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Background
Previous studies in schizophrenia revealed abnormalities in the
cortico-cerebellar-thalamo-cortical circuit (CCTCC) pathway,
suggesting the necessity for defining thalamic subdivisions in
understanding alterations of brain connectivity.

Aims
To parcellate the thalamus into several subdivisions using a data-
driven method, and to evaluate the role of each subdivision in
the alterations of CCTCC functional connectivity in patients with
schizophrenia.

Method
There were 54 patients with schizophrenia and 42 healthy con-
trols included in this study. First, the thalamic structural and
functional connections computed, based on diffusion magnetic
resonance imaging (MRI, white matter tractography) and resting-
state functional MRI, were clustered to parcellate thalamus.
Next, functional connectivity of each thalamus subdivision was
investigated, and the alterations in thalamic functional con-
nectivity for patients with schizophrenia were inspected.

Results
Based on the data-driven parcellation method, six thalamic
subdivisions were defined. Loss of connectivity was observed
between several thalamic subdivisions (superior-anterior,

ventromedial and dorsolateral part of the thalamus) and the
sensorimotor system, anterior cingulate cortex and cerebellum
in patients with schizophrenia. A gradual pattern of dysconnec-
tivity was observed across the thalamic subdivisions.
Additionally, the altered connectivity negatively correlated with
symptom scores and duration of illness in individuals with
schizophrenia.

Conclusions
The findings of the study revealed a wide range of thalamic
functional dysconnectivity in the CCTCC pathway, increasing our
understanding of the relationship between the CCTCC pathway
and symptoms associated with schizophrenia, and further indi-
cating a potential alteration pattern in the thalamic nuclei in
people with schizophrenia.
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The thalamus relays information from the cerebellum, subcortical
nuclei and neocortex,1 and thus plays a key role in information pro-
cessing in brain. Altered thalamus and thalamo-cortical pathways
have recently been revealed in patients with schizophrenia.2,3

Although altered cortico-cerebellar connectivity has been shown
in schizophrenia (reviewed by Lungu et al4), it is unclear whether
the alterations are caused by the cerebellum or the abnormality of
the thalamic relaying. Thus, systematic study of the thalamic con-
nections, particularly subtle examination of the thalamic subdivi-
sions, will be helpful in exploring the pathophysiology of
schizophrenia. Most functional MRI (fMRI) studies investigated
thalamic functional features in schizophrenia using whole thalamus
as the region of interest (ROI). However, it is difficult to identify
whether the alterations of the thalamo-cortical functional connect-
ivity in schizophrenia are due to a specific region or the entire
thalamus, because the composition of thalamus is complex.
A connectivity-based parcellation approach makes it possible to
segment brain regions in vivo according to the connectivity
pattern of diffusion MRI (dMRI) or fMRI data.5 Recently, a few
studies focused on the functional connectivity of thalamic subdivi-
sions such as thalamic segmentation (thalamic prefrontal subdivi-
sions, thalamic motor subdivisions and so on) according to its
functional connectivity,6 providing more information about the
alterations in the thalamo-cortical coupling in schizophrenia.

A method combining white matter connectivity and resting-
state functional connectivity (rsFC) to divide the thalamus into
several subdivisions was proposed recently.7 This approach effi-
ciently integrated information from structural and functional

connectivity within a participant group to provide a flexible division
scheme.8 Similar to this approach, the current study combined
dMRI and fMRI data to parcellate the thalamus. Next, differences
in the rsFC maps of the subthalamic divisions between patients
with schizophrenia and healthy controls were obtained. Finally,
the relationships between functional alterations and clinical symp-
toms were evaluated in patients with schizophrenia.

