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Abstract

The topological properties of functional brain networks in post-traumatic stress disorder (PTSD) have been thoroughly
examined, whereas the topology of structural covariance networks has been researched much less. Based on graph theo-
retical approaches, we investigated the topological architecture of structural covariance networks among PTSD, trauma-
exposed controls (TEC), and healthy controls (HC) by constructing covariance networks driven by inter-regional cor-
relations of cortical thickness. Structural magnetic resonance imaging (sSMRI) scans and clinical scales were performed
on 27 PTSD, 33 TEC, and 29 HC subjects. Group-level structural covariance networks were established using pearson
correlations of cortical thickness between 68 brain areas, and the graph theory method was utilized to study the global
and nodal properties. PTSD and HC subjects did not differ at the global level. When PTSD subjects were compared to
TEC subjects, they had significantly higher clustering coefficient (p=.014) and local efficiency (p=.031). Nodes having
different nodal centralities between groups did not pass the false-discovery rate correction at the node level. According to
the structural brain network topological characteristics discovered in this study, PTSD manifests differently compared to
the TEC group. In the PTSD group, the SCN keeps the small-world characteristics, but the degree of functional separa-
tion is enhanced. The TEC group’s reduced small worldness and the tendency for brain network randomization could be
signs of trauma recovery.
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Introduction

Post-traumatic stress disorder (PTSD), also known as a
delayed psychogenic response, refers to a delayed and long-
lasting mental disorder after a patient experiences severe
or catastrophic traumatic events (Francesmonneris et al.,
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2013). An epidemiological survey shows that the lifetime
prevalence of PTSD in China is 4% (Huang et al., 2019).
Due to its high prevalence, identifying the neural mecha-
nisms underlying PTSD and its related symptoms has
never been more important in terms of facilitating effec-
tive prevention and treatment efforts. The changes in brain
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morphology in PTSD patients were confirmed by neuroim-
aging. Patients with PTSD have reduced prefrontal corti-
cal thickness (Geuze et al., 2008) and increased left angular
gyrus cortical thickness (Ross et al., 2021) in comparison
to healthy controls (HC). Furthermore, a recent study has
linked trauma recovery to an increase in the thickness of the
right medial prefrontal cortex (Jeong et al., 2021). Although
substantial progress has been made in understanding the
structural differences between PTSD and trauma-exposed
controls (TEC), little is known about morphological net-
work properties. Analysis of structural covariance networks
(SCN) may provide us with a more comprehensive under-
standing of the pathogenesis of PTSD.

Graph theory is used to analyze the topological charac-
teristics of the brain network (Bullmore & Sporns, 2009;
Rubinov & Sporns, 2010). Previous research employing
several neuroimaging approaches demonstrated PTSD-
related brain network abnormalities (Niu, Du, et al., 2018;
Proessl et al., 2020; Suo et al., 2019; Zhu et al., 2019). How-
ever, there has been little research into structural covariance
networks in PTSD patients. The SCNs reflect the correlation
of morphological indicators between brain regions (Chen
et al., 2020; Tijms et al., 2012; Zhang J. Chen & Evans,
2008), which have been used in many neurological disease
researches, including Parkinson’s disease (Guo et al., 2018)
and autism spectrum disorder (Cai et al., 2021).

To achieve effective global and local processing, the brain
network contains small-world properties (He et al., 2007;
Sporns & Zwi, 2004). In some research based on SCNss,
small-world properties were observed to be diminished in
PTSD. In a study of cortical thickness covariance networks
in newly diagnosed PTSD patients, Qi and colleagues dis-
covered that PTSD patients exhibited a lower small-world
index than the HC group (Qi et al., 2017). Other research,
on the other hand, has found that the small-world index of
PTSD remains intact (Niu, Lei, et al., 2018). In addition, the
network characteristics have been found changed in mal-
treated youth with chronic PTSD, suggesting that network
centrality differences are evident during the early develop-
ment of childhood PTSD (Sun et al., 2019). Although graph
theory has been used to investigate the SCNs of PTSD
patients, the topological properties of their morphological
networks remain equivocal. More research into SCNs in the
context of PTSD is required.

Studies have shown that the final PTSD pathology results
from both pre-disposed and acquired neural abnormalities
(Admon et al., 2013). Acquired deficits are identified by
comparing individuals with PTSD to individuals without
PTSD who have experienced similar traumatic events, dis-
tinguishing neural abnormalities specific to the disease from
those resulting from the normal stress responses to trauma
exposure. Therefore, in addition to healthy controls, subjects

with PTSD need to be compared to trauma-exposed sub-
jects without PTSD to control for the lasting effects of acute
stressors (Harnett et al., 2020; Stark et al., 2015). Cortical
thickness covariance brain networks of PTSD, TEC, and
HC groups were constructed in our current research. Graph
theory was used to compare the network topology charac-
teristics between groups at the global and nodal levels. We
hypothesized that network indicators vary differently across
the PTSD and TEC groups. Changes in the nodal character-
istics of brain areas related to stress and emotional process-
ing were also expected.

Methods
Participants

Recruitment for the research began in November 2014 and
January 2015. A total of 102 subjects were recruited from
Wenchang, a city in the Chinese province of Hainan that
was devastated by a tropical storm. Everyone signed a writ-
ten informed consent based on the Helsinki Declaration.
At the same time, all subjects were given a protocol that
had been approved by Hainan General Hospital’s ethical
committee.

