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A B S T R A C T   

Background: Previous fMRI studies of posttraumatic stress disorder (PTSD) have investigated region-specific al-
terations in intrinsic connectivity but connectome-wide changes in connectivity are yet to be characterized. 
Understanding the neurobiology of this is important to develop novel treatment interventions for PTSD. This 
study aims to identify connectome-wide disruptions in PTSD to provide a more comprehensive analysis of nseural 
networks in this disorder. 
Methods: A functional MRI scan was completed by 138 individuals (67 PTSD and 71 non-trauma-exposed healthy 
controls [HC]). For every individual, inter-regional intrinsic functional connectivity was estimated between 436 
brain regions, comprising intra and inter-network connectivity of eight large-scale brain networks. Group-wise 
differences between PTSD and HC were investigated using network-based statistics at a family-wise error rate 
of p < 0.05. Significant network differences were then further investigated in 27 individuals with trauma 
exposure but no PTSD [TC]). 
Results: Compared to HC, PTSD displayed lower intrinsic functional connectivity in a network of 203 connections 
between 420 regions within and between mid-posterior default mode, central executive, limbic, visual and 
somatomotor regions. Additionally, PTSD displayed higher connectivity across a network of 50 connections from 
thalamic and limbic to sensory and default-mode regions. Connectivity in TC in both these networks was in-
termediate and significantly different to PTSD and HC. 
Conclusion: A large-scale imbalance between hypoconnectivity of higher-order cortical networks and hyper-
connectivity of emotional and arousal response systems seems to occur on a sliding scale from trauma exposure 
to clinical manifestation as PTSD. Novel interventions that target this systemic functional imbalance could 
provide potential mitigation of PTSD.   

1. Introduction 

The past few decades have seen many neuroimaging investigations of 
posttraumatic stress disorder (PTSD), and these have focused on 
dysfunctional systems of executive function, contextual processing, 
threat detection, fear learning and emotional regulation (Shalev et al., 
2017; Kunimatsu et al., 2019). These studies have typically investigated 
these systems in isolation, focusing on a specific region (Kennis et al., 
2015; Olson et al., 2019) or network (Sripada et al., 2012; DiGangi et al., 
2016). Functional MRI studies over the past decade have revealed that 
the brain is intrinsically organized into distinct, functionally coherent 
networks that underlie cognitive and emotional processes (Power et al., 
2011; Yeo et al., 2011). Investigating the functional architecture of the 

brain by examining task-free intrinsic connectivity provides insight into 
fundamental neural functions such as the maintenance of arousal states, 
consolidation of memories, preparation for the future and introspection 
(Buckner and Vincent 2007). This is particularly pertinent to the study of 
PTSD, which is characterized by alterations in many of these functions 
(Shalev et al., 2017). 

Abnormal patterns of connectivity between specific brain networks 
during the resting state have been previously identified in PTSD using 
specific seeds or regions of interest (ROIs) to focus on specific circuitry. 
These studies have identified alterations within and between regions of 
the default mode and salience network (DiGangi et al., 2016; Akiki et al., 
2017) as well as within regions of the executive control network (Fan 
et al., 2016), with some inconsistency in the direction of findings 
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depending on the ROI, age of trauma occurrence and types of trauma 
(Bluhm et al., 2009; Sripada et al., 2012). While these findings are 
valuable in terms of identifying single systems that may be important in 
PTSD, they are potentially subject to bias depending on the choice of 
seed and are therefore limited to present a narrow view of changes in 
regions that are directly connected to the seed. However when taken 
together, as in a recent review paper of seed-based resting-state con-
nectivity studies in PTSD, lower functional connectivity across 
seed-based studies has been observed in 97 distinct targets and while 
higher functional connectivity has been observed in 43 distinct targets 
suggesting much more global effects are at play (Ross and Cisler 2020). 

