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Schizophrenia (SCZ) is a highly heterogeneous disorder with 
remarkable intersubject variability in clinical presentations. 
Previous neuroimaging studies in SCZ have primarily fo-
cused on identifying group-averaged differences in the brain 
connectome between patients and healthy controls (HCs), 
largely neglecting the intersubject differences among pa-
tients. We acquired whole-brain resting-state functional MRI 
data from 121 SCZ patients and 183 HCs and examined the 
intersubject variability of the functional connectome (IVFC) 
in SCZ patients and HCs. Between-group differences were 
determined using permutation analysis. Then, we evaluated 
the relationship between IVFC and clinical variables in SCZ. 
Finally, we used datasets of patients with bipolar disorder 
(BD) and major depressive disorder (MDD) to assess the 
specificity of IVFC alteration in SCZ. The whole-brain IVFC 
pattern in the SCZ group was generally similar to that in 
HCs. Compared with the HC group, the SCZ group exhibited 
higher IVFC in the bilateral sensorimotor, visual, auditory, 
and subcortical regions. Moreover, altered IVFC was nega-
tively correlated with age of onset, illness duration, and Brief 
Psychiatric Rating Scale scores and positively correlated with 
clinical heterogeneity. Although the SCZ shared altered IVFC 
in the visual cortex with BD and MDD, the alterations of 
IVFC in the sensorimotor, auditory, and subcortical cortices 
were specific to SCZ. The alterations of whole-brain IVFC in 
SCZ have potential implications for the understanding of the 
high clinical heterogeneity of SCZ and the future individual-
ized clinical diagnosis and treatment of this disease.
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onnectome/individual difference/heterogeneous

Introduction

Schizophrenia (SCZ) is a highly prevalent psychiatric dis-
order affecting over 20 million people worldwide,1 and it 
is accompanied by heterogeneous clinical manifestations, 
including positive symptoms, negative symptoms, and 
cognitive deficits.2 Growing evidence suggests that SCZ is 
a brain connectome disorder with dysfunctions spanning 
from primary to heteromodal areas.3–5 Nonetheless, find-
ings are often inconsistent across studies, hampering the 
discovery of validated biomarkers that can guide clinical 
diagnosis and optimize treatment strategies. A  critical 
reason for this situation is that most prior connectome 
studies have utilized case-control designs to evaluate the 
group-averaged differences between patients and healthy 
controls (HCs). The intersubject differences in the 
connectome architecture among patients with SCZ have 
been largely understudied.

The resting-state functional magnetic resonance im-
aging (R-fMRI) technique provides an unprecedented 
opportunity to noninvasively investigate the intrinsic 
connectome architecture of  the brain in vivo.6,7 In par-
ticular, recent progress in R-fMRI has moved towards 
characterizing the intersubject variability of  the func-
tional connectome (IVFC). The IVFC of each net-
work node was estimated by subtracting the averaged 
intersubject similarity of  the nodal functional connec-
tivity profiles from one. In the healthy population, the 
whole-brain IVFC pattern exhibits a nonuniform distri-
bution, with higher variability in the heteromodal cor-
tices and lower variability in the primary cortices.8–11 
Such a pattern is compatible with our understanding of 
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individual differences in cognitive functions. In SCZ, al-
though a few studies have found high heterogeneity of 
functional connections in focal regions (eg, the dorsolat-
eral prefrontal cortex)12 and functional components (eg, 
sensorimotor, visual, and auditory components),13,14 the 
whole-brain IVFC pattern remains largely unclear. More 
importantly, it is of  great interest whether the IVFC pat-
tern is altered in SCZ patients relative to healthy subjects, 
and if  so, whether these alterations are specific to SCZ or 
are general to other psychiatric disorders such as bipolar 
disorder (BD) and major depressive disorder (MDD).

To address these issues, in this study, we collected 
R-fMRI data from 121 SCZ patients and 183 matched 
HCs. Using a voxelwise whole-brain connectivity anal-
ysis, we identified alterations in IVFC in SCZ, and we 
further examined the relationship of these alterations 
with the clinical variables in the patients. To determine 
the specificity of the connectivity alterations, we also 
analyzed the IVFC in BD and MDD.

