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Abstract

The aim of this study was to evaluate alterations in whole-brain resting-state networks associated with posttrau-
matic stress disorder (PTSD) and mild traumatic brain injury (mTBI). Networks were constructed from locations
of peak statistical power on an individual basis from magnetoencephalography (MEG) source series data by ap-
plying the weighted phase lag index and surrogate data thresholding procedures. Networks representing activity
in the alpha bandwidth as well as wideband activity (DC-80 Hz) were created. Statistical comparisons were ad-
justed for age and education level. Alpha network results demonstrate reductions in network structure associated
with PTSD, but no differences associated with mTBI. Wideband network results demonstrate a shift in connec-
tivity from the alpha to theta bandwidth in both PTSD and mTBI. Also, contrasting alterations in network struc-
ture are noted, with increased randomness associated with PTSD and increased structure associated with mTBI.
These results demonstrate the potential of the analysis of MEG resting-state networks to differentiate two highly
comorbid conditions. The importance of the alpha bandwidth to resting-state connectivity is also highlighted,
while demonstrating the necessity of considering activity in other bandwidths during network construction.

Keywords: brain networks; graph theory; magnetoencephalography; posttraumatic stress disorder; traumatic
brain injury

Introduction ways to explore and understand relationships between and
among brain regions (Bullmore and Sporns, 2009; Stam
OSTTRAUMATIC STRESS DISORDER (PTSD) and traumatic and van Straaten, 2012). Network analysis may be able to
brain injury (TBI) are common conditions in the civilian  provide unique information regarding alterations in neurobi-
as well as military and veteran populations. Mild TBI ological function not possible using analyses focused on a
(mTBI) is commonly associated with small, diffuse hetero-  single brain site or the relationship between a pair of sites.
geneous alterations in brain structure and function (Niogi The aim of this study was to investigate how a history of
and Mukherjee, 2010). In contrast, functional neuroimaging mTBI and/or a diagnosis of PTSD may alter the whole-
studies and meta-analyses have consistently demonstrated al-  brain resting-state network in postdeployment veterans.
tered activity in specific areas (i.e., the amygdala, hippocam- Two recent studies have applied graph-based network anal-
pus, insula, anterior cingulate cortex, and medial prefrontal ysis to the study of PTSD. Lei and associates (2015) compared
cortex) in individuals with PTSD (Etkin and Wager, 2007;  Chinese civilians ~ 1 year following an earthquake using func-
Hayes et al., 2012; Hughes and Shin, 2011; Patel et al., tional magnetic resonance imaging (fMRI). Overall, PTSD
2012). Graph theory-based network analysis provides new was associated with higher values of clustering coefficient,
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global efficiency, and local efficiency, as well as lower values
of characteristic path length, but this did not result in a signif-
icant difference in small-worldness. In contrast, when the au-
thors applied the network-based statistic (NBS) approach
(Zalesky et al., 2010), a subnetwork was identified in which
connectivity was significantly reduced for participants with
PTSD. Dunkley and associates (2014) examined combat ex-
posed soldiers with and without PTSD by applying NBS to
resting-state magnetoencephalography (MEG). The authors
identified a subnetwork in the high gamma bandwidth located
primarily in the left hemisphere with increased connectivity in
participants with PTSD. In addition to network analysis, sev-
eral studies have examined differences in resting-state func-
tional connectivity between individuals with and without
PTSD. These studies have demonstrated reductions in func-
tional connectivity associated with PTSD using both MEG
and fMRI (Bluhm et al., 2009; Engdahl et al., 2010; Georgo-
poulos et al., 2010; James et al., 2012; Lanius et al., 2010a; Sri-
pada et al., 2012; Zhou et al., 2012). Overall, findings are
mixed regarding the effect of PTSD on the resting-state net-
work. This ambiguity likely reflects differences in analytic
methods and sample characteristics. The most consistent find-
ing is reduced functional connectivity associated with PTSD;
however, these studies did not examine how this reduction is
related to network metrics.

Only two studies have applied graph theory-based network
analysis to characterize whole-brain resting-state in partici-
pants with mTBI alone, both using fMRI. Messe and associ-
ates (2013) found reductions in modularity 6 months
postinjury in participants with mTBI who developed post-
concussive syndrome (PCS). Conversely, Han and associates
(2014) found an increase in modularity in participants with
mTBI scanned within 90 days of injury that returned to base-
line at follow-up between 6 and 12 months. Studies evaluat-
ing resting-state functional connectivity, but not applying
network analysis, have also produced mixed findings. Sev-
eral studies have reported increased connectivity in frontal
regions paired with decreased connectivity in posterior re-
gions related to the default mode network (DMN; Iraji
et al., 2015; Mayer et al., 2011; Palacios et al., 2013; Zhou
et al., 2012). Using MEG, Tarapore and associates (2013)
found an increased percentage of disconnected voxels in par-
ticipants with TBI, which was significantly reduced at a
2-year follow-up in a subset of the sample. These findings
suggest that mTBI may have complex effects on brain con-
nectivity, possibly mediated by anatomic location, time
since injury, and outcome metric.

