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Abstract
Previous seed- and atlas-based structural covariance/connectivity analyses have demonstrated that patients with schizophrenia is
accompanied by aberrant structural connection and abnormal topological organization. However, it remains unclear whether this
disruption is present in unbiased whole-brain voxel-wise structural covariance networks (SCNs) and whether brain genetic
expression variations are linked with network alterations. In this study, ninety-five patients with schizophrenia and 95 matched
healthy controls were recruited and gray matter volumes were extracted from high-resolution structural magnetic resonance
imaging scans.Whole-brain voxel-wise graymatter SCNswere constructed at the group level and were further analyzed by using
graph theory method. Nonparametric permutation tests were employed for group comparisons. In addition, regression modes
along with random effect analysis were utilized to explore the associations between structural network changes and gene
expression from the Allen Human Brain Atlas. Compared with healthy controls, the patients with schizophrenia showed signif-
icantly increased structural covariance strength (SCS) in the right orbital part of superior frontal gyrus and bilateral middle frontal
gyrus, while decreased SCS in the bilateral superior temporal gyrus and precuneus. The altered SCS showed reproducible
correlations with the expression profiles of the gene classes involved in therapeutic targets and neurodevelopment. Overall,
our findings not only demonstrate that the topological architecture of whole-brain voxel-wise SCNs is impaired in schizophrenia,
but also provide evidence for the possible role of therapeutic targets and neurodevelopment-related genes in graymatter structural
brain networks in schizophrenia.
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Introduction

Schizophrenia, characterized by hallucinations, delusions, lack
of motivation and impairments of cognitive functions, is a

common and severe mental illness with a lifetime prevalence
of 1% (Bhugra 2005). Schizophrenia is a disorder related to
disruptions of brain connectivity (van den Heuvel and Fornito
2014), and it is also a complex genetic disorder with a herita-
bility of approximately 80% (Lichtenstein et al. 2009).

Recent advances in brain imaging techniques have made it
possible to provide a greater understanding of the neuropatholo-
gy of schizophrenia. Convergent evidence suggests that schizo-
phrenia is linked with abnormalities in brain connectivity (K.
Friston 2005; K. J. Friston 1999; van den Heuvel and Fornito
2014). Currently, there are twomain approaches for investigating
the brain connectivity: functional connectivity derived from func-
tional magnetic resonance imaging (MRI) by calculating corre-
lations between measurements of neuronal activity (i.e., BOLD
signal); anatomical connectivity derived from diffusion tensor
imaging by tracking white matter fiber pathway between two
regions. A growing body of work has reported widespread func-
tional and anatomical dysconnectivity in schizophrenia (van den
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Heuvel et al. 2013; Guo et al. 2015). Another prevalent way to
investigate the brain connectivity is structural connectivity/
covariance derived from high-resolution structural MRI by cor-
relating the inter-regional interdependencies of imagingmeasure-
ments (e.g., gray matter volume (GMV) or cortical thickness)
across subjects. This type of brain connectivity primarily reflects
coordination in the development process or the synchronous
maturation of different regions of the brain (Evans 2013;
Alexander-Bloch et al. 2013), and it has been widely used in
researches on Parkinson’s disease (Chou et al. 2015),
obsessive-compulsive disorder (Subira et al. 2016) and healthy
subjects (Zielinski et al. 2010). With regard to schizophrenia,
Bassett and colleague’s work is the first effort to examine
GMV-based structural covariance networks (SCNs) and observe
structural disorganization of brain networks in schizophrenia
(Bassett et al. 2008). Besides, Zugman et al. have revealed
changed node properties of GMV-based SCNs in schizophrenia
(Zugman et al. 2015).

However, most of the above-mentioned structural covari-
ance analyses are based on seed-based or atlas-based ap-
proaches. Seed-based analysis is a hypothesis-driven ap-
proach, which is limited by the requirement for an a priori
seed region. The placement of seeds may have considerable
influence on the patterns of structural connectivity observed,
and there is no way to evaluate which placement is appropri-
ate. Atlas-based analysis is limited by the choice of the
parcellation scheme. Previous studies have investigated the
impact of template choice on brain networks, and found that
different parcellations can lead to significant changes of graph
theoretical properties of brain networks (J. Wang et al. 2009;
Zalesky et al. 2010). In contrast, whole-brain voxel-based net-
work is not influenced by these factors, and has many desir-
able characteristics that are not available in region-based net-
works (Hayasaka and Laurienti 2010). Therefore, in the cur-
rent study, SCNs were constructed at the whole-brain voxel-
level and employed to examine the network property in
schizophrenia.

