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Abstract

Objective.Resting-state networks (RSNs) consist of coherent spontaneous activity patterns that
support awide range of sensorimotor and higher-order cognitive functions. In schizophrenia (SZ),
RSN alterations reflect disruptions in the brain’s functional architecture. Given the heterogeneity
of SZ, accurate spatial mapping of RSNs at the individual level is crucial for characterizing altered
brain connectivity in a more personalized manner. To achieve this, we used single-subject
independent component analysis (ICA) to extract RSNs at the individual level, preserving unique
functional patterns and accounting for variability among SZ patients.
Methods. We analyzed a resting-state functional magnetic resonance imaging dataset from
74 SZ patients and 74 matched healthy controls (HCs) obtained from the publicly available
COINS database. Using single-subject ICA, we extracted 14 distinct RSNs associated with
sensory, motor, and higher-order cognitive functions. Voxel-wise statistical comparisons were
performed to identify spatial differences between the groups.
Results. The SZ group exhibited widespread RSN alterations in regions associated with visual,
motor, and cognitive processing. Significant spatial differences were observed within each
network, with the most extensive changes occurring in the somatomotor network and three
cognitive networks: the cingulo-insular, medial prefrontal, and left frontoparietal networks.
Within the default mode network, differences between SZ patients and HC were observed
exclusively in visual areas.
Conclusions. Single-subject ICA provides a valuable approach for investigating RSN alterations
in SZ and enables a detailed, individualized characterization of functional connectivity disrup-
tions. The extensive connectivity alterations in visual, motor, and cognitive networks highlight
the complex interplay among these systems in SZ.

Introduction

Over the past two decades, studies have demonstrated that spontaneous brain activity organizes
into specific patterns that reflect the functional architecture of the brain.1 These functional
patterns, known as resting-state networks (RSNs), are typically measured using functional
magnetic resonance imaging (fMRI), through spontaneous fluctuations in the blood-oxygen-
level-dependent signal observed during rest, that is, in the absence of task engagement.2

In clinical neuroscience, the ability to accurately characterize brain functional connectivity
patterns is of crucial importance. The detailed mapping of RSNs is particularly valuable
for understanding complex disorders like schizophrenia (SZ), where dysconnectivity has
been identified as a core mechanism.3–7 Starting with the seminal works of Friston and
Andreasen,4,5 SZ has increasingly been conceptualized as a disorder of abnormal anatomical
and functional connectivity, affecting key networks involved in perceptual, cognitive, and
emotional processing.6,7 Resting-state fMRI (rs-fMRI) has proven to be a powerful tool for
identifying baseline disruptions in large-scale brain networks without the confounding effects
of task-based constraints.8 Moreover, the absence of tasks during scanning provides a key
advantage for clinical applications, as it facilitates the use of rs-fMRI in patients with limited
cooperation or difficulty performing tasks.9

Among the pioneering research on the role of spontaneous brain activity,10–12 the study by
Mantini et al. was pivotal in revealing how RSNs support brain function.13 This study demon-
strated that RSNs are characterized not only by specific anatomical correlates but also by unique
electrophysiological signatures, providing the first evidence of a link between fast neural
processes and RSNs. This finding offered new insights into their role in sensory, motor, and
cognitive functions, independent of task-evoked activity.13 Since then, the resting-state approach
has been increasingly employed to investigate how RSNs contribute to brain function in healthy
individuals and how they are altered in pathological conditions.14,15

The defaultmode network (DMN) is among themost extensively studied RSNs. This network
includes brain regions primarily involved in internally focused cognitive processes, such as self-
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referential thinking, autobiographical memory retrieval, andmind-
wandering.16 The DMN plays a central role in spontaneous brain
activity, emerging during restful, task-free states, and diminishing
during attention-demanding tasks.17 Alterations in the DMN have
been widely implicated in various neurological disorders, including
Alzheimer’s disease, Parkinson’s disease, and epilepsy,18 as well as
psychiatric conditions such as SZ, mood disorders, and anxiety
disorders.19

Beyond the DMN, several other RSNs support a wide range of
sensorimotor and higher-order cognitive functions. Mantini et al.
identified 14 RSNs using independent component analysis (ICA), a
data-driven statistical method that extracts maximally independent
patterns of synchronized fMRI activity.20,21 These RSNs encompass
distinct functional domains, including sensory-motor functions,
language, attention, and associative cognitive processes like salience
processing, self-referential thinking, and emotional regulation.20

For example, the visual network (VN) is divided into the par-
afoveal and peripheral components, which together underlie visual
sensory experiences and their integration into attention, memory,
learning, and behavior.22 The somatomotor network (SMN), com-
prising dorsal and ventral subdivisions, integrates sensory and
motor inputs for movement programming and execution and
supports complex cognitive functions such as spatial navigation.23

The auditory network (AN) supports auditory functions, from the
processing of acoustic stimuli to their higher-level integration.24

