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Abstract

Background: Despite its benefits, a major concern regarding antipsychotic treatment is its possible impact on the brain’s 
structure and function. This study sought to explore the characteristics of white matter structural networks in chronic never-
treated schizophrenia and those treated with clozapine or risperidone, and its potential association with cognitive function.
Methods: Diffusion tensor imaging was performed on a unique sample of 34 schizophrenia patients treated with antipsychotic 
monotherapy for over 5 years (17 treated with clozapine and 17 treated with risperidone), 17 never-treated schizophrenia 
patients with illness duration over 5 years, and 27 healthy control participants. Graph theory and network-based statistic 
approaches were employed.
Results: We observed a disrupted organization of white matter structural networks as well as decreased nodal and connectivity 
characteristics across the schizophrenia groups, mainly involving thalamus, prefrontal, and occipital regions. Alterations in 
nodal and connectivity characteristics were relatively milder in risperidone-treated patients than clozapine-treated patients 
and never-treated patients. Altered global network measures were significantly associated with cognitive performance levels. 
Structural connectivity as reflected by network-based statistic mediated the difference in cognitive performance levels 
between clozapine-treated and risperidone-treated patients.
Limitations: These results are constrained by the lack of random assignment to different types of antipsychotic treatment.
Conclusion: These findings provide insight into the white matter structural network deficits in patients with chronic 
schizophrenia, either being treated or untreated, and suggest white matter structural networks supporting cognitive function 
may benefit from antipsychotic treatment, especially in those treated with risperidone.
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Introduction
Schizophrenia is characterized by a spectrum of syndromes, 
including positive symptoms (e.g., hallucinations, delusions) 
and negative symptoms (e.g., affective flattening, social with-
drawal), but also a range of cognitive deficits. Antipsychotic 
medication represents the gold standard of treatment given its 
effectiveness in reducing psychotic symptom expression and 
relapse rates in patients (Miyamoto et al., 2005). While the ma-
jority of schizophrenia patients experience a benefit from anti-
psychotic treatment, mainly through a reduction of positive 
symptoms, about one-third of patients continue to suffer from 
cognitive impairments, suboptimal social functioning, and pro-
gressive brain tissue loss (Harvey et  al., 1999; Ho et  al., 2003; 
van Haren et al., 2007; Cahn et al., 2009; Velthorst et al., 2017), 
suggesting a deteriorating course in schizophrenia. Despite its 
benefits, a major concern regarding antipsychotic treatment is 
its possible impact on the brain’s structure and function as well 
as its associations with symptom expression and cognitive im-
pairments (Gong et al., 2016).

In the past decades, a great deal of effort has been made in 
the field of psychoradiology to elucidate medication-induced 
treatment effects on brain structures (Lui et al., 2016). Complex 
patterns of both grey and white matter changes following short-
term antipsychotic treatment have been reported (Gong et al., 
2016), supporting the idea of a robust impact of antipsychotic 
medications on brain structures. While such studies have been 
informative, their relatively short and diverse follow-up inter-
vals leave questions about the effects of long-term antipsychotic 
treatment unanswered. A few long-term longitudinal studies of 
antipsychotic-treated patients reported progressive grey matter 
volume loss at the whole brain level and, more specifically, re-
lated to frontal and temporal lobe volumes (Andreasen et  al., 
2011; Ho et al., 2011; van Haren et al., 2011). On the other hand, 
increased white matter alterations have also been shown after 
a 5-year follow-up period (Sun et al., 2016). Given the fact that 
ideally the majority of patients are treated with antipsychotics 
from the time of diagnosis, it is difficult to differentiate be-
tween the influences of illness course and treatment. Through 
a direct comparison of never-treated and long-term–treated 
schizophrenia patients with similar illness durations, we re-
cently reported cerebral alterations associated with the course 
of illness and greater white matter alterations in never-treated 
than antipsychotic-treated patients (Xiao et al., 2018). This sug-
gests that long-term antipsychotic treatment does not adversely 
affect the brain’s structure over the longer term course of illness 
and may even confer some benefits (Xiao et al., 2018). The poten-
tial beneficial effects of long-term antipsychotic treatment are 
additionally supported by functional brain imaging data (Yao 
et al., 2019). However, previous studies reporting brain structure 

alterations in antipsychotic-treated patients were limited by 
very diverse antipsychotic treatments, which did not allow spe-
cific conclusions about specific effects of individual agents on 
white matter brain structure (Bartzokis et  al., 2007, 2009; Vita 
et al., 2015; Leroux et al., 2018).