Although recent genome-wide association studies have iden-
tified increased number of genes related to the risk of schizophre-
nia (Ripke et al. 2014; Chen et al. 2015), the neurobiological
basis of schizophrenia still remains to be elucidated. The genetic
architecture of an imaging phenotype is less complex than that
associated with the heterogeneous and more subjective clinical
diagnostic criteria of schizophrenia (Guo et al. 2014a, b;
Greenwood et al. 2007; Allen et al. 2009). Moreover, investiga-
tion of brain imaging phenotypes in the context of transcriptional
profiles is a promising avenue for exploring its genetic associa-
tions (Romme et al. 2017; Roshchupkin et al. 2016; Ortiz-Teran
et al. 2017; Xu et al. 2018). Thus, the aims of the present study
were two-fold: we sought to examine whether schizophrenia had
voxel-level SCN impairments and, if so, whether these differ-
ences were related to the expression patterns of schizophrenia
risk genes.

Materials and methods

Subjects

This study was approved by the ethical committee of the
Tianjin Medical University General Hospital, and written in-
formed consent was obtained from each subject. The subjects
involved were partly from our previous studies (Liu et al.
2016; Zhu et al. 2017). Specifically, ninety-five patients with
schizophrenia were recruited and diagnoses were determined
by trained psychiatrists using the Structured Clinical Interview
for DSM-IV (SCID, patient edition). Among them, six sub-
jects were first-episode patients who had not used medication,
and the remaining eighty-nine patients were treated with anti-
psychotic drug when participating in this study. The Positive
and Negative Syndrome Scale (PANSS) was utilized to eval-
uate the clinical symptoms in patients (Kay et al. 1987). The
participant exclusion criteria were 1) poor image quality; 2)
left-handedness; 3) younger than 18 years of age or older than
60 years of age; 4) presence of magnetic resonance contrain-
dications; 5) presence of drug abuse or a history of alcohol
dependence; 6) presence of intracranial organic lesions and 7)
histories of CNS disorders, systemic illnesses, or substance
abuse. Ninety-five age-, gender-, handedness-matched healthy
controls were recruited from nearby communities and
interviewed using the SCID (Non-patient edition) to confirm
that none of them had a history of neurological or psychiatric
disorder and no gross abnormalities. Additionally, healthy
controls had no first-degree relative with anymental disorders.

Data acquisition and preprocessing

The MRI data of all participants were collected using a 3.0
Tesla magnetic resonance scanner (Discovery MR750,
General Electric, Milwaukee, WI, USA) at the Tianjin
Medical University General Hospital. Foam paddings were
utilized to minimize head movement and earplugs were
employed to reduce scanner noise. During data acquisition,
the participants were asked to hold still and move as little as
possible. Sagittal 3D high-resolution T1WI structural images
were acquired by a brain volume scanning sequence with
scanning parameters as follows: repetition time = 8.2 ms; echo
time = 3.2 ms; inversion time = 450 ms; flip angle = 12°; field
of view = 256mm× 256mm; matrix = 256 × 256; slice thick-
ness = 1mm, no gap; and 188 slices.

GMVs were extracted by using the standard pipeline of the
CAT12 toolbox (version r1278, http://dbm.neuro.uni-jena.de/
cat), which is an extension to SPM12 software (http://www.
fil.ion.ucl.ac.uk/spm). All T1-weighted images were first
corrected for bias-field inhomogeneities, and then the corrected
images were affine registered to standard space and segmented
into grey matter, white matter, and cerebrospinal fluid. Next,
the segmented images were spatially normalized using the
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DARTEL algorithm (Ashburner 2007). To preserve the abso-
lute volume of gray matter, modulation was performed on the
normalized grey matter images by multiplying the voxel values
with the Jacobian determinant (both linear and non-linear com-
ponents) derived from the spatial normalization.