Other fMRI analysis approaches used to tackle the issue of seed-based 
bias include independent component analysis (ICA) and graph-based 
network analyses. Independent component analysis (ICA) is data- 
driven approach that identifies functionally related neural networks 
(these commonly conform to the canonical neural networks identified 
by large-scale parcellation schemes) and correlate them to measures of 
interest (Beckmann et al., 2005). This approach allows studies to 
investigate connectivity within an identified network as single measure 
independent of a particular region in the network. Studies using this 
approach in PTSD, have found both higher DMN connectivity at rest 
(Patriat et al., 2016) and lower DMN functional connectivity during rest 
(Shang et al., 2014; Zhang et al., 2015; Reuveni et al., 2016). Studies 
have also observed decreased functional connectivity between the DMN 
and the SN, and decreased connectivity of specific CEN regions (Shang 
et al., 2014) in PTSD, with one study identifying increased excitatory 
connections between the CEN and the posterior DMN in subjects with 
PTSD (Ke et al., 2018). These studies largely support seed-based findings 
of a tri-network model of dysfunction in PTSD. However, while they are 
able to explore networks without seed bias these ICA studies have still 
focused on specific networks of interest rather than the whole brain. 

Alternatively, graph-based network analyses capture brain-wide 
functional interaction by focusing on the topological structure of brain 
regions and networks (van den Heuvel and Sporns 2011; Fornito et al., 
2015). These measures primarily use the number and distribution of 
connections to describe how segregated or integrated regions or net-
works are (Fornito et al., 2015). These studies, despite inconsistencies, 
have described wide-spread alterations in the functional organization of 
the connectome in PTSD (Lei et al., 2015; Jung et al., 2016). However, 
while graph-based studies reflect alterations in non-trivial organiza-
tional and topological properties, they do not capture the strength of 
association between individual links within the connectome and how 
these may differ in PTSD. In contrast, the network-based statistic (NBS) 
captures both the strength of association between individual links in the 
brain and the scope of alterations across the brain. This allows 
whole-brain seed-free comparisons of connectivity while controlling for 
multiple comparisons (Zalesky et al., 2010a). This is conducive for 
identification of connected networks across the whole brain that may be 
associated with trauma exposure/PTSD. This approach is important as 
region-specific changes are unlikely to exist given the interconnected-
ness of the brain (Sporns 2011; Fornito et al., 2015). Instead alterations 
in any given connection are likely to influence adjacent connections, 
leading to a ripple effect on brain function (Zalesky et al., 2010a). 

Here, we implemented a thorough brain-wide approach to investi-
gate large-scale intrinsic functional brain network changes that char-
acterize PTSD. We use the NBS to investigate differences in functional 
connectivity/organization between 67 PTSD and 71 healthy controls 
(HC) across 436 cortical and subcortical brain regions (Fan et al., 2016; 
Schaefer et al., 2018). Observed differences were further investigated in 
an additional 29 individuals who experienced trauma but did not 
develop PTSD to evaluate whether these brain connectivity alterations 
are specific to the experience of trauma or development of the disorder. 
Based on previous studies, we hypothesized that there would be 
wide-spread differences (likely decreases) in connectivity involving the 
salience, default mode and executive function networks in the PTSD 
group. 

2. Methods and materials 

2.1. Participant information 

The authors assert that all procedures contributing to this work 
comply with the ethical standards of the relevant national and institu-
tional committees on human experimentation and with the Helsinki 
Declaration of 1975, as revised in 2008. All procedures involving human 
subjects/patients were approved by Western Sydney Area Health Ser-
vice Human Ethics Committee. Written informed consent was obtained 
from all participants. Eighty-one PTSD participants were recruited at the 
Westmead Institute for Medical Research (Australia) to complete a 
clinical interview and a structural and functional MRI battery. PTSD 
diagnosis (as defined by DSM-IV) was obtained using a structured 
interview and the Clinical Administered PTSD Scale (CAPS10) (Blake 
et al., 1995). Participants were also assessed for comorbid Axis I disor-
ders using the Mini International Neuropsychiatric Interview (MINI 
version 5.5) (Sheehan et al., 1998). Participants also completed the Beck 
Depression Inventory-2 to assess severity of depressive symptoms (BDI) 
(Beck et al., 1996), a 21-item self-report inventory measuring depressive 
symptoms in the past two week, and the Clinician-Administered Disso-
ciative States Scale (CADSS) (Bremner et al., 1998); a 27-item scale with 
19 subject-rated items and 8 clinician-rated items, to measure disso-
ciative symptoms. Participants with a history of neurological disorder, 
psychosis, or current substance dependence were excluded. Participants 
on a psychotropic medication were eligible to be included if they were 
on a stable dosage for at least two months prior to testing. 