Methods

Participants

Three R-fMRI datasets were included in this study. The 
principal dataset (dataset 1)  included 139 patients with 
SCZ and 189 HCs. The validation datasets included 108 
patients with BD (dataset 2) and 114 patients with MDD 
(dataset 3). All patients were enrolled from the inpa-
tient and outpatient services at Shenyang Mental Health 
Center and the Department of Psychiatry, First Affiliated 
Hospital of China Medical University, Shenyang, China. 
HCs were recruited via local advertisements. The diag-
nosis of patients was performed together by 2 experi-
enced psychiatrists. Patients aged 18  years and older 
were diagnosed using the criteria from the Structured 
Clinical Interview for Diagnostic and Statistical Manual 
of Mental Disorders Fourth Edition, whereas patients 
under 18  years old were diagnosed using the criteria 
supplied by the semistructured diagnostic interview for 
the Schedule for Affective Disorders and Schizophrenia 
for School-Age Children-Present and Lifetime Version. 
All patients met the diagnostic criteria for SCZ, BD, or 
MDD and had no other Axis I disorder. The HCs did not 
have a current or lifetime history of an Axis I disorder or 
a history of psychotic, mood, or other Axis I disorders in 
first-degree relatives. The exclusion criteria for all partici-
pants included MRI contraindications, a history of drug 
or alcohol abuse, concomitant major medical disorder, a 
history of head trauma with consciousness disturbances 
or any neurological disorders, and suboptimal imaging 
data quality. Finally, 121 patients with SCZ, 183 HCs, 
100 patients with BD, and 108 patients with MDD were 
included. The clinical symptoms and cognitive measures 
were assessed using the Brief  Psychiatric Rating Scale 
(BPRS), Hamilton Depression Rating Scale (HAMD), 
Hamilton Anxiety Rating Scale (HAMA), Young Mania 

Rating Scale (YMRS), and Wisconsin Card Sorting Test 
(WCST). Disease duration, medication status, episode 
status, and onset age were collected for each patient. This 
study was approved by the Institutional Review Board 
of China Medical University. Written informed consent 
was obtained from all participants. The datasets have pre-
viously been used in the graph-theory analyses of func-
tional brain networks and brain modules.15,16

Data Acquisition

R-fMRI data were collected on a GE Signa HD 3.0T 
scanner (General Electric) with a standard 8-channel 
head coil at the First Affiliated Hospital of China Medical 
University, Shenyang, China (supplementary material). 
The scan lasted for 6 minutes and 40 seconds, resulting 
in 200 volumes. The participants were instructed to rest 
and relax with their eyes closed, but to keep from falling 
asleep during scanning.

Data Preprocessing

R-fMRI data were preprocessed using SPM12 and 
DPARSF,17 including removal of  the first 10 volumes, 
correction for slice-timing and head motion, spa-
tial normalization with 3  mm isotropic voxels, spatial 
smoothing, linear detrending, regression of  nuisance 
signals (Friston-24 motion parameters, white matter, 
and cerebrospinal fluid signals) and temporal band-
filtering (0.01–0.1 Hz). The global signal was not 
regressed out in our main analysis because of  its neu-
robiological significance in SCZ.18 Volume censoring 
movement correction19 was finally performed that vol-
umes with a framewise displacement exceeding 0.5 mm 
and their adjacent volumes were replaced with the linear 
interpolated data.

Whole-Brain IVFC Pattern and Group Differences

We assessed the IVFC patterns in SCZ and HCs using the 
procedure proposed by Mueller and colleagues.8 For each 
participant, we first calculated the functional connectivity 
profiles by performing a voxelwise whole-brain connec-
tivity analysis. Then, for each voxel, the intersubject simi-
larity was assessed by computing the Pearson correlation 
of functional connectivity profiles between any 2 parti-
cipants and the IVFC was estimated by subtracting the 
averaged intersubject similarity from one (figure 1A and 
supplementary material). Thus, the whole-brain IVFC 
map can be obtained for each group. To test whether the 
IVFC patterns were significantly different between SCZ 
and HCs, we compared the global measures of the IVFC 
maps (the mean and standard deviation) and identified 
SCZ-related alteration at voxel level by performing a 
non-parametric permutation test with significant level of 
P < .01 for voxel and P < .05 for cluster size (10 000 times, 
supplementary material).

