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Abstract: Functional magnetic resonance imaging (fMRI)
stands as a pivotal tool in advancing our comprehension
of Schizophrenia, offering insights into functional segrega-
tions and integrations. Previous investigations employing
either task-based or resting-state fMRI primarily focused on
large main regions of interest (ROI), revealing the thalamus
and superior temporal gyrus (STG) as prominently affected
areas. Recent studies, however, unveiled the cytoarchitec-
tural intricacies within these regions, prompting a more
nuanced exploration. In this study, resting-state fMRI was
conducted on 72 schizophrenic patients and 74 healthy con-
trols to discern whether distinct thalamic nuclei and STG
sub-regions exhibit varied functional integrational connec-
tivity to main networks and to identify the most affected
sub-regions in Schizophrenia. Employing seed-based ana-
lysis, six sub-ROIs – four in the thalamus and two in the
STG – were selected. Our findings unveiled heightened posi-
tive functional connectivity in Schizophrenic patients, parti-
cularly toward the anterior STG (aSTG) and posterior STG
(pSTG). Notably, positive connectivity emerged between the
medial division of mediodorsal thalamic nuclei (MDm) and
the visual network, while increased functional connectivity
linked the ventral lateral nucleus of the thalamus with aSTG.
This accentuated functional connectivity potentially influences
these sub-regions, contributing to dysfunctions and mani-
festing symptoms such as language and learning difficulties

alongside hallucinations. This study underscores the importance
of delineating sub-regional dynamics to enhance our under-
standing of the nuanced neural alterations in Schizophrenia,
paving the way for more targeted interventions and therapeutic
approaches.
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1 Introduction

Schizophrenia is a complex neuropsychiatric disorder char-
acterized by a constellation of symptoms, including delu-
sions, hallucinations, impaired emotional reactivity, social
withdrawal, and cognitive dysfunction. These symptoms sig-
nificantly impair psychosocial functioning and pose a con-
siderable burden on individuals, their families, and society
at large. While the pathogenesis of schizophrenia remains
incompletely understood, emerging evidence suggests it
is a neurodevelopmental disorder influenced by genetic,
developmental, and environmental factors. These factors
contribute to structural and functional alterations in the
brain’s neural circuitry, particularly affecting thalamic con-
nectivity, which is crucial to the disorder’s symptoma-
tology [1,2].

Dysfunction in thalamic connectivity is increasingly
recognized as central to the neural circuit abnormalities
observed in schizophrenia [3]. The thalamus, a crucial sub-
cortical structure, plays a vital role in sensory processing,
motor functions, and cognitive and emotional processing.
It comprises over 60 interconnected nuclei that form exten-
sive circuits with both cortical and subcortical regions
[4,5]. Notably, alterations in thalamic volume and connec-
tivity, particularly with the prefrontal cortex, somatosen-
sory regions, cerebellum, and temporal cortex, have been
documented in schizophrenia [6–18]. However, these stu-
dies often consider the thalamus as a whole, overlooking
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the distinct roles and connectivity patterns of its individual
nuclei [19]. Similarly, the superior temporal gyrus (STG) is
implicated in schizophrenia, especially concerning auditory
hallucinations and cognitive deficits [20–28]. Yet, research
has not adequately differentiated the functions and connec-
tivity of the STG’s cytoarchitectonic subregions.

Our study aims to address these gaps by focusing on
the functional connectivity of specific, underexplored tha-
lamic nuclei and STG subregions in individuals with schi-
zophrenia. This approach is grounded in the premise that
the unique anatomical and functional characteristics of
these subregions may underlie specific aspects of the dis-
order’s symptomatology. Our selection of the mediodorsal
thalamic nuclei (MDm), ventral anterior (VA) nucleus, ante-
rior pulvinar nucleus (PuA), ventral lateral (VL) nucleus of
the thalamus, and the anterior and posterior subregions of
the STG (aSTG and pSTG) is based on their potential rele-
vance to the diverse symptoms of schizophrenia, as high-
lighted in prior research and our preliminary findings. For
instance, the MDm’s role in the thalamo-prefrontal cortical
circuitry is crucial for cognitive control and emotional pro-
cessing, which are core aspects disrupted in schizophrenia.
The MDm’s connectivity with the prefrontal cortex under-
pins its involvement in executive function and working
memory, facets profoundly affected in schizophrenia, as
underscored by recent studies [29,30]. The VA and VL nuclei,
integral to motor control and connected with the premotor
and motor cortices, are relevant to schizophrenia beyond
mere anatomical associations, given the disorder’s link with
motor dysfunctions. Our examination of VA and VL aims to
shed light on their potential contributions to schizophrenia’s
motor symptoms, informed by research emphasizing the
thalamic regions’ significance in motor functions [31]. The
PuA, linked to somatosensory regions, plays a role in sen-
sory integration, which is often compromised in schizo-
phrenia. Including PuA in our study allows us to investigate
its involvement in the disorder’s altered sensory processing,
as discussed in research on thalamic contributions to sen-
sory and cognitive functions [32]. The aSTG and pSTG are
crucial for language and social cognition, domains where
deficits are commonly seen in schizophrenia. Exploring
these STG subregions can offer insights into the neural
underpinnings of schizophrenia-related communication
and social interaction challenges, with support from studies
highlighting the cortical regions’ importance in cognitive
and social functions [33].

