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Abstract

Mild traumatic brain injury (mTBI) is highly prevalent in military populations, with many service members suffering from long-
term symptoms. Posttraumatic stress disorder (PTSD) often co-occurs with mTBI and predicts worse clinical outcomes.
Functional neuroimaging research suggests there are both overlapping and distinct patterns of resting-state functional connec-
tivity (rsFC) in mTBI versus PTSD. However, few studies have directly compared rsFC of cortical networks in military service
members with these two conditions. In the present study, U.S. service members (n=137; ages 19-59; 120 male) underwent
resting-state fMRI scans. Participants were divided into three study groups: mTBI only, PTSD only, and orthopedically injured
(OI) controls. Analyses investigated group differences in rsFC for cortical networks: default mode (DMN), frontoparietal (FPN),
salience, somatosensory, motor, auditory, and visual. Analyses were family-wise error (FWE) cluster-corrected and Bonferroni-
corrected for number of network seeds regions at the whole brain level (prwg < 0.002). Both mTBI and PTSD groups had
reduced rsFC for DMN and FPN regions compared with OI controls. These group differences were largely driven by diminished
connectivity in the PTSD group. rsFC with the middle frontal gyrus of the FPN was increased in mTBI, but decreased in PTSD.
Overall, these results suggest that PTSD symptoms may have a more consistent signal than mTBI. Our novel findings of opposite
patterns of connectivity with lateral prefrontal cortex highlight a potential biomarker that could be used to differentiate between
these conditions.

Keywords Mild traumatic brain injury - Posttraumatic stress disorder - Resting-state functional connectivity - Default mode
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Mild traumatic brain injury (mTBI) is highly prevalent in both ~  that the occurrence of mTBI in military service members is
civilian and military populations and is often associated witha  increasing, with over 300,000 service members diagnosed
variety of persistent somatic, cognitive, and emotional symp- ~ with mTBI since 2000 and many suffer from long-term symp-
toms (Levin & Diaz-Arrastia, 2015). Recent research indicates toms (DVBIC, 2018; Reid & Velez, 2015; Snell & Halter,

P4 Carissa L. Philippi > Department of Psychiatry, University of Texas Health Science
philippic@umsl.edu Center at San Antonio, San Antonio, TX, USA

>4 D avid F. Tate ¢ Brooke Army Medical Center, San Antonio, TX, USA
David.Tate@hsc.utah.edu

Uniformed Services University of Health Science, Bethesda, MD,
Department of Psychological Sciences, University of Missouri-St. USA
Louis, St. Louis, MO, USA

2 University of Utah, Salt Lake City, UT, USA

9 . . .
3 Ahmanson-Lovelace Brain Mapping Center, University of Michael E. DeBakey Veterans Affairs Medical Center, Houston, TX,

California, Los Angeles, CA, USA USA

8 Alaska Radiology Associates, Anchorage, AK, USA

Defense and Veterans Brain Injury Center at the San Antonio VA 1" H. Ben Taub Department of Physical Medicine & Rehabilitation,

Polytrauma Center, San Antonio, TX, USA Baylor College of Medicine, Houston, TX, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11682-021-00464-1&domain=pdf
http://orcid.org/0000-0003-3741-3661
mailto:philippic@umsl.edu
mailto:David.Tate@hsc.utah.edu

Brain Imaging and Behavior (2021) 15:2616-2626

2617

2010). Therefore, it is particularly important to understand the
clinical and neurobiological correlates of mTBI in military
service members. Establishing reliable and distinct markers
of mTBI may help in developing more accurate diagnostic
tools and treatments aimed at reducing the persistent and de-
bilitating long-term impacts of mTBI in service members.

Compared with clinical structural imaging, research indi-
cates that functional magnetic resonance imaging (fMRI) can
be used to detect neurobiological changes associated with
mTBI. Using resting-state fMRI (rs-fMRI), which measures
low-frequency fluctuations in brain activity at rest, researchers
have identified alterations in resting-state functional connec-
tivity (rsFC) within and between several cortical networks in
mTBI (Mayer et al., 2011; Slobounov et al., 2011; Sours et al.,
2013; Stevens et al., 2012; Vakhtin et al., 2013; Zhou et al.,
2012). Studies have consistently reported reduced rsFC within
the default mode network (DMN) in mTBI in civilians, in
particular for posterior portions of the DMN such as the pos-
terior cingulate/precuneus (Mayer et al., 2011; Sours et al.,
2013; Stevens et al., 2012; Zhou et al., 2012). On the other
hand, rsFC is often increased within the prefrontal cortex in
mTBI, including for medial prefrontal regions of the DMN
(Sours et al., 2013; Zhou et al., 2012) and lateral prefrontal
areas in the frontoparietal network (FPN; Mayer et al.,
2011;Stevens et al., 2012 ; Vakhtin et al., 2013). Besides the
DMN and FPN, studies have also found altered rsFC within
and between other cognitive, affective, and sensorimotor net-
works in mTBI (Stevens et al., 2012; Vakhtin et al., 2013). For
instance, Stevens et al. (2012) reported abnormalities in rsFC
within the salience, limbic, visual, and motor networks in
civilians with mTBIL

