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Abstract

Background

Schizophrenia is a severe psychiatric disorder characterized by cognitive deficits as
well as positive and negative symptoms. It is considered a disorder of widespread
network dysconnectivity, including aberrant connectivity between the thalamus and the
visual pathway. However, the relationships between the thalamus and various regions
of the dorsal and ventral visual pathways in schizophrenia, and how the thalamus affects
interactions among these visual regions, remain unclear.

Methods

Resting-state functional magnetic resonance imaging, task-state functional magnetic
resonance imaging, and diffusion tensor imaging data were acquired to examine the
neural activity within the thalamus and the visual pathway,.along with the relationships
between them (i.e., functional connectivity, structural connectivity, and structure-
function coupling). We also correlated the altered imaging parameters with clinical
characteristics. Furthermore, based on previous molecular imaging in healthy controls,
we explored the spatial -associations between altered imaging parameters and
receptors/transporters distributions.

Results

We found significantly decreased neural activity and widespread altered thalamo-visual
pathway_connectivity in both dorsal and ventral pathways in schizophrenia patients.
Moreover, schizophrenia patients exhibited altered mediation effects within the

thalamo—dorsal visual pathway, involving MT, V1, V2, and V3. Abnormal neural
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activity and connectivity were related to disease duration and positive symptoms
severity. Altered neural activity of MT was correlated with the density of multiple
neurotransmitters.

Conclusions

Our findings further expand our understanding of thalamo-visual pathway
dysconnectivity and primary information-processing deficits in schizophrenia, which
may be related to clinical symptoms. Our findings may provide more potential insights
for non-invasive intervention treatments.

Keywords: Schizophrenia, Thalamo-visual pathway dysconnectivity, Multimodal MRI
Introduction

Schizophrenia is a severe psychiatric disorder characterized by, cognitive deficits,
positive symptoms, and negative symptoms. It significantly, impacts both patients and
society (Owen et al., 2016). Cognitive deficits,”such as executive functions, attention,
and working memory, are key features of schizophrenia and are associated with long-
term disability (Schultz et al, 2013)., However, a growing body of evidence has
suggested that schizophrenid.involves bottom-up processing dysfunction (Dong et al.,
2019; Hou et al., 2023): Patients with schizophrenia show abnormal sensory gating,
which may result in_sensory overload in the cortex and, in turn, the development of
psychotic symptoms (Bak et al., 2014; Judd et al., 1992). The thalamus commonly acts
as“a.gated relay for sensory information. It plays a crucial role in cortical-subcortical
communication and is an important regulator of cortical activity (Giraldo-Chica and

Woodward, 2017; Sherman, 2007, 2016). Numerous neuroimaging studies in patients

9202 YoJe\ Z1 uo 1sanb Aq G1£6058/8006e3/pelAsd/S601 0L /10p/a]o1ue-aoueApe/pelAsd/woo dno-ojwapeoe//:sdpy woly papeojumoq



with schizophrenia have uncovered alterations of the thalamus, including decreased
volume, altered spontaneous activity, and changes in activity during cognitive or
sensory gating tasks (Csukly et al., 2020).

Sensory processing deficits have been shown to be associated with the symptoms of
schizophrenia. In addition, visual processing deficits may drive secondary impairments
in higher cortical regions (Butler ez al., 2007; Li et al., 2020). Numerous magnetic
resonance imaging (MRI) studies have revealed abnormal spontanecous activity and
dysconnectivity in the visual cortex of schizophrenia patients (Iwabuchi ‘and
Palaniyappan, 2017; Li ef al., 2023). Moreover, these abnormalities are associated with
clinical symptoms, such as hallucinations and delusions (Li et al.,;»2020). Several
resting-state  functional connectivity (FC) studies haves.reported aberrant
thalamocortical connectivity in schizophrenia, including-altered connectivity between
the thalamus and occipital cortex (Anticevic efal., 2014a; Yamamoto et al., 2018).
Therefore, understanding the mechanism/tinderlying the link between the thalamus and
visual cortex in schizophrenia may be key to understanding the pathophysiology of
schizophrenia and developing effective interventions.

