, gender, education,
and mean FD as covariates, the two sample t-test was conducted for the
two-level FCs respectively, Prpg < 0.05.

Association analysis between clinical variables and MDD-
related connectome measures (PC and FCs) alterations
Controlling age, gender, education and meanFD, we performed partial
correlations analysis between connectome measures (MDD-related PC,
MDD-related FCs in region-to-module and MDD-related FCs in region-to-
region) and clinical variables(i.e., HAMD total and factors scores, MCCB and
illness duration). For each brain connectome measures, FDR correction was
performed between clinical variables, and the statistical difference was set
to Pepr < 0.05.

Association analysis between gene expression and MDD-related PC. We
employed Partial Least Squares regression analysis [49] to investigate the
relationship between transcriptional profiles and the PC map of between-
group differences. Initially, we aligned the gene expression data
(comprising 10,027 genes) with the between-group difference T-map of
the PC, utilizing the Glasser 360 atlas [41]. In our PLS regression analysis,
we designated the gene expression data as predictor variables and the
T-map representing between-group PC differences as the response
variable. For each PLS model, we implemented a permutation test,
adjusted for spatial autocorrelation, to assess if the R2 value of the PLS
component significantly exceeded chance levels. Subsequently, for every
significant component, we applied a bootstrapping technique to adjust for
estimation errors in the gene weights [50]. We sorted the genes based on
their adjusted weights, indicating their significance to the PLS regression
component, arranging them in descending order from the most positively
to the most negatively associated. Genes with an absolute corrected
weight above 5 were selected for a list of significantly contributing genes.
This list was then subjected to enrichment analysis to identify prevalent
Gene Ontology (GO) terms, utilizing a GO enrichment analysis and
visualization tool (Metascope, https://metascape.org/) [51]. We considered
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all three ontology categories: biological process, cellular component, and
molecular function, in addition to the KEGG pathway. Enrichment was
deemed significant if it met a threshold set by a Benjamini-Hochberg FDR-
corrected g <0.01, see Supplementary Materials.

Validation analysis. To assess the potential impact of medication status
and patient episodes on functional brain networks, we conducted the
following analysis: First, patients were divided into subgroups based on
their clinical information: medication vs. nonmedication subgroups and
first episode vs. relapsed subgroups. Second, we conducted two-sample
t-tests between each subgroup pair, analyzing both PC and FCs at two
levels. Third, to ascertain the stability of gene expression and its pathways
linked to MDD-related PC, we conducted a correlation analysis of gene
expression from the perspective of whole-brain connectivity. Last, we also
validated the influence of sex and hemisphere differences on this
connectome-transcriptome association, see Supplementary Materials.

RESULTS

Demographic and clinical data

No significant differences in age, gender education level or
MeanFD were observed between the MDD and HC groups (all
P>0 .05). In contrast, significant differences were observed in
HAMD total score and factors scores, MCCB scores between
groups. The detailed demographic and clinical data of the
participants are summarized in Table S2.

Alterations in systemic function connection in MDD

PC. A significant group effect on PC was first observed in twelve
brain regions. Notably, the twelve brain regions were primarily
located in the bilateral visual network (VIS) (Prpg < 0.05, Table 1,
Fig. 1), specifically in the right primary visual cortex(V1), bilateral
early visual cortex(V2 and V3), left dorsal stream visual cortex(V3A),
bilateral ventral stream visual cortex(VMV1, VMV2 and VMV3),
right posterior cingulate cortex(Pros) and the right medial
temporal cortex(PHA1). No brain regions with PC differences
between groups were found in other modules.