The rationale for focusing on these specific thalamic
nuclei and STG subregions, despite the broader involvement
of various brain regions in schizophrenia, is derived from
their documented deviations in schizophrenia patients and
their lack of representation in existing studies [34]. Our

decision to explore the designated thalamic and STG sub-
fields is based on their pivotal roles in cognitive control,
motor function, emotional regulation, and sensory proces-
sing – all commonly disrupted in schizophrenia. Thus, our
study’s objectives are refined to investigate the resting-state
functional connectivity of these selected thalamic nuclei and
STG subregions with the entire brain, aiming to elucidate
their differential roles and connectivity patterns in schi-
zophrenia. In doing so, we aspire to contribute novel insights
into the neural foundations of schizophrenia and identify
potential therapeutic targets, leveraging the comprehensive
dataset from The Center for Biomedical Research Excellence
(COBRE).

2 Materials and methods

2.1 Subject recruitment and scanning

The dataset of this study consists of 72 patients with schizo-
phrenia (60 male, right-handed, age ranged 18–65 years)
and 74 healthy controls (51 male, right-handed, age ranged
18–65 years). Patients with a history of neurological dis-
order, history of mental retardation, history of severe head
trauma with more than 5min loss of consciousness, and a
history of substance abuse within the last 12 months were
excluded. The data were downloaded from The COBRE, which
is a non-restricted public dataset and is available freely. This
dataset is a part of the International Neuroimaging Data-
Sharing Initiative under the 1000 Functional Connectomes
Project. Full Information on this dataset is available at
http://cobre.mrn.org/as well as in the following studies
[35–38]. COBRE is a publically available dataset distrib-
uted with “Creative Commons License: Attribution – Non-
Commercial,” and written informed consent was obtained
from all subjects in accordance with the institutional review
board (IRB) protocols of the University.

All the participants were scanned with a Siemens TIM
3.0 Tesla scanner. A multi-echo MPRAGE (MEMPR) sequence
was used with the following parameters: TR/TE/TI = 2,530/
[1.64, 3.5, 5.36, 7.22, 9.08]/900ms, flip angle = 7°, FOV =

256mm × 256mm, slab thickness = 176mm, matrix = 256 ×

256 × 176, voxel size = 1 mm × 1 mm × 1 mm, number of
echoes = 5, pixel bandwidth = 650 Hz, and total scan time =

6min. Using five echoes, the TR, TI, and time to encode parti-
tions for the MEMPR are similar to that of a conventional
MPRAGE, resulting in similar GM/WM/CSF contrast. Resting-
state functional magnetic resonance imaging (rs-fMRI) data
were collected with single-shot full k-space echo-planar ima-
ging (EPI) with ramp sampling correction using the
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intercomissural line (AC-PC) as a reference (TR: 2 s, TE: 29 ms,
matrix size: 64 × 64, 32 slices, and voxel size: 3 × 3 × 4 mm3).
During the acquisition process, all subjects were instructed to
keep their eyes open and stare at the fixation cross.

2.2 rs-fMRI preprocessing

The functional data preprocessing was conducted using the
SPM12 and CONN toolbox implemented on MATLAB [39].
Initially, the first few volumes of each functional MRI
dataset were discarded to allow for signal stabilization
and reduce the impact of initial transient effects. Skull
stripping was performed on both functional and structural
images to remove non-brain tissues. Motion correction was
applied to account for head movements during scanning,
and the functional images were realigned and unwrapped.

The T1-weighted structural images were segmented
into gray matter, white matter, and cerebrospinal fluid
(CSF) regions, providing valuable information for further
analyses. The functional images were then normalized to
the standard Montreal Neurological Institute (MNI) space
using the structural data. Temporal band-pass filtering was
applied to retain signals within the desired frequency
range while minimizing noise.