Clozapine and risperidone represent some of the first 
so-called atypical antipsychotics introduced into clinical prac-
tice and are still widely prescribed. Although both work very ef-
fectively, they rely on different pharmacological mechanisms. 
Clozapine has a high affinity to dopamine D4 receptors (Van Tol 
et  al., 1991), presumably mediating its antipsychotic efficacy. 
Clozapine also has a high affinity to muscarinic M1–5 receptors 
(Meltzer and McGurk, 1999) and acts predominantly as an an-
tagonist at M1 and M4 receptors (Bymaster et al., 2003), indicating 
stronger inherent anticholinergic properties than other anti-
psychotics. In contrast, risperidone does not have any signifi-
cant affinity for D4 and M1–5 receptors (Meltzer and McGurk, 1999) 
but instead shows higher affinity and longer dissociation laten-
cies at D2 receptors than other atypical antipsychotics (Kapur 
and Seeman, 2001). This explains its increased risk of consider-
ably disturbing extrapyramidal side effects. Several studies have 
suggested that chronic exposure to clozapine or risperidone 
may have differential impacts on white matter structure com-
pared with other antipsychotic agents. For instance, Leroux 
et al. (Leroux et al., 2018) reported different structural connect-
ivity abnormalities in prefronto-fronto-subcortical networks 
in schizophrenia patients with chronic exposure to clozapine 
compared with patients with chronic exposure to typical anti-
psychotics. Bartzokis (Bartzokis et al., 2007, 2009) reported that 
patients treated with risperidone exhibit larger frontal volume 
and intracortical myelin volume than patients treated with typ-
ical antipsychotics such as fluphenazine decanoate. Regarding 
brain structure changes induced by clozapine or risperidone, it 
remains unclear whether both confer benefits or have differen-
tial impact on white matter structure in schizophrenia.

When studying differential effects of antipsychotic treatment 
on the brain’s structure and function, another aspect must be 
considered. Anticholinergic effects as well as the propensity to 
induce extrapyramidal side effects may lead to additional detri-
mental effects on cognitive performance (Green and Braff, 2001; 
Thornton et al., 2006), though improvement of cognitive deficits by 
antipsychotic treatment has also been reported in schizophrenia 
patients (Woodward et al., 2005). The limited available reports on 
risperidone and clozapine suggest that risperidone may improve 
working memory, reasoning, and problem-solving performance, 
while clozapine may support language performance better than 
risperidone (Houthoofd et al., 2008; Han et al., 2015). However, other 
studies could not corroborate these positive effects of clozapine or 

Significance Statement
While the majority of schizophrenia patients benefit from antipsychotic treatment, mainly through a reduction of positive 
symptoms, about one-third of patients continue to suffer from cognitive impairments, suboptimal social functioning, and pro-
gressive brain tissue loss, suggesting a deteriorating course in schizophrenia. Despite its benefits, a major concern regarding 
antipsychotic treatment is its possible impact on the brain’s structure and function as well as its associations with symptom 
expression and cognitive impairments. This study sought to explore the characteristics of white matter structural networks in 
chronic schizophrenia treated with clozapine or risperidone and those never treated, and their potential associations with cog-
nitive function. Our study revealed differential white matter structural network disturbances among those patients, which were 
significantly associated with cognitive performance levels. Our results suggest that white matter structural networks supporting 
cognitive function may benefit from antipsychotic treatment, especially in patients treated with risperidone.
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risperidone (Meltzer and McGurk, 1999; Ayesa-Arriola et al., 2013; 
Olagunju et al., 2018). The effects of long-term treatment with clo-
zapine or risperidone on cognitive function thus remain contro-
versial (Keefe and Harvey, 2012).

This study was designed to determine the impact of long-term 
monotherapy of clozapine or risperidone on the topological or-
ganization of white matter structural networks and its potential 
associations with cognitive function in chronic schizophrenia. 
We employed diffusion tensor imaging (DTI) and a graph theory 
approach to investigate topological alterations of white matter 
structural networks. The 2 patient groups were additionally 
compared with a never-treated group of patients with similar 
illness durations to control for general effects associated with 
antipsychotic treatment. We hypothesized that schizophrenia 
patients treated with different types of antipsychotic medica-
tions show differential alterations in their white matter struc-
tural connectome associated with different levels of cognitive 
functions.

Materials and Methods

The West China Hospital Research Ethics Committee of Sichuan 
University approved this study, and written informed consent 
was obtained from all study participants or their legal guardian 
before enrolment.