Method

Data-set and demographics

A total of 54 patients with schizophrenia, who were diagnosed using
the structured clinical interview for DSM-IV Axis I disorders –
clinical version (SCID-I-CV),9 were recruited from in-patient and
out-patient treatment facilities in the Clinical Hospital of
Chengdu Brain Science Institute. Each patient completed the
Positive and Negative Syndrome Scale (PANSS)10 during a semi-
structured interview to assess psychotic symptoms. All patients
took medication at the time of the study. The information about
usage of antipsychotic medication was collected from the patients.
To evaluate the effects of various antipsychotic drugs, we used a
standardised quantitative formula for each antipsychotic medica-
tion so as to determine the equivalent for chlorpromazine.11 The
mean chlorpromazine equivalent (CPE) dose of the antipsychotics
was 281.62 mg per day (s.d. = 122.72, Table 1). We recruited 42
healthy controls matched for age, gender and years of education.
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All participants had no neurological illness, traumatic brain injury
or substance-related disorders.

This study was approved by the Ethics Committee of the
Clinical Hospital of Chengdu Brain Science Institute in accordance
with the Declaration of Helsinki. Before MRI scanning, all partici-
pants provided written informed consent.

Magnetic resonance imaging parameters

All participants were scanned using a 3.0 Tesla MRI scanner (GE
Discovery MR 750, USA), at the MRI Center of University of
Electronic Science and Technology of China. Specifically, resting-
state fMRI data was acquired with axial slices parallel to the anter-
ior-posterior commissure using a standard T2*-weighted echo
planar imaging (EPI) pulse sequence (repetition time (TR)/echo
time (TE) = 2000 ms/30 ms, flip angle 90°, field of view (FOV) =
24 × 24 cm, acquisition matrix 64 × 64, slice number 35, scanned
interleaved and slice thickness 4 mm with no gap) covering the
whole brain. In total, 255 volumes were obtained in 8.5 min for
each participants (35 slices per volume). Structural MRI data were
obtained using a T1-weighted 3D FSPGR image (FOV = 25.6 ×
25.6 cm, flip angle 9°, 158 slices per volume) through the brain
with 1 × 1 × 1 mm voxel size.

After obtaining three unweighted images, diffusion-weighted
images were acquired in 64 directions using a diffusion-weighted spin-
echo EPI sequence with the following parameters: b= 1000 s/mm2,
TR = 8500 ms, frequency direction right/left, acquisition matrix
128 × 128, FOV = 25.6 × 25.6 cm, slice thickness 2 mm and 78
slices. In addition, another three unweighted images were obtained
in the anterior/posterior frequency direction to estimate and
correct for susceptibility-induced distortions.

Parcellation of the thalamus

After preprocessing of dMRI and fMRI data (see supplementary
Data Preprocessing available at https://doi.org/10.1192/bjp.2018.299
for details), a two-step pipeline was introduced to parcellate the
thalamus into several subdivisions by using the combined informa-
tion of dMRI and fMRI.7 Briefly, the first step is voxel-based prob-
abilistic tractography seeding from the thalamic voxels. Structurally
weighted subregions (i.e. the ‘thalamic origins’ of these tractograms)
are identified by independent component analysis (ICA) of these
tractograms. Then, the second step is parcellation of the thalamus
according to the clustering results13 of functional connectivity
with seeds at these structurally defined thalamic origins (for details,
see supplementaryData 1). Thus, the thalamic subdivisions generated

by this method are deemed to have similar structural and functional
connectivity patterns. Subsequently, these thalamic subdivisions
were used as seeds to acquire their functional connectivity maps.

Functional connectivity evaluation of the thalamic
subdivisions

The RsFC map of each thalamic subdivision was computed using
Pearson’s correlation between the time series of the thalamic sub-
division and the whole brain for each participant. Subsequently, a
second-level multiple regression was used to test the differences in
rsFCmaps between groups. Age and gender were used as covariates,
and Bonferroni correction for multiple comparisons was performed
for the voxel-level analyses.