Of the 81 participants recruited, two failed to complete the MRI and 
12 were excluded due to movement during the MRI scan (details below 
and in supplementary methods). This resulted in data from 67 PTSD 
participants being available for analysis. PTSD participants were 
matched for age and sex with 71 HC, who underwent the same study 
protocol. An additional 32 trauma-exposed controls (TC), were recruited 
and tested as above, with three excluded due to in-scanner motion, 
leading to a total of 29 included in the analysis. TC participants were 
defined as being exposed to a traumatic event but not meeting criteria 
for more than one cluster of PTSD symptoms. The demographics for each 
group are shown in Table 1. 

2.2. fMRI acquisition 

fMRI data was acquired using an 8-channel phased-array head coil 
on a 3 T GE Signa Twinspeed HDxT MR Scanner (GE Healthcare, Mil-
waukee, WI). Participants performed five functional MRI tasks during 
the MRI scan and a T1-weighted structural image was obtained. The 
details of the acquisition and pre-processing has been described previ-
ously (Goldstein-Piekarski et al., 2018) and is detailed in the supple-
mentary methods. Intrinsic functional connectivity data was derived 
from the concatenated residuals time series of the functional fMRI tasks 
using a previously validated method (Fair et al., 2007; Korgaonkar et al., 
2013; Korgaonkar et al., 2014). For each of the five fMRI tasks, the blood 
oxygen level dependent (BOLD) responses for each experimental con-
dition were modelled in the general linear model framework. The mean 
signal time course derived from the cerebral spinal fluid (CSF) and white 
matter masks, as well as the temporal masks for movement outliers 
described below, were also included as covariates in the model to 
remove physiological noise. The variance in BOLD signal associated 
with each of the stimuli in the task was then modelled as a covariate and 
the remaining residual images represented the task-derived resting state 
signal. After this, a band-pass filter (0.009 Hz < f < 0.08 Hz) was 
applied. This process results in a movement and task-effect-corrected 
time series of 600 vol (120 vol x 5) from which intrinsic-resting state 
connectivity (correlation of change in BOLD signal between voxels/n-
odes across time) can be measured. While this “intrinsic connectivity” is 
different from pure resting-state connectivity previous studies have 
shown that it exhibits a very similar functional connectivity pattern 
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reflecting the inherent connectivity of the large-scale networks in the 
brain (Korgaonkar et al., 2014; Ball et al., 2017). Movement outliers 
were identified as volumes where movement of the head from one vol-
ume to the next was 0.3 mm or greater or had a difference in scaled 
signal intensity greater than 10, as well as the two volumes before and 
one after (Achaibou et al., 2016; Goldstein-Piekarski et al., 2018; Power 
et al., 2012; Power et al., 2014; Siegel et al., 2014). The Volterra 
expansion of twenty-four realignment parameters was also modelled for 
each task (Friston et al., 1996). Participants with outliers covering more 
than 30 percent of total scan time or with a mean FD of greater than 0.2 
were excluded. The number of motion outliers was matched between 
groups, however there were differences between group in mean FD and 
max translation. A summary of these and a replication of the analysis 
with motion parameters controlled for is included in the supplementary 
material to illustrate that motion is appropriately controlled for and not 
influencing the findings. 

2.3. Generation of whole-brain functional connectomes 

For each participant the average time series was extracted from 400 
cortical regions derived from a recent functional parcellation of the 
cerebral cortex by Schaefer et al., 2018 (Schaefer et al., 2018). Schaefer 
et al., 2018 used a gradient-weighted Markov Random Field model 
applied to resting-state data from 1489 participants to obtain parcells at 
various resolutions. These parcels were further clustered into 7 large 
scale intrinsic connectivity networks based on binarized correlations of 
voxel time-series averaged across each parcel, similar to what was pre-
viously done by Yeo et al. (2011) (Yeo et al., 2011; Schaefer et al., 2018). 
We additionally included 36 regions from the subcortex derived from 
the Brainnetome Atlas (Fan et al., 2016). The BOLD time-series for each 
participants intrinsic-resting state scan was then extracted for each 
parcel and correlated pair-wise with the time-series of every other parcel 
and Fisher-Z transformed to create a 436 × 436 interregional functional 

correlation matrix for each participant. As negative connectivity is 
susceptible to artificial enhancement by fMRI preprocessing methods 
aiming to reduce signal noise we are unable to ascertain exactly what 
information is contained in negative connections (Qian et al., 2018), 
thus connections within these matrices that were on-average negative 
(based on mean connectivity values for all 138 PTSD and HC partici-
pants) were removed. This process was repeated with an additional 
structural (AAL) (Tzourio-Mazoyer et al., 2002); and functional parcel-
lation scheme (Gordon et al., 2014; Tian et al., 2020) to investigate the 
impact of parcellation scheme on the network analysis (reported in 
Supplementary Results, Table s3-s5) (Wang et al., 2009; Fornito et al., 
2010; Zalesky et al., 2010b). 

