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Brain network alterations have increasingly been implicated
in schizophrenia (SCZ), bipolar disorder (BD), and major
depressive disorder (MDD). However, little is known about
the similarities and differences in functional brain networks
among patients with SCZ, BD, and MDD. A total of 512
participants (121 with SCZ, 100 with BD, 108 with MDD,
and 183 healthy controls, matched for age and sex) com-
pleted resting-state functional magnetic resonance imag-
ing at a single site. Four global measures (the clustering
coefficient, the characteristic shortest path length, the
normalized clustering coefficient, and the normalized char-
acteristic path length) were computed at a voxel level to
quantify segregated and integrated configurations. Inter-
regional functional associations were examined based on
the Euclidean distance between regions. Distance strength
maps were used to localize regions with altered distances
based on functional connectivity. Patient groups exhib-
ited shifts in their network architectures toward random-
ized configurations, with SCZ>BD>MDD in the degree
of randomization. Patient groups displayed significantly
decreased short-range connectivity and increased medium-/
long-range connectivity. Decreases in short-range connec-
tivity were similar across the SZ, BD, and MDD groups and
were primarily distributed in the primary sensory and asso-
ciation cortices and the thalamus. Increases in medium-/
long-range connectivity were differentially localized within
the prefrontal cortices among the patient groups. We high-
light shared and distinct connectivity features in functional
brain networks among patients with SCZ, BD, and MDD,
which expands our understanding of the common and dis-
tinct pathophysiological mechanisms and provides crucial
insights into neuroimaging-based methods for the early
diagnosis of and interventions for psychiatric disorders.
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Introduction

Increasingly, schizophrenia (SCZ), bipolar disorder
(BD), and major depressive disorder (MDD) are concep-
tualized as brain network disorders.> Recent large-scale
connectome studies have reported various topological
alterations in the functional brain networks of patients
with SCZ, BD, and MDD. These findings suggest sub-
tle randomization within the brain network topology in
patients with each of the 3 disorders and the loss of an
optimal balance between segregated and integrated infor-
mation processing.>

The topology of complex networks embedded within
a physical space has recently become a significant area
of focus, as it may further elucidate patterns of network
organization among patients with SCZ, BD, and MDD.
Specifically, measures of physical distance-dependent
connectivity may reflect degrees of segregation, or spe-
cialized processing within interconnected brain regions,
and integration, or the network capacity for rapid the
combination of specialized information from distributed
brain regions.® Recently, distance-dependent alterations
in functional connectivity have been observed in patients
with SCZ.,”® BD,? and MDD.!° Similarities in the brain
network are not surprising, as SCZ, BD, and MDD
share common genetic and environmental risk factors,!!
potential neural mechanisms and alterations,'? and clini-
cal symptoms (eg, nonspecific or secondary symptoms
involving sensory processing, sleep, appetite, motor coor-
dination, and sequencing).!* Further studies are needed
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to determine the extent of the similarities and differences
in functional brain networks among patients with SCZ,
BD, and MDD. However, we are not aware of any pub-
lished studies examining this topic.

Dynamic neurodevelopmental processes have signifi-
cant influences on network characteristics.'* These pro-
cesses appear to depend on the range of distances between
neural connections and the neurotransmitter milieu. As
children mature into adults, local, short-range connec-
tions between adjacent brain regions shift to a greater
proportion of long-range connections within the brain
network.'>!'® The observed shift likely reflects the bal-
ance between synaptic pruning and the growth of length-
dependent neuronal connections.!”!'® Neurotransmitters
appear to determine the selectivity of synaptic pruning
and preservation during development.'*! Interestingly,
glutamine may direct short-range connections within sub-
cortical regions including the thalamus, whereas GABA
or GABA-dopamine interactions may shape long-range
connections in the frontal lobe.'* The resulting normative
brain architecture is characterized by (1) high clustering
with predominant short-range connections within the
primary sensory and motor cortical areas and subcortical
regions such as the thalamus and striatum, and (2) short
average path lengths (high efficiency) with predominantly
long-range connections in heteromodal cortices.*

Using a voxel-based graph analysis of a resting-state func-
tional MRI (R-fMRI), in this study, we examined (1) global
network properties, (2) whole-brain functional connectivity
based on connectivity distances, and (3) distance strength
maps to identify alterations in the functional brain networks
among patients with SCZ, BD, and MDD. A voxel-wise
approach avoids parcellation-dependent effects on the topo-
logical organization of brain networks.”! We hypothesized
the presence of randomization in the network configuration
and distance-dependent alterations in functional connectiv-
ity among patients with SCZ, BD, and MDD.

