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Aberrant cortico-thalamo-cerebellar network interactions and
their association with impaired cognitive functioning in
patients with schizophrenia
Minji Ha1, Soo Hwan Park2, Inkyung Park1, Taekwan Kim 3, Jungha Lee1, Minah Kim 4,5 and Jun Soo Kwon 1,4,5,6✉

Evidence indicating abnormal functional connectivity (FC) among the cortex, thalamus, and cerebellum in schizophrenia patients
has increased. However, the role of the thalamus and cerebellum when integrated into intrinsic networks and how those integrated
networks interact in schizophrenia patients are largely unknown. We generated an integrative network map by merging thalamic
and cerebellar network maps, which were parcellated using a winner-take-all approach, onto a cortical network map. Using
cognitive networks, the default mode network (DMN), the dorsal attention network (DAN), the salience network (SAL), and the
central executive network (CEN) as regions of interest, the FC of 48 schizophrenia patients was compared with that of 57 healthy
controls (HCs). The association between abnormal FC and cognitive impairment was also investigated in patients. FC was lower
between the SAL-CEN, SAL-DMN, and DMN-CEN and within-CEN in schizophrenia patients than in HCs. Hypoconnectivity between
the DMN-CEN was correlated with impaired cognition in schizophrenia patients. Our findings broadly suggest the plausible role of
the thalamus and cerebellum in integrative intrinsic networks in patients, which may contribute to the disrupted triple network and
cognitive dysmetria in schizophrenia.
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INTRODUCTION
Schizophrenia is an illness characterized by deteriorating function-
ing, including positive symptoms, negative symptoms, affective
symptoms, and cognitive symptoms1. Distinctive from other
symptoms, cognitive deficits emerge in the early phases of the
disorder and even before the onset of the illness2–4. Cognitive
symptoms manifest across various domains of cognition ranging
from processing speed, working memory, executive functioning,
and attention5–7, drastically altering the quality of life of
patients8,9. As a means to comprehend the underlying mechanism
of the functional decline in schizophrenia patients, Andreasen
et al.10 proposed a theoretical model, “cognitive dysmetria,”
hypothesizing that abnormal coordination among the prefrontal
cortex, thalamus, and cerebellum may contribute to the functional
deficits shown in patients.
However, during the past two decades of advancement in

neuroimaging techniques, the thalamus and the cerebellum have
been generally overlooked due to the bias that prioritizes the
cerebrum and the long-standing impression of their role as a
sensory and movement-related relay ancillary to the cerebral
cortex11,12. The importance of the thalamus and cerebellum in
interacting with cortical regions is demonstrated in a neuroana-
tomical model supporting the hypothesis that the cerebellum,
thalamus and cortical areas create a closed loop that receive and
project inputs when individuals process complex functions. In
recent years, a substantial body of literature has suggested that
the thalamus13–16 and cerebellum17–19 are engaged in information
modulation interacting with other cortical areas not only limited
to basic sensory processing but also including complex cognitive
processing. Lesion studies have shown that damage to the

thalamus and cerebellum may lead to certain cognitive impair-
ments, and recent animal studies have found cerebellar influence
on cortical coherence via communication via its thalamic path-
way20–25. In addition, cortico-thalamic and cortico-cerebellar
interactions in healthy populations have been known to be
associated with specific cognitive functions26,27.
In patients with schizophrenia, atypical interconnectivity among

the cortex, thalamus, and cerebellum can be distinctly inferred
from both structural studies using diffusion tensor imaging28–31

and functional studies. While functional dysconnectivity between
the cortex and the entire thalamus as a region of interest (ROI) has
been relatively well established32–34, studies have used segmen-
ted thalamic ROIs based on the functional connectivity (FC) of
each thalamic voxel to anatomically parsed cortical lobes. These
studies have revealed consistent dysconnectivity with posterior
cerebellar clusters and the cortical areas that are often referred to
as the nodes of higher-order cognitive networks in not only
chronic schizophrenia patients35,36 but also first-episode psychosis
(FEP) and clinical high-risk (CHR) patients37–39.
Nevertheless, these earlier studies have only investigated the FC