Only people aged 18 to 65 with right-handedness, no self-
described history of head injury, no deficiency of awareness,
no major clinical and neurological conditions, no comorbid
lifetime, no current psychiatric disorders other than anxiety
and depression, no liquor or drug abuse/reliance, no use of
mental medicine, and no contraindications to magnetic reso-
nance imaging (MRI) were included in the study. None of
PTSD or TEC individuals were getting any psychotherapy
or medication at the time of the study. The study eventually
comprised 27 PTSD, 33 TEC, and 29 HC participants.

MRI Data Acquisition and Processing

All neuroimaging was conducted at the Hainan General
Hospital using a Siemens 3T MR scanner (Skyra, Siemens
Medical Solutions, Erlangen, Germany) with a 32-channel
head coil. Head motion was reduced using foam pads and
a Plexiglas head cradle. Structural MR images were col-
lected for the whole brain with a sagittal 3D-magnetization
prepared rapid gradient echo sequences. The parameters
included TR/TE=2300/1.97 ms, field of view=256 mm,
flip angle 6=9°, matrix =256 x256, slice thickness=1 mm,
176 slices and scan duration=353 s. These scans were con-
verted to NIFTI format for further processing.

An automatic processing stream termed recon-all in
the FreeSurfer software package 6.0.0 (http://surfer.nmr.
mgh.harvard.edu) was used to reconstruct and estimate the
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Binary graph of PTSD

Fig. 1 Correlation matrix of each group of cortex thickness. The upper
row is the cortical thickness correlation matrices of PTSD, TEC, HC
groups after excluding self-connections. The color bar indicates the
strength of the correlation coefficients. The lower row is the binary
matrix for each group. PTSD, post-traumatic stress disorder; TEC,
trauma-exposed control; HC, healthy control

cerebral cortex of 68 cortical regions (bilateral; 342; Desi-
kan-Killiany Atlas) (Dale et al., 1999; Fischl et al., 1999).
Supplementary Material 1 contains specific MRI processing
information, and Supplementary Material 2 describes the
manual quality control technique.

Clinical measures

The Clinician-Administered PTSD Scale (CAPS) (Weathers
et al., 2001) was used to assess symptoms, with the PTSD
Checklist-Civilian Version for DSM-IV (PCL-C) being used
as a complement (Weathers et al., 1993). Those with PCL
scores greater than or equal to 40 were classified as having
PTSD, whereas those with PCL scores less than 40 were
classified as having TEC. The DSM-IV Structural Clinical
Interview was done to see if the patients with PTSD had any
concomitant disorders. Additional assessments to character-
ize the sample included the Self-Rating Anxiety Scale (SAS)
for anxiety screening (Zung, 1971), the Self-Rating Depres-
sion Scale (SDS) for depression complications screening
(Zung, 1965), and the Impact of Event Scale-Revised Scale
(IES-R) for assessing subjects’ catastrophic experiences of
special life events (Weiss, 2007).

Construction of SCNs

The cerebral cortex was divided using the Desikan-Killiany
Atlas. In each group, Pearson’s correlation coefficients of
cortical thickness between any node pairings were calcu-
lated to produce a 68-by-68 matrix. Negative weighted
edges were set to zero after excluding self-connections
(Gong et al., 2012; Sanabria-Diaz et al., 2021). The correla-
tion coefficients greater than the threshold were kept, and
the rest were set to 0 according to the predefined threshold
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sparsity (S=0.1, 0.01, 0.34) (Zhang et al., 2011). Figure 1
depicts each group’s correlation matrix and binary matrix.

Network attributes calculation

Different levels of properties for each threshold were cal-
culated as follows. (1) small-world topology: characteris-
tic path length (L), clustering coefficient (C), small-world
degree (o), normalized clustering coefficient (y), and nor-
malized characteristic path length (1). The clustering coef-
ficient reveals the network’s degree of segregation, while
the characteristic path length reflects the network’s degree
of integration. Small-world networks are characterized
by a high clustering coefficient and a short path length
(Achard et al., 2006; Watts & Strogatz, 1998). 100 null net-
works were created to examine the topological features of
brain networks. The average clustering coefficient (C,,,,)
and the characteristic path length (Z,,,,) were calculated.
Comparing the real network parameters (C,,,~ L,,,) With
the random network parameters, y (y=C,,,/C, ) and 4
(A=L,pg/L,4q) Were obtained. The o (c=y / 1) of the brain
network was also calculated. The brain network has a small
world if its o is significantly greater than 1. (2) other whole-
brain network attributes: global efficiency (£,,,) and local
efficiency (E,,,,,)- (3) regional network attributes: nodal effi-
ciency, nodal betweenness, and nodal degree. These three
indicators reflect the centrality of the node (Achard & Bull-
more, 2007; Freeman, 1977). Formulas and explanations
for all these indicators could be found in previous literature
(Bullmore & Sporns, 2009). Each network index was calcu-
lated repeatedly within the selected density, and a graph was
formed with the density as the abscissa and with a certain
network parameter as the ordinate. This curve reflected the
change of specific network indicators with network density.
The area under the curve (AUC) of each network indicator
was summarized for further analysis.

Statistical analysis
Demographic and clinical variables

Independent sample #-tests, one-way ANOVA, and chi-
square (y’)tests were performed according to the cor-
responding types of data (p<.05). All the analyses were
conducted in IBM Statistics SPSS 26, version 26.0 (IBM
Corp, Armonk, NY).

