
https://doi.org/10.1177/20451253231175302 
https://doi.org/10.1177/20451253231175302

Ther Adv Psychopharmacol

2023, Vol. 13: 1–14

DOI: 10.1177/ 
20451253231175302

© The Author(s), 2023.  
Article reuse guidelines:  
sagepub.com/journals-
permissions

journals.sagepub.com/home/tpp 1

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License  
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission 
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

TherapeuTic advances in 
psychopharmacology

Introduction
Post-traumatic stress disorder (PTSD) is a psychi-
atric disorder that occurs in some individuals after 

they experience, witness, or hear about events 
involving death or serious physical injuries (which 
have occurred or not), such as military wars, 
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Abstract
Background: Altered resting-state functional connectivity has been found in patients with 
post-traumatic stress disorder (PTSD). However, the alteration of resting-state functional 
connectivity at whole-brain level in typhoon-traumatized individuals with PTSD remains 
largely unknown.
Objectives: To investigate changes in whole-brain resting-state functional connectivity and 
brain network topology in typhoon-traumatized subjects with and without PTSD.
Design: Cross-sectional study.
Methods: Twenty-seven patients with typhoon-related PTSD, 33 trauma-exposed controls 
(TEC), and 30 healthy controls (HC) underwent resting-state functional MRI scanning. The 
whole brain resting-state functional connectivity network was constructed based on the 
automated anatomical labeling atlas. The graph theory method was used to analyze the 
topological properties of the large-scale resting-state functional connectivity network. 
Whole-brain resting-state functional connectivity and the topological network property were 
compared by analyzing the variance.
Results: There was no significant difference in the area under the curve of γ, λ, σ, global 
efficiency, and local efficiency among the three groups. The PTSD group showed increased 
dorsal cingulate cortex (dACC) resting-state functional connectivity with the postcentral gyrus 
(PoCG) and paracentral lobe and increased nodal betweenness centrality in the precuneus 
relative to both control groups. Compared with the PTSD and HC groups, the TEC group 
showed increased resting-state functional connectivity between the hippocampus and PoCG 
and increased connectivity strength in the putamen. In addition, compared with the HC group, 
both the PTSD and TEC groups showed increased connectivity strength and nodal efficiency in 
the insula.
Conclusion: Aberrant resting-state functional connectivity and topology were found in all 
trauma-exposed individuals. These findings broaden our knowledge of the neuropathological 
mechanisms of PTSD.
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traffic accidents, or natural disasters.1 Clinically, 
PTSD is characterized by perceived repeated 
traumatic experiences, negative emotions, and 
cognitive effects, avoidance of any scene that 
causes a traumatic memory, and high alertness.1 
In addition, PTSD is often associated with mental 
diseases (e.g. major depression), risk of substance 
abuse, and physiologic diseases (e.g. cardiovascu-
lar disease, diabetes).2,3 Although medication and 
psychotherapy have played a major role in PTSD 
treatment, some patients are resistant to existing 
treatment methods or the methods may have poor 
efficacy.4 Therefore, it is necessary to further study 
the neuropathogenesis of PTSD and develop 
more targeted interventions.

Functional connectivity that assesses the intensity 
of the connectivity between brain regions has 
advanced our knowledge regarding PTSD neu-
ropathogenesis. Recently, a ‘three-network’ 
model has been proposed. The model suggested 
that many neuropsychiatric diseases, including 
PTSD, have local brain function or resting-state 
functional connectivity abnormalities in the 
default mode network (DMN), salience network 
(SN), and executive control network (ECN).5 
The DMN, including the medial prefrontal cor-
tex, posterior cingulate/precuneus, and lateral 
parietal cortex, is associated with autobiographi-
cal memory and self-reference processing.6 The 
SN mainly comprises the amygdala, insula, and 
dorsal portion of the anterior cingulate cortex and 
plays a vital role in attention processing.7 The 
ECN primarily comprises the dorsolateral pre-
frontal cortex and lateral parietal cortex, which 
play an important role in memory and attention 
control.8 However, some studies have revealed 
that the resting-state functional connectivity of 
some brain regions outside the resting-state net-
work in PTSD patients has also changed,9–11 sug-
gesting that the whole-brain resting-state 
functional connectivity network may be abnor-
mal. Few studies have investigated whole-brain 
resting-state functional connectivity in PTSD 
patients. Jin et al. found that the positive resting-
state functional connectivity between the orbito-
frontal gyrus and hippocampus, middle frontal 
gyrus and amygdala, and hippocampus and rec-
tus gyrus in PTSD patients was reduced com-
pared with trauma-exposed controls among 
earthquake survivors.12 Negative resting-state 
functional connectivity was enhanced between 
the posterior cingulate cortex and insular cor-
tex.12 However, the study did not include people 
who had not experienced trauma as controls, so it 

was impossible to determine whether resting-state 
functional connectivity abnormalities were 
PTSD-specific or trauma-related.

