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Disturbed effective connectivity patterns in an intrinsic triple network
model are associated with posttraumatic stress disorder
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Abstract
Background Disturbance of the triple network model was recently proposed to be associated with the occurrence of posttrau-
matic stress disorder (PTSD) symptoms. Based on resting-state dynamic causal modeling (rs-DCM) analysis, we investigated
the neurobiological model at a neuronal level along with potential neuroimaging biomarkers for identifying individuals with
PTSD.
Methods We recruited survivors of a devastating typhoon including 27 PTSD patients, 33 trauma-exposed controls (TECs),
and 30 healthy controls without trauma exposure. All subjects underwent resting-state functional magnetic resonance
imaging. Independent components analysis was used to identify triple networks. Detailed effective connectivity patterns
were estimated by rs-DCM analysis. Spearman correlation analysis was performed on aberrant DCM parameters with
clinical assessment results relevant to PTSD diagnosis. We also carried out step-wise binary logistic regression and receiver
operating characteristic curve (ROC) analysis to confirm the capacity of altered effective connectivity parameters to
distinguish PTSD patients.
Results Within the executive control network, enhanced positive connectivity from the left posterior parietal cortex to the left
dorsolateral prefrontal cortex was correlated with intrusion symptoms and showed good performance (area under the receiver
operating characteristic curve = 0.879) in detecting PTSD patients. In the salience network, we observed a decreased causal
flow from the right amygdala to the right insula and a lower transit value for the right amygdala in PTSD patients relative to
TECs.
Conclusion Altered effective connectivity patterns in the triple networkmay reflect the occurrence of PTSD symptoms, providing
a potential biomarker for detecting patients. Our findings shed new insight into the neural pathophysiology of PTSD.
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Introduction

Posttraumatic stress disorder (PTSD) is the most common
psychiatric consequence of experiencing severe traumatic
events and is characterized by a set of symptoms including
intrusive thoughts, avoidance, and hyper-vigilance [1] along
with clinical manifestations such as sleep disturbance and
emotional and cognitive disorders [2]. These recurrent and
intractable symptoms severely affect the quality of life of in-
dividuals with PTSD. The current diagnostic criteria for PTSD
highlight the role of negative cognition in patient evaluation
and treatment [3]. For therapeutic strategies to be successful,
careful clinical assessment that can detect changes in the cog-
nitive network of PTSD patients is needed [4]. Elucidating
causal relationships in biological triple network models relat-
ed to cognition could improve diagnosis and provide prelim-
inary neuroimaging biomarkers for PTSD.

The concept of Btriple model,^ which brought forward by
Menon [5], includes the default mode network (DMN), exec-
utive control network (ECN), and salience network (SN). All
the three networks could be readily identified under different
cognitive tasks, and their response increase and decrease in
proportion, and often interact antagonistically. The inappropri-
ate assignment of the three networks to external tasks or inter-
nal events would lead to neural pathological status [5, 6]. A
battery of researches has proved that the triple network model
provided a reliable framework to detect the altered cognitive
and affective function in a wide range of psychiatric and neu-
rological conditions including PTSD [7–12]. The DMN,
which controls internal thought and autobiographical memory,
is hypoactive in PTSD patients during the resting state and is
triggered when they are engaged in a task [13, 14]. Most
cognitive processing paradigms associated with the ECN ex-
hibit network deactivation [15, 16], with the dorsolateral pre-
frontal cortex (dlPFC) serving as a critical hub in the network
that shows increased activity in fMRI studies [17]. As for the
SN, the amygdala—a dispensable hub linked to PTSD
pathology—usually shows excessive activation and enhanced
inter-regional connectivity with the insula [9, 18], whereas
findings in the dorsal anterior cingulate cortex (dACC) were
more flexible [18–20]. Studies investigating interactions
across the three networks have demonstrated that increased
communication between the DMN and SN may underlie the
occurrence of hyper-vigilance and intrusive symptoms in
PTSD [9, 21]. Interestingly, the traditional neural circuit em-
phasizes the decreased inhibition of medial prefrontal cortex
(mPFC), with disabled top-down control over the limbic areas
including the amygdala and hippocampus, which are also the
critical nodes of the triple network model [12]. Accordingly,
the two different neural models should be taken into consid-
eration when investigating the neuropathophysiology under-
lying PTSD, while the triple network model could provide a
better understanding of the cognitive involvement.