Materials and Methods

Participants

Five hundred and fifty individuals (ages 13-45 years) par-
ticipated in this study, including 139 with SCZ, 108 with
BD, 114 with MDD, and 189 healthy controls (HCs).
All participants provided written informed consent after
receiving a detailed description of the study. The study
was approved by the Institutional Review Board of China
Medical University. All participants with SCZ, BD, and
MDD were recruited from the inpatient and outpatient
services at the Shenyang Mental Health Center and the
Department of Psychiatry, First Affiliated Hospital of
China Medical University, Shenyang, China. HC par-
ticipants were recruited from the local community by
advertisement. Two trained psychiatrists determined the
presence or absence of Axis I psychiatric diagnoses in par-
ticipants 18 years and older using the Structured Clinical
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Interview for Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-1V) Axis I Disorders and
in participants younger than 18 years using the Schedule
for Affective Disorders and Schizophrenia for School-Age
Children-present and Lifetime Version (K-SADS-PL).
Participants with SCZ, BD, or MDD met the DSM-IV
diagnostic criteria for SCZ, BD, or MDD, respectively,
and no other Axis I disorders. HC participants did not
have a current or lifetime history of an Axis I disorder or
a history of psychotic, mood, or other Axis I disorders in
first-degree relatives, as determined from a detailed fam-
ily history. Participants were excluded for (1) lifetime sub-
stance/alcohol abuse or dependence, (2) the presence of a
concomitant major medical disorder, (3) any MRI con-
traindications, (4) a history of head trauma with loss of
consciousness =5 minutes or any neurological disorder,
and (5) suboptimal imaging data quality (see below for
details). Symptoms and cognitive measures were obtained
using the Brief Psychiatric Rating Scale (BPRS), Hamilton
Depression Rating Scale (HAMD), Hamilton Anxiety
Rating Scale (HAMA) and Young Mania Rating Scale
(YMRS), and Wisconsin Card Sorting Test (WCST).
Detailed demographic and clinical data are presented in
table 1. This dataset will be shared with the academic com-
munity under limited open access guidelines in the future.

MRI Acquisition

MRI data were acquired using a GE Signa HD 3.0-T
scanner (General Electric, Milwaukee, WI) with a stan-
dard 8-channel head coil at the First Affiliated Hospital
of China Medical University, Shenyang, PR China.
Functional images were collected using a gradient-
echo planar imaging (EPI-GRE) sequence. The follow-
ing parameters were used: TR = 2000 ms, TE = 30 ms,
flip angle = 90°, field of view = 240 X 240 mm? and
matrix = 64 X 64. Thirty-five axial slices were col-
lected with a 3-mm thickness, without a gap. The scan
lasted 6 minutes and 40 seconds, resulting in 200 vol-
umes. Participants were instructed to rest and relax with
their eyes closed but to remain awake during scanning.
According to the responses to a simple questionnaire
after the scan, none of the subjects had fallen asleep.

Data Preprocessing

All R-fMRI images were preprocessed using SPM12
(www.fil.ion.ucl.ac.uk/spm/) and DPARSF.?> The first 10
time points were discarded for magnetic field stabilization
and to allow participants to adapt to the scanning envi-
ronment. The subsequent preprocessing steps included
slice time correction and head motion correction. During
head motion correction, 38 subjects (18 with SCZ, 8 with
BD, 6 with MDD, and 6 HCs) were excluded from sub-
sequent analyses due to excessive head motion, based on
a criterion of 3 mm or 3°. (We also applied criteria of
2 mm/2°, 1 mm/1°, and mean frame-wise displacement of
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Table 1. Demographics, Clinical Characteristics, and Cognitive Function of Healthy Controls and Patients With SCZ, BD, and MDD