FCs in region-to-module. Taking the twelve regions within VIS
that showed significant PC group effects as seeds, we established
FCs between each of these regions and each of the seven modules
to determine the contributions of different module connections to
group differences in PC. Compared to HC group, MDD group have
following significant differences: (1) High FCs inter VIS-High Order
Network: the FC values between some VIS regions showing PC
group effects and high order network (VIS-DMN, VIS-FPN, VIS-VAN)
were increased, Prpg < 0.05; (2) High FCs inter VIS-Limbic: the FC
values between some VIS regions showing PC group effects and
Limbic were increased, Prpg < 0.05; (3) Low FCs intra-VIS: the FC
values between some VIS regions showing PC group effects and
the VIS were decreased, Prpg < 0.05); Low FCs inter VIS-SMN: the
FC values between some VIS regions showing PC group effects
and SMN were decreased, Prpg < 0.05), Fig. 2A-C and Table S3.

FCs in region-to-region. Taking the twelve regions within VIS that
showed significant PC group effects as seeds, we established FCs
between each of these regions and all regions across the whole
brain to determine the contributions of different regional
connections to group differences in PC. Compared to HC group,
ninety-six FCs at region-level showed statistical differences in
MDD, Pgpr<0.05. The alterations of FCs at region-level align
closely with the changes at module-level FCs in MDD: high FCs
inter VIS and low FCs intra VIS, Pgpg < 0.05, see Fig. 2A, B, D and
Tables S4, 5.

Relationship between graph theory parameters (PC and FCs)
and clinical variables in MDD

No correlation was observed between MDD-related PCs and
clinical variables. At the region-to-module level, negative
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Table 1. Significant between MDD and HC group difference in PC (Prpg < 0.05).

Modular/System RoilD Regions Description Cortex T values P values
(Glasser 360 atlas) corrected
VIS 4 lh_V2 Second Visual Area L Early Visual Cortex 3.19 0.0015
VIS 5 lh_V3 Third Visual Area L Early Visual Cortex 3.14 0.0018
VIS 13 lh_V3A Area V3A L Dorsal Stream Visual Cortex 2.82 0.0050
VIS 154 lh_VMV3 VentroMedial Visual Area 3L Ventral Stream Visual Cortex 3.05 0.0024
VIS 160 lh_VMV2 VentroMedial Visual Area 2L Ventral Stream Visual Cortex 3.06 0.0024
VIS 181 rh_V1 Primary Visual Cortex R Primary Visual Cortex 2.76 0.0060
VIS 185 rh_V3 Third Visual Area L Early Visual Cortex 2.65 0.0107
VIS 301 rh_ProS ProStriate Area R Posterior Cingulate Cortex 2.80 0.0053
VIS 306 rh_PHA1 ParaHippocampal Area 1R Medial Temporal Cortex 3.37 0.0008
VIS 333 rh_VMV1 VentroMedial Visual Area 1R Ventral Stream Visual Cortex 3.23 0.0013
VIS 334 rh_VMV3 VentroMedial Visual Area 3R Ventral Stream Visual Cortex 2.65 0.0083
VIS 340 rh_VMV2 VentroMedial Visual Area 2R Ventral Stream Visual Cortex 2.84 0.0046

A significant group effect on PC located in twelve brain regions within bilateral VIS, PFDR < 0.05. They were the right primary visual cortex (V1), bilateral early
visual cortex (V2 and V3), left dorsal stream visual cortex (V3A), bilateral ventral stream visual cortex (VMV1, VMV2 and VMV3), right posterior cingulate cortex
(Pros) and the right medial temporal cortex (PHAT1). VIS: Visual Network; RoilD: region number in Glasser 360 atlas; Ih, L: left hemisphere; rh, R: right

hemisphere.

VIS visual network, RoilD region number in glasser 360 atlas; Ih, L left hemisphere; rh, R right hemisphere.