Most previous fMRI studies have focused on indirect re-
gional activation—i.e., amplitude of low-frequency fluctua-
tion [22] and regional homogeneity [23]—or inter-regional
time series synchronization—i.e., seed-based functional con-
nectivity [10]. Routine functional connectivity analyses can-
not reveal underlying hierarchical organization of connectivity
or distinguish the direction of coupling between regions [24].
Resting-state dynamic connectivity modeling (rs-DCM) is a
novel algorithm for constructing a plausible neuronal model
of coupled neuronal states and generating complex cross-
spectra among responses to measure directed neural influ-
ences [25]. This method provides a straightforward and effi-
cient means of estimating direct neural coupling and vascular
parameters and hidden neuronal fluctuations in PTSD pa-
tients, which could partly overcome the limitations of conven-
tional data analysis.

In the current study, we carried out an rs-DCM analysis of
DMN, ECN, and SN effective connectivity patterns in PTSD
patients in order to identify changes in the triple network
model, which could yield new insight into the neural patho-
physiology of PTSD.

Material and methods

Subjects

An estimated 9–57% of individuals have experienced PTSD
following natural disasters in Asia [26]. In July 2014,
Typhoon Rammasun, one of only two Category 5 super ty-
phoons recorded since 1954, struck Wenchang City near the
South China Sea. The devastating storm caused at least 14
deaths, and more than 1000 people were trapped and nearly
drowned. All of the residents suffered from enormous grief
and losses. We recruited 70 typhoon-exposed subjects from
this area 3 months later. Each survivor was screened with the
PTSD Checklist–Civilian Version (PCL_C) [27]. Those who
scored over 35 were evaluated with the Clinician-
Administered PTSD Scale (CAPS) [28]; those scoring < 30
were designated as trauma-exposed controls (TECs). The
CAPS for the Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV) consists of a structured in-
terview to assess the frequency and intensity of each PTSD
symptom. Comorbidity was determined with the DSM-IV
Structured Clinical Interview [29]. To evaluate working mem-
ory and visual memory dysfunction in PTSD patients, we used
the subtests of the Wechsler Memory Scale for logical mem-
ory and visual reproduction [30]. We also recruited 30 age-
and gender-matched healthy controls (HCs) that did not meet
DSM-IV criteria for any psychiatric condition. Before MRI
scanning, all participants were assessed with the Self-Rating
Anxiety Scale (SAS) [31] and Self-Rating Depression Scale
(SDS) [32] to evaluate anxiety and depression symptoms. The
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local medical research ethics committee approved this pro-
spective study and written, informed consent was obtained
from each participant.

Exclusion criteria for participants were (1) age < 18 years
or > 65 years, (2) left-handedness, (3) history of head injury or
loss of consciousness, (4) significant medical or neurological
conditions, (5) lifelong or current psychiatric disorders other
than depression or anxiety, (6) substance abuse, (7) contrain-
dication forMRI, and (8) > 1.5 mmmaximum displacement in
translation or 1.5° rotation in any direction.