Additionally, the global signal was regressed out to
further reduce confounding effects. Outlier correction was
performed using the Artifact Detection Tools implemented
in CONN to detect and correct data outliers. Finally, the
images were smoothed using an 8-mm full-width half-max-
imum (FWHM) isotropic Gaussian kernel. Temporal proces-
sing with data denoising was also carried out to neutralize
the effects of artifacts and confounding parameters from the
BOLD signal in regions of no interest.

2.3 ROI selections

This study was conducted with the aim of investigating the
connectivity between selected seed regions and broader

brain functional networks, utilizing rs-fMRI as the method
of analysis. A total of six seeds, situated bilaterally across
the hemispheres, were chosen for this analysis. These
seeds comprise the medial division of the medidorsal tha-
lamic nuclei (MDm), the VA nucleus of the thalamus, the
PuA of the thalamus, the VL nucleus of the thalamus, the
aSTG, and the pSTG. To outline the scope of our investiga-
tion, Table 1 details the targeted networks and ROI. These
selections were rigorously defined, employing a combina-
tion of tools such as cytoarchitectonic probability anatomy
maps and the Automated Anatomical Labelling Atlas 3
[40–44], ensuring a precise and scientifically grounded selec-
tion process. The rationale behind the seed selectionwas their
clear identification within the atlas.

In addition to the seeds, our study also focused on a
series of targeted brain regions, encompassing a wide array
of functional networks. These were meticulously identified
and are documented in Table 2, based on criteria set forth
in the CONN toolbox. Among these networks are the default
mode, attention, sensorimotor, visual, salience, dorsal atten-
tion, frontoparietal, cerebellar, and language networks. The
delineation of these networks was obtained using an inde-
pendent component analysis (ICA) conducted on data from
497 participants in the Human Connectome Project.

2.4 Statistical analysis

Statistical analyses were performed on two distinct levels.
Initially, at the individual subject level, the analysis involved
the use of weighted bivariate correlation models applying
general linear methods, focusing on connectivity matrices
that describe interactions between predefined ROIs. These
matrices were generated based on the Fisher-transformed
bivariate correlation coefficients for ROI pairs’ time-series
data. Subsequently, at a broader scale, the analysis was used
to assess and contrast the functional connectivity metrics at
a collective level. This step aimed to discern and differ-
entiate the rs-fMRI networks associated with various sub-
regions across subjects. Results were standardized employing

Table 1: Demographics of all subjects

Group Gender Count Mean age
(years)

Std age
(years)

Min age
(years)

Max age
(years)

Median age
(years)

Right-
handed
count

Left-handed
count

Both-handed
count

Healthy Male 51 36.4 11.8 18 65 35 49 1 1
Female 23 34.5 11.1 18 58 33 22 0 1

Patients Male 58 37.5 14 18 64 36 48 8 2
Female 14 40.9 13.5 20 65 40.5 12 2 0
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Table 2: Targeted selected networks with the regions that constitute them; the coordinates of these regions are also shown

Network Region (sub-region) MNI coordinates (x,
y, z)

Key findings

Default mode Medial prefrontal
cortex (MPFC)

(1, 55, −3) Increased connectivity with MDm and VA nuclei in schizophrenia
patients; disrupted connectivity patterns with sensorimotor
networks

Lateral parietal (LP) left (−39, −77, 33) Higher connectivity with visual networks in schizophrenia patients
LP right (47, −67, 29), Similar pattern as left LP with stronger connectivity in

schizophrenia
Posterior cingulate
cortex (PCC)

(1, −61, 38) Altered connectivity patterns with both MDm and VA nuclei in
schizophrenia patients

Sensorimotor Lateral left (−55, −12, 29) Elevated connectivity with anterior and posterior thalamic nuclei in
schizophrenia patients

Lateral right (56, −10, 29) Similar to left lateral sensorimotor with stronger connectivity in
schizophrenia patients

Superior (0, −31, 67) Increased connectivity with lateral sensorimotor and visual
networks in schizophrenia patients

Visual Medial (2, −79, 12) Altered connectivity in schizophrenia patients compared to controls
Occipital (0, −93, −4) No significant differences in connectivity between schizophrenia

patients and healthy controls
Lateral left (−37, −79, 10) Altered connectivity patterns with other visual regions in

schizophrenia patients
Lateral right (38, −72, 13) Similar pattern as left lateral visual with connectivity alterations

Salience Anterior cingulate cortex (ACC) (0, 22, 35) Reduced connectivity with MDm and VA nuclei in schizophrenia
patients

Insula left (−44, 13, 1) Disrupted connectivity with default mode and visual networks in
schizophrenia patients

Insula right (47, 14, 0) Similar pattern to left insula with altered connectivity in
schizophrenia patients