A

PC values
||

t values

324 324

PC values
||

MDD - HC
(Pepr < 0.05) Y

t values
PHA1  Pros, VMV1, VMV2, VMV3

VMV2, VMV3

196 324

Fig. 1 Altered Patterns of PC in MDD. A Mean PC map for the HC group. B Mean PC map for the MDD group. C t-test map showing
differences in PC between the MDD and HC groups (MDD vs. HC). D Group effects map showing significant differences in PC between the two
groups (MDD vs. HC), Prpg < 0.05. Significant regions include the right primary visual cortex (V1), bilateral early visual cortex (V2, V3), left dorsal
stream visual cortex (V3A), bilateral ventral stream visual cortex (VMV1, VMV2, VMV3), posterior cingulate cortex (Pros), and the right medial
temporal cortex (PHA1). PC: participation coefficient; MDD: major depressive disorder; HC: healthy control. The surface visualization was
generated using BrainNet Viewer (http://www.nitrc.org/projects/bnv) [93].

correlations between the FC value of Ih_VMV2-VIS and HAMD
(total score, Core depressive Factor, Somatic anxiety Factor and
Anorexia Factor scores, PFDR < 0.05) were found. No correlation
was observed between MDD-related FCs in region-to-module
level with MCCB and duration. However, at the region-to-region
level, we did find significant negative correlations between a

SPRINGER NATURE

great number of intra-VIS FCs and HAMD (total and factors score,
PFDR < 0.05), and positive correlations between regions of VIS-
DMN with HAMD (total and factors score, PFDR < 0.05). We also
observed significant positive correlations between intra-VIS
(Ih_V2- Ih_ProS, and Ih_V2-lh_VMV1) and Category Fluency in
MCCB, Pgpg < 0.05. There was no significant correlation between
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Fig. 2 Altered Patterns of FCs in MDD. A Seven-module brain network parcellation used for the analysis, derived from Yeo et al. [44]. These
modules include the FPN, DMN, DAN, VAN, Limbic, VIS, and SMN. B Schematic representation of brain regions exhibiting significant group
differences in PC between the MDD and HC groups. These regions, where modular integration is altered in MDD (see Fig 1D), are primarily
located within the VIS (Pgpr < 0.05). These regions are the right primary visual cortex (V1), bilateral early visual cortex (V2, V3), left dorsal
stream visual cortex (V3A), bilateral ventral stream visual cortex (VMV1, VMV2, VMV3), posterior cingulate cortex (Pros), and the right medial
temporal cortex (PHA1). € Group differences in FCs at the region-to-module level. The FCs between each region with over-modular
integration and each of the seven brain modules were established. Red areas indicate increased FCs in MDD compared to HC, while blue areas
indicate decreased FCs in MDD. The significance of group differences is marked with asterisks: * Prpg < 0.05, ** Prpg < 0.01, *** Prpr < 0.001,
and **** Prop<0.0001. D Group differences in FCs at the region-to-region level. Blue lines indicate significantly decreased FCs in MDD
compared to HC, while red lines indicate significantly increased FCs in MDD compared to HC (Pgpg < 0.05). FCs: functional connectivities; MDD:
major depressive disorder; HC: healthy control; FPN: frontoparietal network; DMN: default mode network; DAN: dorsolateral attention

network, VAN: ventral attention network, Limbic: limbic network, VIS: visual network, and sensorimotor network (SMN).

FCs in regions-to region level and duration of disease. see
Tables S6-8.

Gene expression profiles related to connectome dysfunction
of brain network system in MDD

MDD-related alterations in PC and gene. The components of the
PLS1 regression explained 21.0% of the variance in the MDD-
related alterations in PC (P <0.05 for component 1, permutation
tests with spatial autocorrelation corrected, Fig. 3A). Component 1
represented a transcriptional profile characterized by high
expression mainly in VIS areas (Fig. 3D). The spatial expression
value weight of the gene corresponding to this component has a
significant spatial positive correlation with the PC abnormal
pattern of MDD (Fig. 3C) (r =0.46, P < 0.0001), Fig. 3B. The PLS1
gene list is sorted according to the weight from large to small (Fig.
3E), and the genes with the absolute value of gene weight greater
than 5 [52] are selected as the most significant gene list for the
next analysis of biological pathways.