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
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Fig. 1.  Disrupted intersubject variability architecture of the brain functional connectome in SCZ. (A) Flow chart for the calculation 
of intersubject variability. (B) Intersubject variability pattern in the SCZ and HC groups. (C) Comparison of the density distribution, 
mean value and standard deviation of whole-brain intersubject variability between the SCZ and HC groups. (D) SCZ-related regional 
alterations in intersubject variability. SCZ: schizophrenia; HC: healthy control; Sub: subject; Vox: voxel; FC: functional connectivity; 
IVFC: intersubject variability of the functional connectome.
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Edgewise Contribution to SCZ-Related Alterations 
in IVFC

To explore the critical connections that predominately 
contributed to the IVFC alterations in SCZ, we per-
formed an edgewise variability quantification analysis. 
We first identified local peaks in clusters exhibiting sig-
nificant between-group IVFC differences. For each peak, 
we extracted its functional profiles and estimated the 
weight of each connection on intersubject similarity by 
decomposing the standard Pearson’s correlation formula 
in the SCZ and HC groups. Finally, a between-group dif-
ference contribution (DC) of each connection was de-
fined as the difference between the reversed intersubject 
similarity weight (figure  2A and supplementary mate-
rial). Thus, a DC map representing the contribution to 
the IVFC differences between SCZ and HC was obtained 
for each peak.

To further classify the critical connections, we per-
formed agglomerative hierarchical clustering analysis 
on these DC maps (supplementary material). The op-
timal number of categories was determined as the min-
imum value of the maximum mean silhouette value.20 
The representative maps were obtained by averaging the 
contribution maps of all peaks within each category. We 
demonstrated the 90th percentile of connections with 

the top contributions for each category. A  cluster-level 
permutation test with a significance level of P < .05 
was performed to control the false positive rate (2 other 
thresholds, the 95th and 85th percentiles, were also calcu-
lated; see supplementary material).

Relationship Between IVFC Patterns and Clinical 
Variables in SCZ

To investigate the relationship between IVFC and clin-
ical variables in SCZ group, we applied a multiple regres-
sion model and bootstrap sampling. In each sampling, 
50 subjects (sizes 30 and 70 were also used for validation) 
were randomly selected, and their IVFC for each local 
peak and the mean clinical variables, including age of 
onset, duration, and BPRS, were calculated. This sam-
pling was repeated 10 000 times, and the regression model 
was built with sampled IVFC as the dependent variables, 
mean clinical variables as independent variables, and age 
and gender as covariates. The significance of each de-
pendent variable in the model was determined using per-
mutation test (supplementary material). Furthermore, 
to characterize the linkage between the heterogeneity of 
clinical symptoms and functional connectivity, we also 
calculated the intersubject variability within the 18-item 
BPRS score and assessed its relationship to IVFC by per-
forming a similar bootstrap sampling analysis (supple-
mentary material). To correct for multiple comparisons, 
the Bonferroni correction at P < .05 across all peaks and 
clinical variables was applied.

Disorder Specificity of IVFC in SCZ

Common alterations in functional connectivity have been 
reported in patients with SCZ and other psychiatric dis-
orders such as MDD and BD.16,21–28 To assess the speci-
ficity of the IVFC alterations in SCZ, we computed the 
IVFC maps in the MDD and BD groups, followed by 
permutation tests, as described above.

Validation Analysis

To assess the reliability of our results, we examined the in-
fluences of the clinical and demographic variables (ie, par-
ticipants’ age, medication status, and episode status of the 
disorder) and estimated the effect of image preprocessing 
(ie, global signal removal and head motion). To reduce 
the confounding factor of intrasubject variance in func-
tional connectivity profiles, we also re-estimated IVFC 
patterns for each group by splitting the participants’ time 
points into 2 halves (supplementary material).

Results

Demographics and Clinical Characteristics

There were no significant differences in age, gender, 
handedness, or smoking history among the 4 groups. 

