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ABSTRACT

Several lines of evidence suggest that efficient
information integration between brain regions is
disrupted in schizophrenia. Abnormalities in white
matter tracts that interconnect brain regions may be
directly relevant to this pathophysiological process.
As a complex mental disorder with high heritability,
mapping abnormalities in patients and their first-
degree relatives may help to disentangle the risk
factors for schizophrenia. We established a weighted
network model of white matter connections using
diffusion tensor imaging in 25 nuclear families
with schizophrenic probands (19 patients and 41
unaffected parents) and two unrelated groups of
normal controls (24 controls matched with patients
and 26 controls matched with relatives). The
patient group showed lower global efficiency and
local efficiency. The decreased regional efficiency
was localized in hubs such as the bilateral frontal
cortices, bilateral anterior cingulate cortices, and
left precuneus. The global efficiency was negatively
correlated with cognition scores derived from a
5-factor model of schizophrenic psychopathology.

We also found that unaffected parents displayed
decreased regional efficiency in the right temporal
cortices, left supplementary motor area, left superior
temporal pole, and left thalamus. The global
efficiency tended to be lower in unaffected parents.
Our data suggest that (1) the global efficiency loss in
neuroanatomical networks may be associated with
the cognitive disturbances in schizophrenia; and (2)
genetic vulnerability to schizophrenia may influence
the anatomical organization of an individual’s brain
networks.

Keywords: network analysis; diffusion tensor
imaging; tractography; white matter; small-world
architecture

INTRODUCTION

Over the last decade, graph theoretical analysis of
neuroimaging data has provided a useful framework
for studies of brain network organization in health and
disease!" ?. Studies have shown that functional and
structural brain networks in humans are highly efficient
small-world architectures with high global and local
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efficiency of parallel information processing®™®. Furthermore,
previous studies have demonstrated that the small-world
properties of networks derived from neuroimaging data
are altered in patients with schizophrenia®®. For example,
studies using diffusion tensor imaging (DTI) coupled with
whole-brain tractography have revealed disrupted axonal
connectivity and reduced network efficiency of the frontal,
temporal, and occipital regions in schizophrenia®® .
Impairment of fiber tracts, e.g. reduction in axonal number
or density, may diminish the speed at which information is
transferred between a pair of cortical regions'". In terms
of the pathophysiology of schizophrenia, these reported
network abnormalities fit the popular dysconnectivity theory
of schizophrenia, which proposes that the symptoms
of schizophrenia arise from abnormalities in neuronal
connectivity!"*".

In our previous study, we examined anatomical brain
networks in schizophrenic patients and normal controls
using DTI, demonstrating that the topological properties
of the patients’ anatomical networks are altered®. Since
schizophrenia is believed to be a complex mental disorder,
mapping abnormalities in patients may not fully disentangle
the risk factors involved in its development!™®. One of the
main strategies devised to address this issue is to focus
investigations of network abnormalities on individuals
with high genetic risk factors for schizophrenia, such as
the unaffected first-degree relatives of patients, mostly
siblings"”. Studying these individuals allows evaluation of
the underpinnings of schizophrenia that are independent
of the disease state. Many studies have investigated
schizophrenic patients and first-degree relatives with
DTI, and suggested that patterns of abnormal structural
connectivity may be an important endophenotype of
schizophrenia''®??. Recently, using diffusion-weighted
imaging, Collin et al. found that the network organization
is abnormal in schizophrenia and their unaffected siblings,
and suggested that structural connectivity is an indicator
of genetic predisposition for schizophrenia®!. However,
to our knowledge, no studies have used graph theoretical
analysis to investigate anatomical networks in patients with
schizophrenia and their unaffected parents.

Another problem with previous studies of the
relationship between altered network measures and
clinical variables in schizophrenia is that their findings

are equivocal. That is, while some studies reported
no correlation between network measures and clinical

[9]

variables™, others suggested a negative correlation

between the course of illness and loss of network

¥ Therefore, it is our belief that the correlations

efficiency
between clinical symptoms and structural networks require
further consideration.

