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M. Yuetal

of network metrics showing between-group differences;
independent variable: each clinical/cognitive variable.
The group effect, mean FD, age, education, drug dose
and illness duration were taken into account as covari-
ates). Then, the multiple linear regression analyses were
further performed in each patient group respectively with
mean FD, age, education, drug dose and illness duration
as unconcerned confounding factors. (2) For the distinct
abnormal network metrics in each patient group, we
explored the relationships between these metrics and the
clinical and cognitive variables within the speci ¢ group
using multiple linear regressions with mean FD, age, edu-
cation, drug dose and illness duration as covariates.

Results

Demographic and Clinical Characteristics

Demographic and clinical characteristics for the subjects
are presented in table 1. The ANOVA analysis showed sig-
ni cant differences in education (F[2,111] = 6.685, P =.002)
but not age (F[2,111] = 1.464, P = .236) among the 3 groups.
Least-signi cant difference (LSD) post hoc comparisons
revealed shorter education periods for DS (P = .001) and
NDS (P = .006) patients relative to HC subjects, while the
2 patient subgroups did not differ signi cantly (P = .473).
There was no signi cant difference ( %[2] = 0.937, P = .626)
in the type of antipsychotic treatment between the DS and
NDS group (conventional antipsychotics: 42.4% [n = 14]
and 31.7% [n = 13]; novel antipsychotics: 30.3% [n = 10]
and 34.1% [n = 14]; combination: 27.3% [n = 9] and 34.1%
[n = 14], respectively). The 2 patient subgroups had no sig-
ni cant differences in the mean age of onset, smoking and
antipsychotic medicine dosage (chlorpromazine equiva-
lents) except for a longer illness duration (t[72] = 2.068,
P =.042) in the DS group. The DS patients showed more
severe psychopathological total symptoms and negative
symptoms (all Ps < .001) than NDS but not in positive,
affect or disorganized syndromes (all Ps > .172).

Cognitive Characteristics

The GLM analysis revealed signi cant overall differ-
ences among the 3 groups for each individual neuropsy-
chological test with age and education as covariates (all
Ps <.001, table 1). LSD post hoc comparisons con rmed
that both the DS and NDS patients performed worse
than the control group on each of the neuropsychologi-
cal test (all Ps < .05, except the Digit vigilance test in
NDS vs HC [P = .079]). Furthermore, patients with DS,
as compared with those with NDS, had signi cantly
more severe impairment in most of the neuropsycho-
logical measures (all Ps < .05, except the Stroop inter-
ference [P = .135] and spatial processing test [P = .056]
in DS vs NDS). The Cronbach s alpha for the 4 cogni-
tive domains ranged from .673 to .824 (sustained atten-
tion: 0.824, ideation uency: 0.690, cognitive exibility:
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0.731 and visuospatial memory: 0.673), indicating rela-
tively high internal consistency among the measures. The
range of the Cohen s d effect size was from 0.698 to 1.262
across the 4 cognitive domains (sustained attention:
1.262, ideation uency: 0.698, cognitive exibility: 1.042
and visuospatial memory: 0.900), which indicated that
the DS NDS differences of all the cognitive domains
achieved moderate to large effect sizes.

Global Topological Organization of Functional Brain
Networks

The mean FC strength (absolute value) across all regions
exhibited signi cant difference between the 3 groups
(F[2,111] = 5.072, P = .008). Post hoc comparisons
showed that there was no signi cant difference between
the NDS and HC group (P = .118) while the DS group
showed signi cantly lower mean FC than the HC group
(P = .002) and a tendency to lower FC than the NDS
group (P =.091) ( gure 1A).

All of the 3 groups exhibited typical small-world net-
work architecture at a sparsity range of 0.08 to 0.50, ie,
compared with matched random networks, the func-
tional brain networks had larger clustering coef cients
(> 1) and almost identical characteristic path lengths
( 1). Therefore, the small-worldness scalar > 1 for
all the 3 groups ( gure 1B). Nevertheless, ANCOVAs
on the AUC of global network properties showed sig-
ni cant group effectsin C, L, , E_, and E  (table 2
and gure 1C). Further post hoc analysis revealed that:
(1) compared with the HC group, the NDS group showed
signi cantly lower E, (P =.020) and a trend toward lower
C_(P = .068) in the brain networks while there were no
differences (all Ps > .387) in L, . and E_,; (2) compared
with the HC group, the DS group showed the signi cantly
lower E, (P =.003), C (P =.003), L (P = .046), and

(P =.013), and the higher E on (P =.028) in the brain
networks; and (3) compared with the NDS group, the DS
group exhibited signi cantly lower (P =.048) and trends
toward lower L (P =.057) and higher E (P =.054) in
the brain networks (table 2 and supplementary table S2).