The language network (LN) facilitates language production and
comprehension, including phonological, lexical, semantic proces-
sing, and linguistic memory.25 The dorsal attention network
(DAN) and ventral attention network (VAN) interact to allocate
attentional resources: the DAN is primarily involved in goal-
directed, top-down attention, while the VAN is responsible for
stimulus-driven, bottom-up attention.26 Additionally, the left and
right frontoparietal networks (lFPN and rFPN, respectively) are
crucial for executive functions, such as working memory, inhibi-
tory control, and planning.27 The lateral and medial prefrontal
networks (PFNs) are associated with executive control and self-
referential thinking, respectively.28,29 Finally, the cingulo-insular
network (CIN) integrates cognition and emotion, monitoring
interoceptive states and detecting salient stimuli.30

In the context of SZ, studies have primarily focused on alter-
ations in the DMN, attention networks, and perceptual net-
works.31,32 However, a fine-grained spatial comparison of RSNs
between SZ patients and healthy controls (HCs) is still lacking.

To address this gap, we employed a single-subject ICA approach,21

which allows for the extraction of RSNs at an individual level while
preserving unique functional patterns and accounting for across-
subject variability, a crucial aspect for heterogeneous conditions like
SZ.32 In this context, single-subject ICA preserves the uniqueness of
each patient’s neural characteristics, providing a potentially clinically
relevant depiction of RSN alterations.33

Using this approach, we analyzed rs-fMRI data from SZ patients
and HCs to explore differences in the spatial distribution of RSNs.
Given the cognitive impairments associated with SZ,34 we hypoth-
esized that significant alterations compared to controls would be
observed in networks related to cognitive functions.

Methods

Participants

The fMRI data used in this study were extracted from COINS
(https://coins.trendscenter.org), an online, open-access database

designed for research purposes that integrates data from multiple
sources, including the Center for Biomedical Research Excellence
(COBRE), MCIC (via the COINS database), the Functional Bio-
medical Informatics Research Network, XNAT Central, and the
NUNDAandREDCap frameworks fromNorthwesternUniversity.
Access to these diverse data allows for large-scale studies with multi-
site, multidimensional, and multimodal analyses. The present study
focused on a sample of SZ patients and HC who met the following
requirements: (1) availability of rs-fMRI images, (2) availability of T1
structural MRI (sMRI) images, and (3) availability of the complete
Positive And Negative Syndrome Scale (PANSS) scores for the SZ
sample.35 Data from the COBRE project were used, collected from
psychiatric patients at the UNM Psychiatric Center, the Raymond
G.Murphy Veterans Affairs Medical Center, and other clinics in the
Albuquerque metropolitan area (USA). The criteria for SZ patient
inclusion were: (1) a diagnosis of SZ, confirmed by two psychiatrists
using the DSM-IV Structured Clinical Interview for Axis I disorders
(SCID)36; (2) clinical stability assessed both 3 months prior to and
during the MRI sessions; (3) age between 18 and 65 years old.

Healthy participants were also recruited in Albuquerque, with the
following exclusion criteria based on the StructuredClinical Interview
(SCID)-Non-Patient edition: (1) diagnosis of past or current Axis I
psychiatric disorder, (2) head trauma with loss of consciousness
lasting more than 5 minutes, (3) recent substance abuse or antide-
pressant use within the past 5 months, and (4) having a first-
degree relative with a psychotic disorder. All participants pro-
vided written informed consent in the original study. Data access
was facilitated by the Collaborative Informatics and Neuroimag-
ing Suite Data Exchange (COINS, http://coins.mrn.org/dx), and
COBRE-funded data collection occurred at the Mind Research
Network, subject to the licensing procedures (5P20RR021938/
P20GM103472) from the National Institutes of Health to Dr. Vince
Calhoun. All data were anonymized before access to protect partic-
ipants’ privacy. Structural and resting-state images were visually
inspected to ensure the suitability of the sample.

MRI data acquisition

MRI data were acquired using a 3 T Siemens MR scanner (Trio,
SiemensHealthcare, Erlangen, Germany). The acquisition protocol
included sagittal-gradient echo scout images through the midline
to obtain image slices that were axial, oblique, and parallel to the
antero-posterior commissure line; in particular, oblique slices were
used tominimize orbitofrontal susceptibility artifacts. rs-fMRI data
were collected over 5 minutes using a single-shot, gradient echo-
planar pulse sequence with lipid suppression, with the following
parameters: number of volumes = 150, repetition time (TR) =
2000 ms, echo times (TE) = 29 ms, flip angle = 75°, field of view
(FOV) = 240 mm, matrix size = 64 × 64, 33 slices, voxel
size = 3.75 × 3.75 × 4.55 mm3. High-resolution T1-weighted sMRI
images were collected using a multiecho MP-RAGE sequence (five
echoes) with parameters: TE = 1.64, 3.5, 5.36, 7.22, 9.08 ms,
TR = 2.53 seconds, Inversion Time) = 1.2 seconds, flip angle = 7°,
number of excitations = 1, slice thickness = 1 mm, FOV = 256 mm,
resolution = 256 × 256. The first image from each acquisition was
removed to account for T1 equilibrium effects. Detailed scanning
parameters are available at the COINS website. To control for head
motion, we calculated the framewise displacement,37 computed as
the sum of the absolute values of the derivatives of the translational
and rotational realignment estimates at each timepoint. We used a
cut-off score of 0.5 (mean ± standard error: FDHC = 0.36 ± 0.0023,
FDSZ = 0.43 ± 0.0026).
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fMRI data preprocessing