Participants

The study included 34 chronic, clinically stable schizophrenia 
patients receiving long-term (ranging from 5 to 25 years) anti-
psychotic monotherapy with either risperidone (n = 17) or clo-
zapine (n = 17), 17 never-treated chronic schizophrenia patients 
with a similar illness duration, and also 27 healthy comparison 
participants of similar age (Table  1). Illness onset was deter-
mined using the Nottingham Onset Schedule (Singh et al., 2005) 
with information provided by patients, their family members, 
and their medical records. Diagnosis of schizophrenia was es-
tablished using the Structured Clinical Interview for DSM-IV 
Axis I Disorders (First et al., 1995). Patients on long-term anti-
psychotic monotherapy were recruited from psychiatric com-
munity facilities. Those patients had been treated in the 
rehabilitation clinic early in their course of illness; thus, their 
records of treatment were relatively intact. Based on these med-
ical records, a patient’s antipsychotic monotherapy with either 
risperidone or clozapine had to be documented consistently for 
at least 5 years before entry into the study. Patients with known 
history of poor response to other antipsychotics were excluded. 
Never-treated patients were recruited by a nearby community 
mental health-screening program designed to identify and pro-
vide psychiatric care to individuals with serious but untreated 
mental illness. Never-treated schizophrenia patients mostly 
lived in rural areas or small villages and had been cared for and 
sheltered by their families without medical care through the 
course of their illness for various reasons, such as concerns re-
garding family stigma, lack of understanding of the disease, and 
poor socioeconomic conditions. Healthy controls were recruited 
from the same geographical region by poster advertisement. 
The non-patient edition of the Structured Clinical Interview for 
DSM-IV Axis I Disorders was used to establish the lifetime ab-
sence of psychiatric illness in the control participants, and there 
was no known family history of major psychiatric illnesses in 
any of their first-degree relatives.

The following exclusion criteria applied to all participants: 
(1) the existence of a neurological disorder or other psychiatric 

disorders; (2) alcohol or substance abuse disorder according 
to DSM-IV; (3) history of intellectual disability; and (4) signifi-
cant medical conditions or treatments for such conditions, 
with known impact on central nervous system function or 
anatomy (e.g., brain injury and hepatitis). Additionally, MR plain 
scans of each participant were reviewed by an experienced 
neuroradiologist to exclude individuals with gross brain abnor-
malities. Participants were all of Han ancestry and right handed.

Psychopathology ratings in patients were obtained using 
the Positive and Negative Syndrome Scale (PANSS) (Kay et  al., 
1989). Chlorpromazine equivalents were calculated according 
to Gardner (Gardner et  al., 2010). Cognitive ability was meas-
ured using the Brief Assessment of Cognition in Schizophrenia 
(BACS) (Keefe et  al., 2004), a well-validated cognitive battery 
measuring working memory, executive functioning, processing 
speed, motor speed, verbal fluency, and verbal memory. The 
BACS composite z-score was calculated by comparing each 
participant’s performance on each measure with the perform-
ance of a healthy Chinese comparison group of similar age, re-
cruited from the same geographical region. BACS testing was 
conducted in the consistently treated schizophrenia patients 
and the healthy participants. Because of their instable mental 
status, never-treated patients did not receive BACS testing.

Imaging Data Acquisition

MRI scans were performed using a 3-T scanner (EXCITE, General 
Electric, Milwaukee, WI) with an 8-channel phase array head 
coil. Diffusion-weighted images were acquired using a bipolar 
diffusion-weighted spin-echo echo planar imaging sequence 
(TR = 10 000 ms, TE = 70 ms, flip angle = 90°) with a 128 × 128 matrix 
over a field of view of 240 × 240 mm and 50 axial slices of 3-mm 
thickness covering the whole brain without gap. The diffusion-
sensitizing gradients were applied along 15 unique directions 
(b = 1000  s/mm2) together with an acquisition without diffu-
sion weighting (b = 0). High-resolution T1-weighted anatomical 
images were acquired for registration purposes using a volu-
metric 3-dimensional spoiled gradient sequence (TR = 8.5  ms, 
TE = 3.5 ms, TI = 400 ms, flip angle = 12°) with a 512 × 512 matrix 
over a field of view of 240 × 240  mm and 156 contiguous axial 
slices of 1-mm thickness.

Image Preprocessing and Network Construction

PANDA pipeline tool (http://www.nitrc.org/projects/panda) and 
FMRIB Software Library (http://www.fmrib.ox.ac.uk/fsl) were 
used to preprocess the imaging data. All images were first cor-
rected for eddy current distortions and head motions by ap-
plying an affine alignment of each diffusion-weighted image 
to the b0 image. Then, the diffusion tensors were estimated 
for each voxel. The fractional anisotropy (FA) of each voxel was 
also calculated. After the preprocesses, tractography was per-
formed to generate 3-dimensional streamlines characterizing 
neural fiber tract connectivity. Streamlines were reconstructed 
by seeding at every voxel inside the brain and applying the fiber 
assignment using continuous tracking algorithm until it turned 
an angle greater than 45° or reached a voxel with the FA less 
than 0.2.

