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ARTICLE INFO ABSTRACT

Schizophrenia is a complex disorder in which abnormalities in brain connectivity and social functioning play a
central role. The aim of this study is to explore small-world network properties, and understand their re-
lationship with social functioning and social cognition in the context of schizophrenia, by testing functional
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FMRII] " connectivity differences in network properties and its relation to clinical behavioral measures. Resting-state fMRI
:::?:;zo;)}:‘:;;ia time series data were acquired from 23 patients diagnosed with schizophrenia and 23 healthy volunteers. The

results revealed that patients with schizophrenia show significantly decreased connectivity between a range of
brain regions, particularly involving connections among the right orbitofrontal cortex, bilateral putamen and left
amygdala. Furthermore, topological properties of functional brain networks in patients with schizophrenia were
characterized by reduced path length compared to healthy controls; however, no significant difference was
found for clustering coefficient, local efficiency or global efficiency. Additionally, we found that nodal efficiency
of the amygdala and the putamen were significantly correlated with the independence-performance subscale of
social functioning scale (SFC), and Reading the Mind in the Eyes test; however, the correlations do not survive
correction for multiple comparison. The current results help to clarify the relationship between social func-

Social functioning
Social cognition

tioning deficits and topological brain measures in schizophrenia.

1. Introduction

Schizophrenia is a chronic mental health disorder which is asso-
ciated with abnormalities in social functioning (Green and Leitman,
2008). Poor social functioning is one of the major factors affecting the
quality of life in schizophrenia, which can lead to decrease in the ability
to work independently, and thus lead to unemployment (Heinrichs
et al., 1984; Couture et al., 2006; Briine et al., 2007; Penn et al., 2008).
It is believed that the neurocognitive capacity for social cognition plays
a critical role in healthy social functioning (Henry et al., 2016). More
specifically, social cognition, especially theory of mind and social
emotion processing, has emerged as an important factor which influ-
ences social functioning in schizophrenia (Pinkham et al., 2003; Brunet-
Gouet and Decety, 2006; Bae et al., 2010; Fett et al., 2011).

Over the last decade, brain imaging studies on social cognition in
schizophrenia have created much interest in psychiatry and neu-
roscience (Sugranyes et al., 2011). These previous studies showed that
the involvement of multiple brain regions is critical for social cognition,
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including fusiform gyrus (FG), superior temporal sulcus, amygdala, and
medial prefrontal cortex (Rilling et al., 2008). Among other functions,
these regions play a major role in social cognition through emotion
regulation (Banks et al., 2007; Hare et al., 2005), and social judgement
processes (Adolphs et al., 1998). In the literature, these regions are
collectively referred to as the social cognition network (Adolphs, 1999;
Van Overwalle, 2009; Schurz et al., 2014; Molenberghs et al., 2016).
Patients with schizophrenia show signs of abnormal activations in the
brain regions involved in the social cognition network (Li et al., 2009;
Kiihn and Gallinat, 2011; Green et al., 2015). Impairment in social
cognition and its sub-domains, such as emotion processing, theory of
mind or social perception, can prevent adaptation to various social si-
tuations and general social functioning (Bae et al., 2010). While there
have been several studies carried out on social functioning and func-
tional brain imaging (Hooker et al., 2011; Dodell-Feder et al., 2014;
Mothersill et al., 2017; Wojtalik et al., 2017; Fox et al., 2017), it is
important to further explore the relationship between these two topics,
and our study aims to fill the gap in the literature on topological
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changes in patients with schizophrenia.