Fig. 2.  Edgewise contributions to intersubject functional 
variability. (A) Flow chart for the calculation of difference 
contribution. (B) Hierarchical clustering results of difference 
contribution maps. (C) Mean difference contribution maps of 4 
typical categories. SCZ: schizophrenia; HC: healthy control; Sub: 
subject; Vox: voxel; FC: functional connectivity; DC: difference 
contribution; HES: Heschl gyrus; STG: superior temporal gyrus; 
PCL: paracentral lobule; CAL: calcarine fissure and surrounding 
cortex; LING: lingual gyrus; PoCG: postcentral gyrus; AMYG: 
amygdala; THA: thalamus.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
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Age onset also did not differ among the 3 patient groups. 
However, significant differences were observed in illness 
duration, first-episode status, medication status, HAMD, 
HAMA, YMRS, and BPRS scores among 3 patient 
groups (P < .001). A  direct comparison between HC 
and SCZ groups revealed no significant differences in 
age, gender, handedness, or smoking history. However, 
patients with SCZ had significantly higher scores in 
HAMD, HAMA, YMRS, and BPRS than the HCs (P < 
.001, table 1).

Abnormal Whole-Brain IVFC Pattern in SCZ

The whole-brain IVFC pattern in the SCZ group was re-
markably similar to that in the HCs (r = .93, P < .0001), 
with higher IVFC in the heteromodal association cortex, 
including the lateral prefrontal, parietal, and temporal 
cortices, and lower IVFC in the primary sensorimotor 
and visual areas (figure  1B). The SCZ group showed a 
significantly higher global mean variability (P < .001) 
and a lower standard deviation of variability (P = .003) 

Table 1.  Demographics and Clinical Characteristics of the Participants

Datasets 1 Datasets 2 Datasets 3

Statistical Test 
F/χ 2 (P)

HC vs SCZ 
Statistical Test 

T/χ 2 (P) 
Healthy Con-
trol (n = 183)

Schizophrenia 
(n = 121)

Bipolar Dis-
order (n = 100)

Major Depres-
sive Disorder 

(n = 108)

Demographic characteristics
  Age at scanning, 
years

26.62 (8.00) 24.74 (9.03) 25.81 (8.31) 25.62 (8.43) 1.26 (0.288) 1.85 (0.065)

  Gender (male/female) 73/110 54/67 48/52 35/73 6.07 (0.108) 0.67 (0.412)
  Handedness (Right/
Left/Bilateral)a

172/0/8 100/2/10 95/1/2 96/2/3 10.23 (0.115) 5.76 (0.056)

  Smoking history 
(smoking/no smoking)a

29/128 12/76 21/62 22/67 5.12 (0.163) 0.95 (0.331)

Clinical characteristics
  Age at illness onset - 22.82 (8.89) 21.72 (7.24) 23.57 (8.20) 1.15 (0.318) -
  Illness duration, 
months

- 21.87 (36.15) 41.48 (56.18) 20.58 (31.00) 7.23 (0.001) -

  First episode, yesa - 86 (74%) 52 (57%) 85 (88%) 34.78 (<0.001) -
  Medication, yesa - 71 (59%) 65 (65%) 43 (40%) 172.36 

(<0.001)
-

  Antidepressants, yesa - 4 (4%) 28 (29%) 35 (36%) 32.68 (<0.001) -
  Antipsychotics, yesa - 59 (61%) 35 (36%) 1(1%) 78.54 (<0.001) -
  Mood stabilizer, yesa - 4 (4%) 52 (53%) 0 116.53 

(<0.001)
-

  HAMD-17 (n = 165)  
1.17 (1.67)

(n = 86)  
8.12 (6.96)

(n = 99)  
11.77 (9.48)

(n = 107)  
21.16 (8.77)

186.93 
(<0.001)

−9.12 (<0.001)

  HAMA (n = 164)  
0.77 (1.76)

(n = 69)  
6.80 (7.26)

(n = 96)  
8.52 (8.80)

(n = 93)  
16.32 (9.49)

103.51 
(<0.001)

−6.80 (<0.001)

  YMRS (n = 158)  
0.15 (0.57)

(n = 60)  
2.20 (4.50)

(n = 95)  
8.07 (10.05)

(n = 89)  
1.47 (2.87)

45.29 (<0.001) −3.51 (0.001)

  BPRS (n = 96)  
18.30 (0.68)

(n = 116) 
35.59 (14.32)

(n = 60)  
25.83 (8.38)

(n = 46)  
25.41 (6.08)

57.01 (<0.001) −12.99 (<0.001)