fMRI data preprocessing was carried out using built-in MATLAB
(MathWorks, Natick,MA, United States) functions and the SPM12
software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). sMRI
data preprocessing included intensity nonuniformity correction and
image segmentation. These steps were performed using the unified
segmentation algorithm implemented in SPM12,38 with a regulari-
zation parameter of 0.0001 and a bias-field smoothing parameter of
40 mm full-width at half-maximum (FWHM). fMRI data prepro-
cessing includedmotion correction, spatial alignment to sMRI, non-
linear normalization to standard space, and spatial smoothingwith a
6 mm FWHM Gaussian kernel.20,39 These steps were performed
using an automated pipeline created using SPM12 (Figure 1a).

fMRI connectivity analysis

Connectivity analysis was performed using ICA, a technique that
extracts maximally independent patterns of coherent fMRI activ-
ity.21 This technique was applied separately to each dataset. The
estimation of the number of independent components (ICs) was
performed using the minimum description length criterion.21 ICs
were retrieved using the FastICA algorithm, with a deflation
approach and hyperbolic tangent (tanh) nonlinearity.33 For each
IC, a spatial map and an associated time series were extracted
(Figure 1a). The spatialmap represented the intensity of the activity
across the voxels of that pattern, whereas the time series reflected its
course over time.41 To display the voxels contributing most
strongly to a given IC and to allow inter-subject comparison, the
intensity values in eachmap were scaled to Z-scores. This was done
by subtracting the average intensity across voxels and dividing the
resulting map by the standard deviation across voxels. The ICs
corresponding to 14 known RSNs, including DMN, CIN, DAN,
VAN, dorsal SMN, ventral SMN, early AN, LN, lateral PFN,medial
PFN, left FPN, right FPN, parafoveal VN, and peripheral VN were
identified using an automated template-matching procedure, in
which each considered RSN-template was derived from our previ-
ous fMRI study.20 Each RSN was identified as the IC showing the
highest spatial correlation with its corresponding template map in
Montreal Neurological Institute (MNI) space. To extend the ICA
analysis from the single subjects to the group, a group-level map
was obtained by performing a one-sample, one-sided t-test, using a
mass-univariate analysis on the individual RSN maps (Figure 1b).
In this approach, each voxel identified as significant in the results
indicates that its mean z-score across subjects was significantly
greater than zero at the group level. The resulting statistical maps
were corrected for multiple comparisons across voxels using the
Benjamini–Hochberg false discovery rate (BH-FDR) procedure.42

The significance threshold for each RSN group-level map was set
to q < 0.01, BH-FDR corrected. Comparison between the SZ and
HCgroups was performed, separately for each RSN, by using a two-
sample t-test for the individual RSN maps to detect regional
differences between the two groups. The significance threshold
for each RSN comparison was set to q < 0.01, BH-FDR corrected.

Results

The final dataset included 74 SZ patients and 74 HC, with similar
age and sex distribution (Table 1). Clinical characteristics of the SZ
patients, including average age of onset, illness duration, antipsy-
chotic treatment (converted to olanzapine and chlorpromazine
equivalents), and PANSS scores are also reported in Table 1. All

patients were in the chronic phase of the disease and were receiving
antipsychotic treatment.

We analyzed the spatial maps of 14 RSNs extracted with single-
subject ICA for SZ patients and HC, followed by statistical com-
parison to identify voxel-wise differences between the two groups.
Statistical maps showed significant differences (q < 0.01, BH-FDR
corrected) between the two groups in each network in terms of
increased or decreased connectivity patterns.

The complete list of the altered RSN connectivity patterns in SZ
patients compared to HC is summarized in Table 2.

The DMN in SZ patients showed reduced connectivity in left
frontal eye fields (BA 8), and increased connectivity in left and right
secondary visual cortex (BA 18) and left visual association area
(BA 19) (Figure 2).

The CIN in SZ patients showed reduced connectivity in left and
right premotor area and supplementary motor area (SMA) (BA 6),
left and right broca opercular area (BA 44), left visuomotor area
(BA 7), right supramarginal gyrus (BA 40), and left subgenual area
(BA 25), while increased connectivity was present in left dorsal
posterior cingulate cortex (PCC) (BA 31) Figure 3.

The DAN in SZ patients showed reduced connectivity in right
premotor area and SMA (BA 6) and right frontal eye fields (BA 8)
and increased connectivity in right secondary visual cortex (BA 18)
and left angular gyrus (BA 39) (Supplementary Figure S1), whereas
the VAN in SZ patients showed reduced connectivity in right
frontal eye fields (BA 8) and right inferior temporal gyrus (BA 20)
(Supplementary Figure S2).

