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Abstract

Background: Neuroimage studies have reported functional connectome abnormalities in
posttraumatic stress disorder (PTSD), especially in adults. However, these studies often
treated the brain as a static network, and the time-variance of connectome topology in

pediatric PTSD remain unclear.

Methods: To explore case-control differences in dynamic connectome topology, resting-
state functional magnetic resonance imaging data were acquired from 24 treatment-naive
non-comorbid pediatric PTSD patients and 24 demographically matched trauma-exposed
non-PTSD (TENP) controls. A graph-theoretic analysis was applied to construct time-
varying modular structure of the whole-brain networks by maximizing the multilayer
modularity. Network switching rate at the global, subnetwork and nodal levels were
calculated and compared between PTSD and TENP groups, and their associations with

PTSD symptom severity and sex interactions were explored.

Results: At the global level, PTSD patients showed significantly lower network switching
rates than TENP, mainly in the default-mode and dorsal attention networks at the
subnetwork level, and in the inferior temporal and parietal regions at the nodal level. PTSD
symptom severity was negatively correlated with switching rate in the global network and
the default mode network. There were no significant differences in diagnosis-by-sex

interaction.

Conclusion: Pediatric PTSD is associated with dynamic reconfiguration of brain networks
mainly involving the default mode and dorsal attention networks. This may provide

insights into the biological basis of this disorder.

Keywords: Pediatric PTSD, resting-state fMRI, multilayer networks, dynamics analysis,

network switching



1. Introduction

Posttraumatic stress disorder (PTSD) is a common and debilitating psychiatric disorder
characterized by intrusive thoughts, avoidance, hyperarousal, and negative cognitions and
mood. Pediatric PTSD affects an estimated 7% by the age of 18 [1], and brings
psychological suffering and long-term harm including elevated lifetime risk of addiction,
suicide and premature death [2]. Pediatric PTSD often co-occurs with other psychiatric
conditions, most commonly anxiety, depression and attention deficit [3]. Treatment options
are few [4], arguably limited by our relatively poor understanding of the pathophysiology.
Novel neurobiological indicators may help here, especially those reflecting higher-level
network processes. Graph theory-based connectivity analysis is particularly promising

approach, building brain networks from the functional coupling between brain regions.

Such studies have identified PTSD as a brain network disorder [5, 6], finding aberrant
functional connectivity particularly in the default mode network [7], associated with
individual clinical symptoms [8, 9] and treatment response [10, 11]. These studies have
focused on static (i.e. time-invariant) connectivity patterns; but because the brain is a highly
dynamic network system, in which temporal connectivity reconfiguration [12] allows
integration of different neural subsystems across multiple time scales [13, 14], studying
dynamic network properties could yield information inaccessible via traditional

connectivity approaches.

To date, dynamic brain studies in PTSD have mainly been of adults, reporting e.g.
abnormalities in variability [15-17] and transitions between connectivity states [18-20].

Few studies have been done in children and adolescents [21], who are known to have a



highly distinct variation of the disorder [22]. The topological features of dynamic brain

networks in pediatric PTSD thus remain unclear.

To address this gap, we analyzed resting-state functional MRI data (rs-fMRI) using a
multilayer network model [23] to characterize the topological dynamics of the functional
connectome in treatment-naive pediatric PTSD patients without psychiatric comorbidity,
compared with trauma-exposed non-PTSD (TENP) controls, and to explore associations
with symptom severity. We hypothesized that: (i) PTSD patients would show significant
alterations in brain connectome dynamics as compared to TENP e.g. in the default mode
network; and (ii) these alterations in brain dynamics would be associated with individuals’
PTSD symptoms. Finally, because being female increases the risk of developing PTSD

[24], we (ii1) analyzed sex/age-by-PTSD diagnosis interactions.