After skull-stripping, individual T1-weighted images were 
co-registered to the b0 images in the DTI space and then 
nonlinearly transformed into the ICBM152 T1 template in the 
MNI space. The inverse transformations were used to warp the 
automated anatomical labelling atlas (Tzourio-Mazoyer et  al., 
2002) from the MNI space to the DTI native space. Using this 

http://www.nitrc.org/projects/panda
http://www.fmrib.ox.ac.uk/fsl
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procedure, we obtained 90 cortical and subcortical regions (45 
for each hemisphere), each representing a node of the network. 
In the native diffusion space, 2 regions were considered struc-
turally connected if at least 1 fiber bundle with 2 endpoints was 
located in the 2 regions. We calculated the averaged FA values 
between the end-nodes as its weight and obtained a weighted 
symmetrical anatomical 90 × 90 structural connectivity matrix 
for each participant. These matrices were then analyzed to yield 
several graph theory metrics.

Network Analysis

GRETNA (www.nitrc.org/projects/gretna/) software was used 
to calculate the network metrics (Wang et  al., 2015). A  wide 
range of sparsity thresholds was applied to each structural 
connectivity matrix. For the brain networks at each sparsity 
level, we calculated both global and nodal network metrics. 
The area under the curve reflecting the measures over the 
sparsity range was calculated for each network metric, pro-
viding a summarizing scalar for the topological character-
ization of the brain networks. Global metrics included (1) 
small-world parameters: clustering coefficient Cp, charac-
teristic path length Lp, normalized clustering coefficient γ, 
normalized characteristic path length λ, and small-worldness 
σ; and (2) network efficiency parameters: local efficiency Eloc 
and global efficiency Eglob (Rubinov and Sporns, 2010). The 
nodal degree was examined in each automated anatomical 
labelling region. To further localize specific pairs of brain re-
gions with altered structural connectivity in patients, we 
used a network-based statistic (NBS) approach (Zalesky et al., 
2010). NBS is a method based on the principles underpinning 
traditional cluster-based thresholding of statistical para-
metric maps to control the family-wise error rate when mass 
univariate testing is performed at every connection com-
prising the graph.

Statistical Analysis

We employed chi-square tests, 1-way ANOVA, or Kruskal-Wallis 
tests to compare the demographic characteristics and clinical 
aspects among the groups. Shapiro-Wilk tests and homogen-
eity tests of variance were used to confirm that quantitative 
data from different groups were normally distributed and meet 
the criteria for homogeneity of variance. Chi-square pairwise 
tests following chi-square tests, Tukey-Kramer tests following 
ANOVA, or Dunn’s tests following Kruskal-Wallis were used for 
post-hoc tests procedures. Post-hoc tests were corrected for 
multiple comparisons using false discovery rate (FDR) approach 
and P values were false-positive adjusted accordingly.

To determine the group differences in terms of global net-
work metrics and regional nodal characteristics, nonparametric 
permutation tests (5000 permutations) were performed using a 
design model of 1-way ANOVA. A value of P < .05 was considered 
significant. For nodal properties, the statistical significance 
was corrected for multiple comparisons using FDR and false-
positive adjustments. Post-hoc pairwise permutation tests were 
conducted for measures with significant group differences. The 
post-hoc tests were corrected for multiple comparisons using 
FDR, and P values were false-positive adjusted.

To determine the significance levels of altered structural 
connectivity networks in the NBS analysis, we first detected 
the significant nonzero connections within healthy participants 
and patients. The NBS approach was then conducted within 
the connections, where a primary threshold (P = .01) was first 

applied to an F-statistic (1-way ANOVA analysis). This F-statistic 
was computed for each link to define a set of supra-threshold 
links among which any connected components and their size 
(number of edges) could then be determined. To estimate the 
significance of each component, the null distribution of the 
connected component size was empirically derived using a 
nonparametric permutation approach (5000 permutations).

Linear regression analysis was used to test the associ-
ations between network metrics and clinical characteris-
tics. Regressions included clinical characteristics (PANSS total 
scores, BACS scores, or chlorpromazine equivalents per day) as 
dependent variables, with global network metrics and dummy 
codes for patient groups as predictors. Mediation analysis used 
the PROCESS macro (Preacher and Hayes, 2004) for the Statistical 
Package for Social Sciences (SPSS, version 23.0), with a 5000 bias-
corrected bootstrap sample for significance testing. Mediation 
effects would be considered significant if the 95% confidence 
interval did not include zero.