Rostral lateral prefrontal cortex
(RPFC) left

(−32, 45, 27) Reduced connectivity with thalamic nuclei, particularly in VL and
MDm, in schizophrenia patients

RPFC right (32, 46, 27) Similar pattern as left RPFC with connectivity deficits in
schizophrenia patients

Supramarginal gyrus (SMG) left (−60, −39, 31) Connectivity disruptions affecting both sensorimotor and visual
networks in schizophrenia patients

SMG right (62, −35, 32) Similar disruptions as observed in the left hemisphere
Dorsal attention Frontal eye fields (FEF) left (−27, −9, 64) Reduced connectivity with visual and sensorimotor networks in

schizophrenia patients
FEF right (30, −6, 64) Similar to left FEF, showing reduced connectivity in schizophrenia

patients
Intraparietal sulcus (IPS) left (−39, −43, 52) Altered connectivity affecting visual-spatial processing in

schizophrenia patients
IPS right (39, −42, 54) Similar pattern as left IPS with connectivity changes in

schizophrenia patients
Fronto-Parietal Lateral prefrontal cortex

(LPFC) left
(−43, 33, 28) Disrupted connectivity with thalamic nuclei, affecting cognitive

functions in schizophrenia patients
Posterior parietal cortex
(PPC) left

(−46, −58, 49) Elevated connectivity with visual networks in schizophrenia patients

LPFC right (41, 38, 30) Similar pattern as left LPFC with connectivity alterations in
schizophrenia patients

PPC right (52, −52, 45) Similar disruptions observed in the left hemisphere
Language Inferior frontal gyrus (IFG) left (−51, 26, 2) Increased connectivity with thalamic and cerebellar networks in

schizophrenia patients
IFG right (54, 28, 1) Similar pattern to left IFG with stronger connectivity in

schizophrenia patients
pSTG left (−57, −47, 15) Elevated connectivity with thalamic nuclei, especially MDm and VL,

in schizophrenia patients
pSTG right (59, −42, 13)

(Continued)
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a correction for the false discovery rate (FDR) set at p < 0.05,
adhering to multivariate statistics through a parametric ana-
lysis approach (MVPA omnibus test) [39,45]. In this context,
inferences at the cluster level were made by leveragingmulti-
variate parametric statistical inferences on functional net-
work connectivity, taking into account clusters or networks
comprising interconnected ROIs. The process entailed a com-
prehensive evaluation of all inter-ROI connections, examining
both internal and external network connectivity [46]. By
applying a multivariate parametric general linear model to
all connections, this approach facilitated a detailed analysis.
The output is a map depicting F-statistical tests for each

network pair. The FDR threshold for clusters signifies the
ratio of expected false discoveries among network pairs showing
equivalent or more significant effects within the entire array of
functional connectivity network pairs [47]. Preferring FDR over
the family-wise error rate is advantageous for its enhanced sen-
sitivity in peak detection while minimizing the likelihood of false
positives [48]. For further information, refer to the mentioned
articles or visit the CONN toolbox website: https://web.conn-
toolbox.org.

Ethical approval: The research related to human use has
complied with all the relevant national regulations and

Table 2: Continued

Network Region (sub-region) MNI coordinates (x,
y, z)

Key findings

Similar pattern to left pSTG with no significant differences in
healthy controls

Cerebellar Anterior (0, −63, −30) Increased connectivity with thalamic and sensorimotor networks in
schizophrenia patients

Posterior (0, −79, −32) Similar pattern as anterior cerebellar network with no significant
changes in healthy controls

Figure 1: The functional connectivity between chosen seeds and target areas demonstrated at the collective level in healthy individuals. Red lines
signify positive connections, whereas blue lines represent negative ones. The intensity of the line colors reflects the statistical significance, with the
T-bar displayed in the upper right corner.
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institutional policies in accordance with the tenets of the
Helsinki Declaration and has been approved by the authors’
IRB or equivalent committee. This study was approved by the
Faculty of Applied Medical Sciences Committee (code 01-2022
– Date of Approval 07-01-2022).

Informed consent: Informed consent has been obtained
from all individuals included in this study.

3 Results

Functional connectivity between and among the ROIs of the
healthy and schizophrenic subjects is shown in Figures 1–6,
respectively. The figures show the results as a ring of func-
tional connectivity and matrix connectivity. A summary of
direct comparisons between connectivity in patients with
schizophrenia and healthy controls is shown in Figures 7–9.

A summary of the connected networks for each ROI is given
next. A summary of key findings is also shown in Table 3.