Recently, resting-state functional magnetic resonance imaging, a
non-invasive imaging technique which has been used to measure
spontaneous brain activity (Biswal, 2012), revealed disorder-related
abruptions in functional connectivity in patients with schizophrenia
(Bluhm et al., 2007; Liang et al., 2006; Salvador et al., 2010). These
abruptions mainly occur in frontotemporal regions (Friston and Frith,
1995; Tanet al., 2005) and occipitotemporal regions (Kim et al., 2003).
Zalesky and colleagues (2010) used network-based statistic (NBS)
method to identify abnormal functional connectivity in patients with
schizophrenia. They showed that patients with schizophrenia have
decreased connectivity between temporal and frontal lobes (Zalesky
et al., 2010; Fornito et al., 2012). Parallel to the resting state functional
connectivity studies, graph theoretical studies also reveal that brains of
normal healthy subjects show small-world network-like functional
connectivity indicated by high local clustering (e.g., clustered con-
nectivity around individual nodes indicate high functional segregation)
and short path lengths (e.g., gathering information between nodes in-
dicating high functional integration) (Bullmore and Sporns, 2012).
Graph theoretic measurements of resting state brain networks in pa-
tients with schizophrenia have revealed decreased small-world prop-
erties (changes in the balance between functional integration and seg-
regation), that include decreased clustering and decreased efficiency
(Bassett et al., 2008; Bullmore et al., 2009; Liu et al., 2008). Indeed, the
graph theoretical approaches have provided a powerful tool for char-
acterizing topological properties of complex brain networks on a whole
brain scale (Bullmore and Bassett, 2011; He et al., 2009; Lynall et al.,
2010; Skudlarski et al., 2010). According to these studies, compared to
healthy brains, information processing in the brain of patients with
schizophrenia follows a longer and less efficient path, indicating a
greater energetic cost (Fornito et al., 2012), and less efficient in-
formation processing (Zalesky et al., 2010). Two previous fMRI studies
using graph theory (Liu et al., 2008; Yu et al., 2011), revealed devia-
tions in small-world network properties in patients with schizophrenia.
More specifically, they showed that frontal, parietal and temporal re-
gions show a dysfunctional integration of information. Given the ana-
tomical and functional connectivity differences between healthy parti-
cipants and patients with schizophrenia (Pettersson-Yeo et al., 2011;
Fornito et al., 2012), it remains unclear how these abnormalities are
related to social functioning and small-world network properties.

Although previous studies have revealed changes in the resting state
functional connectivity in patients with schizophrenia, there is a lack of
clarity regarding the relationship between symptoms of social func-
tioning and brain networks (Wojtalik et al., 2017; Fox et al., 2017). In
the current study, in order to identify the brain regions with hypo or
hyper connectivity, we first compared functional connectivity between
individuals with schizophrenia, and healthy controls using the network-
based statistic (NBS) approach (Zalesky et al., 2010). Based on previous
studies, we hypothesized that patients with Schizophrenia should show
decreased functional connectivity between frontal, temporal and limbic
regions. Furthermore, in order to identify which network measures are
affected by the disease, we compared small-world network properties
(i.e., clustering coefficient and characteristic path length), network ef-
ficiency (i.e., global and local efficiencies) and local network properties
(nodal efficiency and nodal degree) in those connections with de-
creased connectivity, and assessed the correlational relationship be-
tween these network measures and clinical measures of social func-
tioning.

Overall, the aim of this study is to explore changes in functional
brain connectivity in patients with schizophrenia, and identify the types
of brain connectivity changes (i.e., global or local network metrics) that
are correlated with patients’ social functioning and social cognition
scores. To test our hypothesis, we collected resting-state fMRI with 23
patients with schizophrenia and 23 healthy controls, and compared
global and local graph theoretical network metrics in relation to
symptom severity and social functioning measures.
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2. Methods
2.1. Participants

The participants were twenty-three patients (male: 14, female: 9)
between the ages of 21-44 (M = 32.09; SD = 6.32) meeting the di-
agnostic criteria for schizophrenia DSM-IV-TR (American Psychiatric
Association, 2000). The control group consisted of twenty-three (male:
14, female: 9) healthy participants between the ages of 20-45 (M =
31.04; SD = 6.58), recruited from the general community and score
less than 0.5 in Symptom Check-List 90 R (SCL-90R) subscales that
include somatization, obsession, depression, anxiety, hostility, phobic
anxiety, paranoid ideas and psychoticism (Derogatis, 1994). Ad-
ditionally, for the healthy control group, we excluded those with a fa-
mily history of psychosis, drug or alcohol addiction problem. We also
excluded participants with neurological conditions or any significant
head injury that may have caused permanent damage to cognitive or
sensory functions. All patients with schizophrenia in the study were
recruited compliant to an atypical neuroleptic pharmacotherapy, based
on self- and clinician-report. The patients recruited in this study were
clinically stable, i.e. not hospitalized in the previous 12 months, and
had received a stable dose of antipsychotic medication over the pre-
vious 6 months. Patients who used drugs or alcohol were also excluded
from the study; however, smoking was not an exclusion criterion. Ap-
proximately 44% of patients were using biperiden, and the rest were on
quetiapine medication. Additionally, 40% were taking an anti-
depressant or mood-stabilizing medication. Symptom severity was as-
sessed using the Positive and Negative Syndrome Scale (Kay et al.,
1989). With regard to symptom levels, mean scores of patients with
schizophrenia in the present study were 16.43 (SD= 5.41) for positive
symptoms, 17.13 (SD= 6.99) for negative symptoms, 29.13 (SD=
10.19) for general psychopathology, and 62.71 (SD= 21.10) for the-
total scale. The present study was approved by the Ethics Committee of
Uskiidar University (Table 1).