Voxel-based gray matter covariance network analysis

For computational efficiency, the gray matter images were
down-sampled to 3-mm isotropic voxels. A linear regression
was subsequently performed at each voxel to remove the ef-
fects of age, gender and intracranial brain volume. The resid-
uals of this regression were then substituted for the raw gray
matter values for the following analysis.

For each group, the gray matter covariance between two
voxels was measured by computing the Pearson correlation
coefficient across subjects. The structural covariance/
connectivity strength (SCS) for each voxel was calculated
by the weighted sum of survived correlations of other voxels,
and the SCS map of each group could be obtained. A thresh-
old of r > 0.2 for the correlation coefficient to remove weak
correlations possibly arising from noise signals. Such an SCS
metric is also known as the Bdegree centrality^ of weighted
networks in terms of the graph theory (Buckner et al. 2009;
Liu et al. 2015b). The original SCS value of each voxel was
divided by the global mean SCS value for standardization
purpose, and the mean SCS maps were subsequently spatially
smoothedwith an 8-mm full width at half-maximumGaussian
kernel (Liu et al. 2013). Notably, SCS computation was
constrained within a cortical gray matter mask (32,164
voxels), which was created by the following procedures: 1)
all the normalized gray matter density images from healthy
subjects were averaged and a threshold of 0.2 was used to
create a study-specific gray matter mask; 2) the subcortical
regions and cerebellar areas in the Anatomical Automatic
Labeling (AAL) atlas were removed and a cortical AAL mask
was acquired; 3) these two masks were intersected and the
final cortical gray matter mask was obtained.

Statistical analysis

Since only group-level results were obtained from the covari-
ance network analysis, permutation test was employed to ex-
amine SCS differences (Liu et al. 2015a; Liu et al. 2017).
Briefly, the between-group real difference of the two SCSmaps
was initially computed (subtracting control group’s mean SCS
image from schizophrenia group’s mean SCS image). All sub-
jects’ gray matter images were then randomly reallocated to
each group by keeping the number of subjects in each group
unchanged, and repeated network construction, SCS calcula-
tion and between-group subtraction. For each voxel, we count-
ed the number of times that randomized difference in permuta-
tions was higher than real difference (two-tailed). After

dividing by the total number of permutations (1000 permuta-
tions), the uncorrected p value was acquired for each voxel.
Notably, linear regression analysis was conducted before the
permutation test to remove the confounding effects of age,
gender and intracranial brain volume. Finally, a Benjamini–
Hochberg false discovery rate (BH-FDR) correction (q <
0.05) was employed to find the significant SCS difference.

Gene expression

Publicly available gene expression data were obtained from
Allen Human Brain Atlas (AHBA) that provides comprehen-
sive coverage of the normal adult brain (Hawrylycz et al.
2012). In the current study, the AHBA dataset was used to
extract gene expression profiles, which consists of normalized
microarray expression data of 20,737 genes represented by
58,692 probes (measured in 3702 brain samples from six hu-
man postmortem neurotypical adult brains). Based on the cur-
rent hypotheses of schizophrenia aetiology or treatment strat-
egies, the schizophrenia working group of the Psychiatric
Genomics Consortium divided 36 schizophrenia risk genes
(Supplementary Table S1) into six specific classes (Ripke
et al. 2014): 1) therapeutic targets (two genes); 2) glutamater-
gic neurotransmission (six genes); 3) neuronal calcium signal-
ing (seven genes); 4) synaptic function and plasticity (nine
genes); 5) other neuronal ion channels (five genes); 6)
neurodevelopment (seven genes).