Regional Topological Organization of Functional Brain
Networks

We further localized the brain regions showing signi cant
group differencesin at least 1 nodal property in the patients.®
ANCOVA analysis (P < .05, FDR corrected) revealed sig-
ni cant group differences in nodal degree primarily in the
frontal, temporal, occipital and subcortical regions (table 2
and gure 2A). Post hoc analysis further revealed that: (1)
compared with the HC group, the NDS group showed
signi cantly higher nodal degree in the left inferior fron-
tal gyrus (orbital part, ORBInf) and right hippocampus,
and lower nodal degree in the right inferior occipital gyrus
(10G), right lingual gyrus (LING), right putamen and
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Convergence and Divergence of Brain Network Dysfunction

Fig. 1. Mean functional connectivity strengths and global network properties among the NDS, DS and HC groups. (A) The mean
Pearson correlation matrices of the HC, NDS and DS group. The bar graph shows the mean functional connectivity (FC) strengths
(Pearson correlation coef cients, absolute values) across all regions in each group. Error bars denote SDs. Black asterisks indicate

signi cant differences (P < .05) in the post hoc comparisons. (B) The typical small-world network architectures ( > 1, land >1)
across the sparsity among the NDS, DS and HC group with mean FD, age and years of education as covariates. Blue lines represent the
NDS group, red lines represent the DS group and green lines represent the HC group. (C) The bar graph shows the value of signi cant
AUC of the global network parameters among the 3 groups. Error bars denote SDs. Black asterisks indicate signi cant differences (P

< .05) in the post hoc comparisons. Note: NDS: non-de cit schizophrenia; DS: de cit schizophrenia; HC: healthy controls. For color,
please see the gure online.

Table 2. Comparisons of Global and Regional Network Metrics Among NDS, DS and HC Groups

T (P) Value of Post hoc Test

Global Metrics F (P) NDS vs HC DSvs HC DS vs NDS
C, 6.051 (.003) 1.850 (.068)? 3.139 (.003) (DS < HC) NS
L, 3.110 (.049) NS 2.033 (.046) (DS < HC) 1.934 (.057)2
0.634 (.533) NS NS NS
3.954 (.022) NS 2.539 (.013) (DS < HC) 2.018 (.048) (DS < NDS)
0.592 (.555) NS NS NS
E,.. 5.730 (.004) 2.375 (.020) (NDS < HC) 3.039 (.003) (DS < HC) NS
E,op 3.717 (.027) NS 2.251 (.028) (DS > HC) 1.965 (.054)
Nodal degree FDR correction
IOG.R 10.149 (.00009) 4.190 (<.001) (NDS < HC) 2.775 (.007) (DS < HC) NS
PUTR 10.020 (.0001) 3.516 (<.001) (NDS < HC) 4.521 (<.001) (DS < HC) NS
ORBInf.L 8.161 (.0005) 3.492 (<.001) (NDS > HC) 3.508 (<.001) (DS > HC) NS
ITGR 7.123 (.0012) NS 3.156 (.002) (DS > HC) 2.227 (.029) (DS > NDS)
PAL.R 6.572 (.002) 2.504 (.014) (NDS < HC) 3.406 (.001) (DS < HC) NS
LING.R 6.436 (.00229) 3.196 (.002) (NDS < HC) 2.213 (.030) (DS < HC) NS
HIP.R 6.420 (.00232) 3.514 (<.001) (NDS > HC) 2.430 (.018) (DS > HC) NS

Note: NS, Not signi cant; NDS, non-de cit schizophrenia; DS, de cit schizophrenia; HC, healthy controls; C, clustering coef cient; L,
characteristic path length; , normalized clustering coef cient; , normalized characteristic path length; , small-worldness; E,_, local

ef ciency; E ., global ef ciency; R: right; L, left; IOG, inferior occipital gyrus; PUT, putamen; ORBinf, inferior frontal gyrus (orbital
part); ITG, inferior temporal gyrus; PAL, pallidum; LING, Lingual gyrus; HIP, hippocampus. The comparisons of the AUC of global
metrics and nodal degree among the 3 groups were performed by using univariate ANCOVAs. Post hoc pairwise comparisons were then
performed using t tests. The age, education and mean FD effects were removed in all of these analyses. For the comparison between DS
and NDS, the disease duration and drug dose were taken into account as the additional covariates in the 2 sample 2-tailed t tests. For the
nodal degree analyses, the false discovery rate (FDR) was calculated for multiple comparison correction. For the post hoc tests, P < .05
was considered signi cant.

aThe signi cance of the post hoc pairwise comparison was tendency.
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