2. Materials and Methods

2.1 Participants

Individuals who survived the 8.0 magnitude earthquake in Sichuan in May 2008 were
recruited between January and August 2009 and screened with the PTSD checklist-Civilian
Version (PCL) [25]. At follow-up visits 8-15 months after the earthquake, PTSD diagnosis
was established by Structured Clinical Interview for the DSM-IV Diagnosis (SCID) [26]
and symptom severity was evaluated using the Clinician-Administered PTSD Scale
(CAPS) [27]. Briefly, survivors scoring > 35 on PCL and > 50 on CAPS were included as
PTSD if a diagnosis of PTSD was determined by SCID; those who scored < 35 on PCL
without diagnosis of PTSD by SCID were considered TENP controls. See Supplementary

Materials for detailed inclusion and exclusion criteria. Finally included were 24 treatment-



naive non-comorbid patients with PTSD and 24 demographically-matched TENP controls.
This recruitment strategy ensured that participants with and without PTSD had similar
earthquake experiences and demographic characteristics. The study protocol was reviewed
and approved by the Sichuan University Research Ethics Committee. After receiving a
complete explanation of study procedures, all child’s guardian provided written informed

consent.

2.2 Image acquisition

Resting-state functional MRI data were acquired on a 3 tesla Excite MR scanner (GE
Healthcare, Milwaukee, Wisconsin USA) with an 8-channel phased-array head coil. The
sequence parameters were: repetition time/echo time 2000 ms/30 ms; flip angle 90°; 30
axial sections per volume; 5 mm section thickness, no gap; 64 x 64 matrix; 240 x 240 mm
field of view, voxel 3.75 x 3.75 x 5 mm. Participants lay still with eyes open and remain
awake during the acquisition. All MR images were evaluated by an experienced

neuroradiologist for gross pathology and image quality.

2.3 Image processing

Using SPM 12 software (http://www.fil.ion.ucl.ac.uk/spm) to pre-process fMRI image data.

We deleted the first 10 time points to allow magnetic stabilization, then corrected slice
timing for intra-volume acquisition delay and realigned the images for correction of head
movement. We used echo-planar imaging templates (voxel size 3x3x3 mm) to normalize
the images. We removed linear trends in the time series, and regressed out nuisance signals
(including Friston 24-parameter head motion model, white matter signal, and cerebrospinal

fluid signal). Finally, we detrended linearly and band-pass filtered to eliminate high-
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frequency noise and maintain low frequency fluctuation 0.01-0.1 Hz, then smoothed the
data with a 4 mm full-width at half maximum. We evaluate head motion during scanning
using mean framewise-displacement (FD): no significant difference of mean FD was
observed between TENP and PTSD (0.121£0.084 vs. 0.137+0.128, P = 0.615), and no
participants showed excessive head motion (i.e. rotation > 3°, translation > 3 mm, or mean

FD > 0.5 mm).

2.4 Multilayer brain network switching rates

Figure 1 shows the overall flow of analysis.

Constructing the multilayer brain network: N nodes were defined by an atlas: we used the
Brainnetome 246 atlas, which includes 210 cortical and 36 subcortical nodes [28] (so N =
246). The averaged signals of each N regions were extracted. From each participant’s
preprocessed rs-fMRI data, dynamic functional connectivity was calculated by a sliding
windows method [12]; Hamming windows (window size 30, TR 60 s; window step 1, TR
2 s) were applied to obtain a series of W signal windows. Calculating Pearson correlations
between each pair of region signals in each window yielded dynamic network matrices (N

x N x W =246 x 246 x 161) for each subject.

Detecting time-varying modular structures: We detected the time-varying modular
network structures within each time window using a multilayer modularity algorithm [23]
implemented in an open-source Matlab-based code package

(https://github.com/GenLouvain/GenLouvain) with the default settings temporal coupling

parameter ® = topological resolution parameter y = 1 [29, 30]. As this only allows positive

matrix values, all negative values in the connectivity matrices were set to zeros [30]. The
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output is a module assignment matrix (N x W = 246 x 161) for each rs-fMRI scan,

representing the temporal variation in module assignments for all 246 nodes.

Calculating network switching rates: From these multilayer module assignment matrices,
the switching rate for a node i (fi) was calculated as f; = ni/(N-1), where n; is the number
of times its module assignment changed between consecutive layers, and N-1 is the
maximum potential number of changes (here 161 - 1 = 160); the ranges from 0 to 1, a
higher value indicating higher frequency of the node’s transition between different
functional modules, and thus lower temporal stability. Calculations used the Network

Community Toolbox (http://commdetect.weebly.com) [31]. Switching rates for the global

brain network were obtained by averaging all 246 nodes. Further, to explicitly characterize
the contribution of each functional network, 210 cortical nodes corresponding to 7 different
neural networks in the Yeo atlas (visual, somatomotor, dorsal and ventral attention, limbic,
frontoparietal, and default mode network), and 36 subcortical nodes were defined as the
subcortical nucleus network [32-35]. Switching rates for 8 subnetworks were obtained by

averaging their constituent nodes.