To determine whether expression of gene in these classes
was correlated with between-group SCS difference, the fol-
lowing procedures were performed: 1) the average gene ex-
pression were calculated for each class. Of note, if there were
multiple probes sampling the same gene, expression values
from all these probes were averaged for each gene; 2) seed
regions were defined as 6-mm radius spheres (2 times of the
voxel size) centered on each sample within cortical gray mat-
ter mask, and the mean between-group SCS changes in these
seeds were extracted; 3) regression models with random effect
analyses (calculated correlations in each of six donors, and
then evaluated the significance using one-sample t-tests) were
utilized to examine the correlation between SCS difference
and gene expression of each class across all the above-
mentioned samples. Furthermore, we carried out an explorato-
ry analysis by investigating the relationship between each
gene in the AHBA database (20,737 genes) and SCS differ-
ence using the same regression models to identify new candi-
date schizophrenia risk genes. All these results were corrected
using BH-FDR correction (q < 0.05).

Validation analysis

We conducted three analyses to evaluate the reproducibility of
our findings. First, a correlation coefficient threshold of 0.2
was utilized in the SCS computation to remove weak
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correlations possibly arising from signal noise. We
recalculated SCS using two other different correlation thresh-
olds (0.1 and 0.3) to investigate whether our main results
relied on the choices of thresholds. Second, since weighted
edges can more accurately characterize the brain network, the
weighted SCNs were constructed in the present study.
However, compared with the binarized networks, the weight-
ed ones may be more sensitive to noise. Therefore, we con-
structed the binarized SCNs and calculated SCS (also known
as structural covariance density (SCD)) to test the effect of
network types on our results. Finally, the raw gray matter
images were resampled to 3-mm isotropic voxels due to high-
ly computational burden. Here, the raw resolution (1.5-mm
isotropic voxels, a total of 258,610 voxels, 3-mm radius
sphere centered on each sample in the gene expression analy-
ses) along with the correlation coefficient threshold of 0.2 was
adopted and weighted SCNs were constructed to explore the
influence of the image resolution on our findings.

Results

Demographics and clinical characteristics
of the participants

The demographic and clinical data are shown in Table 1.
Gender (50 males for the schizophrenia group and 47 males
for the control group; p = 0.663), age (34.25 ± 8.34 years for
the schizophrenia group; 34.27 ± 10.88 years for the control
group; p = 0.988) and handedness (all the participants in two
groups are right-handed) were matched between the two
groups. In addition, the illness duration, the PANSS positive
score, negative score and general score in the schizophrenia
group were 119.93 ± 92.28 months, 16.73 ± 7.91, 19.96 ±
9.05 and 33.82 ± 11.00, respectively.

Within-group and between-group SCS analyses

The within-group SCS maps are shown in Fig. 1a. The spatial
distributions of brain areas with high SCS were similar across
the two groups despite some differences in strength. Those
highly connected areas (i.e., higher SCS) were mainly distrib-
uted in medial prefrontal cortex, posterior cingulate cortex/
precuneus, insula and lateral prefrontal and temporal regions.
The between-group subtraction map together with raw p map
is shown in Supplementary Fig. S1A. After BH-FDR correc-
tion, patients with schizophrenia exhibited significantly in-
creased SCS in the right orbital part of superior frontal gyrus,
bilateral middle frontal gyrus, while significantly decreased
SCS in the bilateral superior temporal gyrus and precuneus
(Fig. 2).

Gene expression

The relationships between the SCS alterations and the pattern
of gene expression were examined. All gene classes could not
survive BH-FDR correction (see the first column in Table 2).
The class of genes involved in therapeutic targets (padj =
0.0512), neuronal calcium signaling (padj = 0.0696), other
neuronal ion channels (padj = 0.0512) and neurodevelopment
(padj = 0.0512) showed trends for associations. Furthermore,
355 genes were identified by examining the correlations be-
tween all AHBA genes and SCS alterations (see the first col-
umn in Supplementary Table S2).

Validations

As presented in Figs. 1, S1 and 3, Tables 2 and S2, we found
that our main results (weighted network, r = 0.2, voxel size =
3 × 3 × 3 mm3) were largely reproducible in validation analy-
ses of the binarized network (r = 0.2, voxel size = 3 × 3 ×
3 mm3), the weighted network with different correlation
thresholds (r = 0.1 and 0.3, voxel size = 3 × 3 × 3 mm3) and
the weighted network with raw image resolution (r = 0.2, vox-
el size = 1.5 × 1.5 × 1.5 mm3). Particularly, in the gene expres-
sion analyses, two gene classes (therapeutic targets and
neurodevelopment) had all ps < 0.05 (uncorrected) across a
range of analytical choices (see Table 2 for details), indicating
reliably correlations of these class of genes on SCS alterations
in schizophrenia. In addition, 49 genes survived BH-FDR
correction in all the five aforementioned methods
(Supplementary Table 2).