Previous studies havesshown that functional MRI (fMRI) has been widely used to
investigate functional activity alterations in both gray and white matter across a range
of neuropsychiatric disorders (Ji et al., 2025; Ji et al., 2017; Ji et al., 2019). Therefore,
we used fMRI to evaluate intrinsic brain activity within and between the thalamus and
viswal pathway to elucidate the pathophysiological mechanisms underlying

schizophrenia. Intra-regional activity can be measured using the amplitude of low-
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frequency fluctuations, which reflects the characteristics of spontaneous neural activity
(Zang et al., 2007). Previous studies have shown altered amplitude of low-frequency
fluctuations in the bilateral inferior frontal gyrus, middle frontal gyrus, superior frontal
gyrus, and left middle occipital gyrus of schizophrenia patients (Li et al., 2023; Wang
et al., 2019). Moreover, it has been found that there are frequency-specific alternations
in the amplitude of low-frequency fluctuations of schizophrenia (Yu et al., 2014).
However, the specific changes in the amplitude of low-frequency fluctuations within
various visual cortical regions and the thalamus across different frequency/bands
remain unclear. In addition, previous studies in schizophrenia have( found that
transcriptome/neurotransmitters (serotonergic, dopaminergic, gamma-aminobutyric,
and glutaminergic pathways) are associated with abnormalities in the functional
features based on fMRI (Chen et al., 2021; Jiang et@l+.2023) and the white matter
dysfunction (Ji et al., 2023). We further explored\whether the abnormal neural activity
was related to the spatial topography of underlying molecular characteristics.
Inter-regional relationships can’be measured by FC, which reflects relationships
within and among different‘brain regions and networks. FC has been used to study
various psychiatric and neurological disorders (Jiang et al., 2024; van den Heuvel and
Hulshoff Pol, 2010). Previous studies have revealed the reconfiguration of human brain
networks during task and rest states, and emphasized the role of the thalamus in network
configuration changes during these states (Di e al., 2013). Task-state fMRI studies have
shown that patients with schizophrenia exhibit differently altered thalamic activity

during a range of tasks (Pergola et al., 2015); moreover, their FC organization is
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aberrant during task and resting states (Riedel ez al., 2022). Structural connectivity (SC)
measured using diffusion tensor imaging (DTI) is a measure of the white matter
pathways between regions (Jiang et al., 2021). In general, SC and FC reflect the distinct
profiles of the brain network, and the coupling between SC and FC would be an
essential characteristic and is more sensitive than any single MRI modality to detect
network dysconnectivity in disease (Liu et al., 2022b; Wang et al., 2023). Therefore,
we used resting-state fMRI (rsfMRI), task-state fMRI, and DTI to study alterations in
thalamo-visual pathway connectivity in schizophrenia.

In this study, we aimed to comprehensively investigate dysconnectivity within the
visual pathway and between the visual pathway and the thalamus in schizophtrenia using
multimodal MRI. We hypothesized that patients with schizophtenia would exhibit
abnormal neural activity within both dorsal and ventraltvisual’'pathways, accompanied
by dysconnectivity within the visual pathway and, between the visual pathway and the
thalamus. To test these hypotheses, we first quantified intra-regional neural activity
across multiple frequency bands. We then examined thalamo-visual functional
connectivity during rest-state and visual task performance, and assessed structural
connectivity using diffusion. tensor imaging. Mediation analyses were conducted to
evaluate the role of key visual regions in thalamo—visual pathway interactions. Finally,
we explored/the associations between altered imaging parameters and clinical
characteristics. Through this multimodal, hypothesis-driven approach, we aimed to
provide a multilevel characterization of thalamo—visual pathway dysfunction in

schizophrenia, thereby advancing the understanding of thalamo—visual pathway
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dysconnectivity and its relevance to symptom expression and potential intervention
targets.

Methods

Participants

We recruited 112 schizophrenia patients (mean age: 41.76£11.67 years, range 16-70
years, 81 males) and 124 sex- and age-matched healthy controls (HCs) (mean age:
38.78+14.35 years, range 18-68 years, 77 males). Detailed demographic and clinical
information are presented in Table 1. All patients were diagnosed according/to the
Structured Clinical Interview for the Diagnostic and Statistical Manual ‘of Mental
Disorders-V Axis I Disorders-Clinical Version (SCID-I-CV). Patients*with active
substance use disorders or comorbid axis I diagnoses were excluded.’All patients were
treated with antipsychotic medications. We obtained“Written informed consent from
patients and all HCs.

All patients participated in the resting-state fMRI experiment. However, due to study
design and scanning protocol constraints, only a subset of participants completed the
task-state fMRI and DTI acquisitions. In addition, task-state fMRI data were excluded
for some participants because of limited task tolerance, excessive head motion, or

incomplete task performance. Consequently, task-state fMRI data from 30 patients and

20 HCs,«and'DTTdata from 83 patients and 119 HCs, were included in the final analyses.

Detailed demographic and clinical characteristics of the subsamples are presented in

Tables S1 and S2.
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Task design

Alternating black and white images were used to simulate steady-state visual evoked
potentials (SSVEP). The stimulation frequencies were 5, 10, and 20 Hz. Participants
were required to keep their heads as still as possible and maintain fixation on the screen.
The SSVEP task consisted of a 10-s baseline, nine task blocks, and 20 s of rest between
blocks. Each frequency was repeated three times. Each task block lasted 20 s, and the
entire task lasted 350 seconds.