By establishing a weighted network model of white
matter connections using DTI followed by whole-brain
tractography as described in our previous study'®

set out to explore the structural brain networks of both

, we

schizophrenic patients and their unaffected biological
parents. We focused on network efficiency because it is a
suitable scale for characterizing the small-world properties
of weighted networks®™ **.. Previous studies of healthy twins
have shown that the characteristic features of small-world
networks are genetically mediated® and highly heritable®.
Therefore, we expected that (1) schizophrenic patients
would show a significant loss of structural brain network
efficiency; and (2) assuming that network efficiency is a
heritable trait, it would be found at least in a mild manner in
the unaffected parents, who have a genetically enhanced
risk for schizophrenia.

MATERIALS AND METHODS

Subjects

Twenty-five nuclear families with schizophrenic probands
and 50 normal controls who reported no first- or second-
degree relatives with schizophrenia and well-matched
with patients or their parents for age, sex, and educational
level were recruited through the Institute of Mental Health,
Peking University. To improve the homogeneity of our
analysis, only schizophrenic patients with the most common
paranoid subtype were recruited. Fifteen individuals from 9
families (in the 9 families, at least one family member was
included in the subsequent analysis) were excluded from
the study because of (1) non-cooperation with the scan
(n = 2, all patients); (2) left-handedness (n = 7, 3 patients
and 4 parents) evaluated using the Edinburgh Handedness
Inventory®?”; and (3) contraindications for magnetic
resonance imaging (MRI) (n = 6, 1 patient and 5 parents).
Other exclusion criteria were electroconvulsive therapy
within 6 months and a history of serious medical illness.
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MRI scans were successfully acquired from 110 individuals:
19 schizophrenic patients (SZ), 41 unaffected first-degree
relatives (PA), all of whom were biological parents, and
50 normal controls [24 young individuals matched to the
probands (NC1) and 26 elderly individuals matching the
first-degree relatives of patients (NC2)]. Two trained and
experienced psychiatrists ensured that the patients satisfied
the ICD-10 diagnostic criteria for research on schizophrenia
of the paranoid subtype®. At the time of their MRI scans,
all patients were receiving antipsychotic medications,
the doses of which were converted into chlorpromazine
equivalents®®". The disease severity and psychopathology
were assessed by an experienced psychiatrist using the
Positive and Negative Symptoms Scale (PANSS)*?, Rather
than using the total or subscale scores, we used a 5-factor
model of schizophrenic psychopathology (positive: delusion
and grandiosity; negative: emotional withdrawal, poor
rapport, and social withdrawal; excitement: excitement and
hostility; cognition: conceptual disorganization and abstract
thinking; depression and anxiety: anxiety, guilt feelings,
and depression) to more accurately assess and measure
the discrete dimensions of their psychopathology®. All
participants were assessed to be right-handed using the
Edinburgh Handedness Inventory®” and had no intracranial
pathology, history of head injury, neurological disorder, or

alcohol/substance abuse. Table 1 lists the demographic
and clinical characteristics of the patients, the first-degree
relatives, and all normal controls. This study was approved
by the Medical Ethics Committee of the Institute of Mental
Health, Peking University. All participants were given
detailed information regarding the purposes and procedures
of the study. Written consent was given by the patients and/
or their parents (among whom 2 out-patients with milder
symptoms signed the written consent themselves), and all
healthy participants enrolled in this study.

MRI Data Acquisition

MRI scans were obtained at the Department of Radiology
of the Third Hospital, Peking University, with a 3.0-Tesla
Magnetom Trio (Siemens Medical System, Erlangen,
Germany). Foam pads were used to reduce head motion
and scanner noise. Three-dimensional T1-weighted images
were acquired in a sagittal orientation using a 3D-MPRAGE
sequence with the following parameters: time repetition
(TR) = 2350 ms, time echo (TE) = 3.44 ms, flip angle = 7°,
matrix size = 256 x 256, field of view (FOV) = 256 x 256
mm?, 192 sagittal slices, slice thickness = 1mm, acquisition
voxel size = 1.0 x 1.0 x 1.5 mm®. Diffusion tensor images
were acquired using a single-shot echo-planar imaging-
based sequence with the following parameters: TR = 5300