Correlation of clinical features and neuroimaging

Spearman’s rank correlation coefficient was used to quantify the
relationship between clinical features including positive/negative
symptom scales (PANSS) and duration of illness, and neuroimaging
metrics (the functional connectivity value of each voxel that showed
a significant intergroup difference). In addition, in order to investi-
gate the effect of antipsychotic medication usage on thalamic func-
tional connectivity, Pearson’s correlation coefficient was calculated
between CPE and the functional connectivity value of each voxel
with significant intergroup difference.

Results

Participants

Gender, age, and education level did not differ between the schizo-
phrenia and control groups (P > 0.05, Table 1). There was also no
group difference in the level of head motion (P > 0.05, supplemen-
tary Fig. 1).

Parcellation of the thalamus

All voxel-based tractography maps were decomposed to 29 spatial
components for the left thalamus and 26 for the right thalamus
using tensor-ICA. This information was used to define 29- and
26-weighted thalamic origins for the left and right thalamus,
respectively. Depending on the clustering process of functional con-
nectivity maps for the 55 weighted thalamic origins, they were
labelled into six sets (supplementary Fig. 2). Subsequently, the bilat-
eral thalamus was parcellated into six nearly symmetrical
subdivisions. These were designated as the ventroposterior part

Table 1 Participant characteristics

Control group Schizophrenia group Statistics

(n = 42) (n = 54) t or χ2 P

Gender, men/women 24/18 34/20 0.335 0.563
Mean FD/FR (mm/degree) 0.044/5.041 × 10−4 0.044/5.741 × 10−4 0.04/1.3 0.97/0.20
Antipsychotic medicated, yes: % – 100 – –

Age, mean (s.d.) 39.6 (11.8) 38.1 (12.6) 0.582 0.562
Duration of illness, years: mean (s.d.) – 13.9 (10.6) – –

Education, years: mean (s.d.) 10.9 (3.1) 11.3 (2.7) 0.976 0.332
Positive and Negative Syndrome Scale, mean (s.d.)

Positive – 14.0 (5.9) – –

Negative – 20.7 (6.2) – –

General – 28.5 (6.1) – –

Auditory Hallucination Rating Scale,a mean (s.d.) – 9.1 (11.4) – –

Chlorpromazine equivalent dose, mg/dayb mean (s.d.) – 281.62 (122.72) – –

FD/FR, framewise displacement/framewise rotation; PANSS, Positive and Negative Syndrome Scale.
a. We only collected Auditory Hallucination Rating Scale12 data from 42 patients with schizophrenia.
b. All patients were taking medication. We collected the antipsychotic medication usage information from patients with schizophrenia (for example antipsychotics and neuroleptics:
olanzapine (n = 2), clozapine (n = 28), quetiapine (n = 6), risperidone (n = 9), haloperidol (n = 2), ziprasidone (n = 3), aripiprazole (n = 4), fluphenazine (n = 2)). One participant was excluded from
the chlorpromazine equivalent dose (CPE)–functional connectivity correlation analysis because their CPE was too large (CPE = 837.58, which is larger than mean value + 4 s.d.].
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(ROI 1), the ventral postmedian part (ROI 2), the dorsomedial part
(ROI 3), the ventromedial part (ROI 4), the dorsolateral part (ROI
5) and the ventral anterior part (ROI 6) of the thalamus.
Supplementary Table 1 shows the composition of the thalamic
nuclei for each subdivision according to the Morel thalamic atlas.

Functional dysconnectivity of the thalamic subdivisions’
loop

We found that the thalamo-cortical rsFC maps that exhibited nega-
tive connectivity in the control group were decreased in the schizo-
phrenia group including thalamic functional connectivity in the
sensorimotor network (namely the precentral and postcentral
gyri, known as SM1), visual cognition network (namely the
lingual gyrus, cuneus and precuneus) and auditory cognition
network (i.e. the superior, middle and inferior temporal gyrus).
However, specific differences were observed among functional con-
nectivity maps for each thalamic subdivision.