The dorsal SMN in SZ patients showed reduced connectivity in
right primary somatosensory cortex (BA 1) and right Visuomotor
area (BA 7) and increased connectivity in right premotor area and
SMA (BA 6) and right frontal eye fields (BA 8) (Supplementary
Figure S3). The ventral SMN in SZ patients showed reduced con-
nectivity in left visual association area (BA 19), left and right superior
temporal gyrus (BA 22), and right angular gyrus (BA 39) and
increased connectivity in left and right premotor area and SMA
(BA 6), left broca opercular area (BA 44), left inferior temporal gyrus
(BA 20), and right caudate (Figure 4).

The early AN in SZ patients showed reduced connectivity in left
superior temporal gyrus (BA 22), right angular gyrus (BA 39), and
right supramarginal gyrus (BA 40), and the LN in SZ patients
showed reduced connectivity in right insula (BA 13) and right
premotor area and SMA (BA 6) (Supplementary Figures S4 and S5,
respectively).

The lateral PFN in SZ patients showed increased connectivity in
right ventral anterior cingulate cortex (ACC) (BA 24), left primary
visual cortex (BA 17), and left anterior prefrontal cortex (PFC)
(BA 10) (Supplementary Figure S6). Themedial PFN in SZ patients
showed reduced connectivity in left visuomotor area (BA 7), left
caudate, left and right nucleus accumbens, left putamen, and left
hippocampus and increased connectivity in right dorsolateral PFC
(BA 46) (Figure 5).

The left FPN in SZ patients showed reduced connectivity in left
fusiform gyrus (BA 37), left and right parahippocampal gyrus
(BA 36), and left and right hippocampus and increased connectiv-
ity in left superior temporal gyrus (BA 22), left supramarginal gyrus
(BA 40), and left primary auditory cortex (BA 41) (Figure 6).

The right FPN in SZ patients showed reduced connectivity in
right pars orbitalis (BA 47) (Supplementary Figure S7).

The parafoveal VN in SZ patients showed increased connectiv-
ity left secondary visual cortex (BA 18) and left visual association
area (BA 19), whereas the peripheral VN in SZ patients showed
reduced connectivity in left anterior PFC (BA 10) and right caudate
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Figure 1. Automated workflow to obtain RSNs from fMRI data. This procedure is performed separately for each subject and includes the following steps: (A) fMRI data
preprocessing and single-subject ICA. Raw fMRI data (with T representing the number of acquired volumes) are motion-corrected and spatially aligned to the individual sMRI. After
bias field correction, the fMRI images are co-registered to the MNI template to transition from individual to standard space. The images are then spatially smoothed with a 6-mm
full-width at half-maximum kernel. Independent component analysis (ICA) is performed, and the number of independent components (ICs, P) is estimated using the minimum
description length criterion.40 Some ICs represent artifacts (indicated by red crosses), while others reflect neural contributions and are associated with distinct RSNs (green
checkmarks). This study considers 14well-knownRSNs. To identify neural ICs, spatial correlations between RSN templates and ICs are calculated. ICswith the highest correlation to
a specific RSN template arematched, and the RSN name is assigned to the IC. For example, in this figure,Net1 corresponds to the defaultmode network (DMN) template and shows
the highest correlation with IC2, making IC2 the single-subject DMN map. Similarly, NetP corresponds to the medial prefrontal network (PFN) template and is matched with ICP,
representing the single-subject PFN map for the same subject. (B) Group-level correlation maps. Group maps for each network (Net) are obtained by combining the single-subject
RSN maps. First, single-subject RSN maps are scaled to Z-scores for inter-subject comparison. Then, a one-sample t-test is applied to generate the group-level map.
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Table 1. Demographic and clinical characteristics of the studied sample

SZ (n = 74)
HC

(n = 74) Statistics

Age 37.43 ± 14.02 37.88 ±
12.69

t146 = �0.20,
n.s.

Sex (M/F) 59/15 54/20 χ2 = 0.93, n.s.

Age of onset (years) 22.61 ± 8.85 – –

Illness duration (years) 14.82 ± 12.33 – –

Total olanzapine equivalent
dose (mg)

14.72 ± 10.46 – –

Total chlorpromazine
equivalent dose (mg)

379.06 ± 300.78 – –

PANSS Positive symptoms
scale

15.00 ± 4.84 – –

Negative symptoms
scale

15.05 ± 5.52 – –

General
psychopathology
scale

28.57 ± 8.78 – –

Note: Mean ± standard deviation of age, age of onset, illness duration, pharmacological
treatment, and PANSS scores were considered.