Table 1. Demographic and clinical characteristics of the patients, their unaffected parents, and normal controls

Variable SZ (n=19) NC1 (n = 24) P PA (n=41) NC2 (n = 26) P
Gender (male/female) 8/11 14/10 0.29° 20/21 14/12 0.69°
Age (years) 23.4 (4.4)° 22.6 (3.4) 0.48° 52.2(7.1) 52.0 (5.9) 0.93°
Education (years) 13.6 (1.9) 14.0 (1.9) 0.49° 13.3 (3.0) 13.1(2.7) 0.77°
Brain size (voxels) 154,980 (17,825) 155,573 (10,453) 0.90° 150,740 (11,459) 147,733 (13,267) 0.33°
Course of illness (months) 43.8 (32.9)

Medication dose (mg/day) 442.5 (293.3)

Positive® 16.8 (3.9)

Negative® 14.8 (4.9)

Excitement® 9.5(2.8)

Cognition® 8.5(2.8)

Depression and anxiety® 6.3 (1.8)

SZ, schizophrenic patients; NC1, normal controls for schizophrenic patients; PA, unaffected parents of schizophrenic patients; NC2, normal controls

for parents. “Pearson’s j* test; "mean (standard deviation); ‘two-sample t-test; “chlorpromazine-equivalent dose; °5-factor model of schizophrenic

psychopathology as measured by the Positive and Negative Syndrome Scale.
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ms, TE = 92 ms, thickness/gap = 3/0.3 mm, matrix = 128
x 128, FOV = 230 x 230 mm?, acquisition voxel size = 1.8
x 1.8 x 3.0 mm?®, number of excitation = 2, slices = 40, 64
diffusion directions with b = 1000 s/mm?, and an additional
image without diffusion weighting (i.e., b = 0 s/mm?).

MRI Data Preprocessing

The current study followed the same MRI data
preprocessing methods as those described in our previous
paper'™. In brief, the T1-weighted image of each participant
was co-registered to his/her non-diffusion-weighted image
(b = 0 s/mm?®) using the SPM2 package (http://www.fil.ion.
ucl.ac.uk/spm), resulting in a co-registered T1 image in
native DTI space. For the diffusion-weighted images, we
used the Diffusion Toolbox of FMRIB to correct simple head
motion and eddy current distortion (FSL 4.1; http://www.
fmrib.ox.ac.uk/fsl). The six independent components of the
diffusion tensor and the corresponding FA and eigenvectors
were calculated using in-house software named DTI
Tracking (http://www.brainnetome.org).

Construction of Weighted Brain Anatomical Connectivity

Networks

Definition of Network Node

In order to construct a weighted network for each
participant, we followed the method used in a previous
study of anatomical brain networks®". Specifically, the
automated anatomical labeling (AAL) template® was used
to segment the entire cerebral cortex of each participant
into 90 regions (45 for each hemisphere) with the
cerebellum excluded. Each region represented a node of
the final anatomical network. Each individual co-registered
T1 image was normalized to the SPM2 T1 template of
Montreal Neurological Institute (MNI) space by applying
an affine transformation with 12 degrees of freedom, along
with a series of non-linear warps. We then inverted the
resulting transformation matrix and used it to warp the AAL
template from MNI space to the diffusion MRI native space,
in which the discrete labeling values were preserved by
a nearest-neighbor interpolation method® **\. With this
procedure, 90 cortical and subcortical regions (45 for each
hemisphere) were obtained in the DTI native space.