According to GO database, the GO functional terms with the
most significant expression of PLS1 gene related to PC abnormal
pattern of MDD are as follows. Figure 4A: biological process (BP)
mainly includes “cross synaptic signal”, “regulation of ion
transport”, “secretion regulation”, etc; Cellular component (CC)
mainly includes: “axon”, “postsynaptic (membrane)” and “gluta-
matergic synapse”; Molecular function (MF) mainly includes
“kinase binding” and “protein homodimerization activity”. The
KEGG functional pathway of PLST gene expression related to the

Translational Psychiatry (2025)15:86

PC abnormal pattern of MDD, corrected by FDR, has 12 KEGG
pathways when q < 0.01, as shown in Fig. 4B: the main enrichment

pathways are “cancer pathway”, “glutamatergic synapse” and “RAS
signal pathway”.

Validation results

There is no difference among subgroups of drug treatment status
and disease onset in each brain graph theory parameter (twelve of
MDD-related PC, thirty-three of MDD-related FCs in region-to-
module level, ninety-six of MDD-related FCs in region-to-region
level, P <0.05 see Tables S9-14. The gene expression and their
pathways related to MDD-related FCs region-to region level were
highly consistent with those of MDD-related alterations in PC,
Figs. S1-2. Using gene data from male donors and gene data from
the left hemisphere highly overlaps with the gene expression and
biological pathways identified in our main results, Tables S15, 16.

DISCUSSION

In this study, we utilized the Participation Coefficient metric to
explore the connectome dysfunction of brain functional network
system of MDD patients and, for the first time, linked these
atypical patterns with transcriptomic profiles. Alterations in
systemic functional connectivity were observed in MDD. Specifi-
cally, compared to the HC group, the MDD group exhibited hyper-
integrated network nodes, all located within the bilateral VIS.
Further analysis of intra- and inter-modular connectivity at both
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Fig. 3 Imaging transcriptomics analysis of MDD-related PC. A Percentage of variance in effect variables explained by component
decomposition of partial least squares regression analysis. The significance level was determined by the displacement test after spatial
autocorrelation (n = 10000), * P < 0.05. The transcriptional profiles explained 21% variance of the altered PC pattern. The shadow indicates the
95% confidence intervals. Each dot represents a region. B Spatial correlation between PLS1 gene expression pattern and abnormal PC pattern
of MDD visual network. The transcriptional profiles were positively correlated with the between-group Z-map of the PC (permutation tests
with spatial autocorrelation corrected, 10,000 times). The shadow indicates the 5% confidence intervals. Each dot represents a region. C MDD
visual network abnormal PC (T-value map of case-control PC). D The gene weight expression map obtained by PLS regression analysis (PLS1
weight Z map). The first PLS component (PLS 1) identified a gene expression profile with high expression mainly in VIS. VIS: Visual Network.
*P < 0.05. E In the gene list sorted by PLS1, pls + represents the high expression gene with positive weight direction, and pls - represents the

low expression gene with negative weight direction.

region-to-module and region-to-region levels revealed that the
VIS had higher FC values with both higher-order networks (DMN,
FPN, and VAN) and the LIM, but lower FC values within the VIS and
between VIS and the primary SMN. Moreover, the clinical
correlations indicated possive associations between inter-VIS FCs
and HAMD scores, whereas negative correlations were noted
between inter-VIS FCs with HAMD scores and Category Fluency
score of MCCB. The transcriptional profiles explained 21-23.5% of
the variance brain network system dysconnectivity pattern, with
the most correlated genes enriched in trans-synaptic signaling
and ion transport regulation. Our research provides profound
insights into the connectome dysfunction in brain functional
network system associated with MDD. The observed over-
integration of VIS in MDD, its association with clinical symptoms
severity, and its linkage to specific gene expression profiles
provide a groundbreaking perspective on the underlying mechan-
isms of MDD.