The graph-based network method focuses on the 
regional and network-level topological character-
istics of the brain.13 Functional magnetic reso-
nance imaging (fMRI)14 research has revealed 
that non-traumatized people have significant 
small-world properties in large-scale functional 
brain networks. Specifically, the clustering coef-
ficient is higher than that of random networks and 
the characteristic shortest path length is lower 
than in regular networks. The small-world prop-
erty of the human brain network reflects its fea-
tures of functional separation and functional 
integration,15 which enable different brain regions 
to exchange information efficiently. Research has 
shown that the small-world nature of the human 
brain network is disrupted in depression16,17 and 
schizophrenia.18 Though abnormal small-world 
properties have been reported in PTSD 
patients,19–21 results are inconsistent and limited.

In addition to changes in the global parameters of 
brain networks, other reports have also revealed 
that PTSD patients showed altered local param-
eters of multiple brain regions, including in the 
DMN, SN, or ECN.19–21 The differences in the 
results of brain networks in the above studies may 
be associated with differences in imaging modali-
ties and control groups. In addition, these studies 
did not include the trauma control and healthy 
control groups, so it is unclear whether trauma 
can cause changes in the brain network’s topo-
logical properties. It should be noted that PTSD 
caused by different trauma types may have differ-
ent brain function damage patterns.22 Therefore, 
the effects of other types of trauma-induced 
PTSD on the topological properties of individual 
large-scale brain networks need to be studied 
further.

In this study, we compared the whole-brain rest-
ing-state functional connectivity of typhoon-
related PTSD patients, trauma-exposed controls 
(who had the same trauma experience but did not 
develop PTSD, TEC), and healthy controls (who 
did not experience typhoon trauma, HC). We 
hypothesized that PTSD patients and trauma-
exposed controls have abnormal resting-state 
functional connectivity in multiple brain regions, 
including the DMN and SN. In addition, the top-
ological properties were explored based on the 
graph theory, and we assumed that the global and 
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local parameters of the whole-brain network 
would change in PTSD patients and traumatized 
controls. Finally, we investigated the relationship 
between brain function changes and clinical 
symptoms by correlating resting-state functional 
connectivity and global and local parameters of 
the brain network with the Clinical Administrated 
PTSD Scale (CAPS) and PTSD checklist (PCL) 
scores of patients.

Materials and methods

Participants
The ninth super typhoon ‘Rammasun’ in 2014 
was the strongest typhoon to land on the coast of 
South China over the past 40 years. On 18 July 
2014, the typhoon hit the coast of Wenchang City, 
Hainan Province, causing substantial economic 
losses and psychological trauma to the residents.

For this study, we recruited from Wenchang City 
36 patients with typhoon-related PTSD (9 men 
and 27 women), 34 typhoon-related TEC(7 men 
and 27 women), and 32 not traumatized subjects 
(healthy controls, HC) from Haikou City who did 
not experience the typhoon (9 men and 23 
women). All the typhoon-experienced patients 
were screened using PCL,23 and those with a 
score greater than 35 were assessed using the 
Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition, Axis I Clinical 
Structured Interview24,25 to verify whether they 
met the diagnostic criteria for PTSD and other 
mental disorders. The symptoms of PTSD 
patients were further assessed using the CAPS 
scale.26 The Self-Rating Anxiety Scale (SAS)27 
and Self-Rating Depression Scale (SDS)28 were 
used to evaluate anxiety and depressive symp-
toms in all subjects. The clinical screening and 
evaluation work was completed by psychiatrists at 
the Second Xiangya Hospital of Central South 
University from 2014 to 2015.