3.1 Connectivity of the medial division of
mediodorsal thalamic nuclei (MDm)

Using the right MDm as a seed, functional connectivity to
the following regions was higher in schizophrenia patients
compared to healthy controls: bilateral aSTG, bilateral
pSTG, the right lateral visual networks (LVN), the right
medial visual network (MVN), the right dorsal attention
network, bilateral sensorimotor and default mode net-
works (DMN). In contrast, the following regions had lower
connectivity with the right MDm in schizophrenia patients
than healthy controls: the left MDm, bilateral VL thalamic
nuclei, and bilateral VA nuclei. When looking at the left
MDm as a seed, functional connectivity was higher to the

Figure 2: A connectivity matrix in healthy subjects, featuring the chosen seeds (the first 12 rows) and the targeted neural networks, including
statistical metrics of connection strength on the left. Right: Presents another matrix, where the connectivity levels are adjusted by a statistical
normalization threshold to clarify distinctions between strong, weak, and negative connections for illustrative purposes.
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Figure 3: A matrix of the healthy subjects, where the connectivity levels are adjusted by a statistical normalization threshold to clarify distinctions
between strong, weak, and negative connections for illustrative purposes.

Figure 4: The functional connectivity between selected seeds and target regions at a group level in subjects with schizophrenia. Positive connections
are marked with red lines, and negative connections are marked with blue lines. The line colors vary according to the statistical significance, and the
T-bar is located in the top right-hand corner.
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following regions in schizophrenia patients compared to
healthy subjects: bilateral aSTG, bilateral pSTG, the left LVN,
the left MVN, and DMN. In contrast, connectivity was lower in
schizophrenia patients in comparison to healthy controls in
the following regions: the right MDm, bilateral VL nuclei,
bilateral VA nuclei, and the visual occipital network.

3.2 Connectivity of the VA thalamic nucleus

When looking at the right VA nucleus as a seed, functional
connectivity was higher in schizophrenia patients com-
pared to healthy subjects in the following regions: the left
pSTG, bilateral LVNs, and DMNs. On the other hand, connec-
tivity was lower in schizophrenia patients compared to healthy
controls in the following regions: bilateral MDm, bilateral VL
nucleus, and the left VA nucleus. Using the left VA as a seed,
functional connectivity was higher in schizophrenia patients
compared to healthy subjects in the following regions: bilateral
pSTG, bilateral aSTG, and DMNs. Connectivity was, in contrast,

lower in schizophrenia in comparison to healthy subjects to
bilateral MDm, bilateral VL nuclei, and the right VA nucleus.

3.3 Connectivity of the PuA

When looking at the left PuA as a seed, functional connec-
tivity was mostly higher in schizophrenia patients com-
pared to healthy subjects. This included the bilateral lateral
sensorimotor networks. There is no significantly higher connec-
tivity in healthy subjects compared to schizophrenia patients.
The right PuA demonstrates no significant higher connectivity
in healthy subjects compared to schizophrenia patients and
schizophrenia patients compared to healthy subjects.

3.4 Connectivity of the VL nucleus

When looking at the right VL as a seed, functional connec-
tivity to the following regions was higher in schizophrenia
patients than healthy subjects: bilateral pSTG, bilateral

Figure 5: The matrix of the functional connectivity in the schizophrenic subjects of the selected seeds (top 12 rows) and the targeted brain networks is
shown along with the statistical indications of the strength of the connection (left).
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aSTG, sensorimotor superior and lateral networks, the
right MVN, and right LVN. Lower connectivity was seen
in the following regions in schizophrenia patients com-
pared to healthy subjects: the right VL nucleus, bilateral
VA nuclei, and bilateral MDm nuclei. Using the left VL as a
seed, functional connectivity was higher in the following
regions in schizophrenia patients compared to healthy sub-
jects: bilateral pSTG, bilateral aSTG, sensorimotor superior
and lateral networks, the MVN, and the LVN. Lower connec-
tivity in schizophrenia patients in comparison to healthy sub-
jects was found in the following regions: the right VL nucleus,
bilateral VA nuclei, and bilateral MDm nuclei.

3.5 Connectivity of the aSTG

When looking at the right aSTG as a seed, functional con-
nectivity to the following regions was higher in schizo-
phrenia patients compared to healthy subjects: bilateral
MDm nuclei, bilateral VL nuclei, the left VA nucleus, and

anterior cerebellar networks. Using the left aSTG as a seed,
functional connectivity to the following regions was lower
in schizophrenia patients compared to healthy subjects:
bilateral MDm nuclei, bilateral VL nuclei, the left VA
nucleus, and anterior cerebellar networks.