A single study has examined network metrics in a cohort
of postdeployment veterans with both PTSD and mTBI his-
tory (Spielberg et al., 2015). No main effects of PTSD sever-
ity or presence of mTBI were identified. However, NBS
revealed that increased symptoms of re-experiencing were
associated with lower connectivity in a subnetwork involv-
ing the right hippocampus, posterior cingulate, and prefron-
tal regions. A second subnetwork was identified that showed
reduced connectivity related to symptoms of re-experiencing
only in the presence of comorbid mTBI involving the cau-
date, putamen, and insula.

As a whole, the literature examining whole-brain resting-
state networks in individuals with PTSD and mTBI history
has produced varied results. Overall, PTSD is generally asso-
ciated with broad reductions in functional connectivity,
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although this does not always result in between-group differ-
ences in network metrics. Studies investigating mTBI have
also generally produced mixed results, likely related to the
heterogeneity in injury characteristics and symptom presen-
tation following mTBI. Studies involving veteran samples
have most commonly reported reductions in functional con-
nectivity occurring with each of these conditions that have
been related to symptom severity.

The current study compares whole-brain resting-state net-
work metrics between postdeployment veterans with PTSD-
only, with mTBI-only, with both PTSD and mTBI, as well as
healthy control postdeployment veterans without psychiatric
diagnosis or TBI history. Based on the results of studies uti-
lizing postdeployment veterans and the common finding of
reduced functional connectivity, we hypothesized that the
brain networks of participants with PTSD would have an in-
creased resemblance to random networks (e.g., reduced clus-
tering coefficient, increased average path length, and reduced
small-worldness). Similarly, we hypothesized that mTBI his-
tory would also be associated with an increased resemblance
to random networks rather than increased connectivity or
network structure since participants are in the chronic state
with exclusions for injuries of severity greater than mild.
Finally, we hypothesized that the presence of both PTSD
and mTBI history comorbidly would have a summative ef-
fect on network metrics, further pushing the network toward
randomness.

Materials and Methods

This project was reviewed and approved by the institu-
tional review board at the W.G. (Bill) Hefner VA Medical
Center in Salisbury, North Carolina. The welfare and privacy
of human subjects were protected. Each participant voluntar-
ily provided verbal and written informed consent before any
study activities.

Participants

Participants included 28 veterans, 6 diagnosed with PTSD-
only, 6 diagnosed with mTBI-only, 6 diagnosed with both
PTSD and mTBI, and 10 healthy control participants without
Axis I diagnosis. Two participants diagnosed with both PTSD
and mTBI were additionally diagnosed with depression. No
other comorbid psychiatric diagnoses were present in the
sample. Inclusion criteria included (1) Operation Enduring
Freedom/Operation Iraqi Freedom/Operation New Dawn
(OEF/OIF/OND) postdeployment veteran, (2) male, (3) right
handed, (4) 18 years of age or older, and (5) able to tolerate
enclosed space for MRI. Exclusion criteria included (1) pres-
ence of ferrous metal or implanted devices incompatible with
MRI, (2) use of anticonvulsants, benzodiazepines, gamma-
aminobutyric acid (GABA) agonists, or narcotic medications,
(3) presence of neurological disorder other than mTBI (e.g.,
stroke, seizure). Control participants were matched for age
and education. Average age of participants was 39.0 (SD=
9.5) years, participants had completed an average of 13.7
(SD=1.2) years of education, and were 58% Caucasian. Aver-
age time since trauma in individuals with PTSD was 6.4 years
(SD=1.9). Average time since injury for individuals with
mTBI history was 6.2 years (SD=2.7).

Participants continued treatment as usual, including the use
of common psychiatric medications (e.g., selective serotonin
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reuptake inhibitors, norepinephrine dopamine reuptake inhib-
itors, serotonin agonists). Five participants with PTSD-only,
one participant with mTBI-only, three participants with both
PTSD and mTBI, and no control participants reported taking
psychiatric medications. Previous studies including partici-
pants with PTSD being treated with psychiatric medications
have not found differences in brain activity associated with
medication status (Bluhm et al., 2009; Chen and Etkin,
2013; Lanius et al., 2010b).

Diagnosis and symptom report

The Structured Clinical Interview for DSM-IV Diagnosis
(SCID; First et al., 1996) was used to determine the presence
or absence of any Axis I psychiatric diagnosis. The SCID is a
structured clinician-administered interview considered the
gold standard for psychiatric diagnosis. A separate clinician
administered interview was used to determine the presence
or absence of mTBI history across the lifespan according
to the American Congress of Rehabilitation Medicine criteria
(Menon et al., 2010).