2.4. Statistical analysis 

The NBS (Zalesky et al., 2010a), was used to analyze whole-brain 
resting-state connectivity differences between PTSD and HC at a cor-
rected p < 0.001 level (t-stat > 3.5). The NBS is a validated 
non-parametric statistical approach that addresses the multiple com-
parison problem by testing the null hypothesis based on interconnected 
subnetworks rather than individual connections (described in detail in 
Supplementary Methods). A supplementary NBS analysis between PTSD 
and TC was also performed (see Supplementary Results) to investigate if 
any connections unique to differences between these groups were 
present. 

Functional connectivity values for each connection identified in 
significant subnetworks using NBS were extracted for PTSD, HC and the 
TC subgroup. Total network connectivity for the subnetworks was 
calculated as a mean of all significant connections and, to compare 
groups, a one-sample ANOVA between PTSD, TC and HC was performed 
in R (v3.6.2). Multivariate regression was used to investigate association 
of mean connectivity with BDI, CADSS and CAPS scores evaluated for 
PTSD (Bonferroni multiple-comparison correction was applied), 

Table 1 
Group demographics.   

PTSD (n = 67) HC (n = 71) TC (n = 29) F/t/χ2 p  

Age, y, m±SD 39.5 ± 11.4 36.3 ± 12.0 (19–65) 36.8 ± 12.23 F ¼ 1.356 0.261  
(range) (19–63) (19–63) 
Sex, female (%) 46(68.66) 53(74.65) 10 (34.48) χ2 ¼ 15.22 P < 0.001 PTSD > TC 

HC > TC 
CAPS, m±SD (range) 65.99 ± 20.7 (21–115) NA 8.66 ± 10.50 (0–42) t ¼ 17.95 P<0.001 PTSD > TC 
CADSS, m±SD (range) 20.6 ± 13.17 (0–62) NA 6.60 ± 11.33 (0–47) t ¼ 5.04 P<0.001 PTSD > TC 
BDI, m±SD (range) 31.72 ± 12.36 (4–58) NA 7.81 ± 10.10 (0–40) t ¼ 9.66 P<0.001 PTSD > TC 
Time since trauma, y 20.51 ± 15.35 (0.75–51) NA 10.89 ± 8.81 (0.42–29) t ¼ -4.98 P<0.001 PTSD > TC 
(range) 
Trauma type, n (%)       
Child abuse 26(38.81) NA 0    
Road accident 5(7.46) NA 11(37.9)    
Assault 13(19.4) NA 6 (20.7)    
Death of loved one 4(5.97) NA 4 (13.8)    
Witnessed violence/police 14(20.9) NA 4 (13.8)    
Domestic violence 5(7.46) NA 2 (6.89)    
Current Medication, n (%)       
SNRI 11(16.42) NA NA    
SSRI 15(22.39) NA 1 (3.45)    
Antidepressant 13(19.4) NA NA    
Antipsychotic 10(14.93) NA NA    
Benzodiazepam 12(17.91) NA NA    
Stimulant 1(1.49) NA 1 (3.45)    
Comorbid diagnoses, n (%)       
Major Depression 45(67.16) NA 2 (6.89)    
Panic Disorder 1(1.49) NA NA    
Agoraphobia 22(32.84) NA NA    
Social Phobia 30(44.78) NA 1 (3.45)    
OCD 11(16.42) NA NA    
GAD 28(41.79) NA 2(3)    

PTSD – Post-traumatic Stress Disorder, HC – Healthy Controls, TC – Trauma Controls, CAPS – Clinician Administered PTSD Scale, CADDS – Clinician Administered 
Dissociative States Scale, BDI – Becks Depression Inventory, SNRI – Serotonin Norepinephrine Reuptake Inhibitors, SSRI – Selective Serotonin Reuptake Inhibitors, 
OCD – Obsessive Compulsive Disorder. 