2.2. Behavioral scales

We administered the Positive and Negative Syndrome Scale
(PANSS), Social Functioning Scale (SFS), and the Reading the Mind in
the Eyes Test on both the healthy and the patient group. The details of
the statistical differences are reported in Table 2. More specifically, the
Symptom severity was measured with Positive and Negative Syndrome
Scale, developed by Kay and colleagues (1989). The scale contains 30
items, with a 7 - point Likert scale ranging from 1 (absent) to 7 (ex-
treme). Social functioning of the participants was measured using the
Social Functioning Scale (SFS)(Birchwood et al., 1990), designed to
measure seven areas of social functioning necessary for daily living,
especially in patients with schizophrenia. The SFS has seven dimen-
sions: social engagement/withdrawal, interpersonal behavior, pro-so-
cial activities, recreation, independence — competence (the degree to
which an individual is able to perform skills required for independent
living), independence — performance (performance of skills required for
independent living) and employment. Higher SFS scores indicate better
social functioning. The Reading the Mind in the Eyes Test designed by
Baron — Cohen and colleagues was used to test theory of mind ability

Table 1
Demographic and Clinical Characteristics of the Study Sample.

Demographics, mean ( = SD)  Groups P value
Schizophrenia (N =  Healthy Controls
23) (N = 23)
Age 32.09 (6.32) 31.04 (6.58) > 0.05
Education Year 11.35 (2.79) 14.96 (3.72) > 0.05
Gender, M / F 14/9 14/9 -
Duration of the Illness, years ~ 15.5 (6.9) - -
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Mean scores of participants in Social Functioning Scale and Reading the Mind in the Eyes test and group differences between schizophrenia and healthy controls.

Schizophrenia Healthy Controls

M SD M SD t-value (df = 44) Sig. Cohen's d
Social Withdrawal/Engagement 9.70 2.88 12.96 1.80 — 4.60" < 0.01 1.36
Interpersonal Interaction 2.70 2.18 7.57 1.56 - 8.70" < 0.01 2.57
Independence - Performance 21.83 8.29 33.00 5.14 — 5.94° < 0.01 1.62
Independence - Competence 33.39 6.08 37.96 2.14 — 3.40" < 0.01 1.00
Recreation 13.13 5.94 19.61 5.43 — 3.86" < 0.01 1.14
Pro-Social Activities 11.22 6.86 25.70 10.79 — 5.43% < 0.01 1.60
Employment 3.96 3.57 10 0.00 - 8.11° < 0.01 2.39
Social Functioning Scale Total 95.91 25.30 146.78 19.92 — 7.58% < 0.01 2.23
Reading the Mind in the Eyes Test 16.04 5.58 24.52 3.88 - 6.16" < 0.01 1.77

@ t-value is significant at the 0.01 level (2-tailed).

and social emotion processing (Baron-Cohen et al., 2001). The test is
common in the evaluation of individuals’ ability to understand the
mental states of others and affective theory of mind. The current
written version of the test contains 36 items, with four choices for each
item. During the test, participants choose between 1 of 4 adjectives or
mental states that best define each visual stimuli.

2.3. Functional MRI data acquisition

Data acquisition was performed on 1.5 T Philips Achieva scanner at
the Istanbul Neuropsychiatry Hospital. Foam pads ensured minimum
head movement within the coil while imaging. We collected T1
weighted MPRAGE type anatomical images (TR/TE = 8.54/3.99 ms,
flip angle 8°, FOV = 24 * 24 cm, matrix 256 x 256, 0.94 mm
isotropic voxel size). The MPRAGE acquisition took approximately
18 min. Functional images were gathered using a gradient-echo-planar
imaging sequence (TR = 2640 ms, TE = 40 ms, flip angle = 90°, FOV
= 240 mm* 240 mm, matrix = 64 * 64). The whole brain was imaged
in 32 slices with a width of 3.5 mm * 3.5 mm * 3.5 mm in-plane spatial
resolution. The fMRI imaging session lasted a total of 11 min, during
which participants had their eyes open and were instructed to focus on
the fixation cross on the screen.