Data acquisition and preprocessing

Rs-fMRI images were acquired on a 3.0-Tesla MR scanner
(Skyra; SiemensMedical Solutions, Erlangen, Germany) with
a standard head coil at the People’s Hospital of Hainan
Province. During data acquisition, participants were instructed
to lay supine and remain still in the scanner with their eyes
closed without falling asleep. The subjects’ head was
immobilized with padding and earplugs were provided to im-
prove noise tolerance during the scan. The blood oxygenation
level-dependent fMRI dataset was collected by performing an
echo-planar imaging sequence with the following parameters:
repetition time (TR), 2000 ms; echo time (TE), 30 ms; flip
angle, 90°; field of view (FOV), 230 × 230 mm2; 250 vol-
umes; and matrix, 64 × 64; slice thickness, 3.6 mm; no inter-
section gap; the total acquisition time, 508 s. Each volume
included 35 axial slices for whole-brain coverage aligned
along the anterior–posterior commissure line. High-
resolution T1 structural images in the sagittal orientation were
acquired using a rapid gradient-echo sequence with the fol-
lowing parameters: TR, 2300 ms; TE, 1.97 ms; flip angle, 9°;
FOV, 256 × 256 mm2; 176 slices; slice thickness, 1 mm; the
total acquisition time, 353 s. The routine T1-weighted and T2
fluid-attenuated inversion recovery images were obtained for
each subject for conventional diagnosis and were reviewed by
two experienced radiologists to exclude any structural lesions.

The rs-fMRI data were preprocessed using Data Processing
Assistant for Resting-State fMRI Advanced Edition (http://
www.restfmri.net) based on the MATLAB platform (Math
Works, Natick, MA, USA) [33]. The first 10 time points were
removed for signal equilibrium. After slice timing, realignment,
and spatial normalization, the remaining 240 volumes were co-
registered with corresponding T1 anatomical images, which
were segmented and warped into Montreal Neurological
Institute (MNI) space with a final isotropic size resolution of
3 mm. The pipeline also spatially smoothed the data using a
Gaussian kernel of 8 mm full width at half maximum.

Selection of regions of interest (ROIs)

Spatial independent component analysis (ICA) was performed
to identify the ROIs within the DMN, ECN, and SN using

Group ICA of fMRI Toolbox (GIFT, http://mialab.mrn.org/
software/gift) [34]. We delineated 31 components from the
data of all 90 subjects. To reduce data dimensions, principal
component analysis was performed as a preprocessing step.
Single subject time courses and spatial maps were back-
reconstructed. The resultant components of the ICA were
those most closely correlated spatially with pre-existing
RSN templates of the GIFT toolbox. For our DCM analysis,
ROIs were identified from the best-matching independent
components of DMN, ECN, and SN based on one-sample t
test maps at each group level [35].

According to the results of group ICA, three independent
components were selected by spatially maximal matching to
pre-existing DMN, ECN, and SN templates. The DMN in-
cluded four nodes: mPFC, posterior cingulate cortex (PCC)/
precuneus, and right and left angular gyri. The ECN com-
prised of four nodes: right and left dorsolateral prefrontal cor-
tex (dlPFC) and bilateral posterior parietal cortex (PPC). The
SN contains five nodes: dACC, right and left insula, and bi-
lateral amygdala (Fig. 1).

Spectral dynamic connectivity modeling analysis

After selecting seed regions, we performed a general linear
model (GLM) analysis to extract ROI-specific time series
from original preprocessed data for DCM analysis. We com-
puted the principal eigenvalue of a sphere with an 8-mm radi-
us centered at the coordinates of the peak t value of each ROI
in each group based on the aforementioned one-sample t test
results. For the inter-network analysis, we extracted a time
series from subject-specific ICA time courses for each net-
work [36]. The GLM also included mean signals for six rigid
body realignment parameters with white matter and cerebro-
spinal fluid as regressors. We then constructed dynamic causal
models of the three networks with the identified ROIs using
the DCM12 routine in SPM12 (Wellcome Department of
Cognitive Neurology, London, UK; www.fil.ion.ucl.ac.uk/
spm). For each participant, the average effective connectivity
between regions during resting-state analysis was modeled by
second-order statistics (complex cross-spectra) to characterize
spectral density over various frequencies. The spectral DCM
is an extension of DCM that employs the Fourier transform of
the cross-correlation rather than direct computation of time
series as a data feature for prediction. The models reveal hid-
den neuronal and biophysical states that generate data and
yield a predicted blood oxygen level-dependent contrast im-
aging signal. Post hoc model optimization [37] was applied to
determine the best-fitting model for the data. We constructed a
fully connected model without exogenous inputs and used the
Bayesian model reduction procedure to test every possible
model nested in the full model. This method, which yields
results similar to Bayesian model selection, considered all
possible generated models by removing all permutations of
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the parameters of each model whose individual removal led to
the smallest reduction in model evidence [38]. The model
exhibiting the highest probability was ultimately selected.
This post hoc procedure yields a valid estimation of the model
evidence and requires less computational time.