I.A. Breukelaar et al.                                                                                                                                                                                                                           



Neurobiology of Stress 14 (2021) 100321

4

controlling for age and sex. Supplementary analyses were also done to 
examine the potential impact of years of education, medication, co-
morbidity, time since trauma, child abuse and trauma type on functional 
connectivity of the subnetwork across the groups. 

While only the subnetwork as a whole can be considered significant 
at a corrected level when using NBS, to aide in interpretability, con-
nections found in the significant subnetwork that joined parcels 
belonging to intrinsic connectivity networks (ICNs), assigned and vali-
dated by the Schaefer parcellation (Schaefer et al., 2018), were grouped 
together and average connectivity for these intra- and inter-network pair 
combinations was estimated. A further exploratory analysis of 
between-group differences of ICNs in the subnetwork were evaluated 
post-hoc to examine differences relative to trauma controls, Bonferroni 

corrected for multiple comparisons of the 32 (8 × 8/2) possible within or 
between network connectivity values (p < 0.0015). 

3. Results 

3.1. Demographics and clinical characteristics 

Participant characteristics are presented in Table 1. There was no 
significant difference between PTSD and controls on age [t = − 1.60, p =
0.112] or sex [χ2 = 0.351, p = 0.554]. Both PTSD and HC differed from 
TC on sex [χ2 = 15.22, p < 0.001] but not on age [F = 1.356, p = 0.261]. 
PTSD patients had significantly higher CAPS [t = 17.95, p < 0.001], 
CADDS [t = 5.0356, p < 0.001] and BDI [t = 9.6568, p < 0.001] scores 

Fig. 1. Differences in connectivity in PTSD compared to HC identified with network-based statistics. For HC > PTSD, a network comprised of 203 regions and 
420 edges (connections) was identified (p < 0.001, FWE-corrected) (A–C). For PTSD > HC a network comprised of 34 regions and 50 edges (connections) was 
identified (D–F). A & D) all significant nodes and edges of HC > PTSD subnetwork visualized on the surface of the brain (created using BrainNet viewer) B & E) a 
heatmap of the mean t-statistic of significantly different connections within and between the eight primary functional networks. Larger circle size and darker colour 
represent greater mean t-statistic of connections (larger difference in HC and PTSD connectivity). Networks are ordered based on their overall contribution to the 
difference in connectivity between PTSD and HC. C & F) Shows the difference in mean connectivity across all significant regions between groups. PTSD – Post-
traumatic Stress Disorder, HC – Healthy Controls. 
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compared to TC and greater average time since trauma [t = − 4.9761, p 
< 0.001]. 

3.2. Whole-brain connectivity differences between PTSD and HC 

The NBS analysis identified a subnetwork (HC > PTSD) comprised of 
420 connections across 203 nodes where the PTSD group had signifi-
cantly lower functional connectivity than HC (p < 0.001, FWE-corrected 
α < 0.05), shown in Fig. 1a. Connections within this subnetwork were 
spread extensively across the cortex, involving internetwork connections 
between all of primary brain networks and intra-network connections 
within six of the eight primary brain networks (executive control- 
network and subcortical intra-network connectivity not impacted, see 
central diagonal row in Fig. 1b.). Decreases in connectivity within and to 
and from the DMN explained the most difference in connectivity be-
tween the group, followed by visual and somatomotor connectivity, then 
limbic, dorsal attention, salience and executive network connections 
(Fig. 1b). Overall, connections between the default mode & executive 
control network demonstrated the greatest effect-size between the 
groups (Table s1). 

The NBS analysis identified a second subnetwork (PTSD > HC) 
comprised of 34 nodes and 50 connections where the PTSD group had 
significantly greater functional connectivity than HC (p < 0.038, FWE- 
corrected α < 0.05), shown in Fig. 1d and f. The strongest differences 
in connectivity were between the visual nodes and the subcortical and 
limbic nodes. Further differences were characterized by connections 
between subcortical with the DMN and somatomotor network nodes and 
between the limbic and salience network nodes (Fig. 1e & Table s2). 

Post-hoc tests using mean connectivity of the HC > PTSD network 
found connectivity associations with age (corr = − 4.23, p < 0.001, 
PTSD only: corr = -3.31, p = 0.002, HC only: corr = − 2.53, p = 0.014) 
but not sex (Figure s3) but remained significantly different between 
groups controlling for these measure. Connectivity for the PTSD > HC 
network was not associated with either age or sex. 