Differences in network metrics
The nonparametric permutation test was used to explore

the differences in network topologies between groups (for
example, PTSD vs. TEC group). First, the differences
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Table 1 The Demographic and Clinical Scores of Three Groups
PTSD(n=27) TEC(n=33) HC(n=29) p

Demographics

Gender 7/20 7/26 7/22 .909*
(males/females)

Age (years) 48.7+10.6 48.6+7.5 499+62 .791°
Educa- 64+3.4 7.00+3.4 9.8+3.3 .001°
tion (years)

Clinical data

SAS score 52.6+10.6 33.1+6.5 28.8+44 <.001°
SDS score 55.7+£10.6 33.0+7.3 27.0£58 <.001°
PCL-B score 17.2+4.0 104+3.2 - <.001°¢
PCL-C score 19.5+3.0 8.7+1.6 - <.001°¢
PCL-D score 17.1£3.0 9.9+2.5 - <.001°¢
PCL total score  53.7+8.5 289+5.4 - <.001°¢
IES-B score 20.7+4.6 - - -
IES-C score 16.9+4.5 - - -
IES-D score 15.5+3.9 - - -

IES total score  52.9+11.2 - - -
CAPS-B score 24.5+7.3 - - -
CAPS-C score  28.1+8.3 - - -
CAPS-D score  25.6+6.8 - - -

CAPS total score 78.2+19.3 - - -

Data are shown as mean+ SD except for gender, which is presented
by the number of each option. PTSD, post-traumatic stress disorder;
TEC, trauma-exposed control; HC, healthy control; SAS, Self-Rat-
ing Anxiety Scale; SDS, Self-Rating Depression Scale; PCL, PTSD
Checklist; IES, Impact of Event Scale; CAPS, Clinician-Adminis-
tered PTSD Scale.

ap-value got using a chi-square test.

bp-value got with one-way analysis of variance.

‘p-value got with the independent t-test for continuous variables.

between groups in each network measure were calculated.
The correlation matrices of the randomized group were then
reconstructed after all individuals were mixed and randomly
assigned. Based on these steps, the weight matrices were
binarized and the differences in network indicators between
groups of the random network were calculated. Permuta-
tions were repeated 1000 times at each density to get a dis-
tribution of the differences. The p-value was based on the
percentile of the real network measures difference (p <.05).
The Bonferroni correction method was used to control the
familywise error rate and the critical value for individual
tests was 0.05/ (3-7)=2.38 - 107°. Multiple comparisons
between nodes were achieved using false discovery rate
(FDR) correction (p<.05). In all statistical analysis, the
Brain Connectivity Toolbox (https://sites.google.com/ site/
betnet/) (Rubinov & Sporns, 2010) was used in Matlab
2013b to construct and analyze the SCNs. The BrainNet
Viewer (http://www.nitrc.org/projects/bnv/) was used to
present changes at the regional level.

Results
Cohort characteristics

27 patients with PTSD, 33 TEC, and 29 HC subjects were
enrolled in this study (Table 1). There were no statisti-
cal differences in terms of gender distribution (5*=0.190,
df=2, p=.909) and mean age (F (2,86)=0.236, p=.791).
The differences in education level among the three groups
was found significant (F' (2,86)=8.255, p=.001). The HC
group showd higher education level (p <.005). Significant
differences in terms of SAS (F (2,86)=80.015, p<.001)
scores and SDS scores (F (2,86)=99.425, p<.001) were
also found. Further analyses showed that PTSD group had
higher SAS and SDS scores (all p <.001). Among the PTSD
patients, 9 subjects had depression comorbidities (seven
females and two males), and one subject was diagnosed of
anxiety disorder (female). The SDS scores of TEC group
were significantly higher than those of HC group (p <.05),
while no significant difference in SAS scores was found
between these two groups (p=.088). The total scores of
PCL (¢=13.738, df=58, p<.001), subscale B (¢=7.052,
df=58, p<.001), subscale C (r=17.741, df=58, p<.001),
and subscale D (r=10.131, df=58, p<.001) in PTSD were
significantly higher than those in TEC subjects.

Network analyses
Small-world parameters

The results of the whole brain network measurements of
the group-specific SCNs are shown in Figs. 2 and 3, and
Table 2. The main results are as followed. (1) PTSD vs. HC:
Our results indicated no significant difference in vy, A, and
o values between these two groups (p >.05). (2) PTSD vs.
TEC: The AUCs of y, A, and ¢ were found no significant dif-
ferences (p > .05). (3) TEC vs. HC: No statistical differences
were found on y and A (p > .05). In addition, the AUC analy-
sis indicated that the ¢ of the TEC network was smaller than
that of the HC group (Fig. 31, p=.017).