HC SCZ BD MDD
(n=183) (n=121) (n=100) (n=108) Numerical Values F/y?> Values P Values
Demographic characteristics
Age at scan, years 26.62 (8.00)  24.74(9.03)  25.81(8.31) 25.62(8.43) 13-45 1.260 287
Male 73 (40%) 54 (45%) 48 (48%) 35 (32%) 6.073 .108
Right-handed” 171 (96%) 100 (89%) 95 (97%) 93 (94%) 9.365 154
Smoking status, yes* 30 (19%) 12 (14%) 21 (26%) 22 (24%) 4.474 215
Clinical characteristics
Duration, months — 21.87 (36.15) 41.48(56.18) 20.58 (31.00) 0.2-276 7.23 .001
First episode, yes® — 86 (74%) 52 (57%) 85 (88%) 34.783 <.001
Medication, yes® — 71 (59%) 65 (65%) 43 (40%) 172.356 <.001
Antidepressants” — 4 (4%) 28 (29%) 35 (36%) 32.684 <.001
Antipsychotics® — 59 (61%) 35 (36%) 1(1%) 78.535 <.001
Mood stabilizer* — 4 (4%) 52 (53%) 0 116.526 <.001
HAMD-17 (n=161) (n = 86) (n=97) (n =106)
1.17 (1.70) 8.12 (6.96) 11.63(9.52) 21.26(8.75)  0-39 184.586 <.001
HAMA (n=162) (n=169) (n=96) (n=93)
0.86 (1.82) 6.80 (7.26) 8.52 (8.80) 16.32(9.49) 0-42 100.105 <.001
YMRS (n=157) (n = 60) (n=95) (n=1389)
0.22 (.92) 2.20 (4.50) 8.07 (10.05)  1.47(2.87) 0-36 43.721 <.001
BPRS (n=101) (n=116) (n=60) (n=45)
18.31(.82) 36.11 (14.00) 25.68(8.43)  25.53(6.21) 18-95 63.302 <.001
Cognitive function
WCST (n=110) (n=58) (n=158) (n = 66)
Correct responses 29.13 (12.66) 18.14 (11.78) 23.47(12.31) 23.27(11.91) 0-48 10.797 <.001
Categories completed 3.81(2.28) 1.57 (1.80) 2.69 (2.07) 2.83(2.04) 0-8 14.93 <.001
Total errors 19.06 (12.74)  29.86 (11.78) 24.02 (12.41) 24.80(11.91) 0-48 10.24 <.001
Perseverative errors 7.36 (7.92) 13.36 (12.52)  10.03(10.28) 10.83(9.60)  0-45 5.048 .002
Non-perseverative errors ~ 11.56 (7.08)  16.50 (8.80)  14.36(7.72)  13.97(6.53)  0-33 5.925 .001
Head motion parameters
Max translation, mm 0.56 (0.39) 0.67 (0.49) 0.66 (0.47) 0.68 (0.58) 0.09-2.74 1.893 130
Max rotation, degree 0.55(0.42) 0.64 (0.51) 0.61 (0.44) 0.66 (0.58) 0.07-2.83 1.636 180
Mean FD, mm 0.11 (0.05) 0.12 (0.08) 0.12 (0.06) 0.11 (0.06) 0.04-0.59 2.124 .096

Note: Data are presented as either n (%) or means (standard deviations).
SCZ, schizophrenia; BD, bipolar disorder; MDD, major depressive disorder; HC, healthy control; WCST, Wisconsin Card Sorting Test;
HAMD, Hamilton Depression Scale; HAMA, Hamilton Anxiety Scale; YMRS, Young Mania Rating Scale; BPRS, Brief Psychiatric

Rating Scale.
“Information was missing for some participants.

0.2 mm for validation. The main results were consistent
with our findings. See the supplementary materials for
details.). No significant differences in head motion param-
eters were observed among the groups (all P > .096).
Next, the corrected functional images were normalized to
the MNI space using the EPI template in SPM12, resa-
mpled to 3-mm isotropic voxels, and further smoothed via
a Gaussian kernel with a 4-mm full-width at half-maxi-
mum. Linear detrending was performed and several con-
founding covariates, including the Friston-24 head motion
parameters, white matter, cerebrospinal fluid, and global
signals, were regressed from the BOLD time series for all
voxels. Finally, temporal band-pass filtering (0.01-0.1 Hz)
was applied to the regressed fMRI data.

Network Construction

The construction of individual functional networks was
constrained within a gray matter (GM) mask of 45,381

voxels, which was generated by extracting overlapping
voxels in the automated anatomical labeling template®
and the thresholded prior GM probability map (>0.2)
provided by SPM12. We computed Pearson’s correla-
tion coefficients between all pairs of nodes (ie, GM vox-
els), resulting in 45,381 X 45,381 correlation matrices for
each subject. These individual correlation matrices were
further binarized with a density threshold of 1%, cor-
responding to the remaining 10,296,948 edges with top
positive strength. Notably, 2 other densities of 0.5% and
2% were also used for validation analysis.