Subjects were excluded if they met one of the fol-
lowing criteria: age less than 18 or more than 
65 years, any history of major physical illness, psy-
chiatric disorders, head injury, recent alcohol or 
drug intake, pregnancy, left-handedness, con-
traindications to MRI, and excessive head move-
ment (translation > 1.5 mm or rotation > 1.5°)29 
during the MRI. Nine patients with PTSD (three 
women had no useful image data), two with metal 
denture artifacts (one man and one woman), one 
woman with cerebral infarction, one pregnant 

woman, and two patients with excessive head 
movement (one man and one woman) were 
excluded. In addition, one female TEC and two 
male HCs were excluded due to excessive head 
movement and cerebral infarction, respectively. 
Therefore, 27 PTSD patients, 33 TEC, and 30 
HCs were enrolled in the present study. All sub-
jects were informed of the details of the study, 
and informed consent was obtained. Approval for 
this study was waived by the ethics committee of 
our hospital and the Second Xiangya Hospital 
(Number 20140306).

MRI data acquisition
MRI images were acquired on a Siemens Skyra 
3T superconducting MR imager with a standard 
head coil, and the scanning was completed in the 
Department of Radiology, Hainan General 
Hospital. During the MRI scan, each subject was 
instructed to lie on his or her back, close his or 
her eyes, relax, and stay awake. The head was 
fixed with a sponge cushion. Resting-state func-
tional images were acquired with a GRE-EPI 
(gradient-echo-planar echo-planar-imaging) 
sequence, with the imaging plane parallel to the 
anterior and posterior commissure. The parame-
ters were as follows: repetition time (TR) = 2000 
ms, echo time (TE) = 30 ms, flip angle = 90°, 
field of view = 230 × 230 mm2, matrix = 64 × 64, 
slices = 35, slice thickness = 3.6 mm, no slice 
spacing, and 250 time points. High-resolution 
T1-weighted three-dimensional structural images 
were acquired using the sagittal magnetization-
prepared rapid gradient echo sequence. The 
detailed parameters were as follows: TR =  
2300 ms, TE = 1.97 ms, flip angle = 9°, field of 
view = 256 × 256 mm2, matrix = 256 × 256, slices =  
176, and slice thickness = 1 mm.

Data preprocessing
The SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) 
toolbox based on the Matrix laboratory 
(MATLAB) software was used to preprocess the 
fMRI data. The first 10 volumes of the images 
were discarded to ensure the stability of the 
obtained signal. The remaining 240 volumes were 
used to correct time and head motion. The func-
tional images were then spatially normalized to 
the Montreal Neurological Institute (MNI) 
standard space, with a resampling size of 
3 × 3 × 3 mm3. The fMRI data were then pro-
cessed using Resting-State fMRI Data Analysis 
Toolkit 1.8 (http://www.restfmri.net) software to 
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remove the linear drift and band-pass filtering 
(0.01–0.08 Hz), followed by regression analysis of 
the covariates, including the mean signals of the 
whole brain, white matter, and cerebrospinal 
fluid, and six parameters obtained during the 
head movement correction process. Finally, the 
fMRI data were smoothed with a Gaussian kernel 
of 8 mm with a full width at half-maximum.

Network construction and analysis
The functional connection network was constructed 
using GRETNA software (www.nitrc.org/projects/
Gretna/). Specifically, we used the automated ana-
tomical labeling (AAL) template to divide the brain 
into 90 cortical and subcortical regions. Then, the 
mean time series of each brain region was extracted, 
and Pearson correlation analysis was performed to 
obtain a 90 × 90 correlation coefficient matrix. In 
addition, the correlation coefficient was transformed 
by Fisher Z to obtain the whole brain resting-state 
functional connectivity network.

Each of the above brain regions was defined as a 
node of the network to create a weighted brain 
resting-state functional connectivity network, and 
the weight of each ‘edge’ was delineated as the 
absolute strength of resting-state functional con-
nectivity between the connected regions. Finally, 
we analyzed the topological properties of the 
weighted brain resting-state functional connectiv-
ity network based on graph theory. Because the 
number of ‘edges’ affected the analysis results of 
the topological properties of the brain network, 
we matched the number of ‘edges’ of the weighted 
brain resting-state functional connectivity net-
work of each subject by setting the sparsity (S). S 
is the fraction of the maximum possible number 
of ‘edges’ that remain after setting the threshold 
for the strength of the functional connection.

In this study, the threshold range of S was deter-
mined based on the following standards: the aver-
age nodal degree of the brain network 
corresponding to the minimum value of S was 
greater than 2ln (N), where N refers to the node 
number; and the small-world attribute of the 
brain network corresponding to the maximum 
value of S was greater than 1.1. Researchers 
believe that S can ensure the assessment of the 
small-world property of the network under differ-
ent levels of sparsity and minimize the number of 
false ‘edges’. According to this criterion, the S 
range of the midbrain network in this study was 
set at 0.1 to 0.36, with an interval of 0.01.