2.5 Statistical analyses

Two-sample t tests (for continuous variables) and chi-square tests (for categorical
variables) were used to test differences in demographic and clinical characteristics between
PTSD and TENP, and two-sample t tests to test the between-group difference of brain
network switching rates. Two-way analysis of variance (ANOVA) was used to analyze the
interaction of PTSD diagnosis-by-sex and diagnosis-by-age (dividing the distribution into
younger and older groups, 10—-12 and 13—16 years); if statistically significant interactions

were observed, post hoc contrasts assessed the simple main effects. Partial correlations
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were performed between CAPS score and those network switching rates which showed
significant between-group differences, with age, sex, years of education, and mean FD as
covariates. All statistics were performed at the global, subnetwork, and nodal levels. False
discovery rate (FDR) corrections were applied to control type I errors across the 7
subnetworks and 246 nodes. Results were visualized by the BrainNet Viewer

(https://www.nitrc.org/projects/bnv/).

2.6 Validation analyses

To minimise effects of head motion, we removed participants with excessive head motion
(>2 mm translation or >2° rotation), carried out regression of 24-parameter head motion
profiles [36] for each participant before building individual functional networks, and
performed statistical analysis on network switching rates with mean FD as a covariate. To

investigate effects of window length, we repeated the analysis with window length 50 TR

= 100 s. To investigate effects of network analysis strategy, we repeated the multilayer

analysis using ® = 0.5 and 0.75, and y = 0.9 [37].

3. Results

3.1 Demographic and clinical characteristics

Individuals with PTSD had significantly higher PCL scores than TENP (P < 0.001). The
groups did not significantly differ by age, sex, years of education or time since trauma (all

P >0.05). See Table 1.

3.2 Group differences of switching rates at global, subnetwork, and nodal level
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At the global level, individuals with PTSD had significantly lower brain network switching
rates than TENP (P = 0.009). At the subnetwork level, individuals with PTSD had
significantly lower switching rates than TENP in the dorsal attention network (P = 0.009,
FDR corrected) and the default mode network (P = 0.005, FDR corrected). Differences
falling short of statistical significance were observed in the limbic and frontoparietal
networks. No significant differences were identified in the visual, somatomotor, ventral

attention, or subcortical networks. See Figure 2 and Table 2.

At the nodal level, individuals with PTSD showed significantly lower switching rates
than TENP in right inferior temporal gyrus (ITG) and left postcentral gyrus (PoCG) (P <

0.001, FDR corrected). See Figure 3 and Table 3.

3.3 Interaction between groups and sex/age with respect to switching rate

Two-way ANOVA revealed no significant diagnosis-by-sex/age interaction in global brain
network switching rate (P = 0.633 and 0.380), subnetwork switching rate in the dorsal
attention network (P = 0.537 and 0.249) or default mode network (P = 0.276 and 0.701),
or nodal switching rate in right ITG (P = 0.493 and 0.580) or left PoCG (P = 0.593 and

0.292).

3.4 Correlations between switching rate and symptom severity

In the PTSD group there was a significant negative correlation between CAPS score and
the switching rates of the global network (» = -0.587, P = 0.013, FDR corrected) and the
default mode network (» =-0.589, P = 0.013, FDR corrected). No significant correlations
were found between CAPS scores and switching rates of the dorsal attention network, right

ITG or left PoCG. See Figure 4.
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3.5 Validation

To establish the robustness of our main findings, we assessed the influence of: testing for
the head motion effects; different temporal coupling parameters (o = 0.5 and 0.75) and
topological resolution parameter (y = 0.9); and different sliding window length (100s). The

main results were largely the same (Table S1).

4. Discussion

To understand complex functional abnormalities we need appropriate tools, and the
relatively new brain connectome dynamics approach holds particular promise. Using a
time-varying multilayer network analysis of rs-fMRI data to quantify temporal switching
among functional modules [38], we investigated brain modular dynamics in pediatric
PTSD. Relative to TENP, pediatric PTSD showed significantly lower switching rates of
functional brain network modules at global, subnetwork, and nodal levels, mainly in the
dorsal attention and default-mode networks as well as temporal and parietal regions. These
abnormal modularity metrics were associated with symptom severity, with no significant
interactions between group and sex. These results give an insight into the dynamic network

abnormalities of pediatric PTSD.