Global Network Measurements

To investigate the global network architectures, we calcu-
lated 4 network measurements for each subject: the clus-
tering coefficient (Cp), the characteristic shortest path
length (Lp), the normalized clustering coefficient (y, ie,

Cp/Cp,, ). and the normalized characteristic path length
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(A, ie, Lp/Lp,, ). Specifically, Cp, and Lp_  refer to the
average Cp and Lp values obtained from 10 surrogate ran-
dom networks, respectively. The surrogate random network
was generated with the same numbers of nodes and edges
and an identical degree distribution as the original brain
networks. Notably, Cp and Cp  , quantify the functional
segregation and Lp and Lp_  quantify the functional inte-
gration of brain networks.?** See the supplementary mate-
rials for the detailed formula. The network construction
and calculations of global network measurements were
performed using the PAGANI toolkit (https://www.nitrc.
org/projects/pagani_toolkit/),* which was developed based
on our previously established CPU-GPU hybrid frame-
work?’ to facilitate the rapid calculation of high-resolution
voxel-based brain networks. This toolbox has been used to
investigate the test-retest (TRT) reliability of graph metrics
of voxel-based functional brain networks.?®

Distance-Dependent Distribution of Network
Connections

Network topologies are strongly associated with the con-
nectivity distance (ie, Euclidean distance) between regions.”
We calculated the Euclidean distance dij as an approximate
anatomical distance of functional connectivity between
voxel i and voxel j. Next, we divided whole-brain func-
tional connectivity into 18 bins, with Euclidean distances
binned into 10-mm steps ranging from 0 to 180 mm (the
longest distance between voxels in the GM mask). Finally,
we counted the number of edges within each distance bin
for each subject and compared the values among groups.

Regional Distance Strength

Adjacent distance bins were combined if significant dif-
ferences were observed in the group analysis and similar
patterns of alterations in the patient groups were observed
compared with HCs to minimize the use of multiple com-
parisons and reduce the chance of type I error. For exam-
ple, significant differences were observed for distance bins
1 (0-10 mm) and 2 (10-20 mm), which were combined
to create a distance bin of 0-20 mm. For each combined
distance bin, we calculated the distance strength for each
node to further examine specific regions displaying altered
distance-dependent network connectivity. The distance
strength of a given node was calculated as the total length
of the edges linking to this node within the connectivity
distance range, which captures both the number of con-
nections and the approximate physical cost. Individual dis-
tance strength maps were generated for each distance bin
and were compared across groups in a voxel-wise fashion.

Statistical Analyses

Group effects on clinical variables, global network mea-
surements, connections in distance bins, and distance
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strength maps were examined using l-way analysis of
covariance (ANCOVA), with age and gender as covari-
ates. Post hoc pair-wise analyses were performed using
a general linear model for significant group effects in
the ANCOVA. Significance for analyses of demographic
and clinical characteristics, and global network measure-
ments was set to P < .05. For analyses involving multiple
distance bins, the false discovery rate (FDR) correction
was applied for multiple comparisons, and significance
was set to a corrected P < .05. An additional, more con-
servative Bonferroni-corrected P < .05 was also utilized
to identify the most significant results. Analyses of dis-
tance strength maps were performed in a voxel-wise man-
ner and significance was set to a voxel-level inference of
P < .001, with a Gaussian random field correction for
cluster-level inference of P < .05.

Analyses were also performed to examine relationships
between the clinical and cognitive variables and global
network measurements (ie, Cp, Lp, y, and 1) and range-
dependent strength in regions with significant between-
group differences. See the supplementary materials for a
detailed description.

Validation Analyses

We examined the influences of the clinical and demo-
graphic variables (ie, medication status, education level,
and participants’ ages) and of different network analyses
and imaging preprocessing strategies (ie, network densi-
ties, local connections, global signal regression, signal-to-
noise ratio of fMRI images, and head motion control) to
validate our main findings. In particular, because age and
head motion are 2 important factors in brain network
analyses, we utilized different strategies to control their
potential effects when analyzing the data (eg, strict crite-
ria for selecting data and controlling for covariates in sta-
tistical models). Overall, our main conclusions were not
influenced (for details, see the supplementary materials).

Results
Demographic and Clinical Data

No significant differences in age, sex, or handedness were
observed among the SCZ, BD, MDD, and HC groups.
However, significant differences were observed in illness
duration, medication status, and first episode status, as
well as HAMD, HAMA, YMRS, and BPRS total scores,
among the SCZ, BD, and MDD groups (all P < .05).