Higher nodal integration of VIS

Through the analysis of the PC based on brain network functional
systems, we identified a significant characteristic of MDD: higher
nodal integration within the VIS, indicative of reorganization
within this network. Specifically, these over-integrated nodes were
located in the primary visual cortex (right V1), the early visual
cortex (left V2 and bilateral V3), ventral stream visual cortex (right
VMV1 and bilateral VMV2 and VMV3), the medial temporal cortex
(right PHA 1) and the posterior cingulate cortex (right ProS).
Functionally, V1, V2, and V3 play an important role in the bottom-
up processing of visual information from the lateral geniculate
nucleus, which is essential for visual perception [53, 54]. These
areas can also encode specific visual information in the presence
or absence of visual stimuli, thereby facilitating top-down visual
processing and multisensory integration, both of which are
essential for visual cognition [53, 54]. The VMV is implicated in
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emotion-related information processing and is closely linked to
the pathophysiology of MDD [55]. The ProS is strongly connected
to V2 and V3, and it has been found to be activated during
working memory tasks [41]. The PHA1 is associated with visual
memory tasks and plays a role in visual cognitive functions [41].
Previous studies have reported structural and functional abnorm-
alities in these brain regions in MDD [24, 56-64]. Yang et al. have
identified decreased nodal degrees and nodal efficiency within
the VIS in MDD patients at the nodal level [62], which consistent
with our finding. However, contrary to our findings, Peng et al.
reported abnormalities in brain region integration within the DMN
and FPN, but not in the VIS, among MDD patients [26]. Such
discrepancies might be attributed to factors including sample size,
disease state, and other related variables. Although our study
utilized the relatively larger sample size among existing studies on
modular integration of MDD, future research should include more
participants to replicate and validate these results. In summary,
our finding offers a novel perspective by identifying over-
integration of key nodes within the VIS from a functional modular
standpoint, adding fresh insights into the role of the VIS to the
pathophysiology of MDD.

Abnormal system functioning connectome mode behind high
VIS nodal integration

Further analysis detected that the higher modular integration of
the VIS in MDD was driven by increased inter-VIS connections
involving VIS-higher-order networks (DMN, FPN and VAN) and VIS-
Limbic connections, alongside decreased intra- VIS connections.
We also observed reduced inter-primary network connections
between the VIS and SMN in MDD. Taken together, these findings
illustrate an MDD related-abnormal system functioning connec-
tome mode underlying high VIS nodal integration, providing new
insights into how specific modular changes contribute to the
whole brain network dysconnectivity.
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A GO enrichment analysis of PC-related gene list in MDD
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Fig. 4 GO enrichment and KEGG pathway analysis of PC-related gene list in MDD. A GO enrichment analysis of PC-related gene list in
MDD.GO enrichment analysis of the list of genes with significant contribution to PC abnormal pattern related PLS1 in MDD (FDR correction, all
q<0.01). B KEGG pathway analysis of PC-related gene list in MDD. KEGG pathway analysis of PC abnormal pattern related PLS1 contribution

significant gene list of MDD (FDR correction, all g <0.01).

Wide modular integration of VIS-high order networks (DMN,
FPN and VAN): The DMN is intricately linked with self-referential
and stimulus-independent processing, while the FPN and VAN
primarily handle external stimuli [44, 65]. We found wide modular
integration of VIS-high order networks (DMN, FPN and VAN) in
MDD patients. These interconnections between the VIS and
heteromodal association cortices may lead to maladaptive
integration between top-down sensory input and bottom-up
regulation, affecting the selection of relevant information for goal-
oriented tasks [66-68]. Thus, higher FC between VIS and higher-
order networks can lead to over-integration of sensory input and
regulation in MDD. Correlation analysis show that the FCs
between hyper-integrated VIS nodes (left V2, right V1, and right
V3) and key DMN nodes (bilateral orbital frontal cortex, right area
10 d cortex, and bilateral area dorsal 23 a + b) positively correlated
with the severity of depressive symptoms. A previous study
demonstrated that FC patterns between visual and frontal cortices
could distinguish individuals with depression from HCs [69].
These observations suggest that alterations in VIS-higher-order
networks FC could serve as biomarkers or targets for therapeutic
interventions.