Cognitive function
  WCST (n = 110) (n = 58) (n = 58) (n = 66) - -
  Correct responses 29.13 (12.66) 18.14 (11.78) 23.47 (12.31) 23.27 (11.91) 10.80 (<0.001) 5.48 (<0.001)
  Categories completed 3.81 (2.28) 1.57 (1.80) 2.69 (2.07) 2.83 (2.04) 14.93 (<0.001) 6.50 (<0.001)
  Total errors 19.06 (12.74) 29.86 (11.78) 24.02 (12.41) 24.80 (11.91) 10.24 (<0.001) −5.36 (<0.001)
  Perseverative errors 7.36 (7.92) 13.36 (12.52) 10.03 (10.28) 10.83 (9.60) 5.05 (0.002) −3.32 (0.001)
  Non-perseverative 
errors

11.56 (7.08) 16.50 (8.80) 14.36 (7.72) 13.97 (6.53) 5.93 (0.001) −3.70 (<0.001)

Head motion parameters
  Max translation, mm 0.56 (0.39) 0.67 (0.49) 0.66 (0.47) 0.68 (0.58) 1.89 (0.130) −1.81 (0.072)
  Max rotation, degree 0.55 (0.42) 0.64 (0.51) 0.61 (0.44) 0.66 (0.58) 1.64 (0.180) −1.67 (0.096)
  Mean FD, mm 0.11 (0.05) 0.12 (0.08) 0.12 (0.06) 0.11 (0.06) 2.12 (0.096) −1.86 (0.064)
  FD _ Percentage 0.01 (0.03) 0.02 (0.05) 0.02 (0.04) 0.02 (0.04) 2.25 (0.081) −1.98 (0.049)

Note: Data are presented as either n (%) or means (SDs). HAMD-17, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; 
YMRS, Young Mania Rating Scale; BPRS, Brief  Psychiatric Rating Scale; WCST, Wisconsin Card Sorting Test; FD, framewise displace-
ment.
aInformation was missing for some participants.
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than the HC group (figure 1C). This result suggests that 
the SCZ group tended to have higher across-subject het-
erogeneity and simultaneously reduced across-regional 
diversity in the whole-brain functional connectome than 
the HC group. Regionally, the SCZ group had a signifi-
cantly higher IVFC in the bilateral sensorimotor, visual, 
auditory, and subcortical regions (P < .05, 10 000 permu-
tations corrected, figure 1D and supplementary table S1).

Edgewise Contributions to SCZ-Related Alterations 
in IVFC

We identified the critical connections that contributed to 
alterations of IVFC in SCZ (supplementary figure S1), 
which were mainly classified into 4 categories (figure  2 
and supplementary figure S2): (1) connections of the bi-
lateral Heschl gyrus (HES), the left superior temporal 
gyrus (STG), and the right paracentral lobule (PCL) (P < 
.05, 10 000 permutations corrected, figure 2 and supple-
mentary table S2), which are mainly related to auditory 
perception and language processing; (2) connections of 
the bilateral calcarine (CAL), the lingual gyrus (LING), 
and the postcentral gyrus (PoCG) (figure 2 and supple-
mentary table S3), which are primarily involved in sen-
sorimotor and visual processing; (3) connections of the 
right amygdala (AMYG) (figure  2 and supplementary 
table S4), which is dominantly related to emotional and 
social cognition regulation; (4) connections of the bilat-
eral thalamus (THA) (figure 2 and supplementary table 
S5), which is involved in sensory information integration 
and mental coordination. The validation test showed that 
the number of connections extracted did not change the 
significant regions with edgewise contributions to the 
IVFC for each category (supplementary figure S3).

Clinical Relevance of Intersubject Variability

The IVFC was negatively correlated with the age of onset 
(t = −10.52 ± 5.21, P < .001 Bonferroni-corrected) in the 
bilateral CAL, LING, and PoCG; right HES, PCL, and 
AMYG; and left THA and STG, with the disease dura-
tion (t  =  −9.58  ± 3.64, P < .001 Bonferroni-corrected) 
in bilateral CAL and LING; right HES, PCL, and 
AMYG; and left STG and PoCG, and with the BPRS 
(t = −13.85 ± 6.00, P < .001 Bonferroni-corrected) in bi-
lateral CAL, THA, and LING; right AMYG; and left 
PoCG and STG (figure 3A and supplementary table S6). 
Further analyses showed that IVFC was positively cor-
related with the within-BPRS heterogeneity (t = 12.52 ± 
3.91, P < .001 Bonferroni-corrected) in the bilateral HES, 
CAL and LING; right AMYG and PCL; and left PoCG 
and STG (figure  3A and supplementary table S7). The 
sample size of bootstrapping did not change the rele-
vance (supplementary tables S8–S10). Moreover, when 
dividing patients into subgroups according to their clin-
ical status (ie, medication and episode), we found that 