2.4. Image preprocessing

Image pre-processing was performed with statistical parametric
mapping toolbox (SPM 8, Wellcome Department of Imaging
Neuroscience, London (Friston et al., 1995), UK, using MATLAB version
R2010a) and consisted of: removal of first 10 volumes, slice timing
correction, realignment of functional images using 2nd degree B-Spline
interpolation, coregistration, normalization of coregistered images to
MNI template, resampling to 3-mm isotropic voxels respectively. Re-
garding motion correction, none of the subjects showed head move-
ment that was excessive, i.e., greater than 2 mm. Additionally, to ensure
that there was no difference between schizophrenia and control group
for head movement, we compared averaged framewise displacement
(FD, Power et al., 2012), which is a scalar quantity that represents in-
stantaneous head motion. The analysis revealed no significant differ-
ence for head movement (t (44) 1.24, p > 0.05) (see
Supplementary Table 4). After normalization and pre-processing, the
functional images were spatially smoothed using a Gaussian kernel of
4 mm full width at half-maximum. The calculation of the functional
connectivity maps was carried out using the Data Processing Assistant
for Resting-State fMRI (DPARSF) software package (Yan, 2010) and the
Resting-State fMRI Data Analysis Toolkit (REST, http://www.restfmri.
net) (Song et al., 2011). Image detrending and temporally band-pass
filtering (0.01-0.08) (Greicius et al., 2003) was applied to functional
images. Six head motion realignment parameters (3 rotations and 3
translations) in addition to signals from the WM and CSF were regressed
out during the calculation of functional connectivity maps (Jo et al.,
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2013). 4 mm ROI seeds were then placed to the MNI coordinates in the
left and right brain hemispheres defined by the AAL atlas (Tzourio-
Mazoyer et al., 2002).

2.5. Graph theoretical analysis and network metrics

2.5.1. Node and edge definition

In order to apply Network based statistics (NBS) method (Zalesky
et al., 2010), it is necessary to identify the connectivity matrix between
regions-of-interest for each subject. The automated anatomical labeling
(AAL,Tzourio-Mazoyer et al., 2002) template was employed to divide
the brain into 90 standardized regions-of-interest. All regions included
in the analysis are based on the AAL atlas, and are listed in
Supplementary Table 1. The total number of connections for N = 90
was calculated as N *(N—1)/2 = 4005 connections (Zalesky et al.,
2010). The cerebellum was excluded due to inconsistent sampling
across participants during data acquisition. The residuals from the
above-described regression were spatially averaged over the voxels
comprising each region, yielding a set of 90 regional time series, re-
presenting 11 min of resting-state. The functional connectivity between
each pair of regions was quantified independently using the Pearson
correlation coefficient, resulting in a symmetric 90 by 90-connectivity
matrix for each participant; and then normalized using z-transforma-
tion (see Fig. 1).

2.5.2. Network based statistics (NBS)

We used the NBS method (Zalesky et al., 2010) to identify the hypo
and hyper connected components in patients with schizophrenia. The
purpose of the NBS is to identify any pairwise associations that are
significantly different between groups. (Bullmore et al., 2009). The two
main difference between NBS from other threshold techniques are its
capacity to estimate family-wise error correction for pairs of associa-
tions between nodes, and its sensitivity to distributed networks with
multiple connections (Zalesky et al., 2010), whereas the false discovery
rate (FDR), is more sensitive to focal, isolated single connections
(Zalesky et al., 2010). Therefore, we administered NBS threshold and
FDR threshold separately to provide a network comparison.

2.5.3. Small-world network metrics

For brain networks, we calculated both global network measures,
which involve metrics computed using all nodal connections, and also
regional network measures, which are calculated using only certain
nodes or group of nodes. For the network metric analysis, we used
GRETNA software (Wang et al., 2015). The global measures for small-
world network parameters include the calculation of clustering coeffi-
cient Cp (depicts functional segregation based on the number of tri-
angles in the network), normalized clustering coefficient, y (clustering
coefficient normalized by the random network), path length Lp (depicts
functional segregation based on the shortest path length between all
pair of nodes), normalized path length, (depicts path length normalized
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by the random network), network efficiency measures (depicts parallel
information flow) and small-world-ness X (clustering coefficient/path
length). Other calculations were local efficiency, which measures of the
shortest path length between two disconnected networks, and finally,
global efficiency, which is an inverse measure of shortest path length
that finds the number of disconnected networks (see Supplementary
Material for details). For the calculation of individual local network
metrics for each significant node (based on the results from NBS ana-
lysis), we calculated two nodal centrality metrics: the degree of a node
(measures the number of links connected to a specific node), and the
efficiency of a node (for a recent review on uses and interpretations of
these network measures)(see Rubinov and Sporns, 2010; Wang et al.,
2015; Zhang et al., 2011). For each network metric of each individual
subject, we first calculated the metric values before performing be-
tween subject t-tests in order to quantify any group-level difference
between the patients with schizophrenia and the healthy group, and
include only significantly different regions in the correlation analysis
with social functioning measures (see Sections 3.3 and 3.4).