Table 2. Summary of the fMRI RSN altered pattern in SZ patients compared to HC

MNI
Region of altered functional connectivity in
SZ patients (vs. healthy adults)

DMN �7, 29, 60 ↓Left frontal eye fields (8)

�7, �92, 23 ↑Left secondary visual cortex (18)

6, �90, 25 ↑Right secondary visual cortex (18)

�26,�78, 25 ↑Left visual association area (19)

CIN �7, �9,
59/�52, 2,

29

↓Left premotor area and SMA (6)

46, 4, 31 ↓Right premotor area and SMA (6)

�52, 4, 24 ↓Left broca opercular area (44)

45, 4, 25 ↓Right opercular area (44)

�7, �48, 70 ↓Left visuomotor area (7)

60, �38, 29 ↓Right supramarginal gyrus (40)

�7, 16, �17 ↓Left subgenual area (25)

�7, �62, 40 ↑Left dorsal PCC (31)

DAN 28, 10, 58 ↓Right premotor area and SMA (6)

28, 9, 46 ↓Right frontal eye fields (8)

28, �51, 3 ↑Right secondary visual cortex (18)

�62,�47, 20 ↑Left angular gyrus (39)

VAN 12, 23, 50 ↓Right frontal eye fields (8)

51, �1, 36 ↓Right inferior temporal gyrus (20)

Dorsal SMN 36, �32, 50 ↓Right primary somatosensory cortex (1)

18, �48, 58 ↓Right visuomotor area (7)

8, 4, 65 ↑Right premotor area and SMA (6)

37, 1, 57 ↑Right premotor area and SMA (6)

8, 26, 56 ↑Right frontal eye fields (8)

Ventral
SMN

�50,�77, 12 ↓Left visual association area (19)

Table 2. Continued

MNI
Region of altered functional connectivity in
SZ patients (vs. healthy adults)

�50, 6, �10 ↓Left superior temporal gyrus (22)

54, 0, �3 ↓Right superior temporal gyrus (22)

63, �55, 17 ↓Right angular gyrus (39)

�50, 1, 20 ↑Left premotor area and SMA (6)

51, �2, 17 ↑Right premotor area and SMA (6)

�50, 3, 24 ↑Left broca opercular area (44)

�50, �19,
�25

↑Left inferior temporal gyrus (20)

17, 4, 17 ↑Right caudate

Early AN �43, �13,
�8

↓Left superior temporal gyrus (22)

52, �59, 19 ↓Right angular gyrus (39)

45, �32, 16 ↓Right supramarginal gyrus (40)

LN 30, 26, �2 ↓Right insula (13)

26, 10, 59 ↓Right premotor area and SMA (6)

Lateral
PFN

1, �11, 33 ↑Right ventral ACC (24)

�10, �81, 5 ↑Left primary visual cortex (17)

�10, 63, 2 ↑Left anterior PFC (10)

Medial PFN �6, �58, 55 ↓Left visuomotor area (7)

�9, 6, �10 ↓Left caudate

�6, 6, �12 ↓Left nucleus accumbens

13, 7, �10 ↓Right nucleus accumbens

�15, 6, �9 ↓Left putamen

�25/�33,
�25, �12

↓Left hippocampus

49, 36, 14 ↑Right (dorso)lateral PFC (46)

Left FPN �51, �57,
�16

↓Left fusiform gyrus (37)

�25, �28,
�14

↓Left parahippocampal gyrus (36)

25, �28, 13 ↓Right parahippocampal gyrus (36)

�31, �26,
�14

↓Left hippocampus

32,�26,�13 ↓Right hippocampus

�50,�34, 18 ↑Left superior temporal gyrus (22)

�50,�31, 15 ↑Left supramarginal gyrus (40)

�50,�29, 12 ↑Left primary auditory cortex (41)

Right FPN 52, 25, �8 ↓Right pars orbitalis (47)

Parafoveal
VN

�11,�80, 25 ↑Left secondary visual cortex (18)

�13,�80, 29 ↑Left visual association area (19)

Peripheral
VN

�21, 67, 9 ↓Left anterior PFC (10)

16, 11, 9 ↓Right caudate

�51, �73, 9 ↑Left visual association area (19)

�31, �62/
�53, �23

↑Left cerebellum lobule VI

Note: Blue arrows = lower functional connectivity in SZ versus HC; Red arrows = higher
functional connectivity in SZ versus HC; BA, Brodmann area.
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and increased connectivity in left visual association area (BA 19)
and left cerebellum lobule VI (Supplementary Figures S8 and S9,
respectively).

Discussion

RSNs are fundamental components of the brain functional archi-
tecture, as they represent patterns of spontaneous brain activity,
distinctively contributing to sensory, motor, and cognitive func-
tions. The rs-fMRI approach is particularly useful for studying
individuals with limited task compliance, such as patients with
SZ, a severe psychiatric illness consistently conceptualized as a
dysconnectivity disorder. Indeed, SZ is characterized by disrupted
functional connectivity across a range of RSNs, including the DMN

and the CIN, among others.43 These disruptions are often hetero-
geneous across individuals in both the magnitude and direction of
connectivity alterations.