3.6 Connectivity of the pSTG

When looking at the right pSTG as a seed, functional con-
nectivity to the following regions was higher in schizo-
phrenia patients compared to healthy subjects: bilateral
MDm nuclei, bilateral VL nuclei, bilateral VA nuclei, and
the anterior cerebellar network. There were no regions
with significantly lower connectivity to the right pSTG in
schizophrenia patients in comparison to healthy subjects.
Using the left pSTG as a seed, functional connectivity to the
following regions was higher in schizophrenia patients
compared to healthy subjects: bilateral MDm nuclei, bilat-
eral VL nuclei, bilateral VA nuclei, and the anterior

Figure 6: A matrix of the schizophrenic subjects; the matrix of the connectivity was set with a statistical equalizer threshold to easily distinguish
strong, weak, and negative connections for illustration.
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cerebellar network. There were no regions with signifi-
cantly lower connectivity with the pSTG in schizophrenia
patients in comparison to healthy subjects.

4 Discussion

This investigation into schizophrenia’s neural underpin-
nings through fMRI data highlights diminished functional
connectivity within select thalamic sub-regions (MDm, VA,
PuA, and VL) compared to healthy controls. This reduction
in connectivity, previously underexplored, suggests disrup-
tions in thalamocortical loops and informational integration,
potentially impacting thalamocortical and cortico-striato-
thalamo-cortical circuits’ role in differentiating internal
from external perceptions, a key mechanism in reality
construction and symptom manifestation in schizophrenia
[49–66].

Our findings align with theories proposing that altered
thalamic connectivity affects brain oscillatory activities,
impacting the brain’s ability to modulate these activities
based on sensory input. The presence of low-frequency oscil-
lations during wakefulness, typically restricted to slow-wave
sleep, supports this, suggesting a link between these neural

activities and the under-constrained perception characteristic
of schizophrenia’s hallucinatory experiences [67–73].

Consistent with prior research, our study observed
increased connectivity between the thalamus and net-
works such as the DMN, sensorimotor, visual, and cerebellar
networks. This enhanced thalamic engagement with sensor-
imotor regions, previously associated with schizophrenia’s
positive symptoms, underscores the potential role of neural
integration disruptions in symptomatology [10,12,19,74–80].
The DMN’s heightened connectivity, implicated in self-refer-
ential thoughts and daydreaming, could relate to schizo-
phrenia’s reality distortion symptoms [81–83].

Particularly noteworthy is the increased connectivity
between the VL and STG, suggesting potential auditory
processing disruptions linked to cognitive difficulties in
schizophrenia. This aligns with temporal lobe abnormal-
ities associated with the disorder’s positive symptoms [84].

The study further explores the role of specific thalamic
nuclei in schizophrenia’s diverse symptoms, emphasizing the
importance of thalamic projections in behaviors ranging from
arousal to cognitive functions [85]. The mediodorsal thalamic
nuclei (MDm) connections with limbic and prefrontal areas
and its role in cognitive control highlight the complex inter-
play between thalamic dysfunction and schizophrenia’s cog-
nitive and emotional symptoms [19,30,31,77,86–97].

Figure 7: The functional connectivity of the selected seeds and target regions is shown at the group level in the direct comparison between
schizophrenic > control subjects. The lines of the connections in red indicate +ve means SCz > HC, and blue −ve means HC > SCz. The colors of the lines
are proportional to statistical strength, and the T-bar is shown in the top right-hand corner.
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Similarly, the STG’s involvement in auditory proces-
sing and language, coupled with its hyperconnectivity
with the MDm, underscores the potential neural basis of
auditory hallucinations and related symptoms in schizo-
phrenia [22,23,65,66]. The STG’s role in social cognition
further implicates dysconnectivity in the broader spec-
trum of schizophrenia’s symptoms, including thought dis-
order and social dysfunction [98,99].

Our study’s interpretations of rs-fMRI FC patterns, sug-
gesting direct associations between thalamic connectivity
and specific brain functions or symptoms in schizophrenia,
must be approached with caution. The complexity of brain
connectivity, involving potentially multisynaptic pathways
rather than direct monosynaptic connections, challenges
straightforward correlations between observed FC altera-
tions and clinical manifestations of schizophrenia. For
instance, the inferred impact of thalamic sub-regions like
the VL nucleus on auditory processing areas such as the
STG does not account for the lack of direct anatomical

connections, underscoring the speculative nature of such
conclusions.

Furthermore, the suggestion that decreased intra-tha-
lamic FC reflects disruptions in thalamocortical loops and
information integration may overestimate our findings’
specificity. Given the absence of monosynaptic connections
between thalamic nuclei, the observed FC likely represents
complex, multisynaptic networks, complicating the direct
attribution of these connectivity patterns to specific dys-
functions in schizophrenia.