Definition of Network Edge
A deterministic streamline tracking algorithm, the fiber

assignment continuous tracking (FACT) algorithm, was
used for fiber tracking®. The tracking procedure was
terminated at voxels with an FA value <0.15 or when the
angle between adjacent steps was >45°** 3 |f the two
end-points of the reconstructed fiber bundles were located
within two AAL regions, the two regions were considered to
be connected™ *.,

The number (N;) of connections between two regions

was used to define the weight of the edge:

1
= 1 -
w, =Ny’ ifNjj =T
0, otherwise (1)

Under this definition, W;is proportional to the distance
between two brain regions, which means the larger the
connections the shorter the distance. Afterwards, these
distance values were used to calculate the shortest path
length (L;) between each pair of nodes using the Dijkstra
algorithm, which is similar to the definition used in previous
reports”® *!. Because false-positive connections could
result from using the deterministic streamline tracking
algorithm, we used a series of threshold values (T, from 1
to 21) for the number of existing fibers in order to examine
the robustness of our construction method. That is, two
regions linked with fewer than T fibers were considered
disconnected. The threshold values were selected to keep
the average size of the largest connected component at 90
across all participants, so that the networks of the majority
of participants were fully connected at each threshold
value.

Graph Theoretical Analyses of the Weighted Network

Properties

Definition of Network Properties

A number of graph metrics were defined to examine the
global and local properties of structural brain networks.
The global metrics were (1) global efficiency of the network
Eiobar; (2) local efficiency of the network E.; and (3) overalll
connectivity strength S, computed for each participant
as the sum of all connections in the network. The node-
specific metrics were (1) local efficiency of node i E; j5ca;
and (2) regional efficiency of node i E; j.gionar-

In the present study, the topological properties used
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were as follows: G denotes the whole weighted network.
G, is used for the subgraph of node i, which is constructed
by its direct neighbor nodes and the edges linking these
neighbor nodes. N represents the total number of nodes
in the network. Global efficiency is a measure of the
transfer speed of parallel information in a graph and local
efficiency is a measure of the information exchange of each
subgraph®.

Global network metrics The global efficiency of the
network (Egqp.) measures the global efficiency of parallel
information transfer in the network®, which is defined
as the inverse of the harmonic mean of the shortest path
length (L;) between each pair of nodes:

Egiobar = 1
global — m L

i,jeGizj Y )

The local efficiency of the whole network (E,.)
measures the fault tolerance of the network, indicating
how well the information is communicated between the
neighbors of a given node when that node is removed™,
which is defined as the average of the local efficiency of
node i (E; jcs) across all nodes in the network:

1
E!oca! = _Z Ei_t‘ocai
N @)

Local network metrics The local efficiency of node i
(E; tocanr), Where i =1, 2,..., 90, is calculated as the global
efficiency of G:

Ea;roca! = Eglfobaf (GI) (4)

The regional efficiency of a node quantifies the
importance of each node for communication within the
network®™. E; .z Where i =1, 2,..., 90, is defined as the

inverse of the harmonic mean of L; between node i and all
other nodes in the network™:

1 1
Ei_r'egiona! = ﬁ Z L_

ijecizj Y (5)
Evaluation of the Small-World Properties

The small-world concept, characterized by path length
L less than a regular lattice and clustering coefficient C

greater than a random graph, was originally proposed in a
study of binary networks®. However, as several previous
studies have demonstrated, weighted networks are more
suitable for characterizing real world network topology,
where E,,, and E, have been found to be suitable scales
for characterizing the small-world properties of weighted
networks®™ . Practically speaking, a weighted network can
be categorized as small-world if E,,, is slightly less than and
E e is much greater than a matched random network® *. In
the current study, we followed the procedure used by Gong
et al. to evaluate the small-world properties®™. In order to
preserve the weight distribution of the entire network, we
used a Markov-chain algorithm to generate 100 random
networks for each individual’'s network while retaining the
weight of each edge. Then we calculated Eq,, and Ej
across these random networks and compared them with
the properties of real networks.

Statistical Analysis

To determine the significant changes of network properties
in patients and their first relatives, we compared the global
(Egiobar Eiocay @and 8) and node-specific (E,qgiona) NEtWOrk
metrics between the probands, unaffected parents, and
their respective control counterparts; an analysis of
covariance (ANCOVA) model with diagnostic group as the
fixed variable was conducted separately. Gender, age,
and brain size of participants were included as covariates
in order to exclude their potential effects®. Considering
that the global network measures could be influenced by
the total level of connectivity S, we did another ANCOVA
analysis of Egq., and E,, by adding the S as a potentially
confounding variable together with age, gender, and brain
size. The threshold value for establishing significance
was set at P <0.05 for global network measures (Egopar,
E,.;and S). To correct for multiple comparisons in the
node-specific analysis (E,gon), P-values were subjected
to a false-discovery rate (FDR) threshold of g = 0.05.
Because the analysis of the regional localization of effects
of schizophrenia on network efficiency was exploratory
in nature, we also reported the results that survived an
uncorrected threshold of P <0.05".