among the cortex, thalamus, and cerebellum at the cluster level,
overlooking the importance of understanding the underlying
pathophysiology at the network level. Higher-order cognitive
networks, including the default mode network (DMN), salience
network (SAL), central executive network (CEN), and dorsal
attention network (DAN), are suggested to be engaged in a wider
range of complex cognition40–44. However, patients with schizo-
phrenia have shown abnormal functional interactions within and
among these cortical intrinsic networks, often correlated with poor
cognitive functioning45–51, indicating abnormal orchestration of
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the brain on a large scale. Notably, efforts have been made to
apply the functional network properties of the cerebellum and
thalamus52–55 and have found dysfunctional thalamic and
cerebellar connectivity patterns to cortical networks in patients
with schizophrenia56,57.
However, despite ample evidence suggesting crucial interac-

tions between the thalamus and cerebellum with cortical intrinsic
networks, the role of the thalamus and cerebellum when both are
considered composed of higher-order cognitive networks and
their association with cognitive dysfunction as integrative net-
works in schizophrenia remain unclear. Here, we aimed to probe
the functional network interactions in patients with schizophrenia
by incorporating thalamic and cerebellar network maps that had
been created based on their functional relevance to the cortical
networks into intrinsic networks and creating integrative cortico-
thalamo-cerebellar (CTC) networks. We hypothesized that the
functional interactions within the CTC networks would be
significantly lower in patients with schizophrenia than in healthy
controls (HCs). We further performed an exploratory investigation
into whether altered network interactions are associated with
impaired cognitive performance in patients.

RESULTS
Participant characteristics
The demographic, clinical, and cognitive characteristics of the
participants are shown in Table 1. There was no significant

difference in sex (χ2= 0.02, p= 0.902) between schizophrenia
patients and HCs, while there was a significant group difference in
age (t=−5.17, p < 0.001) and intelligence quotient (IQ) (t= 3.51,
p < 0.001). With age as a covariate, schizophrenia patients
demonstrated significantly poorer performance on the Stroop
Color Word Test – color word inference (SCW – CW) measure
(F= 13.45, p < 0.001), indicating that schizophrenia patients had
more difficulty suppressing the irrelevant word meaning and
focusing on the ink color than the controls, resulting in less
accurate responses.

Network assignment
The cortical network map was generally similar to the previous
study58, which was created using one thousand subjects. The
prefrontal and parietal areas were mostly shared across higher-
order cognitive networks. The cortical regions of the DMN include
dorsolateral prefrontal, precuneus, posterior cingulate, orbitofron-
tal, and parahippocampal areas, with DMN 3 representing an area
more distinctively in the right angular gyrus. The DAN was
represented in the supramarginal gyrus, superior parietal and
frontal, and middle temporal gyrus. The SAL was represented in
the insula, anterior cingulate (ACC), and central opercular regions;
SAL 1 was shown in the supplementary motor cortex as well, and
SAL 2 was represented in dorsolateral and ventrolateral prefrontal
areas with larger clusters in the dorsal ACC. The four CEN clusters
were characterized primarily in the posterior cingulate areas,
dorsal precuneus, middle frontal, lateral orbitofrontal, and
temporoparietal regions.
As shown in Fig. 1c, the four higher-order cognitive networks

showed associations mostly with the posterior region of the
bilateral cerebellum. Lobule VIIb was bilaterally reflected in the
DAN, while a large sector of the SAL was demonstrated in lobules
VI and VIIA, including Crus I and Crus II. Smaller clusters of the CEN
were represented across Crus I, Crus II, and VIIB, but CEN 3 shared
larger areas of Crus II. Lobule X was represented by DMN 1, and
lobule IX was represented by DMN 2. DMN 2 and 3 were mostly
reflected in Crus I and II.
Considering the smaller size of the cortex and cerebellum, the