Global Network Measures

The results of the nonparametric replacement test showed
no significant difference in the properties of the global net-
work between PTSD and HC subjects. The AUC analysis
showed that the clustering coefficient (Fig. 3D, p=.014)
and local efficiency (Fig. 3E, p=.031) of the PTSD group
were higher than those of the TEC group. The clustering
coefficient (Fig. 3G, p=.041) and local efficiency (Fig. 3 H,
p=.027) of the TEC group were significantly lower than
those of the HC group.
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Fig. 2 Significant changes in global network parameters as a function
of network density (0.1, 0.01, 0.34). (A) the clustering coefficient,
(B) local efficiency, and (C) sigma, small-world index. PTSD, post-
traumatic stress disorder; TEC, trauma-exposed control; HC, healthy
control

Inter-group comparisons of Regional Network
Measures

The AUC analysis of the differences was performed in
regional network indicators between the groups. Unfor-
tunately, no nodes survived after the FDR correction. The
inter-group comparison of node attributes still revealed
the changes in some node characteristics of PTSD patients
(Table 3; Fig. 4). The main results are as followed. (1)
PTSD vs. HC: Increased nodal centralities in the right

@ Springer

Table 2 Global Network Properties between Groups

PTSDvs. PTSDvs. TEC
HC TEC VS.
HC
C 0.816 0.014 0.041
L, 0.928 0.285 0.372
E giobal 0.717 0.243 0.433
Ejpear 0.949 0.031 0.027
y 0.842 0.227 0.141
A 0.947 0.550 0.474
a 0.877 0.304 0.017

C, clustering coefficient; L, character path length; £, global effi-
ciency; E,,.,;, local efficiency; y, normalized clustering coefficient; 4,
normalized characteristic path length; o, small-world index. PTSD,
post-traumatic stress disorder; TEC, trauma-exposed control; HC,
healthy control.

isthmus cingulate cortex and the right superior frontal gyrus
in patients with PTSD were found. The nodal centrality
of the left postcentral gyrus was decreased. (2) PTSD vs.
TEC: Compared with the TEC group, the nodal centralities
of PTSD on the left rostral middle frontal gyrus, bilateral
supramarginal gyrus, and the right temporal pole increased
significantly. The nodal degree of the left insula of PTSD
was decreased. (3) TEC vs. HC: Compared with the HC
group, the nodal centralities of the left postcentral gyrus
decreased, while the left insula increased significantly.

Discussion

By using the method of graph theory analysis, the regional
similarities of cortical thickness were calculated to ascertain
the changes in topological characteristics of morphological
networks of trauma-exposed patients. As far as we know,
this work is the first one to incorporate the SCNs of PTSD,
TEC, and HC groups simultaneously. We found that PTSD
and TEC groups have different topological characteristics at
the global level and nodal level.

4.1 Small World Index Retention in PTSD Patients.

The human brain network is characterized by small-world
attributes (Bullmore & Sporns, 2009), which are associated
with low construction costs and high-efficiency information
dissemination (Achard & Bullmore, 2007). The results of
the whole-brain graph theory analysis showed that compared
with the HC group, PTSD patients retained the characteris-
tics of small-world topology. It is generally accepted that
the small-world organization balances network separation
and network integration in information processing (Watts &
Strogatz, 1998). Other results have also reported the main-
tenance of the small-world index in the PTSD group (Zhu
etal., 2019). It was noted that the small-world attribute was
found to be lower in the TEC group compared with the HC
group. Given that the TEC group is resilient to PTSD in this
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Fig.3 Differences between groups in global network parameters as a function of network density (0.1-0.34). Clustering coefficient (A, D, G), local
efficiency (B, E, H), and small-world index (C, F, I) of three SCNs. The 95% confidence interval is represented in upper and lower blue lines, and
the black line in the middle is the mean difference after 1000 permutations. The red line represents the true differences between groups, which fall
outside the confidence interval indicate significant differences between groups (p <.05) under the current threshold. PTSD, post-traumatic stress
disorder; TEC, trauma-exposed control; HC, healthy control; C, clustering coefficient; Elocal, local efficiency

case, the reduced small-worldness of the TEC group may be
a manifestation of trauma recovery to a certain extent. Addi-
tional evidence comes from a study of earthquake survivors.
The study found that within 25 days after the earthquake,
the survivors’ small worldness was found to have decreased
compared with the control group, indicating a shift towards
a randomized network. In addition, this damage returned to
normal after two years (Du et al., 2015).

4.2 Increased functional separation in patients with
PTSD.

Our results show that the local efficiency and clustering
coefficient of PTSD patients were higher than those of the
TEC group, which is consistent with previous studies (Lei
etal., 2015; Proessl et al., 2020). The increase in the cluster-
ing coefficient denotes higher fault tolerance of the brain

when suffering an attack from outside (Brust et al., 2012).
Given the inverse relationship between local efficiency and
characteristic path length, the increase in local efficiency of
PTSD may reflect closer and more effective communication
within the network. The increase in local efficiency limits
the transmission of information to closely connected spe-
cific areas, indicating the increase in network separation in
the brains of PTSD patients. The same result was repeated
in the functional brain network analysis studies (Zhu et
al., 2019). They explored the topological characteristics of
the functional connection network of PTSD patients seven
years after the earthquake and found that the overall func-
tional separation of the brain network of PTSD patients had
increased, which was manifested by a higher normalized
clustering coefficient and normalized local efficiency. This
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Table 3 The P-value for Regions Exhibiting Significant Between-
group Differences in Nodal Centralities

P-value
Group comparison Nodal Nodal Nodal
efficiency betweenness degree
PTSD>HC
Rh isthmus cingulate 0.042* 0.089 0.092
Rh superior frontal 0.257 0.044%* 0.302
PTSD<HC
Lh postcentral 0.028* 0.012* 0.018*
PTSD>TEC
Lh rostral middle frontal ~ 0.025%* 0.032* 0.037*
Lh supramarginal 0.015* 0.179 0.044%*
Rh supramarginal 0.034* 0.195 0.367
Rh temporal pole 0.011* 0.203 0.054
PTSD<TEC
Lh_insula 0.059 0.268 0.037*
TEC>HC
Lh insula 0.081 0.032* 0.029*
TEC<HC
Lh postcentral 0.01* 0.009%* 0.023*