3.3. Association of connectivity in significant networks to clinical 
measures 

Multiple regression analyses assessed relationship of mean connec-
tivity of the HC > PTSD network to BDI, CADSS and CAPS scores, 
measuring depression, dissociation and PTSD severity respectively, 
controlling for age and sex. A trend-level correlation between greater 
CADDS score and lower connectivity was identified and is shown in 
Fig. 2 (p = 0.012, ß = − 0.283) but this did not survive multiple com-
parisons. Mean connectivity of the PTSD > HC network had no signifi-
cant association with BDI, CADSS or CAPS scores. Connectivity was not 

associated with medication load, comorbidity, trauma-type (Figure s5 
and s6), time since trauma (Figure s4) or a history of childhood abuse 
(Figure s7) in either network. We corrected for multiple comparison at 
Bonferroni α = 0.05/8 = 0.006. 

3.4. Connectome signature in trauma controls 

One-way ANOVA between groups showed significant differences 
between groups for both the HC > PTSD Network (F2,164 = 49.38, p <
0.001) and the PTSD < HC Network (2,164 F = 19.90, p < 0.001). Post- 
hoc tests (Tukey) showed TC were distinct relative to both PTSD (p =
0.0366) and HC (p < 0.001) for the HC > PTSD Network (Fig. 3a) and 
were also distinct relative to both PTSD (p = 0.0384) and HC (p =
0.0455) for the PTSD > HC network (Fig. 3b). Exploratory analysis of 
these differences broken up into primary functional networks is shown 
in Figure s9 & s10. Mean network connectivity was also correlated with 
BDI, CADSS and CAPS scores across both TC and PTSD but did not 
survive Bonferroni correction (see Figure s8). Supplemental NBS anal-
ysis between TC and PTSD found small, significant networks involving 
visual and hippocampal regions to be more connected in PTSD 
compared to TC (Figure s11), and involving visual, fusiform and pre-
cuneus region to be greater in TC compared to HC (Figure s12). 

4. Discussion 

This study provides a thorough and updated investigation of the 
functional connectome in PTSD that builds on previous literature and 
demonstrates that intrinsic functional connectivity was reduced in PTSD 
throughout an extensive network of cortical regions, primarily within 
the mid-caudal part of the brain. We also found a second smaller 
network involving connections between subcortical regions and a small 
subset of visual and temporal regions where PTSD individuals had 
greater connectivity relative to HC. Additionally, we also evaluated the 
level of connectivity of these two significant networks in a smaller group 
of trauma-exposed controls in order to assess if these connectivity 
changes were due to the experience of trauma alone or to the etiology 
and/or progression of the disorder. We found the level of functional 
connectivity in TC to be distinct from both PTSD and HC and was at an 
intermediate level between PTSD and HC. This suggests that a degree of 
alteration in connectivity is associated with the general experience of 
trauma but this appears to worsen in PTSD, and specifically with the 
degree of dissociative symptoms. This may indicate a load effect of 
chronic stress on connectivity imbalances in the brain following trauma. 
Identifying such widespread neural dysfunction in PTSD uniquely 
highlights the contribution of altered whole-brain connectivity, rather 
than individual areas or networks, to disorder pathology and 

Fig. 2. Correlation between PTSD network connectivity and BDI, CADSS and CAPS, controlling for age and sex. Lower dissociation score is associated with 
greater connectivity in HC > PTSD network only. PTSD – Posttraumatic Stress Disorder, BDI – Beck’s Depression Inventory, CADSS – Clinician Administered 
Dissociative States Scale, CAPS – Clinician Administered PTSD Scale. 
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progression. 
The extent of connectivity loss observed in PTSD in this study here 