thalamus was shared less across networks. The SAL was reflected
in mediodorsal (MD) and ventral nuclei, including the ventral
anterior (VA), ventral lateral (VL), and ventral posterior (VP)
regions. DAN 1 was represented in the pulvinar. A large MD
cluster was characterized by CEN 1, and small clusters of the DMN
were in the posterior areas of the thalamus, including the pulvinar.
DAN 2, CEN 2–4, and DMN 2-3 were not represented in the
thalamus. The final network map of the cortex, thalamus, and
cerebellum is shown in Fig. 1, and anatomical parcellations of
thalamus59 and cerebellum60 are also presented for reference.

Between-network ROI-to-ROI connectivity
Among 55 connections between all pairs of ROIs, 5 pairs of ROIs
that were included in two clusters exhibited statistically significant
group differences. The schizophrenia group showed decreased
connectivity compared to the HC group. Connectivity between
SAL 2 and CEN 3 was lower in patients (cluster level p-FDR < 0.001;
connection level p-FDR < 0.001), and the connectivity between
CEN 1 and CEN 2 was also lower in patients (cluster level
p-FDR < 0.001; connection level p-FDR < 0.001). In the schizophre-
nia group, SAL 1 showed lower FC with DMN 3 (cluster level
p-FDR < 0.001; connection level p-FDR= 0.003) and with CEN 3
(cluster level p-FDR < 0.001; connection level p-FDR= 0.003).
Finally, the FC between DMN 3 and CEN 4 was decreased in the
schizophrenia group compared to that the HC group (cluster level
p-FDR= 0.003; connection level p-FDR= 0.002). DAN did not show
a significant difference from any other networks. The mean
network FC values and the connectivity strengths between
patients and controls are shown in Table 2 and Fig. 2.

Table 1. Demographic, clinical, and cognitive characteristics of all
subjects.

Variables Schizophrenia
patients (n= 48)

HCs (n= 57) Statistics

t/χ2/F p

Demographic

Age (years) 34.21 ± 8.20 25.75 ± 8.47 −5.17 <0.001**

Sex (male/
female)

25/23 29/28 0.02 0.902

IQ 100.92 ± 16.10 112.95 ± 9.79 3.51 <0.001**

Duration of
illness (months)

158.96 ± 75.47 – – –

Clinical

PANSS total 69.89 ± 20.20 –

Positive 18.96 ± 5.73 –

Negative 17.48 ± 5.97 –

General 33.46 ± 10.75 –

HAM-A 39.87 ± 15.46 –

HAM-D 6.22 ± 5.33 –

BPRS 10.04 ± 6.42 –

Neurocognitive

SCW-CW −0.55 ± 0.84 0.38 ± 0.93 13.45 <0.001**

Note. Data are presented as the mean ± standard deviation. Independent t
tests were used for continuous variables, and Welch’s t test was used if the
variances were not equal. Chi-square tests for categorical data were
performed. The neurocognitive test scores were converted into
Z-standardized scores and were compared with one-way analysis of
covariance with age as the covariate.
BPRS Brief psychiatric rating scale, CW Color word interference, HAM-A
Hamilton rating scale for anxiety, HAM-D Hamilton rating scale for
depression, HCs healthy controls, IQ Intelligence quotient, PANSS Positive
and Negative Syndrome Scale, SCW Stroop color word test.
*p < 0.01.
**p < 0.001.
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Correlation between network interactions and neurocognitive
performance in patients
Given the significant differences observed between schizophrenia
patients and HCs in the 5 pairs of functional connectivity of CTC
network ROIs, we further investigated the relationship between
impaired performance on CW trials and disrupted connectivity in
schizophrenia. Controlling for IQ, the DMN 3 and CEN 4 interaction
demonstrated a statistically significant correlation with the SCW-
CW performance of schizophrenia patients. No other network
interactions were correlated with the SCW-CW performance. When
FDR-corrected for multiple comparisons, the correlation between

hypoconnectivity between DMN 3 and CEN 4 and SCW-CW
performance (r= 0.614, p= 0.016) remained significant (Fig. 3).