A partial correlation analysis that controlled for three
potentially confounding variables (age, gender, and brain
size) was used to estimate the correlation between the
network properties (Ego @and E,,;) and clinical variables
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(course of illness, medication dose, and total PANSS
score along with the 5-factor model of schizophrenic
psychopathology). In this exploratory analysis, we used a
statistical significance threshold of P <0.05 (uncorrected).

RESULTS

Efficient Small-World Properties of the Four Groups

After comparing the same parameters estimated in
a random graph over a range of network connection
thresholds, we found that all the participants had a small-
world organization of structural brain networks, i.e. they
had less global efficiency and greater local efficiency than

o [

Connection threshold

—=— SZreal —=— NCA1 real

‘& 8Z random “H NC1 random

Fig. 1. Efficiency properties of the weighted anatomical network
of the normal control group and the schizophrenic patient
group. (A) Global and (B) local efficiency are shown as a
function of connection threshold for a random graph and
real brain networks [(normal controls NC1, blue crosses)
and schizophrenic patients (SZ, red squares)]. The global
efficiency profiles of the real networks are less than those
of random networks, but the local efficiency profiles of the
real networks are greater than those of random networks
over the connection threshold, known as small-worldness.
Error bars correspond to the standard error of the mean.

those of the random graph (Figs. 1 and 2).
Between-Group Differences in Network Metrics

Global Network Metrics

The ANCOVA comparing SZ to NC1 revealed that global
efficiency Eg... Was significantly lower in SZ over the
whole range of connection thresholds (Fig. 3A, Table S1),
whereas local efficiency E,., was significantly lower in SZ
only at nearly half the range of thresholds (Fig. 3B, Table
S2). The ANCOVA comparing PA to NC2 revealed that
the Egq Was not significantly different but tended to be
lower in PA over the whole range of connection thresholds
(Fig. 4A, Table S3), whereas the E,, was not significantly
altered in PA (Fig. 4B, Table S4). In addition, we found no
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Fig. 2. Efficiency properties of the weighted anatomical network
of the normal control group and the first-degree relatives
group. (A) Global and (B) local efficiency are shown as
a function of connection threshold for a random graph
and real brain networks [normal controls (NC2, green
rhombuses), the unaffected first-degree relatives (PA,
purple circles)]. Error bars correspond to the standard
error of the mean.
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Fig. 3. Mean global efficiency, E,,., (A), and local efficiency, E..,
(B), for schizophrenic patients (SZ) and young normal
controls (NC1) as a function of connection threshold. Error
bars correspond to the standard error of the mean. An
analysis of covariance using diagnostic group as the fixed
variable with gender, age, and brain size as covariates
was performed to test the difference of network measures
between groups.

significant changes in the overall connectivity strength S in
SZ and PA, compared with their healthy controls (Tables S5
and S6).

When S was added as another potentially confounding
variable in ANCOVA analysis of Egq, and E., together
with age, gender, and brain size, the results were almost
the same, but the P-value of group comparison of Eq,
between SZ and NC1 became smaller at almost all
thresholds (Table S7).

Local Network Metrics

None of the results for the ANCOVA analysis of E g ona
survived the FDR correction. However, if we set the
significance threshold as P <0.05, uncorrected, we found
some regions with a trend for decreased regional efficiency
in both the SZ and PA groups. The ANCOVA comparing SZ
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Fig. 4. Mean global efficiency, E,,.. (A), and local efficiency, E;.,
(B), for unaffected first-degree relatives of schizophrenic
patients (PA) and elderly normal controls (NC2) as a
function of connection threshold. Error bars correspond to
the standard error of the mean.
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Fig. 5. Mean global efficiency (Eg.,.,) of structural brain
networks against the cognition scores with trend lines in
schizophrenic patients. The partial correlation coefficient
(r,) was used to assess the significance of a partial
correlation controlled for three potentially confounding
variables (age, gender, and brain size).
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Table 2. Brain regions with significant differences in adjusted regional efficiency between the schizophrenic group and their

controls
Mean value (SD)
Class Brain region P-value*
NC1 (n=24) SCZ (n=19)