Data acquisition

MRI data were acquired on a 3 Tesla GE Discovery MR 750 system with=an jeight-
channel array head coil. MRI sessions comprised rsfMRI, task-state\fMRI, and DTI
scans. The rsfMRI data were acquired using a standard echo-planar imaging pulse
sequence (repetition time [TR]/echo time [TE] = 2000/30-ms, flip angle = 90°, field of
view = 24 x 24 cm?, data matrix = 64 x 64, 35 mnterleaved slices, slice thickness = 4
mm, 0.4 mm slice gap, eyes closed, 510 _secondsrand 255 volumes). The parameters of
task-state fMRI were consistent with those'of rsfMRI, but it lasted for 350 seconds and
generated 175 volumes. The, DTI data were acquired using a single-shot, spin-echo,
echo-planar sequence using,the following parameters: voxel size = 2 x 2 x 2 mm?,
diffusion weighting isotropically distributed along 64 directions, 75 slices, 128 x 128
base resolution, and a b-value of 1000 s/mm?.

Preprocessing

Functional images were preprocessed using an independently developed software

package, Neuroscience Information Toolbox (Dong ef al., 2018). The first 10 volumes
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were discarded, and the data were then slice-timing corrected, realigned, spatially
normalized to standard Montreal Neurological Institute space, resampled to 3 x 3 x 3
mm? voxel size, spatially smoothed using an 8-mm full-width half-maximum Gaussian
filter, and linearly detrended. We removed subjects with motion > 2 mm and/or 2°, and
we regressed out 24 head motion parameters, white matter signal, cerebrospinal fluid
signal, and global signal. Finally, the data were filtered using a bandpass filter (0.01—
0.1 Hz). For the neural activity analysis, the functional images were not subjected to
global signal regression or filtering.

DTI data were preprocessed using the Diffusion Toolkit. Preprocessing=involved
removing non-brain tissue, head motion correction, eddy current correction, and
estimation of diffusion tensor elements.

Neural activity analysis
Functional images were processed using the DPABI toolbox (Yan et al., 2016) based

on SPM 12 (http://www.fil.ion.ucl.ac.uk/spm/). We first defined several visual regions

of interest based on previous studies: bilateral V1, V2, V3, V4, middle temporal cortex
(MT), inferior temporal cortex (IT), angular gyrus (ANG), supramarginal gyrus (SMQ),
and superior parietal lobule (SPL) (Choi et al., 2020; Fan et al., 2016). We also defined
the bilateral thalamus using a brain atlas proposed by Jiang’s group (Fan et al., 2016).
The locations.0f the visual regions of interest were demonstrated in Figure S1 and Table
S3‘of the supplementary materials. We first examined frequency-specific neural activity
to.identify local abnormalities within the visual pathway. Fluctuation amplitude, which

reflects the characteristics of spontaneous neural activity, was calculated from the
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preprocessed data using the Fast Fourier Transform to transform the time series for each
voxel into the frequency domain and obtain the power spectrum. We computed the
average square root of the power spectrum in the conventional frequency band (CFB;
0.01-0.1 Hz), Slow3 (0.073-0.198 Hz), Slow4 (0.027-0.073 Hz), and Slow5 frequency
bands (0.01-0.027 Hz) respectively and subsequently converted them into Z-scores
across the brain. Finally, we extracted the mean amplitude of fluctuations for each
visual region of interest for each subject. For each group, the mean regional neural
activity was first examined using one-sample t-tests. Between-group differences in
mean regional neural activity were then assessed using an analysis of ‘covariance
(ANCOVA) within the general linear model framework, with mean~framewise
displacement (mFD), sex, and age included as nuisance covariates{(EFDR corrected, p <
0.05).

FC and mediation analysis

We then assessed functional connectivityte characterize network-level thalamo—visual
pathway dysconnectivity. First, the resting=state FC was calculated using rsfMRI data
in the CFB. Average time -Series across all voxels in a region were extracted, and
pairwise correlations between brain regions were computed using Pearson correlation
analysis. All Pearson correlation coefficients were Fisher-Z-transformed. Then, task-
state fMRI data were used to calculate task-state FC by correlating the whole time series
between regions, thereby capturing overall task-state connectivity that occurs during
task’performance, analogous to resting-state FC analysis. Within each group, FC was

first examined using one-sample t-tests. Between-group differences in FC were then
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assessed using ANCOVA, with mFD, sex, and age included as nuisance covariates
(FDR corrected, p < 0.05).

Based on the FC results, we further examined whether the association between two
regions was statistically accounted for by activity in a third region using mediation
analyses, with regional time courses entered as variables. The mediation model
portrayed a three-region mediation clique (Jiang et al., 2024). Within each group, ¢ and
¢’ values were first examined using one-sample t-tests. Between-group differences in ¢
and c’ values were then assessed using ANCOVA, with mFD, sex, and age included as
nuisance covariates.