In detail, functional connectivity in schizophrenia was
decreased between ROI 3 (Fig.1 and supplementary Table 2) and
the visual cognition network, including the left calcarine, the right
lingual gyrus and the precuneus. In functional connectivity com-
parison of ROI 4 (Fig. 2(a) and supplementary Table 2), ROI 5
(Fig. 2(b) and supplementary Table 2) and ROI 6 (Fig. 2(c) and sup-
plementary Table 3), patients exhibited lower functional connectiv-
ity values in the SM1, occipital and temporal regions. In addition,
loss of positive interaction was observed between anterior cingulate
cortex (ACC) and ROI 4. Moreover, the connectivity between insula
and thalamic subdivisions (including ROI 5 and ROI 6) showed an

increased pattern in the schizophrenia group, whereas the control
group showed negative interaction.

Compared with the control group, reduced thalamo-cerebellar
positive interaction was also observed in patients for each thalamic
subdivision (supplementary Fig. 3). Additionally, the intrathalamic
positive interaction was decreased in the schizophrenia group (sup-
plementary Fig. 4) including ROI 2, ROI 4, ROI 5 and ROI 6 (sup-
plementary Table 4).

Correlation of clinical features and neuroimaging

Functional connectivity between the right precentral gyrus and ROI
5 positively correlated with the total PANSS score, the general psy-
chopathology scale (P < 0.001, Fig. 3) and the negative syndrome
scale in the schizophrenia group (P < 0.001). Functional connectiv-
ity between ROI 5 and the left superior temporal gyrus and the right
lingual gyrus also positively correlated with severity of the negative
symptoms of the schizophrenia group (P < 0.001). Additionally, the
intrathalamic interaction in ROI 6 negatively correlated with the
negative symptoms of those in the schizophrenia group (P < 0.001).

The intrathalamic functional integration of ROI 4 and ROI 5
negatively correlated with the duration of disease (P < 0.001, supple-
mentary Fig. 5). Some regions in the functional connectivity map of
ROI 5 correlated with CPE (supplementary Fig. 6). For example, the
functional connectivity value in the right crus I and II of cerebellum
negatively correlated with CPE (P < 0.005). Functional connectivity
values in the right lateral occipital cortex (LOC), the inferior div-
ision (P < 0.001) and in the right primary SM1 (P < 0.005) positively
correlated with CPE.
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Fig. 1 Significant intergroup differences in FC maps of thalamic subdivisions (ROI 2 and 3).

The upper row shows that the functional integration of thalamic ROI 2 and other parts of thalamus was reduced in schizophrenic service users compared with healthy controls. The
lower row shows that, compared with healthy controls, a decreased negative FC between thalamic ROI 3 and lingual gyrus exists, and a decreased positive FC between thalamic
ROI 3 and the left cerebellum were detected in patients with schizophrenia. In this case, it should be noted that the different regions shown in this figure were significant p < 0.05
after FWE correction. The threshold of colour bar (indicating the t value) is set for display.
HC, healthy control group; L, left; R, right; SZ, schizophrenia group.

Gong et al

290
https://doi.org/10.1192/bjp.2018.299 Published online by Cambridge University Press

https://doi.org/10.1192/bjp.2018.299


0.00

–0.05

–0.10

–0.15

–0.20

0.00

–0.05

–0.10

–0.15

–0.20

0.00

–0.05

–0.10

–0.15

–0.20

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.20

0.00

–0.05

(a)

(b)

0.0

0.2

0.4

0.6

0.05

0.00

0.10

0.15

0.20

–0.05

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

0.00

–0.05

–0.10

–0.15

–0.20

–0.25

HC

SZ

4.0 4.5 5.0 5.5 6.0

HC

SZ

4.0 4.5 5.0 5.5 6.0

0.0

0.2

0.4

0.6

0.8

Fig. 2 Functional connectivity comparison between the schizophrenia group and control group.