Statistical analysis

SPSS v.22.0 (SPSS Inc., Chicago, IL, USA) was used to an-
alyze demographic and clinical data. The SPM 8 statistical
software (FIL Methods Group; http://www.fil.ion.ucl.ac.uk/
spm/doc/biblio/) was used to create one-sample t test maps
of the three target networks at the group level for all subjects
(statistical maps were corrected to P < 0.05 using family-wise
error rate).

Based on spectral DCM analysis, connectivity strength
[39] (DCM. Ep. A) differing significantly from zero showing
a strong connection was revealed by the random effects one-
sample t test. We depicted the connectivity patterns of each
model to identify significant effective connectivities
(P < 0.05) and then performed analysis of covariance with
educational level as well as depression and anxiety scores as
covariates to evaluate differences in effective connectivity
strength, neural amplitude, and exponents (DCM. Ep. a) and
hemodynamic parameters (e.g., transit and decay) across the
three groups [39] Post hoc tests were applied to the significant
results (P < 0.05, Bonferroni corrected).

To investigate the association between clinical manifesta-
tions of PTSD and brain activity, we separately performed a
Spearman correlation analysis of PCL_C scores, CAPS total
and sub-symptomology scores, logical memory and visual
reproduction scores, and SAS and SDS scores with all effec-
tive connectivity parameters in each group using SPSS soft-
ware, with significance set at P < 0.05.

Receiver operating characteristic (ROC) curve analysis

The binary logistic regression was used to determine the con-
tribution of altered effective connectivity parameters to PTSD
outcome and whether the aberrances act as the risk factors. In
order to reserve the eligible indices information (P < 0.05) and
advance the final model, we adopt the step-wise regression
and estimated the prediction probability of the eligible indices.
Consequently, the ROC analysis was carried out to examine
whether the altered effective connectivity parameters could
serve as the potential biomarker for distinguishing PTSD pa-
tients from TEC and HC cohorts. The area under the curve
(AUC) was assessed using the SPSS software, and the corre-
sponding optimal cut-off value was determined by maximiz-
ing Youden’s index J (J = sensitivity + specificity − 1).

Results

Demographic and clinical data

After excluding 1 patient with brain infarction, 1 with preg-
nancy and 8 with ineligible imaging data, we ultimately en-
rolled 27 PTSD patients, 33 TECs, and 30 HC in this study.
Demographic and clinical data for all study subjects are sum-
marized in Table 1. There were no significant differences
among the three groups in terms of gender (P = 0.912) or
age (P = 0.729). However, education level was higher in
HCs than in the other two groups (P < 0.001), whereas
PCL_C scores were higher in the PTSD group than in TECs
(P < 0.001). The PTSD group had a mean CAPS total score of
78.18 ± 19.29, and sub-scale scores of symptom clusters
(intrusive thoughts, avoidance, and hyper-vigilance) were
25.52 ± 7.27, 28.07 ± 8.26, and 25.59 ± 6.92, respectively.
These patients performed poorly on the logical memory and

Fig. 1 Defined ROI with spatial
independent component analysis.
Spatial maps of DMN, ECN, and
SN at group level are identified
with ICA. Using the xjview and
BrainNet Viewer, the schematic
mapping and nodes distribution
are shown
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visual reproduction tasks, and two subjects failed to finish all
the tasks. We also observed that the three groups had signifi-
cantly different SAS and SDS scores (P < 0.001) in the rank
order of PTSD > TEC > HC.