Posttraumatic stress disorder (PTSD) often co-occurs with
mTBI in military service members, with comorbidity rates
between 33 and 43% (Carlson et al., 2011; Hoge et al.,
2008; Polusny et al., 2011; Schneiderman et al., 2008).
Regardless of mTBI status, longitudinal and cross-sectional
research suggests that PTSD is consistently associated with
worse clinical and cognitive outcomes (Hayes et al., 2015;
Mac Donald et al., 2015; Shandera-Ochsner et al., 2013;
Vasterling et al., 2012; Verfaellie et al., 2014), and abnormal
white matter integrity (Bolzenius et al., 2018; Levin et al.,
2010; Schuff et al., 2011). However, more limited research
has examined the impact of PTSD versus mTBI on brain
activity (Raji et al., 2015; Rowland et al., 2016; Santhanam
et al.,, 2019). Therefore, an important question is whether
functional neuroimaging, in particular rsFC, can be used to
distinguish between mTBI and PTSD.

Functional neuroimaging studies suggest that abnormal-
ities in rsFC of cortical networks in PTSD may partially
overlap with network dysfunction in mTBI. Similar to
mTBI, diminished rsFC within the DMN has been frequent-
ly reported in individuals with PTSD as compared to those
without PTSD (Bluhm et al., 2009; Koch et al., 2016; D. R.

Miller et al., 2017; Shang et al., 2014; Sripada et al., 2012;
Wang et al., 2016). Recent meta-analyses of resting-state
studies in PTSD have further revealed reduced rsFC of
FPN regions including the middle frontal gyrus as well as
enhanced rsFC of salience network regions, such as the
insula, as compared with control groups (Koch et al.,
2016; Wang et al., 2016). While these findings provide sup-
port for similarities in cortical resting-state networks affect-
ed by PTSD and mTBI, they also highlight some potential
differences. For example, there appears to be diminished
rsFC of the middle frontal gyrus within the FPN in PTSD
(Koch et al., 2016; Olson et al., 2018), but elevated rsFC of
overlapping lateral prefrontal regions in mTBI (Mayeret al.,
2011; Zhou et al., 2012). Yet, to our knowledge only one
study has directly compared rsFC of cortical networks in
Service Members with mTBI to those with mTBI+PTSD
(Santhanam et al., 2019). Santhanam et al. (2019) identified
greater 1sFC of the DMN in participants with mTBI only as
compared with mTBI+PTSD, in particular for the mPFC.
These findings provide preliminary support for differential
rsFC of the DMN in mTBI versus PTSD. However, no study
has yet investigated rsFC of other cortical networks, includ-
ing the FPN and salience network, in service members with
mTBI versus PTSD only.

The purpose of this study was to examine cross-sectional
data from the study of cognitive rehabilitation effectiveness
(SCORE) clinical trial to determine whether there are differ-
ences in rsFC of several cortical networks between U.S. ser-
vice members with mTBI without PTSD, PTSD without
mTBI, and orthopedically injured controls (OI). We used a
seed-based voxelwise rsFC approach to examine group differ-
ences in rsFC within seven major cognitive, affective, senso-
ry, and motor networks. In follow-up analyses, we also inves-
tigated relationships between significant rsFC findings and
clinical symptom measures across the sample. Based on pre-
vious research, we hypothesized that: (1) there would be re-
ductions in rsFC of posterior DMN regions in the mTBI and
PTSD groups, and (2) there would be differences in rsFC
between mTBI and PTSD groups, in particular for prefrontal
regions within the DMN and FPN.

Method
Participants and procedure

Participants included 137 (120 Male, and 17 Female) active
duty U.S. Service Members between the ages of 19 and 59
who were selected out of 162 originally recruited from a TBI
clinic at a large military treatment facility. Seven participants
were excluded due to data acquisition/quality issues (n=>5:
mTBI[4], OI[1]) or excessive motion (n=2: mTBI[1],
PTSD[1], see “Motion Analysis” below). Remaining
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participants (n = 130) comprised three groups including mTBI
(n=48), PTSD (n=24), and OlI control (n =58) participants
(Table 1; see Supplemental Materials for a detailed description
of inclusion/exclusion criteria). All subjects provided written
informed consent in accordance with an approved institutional
review board protocol at the Brooke Army Medical Center.