Regions were regarded as abnormal if they displayed significant
between-group differences in at least one of the three nodal centrali-
ties. * p<.05, uncorrected. ** p<.01, uncorrected. Lh, left hemi-
sphere; Rh, right hemisphere; PTSD, post-traumatic stress disorder;
TEC, trauma-exposed control; HC, healthy control
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Fig. 4 Regions showing significant between-group differences in
nodal centralities (p < .05, uncorrected). (A-C) nodal efficiency, (D-F)
betweenness, and (G-I) nodal degree. L, left; R, right; ISTC, isthmus
cingulate cortex; SF, superior frontal gyrus; PSTS, postcentral gyrus;
RMEF, rostral middle frontal gyrus; SMAR, supramarginal gyrus; TP,
temporal pole; INS, insula; PTSD, post-traumatic stress disorder;
TEC, trauma-exposed control; HC, healthy control

research implies that the structural covariance and func-
tional connection networks are consistent to some extent.
The randomization process of neural networks is thought
to be a common pattern in some neurological diseases
(Lynall et al., 2010). In contrast, the increased local effi-
ciency and clustering coefficient in the current study indi-
cated a more regular brain network in patients with PTSD.
Regular patterns of brain networks have also been found in
children with PTSD (Suo et al., 2015). However, the SCN

@ Springer

of TEC subjects became increasingly random. Specifically,
the local efficiency and clustering coefficient of the TEC
group was significantly reduced compared with HC. This
randomization process may reflect a compensatory adapta-
tion of the brain network when it encounters trauma to cope
with the impact of the disease.

4.3 Regional differences between groups.

In addition to the whole brain network indicators, we
also explored changes in node centralities at the nodal level.
Unfortunately, all nodes did not meet the FDR-corrected
threshold. As exploratory research, we excavated some
results from the research that cannot be ignored. The TEC
group had higher nodal centrality in the left insula than the
PTSD and HC groups (p <.05, uncorrected for FDR), indi-
cating that the left insula may be a protective factor against
PTSD. Previous studies also found that the nodal degree of
the bilateral insula in trauma survivors increased signifi-
cantly (Du et al., 2015). The insula is related to traumatic
memory (King et al., 2009). The increased nodal central-
ity of the left insula may improve the resistance of network
topology to some extent, thereby reducing the damage from
trauma. A previous study found that a higher regional cere-
bral metabolic rate of glucose (rcMRglu) in the anterior
insula was associated with stronger resilience, which sug-
gests a role for tCMRgu in the anterior insula in resisting the
negative effect of trauma (Jeong et al., 2019). These are only
our speculations. Follow-up studies need to use clinical data
to determine the network characteristics of trauma recovery.

Limitations

There are some limitations to this study. Firstly, some
results didn’t pass the correction, which might be due to
sample constraints and limited capacity for statistical analy-
sis. Expanding the sample size ought to be a premeditated
action. Secondly, we only recruited the typhoon-exposed
subjects and collected the data five months after the typhoon,
and we could not investigate whether these SCNs may also
be related to changes in posttraumatic stress between the
acute and chronic trauma phases. Time-since-trauma can
be a confounding factor in that it’s not clear what second-
ary stressors may occur to augment any TEC vs. PTSD
differences.

Conclusions

We compared the structural network topologies among
PTSD, TEC, and HC groups based on graph theory. The
functional separation of the brain network was intensified
in PTSD. Moreover, the decreased small-worldness and the
trend of randomization of the SCN in the TEC group may be
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a mitigating factor. Our study provides evidence of different
network properties in PTSD and TEC subjects, expanding
the understanding of trauma-related pathobiology.

Supplementary information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11682-
022-00669-y.

Acknowledgements This study was supported by the National Natural
Science Foundation of China (81871344, 81971602, 81760308), the
Natural Science Foundation of Jiangsu Province (BK20191369), the
Qing Lan project of higher education institutions of Jiangsu Province;
This project was supported by Hainan Province Clinical Medical Cen-
ter.

Author contributions Author contributions included conception and
study design (YZ and GML), data acquisition (FC and LZ), data pro-
cessing and statistical analysis (TTX, JK, and RFQ), interpretation of
results (TTX, FC, and YZ), drafting the manuscript work or revising it
critically for important intellectual content (TTX, FC, YLD, and YZ)
and approval of the final version to be published and agreement to be
accountable for the integrity and accuracy of all aspects of the work
(All authors).

Funding Not applicable.
Availability of data and material Not applicable.

Code Availability Not applicable.

Declarations
Conflict of interest The authors have no conflict of interest to declare.

Ethics approval According to the Declaration of Helsinki, all partici-
pants signed written informed consent. At the same time, a protocol,
which has been approved by the ethics committee of Hainan General
Hospital, was obtained for all subjects.

Consent to participate Informed consent was obtained from all pa-
tients for being included in the study.

Consent for publication All authors agree to publish this manuscript
which has been read by all of them.