Discussion

To our knowledge, this study represents the first attempt to
investigate the whole-brain voxel-wise SCNs disturbance in
schizophrenia. By means of graph theory, we found that

Table 1 Demographics and clinical characteristics of the participants

Variables (Mean ± SD) Schizophrenia HC P value

Gender (male/female) 50/45 47/48 0.663a

Age (years) 34.25 ± 8.34 34.27 ± 10.88 0.988b

Handedness (right/left) 95/0 95/0 –

Duration (months) 119.93 ± 92.28 – –

PANSS

Positive score 16.73 ± 7.91 – –

Negative score 19.96 ± 9.05 – –

General score 33.82 ± 11.00 – –

a p-value was obtained by a chi-square test; b p-value was obtained by a
two-sample t-test. Abbreviations: SD, standard deviation; HC, healthy
control; PANSS, positive and negative syndrome scale
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Fig. 1 Within-group structural
covariance strength (SCS) maps
for schizophrenia group (left pan-
el) and healthy control group
(right panel) across a range of
analytical approaches: (a)
weighted network, correlation
threshold = 0.2, voxel size = 3 ×
3 × 3 mm3; (b) binarized network,
correlation threshold = 0.2, voxel
size = 3 × 3 × 3 mm3; (c) weight-
ed network, correlation thresh-
old = 0.2, voxel size = 1.5 × 1.5 ×
1.5 mm3; (d) weighted network,
correlation threshold = 0.1, voxel
size = 3 × 3 × 3 mm3; (e) weight-
ed network, correlation thresh-
old = 0.3, voxel size = 3 × 3 ×
3 mm3. The SCS maps were vi-
sualized with the BrainNet
Viewer (Xia et al. 2013).
Abbreviation: SCH, schizophre-
nia; HC, healthy controls; mSCS,
mean structural covariance
strength; L, left; R, right
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Fig. 2 Significant structural
covariance strength (SCS) differ-
ences revealed by permutation
test between patients with schizo-
phrenia and healthy controls. The
threshold was set at q < 0.05 with
Benjamini–Hochberg false dis-
covery rate correction. The net-
work constructed parameters
were: weighted network, correla-
tion threshold = 0.2 and voxel
size = 3 × 3 × 3 mm3. The
colorbar represents the magnitude
of mean SCS difference.
Abbreviation: SCH, schizophre-
nia; HC, healthy controls; SFGo,
orbital part of superior frontal gy-
rus; MFG, middle frontal gyrus;
STG, superior temporal gyrus;
TPS, superior part of temporal
pole; PCU, precuneus; L, left; R,
right

Table 2 Relationships between gene expression of each gene classes and SCS changes across five analytical methods

Method 1
(t / p value)

Method 2
(t / p value)

Method 3
(t / p value)

Method 4
(t / p value)

Method 5
(t / p value)