DISCUSSION
The present study aimed to understand the pathophysiology of
schizophrenia by integrating the thalamus and cerebellum with
cortical intrinsic networks and exploring the functional differences
between CTC networks in schizophrenia patients. We observed
significantly lowered FC between the SAL and CEN, between the
SAL and DMN, between the DMN and CEN, and within the CEN in

Fig. 1 Cortical network parcellation map of 17 networks, a thalamic network parcellation map, and a cerebellar network parcellation
map. a Cortical network parcellation using the methods from a previous study58. b Thalamic functional network parcellation with anatomical
parcellations of thalamus59. c Cerebellar functional network parcellation with anatomical parcellations of cerebellum60. AV anteroventral, VA
ventral anterior, VLa ventral lateral anterior, VLp ventral lateral posterior, VPL ventral posterior, MDl mediodorsal lateral parvocellular, MDM
mediodorsal medial magnocellular, PuA pulvinar anterior, PuL pulvinar lateral, PuM pulvinar medial.

Table 2. Cortico-thalamo-cerebellar between-network connectivity significantly differed between schizophrenia patients and HCs when controlling
age as a covariate.

Functional network connectivity Schizophrenia patients HCs FC strengths

Cluster p-FDR corrected Connectivity p-FDR corrected

Cluster A <0.001**

SAL 2 – CEN 3 0.367 ± 0.282 0.521 ± 0.251 <0.001**

CEN 1 – CEN 2 0.608 ± 0.280 0.662 ± 0.312 <0.001**

SAL 1 – DMN 3 −0.122 ± 0.229 0.011 ± 0.236 0.003*

SAL 1 – CEN 3 0.031 ± 0.296 0.156 ± 0.237 0.003*

Cluster B 0.003*

DMN 3 – CEN 4 0.181 ± 0.275 0.308 ± 0.248 0.002*

Note. Data are presented as the mean ± standard deviation.
FC functional connectivity, HCs healthy controls, FDR false discovery rate, DMN default mode network, CEN central executive network, SAL salience network.
*p < 0.05.
**p < 0.001.
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schizophrenia patients. In addition, the CTC network interactions
between the DMN and CEN were correlated with impaired
cognition in schizophrenia patients. Our findings demonstrated
plausible roles of the thalamus and cerebellum in cortical network
interactions and suggest abnormal interactions among the cortex,
thalamus, and cerebellum at the network level.
We generated thalamic and cerebellar network maps to

represent our own functional data. The cerebellar parcellation

result was in line with previous studies that delineated the
cerebellum based on its FC to the cerebral cortex54,61–63, as it
shows clear and distinctive representations of the DMN, CEN, SAL,
and DAN in Crus I, Crus II, lobule VIIB, and lobule IX. Extensive
evidence from anatomical and functional imaging studies has
consistently demonstrated that the posterior lobe, including
lobules VI and VII, is involved in nonmotor processing, whereas
the anterior lobe is associated with sensorimotor proces-
sing17,18,64. The MD thalamic nucleus was mostly represented by
the CEN, sharing some clusters with the SAL. This seems to be a
reasonable representation considering the major anatomical
projections to the prefrontal cortex and orbitofrontal cortex and
accounting for the functional associations with various cognitive
functions, including working memory and executive func-
tion13,14,16,20,65. In addition, the DAN was only reflected in the
pulvinar region. This finding generally correlates with the thalamic
pattern associated with cortical resting-state networks26,53,66.
We found reduced connectivity across the CTC-SAL, CTC-CEN,