References

Achard, S., & Bullmore, E. (2007). Efficiency and Cost of Economical
Brain Functional Networks. PLOS Computational Biology, 3(2),
el7

Achard, S., Salvador, R., Whitcher, B., Suckling, J., & Bullmore, E.
(2006). A resilient, low-frequency, small-world human brain
functional network with highly connected association corti-
cal hubs. J Neurosci, 26(1), 63-72. https://doi.org/10.1523/
JNEUROSCI.3874-05.2006

Admon, R., Milad, M. R., & Hendler, T. (2013). A causal model of
post-traumatic stress disorder: disentangling predisposed from
acquired neural abnormalities. Trends Cogn Sci, 17(7), 337-347.
https://doi.org/10.1016/j.tics.2013.05.005

Brust, M. R., Turgut, D., Ribeiro, C., & Kaiser, M. (2012). Is the clus-
tering coefficient a measure for fault tolerance in wireless sen-
sor networks? Communications (ICC), 2012 IEEE International
Conference on

Bullmore, E., & Sporns, O. (2009). Complex brain networks: Graph
theoretical analysis of structural and functional systems (Nature
Reviews Neuroscience (2009) 10, (186—198)). Nature reviews
Neuroscience, 10, 186—198

Cai, S., Wang, X., Yang, F., Chen, D., & Huang, L. (2021). Differ-
ences in Brain Structural Covariance Network Characteristics
in Children and Adults With Autism Spectrum Disorder. Autism
Research(1)

Chen, H. J,, Qi, R, Ke, J., Qiu, J., Xu, Q., Zhong, Y. ... Chen, F.
(2020). Evaluation of gray matter reduction in patients with
typhoon-related posttraumatic stress disorder using causal net-
work analysis of structural MRI. Psychol Med, 1-10. https://doi.
org/10.1017/S0033291720003281

Dale, A. M, Fischl, B., & Sereno, M. L. (1999). Cortical surface-based
analysis. 1. Segmentation and surface reconstruction. Neuroim-
age, 9(2), 179-194. https://doi.org/10.1006/nimg.1998.0395

Du, M. Y, Liao, W., Lui, S., Huang, X. Q., Li, F., Kuang, W. H. ...
Gong, Q. Y. (2015). Altered functional connectivity in the brain
default-mode network of earthquake survivors persists after 2
years despite recovery from anxiety symptoms. Soc Cogn Affect
Neurosci, 10(11), 1497-1505. https://doi.org/10.1093/scan/
nsv040

Fischl, B., Sereno, M. 1., & Dale, A. M. (1999). Cortical surface-based
analysis. II: Inflation, flattening, and a surface-based coordinate
system. Neuroimage, 9(2), 195-207. https://doi.org/10.1006/
nimg.1998.0396

Francesmonneris, A., Pincus, H., & First, M. (2013). Diagnostic and
Statistical Manual of Mental Disorders: DSM-V. American Psy-
chiatric Association

Freeman, L. C. (1977). A Set of Measures of Centrality Based on
Betweenness. Sociometry, 40(1), 3541

Geuze, E., Westenberg, H., Heinecke, A., Kloet, C., Goebel, R., &
Vermetten, E. (2008). Thinner prefrontal cortex in veterans with
posttraumatic stress disorder. Neuroimage, 41(3), 675-681

Gong, G., Yong, H., Chen, Z. J., & Evans, A. C. (2012). Convergence
and divergence of thickness correlations with diffusion con-
nections across the human cerebral cortex. Neuroimage, 59(2),
1239-1248

Guo, T., Guan, X., Zeng, Q., Xuan, M., Gu, Q., Huang, P. ... Zhang,
M. (2018). Alterations of Brain Structural Network in Parkin-
son’s Disease With and Without Rapid Eye Movement Sleep
Behavior Disorder. Front Neurol, 9, 334. https://doi.org/10.3389/
fneur.2018.00334

Harnett, N. G., Stevens, J. S., Fani, N., van Rooij, S. J. H., Ely, T.
D., Michopoulos, V. ... Ressler, K. J. (2020). Acute Posttrau-
matic Symptoms Are Associated With Multimodal Neuroimaging
Structural Covariance Patterns: A Possible Role for the Neural
Substrates of Visual Processing in Posttraumatic Stress Disor-
der. Biol Psychiatry Cogn Neurosci Neuroimaging. https://doi.
org/10.1016/j.bpsc.2020.07.019

He, Y., Chen, Z. J., & Evans, A. C. (2007). Small-world anatomical
networks in the human brain revealed by cortical thickness from
MRI.Cerebral Cortex(10),2407-2419

Huang, Y., Wang, Y., & Wang, H. (2019). Prevalence of mental dis-
orders in China: a cross-sectional epidemiological study (vol 6,
pg 211, 2019). Lancet Psychiatry, 6(4), E11-E11. https://doi.
org/10.1016/S2215-0366(19)30074-4

Jeong, H., Chung, Y. A., Ma, J., Kim, J., Hong, G., Jin, K. O. ...
Yoon, S. (2019). Diverging roles of the anterior insula in trauma-
exposed individuals vulnerable or resilient to posttraumatic stress
disorder. Scientific Reports