We calculated seven standard global parameters 
of brain networks: the weighted clustering coeffi-
cient (Cnet), weighted characteristic shortest 
path length (Lnet), normalized weighted cluster-
ing coefficient (γ), normalized weighted charac-
teristic shortest path length (λ), small-worldness 
(σ), global efficiency (Eglob), and local efficiency 
(Eloc). Cnet reflected the local interconnectivity 
or cliquishness between nodes, and Lnet quanti-
fied the information transmission ability of the 
network. In addition, γ, λ, and σ were the ratios of 
Cnet to Crand, Lnet to Lrand, and γ to λ, respec-
tively. Crand and Lrand were the weighted clus-
tering coefficient and the weighted characteristic 
shortest path length of the random network, 
respectively. Generally speaking, the Cnet of 
small-world networks was significantly higher 
than Crand, whereas Lnet was similar to Lrand, 
so γ > 1, λ ≈ 1, and σ > 1. Eglob evaluated the 
speed of information spreading in the brain net-
work, and Eloc reflected the information 
exchangeability of the sub-network. In addition, 
three local parameters, weighted connectivity 
strength (Si), nodal efficiency (Ei), and nodal 
betweenness centrality (BCi), were calculated. Si 
was the sum of the absolute values (weights) of 
the functional connection strengths of all the 
edges of node I. Ei reflected the information 
transfer efficiency between node I and other 
nodes in the sub-network. Finally, BCi measured 
how much information within the subnetwork 
would pass through node I.

Statistical analysis
SPSS 16.0 software (IBM, USA) was used to 
compare the gender distribution of the three 
groups with the chi-square test. A two-sample 
t-test was applied to compare the PCL score of 
the PTSD and TEC groups. One-way analysis of 
variance (ANOVA) was used for age, years of 
education, SAS score, and SDS score comparison 
among the three groups. The threshold for statis-
tical significance was set at p < 0.05.

The whole-brain resting-state functional connectiv-
ity of the three groups of subjects, with years of edu-
cation and diagnosis of depression as covariates, 
was analyzed. We also included education, SAS and 
SDS scores as covariates for supplementary analy-
sis. The group comparison results of whole-brain 
resting-state functional connectivity were corrected 
by the ‘false positive correction’ method,30,31 that is, 
p < 1/4005 = 0.0002497. This indicated that we 
expected less than one false-positive per analysis.32 
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Because the method of ‘false positive correction’ is 
stricter for the multiple corrections of the results of 
the whole-brain resting-state functional connectiv-
ity analysis, we also set p < 0.001 (not corrected) as 
a relatively loose threshold to show the difference 
between the groups.

For γ, λ, and σ, we calculated the parameter val-
ues corresponding to each sparsity value. In addi-
tion, we calculated the area under the curve of 
seven global parameters and four local parame-
ters with S and used the SPSS 16.0 software to 
analyze the area under the curve, with education 
and diagnosis of depression as covariates. The 
values of education, SAS and SDS scores were 
also included as covariates in the supplementary 
analysis. For the analysis of global parameters, 
the significance threshold level was set at p < 0.05. 
In addition, the ‘false-positive correction’ method 
was selected for multiple corrections of local 
parameters, that is, p < 1/90 = 0.0111.

The area under the comparison curve was chosen 
because this method can make an overall evalua-
tion of the topological features of the brain net-
work independent of sparsity. Then, we extracted 
the topological parameters of the brain regions 
and the strength of the resting-state functional 
connectivity of the brain regions (Z-value) with 
differences between the groups. Finally, the total 
CAPS score of the patients was correlated with 
the topological properties with the Pearson 

correlation analysis. The correlation analysis was 
also conducted for the functional index and PCL 
score in all traumatized subjects.

Results

Demographic and clinical data
Table 1 demonstrates the general information 
and clinical parameters of the subjects. The dif-
ferences in age and sex did not reach statistical 
significance among the three groups. The years of 
education in the HC group were higher than in 
the PTSD and TEC groups, but there was no sig-
nificant difference between the PTSD and TEC 
groups. The PTSD group showed higher PCL 
scores than the TEC group. Of the 27 PTSD 
patients, 9 (2 men and 7 women) were diagnosed 
with depression, and 1 woman was diagnosed 
with anxiety. The TEC group scored less in SAS 
and SDS than the PTSD group but more than 
the HC group. The average score of CAPS in the 
PTSD group was 78.2.