Randomized Network Configurations in SCZ, BD, and
MDD Groups

Significant group effects on all global network measure-
ments (Cp, Lp, A, and y) were observed in the analyses of
the 4 groups (all P < .038), with a descending order of HC,
MDD, BD, and SCZ for mean values (figure 1). Post hoc
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analyses revealed a significantly decreased Cp in the MDD,
BD, and SCZ groups compared with HCs (all P < .045).
Lp and A were significantly decreased in the SCZ and BD
groups compared with HCs (both P <.025), and y was sig-
nificantly decreased in the SCZ group compared with HCs
(P < .001). These results suggest a shift toward a random-
ized network configuration in patients with SCZ, BD, and
MDD, with SCZ>BD>MDD in the degree of randomiza-
tion compared with HCs. Among the patient groups, the
SCZ group displayed significantly decreased Cp, y, and A
compared with the MDD group (all P < .032).

Altered Distance-Dependent Functional Connectivity in
SCZ, BD, and MDD Groups

Significant group effects on distance bins 1 (0-10 mm), 2
(10-20 mm), 5 (40-50 mm), 6 (50-60 mm), 7 (60—70 mm),
and 8 (70-80 mm) were observed (all P < .014, FDR-
corrected, figure 2A and table S1). Post hoc compari-
sons between groups for each distance bin indicated an
order of HC>MDD>BD>SCZ for the number of short-
range connections (distance bins 1 [0—-10 mm] and 2 [10—
20 mm]) and, conversely, SCZ>BD>MDD>HC for the
number of medium-/long-range connections (distance
bins 5 [40-50 mm], 6 [50-60 mm], 7 [60—70 mm], and 8
[70-80 mm]). Compared with HCs, all 3 patient groups
had significantly fewer short-range connections of
0-20 mm (distance bins 1 and 2) (all P < .035) and more
medium-/long-range connections of 50—70 mm (distance
bins 6 and 7) (all P < .005). Additionally, the SCZ and
BD groups had significantly more medium-/long-range
connections of 40-50 mm and 70-80 mm (distance bins
5 and 8) than the HC group, but significant differences in
these distance bins were not observed between the MDD
and HC groups. Among patient groups, the SCZ group
displayed significantly fewer short-range connections but
more medium-/long-range connections than the MDD
group (all P < .048) (figure 2B). Significant differences
in the other distance bins were not observed among the
4 groups (distance bins 3, 4, and 9-18). Notably, with the
exception of bin §, all these results remained significant at
a level of P < .05 after the Bonferroni correction.

Network Disruption in Psychiatric Disorders

Distance Strength Patterns Among the SCZ, BD, and
MDD Groups

Significant group differences in the distance strength
of short-range connections (0-20 mm) were mainly
localized in the primary visual, auditory, and associa-
tion cortices, as well as the thalamus (figure 3A) with
HC>MDD>BD>SCZ. Post hoc analysis revealed sig-
nificantly lower short-range distance strength in patient
groups than in HCs, with the exception of the primary
and association motor/sensorimotor cortices in the
MDD group (table 2). Significant group differences in
the distance strength of medium-/long-range connec-
tions (40-80 mm) were primarily located in the prefron-
tal cortex (PFC), with significantly increased distance
strength among the patient groups compared with HCs.
Specifically, significant increases in distance strength were
primarily observed in the bilateral dorsolateral prefrontal
cortex (DLPFC) and left orbital frontal cortex (OFC) in
the SCZ group, in the bilateral DLPFC in the BD group,
and in the right DLPFC in the MDD group compared
with HCs. Significantly increased distance strengths of
medium-/long-range connections were also found in the
left supplementary motor area (SMA) in the SCZ and
BD groups compared with HCs (figure 3B and table 2).
The extents of the medium-/long-range connections (40—
80 mm) from the peaks of these regions are illustrated in
figure S1.

Discussion

In this study, we observed (1) a shift toward a randomized
configuration in the whole-brain network; (2) fewer short-
range connections and more long-range connections; (3)
decreases in the short-range distance strength involving
the primary sensory and association cortices and thala-
mus and increases in the medium-/long-range distance
strength with differential localization in the PFC among
the SCZ, BD, and MDD groups; and (4) a gradient in
the extent of alterations such that SCZ>BD>MDD. To
our knowledge, this transdiagnostic study is the first to
report voxel-wise functional brain network architectures

0.7 38 24
06 28 21 —
&os =18 ~<1.8
0.4 8 1.5
03 -2 1.2
HC MDD BD SCZ HC MDD BD SCZ HC MDD BD SCZ HC MDD BD SCZ

Fig. 1. Differences in global network parameters among the 4 groups. Violin plots represent the distribution of each global network
parameter in each group and solid lines indicate the medians. The significance level was set to P <.05. *P < .05, **P < .01, ***P < .001.
HC, healthy control; MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia.
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Fig. 2. Distance-dependent differences in the number of network connections among the 4 groups. (A) Group effects on the number of
functional connections in each distance bin were detected by 1-way analysis of covariance. The solid line indicates the mean value for
each group across distance bins and the shadow represents the standard deviation. (B) Between-group differences in bins 1, 2, 5, 6, 7, and
8 were further assessed using post hoc analyses. Violin plots represent the distribution of numbers of connections in each group and solid
lines indicate medians. The significance level was set to P < .05, with an FDR correction for multiple comparisons. *P < .05, **P < .01,
**% P < .001. HC, healthy control; MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia.
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A Short-range Distance Strength