Spectral dynamic causal modeling analysis

The detailed information of ROI coordinates for DCM anal-
ysis is shown in Table 2. A search of the model space by post
hoc model optimization revealed that the fully connected
model with a posterior probability of almost 1 and log prob-
ability of almost 0 was the most plausible model for each
group. The profile of model evidence with the posterior prob-
ability is shown in Appendix Figure 1. The strength and
direction of each connection within each model were evalu-
ated (Fig. 2; detailed parameters are shown in Appendix
Table 1). The fully connected DMN, ECN, SN, and between
network models contained 16, 16, 25, and 9 parameters, re-
spectively, describing the effective connectivity strength (self-
connections were excluded from our final results for simplic-
ity). In the DMN, HCs showed symmetrical effective connec-
tivity from the mPFC and PCC to bilateral angular gyri and a
strong effective interaction between bilateral angular gyri.
However, PTSD patients and the TEC group showed de-
creased effective connectivity strength from the mPFC to
the left angular gyrus. For the ECN, we found an increased
effective connectivity from the left PPC to the left dlPFC in

Table 2 Peak voxel coordinates of the major nodes for DCM analysis

Brain region Peak voxel MNI coordinate (x, y, z)

PTSD TEC HC

DMN

mPFC 6, 60, 27 3, − 51, 24 − 3, 48, 6
PCC − 1, − 54, 27 − 3, − 48, 30 − 1, − 48, 33
R_angular 57, − 63, 30 54, − 63, 30 54, − 63, 27

L_angular − 48, − 69, 33 − 51, − 66, 36 − 51, − 63, 30
ECN

R_dlPFC 39, 51, − 3 33, 54, − 3 42, 51, − 9
L_dlPFC − 39, 54, − 3 − 42, 54, 0 − 42, 48, − 9
R_PPC 48, − 48, 48 45, − 57, 48 45, − 48, 48

L_PPC − 48, − 51, 54 − 42, − 63, 51 − 48, − 69, 36
SN

R_amygdala 21, 0, − 12 23, − 4, − 12 21, − 3, − 15
L_amygdala − 21, 0, − 12 − 18, − 6, − 15 − 21, 0, − 18
dACC 1, 26, 33 0, 21, 36 6, 18, 42

R_insula 39, 18, 3 36, 18, 9 33, 18, 6

L_insula − 39, 15, 0 − 42, 15, 6 − 42, 15, 6

MNIMontreal Neurological Institute, PTSD posttraumatic stress disorder,
TEC traumatic exposed controls, HC healthy controls, DMN default
mode network, ECN executive control network, SN salience network,
mPFC medial prefrontal cortex, PCC posterior cingulate cortex, dlPCF
dorsolateral prefrontal cortex, PPC posterior parietal cortex, dACC dorsal
anterior cingulate cortex, R right, L left

Table 1 Summary of
demographic and clinical data PTSD (n = 27) TEC (n = 33) HC(n = 30) P value