and CTC-DMN in patients with schizophrenia. Foremost, this result
agrees with previous findings regarding network interactions at
the cortical level, and dysconnectivity, generally hypoconnectivity
within these cortical networks, has been consistently reported in
the literature47,49,67. Looking at the thalamic FC to the cortex and
cerebellum, respectively, in schizophrenia patients, decreased
thalamic connectivity between the DMN cerebellar cluster and
CEN cerebellar cluster was reported, and its connectivity to both
the cortical and cerebellar DMN and CEN became unstable after
the onset of the illness68. Additionally, although Kim et al.56 found
both hypo- and hyperconnectivity between thalamic network
clusters and the cortical network in FEP individuals, CHR
individuals, and unaffected relatives of schizophrenia patients,
thalamic dysconnectivity at the network level and larger engage-
ment of the thalamus in cortical network dysfunction were clearly
suggested. Furthermore, when measuring the connectivity
between the 17 cortical networks and the cerebellum45, decreased

Fig. 2 Abnormal cortico-thalamo-cerebellar network ROI-to-ROI interactions in schizophrenia patients compared to those in HCs.
Between-group differences with age controlled as a covariate thresholded at cluster p-FDR level < 0.05 and connection p-FDR level < 0.05 in
(a) a ROI-to-ROI connectivity matrix with the t scores displayed on the color bar and (b) boxplots with the y-axis representing the z scores from
FC between network ROIs. ctc cortico-thalamo-cerebellar, DMN default mode network, CEN central executive network, SAL salience network,
DAN dorsal attention network, HCs healthy controls, SCZ schizophrenia patients.

Fig. 3 Partial correlations between cortico-thalamo-cerebellar
network ROI-to-ROI connectivity and neurocognitive performance
in patients with schizophrenia. Regression plot of partial correla-
tions controlling for age as a covariate. The x-axis represents the z
scores from between-network ROI connectivity, and the y-axis
represents the correlated neurocognitive test performance. SCW
Stroop Color and Word Test, CW color word inference, ctc cortico-
thalamo-cerebellar, DMN default mode network, CEN central
executive network.

M. Ha et al.

4

Schizophrenia (2023) ���50� Published in partnership with the Schizophrenia International Research Society



connectivity between higher-order cognitive networks, including
the SAL, DMN, and CEN, and posterior cerebellar areas, including
Crus I/II, VI, IX, and Vermis VIIa, were reported in schizophrenia
patients. Given that our results align with those of previous studies
investigating thalamic and cerebellar connectivity to cortical
resting networks, disrupted involvement of the thalamus and
cerebellum at the brain network level on a large scale can be
suggested in schizophrenia patients.
In addition, we found a correlation between performance in the

inference condition of the Stroop Color Word Test and network
connectivity between the CTC-DMN and CTC-CEN. Cognitive
deficits, especially working memory deficits, in schizophrenia
patients have been associated with the cerebellar and thalamic
regions of the DMN and CEN, as shown in our current study, as
well as the connectivity between the cortical level of the DMN and
CEN49,50. Posterior areas of the cerebellum and higher-level
thalamic nuclei have been repeatedly suggested to be involved
in complex human cognition, and regions such as the temporal
gyrus, frontal pole, and cerebellar Crus I and II often coactivate and
demonstrate aberrant FC with the whole thalamus while
schizophrenia patients perform working memory tasks69–71.
Accordingly, the correlation observed in our analysis between
CTC-DMN and CTC-CEN hypoconnectivity and the impaired SCW-
CW performance in patients are in line with the literature,
suggesting their influence on flawed cognitive processing in
patients.
Moreover, it is crucial to note that the hypoconnectivity among