Results

Participant Characteristics

The demographic and clinical features of the sample are listed 
in Table 1. The age and sex distributions did not differ among 
the groups. While the disease duration was similar among pa-
tient subgroups, there was a significant group difference in their 
PANSS scores, with higher PANSS scores in the never-treated 
group compared with the other 2 patient groups. Additionally, 
the clozapine-treated group showed higher PANSS negative 
symptom expression and total scores than the risperidone-
treated group. Chlorpromazine equivalents per day were lower 
in the clozapine-treated group than that in the risperidone-
treated group. Regarding groups with BACS scores available, the 
clozapine-treated group had the lowest BACS composite scores, 
indicating more severe cognitive impairment compared with 
both healthy controls and patients on risperidone. Though no 
differences were found between risperidone-treated patients 
and healthy controls in BACS composite scores, patients on 
risperidone were slower in motor speed as well as attention 
and processing speed (supplementary Table 1), indicating cer-
tain cognitive impairments in these patients. To control for the 
effects of symptom severity and antipsychotic dose, PANSS 
total scores and chlorpromazine equivalents were included as 
covariates in the statistic model that tested the differences in 
BACS scores between the clozapine-treated and risperidone-
treated groups. The group difference in BACS scores remained 
significant (Table 2; supplementary Table 1).

Group Difference in Network Metrics

Global Topology of White Matter Structural Networks
In the defined threshold range, all patient and control groups 
showed small-world topologic organization of the white matter 
structural networks, as expressed by γ > 1 and λ ≈ 1 (supplemen-
tary Figure 1). ANOVAs on the global network organization met-
rics revealed a significant group difference in local efficiency 
(F = 5.46, P = .002), global efficiency (F = 6.69, P < .001), and char-
acteristic path length (F = 6.27, P < .001) but no differences in 
clustering coefficients (F = 0.835, P = .479). Post-hoc comparisons 
showed significantly reduced global efficiency and increased 
path length in all patient subgroups compared with controls. 
Additionally, the clozapine-treated group showed significant de-
creased local efficiency compared with controls (Figure 1).

http://www.nitrc.org/projects/gretna/
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
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Regional Topology of White Matter Structural Networks
Following the discovery of altered global network organiza-
tion, we further localized the regions with altered nodal met-
rics (nodal degree) in the patients. Figure 2 shows the results 
of the statistical comparisons between those regional param-
eters. There were significant group differences in the following 
regions: right thalamus, right hippocampus, bilateral inferior 
frontal gyrus, left inferior and middle orbitofrontal gyrus, left 
middle frontal gyrus, left superior occipital gyrus, and right 
cuneus. The post-hoc tests showed that never-treated and 
clozapine-treated patients had significantly reduced nodal de-
grees in most of these regions compared with controls, whereas 
the risperidone-treated group revealed relatively intact nodal 
metrics. The direct comparison between the clozapine-treated 
and risperidone-treated group revealed significant differences 
in right thalamus, right cuneus, and right precentral gyrus, with 
higher nodal degrees in the risperidone group. The group dif-
ference between the clozapine-treated and risperidone-treated 

groups in right thalamus and right cuneus remained signifi-
cant after including the PANSS total score and chlorpromazine 
equivalents per day as covariates (Table 2).

White Matter Structural Connectivity Characteristics
Using the NBS method, we localized a connected subnetwork 
of 45 connections and 41 nodes that differed among the groups 
(P < .001, corrected by FDR). This network primarily involved sub-
cortical, prefrontal, and also some occipital regions (Figure 3A). 
Detailed information is provided in supplementary Table 2. The 
mean structural connectivity of the connected components 
was calculated by averaging the connectivity strength across 
all edges of the NBS network. Post-hoc tests revealed decreased 
values in all patient subgroups compared with HCs. The de-
creased pattern was more prominent in never-treated and 
clozapine-treated patients, as indicated by significantly lower 
values than in risperidone-treated patients (Figure 3B). The dif-
ferences between the clozapine-treated and risperidone-treated 

Table 2. Comparison Between CTSZ and RTSZ Controlled for PANSS Total Scores and Chlorpromazine Equivalents

CTSZ RTSZ P valuea

BACS composite score (z score) −2.20 (1.33) −0.57 (1.06) .005
Nodal degree of right thalamus 1.47 (0.49) 1.94 (0.56) .023
Nodal degree of right cuneus 1.72 (0.49) 2.18 (0.55) .044
Nodal degree of right precentral 1.66 (0.35) 2.07 (0.46) .098
Mean nodal degree of altered nodes 1.58 (0.24) 1.80 (0.31) .191
Mean connectivity of NBS network 0.22 (0.04) 0.27 (0.06) .037

Abbreviations: CTSZ, clozapine-treated schizophrenia patients; PANSS, Positive and Negative Syndrome Scale; RTSZ, risperidone-treated schizophrenia patients.

Values are represented as the mean (SD).
aControlled for PANSS total scores and chlorpromazine equivalents per day.

Figure 1. Group differences in global topological properties. AUC, area under curve; CTSZ, clozapine-treated schizophrenia patients; HC, healthy controls; NTSZ, never-

treated schizophrenia patients; RTSZ, risperidone-treated schizophrenia patients. An asterisk designates network metrics with significant group differences. *P < .05; 

**P < .01.

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
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groups remained significant after including PANSS total scores 
and chlorpromazine equivalents per day as covariates (Table 2).