M to F ratio 7:20 7:26 7:23 0.912a

Age (year) 48.41 ± 10.32 48.45 ± 7.48 49.87 ± 6.11 0.729b

Education (year) 6.41 ± 3.35 6.97 ± 3.36 9.73 ± 3.29 < 0.001b

SAS score 52.63 ± 10.63 33.09 ± 6.60 28.77 ± 4.38 < 0.001b

SDS score 55.67 ± 10.56 33.06 ± 7.38 26.83 ± 5.72 < 0.001b

PCL_ C score 53.74 ± 8.46 28.94 ± 5.44 < 0.001c

Logical memory 2.84 ± 2.99 8.03 ± 3.49 < 0.001d

Visual reproduction 4.92 ± 3.60 9.47 ± 2.62 < 0.001d

CAPS total score 78.18 ± 19.29

Intrusion 24.52 ± 7.27

Avoidance 28.07 ± 8.26

Hyper-vigilance 25.59 ± 6.92

Data are means ± standard deviations

PTSD posttraumatic stress disorder, TEC traumatic exposed controls, HC healthy controls, M male, F female,
PCL PTSD Checklist–Civilian Version, CAPS Clinical-Administered PTSD Scale, SAS Self-Rating Anxiety
Scale, SDS Self-Rating Depression Scale
aP value calculated with chi-square test
bP value calculated with one-way analysis of variance
cP value calculated with two-sample t test
dP value calculated with Mann-Whitney U test
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the PTSD group, as well as an absence of effective flow
between the right dlPFC and right PPC. Additionally, altered
effective connectivity patterns between bilateral dlPFC, bilat-
eral PPC, and left PPC to right dlPFC were observed in the
PTSD and TEC groups. In the SN, we observed symmetrical
effective connectivity patterns of dACC along with interac-
tional effective connectivity between bilateral insula and the
amygdala in the HC group. Notable changes in the PTSD
group were the effective connectivity of the right amygdala
with other SN regions including left insula, right insula, and
dACC, while the TEC group exhibited altered effective con-
nectivity patterns in the interaction between bilateral amyg-
dala and insula. Between networks, all the groups showed
positive effective connectivity from DMN to ECN. The
PTSD groups had increased effective connectivity from
ECN to DMN. Moreover, the effective connectivity from

SN to ECN, which could be detected in HC group, was ab-
sence in TEC and HC group.

In the post hoc analysis, we found an increased positive
connectivity from the left PPC to the left dlPFC within the
ECN in both the TEC and PTSD groups, whereas PTSD
patients showed significant enhancement relative to HCs.
Within the SN, we found decreased causal flow from the
right amygdala to the right insula in PTSD patients relative
to TEC group (P < 0.05, Bonferroni corrected for multiple
comparisons). Although our analysis failed to detect sig-
nificant inter-group differences in the DMN and between
networks, there were nonetheless some alterations in effec-
tive connectivity. We also observed that the transit values
of the right amygdala—one of the hemodynamic
parameters—were significantly decreased in PTSD pa-
tients (Table 3 and Fig. 3). To simplify our result, all neural

Fig. 2 Effective connectivity patterns of intra- and inter-networks in each
group and color matrix of ANOVA result among groups. The robust
effective connectivity is displayed with coloring arrows. Arrows in red
means significantly positive different from 0 and arrows in blue are sig-
nificantly negative different from 0. The P values of the analysis of var-
iances test are shown with color matrix, and the connections with

significant differences are demonstrated with deeper color. The vertical
columns represented the source region and the horizontal rows indicated
the target region for the connectivity parameters The differences among
groups are obviously observed from left dlPFC to left PPC in ECN and
right amygdala to right insula in SN
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and hemodynamic parameters were displayed in Appendix
Figure 2.

Correlation results

We observed a positive correlation between CAPS sub-scale
scores of intrusion symptoms and mean effective strength from
the left PPC to the left dlPFC (r = 0.401, P < 0.05) (Fig. 4a).

ROC results

The altered effective connectivity strength from left PPC to
left dlPFC acts as a risk factor contributed to PTSD outcome,
while the other altered parameters did not show their contri-
butions to the model (detailed result of binary logistic regres-
sion was reported in Appendix Table 2). Additionally, the
ROC result showed a good performance for distinguishing

Table 3 Effective connectivity
parameters differences across
three groups

Brain region F score Sig. P value

PTSD vs. TEC PTSD TEC

Strength Strength

R_amygdala to R_insula 3.759 0.027 − 0.2383 ± 0.7810 0.3536 ± 0.8514 0.029

Transit value Transit value

R_amygdala 3.674 0.029 − 0.4762 ± 0.2196 − 0.3062 ± 0.2582 0.032

PTSD vs. HC PTSD HC

Strength Strength

L_PPC to L_dlPFC 3.955 0.023 0.5230 ± 0.5328 0.0532 ± 0.7726 0.023

Significant effective connectivity at the group level (P < 0.05, Bonferroni corrected)