the CTC-SAL, CTC-CEN, and CTC-DMN supports the triple network
model in psychopathology. The triple network model suggests
that in psychosis, SAL failure to detect salient stimuli and its
inappropriate mediation and modulation of the engagement
between a task-negative network, the DMN, and a task-positive
network, the CEN, eventually lead to impaired functioning in the
patients72,73. Such abnormal cortical network interactions, often
hypoconnectivity, have been repeatedly reported in schizophrenia
patients72,74, FEP patients51,75, and CHR individuals51,76 as well. It is
noteworthy to mention that in triple network dynamics, the SAL,
also known as the ventral attention or cingulo-opercular network,
plays a crucial role in detecting and interpreting salient stimuli and
modulating two other networks depending on its interpretation.
The crux of the matter is that the malfunctioning of the SAL and
the inaccurate salience attribution in schizophrenia patients
indicate misinterpretation and ineffective filtering of the signifi-
cance of the stimuli, which are related to the wide range of
symptoms, including cognitive impairments in patients. A meta-
analysis on 56 resting FC datasets in schizophrenia patients
revealed network dysconnectivity within the CEN, DMN, thalamus
network, and emotion network that includes the cerebellum;
moreover, the SAL seemed to be in the center of these networks,
demonstrating disarray with all other networks49. Our study took
the characteristics of the thalamus and cerebellum with the
cortical network into account, resulting in hypoconnectivity
among these three networks aligned with the current literature
on large-scale network dysconnectivity in schizophrenia patients.
Furthermore, in light of the recent spotlight on the modulatory

function of the thalamus14 and cerebellum25 over cortical areas,
particularly cortical coherence, further investigation into the
possible involvement of the thalamus and cerebellum in SAL
dysfunction may provide valuable insights. Hwang et al. 53

revealed both provincial and connector hub properties of the
thalamus, indicating the dynamic and active role of the thalamus
in communicating and modulating the interactions between and
within the functional networks. In addition, as the neural circuit
matures, the cerebellum develops as a solid hub and establishes
functional links with various cortical intrinsic networks over time,
communicating on a large scale and contributing to cognitive
processing as a hub entity77,78. Within this context, although we
can only speculate based on the limited literature, the triple

network dysconnectivity in psychosis may extend to the thalamus
and cerebellum, possibly affecting the modulatory function
among large-scale networks.
Our study had a few limitations to consider. First, our study

samples were not matched in age. We tried to control the effect of
age between the two groups as a covariate, but this aspect of the
study should be noted when interpreting the results. Second, we
investigated the network connectivity differences using the CTC
network map as a whole ROI mask. Although our approach was
able to provide a crude picture of how CTC interactions are
disrupted in patients at the network level, information regarding
the causality of the network interactions cannot be inferred from
our findings. Further work exploring the detailed mechanism of
thalamic and cerebellar modulation in large-scale networks seems
to be essential in future work. Third, although the present study
secured 246 resting fMRI data volumes, the total scan time was
closer to the minimum required time, which is 5.2 minutes79. As
this scan time may increase the potential risk of obscuring the
signals, the present results should be interpreted with care. Finally,
our study primarily focused on investigating network-level CTC
interactions, hence the preliminary correlation with SCW-CW
performance. Investigation of the CTC network interactions with a
wide range of cognitive functioning in schizophrenia patients is
encouraged in the future.
Schizophrenia is a large-scale brain disorder that is not caused

solely by regional impairment. The findings of the present study
demonstrated functional dysconnectivity at the network level
instead of the cluster level and further suggested the possibly
poor contribution of the thalamus and cerebellum, regions that
have been underappreciated due to the corticocentric myopia.
Therefore, our results support two important models of psycho-
pathology, cognitive dysmetria and the triple network model;
furthermore, our findings could provide an additional foundation
for future studies to incorporate the role of the thalamus and
cerebellum in network interactions into the investigation of the
pathophysiology of schizophrenia.