Structural connectivity analysis
The Fiber Assignment by Continuous Tracking algorithm withinsthe Diffusion Toolkit

(www.trackvis.org/dtk/) was used to perform deterministic tractography of the DTI

images in native diffusion space to construct the structural connectivity. During the
tracking process, if the fractional anisotropy ofthe encountered voxel was less than
0.15 and/or the turning angle wasgreater than 35°, fiber tracking was terminated. For
each subject, the total number of streamlines between two regions was used to index
the strength of SC. Within each group, SC was first examined using one-sample t-tests.
Between-group(differences in SC were then assessed using ANCOVA, with sex and age
included:as nuisance covariates (FDR corrected, p < 0.05).

Evaluation of structure-function coupling

To.evaluate the association between functional representation and structural foundation

for each connection, Pearson correlation was measured between resting-state FC and
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SC in two groups, respectively. In detail, for a given pair of brain regions i and j, we
extracted the corresponding structural connectivity value (SC;) and functional
connectivity (FCy) across all subjects in one group (Patients or HCs). We then
calculated the Pearson correlation coefficient (7) to quantify the relationship between
structural and functional connectivity: »=corr (SC;, FC;), where SC; and FC;; are
vectors containing the SC and FC values for all subjects. Thus, a 20 x 20 correlation
coefficient matrix was generated for each group. Group significances in structure-
function coupling were assessed using permutation testing, in which group labels were
randomly reassigned 10,000 times to evaluate statistical significance.

Spatial association between neural activity and molecular architecture, and
correlation between altered brain imaging features and clinical characteristics
Finally, we evaluated spatial associations between-fegions with abnormal neural
activity (i.e., case-control t-value) and the density of certain receptors/transporters to
check whether our findings reveal molecular architecture in patients. According to
previous studies(Chen et al., 2021; Luo et al., 2023), we examined serotoninergic
receptors (5-HT1A, 5-HT1B; 5-HT2A, and 5-HT4 receptors), dopaminergic receptors
(D1 and D2 receptors), 'mu-opioid receptors (MOR), gamma-aminobutyric acidergic
receptors (GABAa receptor), metabotropic glutamate receptor 5 (mGluRS5), several
transporters (serotonin reuptake transporter [S-HTT], dopamine transporter [DAT], and
notepinephrine transporter [NET]), and F-DOPA (reflects presynaptic dopamine
synthesis capacity). Density estimates were obtained from average group maps of

healthy volunteers scanned in previous multi-tracer molecular imaging studies(Dukart
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et al., 2021). Detailed methods are shown in the supplementary materials. We used a
permutation test to evaluate the significance of a spatial correlation compared with
chance, and the null distribution was estimated to be random 10000 times. We also
calculated partial correlations between clinical characteristics (PANSS scores and
disease duration) and the altered brain imaging features, with mFD, sex, and age as
nuisance covariates.

Results

Decreased neural activity in the dorsal and ventral visual pathways

Compared with healthy controls, patients with schizophrenia exhibited broadly reduced
fluctuation amplitude within the bilateral visual pathway, including V.1, V2, V3, V4,
MT, SPL, and IT, across the conventional frequency band\and. the Slow3—SlowS5
frequency bands. These reductions indicate a general d€erease in neural activity within
visual-related regions. In addition, lower fluctdation Jamplitude was observed in the
bilateral SMG and thalamus in specific frequeney bands, predominantly in the Slow3
band. Notably, the left ANG showed increased fluctuation amplitude in the Slow5 band
in patients with schizophrenia compared with healthy controls (Figure 1; FDR corrected,
p <0.05).

Altered FC between the thalamus and the visual pathway

To explore the relationship between the visual pathway and thalamus in schizophrenia,
we investigated thalamo-visual pathway FC at resting-state. The FC pattern in HCs and
patients with schizophrenia at resting-state was shown in Figure S2. In the left

hemisphere, schizophrenia patients exhibited higher FC between the thalamus and V1,
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V4, and MT compared with HCs, reflecting less negative correlation coefficients. The
FC between IT and V4 was lower in patients than in HCs. The FC between IT was
higher in patients than in HCs (Figure 2A).

In the right hemisphere, patients with schizophrenia showed significantly higher FC
between the thalamus and V1, V3, V4, and MT compared with healthy controls. The
lower FC between MT and V4 was found in the visual cortex in schizophrenia patients
(Figure 2B).