the non-medicated and first-episode subgroups had an 
additionally broader disrupted variability than the medi-
cated (figure  3B) and recurrent subgroups (figure  3C), 
respectively.

Disorder Specificity of IVFC in SCZ

Both the BD and MDD groups exhibited similar spatial 
patterns to the HC group (BD: r = .96, MDD: r = .97, 
both P < .0001) (figure 4). Voxelwise comparison showed 
that the medial occipital cortex exhibited significantly 
higher IVFC in the BD and MDD groups than in the HC 
group, and this region was also the altered region shared 
with the SCZ group (P < .05 permutation-corrected) 
(figure 4, supplementary tables S11 and S12). However, 
there was a broader regional higher variability in SCZ, 
including the bilateral sensorimotor, auditory, and sub-
cortical regions, indicating the relative specificity of SCZ-
related alterations of IVFC (figure 4).

Validation Results

Generally, the altered IVFC pattern in SCZ remained 
largely unchanged in the validation, including the parti-
cipants’ age (supplementary figure S4), global signal re-
moval (supplementary figure S5), intrasubject variance 
(supplementary figure S6), and head motion (supplemen-
tary figures S7, S8, and table S13). However, the global 
signal and intrasubject variance regression led to SCZ-
related higher IVFC in the lateral frontal cortex and an-
terior cingulate gyrus (supplementary figures S5 and S6).

Discussion

In this study, we systematically investigated the whole-
brain voxelwise IVFC pattern in patients with SCZ. 
Specifically, we found that the spatial distribution of 
the IVFC pattern was similar between the SCZ and HC 
groups. However, the SCZ group exhibited significantly 
higher IVFC than the HC group in the sensorimotor, 
visual, auditory, and subcortical cortex, and the altered 
IVFC was significantly correlated with clinical scores. The 
alteration of IVFC was relatively specific to SCZ, while 
the visual cortex was a shared altered region among SCZ, 
BD, and MDD, and the sensorimotor, auditory, and sub-
cortical cortices were only altered in SCZ. Together, these 
findings provide mechanic insights into the observed in-
consistent dysconnectivity results in previous studies and 
inspire imaging-derived candidate phenotypes for the 
guidance of individualized clinical diagnosis and treat-
ment evaluations.

Disrupted Whole-Brain IVFC in SCZ

The higher whole-brain mean variability and lower 
standard deviation of variability indicated a higher 
global individual variability across patients and lower 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
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heterogeneity across brain regions in SCZ. These results 
are largely comparable with the previous findings of ran-
domized functional connectivity16 and dedifferentiation 
across whole functional systems in SCZ.15 Our additional 
statistical analysis showed that IVFC was negatively 
correlated to the clustering coefficient, characteristic 
shortest path length, and modularity in SCZ (supple-
mentary table S14). These findings indicate that the func-
tional connectivity became more heterogeneity among 
patients as their brain connectome became more ran-
domized. Regionally, higher IVFC of the sensorimotor, 
visual, auditory, and subcortical cortex were found in 
SCZ. Altered functional connectivity of  these regions 
has generally been reported and is related to bottom-up 
processing and integration, emotional dysfunction, and 
social cognition impairments in SCZ.4,5,16,29–35 The greater 

IVFC of these regions might imply that the decoding 
and integrating processing of primary sensory input are 
different among patients before higher-level processes, 
which could partially explain the high heterogeneity of 
clinical symptoms and the diverse dysconnectivity ob-
served across studies in SCZ.5,36–39 Moreover, physiolog-
ical changes in these regions were also found in previous 
studies.40–44 Participants with SCZ or at high risk for SCZ 
showed significant elevations in glutamate, glutamine or 
Glx (glutamate + glutamine) in the basal ganglia, thal-
amus, and medial temporal lobe. These abnormal me-
tabolites were related to the illness phase42 and indicated 
different potential physiological factors across SCZ pa-
tients. Higher heterogeneity of  abnormal structural meas-
ures were also found in SCZ.45–48 Our findings of higher 
IVFC in sensorimotor, visual, auditory, and subcortical 