@ Springer


http://dx.doi.org/10.1017/S0033291720003281
http://dx.doi.org/10.1017/S0033291720003281
http://dx.doi.org/10.1006/nimg.1998.0395
http://dx.doi.org/10.1093/scan/nsv040
http://dx.doi.org/10.1093/scan/nsv040
http://dx.doi.org/10.1006/nimg.1998.0396
http://dx.doi.org/10.1006/nimg.1998.0396
http://dx.doi.org/10.3389/fneur.2018.00334
http://dx.doi.org/10.3389/fneur.2018.00334
http://dx.doi.org/10.1016/j.bpsc.2020.07.019
http://dx.doi.org/10.1016/j.bpsc.2020.07.019
http://dx.doi.org/10.1016/S2215-0366(19)30074-4
http://dx.doi.org/10.1016/S2215-0366(19)30074-4
http://dx.doi.org/10.1007/s11682-022-00669-y
http://dx.doi.org/10.1007/s11682-022-00669-y
http://dx.doi.org/10.1523/JNEUROSCI.3874-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.3874-05.2006
http://dx.doi.org/10.1016/j.tics.2013.05.005

2000

Brain Imaging and Behavior (2022) 16:1992-2000

Jeong, H., Lee, Y. J., Kim, N., Jeon, S., Jun, J. Y., Yoo, S. Y. ... Kim,
S. J. (2021). Increased medial prefrontal cortical thickness and
resilience to traumatic experiences in North Korean refugees. Sci
Rep, 11(1), 14910. https://doi.org/10.1038/s41598-021-94452-6

King, A. P, Abelson, J. L., Britton, J. C., Phan, K. L., Taylor, S.
F., & Liberzon, 1. (2009). Medial prefrontal cortex and right
insula activity predict plasma ACTH response to trauma
recall. Neuroimage, 47(3), 872—880. https://doi.org/10.1016/].
neuroimage.2009.05.088

Lei, D, Li, K., Li, L., Chen, F., Huang, X., Lui, S. ... Gong, Q. (2015).
Disrupted Functional Brain Connectome in Patients with Post-
traumatic Stress Disorder. Radiology, 276(3), 818—-827. https://
doi.org/10.1148/radiol. 15141700

Lynall, M. E., Bassett, D. S., Kerwin, R., McKenna, P. J., Kitzbichler,
M., Muller, U., & Bullmore, E. (2010). Functional connectivity
and brain networks in schizophrenia. J Neurosci, 30(28), 9477—
9487. https://doi.org/10.1523/INEUROSCI.0333-10.2010

Niu, R., Du, L., Chen, F., Chen, Y., Suo, X., Li, L. ... Gong, Q. (2018).
Reduced local segregation of single-subject gray matter networks
in adult PTSD.Human Brain Mapping, 39

Niu, R., Lei, D., Chen, F., Chen, Y., Suo, X., Li, L. ... Gong, Q. (2018).
Disrupted grey matter network morphology in pediatric posttrau-
matic stress disorder. Neuroimage Clin, 18, 943-951. https://doi.
org/10.1016/j.nicl.2018.03.030

Proessl, F., Dretsch, M. N., Connaboy, C., Lovalekar, M., Dunn-Lewis,
C., Canino, M. C. ... Flanagan, S. D. (2020). Structural Connec-
tome Disruptions in Military Personnel with Mild Traumatic
Brain Injury and Post-Traumatic Stress Disorder. J Neurotrauma,
37(19), 2102-2112. https://doi.org/10.1089/neu.2020.6999

Qi, S., My, Y. F., Cui, L. B., Zhang, J., Guo, F., Tan, Q. R. ... Zhang, N.
Y. (2017). Anomalous gray matter structural networks in recent
onset post-traumatic stress disorder. Brain Imaging & Behavior

Ross, M. C., Sartin-Tarm, A. S., Letkiewicz, A. M., Crombie, K. M., &
Cisler, J. M. (2021). Distinct cortical thickness correlates of early
life trauma exposure and posttraumatic stress disorder are shared
among adolescent and adult females with interpersonal violence
exposure. Neuropsychopharmacology, 46(4), 741-749. https://
doi.org/10.1038/s41386-020-00918-y

Rubinov, M., & Sporns, O. (2010). Complex network measures of
brain connectivity: uses and interpretations. Neuroimage, 52(3),
1059-1069

Sanabria-Diaz, G., Melie-Garcia, L., Draganski, B., Demonet, J. F., &
Kherif, F. (2021). Apolipoprotein E4 effects on topological brain
network organization in mild cognitive impairment. Sci Rep,
11(1), 845. https://doi.org/10.1038/s41598-020-80909-7

Sporns, O., & Zwi, J. D. (2004). The small world of the cerebral cor-
tex. Neuroinformatics, 2(2), 145-162

Stark, E. A., Parsons, C. E., Van Hartevelt, T. J., Charquero-Ballester,
M., McManners, H., Ehlers, A. ... Kringelbach, M. L. (2015).
Post-traumatic stress influences the brain even in the absence of
symptoms: A systematic, quantitative meta-analysis of neuroim-
aging studies. Neurosci Biobehav Rev, 56, 207-221. https://doi.
org/10.1016/j.neubiorev.2015.07.007

@ Springer

Sun, D., Haswell, C. C., Morey, R. A., & De Bellis, M. D. (2019).
Brain structural covariance network centrality in maltreated
youth with PTSD and in maltreated youth resilient to PTSD.
Dev Psychopathol, 31(2), 557-571. https://doi.org/10.1017/
$0954579418000093

Suo, X., Lei, D., Li, K., Chen, F,, Li, F., Li, L. ... Gong, Q. (2015). Dis-
rupted brain network topology in pediatric posttraumatic stress
disorder: A resting-state fMRI study. Hum Brain Mapp, 36(9),
3677-3686. https://doi.org/10.1002/hbm.22871