Whole-brain resting-state functional 
connectivity
There were significant differences in resting-state 
functional connectivity between the right dorsal 
anterior cingulate cortex (dACC) and right para-
central lobule (p = 0.000097), right hippocampus 
and left postcentral gyrus (PoCG) (p = 0.000385), 

Table 1. Demographic and clinical data of traumatized individuals and healthy controls.

PTSD (n = 27) TEC (n = 33) HC (n = 30) p-value

Sex (men/women) 7/20 7/26 7/23 0.912a

Age (years) 48.4 ± 10.3 48.5 ± 7.5 49.9 ± 6.1 0.729b

Education (years) 6.4 ± 3.4 7.0 ± 3.4 9.7 ± 3.3 <0.001b

SAS score 65.8 ± 13.3 41.3 ± 8.1 36.0 ± 5.5 <0.001b

SDS score 69.6 ± 13.2 41.3 ± 9.1 33.5 ± 7.2 <0.001b

PCL score 53.7 ± 8.5 28.9 ± 5.4 <0.001c

CAPS total score 78.2 ± 19.3  

CAPS, Clinician-Administered PTSD Scale; HC, healthy control; PCL, PTSD Checklist; PTSD, post-traumatic stress 
disorder; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; TEC, trauma-exposed control.
Values are presented as mean ± SD except for sex, which is a number.
ap-value obtained with chi-square test.
bp-value obtained with one-way analysis of variance.
cp-value obtained with independent t-test for continuous variables. Values are presented as mean ± SD except for sex, 
which is a number.
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right hippocampus and right PoCG (p =  
0.000363), and the left dorsal anterior cingulate 
gyrus and left PoCG (p = 0.000620). The PTSD 
group showed higher positive resting-state func-
tional connectivity between the right dorsal ante-
rior cingulate gyrus and the right paracentral 
lobule compared with the TECs and HCs. These 
two brain regions mainly showed negative rest-
ing-state functional connectivity in the TEC and 
HC groups (Figures 1 and 2(a)). The negative 
resting-state functional connectivity of the right 
hippocampus to the left PoCG and the right 
PoCG was significantly lower in the TEC com-
pared with the PTSD and HC groups (Figures 1 
and 2(b) and (c)). The PTSD group also showed 
enhanced positive resting-state functional con-
nectivity between the left dorsal anterior cingulate 
gyrus and the left PoCG relative to the TEC and 
HC groups (Figures 1 and 2(d)).

Global topology of brain resting-state  
functional connectivity network
As shown in Figure 3, when S was in the 0.1–0.36 
range, the λ (Figure 3(a)) of the brain resting-
state functional connectivity network of the 
PTSD, TEC, and HC groups was close to 1, 
whereas γ (Figure 3(a)) and σ (Figure 3(b)) were 
significantly greater than 1, suggesting that the 
brain networks of the three groups of subjects had 
typical small-world attributes. γ and σ showed a 

decreasing trend from the HC group to the TEC 
group and to the PTSD group. However, there 
was no significant difference in the area under the 
curve of γ, λ, and σ among the three groups after 
the regression of covariates (Table 2). In addi-
tion, the area under the curve of Eglob and Eloc 
was not significantly different among the three 
groups (Table 2).

Local parameters of brain function  
connection network
There were significant differences in the area 
under the curve of Si in the left insula (p = 0.003), 
Si in the right putamen (p = 0.011), Ei in the left 
insula (p = 0.003), and BCi in the right precuneus 
(p = 0.009). Si in the left insula was higher in both 
the PTSD and TEC groups compared with the 
HC group (Figure 4(a)). The TEC group exhib-
ited increased Si in the right putamen relative to 
the PTSD and HC groups (Figure 4(b)). The 
PTSD and TEC groups had increased Ei in the 
left insula compared with the HC group (Figure 
4(c)). The PTSD group had a higher BCi in the 
right precuneus relative to both the TEC and HC 
groups (Figure 4(d)).

Resting-state functional connectivity and topol-
ogy results including education, SAS and SDS 
scores as covariates were provided in the 
Supplementary material.

Table 2. Global parameters of brain resting-state functional connectivity networks in traumatized individuals 
and healthy controls.