Participants were administered the PTSD Checklist—
Military version (PCL-M; Weathers et al., 1993) and the River-
mead Postconcussive Symptoms Questionnaire (RPSQ; King
et al., 1995) immediately before neuroimaging. The PCL-M
is a self-report questionnaire evaluating the 17 DSM-IV symp-
toms of PTSD on a Likert scale from 1 “Not at all” to 5
“Extremely”” with subscales corresponding to the B, C, and
D criteria as outlined in the DSM-IV (American Psychiatric
Association, 2000). The RPSQ is a self-report questionnaire
evaluating common postconcussive symptoms. The adminis-
tration was modified because not all participants had mTBI his-
tory. Participants compared the experience of listed symptoms
at the present time with the experience of listed symptoms be-
fore any deployments, rather than before injury. This modifica-
tion will capture the pre/post changes due to mTBI in those with
an injury and control for the effects of time and deployment in
those without mTBI history.

MEG recordings

Data were acquired using a whole-head CTF Systems, Inc.,
MEG 2005 neuromagnetometer system equipped with 275
first-order axial gradiometer coils housed within a magneti-
cally shielded room. Head localization was achieved using a
conventional three-point fiducial system (nasion and preauric-
ular points). Recording was conducted with the participant
seated upright with eyes open for 8 min. Data were sampled
at 600 Hz over a DC-150 Hz bandwidth. MEG data were pre-
processed using synthetic third-order gradient balancing,
whole trial DC offset, and band pass filtered from DC-80 Hz
with a 60 Hz notch filter. Data were visually inspected for ob-
vious muscle artifact, and such epochs were discarded from
further analyses. Following MEG recording, a T1 weighted
MRI scan was obtained for each participant for the purpose
of localizing MEG signals.

Network analysis

The approach to network creation used in this analysis
avoided a priori assumptions regarding areas of the brain ac-
tive at rest and did not rely on identifying regions of interest.
Instead, a well-validated beamformer (synthetic aperture
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magnetometry [SAM]) (Hillebrand et al., 2005; Robinson
and Vrba, 1998) was used to identify areas of peak activity
in the brain for each individual. These areas were used as
the nodes of the network, creating a unique network for
each individual representing whole-brain resting-state activity
(section Node Identification below). Time series data of brain
activity at each node was then extracted (source series) and
used for calculating functional connectivity (section Estimat-
ing Functional Connectivity Between Nodes below). For the
primary analysis, connectivity was examined within the
alpha bandwidth, as this frequency range is primarily associ-
ated with resting-state brain activity. Networks were then
thresholded (section Thresholding below) and binarized for
the calculation of network metrics (section Calculation of Net-
work Metrics below).

Node identification. SAM was applied (voxel size of
5mm?, lead fields for equivalent current dipoles, maximiz-
ing noise-normalized power) using a three spherical shell,
multiple local spheres head model (Huang et al., 1999) to
construct noise-normalized statistical parametric maps
identifying areas of significant brain activity. Brain regions
may be active across different regions of the frequency
spectrum; therefore, SAM was applied in several frequency
ranges [delta (0.5-4 Hz), theta (4-8 Hz), alpha (8—13 Hz),
beta (13-30Hz), gamma (30-80Hz), as well as DC-
80Hz] to maximize the likelihood active brain regions
were identified. For each individual, brain regions identified
as significantly active in any frequency range were included
as nodes in that individual’s network.

Next, source series were calculated for each node, repre-
senting the unique weighted sum of the output across all
MEG sensors for a specific location in the brain (Hillebrand
et al., 2005; Robinson et al., 2002). Source series retain the
same temporal resolution and frequency characteristics as
the MEG sensor data and have been used in numerous studies
to investigate brain activity both at rest and using event-
related paradigms (Beal et al., 2010; Cheyne et al., 2007;
Cornwell et al., 2008, 2012; Douw et al., 2013; Hillebrand
et al., 2012; Hung et al.,, 2010, 2012; Luo et al., 2007,
2013; Moses et al., 2009; Quraan et al., 2011; Riggs et al.,
2009; Stapleton-Kotloski et al., 2014).