Association Frontal_Sup_L 43.06 (0.97) 39.61 (1.10) 0.025
Frontal_Sup_R 42.04 (0.86) 36.70 (0.97) <0.001
Frontal_Mid_R 40.67 (0.73) 36.42 (0.82) <0.001
Frontal_Inf_Oper R 29.36 (0.51) 27.41(0.58) 0.017
Frontal_Inf_Tri_R 36.72 (0.62) 34.47 (0.69) 0.022
Frontal_Sup_Medial_L 35.01(0.73) 31.69 (0.82) 0.005
Frontal_Sup_Medial_R 36.46 (0.88) 32.24 (0.99) 0.003
Cingulum_Ant_L 28.36 (0.59) 25.70 (0.67) 0.006
Cingulum_Ant_R 30.85 (0.66) 28.78 (0.75) 0.047
Parietal_Inf_R 11.22 (0.78) 8.64 (0.88) 0.036
SupraMarginal_R 21.54 (0.58) 18.04 (0.65) <0.001
Precuneus_L 23.52 (0.55) 21.07 (0.62) 0.006

Paralimbic/Limbic Cingulum_Post_R 18.41 (0.56) 16.46 (0.63) 0.026

*Uncorrected P-values (calculated using a general linear model after adjusting for the effects of gender, age, and brain size). L, left; R, right; Inf,

inferior; Ant, anterior; Post, posterior; Mid, middle; Sup, superior; Tri, triangle; Oper, opercular; SD, standard deviation.

Table 3. Brain regions with significant differences in adjusted regional efficiency between the unaffected parents of
schizophrenic patients and their controls

Class Brain Region Mean Value (SD) P-value*
NC2 (n = 26) Relatives (n = 41)
Association Supp_Motor_Area_L 32.13 (0.89) 29.57 (0.70) 0.029
Temporal_Sup_R 29.43 (0.75) 27.25 (0.60) 0.028
Temporal_Mid_R 28.57 (0.71) 26.68 (0.56) 0.042
Subcortical Thalamus_L 29.37 (0.63) 31.23 (0.50) 0.025
Paralimbic/Limbic Temporal_Pole_Sup_L 32.61 (0.80) 30.42 (0.64) 0.038

*Uncorrected P-values (calculated using a general linear model after adjusting for the effects of gender, age, and brain size). L, left; R, right; Mid,

middle; Sup, superior; SD, standard deviation.

to NC1 revealed decreased regional efficiency E g, in a temporal cortex, left supplementary motor area, left
number of SZ brain regions, including the superior frontal superior temporal pole, and left thalamus (Table 3).
cortices, anterior cingulate cortices, and right posterior

cingulate cortex (Table 2). The ANCOVA comparing PA  Relationship between Network Measures and Clinical
to NC2 revealed decreased regional efficiency in several ~ Variables

PA brain regions, including the right superior and middle Linear correlations were found between clinical variables
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and attributes of network organization (Fig. S1) in the SZ
group. In particular, we found that the global efficiency was
negatively correlated with cognition scores derived from
schizophrenic psychopathology over the whole range of
connection threshold values (Table S8). We showed the
patterns at a moderate connection threshold of 16 (Fig. 5).