Suo, X., Lei, D., Li, W., Chen, F., Niu, R., Kuang, W. ... Gong, Q.
(2019). Large-scale white matter network reorganization in post-
traumatic stress disorder. Hum Brain Mapp, 40(16), 4801-4812.
https://doi.org/10.1002/hbm.24738

Tijms, B. M., Series, P., Willshaw, D. J., & Lawrie, S. M. (2012).
Similarity-based extraction of individual networks from gray
matter MRI scans. Cereb Cortex, 22(7), 1530-1541. https://doi.
org/10.1093/cercor/bhr221

Watts, D. J., & Strogatz, S. H. (1998). Collective dynamics of ‘small-
world’ networks.Nature

Weathers, F. W., Keane, T. M., & Davidson, J. R. (2001). Clini-
cian-administered PTSD scale: a review of the first ten years
of research. Depress Anxiety, 13(3), 132-156. https://doi.
org/10.1002/da.1029

Weathers, F. W., Litz, B. T., Herman, D. S., Huska, J. A., & Keane, T.
M. (1993). The PTSD Checklist (PCL): Reliability, validity, and
diagnostic utility.

Weiss, D. S. (2007). The Impact of Event Scale: Revised. In J. P. Wil-
son, & C. S. Tang (Eds.), Cross-Cultural Assessment of Psycho-
logical Trauma and PTSD (pp. 219-238). Springer US. https://
doi.org/10.1007/978-0-387-70990-1_10

Zhang, J., Wang, J., Wu, Q., Kuang, W., Huang, X., He, Y., & Gong, Q.
(2011). Disrupted Brain Connectivity Networks in Drug-Naive,
First-Episode Major Depressive Disorder. Biological Psychiatry,
70(4), 334-342

Zhang, J., Chen, Y. H., Rosa-Neto, P., Germann, J., & Evans, A. C.
(2008). Revealing Modular Architecture of Human Brain Struc-
tural Networks by Using Cortical Thickness from MRI. Cerebral
Cortex, 18(10), 2374-2381

Zhu, H., Li, Y., Yuan, M., Ren, Z., Yuan, C., Meng, Y. ... Zhang, W.
(2019). Increased functional segregation of brain network asso-
ciated with symptomatology and sustained attention in chronic
post-traumatic stress disorder. J Affect Disord, 247, 183—191.
https://doi.org/10.1016/j.jad.2019.01.012

Zung, W. W. (1965). A Self-Rating Depression Scale. Arch
Gen  Psychiatry, 12,  63-70.  https://doi.org/10.1001/
archpsyc.1965.01720310065008

Zung, W. W. (1971). A rating instrument for anxiety disorders.
Psychosomatics, 12(6), 371-379. https://doi.org/10.1016/
S0033-3182(71)71479-0

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


http://dx.doi.org/10.1017/s0954579418000093
http://dx.doi.org/10.1017/s0954579418000093
http://dx.doi.org/10.1002/hbm.22871
http://dx.doi.org/10.1002/hbm.24738
http://dx.doi.org/10.1093/cercor/bhr221
http://dx.doi.org/10.1093/cercor/bhr221
http://dx.doi.org/10.1002/da.1029
http://dx.doi.org/10.1002/da.1029
http://dx.doi.org/10.1007/978-0-387-70990-1_10
http://dx.doi.org/10.1007/978-0-387-70990-1_10
http://dx.doi.org/10.1016/j.jad.2019.01.012
http://dx.doi.org/10.1001/archpsyc.1965.01720310065008
http://dx.doi.org/10.1001/archpsyc.1965.01720310065008
http://dx.doi.org/10.1016/S0033-3182(71)71479-0
http://dx.doi.org/10.1016/S0033-3182(71)71479-0
http://dx.doi.org/10.1038/s41598-021-94452-6
http://dx.doi.org/10.1016/j.neuroimage.2009.05.088
http://dx.doi.org/10.1016/j.neuroimage.2009.05.088
http://dx.doi.org/10.1148/radiol.15141700
http://dx.doi.org/10.1148/radiol.15141700
http://dx.doi.org/10.1523/JNEUROSCI.0333-10.2010
http://dx.doi.org/10.1016/j.nicl.2018.03.030
http://dx.doi.org/10.1016/j.nicl.2018.03.030
http://dx.doi.org/10.1089/neu.2020.6999
http://dx.doi.org/10.1038/s41386-020-00918-y
http://dx.doi.org/10.1038/s41386-020-00918-y
http://dx.doi.org/10.1038/s41598-020-80909-7
http://dx.doi.org/10.1016/j.neubiorev.2015.07.007
http://dx.doi.org/10.1016/j.neubiorev.2015.07.007

	﻿Study on the changes of Structural Covariance Network in post-traumatic stress disorder
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Participants
	﻿MRI Data Acquisition and Processing
	﻿Clinical measures
	﻿Construction of SCNs
	﻿Network attributes calculation
	﻿Statistical analysis
	﻿Demographic and clinical variables


	﻿Differences in network metrics
	﻿Results
	﻿Cohort characteristics
	﻿Network analyses
	﻿Small-world parameters


	﻿Global Network Measures
	﻿Inter-group comparisons of Regional Network Measures
	﻿Discussion
	﻿Limitations

	﻿Conclusions
	﻿References