METHODS
Participants
A total of 105 subjects were included in the present study,
including 48 schizophrenia patients and 57 HCs. The patients were
recruited from the outpatient clinic of the Seoul National
University Hospital (SNUH), Korea. The diagnosis of schizophrenia
and schizoaffective disorder was made according to the
Structured Clinical Interview for Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition Axis I Disorders (SCID-I). HCs
were recruited from SNUH via internet advertisements. The
exclusion criteria for the control group were a total IQ
score below 70, history of severe head trauma and substance
abuse not including nicotine, medical illness that might have
entailed psychotic symptoms and cognitive impairments and
having 1st – 3rd relatives who had a history of psychotic disorder.
HC participants were also screened for any psychiatric symptoms
via the Structured Clinical Interview for DSM-IV-Non-Patient
Version (SCID-NP). The exclusion criteria for patients included
substance abuse or dependence (not including nicotine), neuro-
logical diseases or significant head trauma, medical illness that
might have entailed psychiatric symptoms, and intellectual
disability. The participants’ IQ levels were assessed using the
Korean version of the Wechsler Adult Intelligence Scale80.
Specifically, the Doppelt short form81 was used, which utilizes
four subtests, including arithmetic, vocabulary, picture arrange-
ment, and block design. The IQ test was performed outside the
scanner. The current data from the participants have not been
used in any previous studies. All assessments were made by
trained and certified clinicians, and all participants were given a
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written informed consent form before participating in the study
(IRB no. H-1110-009-380). The study was conducted in accordance
with the Declaration of Helsinki and was approved by the IRB of
the SNUH (IRB no. H-2212-048-1384).

Image acquisition and preprocessing
All participants were scanned using a 3 T Trio MR scanner
(Siemens Magnetom Trio, Erlangen, Germany) using a 32-
channel head coil. The resting fMRI data were acquired with a
gradient echoplanar imaging (EPI) pulse sequence with the
following parameters: repetition time/echo time (TR/TE)= 1500/
30ms, flip angle = 85°, field of view (FOV)= 256mm, and voxel
size = 2.3 × 2.3 × 2.3 mm3. For spatial distortion correction, field
maps were scanned with EPI with the following parameters: TR/
TE= 4120/30 ms, flip angle = 85°, FOV= 256mm, and voxel
size = 2.3 × 2.3 × 2.3 mm3 in opposing phase encoding directions
(right > left and left > right). During the acquisition of resting-state
fMRI data, participants were asked to keep their eyes closed but
not to fall asleep. They were also instructed to avoid making any
movements during the acquisition, and head cushions were used
to secure the participants’ positions and minimize their motions.
The total acquisition time for blood oxygen level-dependent
(BOLD) fMRI images was 6 minutes and 44 seconds. T1 images
were obtained for anatomical reference with magnetization-
prepared rapid gradient echo (MP-RAGE) with the following
parameters: TR/TE= 2400/2.19 ms, flip angle = 8°, FOV= 272mm,
and voxel size = 0.8 × 0.8 × 0.8 mm3. All the images were
manually inspected for any visible motions, possible artifacts, and
intact cerebella.
We preprocessed the functional data using the fMRI preproces-

sing pipeline, which was implemented with FreeSurfer, FSL, and
customized MATLAB functions. The first four volumes were
removed, yielding a total of 246 volumes, and slice timing was
corrected in interleaved order via fsl_slicetimer. Motion correction
was performed mainly via the fsl_motion_outliers function,
calculating the framewise displacement (FDRMS) with threshold-
ing at <0.5. Spatial distortion was corrected using field map brain
masks from the opposite phase encoding direction. Using FSL
bbregister, each BOLD image was registered to the T1 structural
data for the subject. After obtaining white matter, cerebrospinal
fluid, and whole-brain masks, nuisance signals from these and the
motion parameters were regressed out and removed. Temporal
bandpass filtering was applied at 0.008 < f < 0.09 Hz. For cortical
parcellation, we continued with spatial normalizations from native
space to fsaverage5.