Fig. 3.  The clinical relevance of intersubject variability. (A) Relationship between intersubject variability and clinical variables. A non-
white grid indicates a significant correlation with a Bonferroni-corrected P < .05. (B) Effects of the medication status of SCZ patients on 
the calculation of intersubject functional variability. (C) Effects of the episode status of SCZ patients on the calculation of intersubject 
functional variability. HC, healthy control; HES: Heschl gyrus; THA: thalamus; CAL: calcarine fissure and surrounding cortex; LING: 
lingual gyrus; PoCG: postcentral gyrus; AMYG: amygdala; STG: superior temporal gyrus; PCL: paracentral lobule; BPRS: Brief  
Psychiatric Rating Scale.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbaa155#supplementary-data
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regions are largely comparable with the structural obser-
vations. The inconsistency between the 2 modalities oc-
curred mainly in the frontal cortex. It is consistent with 
finding that structure-function coupling is weaker in the 
transmodal than unimodal regions.49 However, the corre-
spondence between functional and structural variability 
in SCZ remains largely unknown, and further research 
may provide a structural basis for the IVFC alteration.

Critical Contribution Connections to SCZ-Related 
IVFC Alterations

We found that the connections with the top contributions 
to IVFC in SCZ involved several different pathways. 
Specifically, the temporoparietal junction (TPJ) is one 
of the most involved regions connecting to the auditory, 
sensorimotor, and visual cortices, as well as the AMYG. 
Previous studies have shown that the connections between 
the TPJ and these areas are related to perceptual abnor-
malities and external/inner voices differentiate inability in 
SCZ.50–55 The increased IVFC of TPJ might thus point to 
different forms of self-consciousness delusions, auditory-
verbal hallucinations, and social responses among pa-
tients. Moreover, our findings provide an interpretation 
of the mixed results for dysconnectivity in the TPJ with 
both hyper- and hypo-connectivity reported in previous 
studies.51 THA connections, involving primary, limbic, 
and subcortical areas, also contribute largely to the high 
variability in SCZ. The cortico-striatal-thalamic-AMYG 

pathway is a classical reward/punishment model related 
to motivation and goal-directed behavior31,56,57 and is in-
volved in emotional memory and effective perception 
of fear signals.58–60 Impaired functional connectivity 
of this pathway has been reported in the SCZ, which 
is most pronounced in patients with negative symp-
toms.31,61 This pathway belongs to the substantia nigra-
based subcortical-cortical motor circuit62–64 and closely 
related to the disrupted serotonin (5-HT), dopamine, 
and glutamate activity.63,65–68 Considering the different 
findings for dysconnectivity and the correlation between 
dysconnectivity and clinical scores among studies,25,60,69–72 
our results suggest that the intersubject difference in 
functional connectivity may contribute to the different 
negative symptoms and task responses among patients.

Relationship Between IVFC and Clinical Variables

We found that the IVFC is negatively correlated with age 
onset. This is consistent with previous finding that child-
hood-/early-onset SCZ patients exhibit severer functional 
connectivity abnormalities and clinical manifestations 
than adult-onset patients.73–75 A  potential explanation 
may be due to the high plasticity of brain development 
in childhood.76 Evidence has shown that a longer disease 
duration and higher clinical severity are positively cor-
related with the functional connectivity abnormalities in 
SCZ.71,72,77–80 The negative correlation between IVFC and 
these 2 clinical variables observed herein indicates that 