L.PoCG B.CAL

L.THA R.THA

=—HC —MDD —BD —SCZ

B Medium/long-range Distance Strength
" 1|!.o.l,l‘,FGOrl:n

L.SMA L.MFG

R.MFG
=HC —MDD —BD —SCZ

Fig. 3. Regions with significant group effects on short-range or medium-/long-range distance strength. (A) The 3-dimensional surface
illustrates regions with significant group effects on short-range distance strength (0-20 mm). The radar plot shows the normalized mean
values for each group at the peak of the significant cluster. For each peak, normalization was performed by dividing the mean values by
the maximum mean value obtained from the 4 groups. (B) The 3-dimensional surface illustrates regions with significant group effects

on medium-/long-range distance strength (40-80 mm). The radar map shows the normalized mean values for each group at the peak of
the significant cluster. The significance level was set to P < .001 at the voxel level, with Gaussian random field corrections for multiple
comparisons. HC, healthy control; MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia; R, right; L, left; B,
bilateral; ITG, inferior temporal gyrus; STG, superior temporal gyrus; CAL, calcarine; THA, thalamus; PoCG, postcentral gyrus; SMC,
sensorimotor cortex; [FGOrb, inferior frontal gyrus, orbital part; MFG, middle frontal gyrus; SMA, supplementary motor area. The
surface visualization was conducted by using BrainNet Viewer.”’
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Table 2. Continued

Cluster
Size

Brodmann
Areas
10

Post Hoc Analysis

P-Value

F-Value

Peak Coordinate

Region

Distance

.047

HC<MDD, P =.001

2.2 %107

12 8.291

51

39

53

Right hemisphere

HC<BD, P =.004;
HC<SCZ, P < .001

Dorsolateral prefrontal cortex

.053

HC<BD, P =.039

5.0 % 10°

9.428

72

34

Left hemisphere

MDD<SCZ, P < .001

HC<SCZ, P < .001;
BD<SCZ, P =.022

Supplementary motor area

Note: The significance level was set to P < .05 and a corrected P < .001 at the voxel level using Gaussian random field corrections for multiple comparisons.

HC, healthy control; MDD, major depressive disorder; BD, bipolar disorder; SCZ, schizophrenia.

Network Disruption in Psychiatric Disorders

among patients with SCZ, BD, and MDD. Prior stud-
ies have largely focused on comparisons of patients with
an individual disorder with HCs. Our findings are largely
consistent with previously observed network alterations
in patients with SCZ,* BD,* and MDD.? Direct com-
parisons between 2 disorders have primarily identified
significantly decreased network connections in limbic
structures and increased network connections in frontal
and parietal regions in both patients with SCZ and BD.3!3
Furthermore, more widespread decreases in network
connections involving sensory and subcortical regions
have been observed in patients with SCZ.* According to
a recent study utilizing R-fMRI data, both patients with
SCZ and BD exhibit significantly reduced global effi-
ciency in the cingulo-opercular network compared with
HCs.* These findings implicate shared and distinct net-
works in patients with SCZ and BD.*'** Findings from
comparisons between patients with BD and MDD have
been inconsistent®’; however, they suggest significant dif-
ferences in functional networks at rest and during tasks
between patients with BD and MDD.** Notably, an
intriguing recent study used R-fMRI data to examine the
relationship between reward responsivity and functional
connectivity in patients with MDD, BD, and SCZ.* The
authors revealed a common dysconnectivity pattern in
the default mode and cingulo-opercular systems, provid-
ing further evidence of shared disturbances in functional
brain networks in patients with psychiatric disorders.
The distance-dependent findings presented here are
of particular interests. Shared decreases in short-range
connections were observed in the primary sensory cor-
tices and their association cortices and thalamus among
patients with SZ, BD, and MDD, with differences in the
localization of increased medium-/long-range connec-
tions within the PFC among patients with these disor-
ders. These findings suggest a disrupted balance between
network segregation and integration in patients with
SCZ, BD, and MDD: diminished “segregation” of neural
processing with weakening of short-range connections in
the primary sensory and association cortices and thala-
mus and over-“integration” among distant regions via
increased medium-/long-range connections in the PFC.
These alterations may lead to inaccurate and inefficient
information processing and synthesis within the brain
network. Interestingly, a recent multimodal imaging
study reported increased coupling between the structural
and functional connectivity of long-distance connections
in both the offspring of subjects with SCZ and the off-
spring of subjects with BD, consistent with our findings.*
Specifically, altered sensory processing, which underlies
the nonspecific or secondary symptoms observed among
patients with SCZ, BD, and MDD, may provide inaccu-
rate input to higher order regions, such as the PFC, and
result in inappropriate or maladaptive learning and adap-
tation within neural circuits.* These maladaptations may
then feed back into sensory processing circuits and create
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a cycle for progressive and persistent disruptions within
the functional brain network and lead to the clinical
manifestations observed in patients with SCZ, BD, and
MDD. Additionally, EEG studies have reported excessive
low frequency (eg, delta band) activity in psychiatric dis-
orders.*** Given that carrier waves in the low-frequency
spectrum are discussed for widespread connectivity and
fast oscillations such as gamma are considered to be exe-
cuted locally,® our findings in MRI data are somehow in
line with the neurophysiological modality. Further stud-
ies are needed to confirm these hypotheses.