Estimating functional connectivity between nodes. The
weighted phase lag index (wPLI; Vinck et al., 2011) was
calculated between all pairs of source series to measure
functional connectivity between nodes. The wPLI is a fre-
quency domain measure of connectivity less sensitive to
spurious volume conduction as demonstrated by Vinck
and associates (2011). The wPLI measures the consistency
of phase difference (range 0-1) between two sources, with
values closer to 1 indicating a stronger connectivity. The
wPLI was adapted to resting-state data by dividing the ini-
tial 4 min of the resting-state scan into 6 sec, nonoverlap-
ping epochs. The cross-spectrum within each epoch was
calculated using Welch’s method as implemented in Matlab
2014a and these cross-spectra were used to calculate the
wPLI. Connectivity was operationalized as the highest
wPLI value occurring in the alpha bandwidth (8-13 Hz).
An exploratory analysis was conducted operationalizing
connectivity as the highest wPLI value between 0.5 and
80 Hz (wideband).
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Thresholding. Empirical evidence suggests that the use
of surrogate data reduces false-positive identification of con-
nections between nodes in comparison with other threshold-
ing techniques (Toppi et al., 2012). Surrogate data were
calculated following the suggestions of Prichard and Theiler
(1994) using a Fourier transform to randomize the phase of
the data while maintaining the power spectrum. The wPLI
values of 10,000 unique pairs of surrogate time series were
calculated for each participant. Connectivity between each
node pair was compared to the surrogate value at the identi-
cal frequency bin (i.e., 10.25 or 8.75Hz) and retained if at
least two standard deviations higher. The resulting networks
were then thresholded following the methods of Hayasaka
and Laurienti (2010) using the equation S=1log(N)/log(K),
where N represents the number of nodes in the network
and K the average degree. We selected S=2.5 as prior re-
search has demonstrated equivalence of S values between 2
and 4 (Hayasaka and Laurienti, 2010). Since N and § are
static values for a given participant, we removed the weakest
connections from the network until the equation was satis-
fied. The average connection strength of the resulting net-
work was calculated (WPLI Mean) and the network was
binarized.

Calculation of network metrics. Network metrics calcu-
lated for the alpha network are listed in Table 2, while met-
rics calculated for the wideband network are listed in
Table 3. Unless otherwise stated, metrics were calculated
using definitions provided in Stam and Reijneveld (2007).
Small World was calculated as defined in Watts and Stro-
gatz (1998). The average of the clustering coefficient and
path length of 500 independently generated random net-
works with the same number of nodes and degree distribu-
tion as the original network were used for the calculation of
Small World. K-core value was calculated as defined in
Seidman (1983). The maximum K-core value of the net-
work (K-Core Degree) and the number of nodes present
at the K-Core Degree (K-Core Nodes) were calculated for
each network. Rich Club was calculated as defined in Col-
izza and associates (2006). The average Rich Club Coeffi-
cient of 500 independently generated random networks
was used for this calculation. The Rich Club Peak is the
peak value of the Rich Club Coefficient, Rich Club Degree
is the degree of the Rich Club Peak, and Rich Club Nodes is
the number of nodes present at Rich Club Degree. The Rich
Club phenomenon was measured by subtracting the Rich
Club Coefficient at Degree=1 from the Rich Club Peak
(Rich Club Diff).

Modularity was calculated as defined in Blondel and asso-
ciates (2008). The Louvain method of community detection
was used. Following the recommendations of the Brain Con-
nectivity Toolbox, the analysis was run 500 times, using the
average Q and average number of modules (Number Mod-
ules) as outcome variables.

Since networks were created individually for each partici-
pant, the number of nodes within each network (Nodes) var-
ied, ranging from 83 to 179. To control for possible effects
of network size, each network metric was normalized by the
number of nodes in the network from which it was calculated.

The structure of the wideband network allows for the cal-
culation of additional metrics since connections may occur
across all frequencies. For example, it is possible to calculate
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the percentage of connections occurring within each band-
width (Delta Connections, Theta Connections, Alpha Con-
nections, Beta Connections, Gamma Connections) as well
as the mode frequency of connectivity (Mode Connect).

Materials

Beamforming and source series construction were com-
pleted using software provided by MISL (MEG International
Services Ltd., Coquitlam, BC, Canada). Further analyses of
source series data and network creation were conducted
using Matlab 2014a. Network metrics were calculated
using the Brain Connectivity Toolbox (Rubinov and Sporns,
2010), as well as functions created by members of the study
team. Statistical analyses were conducted using IBM SPSS
Statistics Version 21.

Analyses

Between-group differences in continuous demographic
variables were examined using 2 (yes/no PTSD)x2 (yes/
no mTBI) univariate ANOVAs. Differences in categorical
demographic variables were examined with chi-square ana-
lyses. Between-group differences in normalized network
metrics were examined using 2 (yes/no PTSD)x2 (yes/no
mTBI) univariate ANCOVAs controlling for age and years
of education. Bivariate correlations were used to examine
the linear relationship between normalized network metrics
with PTSD and postconcussive symptoms. Results are pre-
sented using an uncorrected alpha level of 0.05 along with ef-
fect sizes (partial eta-squared and Cohen’s d) to aid
interpretation, as no result remained significant after apply-
ing a false discovery rate correction.