Despite advances in RSN research, a gap remains in the detailed
spatial mapping of RSNs in SZ patients. To address this, in the
present study, we employed single-subject ICA, a data-driven
method that allows network extraction while preserving individual
variability, to investigate spatial alterations in 14 distinct RSNs in
SZ patients compared to HCs. By using single-subject ICA, it is
possible to identify specific alterations that support a deeper under-
standing of the individual neurobiological underpinnings of this
disorder. Such alterations could correlate with distinct symptom
dimensions, such as positive or negative symptoms, cognitive
deficits, or treatment response,44 potentially revealing a more
relevant relationship between connectivity patterns and clinical

Figure 2. DMN group maps in HC and SZ patients and between-group statistical maps. Left panel: Random-effects group-level maps for the DMN in HC (top row, blue color scale)
and SZ patients (bottom row, red color scale). Right panel: Random-effects group-level t-map for the difference between HC and SZ patients (blue/red color scales depending on
the group contrast). The reported q-values (<0.01) were corrected for the FDR both for the random-effects group-level t-maps of each group and for the random-effects group-level
t-maps of their comparison.

Figure 3. CIN groupmaps in HC and SZ patients and between-group statistical maps. Left panel: Random-effects group-level maps for the CIN in HC (top row, blue color scale) and
SZ patients (bottom row, red color scale). Right panel: Random-effects group-level t-map for the difference between HC and SZ patients (blue/red color scales depending on the
group contrast). The reported q-values (<0.01) were corrected for the FDR both for the random-effects group-level t-maps of each group and for the random-effects group-level t-
maps of their comparison.
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symptoms. By uncovering unique connectivity patterns, clinicians
may be better equipped to relate specific RSN dysfunctions to a
patient’s symptomatology and disease progression. Importantly,
single-subject ICA is highly sensitive to subtle differences in brain
network connectivity, and this sensitivity could be crucial for
monitoring the clinical course of SZ, where symptoms may fluc-
tuate over time, and RSN alterations might evolve in subtle or
idiosyncratic ways. In this way, biomarkers that distinguish SZ
from other disorders, as well as transdiagnostic markers, could be
uncovered.

Our findings demonstrate widespread alterations in regions
primarily involved in visual, motor, and cognitive processes, in
SZ patients compared to HCs. Specifically, we observed altered
connectivity patterns in several visual areas, including the primary

and secondary visual cortices, frontal eye fields, visual association
areas, and fusiform gyrus. These regions exhibited either lower
connectivity or, in most cases, higher connectivity—not only
within the two primary visual RSNs (ie the parafoveal and periph-
eral VSs) but also within networks where these areas are not
typically considered critical or even accounted for in theory-driven
approaches (eg seed-based analysis).45 Notably, we found that
visual areas were altered within the DAN, VAN, dorsal SMN,
lateral PFN, lFPN, and DMN. Interestingly, all the alterations we
observedwithin theDMNwere located in visual areas. An impaired
intrinsic functional connectivity in the visual system has increas-
ingly been identified in SZ,46,47 leading to the hypothesis that this
disruption might be a potential mechanism underlying the visual
abnormalities occurring in this disorder, such as blurred vision or

Figure 4. Ventral SMN group maps in HC and SZ patients and between-group statisticalmaps. Left panel: Random-effects group-level maps for the ventral SMN in HC (top row,
blue color scale) and SZ patients (bottom row, red color scale). Right panel: Random-effects group-level t-map for the difference between HC and SZ patients (blue/red color scales
depending on the group contrast). The reported q-values (<0.01) were corrected for the FDR both for the random-effects group-level t-maps of each group and for the random-
effects group-level t-maps of their comparison.

Figure 5. Medial PFN groupmaps in HC and SZ patients and between-group statisticalmaps. Left panel: Random-effects group-level maps for themedial PFN in HC (top row, blue
color scale) and SZ patients (bottom row, red color scale). Right panel: Random-effects group-level t-map for the difference between HC and SZ patients (blue/red color scales
depending on the group contrast). The reported q-values (<0.01) were corrected for the FDR both for the random-effects group-level t-maps of each group and for the random-
effects group-level t-maps of their comparison.
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visual hypersensitivity.48 Alterations in visual areas have also been
hypothesized to be associated with key symptoms of SZ, such as
visual hallucinations and paranoia.49,50 In line with this, it is
plausible that the hyperconnectivity of visual areas observed across
various networks may be linked to the visual hypermonitoring and
hypervigilance characteristic of paranoia. Changes in visual areas
could contribute to paranoia by disrupting how visual information
is processed, interpreted, and integrated with other cognitive sys-
tems, such as attentional networks and the DMN.