Differential localization of the increased medium-/
long-range connections in the PFC was observed in this
study: the bilateral DLPFC and OFC in patients with
SCZ, the bilateral DLPFC in patients with BD, and the
right DLPFC in patients with MDD. The PFC is a major
site for cortico-cortical and thalamo-cortical integration
and for the integration of multiple sensory modalities.*
Recent large-scale network analyses support the criti-
cal importance of long-range connectivity in the PFC.#
Alterations in dendritic spines in the PFC have been
reported in subjects with SCZ, BD, and MDD,**” and
these changes likely contribute to the gain or loss of net-
work connectivity.*# Additionally, the motor/sensorim-
otor cortices or SMA may also serve as a differentiating
marker. For example, the MDD group did not show alter-
ations in short-range connections in the motor/sensorim-
otor and association cortices, or in medium-/long-range
connections in the SMA, suggesting potential features
that may differentiate MDD from other disorders. In
addition, a gradient of network alterations appears
among the disorders, with the extent of changes in the
order of SCZ>BD>MDD, mirroring the clinical severity
and outcomes for patients with these disorders.*"!

Previous studies have suggested a “hypofrontality”
hypothesis that implicates deficits in PFC function in
patients with SCZ, such as reduced glucose utilization
and blood flow in the PFC during the resting state’> and
working memory tasks.’** Meanwhile, a hypothesis of
“inefficiency” in the PFC has also been proposed, sug-
gesting that the compromised function of the PFC in
patients with SCZ may result in either hyperfrontality or
hypofrontality, depending on the cognitive task involved
and the relative level of task demand.>¢ Moreover, a
clear and consistent conclusion regarding whether the
PFC exhibits “hypofrontality” or “hyperfrontality” is
still lacking, as evidence for both hypotheses has been
presented.”” > For instance, both increased and decreased
low-frequency spontaneous activity in the PFC has been
reported in patients with SCZ in some R-fMRI stud-
ies, and the hyperactivity observed in patients with SCZ
seemed to be more widespread to the superior/middle
and inferior frontal gyri.®%? These variations might result
from the limited statistical power of studies examining a
small sample and from the large variations in the charac-
teristics of recruited patients (eg, patients’ race, cultural
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background, standard of diagnosis, and subtypes of
patients) or research strategies utilized (eg, imaging pro-
tocols, preprocessing strategies, and measurement param-
eters) across studies.>%

In contrast to local brain activity, functional connectivity
measures the synchronization of activities between distant
brain areas.* Previous studies have also reported hypercon-
nectivity of the PFC in patients with SCZ during the rest-
ing state.®**” Our results are consistent with these findings,
and thus provide further evidence for “hyperfrontality”
in the PFC of patients with SCZ. However, the neuronal
mechanisms underlying the hypofrontality and hyperfron-
tality models remain unclear, and we speculate that either
of the models may be associated with specific conditions.
Future studies of a large sample with better homogeneity
in the characteristics of the recruited patients and a more
refined experimental design might provide researchers a
crucial opportunity to understand the complexity of altera-
tions in frontal activity in patients with SCZ.