Results
Demographics

See Table 1 for means and standard deviations of demo-
graphic variables. There were no significant between-group dif-
ferences in age or education. There was a significant interaction
between PTSD and mTBI for number of deployments
(F(1,24)=7.41, p<0.02, partial eta-squared=0.236), demon-
strating that individuals with mTBI but without PTSD had a
significantly higher number of deployments than other partici-
pants. A higher proportion of participants with PTSD identified
as a racial minority, x>, =7.00, p <0.02. There was a significant
main effect of PTSD for the PCL-M total (F(1,24)=28.41,
p<0.001, partial eta-squared=0.542), cluster B (F(1,24)=
25.71, p<0.001, partial eta-squared=0.517), cluster C
(F(1,24)=21.6, p<0.001, partial eta-squared=0.474), cluster
D (F(1,24)=26.31, p<0.001, partial eta-squared=0.523), and
RPSQ Total (F(1,24)=26.98, p<0.001, partial eta-squared=
0.529), each indicating participants with PTSD scored higher
than those without.

Alpha network outcomes

Means and standard deviations of alpha network metrics can
be seen in Table 2. There was a significant interaction between
PTSD and mTBI for clustering coefficient (F(1,22)=5.482,
p<0.029, partial eta squared=0.199, Cohen’s d=0.66).
Post hoc group comparisons suggest that individuals with
PTSD-only had significantly lower clustering coefficient than
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TABLE 1. MEAN (STANDARD DEVIATION) OF DEMOGRAPHIC VARIABLES, UNLESS OTHERWISE NOTED

No PTSD diagnosis PTSD diagnosis

No TBI No TBI No PTSD No TBI

history TBI history history TBI history total PTSD total TBI total total
Variable (n=10) (n=06) (n=06) (n=06) (n=16) (n=12) (n=12) (n=16)
Age 38.1 (10.7) 353 (12.6) 433 (9.8) 335(59) 37.1 (11.1) 384 (9.3) 344094 40.1(104)
Education 14.0 2.1) 14.0(1.8) 13.0(0.9 12.8(1.0) 14019 129 (0.9) 134 (1.5 13.6(1.7)
Deployments®™ 1.5 (0.5) 3.2 (1.5) 1.2 (0.4) 1.2 (0.4) 2.1 (1.3) 1.2 (0.4) 2.2 (1.5) 1.4 (0.5)
PCL-M B* 5.5(0.5) 7.8 (24) 125@3.7) 15.2(6.6) 6.4 (1.9) 13.8(5.3) 11.5(6.1) 8.1 (4.1)
PCL-M C* 7204) 125@3) 195(.1) 193 (9.5) 9.2(3.7) 194(73) 15979 11.8(6.8)
PCL-M D?* 6.5 (2.0) 93(4.0) 17.8.00 158 (6.9) 7.6 3.1) 16.8(5.9) 12.6(6.4) 10.8 (6.6)
PCL-M total® 19.2 2.6) 29.7 (10.0) 49.8 (12.5) 50.3 (21.7) 23.1 (8.1) 50.1 (16.9) 40.0 (19.4) 30.7 (17.1)
RPSQ total® 1.7 (7.4) 16.0 (9.3) 36.5(8.2) 31.2(149) 133 (8.1) 33.8(11.8) 23.6 (14.2) 21.0 (14.5)
Minority status 10 0 50 50 6 25 25

(% positive)”

n=28.

4PTSD main effect p<0.05.
°TBI main effect p <0.05.
“PTSD-TBI interaction p <0.05.

PCL-M, PTSD Checklist—Military version; PTSD, posttraumatic stress disorder; RPSQ, Rivermead Postconcussive Symptoms Question-

naire; TBI, traumatic brain injury.

participants with mTBI-only (¥(1,8)=7.926, p<0.023, partial
eta squared =0.498) and marginally lower than control partici-
pants (F(1,12)=4.168, p<0.064, partial eta squared=0.258)
but were not different from participants with both PTSD and
mTBI. Other subgroup comparisons were not significant. A sig-
nificant interaction was found between PTSD and mTBI for
Small World (F(1,22)=5.048, p<0.035, partial eta squared =
0.187, Cohen’s d=0.86; Fig. 1A). Post hoc comparisons sug-
gest that participants with PTSD-only displayed significantly
lower values of Small World than participants with mTBI-
only (F(1,8)=8.475, p<0.02, partial eta squared=0.514) and
marginally lower values than participants with PTSD and
mTBI (F(1,8)=5.08, p<0.054, partial eta squared=0.388)
and control participants (F(1,12)=4.105, p <0.066, partial eta
squared =0.255). Small World was above 1 for all but two par-
ticipants, each in the PTSD-only group. There was a significant
interaction between PTSD and mTBI for the number of mod-
ules present (F(1,22)=7.186, p<0.014, partial eta squared=
0.246, Cohen’s d=0.65). Post hoc comparisons did not reveal
significant between-group differences. Qualitatively, partici-
pants with mTBI-only and with PTSD-only had fewer modules
present. There were no other significant between-group differ-
ences in normalized global network metrics. Correlations be-
tween the PCL-M total score, RPSQ total score, and
normalized global network metrics were not significant.