Cortical network parcellation
In preparation for cortical network parcellation, the preprocessed
data in native space were spatially normalized to
fsaverage5 surface space and spatially smoothed to a 6mm full-
width half-maximum (FWHM) isotropic Gaussian kernel. Cortical
parcellation was undertaken as demonstrated in a previous
study58. As we describe the process briefly here, more details
can be found in Yeo et al. 58 Each hemisphere with normalized
cortical data that were projected to fsaverage5 space had 10,242
vertices and 1,175 ROIs across the space mesh. The connectivity
profile of each subject was calculated via Pearson’s correlation
between the time series at each vertex and the ROIs, and the top
10% of the correlations remained. Connectivity profiles were then
averaged for all subjects, and von Mises-Fisher clustering methods
and Hungarian matching were conducted to organize clusters of
the cortex into 17 networks82. The parcellated maps were then
spatially normalized to Montreal Neurological Institute (MNI)
standardized space.

Thalamic and cerebellar network parcellation and CTC
integrative map generation
For thalamic and cerebellar network parcellation, the prepro-
cessed data were projected to MNI standardized space, and these
data were then resampled to a 2 × 2 × 2 mm3 voxel dimension.
The thalamic and cerebellar network maps were generated
separately to calculate the FC of the thalamus and of the
cerebellum to cortical networks, respectively. Similar to cortical
parcellation, individual parcellations of the thalamus and cere-
bellum for each subject were carried out first. We used the
Harvard-Oxford atlas for the thalamus mask by combining the left
and right thalamus both thresholded at 10% and used the FSL
MNI FNIRT cerebellum atlas for the cerebellum mask. Pearson
correlations were computed between each signal in each voxel of
thalamic and cerebellar masks and the signal of each of the 17
networks from the group cortical map. The network assignment
for each voxel was determined via a winner-take-all method, in
which the network with the highest positive correlation value was
assigned to the voxel52,83.
We then labeled each voxel to the cortical network that had

been most frequently assigned across each voxel in the individual
thalamic and cerebellar parcellation map. As demonstrated in
Fig. 1, the final CTC map was created by integrating three different
group parcellation maps: the cortical network group parcellation
map, the thalamic group parcellation map, and the cerebellar
group network map. The final CTC map was separated into
17 segregated network ROI maps.

Stroop Color Word interference performance
The SCW Test was administered outside the scanner. The SCW test
typically consists of three subtests: the color (C) trial, the word (W)
trial, and the CW trial. During the C subtest, participants are
presented with a series of colored squares on a sheet of paper and
are asked to name the color of each square as quickly and
accurately as possible. Similarly, during the W subtest, participants
are given a sheet of paper with the names of colors written in
black ink and are asked to read the words as quickly and
accurately as possible.
The current analysis utilized the performance in the CW trial,

which included the number of errors and number of self-
corrections, as it reflects more complex cognitive functioning that
encompasses broader domains, including executive functioning,
working memory, attention, and conflict monitoring84. During the
CW trials, the participants were given the stimuli card with the
name of a color written in a different color ink; then, participants
were asked to name the color of the ink aloud. The participants’
SCW-CW test performance is summarized in Table 1.

Analysis of between-network connectivity and neurocognitive
performance
Following our hypothesis, we focused on the higher-order
cognitive networks, which resulted in a total of 11 network ROI
(DAN (2), DMN (3), CEN (4), and SAL (2)) maps. To assess the group
differences in the FC between the integrative CTC networks, an
11 × 11 connectivity matrix was generated to calculate the
functional correlations between all pairs of the network ROIs.
Using Fisher’s z transformation, the correlation coefficients were
transformed into normally distributed values. We used a data-
driven hierarchical clustering method based on functional
similarity85 to generate clusters of ROI pairs for all 11 ROIs. The
functional connectivity of all 55 connections between pairs of ROIs
was then calculated using multivariate parametric GLM analysis86.
With age controlled as a covariate, the cluster-level threshold and
connection-level threshold were set at FDR-corrected p < 0.05.
To investigate the association between the between-network

connectivity that showed significant group differences and
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neurocognitive functioning in patients, a partial correlation was
performed controlling for IQ using IBM Statistics SPSS (Version 25).
All statistical tests were performed two-sided.
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