(a) Negative FC of ROI 4 was found decreased in the schizophrenia group in sensorimotor network, visual cognition network and auditory cognition network, comparing with the HC
group. Furthermore, a loss of positive interaction between ROI 4 and the left anterior cingulate cortex, as well as between ROI 4 and cerebellum, was observed in patients with
schizophrenia. Additionally, the loss of intra-thalamic integration was detected in patients with schizophrenia. (b) The FC changes of ROI 5 in patients with schizophrenia is similar to
that of ROI 4. Specifically, thalamic interaction with insula was found altered in patients. (c) Compared with HC, FC of ROI 6 showed a decreased negative pattern in schizophrenia in
sensorimotor network, visual cognition network, auditory cognition network and the posterior part of insula. In addition, a decreased positive interaction between ROI 6 and
cerebellum was found in patients with schizophrenia. The loss of intra-thalamic integration was also detected in patients.
HC, healthy control group; SZ, schizophrenia group.
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Discussion

In this study, the thalamus was segmented using a data-driven
approach based on the similarity of voxel-wise functional and struc-
tural connectivity. This method combined the advantage of the rela-
tively high spatial resolution of dMRI, and the advantage of the high
sensitivity of fMRI to long-range connectivity construction. In add-
ition, another advantage of our method is that it does not require
a priori information, and does not depend on a cortical atlas.

The thalamus was first segmented to six subdivisions in this
study. Then, the functional connectivity analysis of each thalamic
subdivision, especially in ventromedial, ventroanterior and dorso-
lateral subdivisions (ROI 4, 6, 5, respectively), demonstrated distur-
bances of the thalamo-cortical and thalamo-cerebellar connectivity
in patients with schizophrenia. In particular, alterations of the thal-
amic interaction with perception and the motor system, and the
disease effects on the thalamo-ACC interaction were found. In add-
ition, loss of the thalamo-cerebellar connection was found gradually
altered in the cerebellum (from anterior to posterior) with the order
of thalamic subdivisions – (ventromedial (ROI 4) to ventroanterior
(ROI 6) and then to dorsolateral (ROI 5) in patients. These findings
reflected the altered functional connectivity of the cortico-cerebel-
lar-thalamo-cortical circuit (CCTCC) in schizophrenia, suggesting
more evidence in support of the disconnection hypothesis14–16 asso-
ciated with cognitive abnormalities in schizophrenia. In addition,
disrupted intrathalamic functional interaction in patients with
schizophrenia was illustrated that may reflect an abnormality in
the interaction between multiple systems regulated by the thalamus
in schizophrenia.

In general, these results might imply that alterations in the func-
tional coupling of the thalamo-cortical network in schizophrenia
may be related to altered coactivity of multi nuclei within the

thalamus rather than one specific nucleus (such as two higher
order nuclei: the mediodorsal nucleus and the pulvinar).
Additionally, this study may also provide new information:
altered functional connectivity patterns of the thalamic subdivisions
may help us understand the different aspects of the symptoms, such
as sensorimotor symptoms, emotional symptoms and their relation-
ship with the thalamus in people with schizophrenia.

Thalamic dysconnectivity with perception and motor-
related cortex

Thalamic dysfunctions with perception and the motor-related
cortex were found in the present study. Sensorimotor dysfunction
in schizophrenia has been investigated by several previous studies.
Our previous findings demonstrated decreased functional integra-
tion of the motor system in schizophrenia using local functional
connectivity density that suggested motor-related symptoms,
including a deficit of psychomotor and fine motor behaviour in
schizophrenia.17 Recently, signal variability of the somatomotor-
related resting state networks (including the thalamus network)
and the functional connectivity of these networks were found to
be robustly impaired in schizophrenia.18 In line with previous
studies, the decreased negative interaction between the somatomo-
tor system and the thalamus in the schizophrenia group may reflect
the abnormal somatosensory and motor behaviour of patients with
schizophrenia.