Wideband network outcomes

Means and standard deviations of wideband network met-
rics can be seen in Table 3. There was a significant main effect
of PTSD for Small World (F(1,22)=6.13, p<0.021, partial
eta-squared=0.218, Cohen’s d=0.53), suggesting that net-
works of participants with PTSD displayed lower levels
of small-worldness (Fig. 1B). There was also a significant
main effect of mTBI (F(1,22)=7.31, p<0.013, partial eta-
squared =0.249, Cohen’s d=0.65) for Small World, suggest-
ing that networks of participants with mTBI history displayed
higher levels of small-worldness. There were no significant
differences for other measured network metrics. Examination

of effect sizes suggests that the difference in Small World
is primarily related to differences in clustering coefficient
(PTSD, F(1,22)=3.06, p<0.094, partial eta-squared=0.122,
Cohens” d=0.33; mTBI, F(1,22)=4.04, p<0.057, partial
eta-squared =0.155, Cohen’s d=0.53) rather than path length
(PTSD, F(1,22)=0.01, p<0.939, partial eta squared=0.000,
Cohen’s d=0.25; mTBI, F(1,22)=1.42, p<0.246, partial eta
squared=0.061, Cohen’s d=0.41). Similar to the alpha net-
work, Small World was above 1 for all but two participants,
each in the PTSD-only group, one of which also had Small
World below 1 in the alpha network. Correlations between
network metrics and symptom report were not significant.
Modal connectivity occurred in the alpha bandwidth for all
but four participants (two control, one PTSD-only, one
mTBI-only) and was not different between groups. An aver-
age of 42.4% (SD=0.21) of connectivity occurred within
the alpha band. The percentage of connectivity was not signif-
icantly different between groups within the delta, alpha, beta,
or gamma bandwidths; however, there was a significant in-
teraction for Theta Connections (F(1,22)=8.66, p<0.008,
partial eta squared=0.282, Cohen’s d=0.34; Fig. 2). Post
hoc comparisons reveal significantly higher Theta Connec-
tions in the mTBIl-only group compared to the Control
group (F(1,12)=11.98, p<0.005, partial eta squared =0.500)
and marginal significance comparing PTSD-only and control
participants (F(1,12)=3.97, p<0.070, partial eta squared=
0.248). No other comparisons were significant.

Exploratory validation of results

Further analyses were conducted to explore the robustness
of these findings and provide further validation of the results.
The Small World metric was chosen for this purpose because
differences in this variable were found for both the Alpha and
Wideband networks. Figures 3-5 display the Small World
data for both networks on an individual basis with group
(Control, PTSD-only, mTBI-only, comorbid PTSD/mTBI)
coded by symbols so that interactions can be more easily vi-
sualized. It is important to note that prior statistical analyses
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FIG. 1. Mean small worldness across groups. Error bars
represent 1 standard error. (A) Small worldness within the
alpha (8-13 Hz) network. (B) Small worldness within the
wideband (DC-80 Hz) network. PTSD, posttraumatic stress
disorder; TBI, traumatic brain injury.

included age and education as covariates, which are not
reflected in the data displayed in Figures 3-5. Figure 3 dis-
plays the Small World data for each network separately. Fig-
ure 4 displays a scatter plot contrasting the Small World data
from both networks. Figures 3 and 4 demonstrate significant
overlap in the Small World data across groups; however, par-
ticipants with PTSD-only clearly trend lower in Figure 3 and
are clearly clustered in the lower left quadrant of Figure 4,
visually supporting the statistical results. Participants with
comorbid PTSD/mTBI history can also be seen to cluster in
Figure 4, while control participants and those with mTBI-
only are found throughout the range.

Cluster analysis was then used to further explore natural
groupings within the data and how well those groupings
represented the clinical groups. Hierarchical cluster analy-
sis was conducted using Small World from both the Alpha
and Wideband networks. Ward’s method was implemented
using Squared Euclidean distance. Normalization was un-
necessary as the Small World variables are on the same
scale. Figure 5 displays the three (Fig. 5A) and four
(Fig. 5B) group solutions. Visually, the three group solu-
tion appears to capture the topography of the data best.
Visual examination suggests significant heterogeneity
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between the clinical groupings and the results of the clus-
tering analysis.

Discriminant analysis was then used to evaluate the results
of the cluster analysis. Small World from both the Alpha and
Wideband networks were evaluated first using the three
group cluster and four group cluster solutions and then
with the clinical groupings. Table 4 contains descriptive sta-
tistics for each model. There is little difference in perfor-
mance of the three and four group solution and the clinical
groupings are clearly inferior.