Motor regions were also extensively altered in our SZ sample.
Bilateral premotor areas, the SMA, and visuomotor areas exhibited
connectivity alterations across the dorsal and ventral SMN, CIN,
DAN, LN, and medial PFN. These results confirm the importance
of using a data-driven approach like ICA for network extraction to
avoid the a priori exclusion of regions not canonically included in
RSNs, thus potentially missing critical insights into the disorder’s
pathophysiology. SZ patients frequently exhibit motor deficits,
including psychomotor retardation, psychomotor agitation, and
dyskinetic syndrome.51 Previous studies have hypothesized that
altered motor network connectivity might contribute to these
symptoms.52,53 Our findings suggest that alterations in motor
regions extend beyond proper motor networks. For instance, the
left visuomotor area, bilateral premotor areas, and SMA were all
hypoconnected within the CIN, an RSN specialized in multimodal
integration of cognitive and affective processing,30 highlighting a
possible interrelationship between psychopathological, cognitive,
and motor symptoms in SZ.54

Furthermore, we found several alterations in regions associated
with cognitive processes such as executive functions (eg anterior
and dorsolateral PFC), language (eg Broca’s opercular area and
superior temporal gyrus), and reward and motivation mechanisms
(eg nucleus accumbens and caudate). Additionally, lower connec-
tivity was observed in the bilateral hippocampi and parahippocam-
pal gyri within the left FPN, with the left hippocampus also showing
hypoconnectivity within themedial PFN. This finding aligns with a
substantial body of literature demonstrating hippocampal involve-
ment in SZ pathophysiology, particularly regarding its role in
memory and learning processes.55,56 The hippocampus and para-
hippocampal gyri are integral to declarative memory impairments

(especially episodic memory)57 that are frequently observed in
SZ.58 Our findings suggest that altered connectivity in these regions
might disrupt the coordination required for integrating memory-
related information, associative learning, and higher-order cogni-
tive control.

Considering the spatial differences between SZ patients and HC
within the 14 RSNs we analyzed, the CIN, the ventral SMN, the
medial PFN, and the left FPN were characterized by the most
extensive alterations. Within the CIN, SZ patients showed wide-
spread altered connectivity patterns, mostly in the form of
decreased connectivity. These results are meaningful in light of
the hypothesis that CIN alterations might represent common
neural substrates across various psychiatric disorders, including
SZ, and that these alterations might determine a disruption in the
mediation processes between cognition and emotion.30 Indeed, the
component brain regions of the CIN play key roles in maintaining
alertness to execute cognitive tasks,59 sustaining intrinsic vigilance
and processing high-priority information,60 and beginning and
carrying out task performances,61 all of which are compromised
in SZ patients.62 Findings from Sasidharan et al. highlighted the
central role of the CIN in the cognitive impairments observed in
SZ.63 Indeed, they found CIN lower connectivity, together with
abnormal EEG and fMRI markers, in SZ patients compared to HC
during the execution of a task based on error processing, brain state
switching, sensory integration, and self-awareness.63

In our SZ sample, several regions within the SMN were also
altered, particularly in the ventral subdivision, in the direction of
both hypoconnectivity and hyperconnectivity. Our results are in
line with recent rs-fMRI studies that found aberrant intrinsic
functional connectivity of the SMN in SZ patients compared to
neurotypical controls, supporting the hypothesis that disturbances
in somatomotor system connectivity might be important features
of the clinical profile of SZ.64,65 Notably, as in the case of the CIN,
recent findings suggested that dysconnectivity within the SMN
might be a transdiagnostic signature of several pathologies: Kebets
et al. (2019) found lower connectivity within the SMN in patients
with SZ, attention-deficit/hyperactivity disorder, bipolar disorder,
and schizoaffective disorder,66 and Huang et al. identified hypo-
connectivity within the SMN as a common marker of SZ, bipolar

Figure 6. Left FPN groupmaps in HC and SZ patients and between-group statistical maps. Left panel: Random-effects group-level maps for the left FPN in HC (top row, blue color
scale) and SZ patients (bottom row, red color scale). Right panel: Random-effects group-level t-map for the difference betweenHC and SZ patients (blue/red color scales depending
on the group contrast). The reported q-values (<0.01) were corrected for the FDR both for the random-effects group-level t-maps of each group and for the random-effects group-
level t-maps of their comparison.
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disorder, and major depression.67 Interestingly, Huang et al. also
found that the SMN dysconnectivity persisted even after clinical
symptoms were effectively treated, suggesting that this pattern may
serve as a stable trait marker for psychiatric disorders.67

The medial PFN was characterized by widespread decreased
connectivity patterns in SZ patients compared to HC. According to
the framework proposed by Sakurai et al., molecular- and network-
level abnormalities in the PFN are key contributors to the cognitive
impairments occurring in SZ.68 In particular, it has been shown how
the functional connectivity of the medial PFC is involved in various
cognitive processes, including decision-making and different types of
memory, like perceptual, episodic-autobiographical, and prospective-
guided memory.69 Therefore, the lower connectivity observed within
the PFN may be associated with deficits in these cognitive domains.
Notably, alterations in the medial PFC have been replicated in SZ
with multimodal imaging techniques,70,71 leading to the hypothesis
that this region, with its connections, might be a prominent site of
abnormality in SZ.70

We also found several connectivity alterations within the left
FPN, consistent with previous studies.47,72,73 Considering its bilat-
eral distribution, the FPN is primarily defined as a cognitive control
network, which flexibly manages task adaptation and implemen-
tation in healthy conditions.74 On the contrary, cognitive control is
compromised in many forms of psychopathology: according to
Marek and Dosenbach, this impairment is attributable to the
atypical development of a flexible brain network like the FPN,
and this may be a common feature across many disorders, includ-
ing SZ, depression, and anxiety.75 Concerning the left FPN specif-
ically, its functional association with language processing and
verbal working memory has been highlighted,76 and the alterations
in the functional connectivity within this network may contribute
to cognitive deficits in SZ, as suggested by Sharma et al.47 Therefore,
given the linguistic impairments typical of SZ (eg disorganized
speech, impaired verbal fluency),77 the altered left FPN connectiv-
ity may contribute to this kind of symptoms by affecting functions
that are crucial for language performance, like working memory
and cognitive control.