PTSD TEC HC p-value

Cnet 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.69a

Lnet 0.77 ± 0.04 0.76 ± 0.04 0.78 ± 0.05 0.54a

Γ 0.44 ± 0.06 0.46 ± 0.06 0.48 ± 0.08 0.18a

λ 0.32 ± 0.01 0.31 ± 0.01 0.32 ± 0.01 0.82a

σ 0.36 ± 0.05 0.38 ± 0.05 0.40 ± 0.07 0.18a

Eglob 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.01 0.58a

Eloc 0.13 ± 0.01 0.13 ± 0.01 0.12 ± 0.01 0.56a

Cnet, the weighted clustering coefficient; Lnet, weighted characteristic shortest path length; γ, normalized weighted 
clustering coefficient; λ, normalized weighted characteristic shortest path length; σ, small worldness properties; Eglob, 
global efficiency; Eloc, local efficiency; HC, healthy control; PTSD, post-traumatic stress disorder; TEC, trauma-exposed 
control.
Covariates include education and diagnosis of depression.
aThe results of covariance analysis.
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Figure 1. Brain regions with group differences in global resting-state functional connectivity.
There were significant group differences in resting-state functional connectivity between the right dACC and right 
paracentral lobule, right hippocampus and left PoCG, right hippocampus and right PoCG, and the left dACC and left PoCG 
(p < 0.001). dACC, dorsal anterior cingulate; HIP, hippocampus; L, left; PCL, paracentral lobule; PoCG, postcentral gyrus; R, 
right.

Figure 2. Results of post hoc t-tests of whole-brain resting-state functional connectivity. (a) The positive 
resting-state functional connectivity between the right dACC and right paracentral lobule was stronger in 
PTSD than in the TECs and HCs; (b) The negative resting-state functional connectivity between the right 
hippocampus and the left PoCG was weaker in the TECs than in the PTSD patients and HCs; (c) The negative 
resting-state functional connectivity between the right hippocampus and right PoCG in the TEC group was 
weaker than in the PTSD and HC groups; (d) The positive resting-state functional connectivity between the left 
dorsal anterior cingulate gyrus and left PoCG in the PTSD group was stronger than in the TEC and HC groups.
dACC, dorsal anterior cingulate gyrus; HC, healthy control; HIP, hippocampus; PCL, paracentral lobule; PoCG, postcentral 
gyrus; PTSD, post-traumatic stress disorder; TEC, trauma-exposed control.
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Correlation analysis results
The correlation analysis revealed no significant 
association between resting-state functional con-
nectivity and the regional topology properties with 
the total CAPS score in the PTSD patients. The 
PCL score was positively correlated with the rest-
ing-state functional connectivity between the right 

dACC-right paracentral lobule (p = 0.001) and left 
dACC-left PoCG (p = 0.005) but was negatively 
correlated with the resting-state functional con-
nectivity between the right hippocampus-left 
PoCG (p < 0.001)/right PoCG (p < 0.001) and 
degree in the right putamen (p = 0.039) across all 
traumatized subjects (Figure 5).

Figure 4. Results of the post hoc t-test for local parameters of the brain resting-state functional connectivity 
network. (a), (b), (c), and (d) show the group differences in the weighted connectivity strength of the left insula, 
the weighted connectivity strength of the right putamen, the node efficiency of the left insula, and the node 
mediation centrality of the right precuneus, respectively.
HC, healthy control; PTSD, post-traumatic stress disorder; TEC, trauma-exposed control.

Figure 3. The γ, λ, and σ curves of the brain resting-state functional connectivity network with sparsity. (a) In 
the range of sparsity from 0.1 to 0.36, both γ and λ decrease with the increase in sparsity, and γ is significantly 
greater than 1 while λ is close to 1; (b) In the range of sparsity from 0.1 to 0.36, σ decreases with the increase 
in sparsity but is always significantly greater than 1.
HC, healthy control; PTSD, post-traumatic stress disorder; TEC, trauma-exposed control.
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Discussion
This study analyzed and compared the global and 
local parameters of typhoon-experienced sub-
jects’ whole-brain resting-state functional con-
nectivity network and HCs based on the AAL 
template. We found that the resting-state func-
tional connectivity between the hippocampus and 
PoCG in the TECs was higher than in the PTSD 
patients and HCs. We also found that the PTSD 
patients showed enhanced resting-state func-
tional connectivity between the dACC and the 
PoCG and paracentral lobule relative to the two 
control groups, implying that PTSD patients and 
TEC subjects have altered resting-state func-
tional connectivity of brain region other than the 
DMN and SN. In addition, the whole-brain rest-
ing-state functional connectivity network of the 
three groups showed typical small-world proper-
ties, and the regional parameters of the insular 
lobe, putamen, and precuneus of the PTSD 
patients and TEC were abnormal.