PTSD posttraumatic stress disorder, TEC traumatic exposed controls, HC healthy controls, Sig. significance, R
right, L left, PPC posterior parietal cortex, dlPFC dorsolateral prefrontal cortex

Fig. 3 Significant differences in effective parameters estimated between
groups. Within ECN, significantly increased effective connectivity
strength from left posterior parietal cortex to left dorsolateral prefrontal
cortex (red dashed arrow) is found in PTSD patients relative to healthy
controls. Within SN, PTSD patients exhibit relatively decreased effective

connectivity from right amygdala to right insula (blue solid arrow) and
lower transit value of right amygdala compared with TEC group. The
detailed altered effective connectivity parameters display in the form of
bar chart. *Significant different (P < 0.05); error bar, 95% confidence
interval (CI)
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PTSD patients from non-PTSD subjects (AUC = 0.879, cut-
off value 0.108), with a sensitivity of 85.2% and specificity of
82.5% (Fig. 4b).

Discussion

The results of this study demonstrated that PTSD patients
have disrupted effective connectivity patterns mainly in the
ECN and SN. ECN abnormalities were correlatedwith clinical
symptoms in PTSD patients. The rs-DCM analysis revealed
that altered endogenous causal flow within the intrinsic triple
network model plays an important role in the psychopatholo-
gy of PTSD.

Rs-DCM analysis is a new deterministic approach that
offers an efficient way of assessing the causal relationships
between specific brain regions by identifying not only re-
ciprocally effective connectivity but also neuronally and
hemodynamically active status [25]. Compared to other
effective connectivity measurement methods such as struc-
tural equation modeling [40] and Granger causality analy-
sis [41], DCM provides a more precise estimation of a
fMRI times series and explicitly models the neuronal basis
of the rate of change of hemodynamic response underlying
effective connectivity [25]. Thus, rs-DCM is more infor-
mative for drawing inferences about causal links within
brain networks.

The DMN effective connectivity patterns in PTSD
patients

Although we did not note any obvious changes within the
DMN, the effective connectivity from the mPFC to the left
angular gyrus showed a decreasing trend, suggesting a

tendency of intrinsic DMN instability in PTSD patients.
Many fMRI studies have confirmed the decreased connec-
tivity between DMN nodes in PTSD patients as compared
to TECs and HCs [10]. However, the rs-DCM analysis is
not sufficiently sensitive to detect obvious changes within
the DMN, which must be analyzed using other fMRI
techniques.

The altered ECN effective connectivity patterns
in PTSD patients

We observed increased resting-state effective connectivity
from the PPC to dlPFC within the ECN in PTSD patients.
A recent study reported enhanced inter-regional connectiv-
ity between left dlPFC and left PPC [42], which is in ac-
cordance with our findings. This provides new evidence
that endogenous connectivity enhancement in PTSD re-
sults from increased causal flow between these two brain
regions. The PPC receives information input from the vi-
sual, auditory, and somatic sensory systems, which con-
tribute to spatial reasoning, movement planning, and atten-
tion [43]. Most outputs to the frontal motor cortex—which
includes the dlPFC, the most critical node of the ECN—
shows increased activity in PTSD patients in cognitive
paradigms [44, 45]. Meanwhile, the dlPFC and PPC are
essential hubs of the frontoparietal attention network
[46]. It was demonstrated that increased functional connec-
tivity between the dlPFC and parietal cortex was associated
with severity of PTSD symptoms [47]. Damage to the top-
down attentional control circuit disrupts the assignment of
attention resources to internal or external stimuli, which in
turn contributes to symptoms such as dissociative reactions
(e.g., flashbacks) or intense or prolonged psychological
distress when PTSD patients are exposed to cues that