Network Metrics and Cognition
Path length, global efficiency, and local efficiency predicted 
cognitive ability across all groups, including healthy controls 
(Lp: standardized β = − 0.355, P = .002; Eglob: β = 0.366, P = .001; Eloc: 
β = 0.297, P = .011). In contrast, clustering coefficients and local ef-
ficiency measures did not significantly predict cognitive ability 
(Cp: β = 0.072, P = .500). Linear regressions on BACS scores were 
performed for the mean degrees of the nodes with a significant 
group difference and the mean structural connectivity of the 
NBS-connected component showing that both measures were 
positively related to cognitive ability (β = 0.389, P = .002; β = 0.433, 
P = .005). Restricting the approach to only treated patients con-
firmed the associations between altered network metrics and 
cognitive ability (supplementary Table 3). In contrast, no sig-
nificant correlations were found between network metrics and 
PANSS total scores, and between network metrics and chlor-
promazine equivalents per day, in the group of treated patients 
(supplementary Table 3).

Given the observed differences in structural connectivity of 
the NBS network and cognitive ability between the treated groups 
on the one hand and the positive association between their struc-
tural connectivity and cognitive ability on the other hand, we 
tested whether the structural connectivity of the NBS network 
mediated the group differences in cognitive ability between the 
2 groups of treated patients. A significant mediation role of the 
NBS network (β = 0.63; 95% CI [0.08, 1.21]) was revealed (Figure 3C).

Discussion

This study examined, to our knowledge for the first time, dif-
ferences within the white matter structural connectome in 

chronic schizophrenia, including patients on long-term anti-
psychotic monotherapy with either risperidone or clozapine, 
and compared them with chronically ill never-treated patients. 
Our findings suggest that there is a general disruption in the 
organizations of the white matter structural networks as well 
as decreased nodal and connectivity characteristics across all 
schizophrenia groups, mainly involving thalamus, prefrontal, 
and occipital regions. More specifically, we found that alter-
ations in nodal and connectivity characteristics were more 
prominent in never-treated and clozapine-treated patients than 
in risperidone-treated patients. Regarding the behavioral rele-
vance of these alterations, we found that greater white matter 
alterations were associated with more severe impairments in 
cognitive function. Follow-up analyses further suggested struc-
tural connectivity of the NBS network mediated the difference 
in cognitive ability between the groups of treated patients.

The brain is a complex interconnected system with various 
important topological attributes, such as small-worldness, 
high efficiency at low wiring costs, and highly interconnected 
hubs (Bullmore and Sporns, 2009; Sporns, 2011). Graph theor-
etical analysis can provide a powerful framework for charac-
terizing the topological attributes of brain networks. Through 
graph theoretical analysis, our present findings suggest schizo-
phrenia leads to increased characteristic path lengths and 
decreased global efficiency, indicating decreased ability for 
parallel information processing in the brain. This observation 
is in accordance with previous studies reporting disruptions of 
fundamental organizational properties associated with schizo-
phrenia, thus supporting the model of schizophrenia as a 
dysconnectivity syndrome (van den Heuvel and Fornito, 2014; 
Narr and Leaver, 2015; Cea-Cañas et  al., 2019). Regarding re-
gional topology, we revealed changes mainly in the thalamo-
prefrontal circuits, where dopaminergic transmission is highly 
relevant. Imbalances of dopaminergic transmission in these 

Figure 2. The distribution of brain regions with significant differences in the nodal degrees among the groups at P < .05 (corrected). The networks shown here were 

constructed by averaging the anatomical connection matrices of all healthy controls, with a sparsity threshold of 10%. Post-hoc tests showed that NTSZ patients and 

CTSZ patients had significant reduced nodal centrality in most of these regions compared with controls. Compared with the RTSZ group, the CTSZ group had signifi-

cant lower values in right thalamus, right cuneus, and right precentral gyrus. CTSZ, clozapine-treated schizophrenia patients; CUN, cuneus; HC, healthy controls; HIP, 

hippocampus; IFGtriang, triangular part of inferior frontal gyrus; L, left; MFG, middle frontal gyrus; NTSZ, never-treated schizophrenia patients; ORBinf, orbital part of 

inferior frontal gyrus; ORBmid, orbital part of middle frontal gyrus; PreCG, precentral gyrus; R, right; RTSZ, risperidone-treated schizophrenia patients; SOG, superior 

occipital gyrus; THA, thalamus. *P < .05; **P < .01; ***P < .001.