Class 1 t = 3.1430
praw = 0.0256
padj = 0.0512

t = 3.1413
praw = 0.0256
padj = 0.0541

t = 2.6557
praw = 0.0451
padj = 0.1467

t = 3.1224
praw = 0.0262
padj = 0.0699

t = 3.1593
praw = 0.0251
padj = 0.0406

Class 2 t = 1.8138
praw = 0.1294
padj = 0.1553

t = 1.9030
praw = 0.1154
padj = 0.1385

t = 1.6590
praw = 0.1580
padj = 0.1896

t = 2.0566
praw = 0.0948
padj = 0.1138

t = 1.1436
praw = 0.3046
padj = 0.3655

Class 3 t = 2.6322
praw = 0.0464
padj = 0.0696

t = 2.5862
praw = 0.0491
padj = 0.0736

t = 1.6975
praw = 0.1504
padj = 0.1896

t = 2.5103
praw = 0.0538
padj = 0.0807

t = −3.0924
praw = 0.0271
padj = 0.0406

Class 4 t = −0.0910
praw = 0.9310
padj = 0.9310

t = −0.0327
praw = 0.9752
padj = 0.9752

t = −0.3848
praw = 0.7162
padj = 0.7162

t = 0.0502
praw = 0.9619
padj = 0.9619

t = −0.5163
praw = 0.6277
padj = 0.6277

Class 5 t = −3.1449
praw = 0.0255
padj = 0.0512

t = −3.0939
praw = 0.0270
padj = 0.0541

t = −1.7008
praw = 0.1497
padj = 0.1896

t = −2.8705
praw = 0.0350
padj = 0.0699

t = −3.4483
praw = 0.0183
padj = 0.0406

Class 6 t = 3.4272
praw = 0.0187
padj = 0.0512

t = 3.4180
praw = 0.0189
padj = 0.0541

t = 2.5891
praw = 0.0489
padj = 0.1467

t = 3.4121
praw = 0.0190
padj = 0.0699

t = 3.3822
praw = 0.0196
padj = 0.0406

t values are obtained by regressionmodels with random effect analyses. praw is raw p value corresponding to t value and padj is BH-FDR adjusted p value.
Analytical method 1: weighted network, correlation threshold = 0.2, voxel size = 3 × 3 × 3 mm3 ; method 2: binarized network, correlation threshold =
0.2, voxel size = 3 × 3 × 3 mm3 ; method 3: weighted network, correlation threshold = 0.2, voxel size = 1.5 × 1.5 × 1.5 mm3 ; method 4: weighted
network, correlation threshold = 0.1, voxel size = 3 × 3 × 3 mm3 ; method 5: weighted network, correlation threshold = 0.3, voxel size = 3 × 3 ×
3 mm3 . Gene class 1: therapeutic targets; class 2: glutamatergic neurotransmission; class 3: neuronal calcium signaling; class 4: synaptic function
and plasticity; class 5: other neuronal ion channels; class 6: neurodevelopment
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patients exhibited higher SCS values in the right orbital part of
superior frontal gyrus and bilateral middle frontal gyrus but
lower SCS in the bilateral superior temporal gyrus and
precuneus than healthy controls. Moreover, the expressions of
schizophrenia risk genes associated with therapeutic targets and
neurodevelopment were found to be coincided with SCS alter-
ations. These results shed new light on the pathophysiological
mechanisms underlying schizophrenia and suggest the feasibil-
ity of using gene expression to investigate this disorder.

The degree centrality was selected as the network attribute
to investigate schizophrenia in the present study rather than
other centrality measures. The rationale behind this choice can
be generally characterized as three folds: first, node degree is a
simple, direct and one of the most important network central-
ity measures; second, it is the most reliable and resilient metric
of centrality measures in brain network (J. H. Wang et al.
2011); and finally, it is difficult to calculate other nodal metrics
(e.g., betweenness or efficiency) in a such huge voxel-based
network with tens of thousands of nodes. From the within-
group SCS maps, we found that structural hubs (i.e., higher
SCS) were predominantly located in the default-mode regions
(medial prefrontal cortex and posterior cingulate cortex/
precuneus), insula, and lateral prefrontal and temporal regions
(Fig. 1), exhibiting a large overlap with the hubs acquired
from resting-state functional MRI and anatomical hubs

obtained from diffusion tensor imaging. Although both groups
showed similar hub distributions, significant SCS alterations
were observed from between-group comparisons: stronger
SCS in the right orbital part of superior frontal gyrus, bilateral
middle frontal gyrus and weaker SCS in the bilateral superior
temporal gyrus and precuneus were found in schizophrenia.
Although previous neuroimaging literature has documented
GMV changes in these areas (Honea et al. 2008; Guo et al.
2014a, b; Kikinis et al. 2010), we first revealed the alterations
in these regions from a voxel-wise whole-brain network per-
spective. As shown in Fig. 3, we overlapped significant
between-group SCS results and the middle frontal gyrus was
consistently observed across all five analytical methods, indi-
cating a reproducible finding of this region. Given that accu-
mulating evidence from voxel-based morphometry studies re-
ported GMVreduction in middle frontal gyrus (Tregellas et al.
2007; Kikinis et al. 2010; Anderson et al. 2015), increased
structural connections potentially indicated a compensatory
mechanism for regional abnormalities.