3. Results
3.1. Behavioral results

Between-group differences (healthy control vs. schizophrenia) for
the behavioral ratings conducted before the scanning session revealed
significant mean differences for all subscales of social functioning
(Social Withdrawal/Engagement (¢t (44) 4.60, p <0.01),
Interpersonal Interaction (t (44) = — 8.70, p < 0.01), Independence-
Performance (t (44) = — 5.94, p < 0.01), Independence - Competence
(t (44) = — 3.40, p < 0.01), Recreation (t (44) = — 3.86, p < 0.01),
and Pro-social Activities (t (44)= — 5.43, p < 0.01), Employment (t
(44) = — 8.11, p < 0.01) as well as for total social functioning score (t
(44) = — 7.58, p < 0.01) (see Table 2). Furthermore, significant dif-
ferences were observed between groups for Reading the Mind in the
Eyes test (t (44) = —6.16, p < 0.01). Based on Cohen's effect size
benchmark values, comparison between the patient and healthy group
showed large effect sizes for behavior; the detailed results for the be-
havioral differences and effect sizes are reported in Table 2.

3.2. Network based statistics

A between subject t-test was administered using the NBS software,
in order to compare the connectivity matrices for schizophrenia >
healthy control and healthy control > schizophrenia contrasts.
Connection weights below the value of t = 3.1 were excluded from the
analysis. A family-wise error (FWE) corrected p-value was calculated
for the size of each resulting pair using permutation testing (20000
permutations). The NBS approach identified a single network showing
significantly (p < 0.01, FWE-corrected) decreased connectivity in in-
dividuals with schizophrenia compared to healthy controls
(Supplementary Table 2). This affected network comprised of 191
edges, involving 72 of the 90 brain regions, indicating that 80% of the
regions showed reduced connections in the schizophrenia group
(Supplementary Figure 1). However, there were no significant results
for the schizophrenia > healthy control contrast. We also repeated the
analysis with the FDR threshold, which strictly controls the false posi-
tives rate at the level of individual connections (Zalesky et al., 2010).
We set the FDR correction level top < 0.01 (20000 permutations) for
both the schizophrenia > healthy control and schizophrenia < healthy
control contrast. The affected network for schizophrenia < healthy
control with FDR correction comprised of 13 nodes and 11 edges
(Fig. 2). Figures were visualized with the BrainNet Viewer (Xia et al.,
2013) and the NBS software (https://www.nitrc.org/projects/nbs/)
revealing no significant results were found for schizophrenia > healthy
control (p > 0.01, FDR corrected)

Within the NBS analysis framework, regardless of the thresholding
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technique, all connections revealed a lower value for both long and
short distance connectivity in the schizophrenia group, as compared to
healthy controls. More specifically, FDR correction indicated decreased
connectivity in the subcortical regions, including the bilateral putamen,
left amygdala, right posterior cingulate gyrus. Additionally, the right
superior frontal gyrus showed decreased long distance connections with
bilateral inferior occipital gyrus (see, Fig. 2).

In order to determine whether there was a significant group dif-
ference in global network metrics which applied to all of the 90 AAL
regions, we first calculated the between-subject group difference for
each network metric value. No significant difference was found for the
clustering coefficient, normalized clustering coefficient, normalized
path length, or global and local efficiency (p > 0.05, see Supplementary
Table 5). However, compared to healthy controls, patients with schi-
zophrenia showed a trend for higher levels of average path length, t
(44) = 1.97, p = 0.055, suggesting a trend for increased path length in
patients with schizophrenia (Fig. 3).