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
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regions have been postulated as core disease mechanisms of 
schizophrenia. In line with this, structural changes within 
thalamo-prefrontal circuits have also been consistently re-
ported from schizophrenia patients (Gong et al., 2016). Though 
occipital regions do not receive prominent dopaminergic in-
nervation, studies have reported illness-related alterations 
in these regions as well (Maller et al., 2017; Zhao et al., 2018). 
Additionally, previous DTI studies have reported reduced FA in 
the thalamic radiations, corpus callosum, fronto-occipital fas-
ciculus, and some prefrontal-subcortical bundles (Yao et  al., 
2013; Klauser et al., 2017; Molina et al., 2017; Leroux et al., 2018). 
Together, our findings support a model of topological properties 
being relevant to the widely reported structural changes and ab-
normal FA of fiber bundles in schizophrenia.

While changes in brain structure, with evidence of progres-
sion over time, have been well documented in schizophrenia, 
the impact of antipsychotic treatment on such changes remains 
controversial. Both increased (Reis Marques et al., 2014) and de-
creased FA (Wang et  al., 2013; Szeszko et  al., 2014) as well as 
no evidence for whiter matter changes (Kraguljac et  al., 2019) 
after short-term (6–12 weeks) antipsychotic treatment have 
been reported. Clinical studies on long-term antipsychotic treat-
ment, including our previous studies (Xiao et al., 2018; Yao et al., 
2019), suggest that antipsychotic medications may have bene-
ficial effects on the brain’s structure and function. In contrast, 
studies on non-human primate models have suggested adverse 
effects of antipsychotics by reporting associations between 

chronic exposure to antipsychotics with reduced brain volume 
and glial cell numbers (Dorph-Petersen et al., 2005; Konopaske 
et  al., 2007). Notably, the choice of antipsychotic treatment 
may contribute to these controversial findings. Several studies 
have reported differential effects of typical and atypical anti-
psychotics on the brain’s structure (Bartzokis et al., 2007, 2009; 
Vita et  al., 2015; Leroux et  al., 2018). Our present finding that 
patients on long-term risperidone monotherapy showed fewer 
deficits within their white matter structural networks than 
never-treated patients is consistent with the hypothesis that 
risperidone has the capacity to restore dysconnectivity and 
normalize topological parameters after short-term treatment 
(Hu et al., 2016; Kraguljac et al., 2016; Nelson et al., 2018; Zong 
et al., 2019). Risperidone may thus have neuroprotective effects 
on white matter structural networks when administered as a 
long-term treatment.

In patients on long-term clozapine monotherapy, the impair-
ments in white matter structural networks were similar to those 
in the group of never-treated patients, suggesting limited effects 
of long-term clozapine administration on white matter structural 
networks in this group. This finding is in line with a previous report 
showing limited effects of clozapine on brain structure (Guma et al., 
2018) and a continuous reduction in global brain volume during 
mid-term (6–9 months) clozapine treatment in schizophrenia pa-
tients (Ahmed et  al., 2015). Confirming our first hypothesis, we 
found greater alterations in nodal and connectivity characteris-
tics in clozapine-treated than risperidone-treated patients. One 

Figure 3. (A) The connected network with significant differences among the groups. Note that the FA-weighted white matter network was constructed using the auto-

mated anatomical labelling template. The network primarily involved the frontal and thalamus regions. (B) Differences in the mean strength of the components among 

the groups. Post-hoc tests revealed decreased values in all patient subgroups compared with those in HC. The decreased pattern was more prominent in NTSZ and 

CTSZ patients, indicated by significant lower value. (C) The structural connectivity within the NBS network significantly mediated the difference between the 2 treated 

groups regarding their cognitive ability level. Path c represents the variance in treatment choice associated with global cognitive ability, and Path c’ represents the 

association between treatment choice and cognition after taking into account the structural connectivity of the NBS network as a mediator. Path c-c’ is the mediation 

effect and is significant at P < .05 based on confidence intervals from bias-corrected bootstrapping of 5000 samples. CTSZ, clozapine-treated schizophrenia patients; 

CUN, cuneus; HC, healthy controls; HIP, hippocampus; IFGtriang, triangular part of inferior frontal gyrus; L, left; MFG, middle frontal gyrus; NTSZ, never-treated schizo-

phrenia patients; ORBinf, orbital part of inferior frontal gyrus; ORBmid, orbital part of middle frontal gyrus; PreCG, precentral gyrus; R, right; RTSZ, risperidone-treated 

schizophrenia patients; SOG, superior occipital gyrus; THA, thalamus. **P < .01; ***P < .001; ****P < .0001. For detailed information regarding the white matter connections 

in the significant NBS components, see supplementary Table 2.