Clinical symptom measures

Each participant underwent an assessment of clinical symp-
toms collected concurrently (same week, mode =1 day)
with MRI acquisition. We collected self-report question-
naires to measure TBI symptoms (Neurobehavioral
Symptom Inventory; Cicerone & Kalmar, 1995; King
et al., 2012), PTSD symptoms (PTSD Checklist for DSM-
IV-Military version; Bliese et al., 2008), and depression
symptoms (Center for Epidemiological Studies-
Depression Scale; Radloff, 1977).

MRI methods

Multimodal MRI were acquired on a 3 Tesla Siemens Verio
scanner. Sequences administered included: T1 MPRAGE, T2,
fluid attenuated inversion recovery, susceptibility weighted
imaging, diffusion tensor imaging, and rs-fMRI. Total scan
time for the whole set of sequences was approximately
75 min including preparation time. For this study, we used
only the volumetric T1 and the rs-fMRI sequences (See
Supplemental Materials for details regarding parameters for
these scan sequences).

Preprocessing and motion analysis

All fMRI data analysis was performed using AFNI (Cox,
1996) and FSL (http://www.fmirb.ox.ac.uk/fsl/). We
preprocessed the resting-state data using steps similar to those
performed in previous studies (Philippi et al., 2015). See

Table 1 Group Demographic and

Clinical Characteristics mTBI PTSD Ol Significance
(n=48) (n=24) (n=58)
Demographic and clinical information
Age? 33.1(9.3) 37.4 (6.3) 37.3(7.2) p=.014
Sex (% Female) 6.3% 12.5% 19.0% p=.154
Education level” p=.010
GED 8.3% 0.0% 0.0% -
High school 52.1% 37.5% 25.9% -
Associate’s degree 20.8% 16.7% 24.1% -
Bachelor’s degree 12.5% 25.0% 24.1% -
Post Graduate degree 6.3% 20.8% 25.9% -
Race p=.120
White 70.8% 58.3% 65.5% -
African American 12.5% 20.8% 29.3% -
Other 16.7% 20.8% 52% -
Time since injury (days) 317.9 (193.9) - — -
AOC 79.2% - - -
LOC 39.6% - - -
PTA 10.4% - - -
Primary method of injury 50% Blast/ 50% Other - - -
Clinical symptom measures
NSI 36.5 (12.5) 39.9 (12.7) 12.5(10.4) p=.000
PCL-M 51.3(15.4) 60.6 (11.7) 27.5 (12.5) p=.000
CES-D 24.8 (12.1) 27.8 (9.5) 8.3 (8.0) p=.000

Notes. mTBI =mild traumatic brain injury, PTSD = posttraumatic stress disorder, OI = orthopedically injured
controls, GED = general education degree, AOC = alteration of consciousness, LOC =loss of consciousness,
PTA = post-traumatic amnesia, NSI=Neurobehavioral symptom inventory, PCL-M = PTSD Checklist for
DSM-1V - Military version, CES-D = Center for Epidemiological Studies-Depression Scale

* Age and education level were significantly different between groups (Kruskal-Wallis test for age, H(2) = 12.16;
Chi-square test for education level, x(8) =20.10), and as such these variables were included as covariates in all

regression analyses
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Supplemental Materials for a full description of the prepro-
cessing steps.

We examined motion for each subject as individual differ-
ences in subject motion can contribute to resting-state corre-
lations (Power et al., 2015). Only two subjects were excluded
due to excessive motion (see Supplemental Materials for
additional details). Average root-mean-squared (RMS) dis-
placement was used as a summary measure of subject motion
(as in Ciric et al., 2017). We found no significant relationships
between average RMS displacement and participant group
(F2.127=1.43, p>.2) or clinical variables (ps =.308—.853).

Functional connectivity analysis

We performed seed-based voxelwise rsFC analyses for 23
seed regions of interest (ROIs) for the following cortical net-
works previously implicated in mTBI (e.g., Bonnelle et al.,
2012; Mayer et al., 2011; Stevens et al., 2012; Vakhtin et al.,
2013; Zhou et al., 2012): DMN, FPN, salience, somatosenso-
ry, motor, auditory, and visual (Andrews-Hanna et al., 2007;
Boveroux et al., 2010; Dosenbach et al., 2007). All network
seed ROIs were 6-mm radius spherical seeds centered on the
coordinates for each ROI in MNI space (3dcalc). The trans-
formation matrix from the registration procedure described
above was used to transform each seed from MNI space to
original space (3dfractionize), with the accuracy of seed loca-
tions for each participant verified (C.L.P).