finds connections in every major functional network were impacted. 
This supports global synaptic loss and dysfunction in neurotransmission 
identified in previous in neurobiological models of trauma-induced 
chronic stress (McEwen 2017; Abdallah et al., 2019). However, there 
are specific intra and inter-network connections that dominate the 
overall pattern of dysconnectivity. In particular, loss of connectivity was 
centred around the DMN, visual network, SMN and limbic regions in the 
temporal pole and amygdala and specifically between the DMN and 
ECN. Although previous studies have been methodologically limited to 
identify such broad changes, they have reported lower connectivity 
related to the DMN and ECN (Jung et al., 2016), but also alterations (in 
both directions) in between-network connectivity of DMN to SN and 
higher connectivity of SN in PTSD (Lei et al., 2015; Akiki et al., 2017; 
Sripada et al., 2012). The combination of disordered internal mentation, 
reduced top-down regulation and increased arousal as a result of this 
dysfunctional tri-network system has been proposed to explain PTSD 
pathophysiology (Akiki et al., 2017). Supporting these findings, we see 
here a strong weakening of DMN inter and intra-network connectivity, 
particularly between the DMN and ECN. In contrast to previous 
seed-based studies, we also see a reduction (though to a lesser extent 
than other networks) in SN inter and intra-network connectivity and no 
reduction in connectivity within the ECN. Two other studies which used 
a similar whole-brain connectivity approach, but using a 
lower-resolution parcellation scheme and graph theoretical analyses to 
select regions for the NBS analysis, also found decreased functional 
connectivity in both posterior DMN and SN regions (Lei et al., 2015), 
which supports our findings, as well as alterations between thalamic, 
visual and ECN nodes, however in the opposite direction to our findings, 
but this may be specific to the paediatric sample used (Suo et al., 2015). 
In general, these inconsistencies suggest the direction of connectivity 
findings may be susceptible to study-specific factors, in particular 
seed-choice, and emphasises the importance of seed-independent ap-
proaches, such as is implemented here, to identify more global patterns 
of pathophysiology. Further these findings were found to also be inde-
pendent of parcellation choice, replicating when a second 
high-resolution parcellation was used and partially replicating in a low 
resolution parcellation (Supplementary Figure s1 and s2). This suggests 
a connectome-based approach may have the capacity to provide a 
replicable whole-brain signature of PTSD. 

Functional connectivity in our identified network was also found to 
have a trend level negative correlation with dissociative symptoms. This 
pattern accords with evidence of distinct neural connectivity in PTSD 

individuals with more dissociative symptoms (Nicholson et al., 2015). 
The maintenance of dissociative states has been proposed to be a coping 
mechanism to deal with high-levels of arousal in PTSD (Lanius et al., 
2012), this is further supported by the trending relationship between 
dissociative symptoms and the PTSD > HC network involving regions 
moderating arousal. Dissociative symptoms have been previously found 
to be correlated with DMN hypoconnectivity and DMN-ECN dyscon-
nectivity (Tursich et al., 2015), which characterize the PTSD con-
nectome identified here. A lack of connectivity within the DMN in 
combination with reduced inputs from sensory circuits and impaired 
executive control may be associated with a disordered sense of self and 
reality contributing to dissociation. 

In addition to the loss of connectivity to these key cortical networks, 
we also observed lower connectivity in PTSD centred more focally 
around visual, subcortical and limbic regions. Specifically, we saw lower 
connectivity in PTSD between visual regions and regions of the nucleus 
accumbens, thalamus and hippocampus, as well as between thalamic 
regions and mid-temporal regions of the DMN and SMN. We also 
observed lower limbic, specifically hippocampal, connectivity to the SN. 
This finding concurs with proposals that one key dysfunctional network 
in PTSD relates to disturbed contextual processing and arousal, 
involving the hippocampus and thalamus (Shalev et al., 2017). The 
nucleus accumbens has also been tied to fear learning in particular 
(McCutcheon et al., 2012). Higher connectivity from these regions to 
sensory systems, in particularly visual processing, and to the DMN and 
SN, could be mediating hypervigilance to threat, impaired fear learning 
and disordered remembering (Dunkley et al., 2014; Liberzon and 
Abelson 2016; Zhang et al., 2016). In combination with the lower con-
nectivity observed within and between cortical networks this could 
reflect an imbalance between the higher-order regulatory functions of 
the cortex and subcortical systems involved in emotion, memory and 
arousal following trauma that extends far beyond dysfunction of the 
DMN, SN and ECN alone. 