Additionally, depending on the results of the data-driven par-
cellation, ROI 4, ROI 5 and ROI 6 cover two relay thalamic nuclei
(first order nuclei): the ventral posterior nucleus and the ventral
lateral nucleus. The former is part of the somatosensory system;
the latter receives cerebellar input from the dentate nucleus and pro-
jects it to the primary motor cortex, part of the motor system. Thus,
the alteration of perception and motor-related connections of these
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Fig. 3 The correlation maps between thalamic FC and PANSS scores.

Left panel demonstrates that the right precentral gyrus in the FCmap of ROI 5was positively correlatedwith total PANSS score (top, p < 0.001, cluster size >30 voxels), general psychopathology scale (the second row, p < 0.001, cluster size >30 voxels) and negative
scale (the third row, q < 0.05, FDR corrected, pointed by yellow arrow (b) in patients with schizophrenia. The FC of ROI 5 in the left superior temporal gyrus (q < 0.05, FDR corrected, a) and the right lingual gyrus (p < 0.001, cluster size >30 voxels) was also found
positively correlating with negative scale (the third row) in patients. The intra-thalamic interaction of ROI 6 was found negatively correlating with the negative scale (bottom) in patients with schizophrenia (q < 0.05, FDR corrected, c). The scatter plots in the right
panel demonstrate significant correlations (q < 0.05, FDR corrected) between FC of the highlighted regions and the negative symptom scale. It should be noted that the coloured voxels shown in the figure significantly correlatedwith PANSS. The threshold of colour
bar is set for display.
FC, functional connectivity; HC, healthy control group; ROI 6, ventral anterior part; SZ, schizophrenia group.
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three subdivisions in schizophrenia may suggest that the disease
affects the ventral posterior and ventral lateral nuclei. This alter-
ation in functional connectivity may provide a potential patho-
physiological mechanism for perception-motor symptoms, such
as dystonia, tremors, motor restlessness and hypokinesia in patients
with schizophrenia.19

In our study, we observed loss of thalamic functional connect-
ivity with the temporal lobe, the lingual gyrus, the cuneus and the
precuneus in schizophrenia. Auditory and visual hallucinations
are common clinical symptoms of schizophrenia. Accumulated evi-
dence has suggested that the abnormality of the circuit in which the
thalamus gate sensory input to the cerebral cortex contribute to the
auditory and visual symptoms in patients with schizophrenia.20

Krause and colleagues provided evidence that the thalamic reticular
nucleus was engaged in auditory gating and was disrupted in schizo-
phrenia.21 The findings of Anticevic and colleagues that revealed a
similar dysconnectivity pattern of the mediodorsal nucleus and
lateral geniculate in schizophrenia, indicated that the thalamus
and the cortex may be related to the abnormal visual function in
schizophrenia.22

In light of these previous studies, alterations in thalamic func-
tional connectivity with the auditory and the visual cortex in the
current study suggest that thalamo-cortical functional connectivity
may be associated with aberrant auditory and visual processing in
patients. In addition, altered thalamic subdivisions located at ROI
4–6, which cover the lateral posterior nucleus and the lateral
dorsal nucleus anatomically connect with the visual cortical areas.
Hence, an alteration would reflect the abnormal interaction
between the visual system and the lateral dorsal/lateral posterior
nuclei in patients. We speculate that abnormal thalamic subdivision
functional connectivity with the auditory and visual cortex might
contribute to hallucinations in schizophrenia. However, this
hypothesis requires further confirmation in the future.

The posterior insula interacts with the somatosensory system
and the ventral posterior inferior thalamic nuclei and involves func-
tions such as multimodal sensory and pain processing. The
increased functional connectivity between the thalamus and
insula, consistent with a previous study,23 may reflect an abnormal
information interaction, including sensory and self-awareness,
between the thalamus and the insula.