DISCUSSION

In this study, we characterized the anatomical
disorganization of brain networks in both schizophrenic
patients and their unaffected parents using graph
theoretical analysis. We found that the structural networks
in the members of proband families and normal controls
had salient small-world properties (Figs. 1 and 2). This
finding is consistent with previous studies, which suggested
that key aspects of cortical structural organization are
highly conserved in members of families affected by
schizophrenia® * ™.,

Although the structural networks retained their
small-world properties regardless of schizophrenia, their
underlying global organization was altered in patients,
who displayed lower global and local efficiency. These
findings are consistent with studies that have modeled
structural connectivity disturbances across the entire brain
of patients with schizophrenia®® ', and suggested that
schizophrenia-related connectivity impairments are not
exclusive to synaptic abnormalities, but are also implicated
in alterations of white matter tracts on a macro-scale.
When considered in the context of previous findings from
functional MRI data’® *** in which network efficiency
loss has also been found in schizophrenic patients, the
current results suggested that both the functional and
anatomical organization of brain networks are disrupted in
schizophrenia. The results are further evidence that there is
insufficient and/or ineffective communication between brain
regions in schizophrenia. In the current study, patients
also showed lower regional efficiency in selective cortical
regions, including the frontal and parietal gyri and cingulate
cortex. Given that these findings did not survive multiple-
comparison correction, the alteration of node-specific
network metrics in patients should be interpreted as
preliminary. However, what we found was highly consistent
with the findings of previous studies® '”. For example, Van
den Heuvel et al. reported longer structural path lengths

in the right inferior frontal cortex, right anterior cingulate
cortex, and left middle frontal cortex in schizophrenia,
suggesting reduced regional efficiency in these regions®.
The regional efficiency of each node is a measure of its
connectivity to all other nodes of the network; highly-
connected nodes have high regional efficiency. The
reduced regional efficiency suggests that schizophrenia
impacts the capacity of the frontal and cingulate regions to
efficiently integrate information across the brain network,
an impairment that is especially important considering that
the frontal and cingulate regions have been identified as
the most highly-connected brain regions (‘hubs’)® *" 2.
Here, a hub refers to a node occupying a central position
in the overall organization of a network®?. Functional and
anatomical connectivity studies have confirmed that the
frontal and parietal hubs play a less central role in patients
with schizophrenia® *Y. And the altered organization of hub
nodes in schizophrenia has been suggested to be a critical
factor in determining the topological alterations of the
overall network™ ?,

The specific properties of brain network organization

1 and their alterations

have functional importance
might provide clinically useful diagnostic markers for
neuropsychiatric disease!*”. In the present study, a negative
correlation between global network efficiency and cognition
scores derived from schizophrenic psychopathology was
found. There is evidence of slowed cognitive processing
in schizophrenic patients, likely contributing to deficits in
domains that rely on the rapid and efficient assimilation of
information™®. In addition, in healthy adults, better cognitive
function has been associated with the increased global
efficiency of their brain network organization in data from

I“” and magnetoencephalography"“®. Although

functional MR
no neuropsychological testing was used to assess cognitive
function in the current study, previous studies have shown
that cognitive function assessed with cognition subscales
derived from symptom assessment has approximately the
same predictive ability for activities of daily living in patients
as cognitive function that is measured with comprehensive
batteries of neuropsychological testing™*?. Thus, the
negative correlation between cognition scores and network
global efficiency in our study indicates that a loss of global
efficiency in neuroanatomical networks appears to be one
of the underlying mechanisms responsible for the cognitive
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disturbances in schizophrenia. Undoubtedly, more studies
with increased numbers of participants using specific
neuropsychological tests or cognitive tasks are needed to
confirm this finding.

Another important goal of the study was to explore
the small-world structural brain networks in first-degree
relatives of schizophrenic patients. We found that
unaffected parents showed decreased regional efficiency in
the right temporal cortex, left supplementary motor area, left
superior temporal pole, and left thalamus. The explanation
for this phenomenon is unclear because previous DTI
studies that included high-risk individuals are relatively rare
and inconsistent. This lack of consistent findings is likely
due to methodological factors. For example, two voxel-
based analysis studies reported FA changes in temporo-
frontal white matter regions in high-risk individuals!"® *”,
whereas a tractography study reported no such changes®".
However, the current results permit speculation about
the role of genetic factors in schizophrenia. Previous
studies have demonstrated that individuals at high risk for
schizophrenia may have genetically-associated gray-matter
alterations in the temporal lobe® and thalamus®, regions
where we also found impaired network efficiency. While no
abnormalities in frontal regions were found in parents, the
temporal lobe is another hub with high lesion probability
in schizophrenia™. Twin and family studies have shown
that the organization of structural and functional brain
networks is under genetic control® **.. Therefore, these
findings provide evidence for the perspective that core
components of the vulnerability to schizophrenia target
specific brain regions®. Our study also found that global
efficiency tended to be lower in the parents of patients. This
finding is in keeping with previous structural and functional
MRI studies, in which unaffected first-degree relatives
show a pattern of brain abnormalities similar to but milder
than those in schizophrenic patients"”. This could indicate
that genetic influences on the anatomical disorganization
of brain networks increase an individual’s vulnerability to
schizophrenia.