For each participant, the mean resting-state BOLD time
series from each seed ROI was included in a GLM along with
14 regressors of no interest (as in Philippi et al., 2015; see
Supplemental Materials for additional detail). The resulting
z-score maps were then entered into the second level statistical
analyses.

Statistical analyses

To examine group differences in rsFC, we performed multi-
variate modeling (3dMVM in AFNI) with separate models for
rsFC z-score maps for each cortical network seed. All models
included group as the between-subjects factor, with age and
education as covariates. Age and education were included as
covariates as there were significant group differences in these
demographic variables (Table 1). Posthoc unpaired two-
sample ¢ tests were performed using SPSS (version 25;
SPSS/IBM, Chicago, IL) to examine pairwise group differ-
ences for all significant results.

To correct for multiple comparisons, we implemented a
family-wise error (FWE) correction approach at the cluster
level using a whole-brain mask (3dClustSim in AFNI version
updated May 2018) and applied cluster-extent thresholding
(Carp, 2012; Forman et al., 1995). To address the non-
Gaussian nature of fMRI data the autocorrelation function
(—acf) was used to calculate the FWHM for each participant

(3dFWHMXx in AFNI; Eklund et al., 2016). Our results were
FWE cluster-corrected at the whole brain level, with a
predefined voxelwise threshold of p <0.001 (uncorrected)
and ppwg < 0.002 (Bonferroni-corrected for seed ROIs), with
a cluster-corrected voxel size of > 21 voxels.

We also conducted multiple linear regression analyses to
examine the relationship between clinical symptoms and sig-
nificant rsFC findings from the group analysis, while control-
ling for age and education. These analyses were Bonferroni-
corrected (p = .05/[7 rsFC findings % 3 clinical
symptoms] =.002).

Results

There were significant group differences in rsFC of DMN and
FPN seeds (Table 2, Fig. 1). For the DMN, we found group
differences in rsFC between the left inferior parietal lobule
(IPL) and posterior cingulate/retrosplenial cortex (pCRsp)
and regions in occipital cortex, including the lingual gyrus
and cuneus. Posthoc tests revealed that these group differ-
ences were largely driven by diminished rsFC in the PTSD
group as compared with mTBI and OI groups (Table 3).
Reduced rsFC of DMN was also present for the mTBI group
when compared with the OI group, with only pCRsp-left lin-
gual gyrus connectivity significantly different at p <.05
(Table 3).

For the FPN, there were group differences in rsFC between
the left dorsolateral prefrontal cortex (dIPFC) and right IPL
and right middle frontal gyrus. Posthoc tests showed that rsFC
of the left dIPFC was significantly decreased in the PTSD
group as compared with mTBI and OI groups (Table 3). By
contrast, rsFC between the left dIPFC and right middle frontal
gyrus was significantly increased in the mTBI group relative
to the PTSD and OI groups (Table 3).

Follow-up analyses revealed relationships between rsFC of
the pCRsp of the DMN and clinical symptom measures. TBI
and PTSD symptoms were significantly associated with de-
creased rsFC between pCRsp and left lingual gyrus (Table 4).
There were no significant relationships between depression
symptoms and rsFC of DMN or FPN seeds (Supplemental
Materials, Table S1).

Discussion

The present study provided evidence for both overlapping and
distinct 1sFC in cortical networks in U.S. Service Members
with mTBI versus PTSD. Both mTBI and PTSD groups had
reduced rsFC of DMN and FPN regions in comparison to OI
controls. On the other hand, there were divergent patterns of
rsFC between the dIPFC of the FPN and middle frontal gyrus
in participants with mTBI versus PTSD. Follow-up analyses
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Average connectivity ~ Average connectivity Ol

Average connectivity®
mTBI

t-value

Cluster size (voxels)

MNI coordinates

(X, Y, Z)

Cluster location

Table 2 Multivariate Models of Group Differences in Connectivity for Cortical Network Seeds ROIs

Seed ROI

@ Springer

=58)

(n

PTSD

=24)

(n

(n=48)

Default Mode Network

0.87 (1.81)

~121 (1.54)
~0.90 (1.19)
~0.97 (.99)
—1.14 (1.53)
—93 (1.51)