The whole-brain resting-state functional connec-
tivity analysis showed that the PTSD group had 
more robust dACC resting-state functional con-
nectivity in the PoCG and paracentral lobule than 
the two control groups, suggesting that the 

changes in dACC resting-state functional con-
nectivity were relatively specific to PTSD. Unlike 
the ventral anterior cingulate cortex, primarily 
associated with emotional control, the dACC is 
considered related to cognitive function. It is a 
crucial brain area in the SN, playing an essential 
role in fear assessment, expression, and control of 
sympathetic nerve activity.33 Although this study 
found that the dACC showed increased resting-
state functional connectivity in PTSD patients, 
we could not determine whether this change in 
brain function was the cause or result of PTSD 
because we did not follow up with the subjects 
before or after PTSD onset. Interestingly, Shin 
et al. explored the brain function of twins using 
positron emission tomography and found that 
both veterans with PTSD and their twin brothers 
who did not experience military trauma had 
increased activity in the dACC under resting state 
conditions,34 indicating that dACC dysfunction is 
a risk factor for PTSD rather than an acquired 
change.35 In addition, the PoCG and paracentral 
lobule are parts of the sensorimotor network 
(SMN). Therefore, the results of this study may 
reflect high alertness, over-evaluation of threaten-
ing stimuli, and abnormal motor control in PTSD 
patients.36

Figure 5. Results of correlation analyses between the functional index and PCL scores in all trauma-exposed subjects.
The PCL score was positively correlated with the RSFC between the right dACC-right paracentral lobule (a) and left dACC-left PoCG (d) but was 
negatively correlated with the RSFC between the right hippocampus-left PoCG (b)/right PoCG (c) and degree in the right putamen (e) (p < 0.05, not 
corrected). dACC, dorsal anterior cingulate; PCL, PTSD checklist; PoCG, postcentral gyrus; RSFC, resting-state functional connectivity.
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Lower negative resting-state functional connec-
tivity between the hippocampus and the PoCG 
was found in the traumatized controls. The hip-
pocampus is related to the encoding and recogni-
tion of declarative memory and plays a vital role 
in the discrimination of safe or dangerous envi-
ronments and the extinction of conditioned fear.37 
Previous studies have also revealed that PTSD 
patients have hippocampal function abnormali-
ties.38,39 The PoCG is related to the somatosen-
sory experience. In this study, the negative 
resting-state functional connectivity of these two 
brain areas in the PTSD patients was relatively 
enhanced compared with the TECs, reflecting 
the weakening of the synergy between the two 
regions, which may have been associated with the 
aberrant integration and processing of environ-
mental and somatosensory information in PTSD 
patients, ultimately leading to enhancement of 
the fear response.

Notably, although the resting-state functional 
connectivity between the hippocampus and the 
PoCG in the TEC group was enhanced com-
pared with the PTSD and HC groups, the PTSD 
group did not show a statistically significant dif-
ference in resting-state functional connectivity 
compared with the HC group. Therefore, we 
believe that enhancing resting-state functional 
connectivity between the posterior central gyrus 
and temporal lobe structures such as the amyg-
dala and hippocampus may be protective against 
the onset of PTSD.

In addition to the whole-brain resting-state func-
tional connectivity analysis, we also explored the 
topological properties of the brain connectome. 
Similar to previous studies, the three groups all 
showed prominent small-world properties, and 
the local parameters of some brain regions in 
PTSD patients were abnormal.19–21 Notably, the 
TEC group showed a higher γ and σ of the brain 
resting-state functional connectivity network than 
the PTSD group and smaller values than the HC 
group. However, the differences among the three 
groups were not statistically significant. Previous 
studies have analyzed the brain function and top-
ological properties of functional brain networks in 
PTSD related to earthquakes and found that the 
small-world properties of brain networks in 
PTSD patients are weaker than those in trauma-
tized controls.20,21 The different results may be 
attributed to the different types of trauma. 
Importantly, we found that the small-world prop-
erty of typhoon-related PTSD patients was 

statistically weaker than in HCs when the effect of 
education level was not considered. Therefore, 
future studies must explore further whether edu-
cational level affects functional and structural 
small-world parameters.