3.3. Relationship between global network metrics and clinical variables: an
exploratory analysis

Furthermore, in order to investigate the relationship between global
network metrics of each patient with schizophrenia and clinical scale
measures, we performed a multiple correlation analysis between net-
work metrics, Reading the Mind in the Eyes test and Social Functioning
Scale. An additional area for investigation is the relationship between
altered topological connections and symptom severity in patients with
schizophrenia (Liu et al., 2008). In order to explore this relationship, we
performed correlation analysis between PANSS scores and global net-
work metrics. The results revealed that the scores of social withdrawal
subscale were significantly negatively correlated with vy r = — 0.56,
p < 0.05, uncorrected) and small-world-ness (r — 0.61, p < 0.05,
uncorrected); interpersonal interaction subscale scores were also sig-
nificantly negatively correlated with vy, (r — 0.49, p < 0.05, un-
corrected) and small-world-ness (r = — 0.46, p < 0.05, uncorrected).
Additionally, we found significant positive correlation between the
employment subscale and A, (r = 0.42, p < 0.05, uncorrected). We also
performed the same multiple correlation analysis applying Bonferroni
and Benjamini-Hochberg (FDR) corrections, but none of the network
measures significantly correlated with the social scale measures. The
complete list of results can be found in Supplementary Table 6.

3.4. Relationship between local network metrics and clinical variables: an
exploratory analysis

Firstly, in order to determine whether there was a significant dif-
ference between patients with schizophrenia and healthy controls, we
calculated local network metric values (nodal degree and nodal effi-
ciency) for the 13 regions identified from the FDR (false discovery rate)
corrected NBS analysis. A between subjects t-test was performed to
compare these values. Of the 13 regions that were identified a priori,
we found a significant difference in three regions for nodal degree, and
six for the nodal efficiency (See, Supplementary Table 7). These sig-
nificant regions were then included in the correlation analysis with
social functioning questionnaire and with Reading the Mind in the Eyes
test. The correlation analysis revealed that the scores of independence
performance subscale significantly positively correlated with the nodal
efficiency of the left amygdala (r = 0.34, p < 0.05, uncorrected), and
the nodal efficiency of the right putamen (r 0.30, p < 0.05, un-
corrected) as well as with the nodal degree of the right putamen (r =
0.32, p < 0.05, uncorrected). Also, the scores of Reading the Mind in
the Eyes test significantly positively correlated with: the nodal effi-
ciency of the left amygdala (r = 0.33, p < 0.05, uncorrected), the nodal
efficiency of the right putamen (r = 0.31, p < 0.05, uncorrected), the
nodal degree of the left middle temporal gyrus (r = 0.36, p < 0.05,
uncorrected) (Table 3). However, we found no significant correlation
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Schizophrenia < Healthy Controls

Glass Brain

Sagittal View

Coronal View

Axial View

after performing Bonferroni and FDR corrections.
4. Discussion

The initial aim of the current study was to assess how the ab-
normalities in functional connectivity in patients with schizophrenia
relate to social functioning and social cognition. In order to identify
differences, we performed functional connectivity analysis to compare
significant differences between patients with schizophrenia and healthy
controls. Previous studies showed evidence of decreased functional
connectivity in patients with schizophrenia (Fornito et al., 2012;
Friston, 1998; Zalesky et al., 2011, 2012). Based on two thresholding
techniques, we found that for patients with schizophrenia, 80% (FWE
corrected) and 14% (FDR corrected) of the brain regions in the NBS

3D Brain
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Fig. 2. The figure on the left side shows brain re-
gions (nodes) and suprathreshold links (edges) with
significantly decreased functional connectivity in
schizophrenia compared to healthy control overlaid
on a glass brain. The figure on the right shows sig-
nificant nodes defined by Automated Anatomical
Labeling (AAL) atlas, and grey lines represent su-
prathreshold links comprising the affected network
identified with the False Discovery Rate (p < 0.01,
20000 permutations). The axial view illustrates the
involvement of interhemispheric connections. The
sagittal view illustrates the involvement of frontal,
temporal, and parietal lobes in the affected network.
Abbreviations: ORB.supmed. R: Right superior
frontal gyrus-medial orbital part, PCG.R: Right pos-
terior cingulate gyrus, AMYG.L: Leftamygdala,
SOG.L: Left superior occipital, IOG.L: Left inferior
occipital, IOG.R Right inferior occipital, PoCG.R:
Right postcentral gyrus, PUT.L: Left putamen,PUT.R:
Right putamen, TPOsup. L: Left superior temporal
pole, TPOsup. R: Right superior temporal pole,
MTG.L: Left middle temporal gyrus, MTG.R: Right
middle temporal gyrus.