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa061#supplementary-data
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possible explanation for these differential effects might be the dif-
ferent pharmacological mechanisms of the 2 drugs, with stronger 
inherent anticholinergic properties of clozapine than risperidone. 
On the other hand, patients in the clozapine-treated group were 
probably more impaired than patients in the risperidone-treated 
group as reflected by higher PANSS negative scores and lower 
BACS scores. To this regard, it is worth noting that clozapine has a 
unique therapeutic profile with proven clinical effectiveness even 
in treatment-resistant schizophrenia. However, chlorpromazine 
equivalents per day were considerably lower in the clozapine-
treated group compared with the risperidone-treated group, 
which could suggest less efficient antipsychotic treatment in the 
clozapine group. To control for the prescribing bias, patients with 
a known history of poor response to other antipsychotics were ex-
cluded from this study. Although not initially hypothesized, the 
difference between the clozapine group and the risperidone group 
remained significant when controlling for variable of no interest 
(e.g., PANSS total score and chlorpromazine equivalent per day), 
supporting the idea that the observed difference in structural 
connectome is independent of symptom expression and anti-
psychotic dosage. Notably, as an affordable drug with high efficacy, 
clozapine has been widely prescribed to schizophrenia patients 
even as first-line treatment (Liu and Li, 2003), especially in less af-
fluent and rural areas of China, where most of our participants 
were recruited. Although we cannot completely rule out the im-
pacts of the prescribing bias, which may need to be addressed in 
future studies, our findings add useful information to the con-
troversial debate on effects of antipsychotic medication on brain 
structure during long-term treatment and may have both clinical 
relevance and theoretical implications.

In contrast to the lack of association between white matter 
structural alterations on the one hand and symptom expres-
sion on the PANSS and antipsychotic dosages on the other 
hand, we observed significant associations between the struc-
tural network connectome and cognitive performance. This is 
in accordance with accumulating evidence suggesting the op-
timal organization of brain networks underlies cognitive ability 
(Park and Friston, 2013). Although cognition is not a formal part 
of the current diagnostic criteria for schizophrenia, significant 
cognitive impairments across many domains have been docu-
mented in schizophrenia patients and are recognized as a major 
cause of poor functioning. Longitudinal studies covering more 
than 10 years have revealed both overall stability as well as a 
significant decline of cognitive functioning in schizophrenia 
(Hoff et al., 2005; Øie et al., 2010). One possibility underlying this 
discrepancy of findings could be the differences in the charac-
teristics of the included samples and the nature of the medica-
tion used (Townsend and Norman, 2004). In this study, we found 
different levels of cognitive function between patients with 
chronic risperidone treatment and those with chronic clozapine 
treatment. Moreover, the difference in cognitive ability was sig-
nificantly mediated by the integrity of white matter structural 
networks depending on the choice of antipsychotic treatment. 
This constellation of findings supports the model that white 
matter structural networks supporting cognitive function may 
benefit from antipsychotic treatment, especially in those treated 
with risperidone.

This study has several limitations. First, this is a 
cross-sectional non-randomized study. The brain structural 
connectome and cognition differences between the groups 
as well as their relationship with treatment history are con-
strained by the lack of random assignment to different types of 
antipsychotic treatment. Though patients with a history of poor 
response to other antipsychotics were excluded, the impacts 

of the prescribing bias that more impaired patients were more 
likely to receive clozapine treatment cannot be completely rule 
out. A longitudinal study with a randomized design extending 
for over 5 years is a challenge, since it is ethically not feasible 
to demand participants to stick to 1 particular antipsychotic 
drug for such a long-term course. Thus, our cross-sectional 
approach may be regarded as a proxy to study the effects of 
long-term course of antipsychotic treatment. Nonetheless, this 
issue needs to be considered when interpreting our findings. 
Second, due to the unstable psychosis status of never-treated 
patients, cognitive evaluations were not conducted in these 
patients. The relationship between cognitive impairments and 
deficits of white matter structural networks in never-treated 
schizophrenia should be further evaluated. Third, we did not 
control for the usage of non-antipsychotic medications, which 
was selected based on individual clinical preference. Fourth, the 
sample size was relatively small with a predominance of males. 
This bias limits the generalization of our findings to female pa-
tients. Lastly, our findings are limited by the intrinsic nature of 
DTI, which relies on water diffusion as an indirect marker of 
white matter microstructure and has yet been unable to resolve 
complex fiber architectures.

In conclusion, by studying a sample of chronically ill pa-
tients with schizophrenia on 3 different choices of antipsychotic 
treatment, that is, clozapine, risperidone, or none, this study re-
vealed differential alterations in the structural connectome of 
those patients and a mediating role of white matter structural 
connectivity on cognitive ability in the 2 groups of patients on 
long-term medication. Our results provide insight into the white 
matter structural network deficits in chronic schizophrenia pa-
tients receiving clozapine and risperidone monotherapy and 
suggest that white matter structural networks supporting cog-
nitive function may benefit from antipsychotic treatment, espe-
cially in those treated with risperidone.

Supplementary Materials

Supplementary data are available at International Journal of 
Neuropsychopharmacology (IJNPPY) online.
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