High integration of VIS-Limbic: The Limbic system processes
sensory inputs from both internal and external environments,
playing a pivotal role in diagnosis, regulation, and prediction of
treatment responses in MDD [70, 71]. Recent research suggests
that an entorhinal-visual cortical circuit may regulates depression-
like behaviors, providing a promising target for stimulation
therapy [70].0ur study revealed a strong VIS-Limbic integration,
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which could contribute to abnormal processing of visually
presented stimuli, potentially leading to negative emotional and
cognitive biases in MDD [72].

Low integration of intra-VIS and VIS-SMN: We observed
decreased intra-VIS FCs in MDD patients, indicating reduced
internal integration within VIS, consistent with previous findings
[73]. Decreased intra-VIS FCs at both region-to-module and
region-to-region levels of shows significant negative correlations
with depressive symptoms, while FCs of V2-ProS/VMV in the VIS
positively correlated with Category Fluency of MCCB. Previous
research by our team showed reduced regional homogeneity
(ReHo) in the visual cortex in MDD patients, which was linked to
depressive symptoms [57]. Other studies have found diminished
spatial suppression during visual motion processing tasks in MDD,
suggesting reduced spatial suppression as a potential endophe-
notype [58]. The visual cortex, a crucial component for face
recognition and social communication, mediates the visual
analysis of faces [74]. Our finding at both regional and module
levels revealed internal reorganization and differentiation within
the VIS in MDD, uncovering that these alterations are linked to
depressive symptoms and processing speed. Previous research
has shown reduced gamma-aminobutyric acid (GABA) levels in
the occipital lobe of MDD patients, linked to depressive symptom
severity [75]. It is speculated that the VIS integration disorders in
MDD may be related to abnormal GABAergic interneuron gene
expression. Similarly, we also identified decreased FC between the
VIS and SMN, indicating disrupted multisensory integration
between primary networks in MDD [76, 771.

SPRINGER NATURE



M. Zhu et al.

MDD-related visual network high nodal integration and gene
expression profiles

Utilizing the AHBA and employing PLS regression analysis, our
connectome-transcriptome association analysis revealed that the
high nodal integration observed in the MDD-related VIS is
correlated with gene expression profiles enriched in pathways
involved in transsynaptic signaling and ion transport regulation.
Transsynaptic signaling is a fundamental biological process that
supports critical molecular functions, including synapse formation
and modulation of synaptic plasticity [78]. Disruptions in
transsynaptic signaling can impair synapse formation and stability,
significantly influencing the pathophysiology of depression [79].
Transcriptomic studies in animal models have shown that chronic
stress can disrupt the brain-derived neurotrophic factor (BDNF)-
tropomyosin receptor kinase B (TrkB) signaling pathway, thereby
reducing ERK and Akt signaling in the hippocampus and
prefrontal cortex [80, 81]. Such disruptions may decrease BDNF
expression and function, leading to neuronal atrophy in areas
linked to depression [80, 82, 83]. In addition to transsynaptic
signaling, our analysis also revealed that genes associated with the
high nodal integration in the VIS of MDD patients are enriched in
pathways related to ion transport regulation. Research by Richardi
and colleagues identified a significant correlation between gene
enrichment for ion transport-related molecular functions and
functional connectivity in the brain’s resting-state network,
particularly sodium ion channels and receptors, which are
significantly associated with the onset of MDD [35]. Beyond the
biological implications, the clinical relevance of specific high-
weighted genes, such as SLC38A2 and SCN1B, is also noteworthy.
SLC38A2 encodes a sodium-dependent amino acid transporter
that regulates glutamine transmembrane transport, influencing
synaptic activity [84, 85]. Animal studies have shown that SLC38A2
is involved in the biological pathways related to depression and
plays a potential role in the molecular mechanisms of depression,
influencing mood regulation and neurogenesis in MDD [86]. The
SCN1B encodes the 3 subunit of sodium channels, which controls
the generation and propagation of neural signals by modulating
sodium ion channels, thereby regulating neuronal excitability [87].
Similar to our findings, A’s study also discovered that SCN1B, along
with other genes, is associated with brain connectivity changes
observed in MDD patients and found that they are involved in the
sex-specific modulation of depression-related circuits [88].