Discussion

The current study is the first to report a graph-based network
analysis of resting-state MEG data investigating both PTSD
and mTBI. The results of this study demonstrate several impor-
tant findings, namely (1) PTSD, particularly in the absence of
mTBI history, was associated with lower values of network
metrics (reductions in clustering coefficient, modularity, and
small-worldness) indicative of reduced structure and increased
randomness, suggesting a shift away from local connectivity
and hierarchical network structure toward larger more inclu-
sive modules, (2) mTBI history was associated with an in-
crease in small-worldness in the wideband network but was
not associated with alterations in alpha network metrics, and
(3) different results were observed when restricting connectiv-
ity within the alpha bandwidth, suggesting such restriction may
miss important network connections occurring at other fre-
quencies. These findings suggest that graph-based network
analysis of MEG data has the potential to improve our under-
standing of PTSD and mTBI, and potentially to aid in the di-
agnosis and differentiation of these two conditions.

Findings of increased randomness in network topology as-
sociated with PTSD are consistent with those of Spielberg
and associates (2015) who demonstrated decreased connec-
tivity in specific subnetworks associated with increased
symptoms of re-experiencing. The current findings are also
consistent with studies associating PTSD with reduced func-
tional connectivity of the precuneus within the DMN (Bluhm
et al., 2009; Lanius et al., 2010a) and reduced connectivity,
particularly in the right temporoparietal area (Engdahl
et al., 2010; Georgopoulos et al., 2010).

Increased randomness in network topology may have rel-
evance to understanding the individual clinical presentation
and characteristic symptoms of individuals with PTSD. A
small-world network structure minimizes the characteristic
path length while maximizing the characteristic clustering
coefficient, allowing highly efficient transfer of information
at minimal additional wiring cost (Watts and Strogatz, 1998).
A shift toward a random network (low clustering coefficient
and low path length) would result in lower efficiency of in-
formation transfer and lower redundancy within the network.
A reduction in modularity suggests that fewer modules are
clearly present in the network and is likely related to the ob-
served reduction in clustering coefficient. A reduction in
modularity could be related to a reduction in specificity of
nodes within the resting-state network and could also result
in lower efficiency of information transfer in the network.
These differences in network structure may be directly re-
lated to symptoms of PTSD. Reductions in network effi-
ciency have been related to poorer cognitive performance,
particularly in areas of processing speed, learning, and
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memory (Bosma et al., 2009; Douw et al., 2011; Geib et al.,
2015; Schedlbauer et al., 2014). Deficits in attention, learn-
ing, and memory have previously been demonstrated in indi-
viduals with PTSD (Gilbertson et al., 2006).

Networks of participants with mTBI history displayed a
greater degree of structure and less resemblance to random
networks as indicated by higher levels of clustering coeffi-
cient and small-worldness; however, individuals with
mTBI history only also displayed a reduction in modularity.
Of the two studies using network analysis to examine
resting-state brain activity in mTBI, one found no difference
after 90 days, and one found reduced modularity in those that
developed PCS. The current study did not recruit based on
the presence or absence of PCS, and self-report data suggest
that this sample is at most mildly symptomatic. Similar re-
sults of increased connectivity (not in the context of network
analysis) have been reported following moderate-to-severe
TBI and, along with other differences, led to the proposal
of the hyperconnectivity hypothesis (Hillary et al., 2014).
However, the lack of differences in connection strength,
rich-club characteristics, or degree of the k-core in the

020 Alpha Wide Band
A
» A
$ o015] O 8 A @
g + o
o g g A
= o 2 @
.0 6 H 2 Tl
.0104
5 A o, =@
el (o]
g o O
= O
£
g, 0054
O Control A TBI only
O PTSD only A PTSD/TBI
.000 I
FIG. 3. Individual data for normalized small worldness

presented by clinical diagnosis from the alpha (left panel)
and wideband (right panel) networks.
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[ control FIG. 2. Mean percentage of overall net-
work connections occurring in each band-
TBI only width across groups (delta: 0.5—4 Hz, theta:
4-8 Hz, alpha: 8—13 Hz, beta: 13-30 Hz,
Bl PTSD only gamma: 30-80 Hz). Error bars represent 1
B prso/rei standard error.

current results is contrary to this hypothesis. Reductions in
modularity suggest that this increase in connectivity may
not be an improvement to network topology, but rather a mix-
ing of connections across modules. Unlike previous findings,
this difference was not related to postconcussive symptoms
in the current sample.