The lower switching rate at the global level in pediatric PTSD is consistent with findings
in adult PTSD [16], and parallels reports in other paediatric psychiatric disorders [39, 40].
What do these abnormalities mean? In general a healthy biological system must be flexible
in response to transient changes in the internal and external milieu [16, 41], and it is
tempting to link slower module switching in children with PTSD to their impaired ability

to adjust dynamically to changing conditions (in thoughts, stresses, behaviors, etc.), as

11



manifest in increased arousal and intrusive and negative thoughts. If so, these results reflect

an important aspect of compromised brain health.

Can we be more specific? At the network level, children with PTSD had slower

switching in the default-mode network (involved in internal mentation and self-directed
thought, notably self-referential processing, emotion regulation and episodic memory
retrieval [42, 43]) and the dorsal attention network (thought to be crucial for top-down
orienting of attention [44]). Disruptions in both have been implicated in several
neuropsychiatric disorders as well as adult and pediatric PTSD [5, 6, 45, 46]. Lower
switching rates of these networks suggest discrete functional dysconnectivities, either
reflecting or underpinning (because causality cannot yet be established) PSTD patients’
reduced ability (e.g in rumination).to navigate away from internal emotional and cognitive

states. At the nodal level, children with PTSD had slower switching in the right ITG and

left PoCG. ITG is related to visual recognition of objects, and lesions in this region produce
deficits in visual recognition memory [47]. Interestingly , flashback in PTSD is reportedly
associated with smaller ITG volume [48]. The temporal and parietal lobes are also engaged
in emotional and cognitive processes [49, 50]: ITG integrates perception and memory in
women with PTSD related to early childhood sexual abuse [51]; and greater activations are
reported in the ITG and posterior parietal cortex during classic and emotional Stroop

interference in PTSD related to child abuse [52].

Taken together, these global, subnetwork and nodal alterations of the topological
dynamics of the functional connectome show PTSD as a disorder of disrupted network
integration. A strength of our study is comparison between treatment-naive non-comorbid

pediatric PTSD patients with similarly stressed TENP controls, demonstrating that

12



impaired switching rate at multiple levels is related to the clinical manifestations of PTSD
beyond acute stress effects as experienced by the TENP. Notably, while we found no
significant group-sex interaction with respect to switching rate, earlier neuroimaging
studies of PTSD have reported sex differences in brain alterations [53-56]. However, others
have not [57]. These divergent results may be due to differences in sample characteristics
(e.g non-traumatized healthy controls vs. TENP), trauma type and severity, and study

methods.

This study has some limitations. First, it was cross-sectional; how brain network dynamics
after major life stress evolve and predict PTSD conversion must be addressed in
longitudinal studies. Second, the participants are earthquake-exposed children without
psychiatric comorbidity, so it remains to be established whether the findings apply to adult
PTSD, PTSD caused by other types of trauma, or patients with psychiatric comorbidities.
Third, we characterized brain network dynamics that distinguish stressed individuals who
do and do not develop PTSD; a parallel control group of non-traumatized individuals would
be needed to identify how major life stress itself impacts brain network dynamics. Fourth,
our patients did not have any cognitive assessments, and this will need to be addressed.
Fifth, our relatively small sample size limited statistical power. Finally, not all confounding
factors can be excluded, and the effects of e.g. socioeconomic status need to be explored

separately.

In conclusion, this study demonstrates lower network switching rates in PTSD at global,
subnetwork and nodal levels, which showed some association with severity of PTSD
symptoms. The effects mainly involved the dorsal attention and default-mode networks, as

well as temporal and parietal regions. Our findings suggest a disruption of dynamic

13



network construction in children with PTSD, which provides a new perspective on
understanding the neural mechanisms. This study is a contribution to the developing
clinical subspecialty of psychoradiology [58-60], which aims to guide diagnostic and

therapeutic decision making in patients with neuropsychiatric disorders.
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Tables

Table 1. Demographic and clinical characteristics of PTSD and TENP participants *