The PLS1 gene, linked to the high nodal integration of the VIS
in MDD, is involved in key KEGG pathways including “Pathways in
Cancer,” “Glutamatergic Synapse,” and the “Ras Signaling Path-
way,” with the latter two being closely linked to MDD
pathogenesis. Multiple studies have shown reduced levels of
brain glutamate and glutamine in individuals with MDD,
particularly in areas like the dorsolateral prefrontal cortex
(DLPFC), hippocampus [89], and posterior cingulate cortex [75].
Moreover, reduced GABA levels in the posterior cingulate cortex
of MDD patients are linked to visual cognitive deficits [75, 90].
Dysregulation of Ras-related genes results in impairments in the
serotonin and dopamine systems, contributing to the onset of
depression. As significant downstream pathways of neurotrophic
factor receptors, Ras-related signaling plays a key role in synaptic
plasticity. Denayer et al. reported that overactivation of the Ras-
ERK pathway can lead to reduced synaptic plasticity in mice,
impairing hippocampal learning and memory behaviors [91].
Notably, among the KEGG enrichment pathways associated with
genes related to high nodal integration in the VIS of MDD, the
“Pathways in Cancer” ranked highest in terms of gene count and
significance. The concept of comorbidity between cancer and
depression was previously proposed by Walker et al. in The
Lancet, which found a higher rate of depression among cancer
patients compared to the general population [92]. From a
transcriptomic perspective, our findings suggest potentially
shared or similar molecular mechanisms between MDD and
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cancer, providing a transcriptomic basis for the comorbidity of
these two conditions. Further exploration of these functional
genetic variations and related genes is expected to aid in
unraveling the pathogenesis of depression, potentially offering
new therapeutic targets for both depression and cancer.

In the connectome-transcriptome association analysis of
abnormal VIS FCs patterns (Fig. S2), we found that the genes
associated with the abnormal VIS FCs in MDD patients were highly
consistent with those associated with changes in the PC in MDD.
Additionally, gene weight also showed a high degree of similarity.
Biological pathway analysis revealed that these abnormal
connectivity patterns in the brain’s functional network are
significantly correlated with gene expression profiles related to
synaptic transmission, transsynaptic signaling, ion transport, and
other biological processes. Our main findings were confirmed
through analysis of male-specific gene data and left hemisphere
gene data, and the results were found to be stable and reliable,
further elucidating the molecular basis of large-scale functional
network abnormalities in MDD patients under resting state. This
provides new imaging-transcriptomic evidence for the role of
synaptic and ion transport-related pathways in the pathophysiol-
ogy of depression.

Limitation

The study’s sample included individuals taking medication and
lacked longitudinal data on treatment responses. While the study
identified increased connectivity changes in the visual network
among MDD patients, its specificity across different MDD subtypes
remains unclear. The analysis, while informative, fell short in fully
elucidating the underlying pathogenesis, calling for a more
comprehensive approach involving transcriptomics. Additionally,
the gene expression data used, derived from the AIBS and based
on non-Chinese populations, may affect the results due to
potential ethnic differences in gene expression profiles. This
underscores the need for larger, more diverse datasets from MDD
patients for further validation. Furthermore, the study primarily
reports associations rather than causal relationships, high lighting
the need for further research on the interplay between genes and
the brain in the context of the disease phenotype.

CONCLUSION

In this investigation, we established a comprehensive analysis to
explore the connection between MDD-related connectome
dysfunctions and gene expression patterns. Our findings revealed
a significant correlation between the atypical connectivity
patterns within the brain’s functional network system in MDD
patients and the gene expression profiles related to synaptic and
trans-synaptic transmission, ion transport, and other crucial
biological processes. This correlation sheds light on the molecular
biological underpinnings of the anomalies observed in the large-
scale functional network systems of individuals with MDD. The
implications of these findings are substantial, paving the way for
the development of more targeted and effective treatment
modalities in the future, thereby enhancing the clinical manage-
ment and therapeutic outcomes for individuals grappling
with MDD.
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