analysis showed decreased connectivity, particularly in the links be-
tween frontal, temporal and striatal regions. Frith and Frith (2007)
suggested that frontal and temporal cortex play a role in social cogni-
tion, especially in theory of mind, it is possible that disconnectivity in
these regions contributes to impaired social cognition in schizophrenia
(Bora et al., 2009). Our findings are also consistent with a wide range of
studies implicating frontal dysfunction as a core feature of schizo-
phrenia pathophysiology (Carlsson and Carlsson, 1990; Robbins, 1990;
Tekin and Cummings, 2002). In addition to frontotemporal regions, we
found a significant reduction in connectivity in posterior cingulate
gyrus. It has been suggested that posterior cingulate gyrus is involved in
affective processing of social information, and also in disorders such as
Capgras delusion (Ellis and Young, 1990; Rilling et al., 2004; Saxe and
Powell, 2006). Interestingly, apart from other striatal regions, we only
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Fig. 3. Differences in topological properties of functional brain networks (including all 90 regions) between individuals with schizophrenia (SZ) and healthy controls (Control). * Depicts
a trend for a difference for path length (p = 0.055, uncorrected). No significant differences were found for clustering coefficient, local efficiency or global efficiency (p > 0.05,

uncorrected).

Table 3
Shows significant correlations between nodal efficiency and nodal degree with social
symptom scales.

Nodal Behavioral Tests Correlation Sig. 95% Confidence
Efficiency Coefficient (r) Interval of the
Correlation
Lower Upper
Left Amygdala  Independence 0.342% 0.020 0.067 0.568
Performance
Reading the Mind ~ 0.327° 0.026 0.05 0.557
in the Eyes Test
Right Putamen Independence 0.301" 0.042 0.022 0.537
Performance
Reading the Mind ~ 0.308" 0.038 0.029 0.542
in the Eyes Test
Nodal Degree
Right Putamen Independence 0.324° 0.028 0.047 0.555
Performance
Left Middle Reading the Mind  0.359" 0.014 0.087 0.582

Temporal
Gyrus

in the Eyes Test

Results showed that only positive correlation exists, showing that increases in social scale
measure values are significantly correlated with increases in Nodal Efficiency and Nodal
Degree.

@ Correlation is significant at the 0.05 level (2-tailed).
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found reduced bilateral putamen connectivity. Supporting this finding,
a recent study by Tu and colleagues (2012) found that, compared with
healthy controls, patients with Schizophrenia showed significantly re-
duced functional connectivity in the bilateral putamen. Other studies
have suggested that as well as the functional connectivity of the fron-
tostriatal and frontotemporal regions, the structural connectivity is also
affected in schizophrenia (Zhu et al., 2016). Thus, underlying neuroa-
natomical disturbances in these regions might be responsible for the
overall decreased functional connectivity in schizophrenia.

Previous studies comparing network metrics in patients with schi-
zophrenia found decreased small-world-ness (Yu et al., 2011), effi-
ciency (Su et al., 2015), and shortest path length (Rubinov et al., 2009).
However, of these three factors, we found only a trend toward sig-
nificance for increased shortest path length in the schizophrenia group
(see Micheloyannis et al., 2006). Hadley et al., (2016) showed that
patients who responded to antipsychotic medications regain their
resting state connectivity. It is plausible that, due to our patients’ long-
term treatment (M =15 years) and their clinically stability, their
functional connectivity had recovered to a certain degree, possibly
accounting for the difference in findings compared to the mentioned
previous studies.

In the current study, when investigating the relationship between
individual network measures and their correlation with social scale
measures, we observed a significant negative correlation between
small-world parameter and Social Withdrawal/Engagement score.
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Additionally, we found a negative correlation between normalized path
length and Social Withdrawal/Engagement score. These results suggest
a possible relationship between underlying differences in small-world
network properties and social functioning. Furthermore, unlike Wang
and colleagues (2012), who showed a negative correlation with positive
symptom scores and local efficiency of the anatomical networks, we
observed no relationship between PANSS score and network measures.
Differences on this finding might be related to the anatomical variations
caused by the duration of the disease; in the study by Wang and col-
leagues, the average disease duration was only 10 years, an average of 5
years less than in our study.