A feature of interhemispheric FC was that the largest group differences in FC were
observed between homotopic brain regions (i.e., significantly lower FC<between the
bilateral thalamus, V1, V2, V3, V4, MT, and ANG in patients than in" controls).
Moreover, differences in interhemispheric FC between different.brain regions were
similar to differences in intrahemispheric FC (Figure 2C):

The FC patterns in HCs and schizophrenia patients at the task-state were
demonstrated in Figure S3, respectively/When jperforming the SSVEP task, only the
FC between the bilateral thalamus” was, lower in the schizophrenia group than in the
HCs (Figure 2D-F). Reported FC results were corrected using FDR (p < 0.05). It should
be noted that the task-state EC was conducted in a smaller subset of participants, and
the number of{significant task-state FC alterations after multiple comparisons was
relatively limited compared with the resting-state findings.

Altered relationships among the thalamus, MT, and V1/V2/V3
The FC results revealed that the relationship between the thalamus and MT was most

significantly altered in the patient group. Given that V1, V2, and V3 are key regions
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within the dorsal visual pathway along with MT, and play crucial roles in visual
information processing and relay, we further used a mediation model to analyze the role
of V1, V2, and V3 in the thalamic-MT pathway, as well as changes in schizophrenia.
The selection of V1, V2, and V3 as mediator regions was based on their anatomical and
functional connectivity with MT within the dorsal visual pathway. In the HCs, when
V1 acted as a mediator, the direct and indirect effects were significant in both
hemispheres. Nevertheless, in schizophrenia patients, the direct effect of the left
hemisphere was not significant , whereas the indirect effect was significant (ab=-0.0276,
p<0.05); in the right hemisphere, neither the direct nor the indirect effect was'significant.
The direct and indirect effects of V2 and V3 as mediators were signifieant in both
hemispheres of HCs. However, the direct effect was not significant in the mediation
model of schizophrenia patients. There were significant differences in ¢’ and ¢ values
between the two groups (p < 0.05, uncorrected, Figure 3).

During the SSVEP task, indirect effects'mediated by V1 and V2 were not significant
in both hemispheres of HCs. However, indirect effects were significant in both
hemispheres in patients with‘schizophrenia, while direct effects were not. When the V3
was a mediator, results werethe same as those for the rsfMRI data in both hemispheres
(p < 0.05, uncotrected, Figure 4).

Alterations in SC
Weobserved altered SC between patients with schizophrenia and HCs. In both
hemispheres, SC was lower between the thalamus and V1, V2, and ANG in the

schizophrenia group than in the HCs. Interhemispheric SC of homotopic visual regions
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(V1, V2, and ANG) was lower, and the SC between bilateral thalamus was higher in
patients than in HCs (FDR corrected, p < 0.05, Figure 5).

Altered structure-function coupling

The structure-function coupling pattern in HCs and patients with schizophrenia was
shown in Figure S4. For the structure-function coupling on each pair of connections,
we found weaker coupling in these connections, including left SMG-right IT (ISMG—
rIT, / as a prefix represents for left hemisphere, » for the right hemisphere in the
following text), IV2-IIT, rSPL—IT, and rfSMG-IT, and stronger coupling of IMT=
IANG, ISMG-IANG, 1V3-1rV3, and rfSMG-1V1 connections in schizophrenia patients
(Pperm < 0.05, uncorrected, Figure S5).

Association between altered neural activity/FC/SC and clinical.variables

In schizophrenia patients, the neural activity of rV2;4V3, and 1V4 in the CFB was
negatively correlated with disease duration. Dis€ase duration was positively correlated
with altered 1V1-—rThalamus, rThalamus“tV1, and rThalamus—rV3 FC. There was a
positive correlation between positive symptom scores and IV1-rV1,1V3-rV3, and IV4—
rV4 FC. There was a negative correlation between disease duration and 1V2-rV2 SC.
Positive symptom scores.were negatively correlated with IThalamus—1V1, IThalamus—
rThalamus, IVI~rThalamus, IV2-IANG, and IV3-1ANG SC. IThalamus-1V2 and IV1-
rThalamus SC were negatively correlated with negative symptom scores. Additionally,
total, symptom scores were negatively correlated with 1V1-rThalamus SC (p < 0.05,
uncorrected, Figure 6A).

Relationship between neural activity and molecular architecture
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We found that the case-control t-value of bilateral MT neural activity in the CFB was
negatively correlated with the densities of 5-HT1a, 5-HT1b, 5-HT2a, 5-HTT, D1, D2,
DAT, F-DOPA, GABA, MOR, NAT, and mGIluR5 (pperm < 0.05, uncorrected, Figure
6B).