The SCS abnormalities in schizophrenia were found to be
correlated with the expression of therapeutic targets and
neurodevelopment-related genes. The genes in therapeutic tar-
gets class include DRD2 and GRM3. Specifically, the DRD2
gene encodes dopamine receptor D2, which is of particular
interest in psychiatry and the main receptor for the majority

Fig. 3 Overlap of significant
between-group structural covari-
ance strength (SCS) results. For
each voxel, the color represents
the number of tests where this
voxel showed significant group
differences across the five analyt-
ical approaches. As shown in
bottom right corner, red, blue,
green, violet and yellow color
denote the overlap times" of five,
four, three, two and one, respec-
tively. Additionally, the signs B+^
and B-^ in the figure indicate sig-
nificantly higher and lower SCS
of this region in schizophrenia,
respectively. Abbreviation:
SFGo, orbital part of superior
frontal gyrus; MFG, middle fron-
tal gyrus; STG, superior temporal
gyrus; TPS, superior part of tem-
poral pole; PCU, precuneus;
PHG, parahippocampal gyrus;
FG, fusiform gyrus; L, left; R,
right
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of antipsychotic drugs; the GRM3 gene encodes metabotropic
glutamate receptor 3 that has been extensively investigated as
a possible therapeutic target in schizophrenia (Ripke et al.
2014). In addition, multiple lines of evidence suggest that
schizophrenia is a neurodevelopment disorder (Insel 2010;
Fatemi and Folsom 2009). Genes associated with cell migra-
tion and proliferation, myelination, axonal outgrowth, synap-
togenesis and apoptosis are abnormal in schizophrenia, indi-
cating a neurodevelopmental etiology of schizophrenia
(Fatemi and Folsom 2009). The expressions of these schizo-
phrenia risk gene classes are correlated to the SCS changes,
shedding light on the potential genetic associations of SCNs
disruptions in the disorder. Furthermore, we found that 355
genes in AHBA database had a close relationship with anom-
alous SCS; and among them, 49 genes passed the BH-FDR
correction in all validations (Supplementary Table S2), which
may serve as new candidate schizophrenia risk genes. Some of
these genes (e.g., AUTS2 (Zhang et al. 2014), AGA (Rowland
et al. 2017), and HDAC9 (Tam et al. 2010)) have indeed been
demonstrated to be implicated in schizophrenia. Together,
combining gene expression and image phenotype could be a
valuable tool for better understanding the structural network
changes in schizophrenia.

Several limitations of this study merit consideration. First,
most of the patients were chronic schizophrenia with mixed
symptoms and medicated. Therefore, our results might be
confounded by the use of antipsychotics. Moreover, the dura-
tion of treatment is different for the patients, which may also
affect the results of this study. However, only six patients were
first-episode who had not used medication. The group-level
network construction manner cannot be reliable based on such
small sample size (six cases). In the future, first-episode, drug-
naive patients with a large sample size will be recruited to
confirm our findings and clarify the effect of drugs on SCS.
Second, we cannot examine relationships between the altered
SCS and clinical characteristics due to the group level net-
work. Finally, the used gene expression data are non-East
Asian gene expression profiles from the AHBA. Currently,
there is no East Asian gene expression dataset and AHBA is
the only source of high-resolution gene expression data.
Future studies using an Asian brain gene expression profiles
should perform to replicate the findings of our study.

Conclusions

Here, we examined whole-brain voxel-wise GMV-based
SCNs in schizophrenia. We found that, although both patients
and healthy control groups had similar SCS patterns, the pa-
tients had significantly changed SCS in several brain areas. In
addition, the altered SCS was observed to be correlated with
expression of genes associated with therapeutic targets and
neurodevelopment. These results had proven to be robust after

considering the effects of different analytical methods. In sum-
mary, we demonstrated a disruption of voxel-wise SCNs and
extended the current understanding of the neuropathological
underpinnings of schizophrenia.
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