This is the first study to evaluate ‘“wideband’ connectivity
using a purely phase-based metric, allowing connectivity to
occur anywhere along the frequency spectrum. Using this
methodology, the mode frequency of connectivity occurred
in the alpha range for the majority (24/28) of individuals,
confirming the importance of the alpha bandwidth in the rest-
ing state. While modal connectivity occurred in the alpha
bandwidth, the majority of connections (58%) were observed
outside this range. This is consistent with findings from stud-
ies using simultaneous electroencephalography (EEG)/fMRI
to study resting-state networks demonstrating both positive
(Jann et al.,, 2009; Knyazev et al., 2011) and negative
(Laufs et al., 2003, 2006) relationships between the DMN
and activity in the alpha bandwidth. A recent study by Neu-
ner and associates (2014) demonstrated that activity in the
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FIG. 4. Scatter plot of small worldness from the alpha net-
work against small worldness from the wideband network.
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delta and beta bandwidths may be associated with specific
connections within the DMN. This is consistent with resting-
state studies reporting regionally distinct patterns of DMN
activity occurring simultaneously across all bandwidths
using EEG (Chen et al., 2008) or MEG (Hillebrand et al.,
2012). Thus, while alpha may be the dominant frequency
bandwidth of connectivity at rest, examining connectivity
only within the alpha bandwidth may miss important con-
nections occurring at other frequencies and artificially
remove brain regions from the network. In fact, when con-
trasted with findings in the alpha network, the wideband
network revealed fewer between-group differences in net-
work metrics. This strongly suggests that a shift in connec-
tivity from the alpha range into other parts of the frequency
spectrum underlies the broad reduction in network structure
found by the alpha network analysis. This hypothesis is sup-
ported by the finding of a higher percentage of connections
in the Theta bandwidth in participants with mTBI-only and
PTSD-only. However, even within the wideband network,
significant differences in small-worldness were observed,
suggesting that the shift in frequency of connectivity cannot
completely account for alterations in network structure.
These findings further illustrate the complex and highly in-
dividual nature of network remodeling following mTBI,
PTSD, and comorbid occurrences.

T T T T T
0.0075 0.0100 0.0150 0.0125 0.0175
Small World - Wide Band

Limitations and future directions

Without longitudinal studies, it is impossible to determine if
the differences observed in this study were the result of PTSD
and mTBI history or were present in the premorbid state.
Mounting evidence suggests that many differences in brain
structure may actually represent risk factors for the develop-
ment of PTSD rather than consequences of the disorder (Gil-
bertson et al., 2002; Pitman et al., 2006). However, two
groups conducting studies before and following deployment
or combat exposure demonstrated changes in brain structure,
function, and functional connectivity following war zone de-
ployment (Admon et al., 2009, 2013a,b; van Wingen et al.,
2011, 2012), although not directly due to the development of
PTSD. Exploratory analyses to evaluate the robustness of our
results demonstrate the level of heterogeneity present in the
data. While trends toward clustering are present, the clinical
groups do not group neatly together. It is possible this is due
to variance in the effect of PTSD on functional networks or in-
teractions between these effects and other variables not cap-
tured in the present analysis. Alternatively, the differences in
network factors might represent premorbid risk factors for
the development of PTSD. Heterogeneity may then be a result
of these risk factors being present in undiagnosed individuals
who have not experienced a sufficiently traumatic event. The

TABLE 4. RESULTS OF DISCRIMINANT FUNCTION ANALYSIS OF THREE AND FOUR GROUP HIERARCHICAL
CLUSTERING SOLUTIONS AND CLINICAL DIAGNOSES

Grouping Eigenvalue Canonical correlation Wilks lambda Chi-square p
Three cluster
Function 1 7.34 0.938 0.098 56.98 0.001
Function 2 0.228 0.431 0.814 5.03 0.025
Four cluster
Function 1 15.79 0.970 0.05 72.75 0.001
Function 2 0.24 0.436 0.810 5.06 0.08
Clinical
Function 1 0.354 0.511 0.694 8.76 0.187
Function 2 0.064 0.245 0.940 1.49 0.475
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majority of participants with PTSD were taking psychiatric
medications. While current findings are mixed regarding the
impact of such medication on the study of PTSD (Lanius
et al.,, 2010b), there are no studies investigating the impact
on network metrics, making this a target for future investiga-
tion. Finally, larger sample sizes would increase reliability
and enhance replicability. The current results did not survive
FDR correction for multiple comparisons. Given the presence
of moderate-to-large effect sizes, this is likely a direct result of
the small sample size. However, the findings were similar
across both analytic approaches, demonstrating promising reli-
ability in the results. The smaller sample size of the current
study may limit the reliability of effect sizes and the generaliz-
ability of the findings to the larger OEF/OIF/OND veteran
population.

Conclusions

Applying graph-based network analysis to resting-state
MEG data, this study demonstrated effects of PTSD and
mTBI history on whole-brain resting-state network structure
in the context of increased connectivity in the theta band-
width. The shift in frequency of connectivity was associated
with contrasting changes in network structure: increasing
order and connectivity associated with mTBI history and de-
creasing order and connectivity in participants diagnosed
with PTSD. These findings underscore the complexity of
examining functional connectivity using frequency-based
methods, such as the wPLI and the effect that network con-
struction methods may have on outcomes. Simultaneously,
the findings highlight the ability of graph-based network
analysis to differentiate two highly comorbid disorders and
provide insights not possible with other analytic techniques.
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