Fig. 4 Significant correlation between intrusion symptom of PTSD
patients and effective connectivity strength and ROC analysis from left
PPC to left dlPFC. a CAPS sub-symptom scores of intrusion positively

correlate with the effective connectivity strength from left posterior pari-
etal cortex to left dorsolateral prefrontal cortex. b ROC analysis for de-
tecting PTSD patients from non-PTSD subjects
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resemble aspects of the traumatic event [2]. This was sup-
ported by our finding of a positive correlation between
CAPS sub-scores of intrusion symptoms and the effective
connectivity strength from the left PPC to the left dlPFC.
Moreover, the good performance of the ROC curve sug-
gested that the enhanced effective connectivity from the
PPC to the dlPFC can presumably detect aberrant neural
activity in PTSD patients with high specificity and
sensitivity.

The altered SN effective connectivity patterns in PTSD
patients

The amygdala is considered as a critical hub of the salience
network [48]. An altered effective connectivity from the right
amygdala to the right insula was observed in PTSD patients.
More specifically, the type of causal flow changed from pos-
itive to negative. Impaired structural and functional integrity
in the SN has been proposed as a transdiagnostic feature of a
broad spectrum of psychiatric illnesses [49]. With regard to
PTSD, it has been suggested that disturbed functional interac-
tions within the SN are responsible for hyper-vigilance and
emotional disturbance [19]. A recent [18F]-FDG positron
emission tomography animal study revealed that disruption
of the causal link in the prefronto-amygdala-insula pathway
might alter metabolic activity within the amygdala and insula
under fear-inducing conditions [50]. It has been suggested that
the aberrant filtering and mapping of salient stimulus into the
SN would lead to signal deficits, especially between insula
and the amygdala, which also observed in our study. This
abnormality was also responsible for the cognitive and affec-
tive dysfunction in other neurological and psychiatric diseases
[5]. Meanwhile, we also found declining transit values in the
right amygdala of PTSD patients, representing a shortened
passage time of a blood cell through the capillary bed, which
could affect metabolic activity [25, 51]. Thus, the results of the
current study combined with previous reports indicate that
excessive neural activity in the amygdala contributes to exag-
gerated fear response and persistent traumatic memories in
PTSD patients [10].

The inter-network effective connectivity patterns
in PTSD patients

In current study, the effective connectivity from the ECN to
the DMN gyrus showed a tendency of increase in PTSD pa-
tients, though we fail to detected significant group differences.
In our recent published literature [52], we have reported that
left ECN in PTSD group predicted subsequent increased ac-
tivity of posterior DMN, which has demonstrated the specific
effective connectivity alteration within the triple network
model. It should be noted that the trend of unbalance from
SN to ECN could also be observed in PTSD group. The triple

network model highlights the role of SN in initiating network
switching of the CEN engagement and DMN disengagement
[5]. The weakened signaling transmission from SN to ECN in
PTSD patients might disturb the process of cognitive event
triggering.

Limitations

This study had some limitations. Firstly, it should be consid-
ered as a pilot study given the modest sample size. Secondly,
the educational level of the PTSD and TEC groups was lower
than that of HCs. In order to minimize the influence of this
difference, we screened all participants with the Mini-Mental
State Examination to exclude the mental retardation, and sta-
tistical analysis of fMRI data was performed using educational
level as a covariate. Additionally, we administered only two
subtests of the Wechsler Memory Scale to detect the cognitive
disorders in PTSD, since redundant testing could discourage
participant cooperation. Lastly, cross-network interactions re-
quire further dynamic observation to clarify the mechanisms
underlying the triple network model.

Conclusion

The results presented here demonstrated the disturbed effective
connectivity patterns of the intrinsic triple network model in
PTSD patients. Specifically, we uncovered aberrant causal con-
nectivity in the ECN and SN and identified altered effective
connectivity from the left PPC to the left dlPFC as a probable
biomarker for distinguishing PTSD patients. These findings
provide new insight into the neural substrates of PTSD.
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