This study’s exploration of schizophrenia’s neural mechan-
isms through rs-fMRI highlights critical limitations due to the
spatial resolution and data smoothing techniques employed.
With a resolution of 3mm × 3mm × 4mm, capturing the
detailed connectivity of thalamic nuclei, known for their
small size, proves challenging. Spatial smoothing, intended
to enhance signal-to-noise ratio (SNR) and adjust for anato-
mical variations, might further obscure the delicate signals
from these crucial areas. Although aimed at improving data

Figure 8: The matrix of the functional connectivity in the schizophrenic > control subjects of the selected seeds (top 12 rows) and the targeted brain
networks is shown along with the statistical indications of the strength of the connection (left). Right: the matrix of the connectivity was set with a
statistical equalizer threshold to easily distinguish strong, weak, and negative connections for illustration.
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analysis, such smoothing risks diluting the specificity of con-
nectivity signals, particularly for small brain structures.
Future research should pivot toward utilizing higher-resolu-
tion rs-fMRI data and refining imaging techniques to improve
spatial specificity without sacrificing SNR or extending scan
times. Adjusting the approach to spatial smoothing or avoiding
it when analyzing small brain regions could yield a more accu-
rate depiction of functional connectivity patterns. Enhancing
ROI definition methods will also be vital for improving study
outcomes.

This study, investigating the neural mechanisms of
schizophrenia through rs-fMRI, acknowledges the metho-
dological limitations imposed by the spatial resolution and
data smoothing techniques utilized. Employing a resolu-
tion of 3 mm × 3 mm × 4 mm and 8mm FWHM smoothing
aimed to enhance the SNR for analyzing large-scale brain
networks but presented challenges in capturing the intri-
cate connectivity of smaller brain structures like thalamic
nuclei. The AAL3 atlas demands high-resolution data to

fully leverage its detailed parcellation, especially in areas
like the thalamus, where precision is crucial for accurate
analysis.

While the smoothing and resolution settings were ben-
eficial for broader network analyses, they may not provide
the necessary spatial precision for detailed identification
and analysis of smaller structures, potentially obscuring
the nuanced signals essential for understanding schizo-
phrenia’s neural basis. Future research should consider
higher-resolution rs-fMRI data and refined imaging techni-
ques to improve spatial specificity without compromising
SNR or extending scan times. Adjusting spatial smoothing
strategies or avoiding them when analyzing small brain
regions could enhance the accuracy of functional connec-
tivity patterns. Enhancing ROI definition methods will also
be critical for advancing study outcomes, allowing for a
more nuanced exploration of the brain’s connectivity and
function. Despite these methodological challenges, it is
important to note that the findings of this study still

Figure 9: The matrix of the functional connectivity in the schizophrenic > control subjects of the selected seeds (top 12 rows) and the targeted brain
networks is shown. Also, the matrix of the connectivity was set with a statistical equalizer threshold to easily distinguish strong, weak, and negative
connections for illustration.
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contribute valuable insights into the neural underpinnings
of schizophrenia, adding to the broader understanding of
this complex condition. The study’s results, while limited by
the aforementioned constraints, provide important findings
that enrich our knowledge and set the groundwork for
future research to build upon, ensuring that neuroimaging
research continues to evolve in its capacity to dissect the
intricate details of brain function and connectivity.

Moreover, the study’s reliance on an open-access dataset
introduces significant limitations in the availability of clinical
and demographic details, particularly concerning the selection
and characterization of the schizophrenic cohort. The lack of
detailed participant information, such as the length of time
since diagnosis, specific treatments received, and the presence
of other health conditions, restricts our ability to comprehen-
sively link connectivity patternswith schizophrenia symptoms
or patient histories. Additionally, the absence of precise
definitions for the ‘healthy’ cohort further complicates the
interpretation of our findings. These limitations highlight
the importance of collecting detailed clinical data, including

factors like age, gender, medication history, and other health
conditions, which are known to influence brain connectivity.
Addressing these methodological and data-related challenges
in future studies, including refining the definitions of “schizo-
phrenic” and “healthy” cohorts, will be crucial for advancing
our understanding of schizophrenia. Emphasizing the col-
lection of detailed clinical data and employing advanced
neuroimaging techniques could foster more nuanced insights
into the disorder, potentially informing therapeutic strategies.