Consistent with our results, resting-state brain 
function studies have found increased insular 
activity in individuals with PTSD or TEC com-
pared with non-trauma-exposed individuals,40,41 
suggesting that altered brain function in the insu-
lar cortex was caused by trauma. The insula is an 
essential part of the SN that monitors the body’s 
internal state and predicts negative stimuli, in 
addition to playing a vital role in generating nega-
tive emotional processing and the fear 
response.42,43 Previous studies also found that 
compared with controls who had not experienced 
trauma, the resting-state functional connectivity 
of the insular lobe, amygdala, posterior cingulate 
cortex, and other brain regions in people with or 
without PTSD was significantly enhanced.44–48 
Therefore, the increase of Si and Ei in the insular 
lobe in the present study indicated that the rest-
ing-state functional connectivity of the SN, 
including the insular lobe, was increased, reflect-
ing the persistent anxiety and high alertness of 
people who have experienced trauma in the rest-
ing state. However, unlike our findings, those of 
other studies revealed that the activity or resting-
state functional connectivity of the insula in 
PTSD patients was significantly increased rela-
tive to TECs.12,20 The inconsistency may have 
been related to the higher PTSD symptom scores 
in the TEC group and the small sample size.

The putamen is part of the striatum and vital 
brain region of the SN, which plays a crucial role 
in motor control, reward prediction, and 
response.49 Therefore, the relative decrease of Si 
in the putamen of PTSD patients compared with 
traumatic controls may be related to abnormal 
reward processing, that is, the perception of 
pleasure is reduced and negative events such as 
pain are overestimated, which ultimately leads to 
the generation of negative emotions and cogni-
tion.49 Previous resting-state studies have found 
that PTSD patients showed reduced striatal activ-
ity compared with TEC.50,51 Thus, our findings 
were consistent with those of previous studies, 
suggesting a relative decrease in regional brain 
activity or resting-state functional connectivity in 
the putamen in patients with PTSD. However, 
this study also found that the Si of the putamen in 
the TEC group was higher than in the HC group, 
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whereas the PTSD and HC groups did not show 
a significant difference, suggesting that the higher 
Si of the putamen is a protective factor for the 
onset of PTSD. Partially consistent with this find-
ing, Stark et al. found that striatal activity was sig-
nificantly different between PTSD and TEC but 
not between PTSD patients and HC subjects.52

In addition, the significantly higher BCi of the pre-
cuneus in the PTSD group suggested that the 
change in the BCi of the precuneus was specific to 
PTSD. The BCi measures the impact of a node on 
the exchange of information between other nodes 
in the network. As one of the core brain regions of 
the DMN, the precuneus is involved in autobio-
graphical memory and self-reference processing 
and plays an essential role in integrating past and 
present information.44,53 The increase in the BCi 
in the precuneus of the PTSD patients in this study 
may have reflected the abnormal connection 
between memory and current environmental infor-
mation, leading to the repeated reproduction of 
traumatic experience (memory). Besides, recent 
resting-state fMRI studies have revealed abnormal 
resting-state functional connectivity between the 
precuneus and amygdala, hippocampus, and other 
brain regions in PTSD patients.44,54,55 Similarly, 
one study also found that the local topological 
parameters of the precuneus were significantly 
enhanced in the earthquake-induced PTSD group 
compared with the TEC group.20

The present study had several limitations. First, 
the sample size was relatively small. Second, this 
study was cross-sectional; thus, we could not 
definitively ascertain whether the alterations were 
specific to PTSD. Longitudinal studies should be 
performed in the future. Third, we only used an 
AAL template in this study. Different parcellation 
templates might show a variation in the nodal 
results. In addition, previous trauma exposure 
was not measured for all participants. Last, we 
only included typhoon-associated PTSD patients 
in the present study, so these results might not 
apply to other causes of PTSD.

In summary, this study results showed resting-
state functional connectivity abnormalities in the 
SMN, SN, and DMN in PTSD patients. Both 
trauma and PTSD can lead to changes in the 
local parameters of the large-scale brain resting-
state functional connectivity network. The 
enhancement in resting-state functional connec-
tivity between the dACC and the PoCG, and the 

paracentral lobule and the increase of BCi in the 
precuneus, are relatively specific to PTSD. 
Trauma can cause an increase in Si and Ei in the 
insular lobe, but PTSD may further aggravate the 
impairment of brain function. The enhancement 
of resting-state functional connectivity between 
the hippocampus and PoCG and the increase of 
Si in the putamen are protective factors for the 
onset of PTSD. Future studies should expand the 
sample size and follow up with the subjects to 
clarify the causal relationship between brain func-
tion changes and PTSD.
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