Taken together, we found that the functional connectivity
between the three thalamic subdivisions with SM1, the auditory/
visual cortex and the posterior insula in the schizophrenia group
were different from those of the control group. Our results could
reflect abnormalities of the integration of auditory/visual informa-
tion that provides cues for motor function in schizophrenia and
provide more evidence for the hypothesis that schizophrenia symp-
toms may arise from a cumulative cascade of impairments of the
sensory system. In addition, we found that the precentral gyrus
and the superior temporal gyrus lose negative interaction with the
thalamus in schizophrenia; thus, the positive correlation between
the functional connectivity of ROI 5 and the PANSS implied that
the loss of the thalamic integration of motor information and audi-
tory information was relevant to the patient’s clinical symptoms.

Altered thalamic-ACC pathway

The ACC, which is involved in higher-level cognition functions
such as attention, decision-making, monitoring response conflict
and emotion is a brain region that is affected in schizophrenia.24

ACC dysfunction may be linked to the impaired ability to evaluate
and learn from errors, social abnormality and emotional disorders
in patients. Abnormal effective connectivity was found between
the thalamus and the ACC in a recent study of patients with schizo-
phrenia.25 Since the thalamus-ACC coupling is important for pain

perception,26 our findings of decreased functional connectivity
between the thalamus and the ACCmay suggest a pathogenicmech-
anism of pain perception disorder in patients with schizophrenia.

Loss of the thalamo-cerebellar connectivity

In addition to abnormalities of the thalamo-cortical circuit, this
study also illustrated a decrease in the functional connectivity of
the thalamo-cerebellum in people with schizophrenia. The results
are consistent with findings from previous studies.27 Emerging evi-
dence suggests that the cerebellum is not only involved in motor
function but also participates in a wide variety of cognitive processes
by connecting with many cortical regions through the CCTCC.28

The altered functional connectivity of the CCTCC in schizophrenia
found in the present study may provide more information to help us
understand the impaired interaction among the thalamus, the cere-
bellum and the cortex in schizophrenia and its effects on abnormal
cognition.29

Abnormalities in the Purkinje cell pathway, which modulates
the activity of the cerebral cortex via deep nuclei, such as the
dentate nucleus, and has an important role in gating information
to the cerebral cortex in patients with schizophrenia has been
shown.30 In addition, positive schizophrenia symptoms may be
related to the failure in identifying internal and external events.31

Our results showed decreased functional connectivity in the
thalamo-cerebellar network, and an enhancement of the interaction
between the thalamus and the sensory cortex; and may perhaps
provide neuroimaging evidence of imbalance of the cerebellar-thal-
amic inhibitory output in schizophrenia. This may be an important
pathological cause of the positive symptoms of schizophrenia.

In addition, the posterior lobe and the vermis of the cerebellum
showed decreased positive connectivity with the thalamus. The
former, which is functionally connected with the prefrontal cortex
and the posterior-parietal cortex, is involved in high-order process-
ing for the integration of cognition and emotion.32 The vermis has
been identified as the probable location of the limbic cerebellum for
its functions in emotion and affection.33 The cerebellum participates
in these non-motor functions by modulating the cortical areas cor-
responding to these functions via the thalamic association nuclei.
The altered cerebellum-thalamic pathway and the thalamo-ACC
connection in patients may share a similar pathological course in
the thalamus. Furthermore, the thalamic ROIs 4, 5 and 6 are func-
tionally negatively connected with the dorsal attention network in
our control group. These results suggest the possibility that dysfunc-
tion of the cerebellum-thalamic functional connectivity could be the
pathological mechanism of the frontal and the limbic symptoms,
such as decreased emotion, decreased motivation and decreased
attention in patients with schizophrenia.