Variables TENP (n=24) PTSD (n=24) P

Age (years) ° 13.0£1.4 (11-16) 13.2+1.8 (10-16) 0.65°¢
Gender (male/female) 10/14 8/16 0.774
Duration of education (years)®  7.8+2.2 (6-14) 7.9£2.0 (6-12) 0.97°¢
Time since trauma (months) ° 12.3£1.9 (9-15) 11.3£1.9 (9-15) 0.09°¢
PTSD checklist score 23.4+1.8 (19-27) 54.8+5.3 (40-65) <0.001°
CAPS score - 65.8 £6.7 (60-86)

Data are presented as mean £ SD (minimum-maximum) unless noted. ® Age, years of education
and time since trauma were defined relative to the time of MRI scanning. ¢ P value using two
sample two-tailed t test. ¢ P value using two-tailed Chi-squared test.

Abbreviations: PTSD, post-traumatic stress disorder; TENP, trauma-exposed non-PTSD control;

CAPS, Clinician-administered PTSD scale.
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Table 2. Network switching rate at global and subnetwork level in PTSD and TENP

Network switching rate TENP (n=24) PTSD (n=24) P(T)
Global 0.052+0.007 0.047+0.007 0.009 (2.707)
Subnetwork
Visual network 0.051£0.010 0.048+0.010 0.205 (1.286)
Somatomotor network 0.047+0.011 0.043+0.012 0.226 (1.228)
Dorsal attention network 0.054+0.009 0.046+0.010 0.009 (2.711)
Ventral attention network 0.050+0.009 0.045+0.011 0.111 (1.625)
Limbic network 0.056+0.008 0.051+0.008 0.030 (2.240)
Frontoparietal network 0.054+0.010 0.049+0.008 0.044 (2.073)
Default mode network 0.051+0.008 0.044+0.009 0.005 (2.964)
Subcortical network 0.053+0.011 0.049+0.012 0.225 (1.230)

Abbreviations: PTSD, post-traumatic stress disorder; TENP, trauma-exposed non-PTSD control.
Subnetworks were considered abnormal in PTSD if they exhibited significant between-group

differences (P < 0.05, FDR corrected, shown in bold).
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Table 3. Regions showing lower nodal switching rate in PTSD compared with TENP.

Label ID Regions MNI (x, y, z) TENP PTSD P(T) value

90 ITG R 7 1 46,-14,-33  0.063£0.015  0.043£0.016 <0.001 (4.357)

159  PoG L 43 -46,-30,50  0.057+0.020  0.039+£0.015 <0.001 (3.587)

Abbreviations: PTSD, post-traumatic stress disorder; TENP, trauma-exposed non-PTSD
control; ITG, inferior temporal gyrus; PoG, postcentral gyrus, MNI, Montreal Neurological

Institute; L, left; R, right.
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Figure legends

Figure 1. The analysis strategy. Individual images were preprocessed, and the mean
values of each region in the Brainnetome 246 atlas were extracted to build a dynamic
functional matrix for each subject. An iterative ordinal Louvain sliding windows algorithm
was used to track dynamic network modulation over time. Finally, network switching rate
was calculated and compared between the participant groups at the global, sub-network,
and nodal levels. Abbreviations: Rs-fMRI, resting-state functional magnetic resonance

imaging.

Figure 2. Between-group differences in global and subnetwork-level switching rates.

The bar-charts compare the switching rates (means with standard error bars) in the two
groups, with P values (asterisks denote P <0.05), for 9 different network levels as labelled.
Abbreviations: PTSD, post-traumatic stress disorder; TENP, trauma-exposed non-PTSD

control.

Figure 3. Between-group differences in nodal-level switching rates. The figure shows
a bar-chart comparison of switching rates (means with standard error bars) in the two
groups, with P values, in ITG (left panel) and postcentral gyrus (right panel), whose
locations are shown in the middle panel. Abbreviations: PTSD, post-traumatic stress
disorder; TENP, trauma-exposed non-PTSD control; L, left; R, right; ITG, inferior

temporal gyrus, PoG, postcentral gyrus.

Figure 4. Relations of network switching rates to CAPS scores in PTSD. The figure

shows the relationship between the individual patients’ switching rates at the global level
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(left panel) and in the default-mode network (right panel) and individual CAPS scores
Abbreviations: PTSD, post-traumatic stress disorder; CAPS, Clinician-administered PTSD

scale.
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