Discussion

The present study investigated the dysconnectivity within the visual pathway and
between the visual pathway and thalamus in patients with schizophrenia using a
multimodal imaging approach that combined rsfMRI, task-state fMRI, and” DT
Consistent with our hypotheses, we found significantly altered neural<activity and
thalamo—visual pathway connectivity in both the dorsal and ventral visual pathways.
Notably, altered mediation effects were prominent within the dotsal visual pathway. In
addition, aberrant neural activity and connectivity“were associated with disease
duration and clinical symptoms, and altered neural activity in MT was correlated with
the density of multiple neurotransmitters:“Together, these findings provide convergent
multimodal evidence for thalamo-visual pathway dysconnectivity and impaired early
information processing in sehizophrenia, with potential relevance to clinical symptom
expression.

Dysconnectivity within the visual pathway

Schizophrenia’ patients exhibited significantly lower neural activity than HCs in the
dotsal and ventral visual pathways across all frequency bands. This is consistent with
previous findings that the amplitude of low-frequency fluctuations is decreased in

schizophrenia patients in several visual regions, such as the bilateral lingual gyrus,
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calcarine sulcus, temporal pole, and cuneus (Gao et al., 2022; Li et al., 2023; Wang et
al., 2019). Jin et al. reported that early-onset schizophrenia patients show hypoactivity
in the left ventral visual stream and bilateral primary and early visual cortices (Jin ef
al., 2023). Stephanie et al. reported reduced low-frequency fluctuations in the lingual
gyrus, precuneus, cuneus, and other occipital regions in both the Slow4 and Slow5
frequency bands; moreover, these effects were stronger in the Slow4 frequency band
(Hare et al., 2017). Abnormalities in visual perception and processing are common in
schizophrenia patients and may be related to alterations in the visual pathway (Adhan
et al., 2020). Poorer visual perception and processing are strongly associated with
greater severity of positive and/or negative symptoms and an earlier age.of onset (Keane
etal.,2018; Turkozer et al., 2019). We also observed that the neural activity in the CFB
in the left V4, right V2, and right V3 was negatively correlated with disease duration.
These results provide additional data to support.abnormal neural variability in the visual
pathway of patients with schizophrenia.

The interhemispheric FC and SC of the thalamus and the visual pathway were
significantly lower in patients than.in HCs, which is consistent with previous studies
that reported decreased effective connectivity from the right thalamus to the left
thalamus (Csukly et al., 2020). Wang and colleagues used voxel-mirrored homotopic
connectivity\(VMHC) to investigate interhemispheric information exchange, work
collaboration, and integration capabilities in schizophrenia patients and revealed
decreased VMHC in the bilateral middle occipital gyrus (Wang et al., 2024). Guo et al.

also observed reduced VMHC in schizophrenia patients in several brain regions, such
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as the superior temporal gyrus, fusiform gyrus, and middle occipital gyrus (Guo et al.,
2014). Moreover, we found that left V3-right V3 structure-function coupling was
higher in patients than in HCs, and IV1-V1, 1V3-1V3, and 1V4-rV4 FC were related
to positive symptom scores. These findings may reflect abnormal interhemispheric
visual information transfer and explain the development of schizophrenia symptoms,
such as hallucinations and delusions.

Dysconnectivity between the visual pathway and the thalamus

There is growing evidence that the thalamus functions as a gated relay for information
flow. Schizophrenia patients have thalamocortical dysconnectivity; “which is
characterized by hypoconnectivity between the prefrontal-striatal-cerebellar circuits
and the thalamus and hyperconnectivity between the sensorimetor cortex and the
thalamus (Anticevic et al., 2014b; Woodward et al., 2012). Indeed, a previous study
found that the connectivity of the thalamus with the superior temporal gyrus and
occipital lobe is increased in patients with schizophrenia (Anticevic et al., 2014a).
Yamamoto et al. reported that FC/between the left thalamus and occipital cortices is
significantly increased in patients/and that the strength of FC is associated with
attentional deficits (Yamamoto et al., 2018). Another study found increased dynamic
FC between the¢ thalamus and the visual-related cortex (Yang et al., 2023). Although
these studies” reéported visual deficits in patients with schizophrenia, few have
speeifically investigated abnormalities in the thalamo-visual pathway. Here, we
investigated the FC between the thalamus and both dorsal and ventral visual pathways

during rest and found higher negative FC in patients than in HCs between the thalamus
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and both pathways. This lack of negative connectivity is consistent with previous
studies (Iwabuchi and Palaniyappan, 2017; Klingner et al., 2014). It has been shown
that schizophrenia patients have sensory gating deficits in the thalamus, which could
lead to an overload of sensory information passing via the thalamus to the cerebral
cortex (Bak et al., 2014; Pergola et al., 2015). We also revealed that altered FC was
associated with disease duration. Previous reports have emphasized the role the
thalamus and left inferior temporal cortex play in the reconfiguration of brain networks
during task and resting states (Di et al., 2013). Although network topography remains
largely the same, FC is reconfigured systematically to suit the requirements ofdifferent
tasks (Gonzalez-Castillo and Bandettini, 2018). Therefore, these results.suggest that the
etiology of schizophrenia may disrupt sensory gating in \the. thalamus, thereby
disrupting the information flow between the visual pathway and the thalamus during
the resting-state.