Decreased positive functional connectivity among the
thalamic subdivisions

Compared with the control group, deceased positive within-thal-
amic functional connectivity was found in the schizophrenia
group. Results of the one-sample (demonstrated in supplementary
Fig. 7) t-test revealed significant positive interconnections within
the thalamus in both groups. This reflected that, although the thal-
amus is composed of multiple nuclei with diverse functions, inter-
actions of these nuclei within the thalamus are primarily
integrated. We hypothesise that the loss of integration within the
thalamus may affect the multisystem interactions in schizophrenia.
However, this speculation and the pattern of loss of the thalamic
integration require further studies using ultra-high-resolution
MRI data.
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Correlation of thalamic functional connectivity and
clinical features

Intrathalamic integration of ROI 6 and functional connectivity of
ROI 5 in the SM1 and the superior temporal gyrus, are associated
with negative symptoms of patients with schizophrenia. These cor-
relations reflect that the higher the patient’s negative symptom
score, the more change (compared with the control group) there
is in thalamic functional connectivity. Previous studies have demon-
strated that negative symptoms may be accompanied by abnormal
involuntary movements or lack of movements.34 We speculate
that these results indicate that altered thalamic functional connect-
ivity in the SM1 and loss of the thalamic integration may be related
to abnormal motion control in patients with schizophrenia.

In addition, symptoms of patients may be related to abnormal-
ities in the dopaminergic system.35 As the main output station of the
basal ganglia, pallidal projection is located primarily in anterior and
medial regions of the thalamus, where the ROI 5 and 6 covers. This
suggests the possibility that the significant association between thal-
amic functional connectivity with schizophrenia symptoms may
result from the influences of the abnormal basal ganglia dopamine
system on thalamo-cortical connections.

In addition, the intrathalamic functional integration of ROI 4
and ROI 5 negatively correlated with the duration of disease,
which may indicate that the functional integration of the thalamus
would be progressively weakened with disease progression.

Limitations and scope

Several limitations of this study should be noted, including the
potential circular logic of the method and the fact that the partici-
pants were mainly individuals with chronic schizophrenia (dis-
cussed in supplementary material). To address the first issue, we
have carefully undertaken some supplementary calculations to
support the results of this study (see supplementary Conjunction
overlay). Regarding, the second issue, we will continue to collect
data from patients both with first-episode schizophrenia36 and
after interventions to investigate the role of the thalamo-cortical
network in schizophrenia more thoroughly.

In addition, one of our results was only trend level: the higher
the CPE was, the more thalamic functional connectivity in the cere-
bellum, the LOC and the SM1 changes in patients with schizophre-
nia. It is uncertain if this reflects the effect of drugs on abnormal
functional connectivity.37 Since the dose of medication reflects
severity of the disease, and relates to the functional connectivity
changes in patients, this result may reflect the relation between
the functional connectivity and the severity of the disease. This
issue needs further investigations in future research.

In future, hypothesis-driven experimental research will be
carried out and new methods38 will be used to seek the relationship
between specific cognitive dysfunction and neuroimaging measure-
ments in patients with schizophrenia so as to better understand the
pathological features of schizophrenia.

Implications

This study used a data-driven approach to parcellate the thalamus
by combining information about structural and functional brain
connectivity. Pathways such as the superior-anterior thalamo-sen-
sorimotor, the ventromedial thalamo-ACC and the superior-anter-
ior thalamo-cerebellum were found altered in their functional
connectivity when each thalamic subdivision was used as a seed.
Meanwhile, intrathalamic integration was also found to be affected
by the disease. The subdivisions that showed intergroup differences
in functional connectivity mostly covered the mediodorsal nucleus
and the ventral nuclei of the thalamus. Based on this parcellation

and the functional connectivity results, the functional connectivity
difference between the thalamus and the entire brain came from dif-
ferent nuclei of the thalamus. In general, the results of this study
support the cognitive abnormalities seen in schizophrenia, further
demonstrating a gradual pattern of functional connectivity altera-
tions of the thalamic subdivision in the condition. Our results
suggest that there is a local specificity in the alterations of the thal-
amus in patients, and this may increase our understanding of the
relations between the CCTCC pathway and symptoms associated
with schizophrenia.
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