We found differences in nodal efficiency and nodal degree between
schizophrenia patients and the healthy control group, the former group
showing decreased nodal degree and efficiency. More specifically, we
noted decreased nodal degree, particularly in the right putamen, and
bilateral middle temporal gyrus, whereas nodal efficiency was sig-
nificantly decreased, particularly in the amygdala, posterior cingulate
gyrus, and right putamen. The putamen has long been known to play a
significant role in mediating motor function, and is a major site for
antipsychotic medication (Tamminga, 2000). It is plausible that the
nodal degree of this region might be related to the rewarding properties
of social situations and interpersonal relations (Bdez-Mendoza and
Schultz, 2013; Krach et al., 2010). The relationship between nodal
metrics and social scale measures, and the finding related to amygdala
are consistent with previous studies that suggest a role for amygdala in
theory of mind performance in healthy subjects (Siegal and Varley,
2002; Stone et al., 2003). As showed by Fine and colleagues (Fine et al.,
2001), performance on theory of mind task can be impaired by left
amygdala damage. The results of the current study also revealed that
node efficiency of left amygdala positively correlated with the scores of
Independence - Performance, and Reading the Mind in the Eyes test
scores. There are three possible reasons. Firstly, when we consider the
amygdala and its relation to independence performance scores, it is
plausible that intact processing of social cues might enhance social
relations as suggested by other studies (Brunet-Gouet and Decety,
2006). Secondly, as considering the Reading the Mind in the Eyes test,
previous articles have showed that amygdala is involved in both the-
ories of mind and social intelligence (Baron-Cohen et al., 1999;
Churchman, 2001; Fine et al., 2001; Levine et al., 2008). Given the
importance of its role in social cognition, it is possible that decreased
amygdala connectivity contributes to decreased perception of inten-
tions of others in schizophrenia (Siegal and Varley, 2002). Finally, there
was a significant positive correlation between nodal degree of middle
temporal gyrus and Reading the Mind in the Eyes test scores, in line
with studies highlighting the role of the middle temporal gyrus in
theory of mind, an area which is considered to be key component of
social cognition (Blakemore, 2008; Wang et al., 2015). Finally, it is
important to note that, although we observed large effect sizes for the
correlations reported for the relationship between local network me-
trics and clinical variables, and for the relationship between global
network metrics and clinical variables, these were uncorrected for
multiple comparison. After correction for multiple comparisons, none
showed sufficient significance. Therefore, caution should be exercised
in interpreting these results.

4.1. Limitations

There are several limitations that need to be further addressed.
Firstly, in the current study, regions of interests involved in the network
analysis are derived from the AAL atlas, based on previous studies with
high test-retest reliability results, which is an important consideration
when the goal is to compare clinical populations (Faria et al., 2012).
However, several studies have found differences in small-world-ness-
various across different atlases, highlighting the importance of parcel-
lation strategy (Wang et al., 2009; Zalesky et al., 2010). This is a po-
tential issue for exploration in the future studies. It should also be noted
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that some participants were on anti-depressant medication. It is plau-
sible that decreased social functioning might be related to depression
(Rieckmann et al., 2005). Another limitation of the current study was
that the data collection was performed on a 1.5 T scanner, whereas
using an MRI scanner with increased magnetic field strength could
potentially result in more accurate detection of the differences in the
map of connections. Moreover, due to feasibility reasons, it was ne-
cessary to use SCL-90 rather than a clinical interview to rule out psy-
chiatric diagnosis in the control group. Nonetheless, no psychiatric
medication or history of a psychiatric disorder was identified in the
control group. Finally, it is important to mention that some recent
studies argue that failing to correct for autocorrelation in fMRI time-
series results in “spurious” correlation coefficients especially in resting
state fMRI studies (Christova et al., 2011; Georgopoulos and Mahan,
2013). A recent study by Arbabshirani et al. (2014) compared func-
tional connectivity in patients with schizophrenia and healthy controls,
and showed that correlations remain similar before and after correcting
for autocorrelations. We believe that this is an important issue in re-
spect to accuracy of the results, but we assume that the effect of au-
tocorrelation would be similar in our study, due to insignificant dif-
ferences in head motion between groups, and as a result autocorrelation
might be washed out by the independent sample t-test, as Arbabshirani
et al. (2014) proposed. In order to avoid such limitations, we believe
that future studies should consider performing autocorrelations and
comparing motion parameters between groups.

5. Conclusion

The current study has identified a number of differences in network
connectivity between the nodes showing both contralateral and ipsi-
lateral long-range connections, as identified by decreased connectivity
in fronto-occipital edges. An important role in this altered network
might be played by subcortical brain regions, particularly the amygdala
and putamen, which also showed differences in local network metric
values, probably affecting information processing in the small-world
structure of the whole brain network. These regions also showed de-
creased connections with several frontal and temporal regions, sup-
porting the interpretation of disconnectivity hypothesis of neural net-
works in this illness. These findings are supported by contemporary
neuropsychological theories regarding impaired social cognition and
social functioning in schizophrenia, and provide new insight into the
neural correlates of schizophrenia.
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