Finally, we were able to relate this connectome-wide alteration in 
connectivity not just to PTSD but to general trauma exposure. We found 
that the level of connectivity through these two networks that differ-
entiated PTSD from HC, was also altered in TC but not to the same extent 
as in those with a PTSD diagnosis. This pattern was identified both in 
post-hoc analyses and when directly comparing TC to HC in NBS 
(Figure s13). While very little work has examined functional connec-
tivity across PTSD, trauma-exposure without PTSD, and HC, one other 
study found disruptions in topological features of the connectome were 
intermediate in trauma-exposed controls (Jung et al., 2016). These 
findings support the idea that there may be a continuum of 

Fig. 3. Comparison between TC, HC and PTSD connectivity in significant networks. Connectivity for significant networks was extracted from TC subgroup and 
compared post-hoc with HC and PTSD. One-way ANOVA showed all three groups to have significantly difference connectivity for both networks (p < 0.001). Post- 
hoc tests found that TC participants mean connectivity values were in between and significantly difference from HC and PTSD groups for both networks. For the HC 
> PTSD Networks in a) PTSD < TC: p = 0.0366 & HC > TC: p < 0.001. For the PTSD > HC Network in b) PTSD > TC: p = 0.038 & HC < TC: p = 0.046). PTSD – 
Posttraumatic Stress Disorder, TC – Trauma-exposed Control, HC – Healthy Control. Significance levels are denoted as **** for p < 0.001 and * for p < 0.05. 
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connectome-wide connectivity change related to trauma ranging from 
healthy trauma-exposed individuals through to patients who develop 
PTSD. Examining patterns of connectivity across intrinsic networks 
present in NBS subnetworks (Figure s8 and s9) which is backed up by 
direct comparison of TC and PTSD and HC in NBS (Figure s11 and s12) 
provides additional evidence for specific functional connections that 
may be compensating or providing resilience to PTSD symptoms. In 
particular connections between the ECN, attentional networks and vi-
sual networks are increased in TC relative to PTSD. This could reflect 
better regulation of emotion and identification of emotionally salient 
sensory information in TC. This is supported by findings in task-based 
fMRI studies that show increased cognitive control network activity 
during emotion regulation tasks is associated with resilience to PTSD 
symptoms in trauma-exposed individuals (Blair et al., 2013; White et al., 
2018). Additionally, the NBS analysis suggests hyperconnectivity within 
limbic, the temporal pole and hippocampus, and visual regions in PTSD 
compared to TC, which may suggest key differences in consolidation of 
memories in these two groups. Overall these findings suggest that a 
range of connectome-wide changes may occur response to the experi-
ence of trauma itself, but that protective mechanisms and/or compen-
satory alterations in specific networks could provide varying degrees of 
resilience to some, while in others the extent of alterations in global 
connectivity continue to contribute to the development of PTSD. 

The study had the following limitations. Both a strength and limi-
tation of our study is the use of healthy, non-trauma-exposed controls as 
our primary comparative group, followed up by investigating network 
differences in a much smaller group of trauma-exposed controls. Pre-
vious seed-based fMRI studies have shown that TC differ from both HC 
and PTSD and results can differ dramatically depending on which group 
is used as controls (Kennis et al., 2015; Wang et al., 2016). We attempted 
to explore this by investigating TC connectivity within the framework of 
differences observed between PTSD and HC as well as with a supple-
mentary analysis of TC and PTSD using NBS which can better identify 
specific differences between these groups. The TC and PTSD patients 
also differed significantly in time since trauma and experience of 
childhood trauma, and while we found no statistical evidence, these 
factors may be contributing to connectivity differences. Additionally, we 
did not have enough detailed data regarding severity, onset, age of and 
type of trauma to fully understand how these factors may be related to 
degree of connectivity change. Finally, it is important to emphasise that 
the intrinsic connectivity measure derived here differs from pure resting 
state functional connectivity. In particular, the connectivity of these 
networks, derived from task-based fMRI, may reflect a primed state of 
connectivity, rather than spontaneous ongoing neural activity observed 
in pure resting state which may better reflect the trait-based neural ar-
chitecture of the brain (Seeley et al., 2007). 

In conclusion, this research identified extensive connectome-wide 
differences in PTSD. This is important as previous studies which 
isolate areas of interest may bias the field and development of treat-
ments to specific areas when in fact global connectivity changes are 
occurring. This study provides a novel neurobiological understanding of 
PTSD, presenting a characteristic connectome of hypo-connected cortical 
networks relative to hyper-connected autonomic and limbic networks. 
The imbalance across these two systems could help explain the symp-
toms of PTSD. Additionally, alterations of connectivity for both these 
networks in trauma-controls suggested there may be a ‘sliding-scale’ of 
neural changes following trauma and in the development of PTSD. 
Further study of how measures of global connectivity characterize PTSD 
could contribute to the identification of biomarkers for risk, diagnosis 
and optimal treatment of PTSD. 
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