Limitations and Further Considerations

Several issues warrant further consideration. First, we
did not use intelligence tests to directly exclude patients
with intellectual disabilities. Because individuals with
intellectual disabilities may not progress further than
their fourth year of elementary school,*® we used the edu-
cation level as an approximate measure of intelligence to
exclude participants with a possible intellectual disabil-
ity. The validation results were largely consistent with the
main findings; however, the lack of a direct intelligence
test is a limitation of this study and should be included
in a future study. Moreover, there was a significant dif-
ference in education level among the 4 groups. Although
our main conclusion remained stable after adding educa-
tion level as an additional covariation in statistical analy-
ses (for details, see the supplementary materials), this
issue needs attention in future participant recruitments.
Second, we did not monitor the participants’ wakefulness
during the R-fMR1 scan. Although the investigators com-
municated with the participants before the beginning and
immediately after the end of the R-fMRI scan, we were
not completely convinced that all participants remained
awake during the scan. Because neuroimaging studies
have reported sleep-related connectivity changes in func-
tional brain networks,®7' this issue deserves attention
in task-free imaging studies. Recent advances in simul-
taneously recording physiological signals (eg, EEG) with
fMRI will be helpful in resolving this issue. Third, human
brain functional connectivity fluctuates over a range of
temporal scales in coordination with internal states and
environmental demands. However, the temporal resolu-
tion of R-fMRI is still relatively poor. Future studies
combining fMRI and high temporal resolution electro-
physiological recordings will provide researchers impor-
tant opportunities to explore the neurophysiological
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substrates that underlie the functional abnormalities in
patients with psychiatric disorders.”>” Fourth, the abnor-
mal functional connectivity architectures in patients with
psychiatric disorders detected using R-fMRI are mainly
obtained from a macroscale perspective, which is con-
sidered to partially reflect the distant communication
of clustered neurons at the microscale.”” Currently, the
microscale brain networks are able to be constructed only
within a local area due to technical limitations.”*”” The
gap between different scales still needs to be bridged with
newly developed high-resolution imaging methods and
validated biophysical models. Fifth, several studies have
reported a significant association between functional
and structural brain networks,”®®' and some models
have been constructed to predict the architectures of the
functional networks based on anatomical constraints.’? %
Both structural and functional abnormalities have been
widely documented in patients with psychiatric disorders,
and future studies linking the multimodal changes may
further illustrate the interactions between brain altera-
tions underlying symptoms of each disorder. Sixth, in
this study, we observed neither significant group effects
on head motion parameters nor significant correlations
between these parameters and age (P = .326, P =.249, and
P = .201 for the maximum translation, maximum rota-
tion, and mean frame-wise displacement, respectively),
suggesting that our findings were probably not driven by
head motion. However, recent studies have suggested that
head motion is not only a confounding factor that can
influence estimates of functional brain connectivity,®%
but also a within-subject trait-like effect that correlates
across scanning sessions,**” with genetic®®* and neuro-
biological bases®” and cognitive relevance.”® The potential
effects of head motion on functional networks among
patients with different psychiatric disorders still need to
be further investigated. Seventh, although we did not
observe differences between un-medicated and medicated
patients or between different medication types in any of
the 3 patient groups, we cannot conclude that medica-
tions have no effects on functional connectome in psy-
chiatric patients. Future study with longitudinal design
could better deepen our understanding of the medication
effects on the functional connectome in psychiatric disor-
ders. Finally, the individual heterogeneity and subtyping
of patients with these psychiatric disorders were not con-
sidered in this study. Recent studies demonstrated con-
siderable variability in functional connectome between
individuals,” which can act as fingerprint to identify indi-
vidual from others.”>*> Moreover, Drysdale et al.** offered
a promising example for classifying patients with depres-
sion into different neurophysiological subtypes accord-
ing to distinct patterns of dysfunctional connectivity.
Investigations focusing on the convergent and divergent
disconnects in brain networks in individual patients and
subtypes of psychiatric disorders would certainly con-
tribute to improving our understanding of the pathology

Network Disruption in Psychiatric Disorders

of psychiatric disorders and the development of potential
network biomarkers for early individual diagnosis.”>*

In summary, the organizational configurations of the
whole-brain functional network exhibited a shift toward
randomization among patients with SCZ, BD, and MDD.
Furthermore, network alterations appear to depend on dis-
tance, with decreased short-range connectivity and increased
medium-/long-range connectivity in patients with SCZ,
BD, and MDD. Some aspects of these distance-dependent
changes appear to be region specific and occur in a graded
manner among patients with SCZ, BD, and MDD. Our
findings enhance our understanding of the common and
distinct pathophysiological mechanisms and provide cru-
cial insights into neuroimaging-based methods for the early
diagnosis of and interventions for psychiatric disorders.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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