Some issues should be considered when interpreting
the findings of the current study. We found no significant
between-group differences of S in all 21 thresholds (Tables
S5 and S6), which was not completely inconsistent with a
previous study®. In that study, they found differences of S

between patients and controls, but no differences between
siblings and controls. We thought the thresholds we
selected might be one of the reasons that no differences of
S were found in the four groups. Because the majority of
participants were fully connected in the selected thresholds,
the effect size of S may not have been large enough to
reflect the connectivity issue of patients. Considering that
the overall connectivity strength S might have a pronounced
effect on other network metrics, we did another ANCOVA
analysis of Egq., and Ej, by adding the S as a potentially
confounding variable together with age, gender, and brain
size. The results were almost the same as those without
S as a covariate, but the P-value of group comparison of
E v between SZ and NC1 became smaller at almost all
thresholds (Table S7). Therefore, our current findings are
unlikely to be due to the potential global loss of connectivity
in patients. In addition, all patients received antipsychotic
treatment during the MRI scanning, and their effects may
be a confounding factor in our findings. However, abnormal
white-matter connectivity has also been reported in drug-
naive patients®™’. Furthermore, we did not find significant
correlations between antipsychotic medication doses and
network measures (Fig. S1). Therefore, it is unlikely that
the altered structural brain network in patients resulted from
antipsychotic medication alone. However, appropriately
designed studies set up to specifically identify the effect of
medication on structural network topology are needed.
There are some limitations in our study. First, issues
derived from our special sample of participants need to be
considered. As is often the case in a family study, there
may be some heterogeneity of genetic predisposition to
schizophrenia in first-degree relatives®. To distill this
kind of heterogeneity, an obligate carrier study in which
the unaffected relatives who appear to transmit a genetic
predisposition to their affected children are classified
as presumed obligate carriers, has been proposed®.
However, such classification requires a large sample
of multiply affected families. In our study, we had to
lay aside classification of the parents of schizophrenic
patients due to our limited sample size. In addition, two
unrelated groups of healthy controls were separately
recruited to match the affected families, which is a common
practice in first-degree relative studies of schizophrenia.
The family versus non-family design of our study may
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weaken the interpretation of our findings. Second, we
assessed the cognitive impairment of patients with the
cognition score from PANSS. As discussed above, this
score is known to accurately predict the daily activities
of patients, but future studies with cognition assessment
using neuropsychological tests or cognitive tasks will also
be necessary to confirm our findings. Third, in our study,
the anisotropic voxels of DTI data were acquired because
we attempted to retain whole-brain coverage in a shorter
scanning time for the schizophrenic patients, while keeping
a reasonably small in-plane resolution. However, although the
anisotropic voxels of DTI data are commonly used®* ®",
it should be noted that their use may partially impact the
accuracy of the directionality of the diffusion tensor®®®%. In
a future study, we will use isotropic voxel sizes to ensure
the accuracy of the fiber tractography.

In conclusion, the present study provides further
evidence that the structural brain network is disturbed
in schizophrenia and the global efficiency loss in
neuroanatomical networks may be associated with the
cognitive impairment in this disorder. The preliminary
findings of node-specific network metrics changes in
patients and their unaffected parents suggest that the
anatomical network may be related to familial vulnerability
of schizophrenia.

ELECTRONIC SUPPLEMENTARY MATERIAL

Supplementary material is available in the online version of
this article at http://dx.doi.org/10.1007/s12264-014-1518-0.
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