In addition to the thalamo-visual pathway FC; we investigated SC using DTI. We
found that SC between the thalamus and the dorsal and ventral visual pathways was
reduced in schizophrenia in-bilateral’ hemispheres. Altered FC is often accompanied by
corresponding alterations in- SC. In terms of thalamo-frontal SC, reduced SC in
schizophrenia patients has been consistently reported (Sheffield ez al., 2020). However,
there is limited research on the SC between the thalamus and other cortical regions, and
the existing evidence is inconsistent. Sheffield et al. and Chica et al. observed increased
SC between the thalamus and somatosensory cortex in schizophrenia patients, whereas

other researchers have found increased SC between the thalamus and motor, occipital,
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or parietal cortices. They also did not find altered SC between the thalamus and
temporal cortex (Cho et al., 2016; Giraldo-Chica et al., 2018; Yao et al., 2020). We also
observed the structure-function decoupling of the dorsal and ventral visual pathways in
schizophrenia patients. Studies have shown that significant structure-function
decoupling within the occipital and subcortical modules in patients with schizophrenia
correlated with early visual processing impairments, and this structural-functional
decoupling is associated with more severe clinical symptoms and longer disease
duration (Fotiadis et al., 2024). Furthermore, we found that altered SC was cornrelated
with disease duration and positive symptom scores in schizophrenia. Takentogether,
we suggest that our finding of abnormal thalamo-visual pathway SC effers important
insight into thalamocortical dysconnectivity and primary infermation processing
deficits in schizophrenia.

Altered relationships within the dorsal visual'‘pathway

We found abnormal mediation patterns“among” brain regions in the dorsal visual
pathway in patients with schizophrenia during both resting-state and task-state. The MT,
located at the upper end of the visual hierarchy, is a core region for processing visual
motion and has been implicated in various psychiatric disorders (Liu ez al., 2022a; Song
et al., 2021). Previous studies have also demonstrated abnormalities in the MT in
patients with schizophrenia(Schultz et al., 2013; Turkozer et al., 2022). Notably, a prior
study applied low-frequency transcranial magnetic stimulation to the MT region and
found enhanced motion perception accompanied by impaired spatial suppression. The

authors further reported that this pattern is consistent with spatial suppression deficits
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observed across multiple patient populations, suggesting that MT dysfunction may
constitute a neural correlate of the perceptual abnormalities reported in older adults,
patients with schizophrenia, and individuals with a history of depression (Tadin et al.,
2011). In addition to the main dorsal visual pathway, visual motion information has
been shown to travel directly from the thalamus to the MT (bypassing V1) to process
slow and fast movements, which may explain why the MT continues to respond in
individuals with severe V1 damage (Gaglianese et al., 2012; Gaglianese et al., 2015).
The altered relationship within the dorsal visual pathway was further validated using a
passive visual task that requires minimal involvement of higher-order cortical jareas.
Thus, the altered associations among the thalamus, MT, and V1/V2/V3 'may suggest
disrupted functional relationships between the thalamus and the'dersal visual pathway
in schizophrenia. Collectively, these findings further«demonstrate thalamo-visual
cortical dysconnectivity in schizophrenia. Furthérmore, given the key role that the MT
plays in the dorsal visual pathway, this fegionjymay serve as a novel target for non-
invasive interventions, pending validation from longitudinal and causal designs.

We also revealed that abnormal MT activity correlated with dopamine, serotonin,
glutamate systems, and MOR. In line with these results, the classic dopamine theory,
the glutamate hypothesis, the serotonin hypothesis, and the endogenous opioid theory
have all.been.implicated in the pathophysiology of schizophrenia (Blokhin ez al., 2020;
Stahl, 2018). Moreover, previous studies have shown that the spatial pattern of white
matter dysfunction in major psychiatric disorders is associated with multiple

neurotransmitter systems, particularly dopaminergic, serotonergic, and GABAergic
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systems (Ji et al., 2023). Therefore, we speculate that altered visual cortex activity in
schizophrenia is related to multiple neurotransmitter systems.

Conclusions

Using multimodal MRI data, we comprehensively examined the connectivity between
the thalamus and both the dorsal and ventral visual pathways in patients with
schizophrenia. Schizophrenia patients demonstrated significant dysfunction in both
dorsal and ventral visual pathways. In the dorsal visual pathway, patients with
schizophrenia demonstrated abnormal relationships among brain regions at resting=
state and task-state. Additionally, altered imaging parameters correlated=with the
clinical and molecular characteristics of the schizophrenia group. Taken together, our
study further expands our understanding of thalamo-visual pathway dysconnectivity in
schizophrenia and opens a novel therapeutic option-that MT could be an effective
stimulation target.