It is important to underline the alterations we found within the
DMN, which is themost studied RSN andwhose alterations are the
most documented in SZ.31 While we did not find extensive differ-
ences in the spatial maps between patients and HC, we reported
that all the discrepancies in connectivity between the two groups
were located in visual areas, mostly showing a pattern of hyper-
connectivity. This result highlights the link between visual func-
tions and internally oriented processes, suggesting that abnormal
processing of visual input may impact patients’ mental activities,
such as interpersonal communication and emotional interpreta-
tion (leading to social difficulties), which are cognitive functions
sustained by the DMN.78 Notably, in our previous work, we found
higher connectivity between the DMN and the VS in SZ patients
compared to HC.79 This result, together with the ones from other
studies,80,81 provides further evidence in support of the early visual
dysfunction hypothesis in SZ, where abnormal processing of visual
input is interpreted as a marker of the tendency to psychosis or a
more severe SZ syndromic profile.82,83

Limitations and future perspectives

Several limitations in our study should be acknowledged. First of all,
despite its advantages, single-subject ICA is not without limitations.
A significant drawback of this approach is the potential to overfit to
noise in individual datasets. fMRI data are inherently noisy, and ICA,
by relying on statistical independence, can sometimes separate noise

into components that appear meaningful.84 Additionally, the algo-
rithm performance can be affected by the quality of the preproces-
sing steps,85 which is particularly relevant in clinical populations like
SZ, where motion artifacts and other confounds might be more
pronounced. Nevertheless, although ICA can be sensitive to variance
differences across individuals, the template-matching step was used
to retain only those components showing high spatial cross-
correlation with established RSN templates, thereby reducing the
likelihood that noisy or biologically irrelevant components were
included in the group analysis. In addition, this bottom-up strategy
allows individual topological variations to be preserved, whereas
these may be attenuated in approaches that impose stronger group-
level spatial constraints. At the same time, we acknowledge that this
approach does not guarantee the same level of correspondence
across subjects as group ICA with dual regression, which may
provide stronger subject-to-subject alignment of network maps.86

Another limitation of our study is that clinical variables were
only available for the SZ group and were therefore not included as
covariates in the between-group comparison model. As a result, we
cannot exclude the possibility that illness duration or antipsychotic
treatment contributed to part of the observed fMRI effects. Although
all our patients were in the chronic phase of the disease and were
receiving pharmacological treatment—thus reducing potential con-
founding effects related to the inclusion of first-episode or drug-free
patients—we could not rule out the influence of factors such as the
duration of illness and the antipsychotic treatment on the fMRI
results. Future studies should explicitly model these clinical factors
to clarify the extent to which the observed fMRI effects reflect
disease-related mechanisms rather than variability associated with
illness progression or pharmacological treatment. Finally, although
the spatial maps produced by ICA can reveal functional network
disruptions, future studies should address how these disruptions
translate into specific clinical symptoms or cognitive impairments.
More research is needed to establish clear links between individual
RSN abnormalities and distinct clinical outcomes in SZ.

Conclusions

In conclusion, our findings provide compelling evidence of wide-
spread resting-state functional connectivity alterations in SZ, not
only within cognitive and affective networks, but also extending to
visual and motor systems. The involvement of visual areas across
multiple RSNs, particularly the DMN, underscores the importance
of considering sensory processing abnormalities as core features of
SZ pathophysiology. Likewise, the alterations observed in motor
and cognitive control regions across different RSNs highlight the
interplay between motor, cognitive, and affective symptoms. Net-
works such as CIN, ventral SMN, medial PFN, and left FPN
emerged as particularly disrupted, supporting the notion that some
connectivity abnormalities may be transdiagnostic across psychi-
atric disorders. These results reinforce the value of a single-subject
ICA approach in uncovering subtle differences in brain network
connectivity. In a clinical context, this sensitivity could be critical
for monitoring the clinical course of SZ, given the temporal vari-
ability of symptoms and the subtle, potentially idiosyncratic evo-
lution of RSN alterations, and may also help uncover biomarkers
that differentiate SZ from other disorders or reveal transdiagnostic
signatures. To conclude, single-subject ICA provides a powerful
tool to map specific brain connectivity patterns to individual
symptoms, and offers a promising framework for understanding
the neurobiological underpinnings of SZ through a more individ-
ualized and nuanced analysis of RSNs.
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