Fig. 4.  Disorder specificity of intersubject functional variability in SCZ. Columns 1 to 3 are the spatial patterns of the intersubject 
variability in the MDD, BD, and SCZ groups. Columns 4 to 6 are the MDD-, BD-, and SCZ-related alterations in intersubject functional 
variability. Column 7 is the comparison of the altered intersubject variability of MDD, BD, and SCZ. The yellow patches indicate the 
SCZ-specificity alterations, and the red patches indicate the overlapped alterations of 3 disorders. SCZ: schizophrenia; BD: bipolar 
disorder; MDD: major depressive disorder.
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the altered brain architecture of patients becomes more 
convergent as the duration and clinical severity increases. 
Furthermore, the positive correlation between IVFC and 
the intersubject variability of 18-items BPRS scores high-
lights the correspondence between clinical heterogeneity 
and functional connection heterogeneity, indicating the 
potential implications of our findings for understanding 
the high clinical heterogeneity of SCZ. Future analysis 
based on clinical information in single symptom dimen-
sions, such as the Positive and Negative Syndrome Scale, 
may reflect more factors related to IVFC across SCZ 
patients.

The difference between IVFC of medicated and non-
medicated subgroups is consistent with previous evidence 
that non-medicated patients exhibit broader abnormal-
ities in functional connectivity.78,81 Studies also showed 
that functional connectivity of the medial prefrontal 
cortex, anterior cingulate, and THA can be largely im-
proved after antipsychotic medications.82–85 Altogether, 
these results validate that non-medicated patients exhibit 
more severity and differences among patients. Besides, 
our results of the first-episode subgroup exhibited more 
alteration than the recurrent subgroup (figure  3C), po-
tentially because most of the patients in the first-episode 
subgroup were non-medicated.

Disorder Specificity of IVFC in SCZ

MDD, BD, and SCZ are 3 complex brain dysconnectivity 
disorders characterized by various clinical symp-
toms.86–88 Because of the overlapping clinical symptoms 
across these 3 disorders, clinical differential diagnosis 
has been a major challenge.89 Recently, increasing neu-
roimaging studies have focused on the transdiagnostic 
common and specific alterations in functional brain net-
works among psychiatric disorders.15,16,90 A  brain struc-
ture study showed that the distribution of reduced gray 
matter among SCZ patients had wide intersubject varia-
bility involving frontal, temporal, and cerebellar regions, 
while that among BD patients was only found in cere-
bellar regions.48 Comparable to the previous study, our 
results provide novel evidence of SCZ-specific broader al-
terations in IVFC compared with BD and MDD from a 
functional connectome perspective. The specific IVFC al-
terations in sensorimotor, auditory, and subcortical areas 
might indicate a more complex heterogeneous pathology 
in SCZ and provide insight into the search for disease-
specific biomarkers.

Limitations and Future Directions

Several issues of the current study need to be further ad-
dressed. First, all participants were instructed to keep 
awake during scanning. Although all participants re-
ported being awake after scanning, we cannot ensure the 
validity. Further studies using equipment that monitors 

eye movements or records physiological signals during the 
R-fMRI scan can better address this issue. Second, studies 
have shown that a resting-state scan longer than 6 minutes 
can increase the reliability of measuring individual dif-
ferences in terms of strength of connectivity.91,92 Further 
analysis based on fMRI data longer than 6 minutes may 
have more stable results in the assessment of intersubject 
variability. Third, several different methods have been used 
to study heterogeneity in functional connectivity in SCZ, 
including regional seed-based connectivity,12 independent 
vector analysis,13 and group independent component anal-
ysis.14 Interestingly, all these methods showed higher in-
dividual variability in SCZ, although the measurements 
and observation levels differed. Besides demonstrating 
the whole-brain IVFC pattern at a finer voxel-level, the 
method of the current study also can identify critical path-
ways that contribute to the IVFC in a data-driven manner. 
Nonetheless, novel methods and models are required to 
delineate inter-subject variability in SCZ from multiple 
perspectives. Fourth, the high heterogeneity of the brain 
functional connectome among SCZ patients might sug-
gest the presence of different pathologies in SCZ. A re-
cent study has shown potential genetic associations to 
brain functional component variability,14 clarification of 
the neurophysiological subtypes in SCZ combining the 
individual functional connectome and biological data 
(eg, gene expression) could highly contribute to our un-
derstanding of SCZ pathology. Finally, our results also 
provide an explanation for the currently unsatisfactory 
imaging-based individual diagnosis, treatment prediction, 
and stimulation target optimization in SCZ. Developing 
biomarkers based on an individualized connectome anal-
ysis framework is becoming a valuable direction in devel-
oping precision medication for the treatment of SCZ.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin online.
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