While our study focused on the functional connectivity
differences between schizophrenia patients and healthy
controls, we recognize the potential influence of gender
and age differences, which were part of the recruitment
regimen. However, our current analysis did not reveal sig-
nificant findings related to these variables. The broad age
range and the inclusion of both male and female partici-
pants could introduce variability in connectivity patterns
that we were unable to fully explore within the scope of
this study. Future research should aim to investigate
these factors more thoroughly, as they may offer

Table 3: Targeted selected networks with the regions that constitute them and key findings

Network Regions Key findings

Default mode MPFC Increased connectivity with MDm and VA nuclei in schizophrenia patients; disrupted connectivity patterns with
sensorimotor networks

LP (L) Higher connectivity with visual networks in schizophrenia patients
LP (R) Similar pattern as the left LP with stronger connectivity in schizophrenia
PCC Altered connectivity patterns with both MDm and VA nuclei in schizophrenia patients

Sensorimotor Medial Increased connectivity with lateral sensorimotor and visual networks in schizophrenia patients
Occipital No significant differences in connectivity between schizophrenia patients and healthy controls
Lateral (L) Elevated connectivity with anterior and posterior thalamic nuclei in schizophrenia patients
Lateral (R) Similar to the left lateral sensorimotor with stronger connectivity in schizophrenia patients

Salience ACC Reduced connectivity with MDm and VA nuclei in schizophrenia patients
Insula (L) Disrupted connectivity with default mode and visual networks in schizophrenia patients
Insula (R) Similar pattern to the left insula with altered connectivity in schizophrenia patients
RPFC (L) Reduced connectivity with thalamic nuclei, particularly in the VL and MDm, in schizophrenia patients
RPFC (R) Similar pattern as the left RPFC with connectivity deficits in schizophrenia patients
SMG (L) Connectivity disruptions affecting both sensorimotor and visual networks in schizophrenia patients
SMG (R) Similar disruptions as observed in the left hemisphere

Dorsal Attention FEF (L) Reduced connectivity with visual and sensorimotor networks in schizophrenia patients
FEF (R) Similar to the left FEF, showing reduced connectivity in schizophrenia patients
IPS (L) Altered connectivity affecting visual-spatial processing in schizophrenia patients
IPS (R) Similar pattern as the left IPS with connectivity changes in schizophrenia patients

Fronto-parietal LPFC (L) Disrupted connectivity with thalamic nuclei, affecting cognitive functions in schizophrenia patients
PPC (L) Elevated connectivity with visual networks in schizophrenia patients
LPFC (R) Similar pattern as the left LPFC with connectivity alterations in schizophrenia patients
PPC (R) Similar disruptions observed in the left hemisphere

Language IFG (L) Increased connectivity with thalamic and cerebellar networks in schizophrenia patients
IFG (R) Similar pattern to the left IFG with stronger connectivity in schizophrenia patients
pSTG (L) Elevated connectivity with thalamic nuclei, especially MDm and VL, in schizophrenia patients
pSTG (R) Similar pattern to the left pSTG with no significant differences in healthy controls

Cerebellar Anterior Increased connectivity with thalamic and sensorimotor networks in schizophrenia patients
Posterior Similar pattern as the anterior cerebellar network with no significant changes in healthy controls
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valuable insights into the heterogeneity of schizophrenia
and contribute to a more personalized understanding of
the disorder. Including a more detailed analysis of gender-spe-
cific and age-related connectivity differences could enhance
our understanding of how these demographic variables
interact with the neurobiological mechanisms underlying
schizophrenia.

While our current study included participants with
varying handedness, our variability test suggested no signif-
icant impact of handedness on the functional connectivity
outcomes, likely due to the small number of left-handed and
ambidextrous individuals in our sample. However, handed-
ness is known to influence brain connectivity patterns, and
its potential effects should not be overlooked. Future
research should consider conducting analyses on larger,
more balanced groups of right-handed, left-handed, and
ambidextrous participants to better understand how handed-
nessmay affect neurobiological mechanisms in schizophrenia.
Additionally, excluding non-right-handed participants or sepa-
rately analyzing them could provide clearer insights and
strengthen the validity of the results.

5 Conclusion

In summary, this research delves into the less explored
sub-regions of the thalamus, including the medial division
of the mediodorsal thalamic nuclei (MDm), the VA nucleus,
the VL nucleus, and the left PuA. We discovered that
patients with schizophrenia exhibit increased connectivity
within these thalamic subdivisions. Furthermore, both
the aSTG and pSTG showed enhanced connectivity with
these thalamic sub-regions, marking the highest deviation
observed in our study. Such abnormal connectivity patterns,
particularly in the thalamus and STG, may underpin the hal-
lucinations and cognitive difficulties frequently encountered in
schizophrenia.
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