Limitations

There are several limitations in this study. First, all patients with schizophrenia in this
study were receiving long-tefm antipsychotic treatment and were clinically stable at the
time of scanning, with, ne- acute symptom exacerbation. Although this reduces
variability related to acute illness effects, it may limit the generalizability of the findings
to patients in-acute, first-episode, or unmedicated stages of the disorder. Second, the
task=state FC analyses were conducted in a relatively small sample, resulting in fewer
significant findings compared with the resting-state analyses. This limited sample size

may reduce the robustness and generalizability of the task-related conclusions. Third,
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the receptor/transporter maps were obtained from a previous molecular imaging study
in HCs and not from the schizophrenia patients in the current study. Fourth, while we
applied some motion correction procedures and included head motion as a covariate in
our analyses, some residual effects of head motion may still influence the results,
particularly in regions sensitive to small motion shifts. Future studies could benefit from
more advanced motion correction techniques or stricter motion exclusion criteria to
further mitigate these effects.
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Figure 1: The significantly altered fluctuation amplitude across frequency bands in patients with
schizophrenia. Asterisks denote statistical significance (FDR-corrected p<0.05). |, left; r, right.1: The
significantly altered fluctuation amplitude across frequency bands in patients with schizophrenia. Asterisks
denote statistical significance (FDR-corrected p<0.05). |, left; r, right.
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Figure 2: The significantly altered FC in patients with schizophrenia at resting-state (A-C) and task-state (D-
F). Red indicates FC values higher in schizophrenia patients compared to healthy controls, while blue
indicates FC values lower in schizophrenia patients compared to healthy controls. Asterisks denote statistical
significance (FDR-corrected p<0.05). |, left; r, right.
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Figure 3: Mediation analysis of the thalamus-MT pathway at resting-state in HCs and patients with
schizophrenia. The diagram illustrates mediation models examining whether activity in early visual regions
(V1, V2, and V3) mediates the association between the thalamus (independent variable) and MT (dependent
variable). Each visual region was tested as a mediator in a separate model. Path a denotes the effect of the
thalamus on the mediator, path b denotes the effect of the mediator on MT while controlling for thalamic
activity, c represents the total effect of the thalamus on MT, and c’ represents the direct effect after
accounting for the mediator. Numbers indicate standardized regression coefficients. Asterisks denote
statistical significance (p < 0.05, p < 0.005, p < 0.001). |, left; r, right.
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Figure 4: Mediation analysis of the thalamus-MT pathway during the task state. Mediation models with the
same structure as those at resting-state were applied to task-state data to examine whether V1, V2, or V3
mediates the association between the thalamus and MT. Asterisks denote statistical significance (p < 0.05, p

< 0.005, p < 0.001). |, left; r, right.
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Figure 5: The significantly altered SC in schizophrenia. Red indicates SC values higher in schizophrenia
patients compared to healthy controls, while blue indicates SC values lower in schizophrenia patients
compared to healthy controls. Asterisks denote statistical significance (FDR-corrected p<0.05). |, left; r,

s

right.
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Figure 6: Relationships between neural activity, FC, SC, and disease duration and PANSS scores in
schizophrenia (A). Spearman correlations between neural activity alterations in the conventional frequency
band and regional receptor/transporter density estimates, assessed using permutation testing with 10,000

repetitions (B). The black asterisk demonstrates a significance of p <0.05 without correction and the red
asterisk demonstrates a significance of pperm <0.001.

Q
&

@Y’
@

hd

Uy

920z YoIe\ g1 uo 1senb Ag G1L£6058/8006ex/pelAsd/e60L 0L /10p/al01e-a0ueApe/pelAsd/wod dno-ojwapede//:sdily woly papeojumoq



Table 1 Demographic characteristics and clinical data of patients with schizophrenia

and healthy controls (mean + SD)

Patients (N=112)  Healthy controls (N=124) P value

Age (year) 41.76 £11.67 38.78 £ 14.35 0.0832

Gender (male/female) 81:31 77:47 0.095°

Education (years)® 11.28 £3.03 11.54 £ 3.61 0.581%
Duration (years) 15.69 =9.95

Chlorpromazine 338.05+160.89

equivalents (mg/d)?

PANSS-positive® 13.15+5.69
PANSS-negative® 21.42 £ 6.62
PANSS-general® 29.09 £6.23

PANSS-total® 63.66 +13.72

*Two-sample t-test.

by test.

‘Data of 89 patients and 112 healthy controls available.
dData of 73 patiefits available.

‘Data of 80 patiénts available.

PANSS, positive and negative syndrome scale.
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