0.49 (1.83)
0.62 (1.40)
0.86 (1.36)
0.54 (1.44)
0.74 (1.78)

11.00
13.29

10.81

43
101
49
29

-4,-84,3

left lingual gyrus extending to cuneus

L LatPar
pCRsp

1.24 (1.74)

-16, —69, -9
26, —63, 6

left lingual gyrus

1.03 (1.67)
1.09 (1.94)
1.20 (2.00)

right lingual gyrus extending to posterior cingulate

16.50

11.13

11,81, 24
11,-63,3

right cuneus

23

right lingual gyrus extending to cuneus

Frontoparietal Network

2.08 (2.33)

—0.17 (1.88)
0.14 (1.61)

1.29 (1.83)
221 (2.00)

10.31

25

65,42, 48
29, 36, 42

right inferior parietal lobule

L dIPFC

1.49 (1.57)

11.38

22

right middle frontal gyrus

posterior cingulate/retrosplenial cortex, L

orthopedically injured controls, L LatPar = left lateral parietal, pCRsp =

= posttraumatic stress disorder, Ol =

mild traumatic brain injury, PTSD
left dorsolateral prefrontal cortex. All regression results were significant after controlling for age and education (ppwg = 0.05, uncorrected p

Notes. mTBI

dIPFC

0.001)

# Average connectivity scores correspond to z-scores; means and standard deviations are reported for each group

indicated that mTBI and PTSD symptom measures were as-
sociated with group differences in rsFC of the pCRsp of the
DMN with the occipital cortex. We will discuss each of these
findings in further detail.

Consistent with our hypothesis, we found reduced rsFC of
IPL and pCRsp of the DMN in both mTBI and PTSD groups.
Specifically, there was diminished rsFC was between posteri-
or DMN regions and areas within the visual network, includ-
ing the lingual gyrus and cuneus. Our results align with prior
functional and structural neuroimaging research documenting
abnormalities in visual cortical regions in both mTBI
(Gilmore et al., 2016; Palacios et al., 2017; Slobounov et al.,
2011; Stevens et al., 2012) and PTSD (Disner et al., 2018;
Lanius et al., 2006; Mueller-Pfeiffer et al., 2013; Rauch
et al.,, 1996; Wang et al., 2016; Zhang et al., 2011; Zhu
et al., 2014). Researchers have proposed that disrupted func-
tioning in visual cortex in both mTBI and PTSD could reflect
abnormal integration of visual information with higher-order
processes, such as visual attention (Gilmore et al., 2016;
Lanius et al., 2006). However, additional research is warrant-
ed to determine whether reduced rsFC with visual cortex in
mTBI and PTSD is associated with impaired higher-order
visual processing.

We also identified diminished rsFC between the left dIPFC
of the FPN and right IPL as well as the right middle frontal
gyrus in individuals with PTSD as compared with those with
mTBI and OI. Similar to our findings, previous studies have
reported reduced connectivity of FPN structures in PTSD
(Koch et al., 2016; Misaki et al., 2018; Olson et al., 2018).
For instance, PTSD patients exhibited more negative rsFC
between dIPFC and precuneus of the FPN than trauma-
exposed and non-trauma exposed control participants (Olson
et al., 2018). Together, these results suggest that PTSD is
associated with aberrant FPN connectivity.

Overall, the group differences we identified were pri-
marily driven by diminished rsFC in the PTSD group.
One potential interpretation of these findings is that
PTSD may be associated with more homogeneous neuro-
biological changes than mTBI (Bolzenius et al., 2018). In
line with this hypothesis, prior studies have reported more
robust relationships between PTSD and structural abnor-
malities than those with mTBI (Bazarian et al., 2013;
Bolzenius et al., 2018). PTSD symptoms have also been
consistently associated with dysfunction in cortical and
subcortical circuits involved in threat, avoidance, reward,
and arousal (Fenster et al., 2018). By comparison, clinical
symptoms in mTBI are often heterogeneous and brain
imaging abnormalities are often diffuse and variable
(McDonald et al., 2012; Morey et al., 2013; Rosenbaum
& Lipton, 2012). Nevertheless, given paucity of studies
directly comparing rsFC in mTBI versus PTSD, these re-
sults will require replication to determine whether PTSD
has more consistent neural signatures than mTBI.
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Table 3 Posthoc Two-Sample t
tests for Group Differences in
rsFC from Multivariate Models

Significant group differences in rsFC PTSD vs. mTBI ~ PTSD vs. Ol ~ mTBI vs. Ol
t-value t-value t-value

L LatPar-left lingual gyrus extending to cuneus -3.91" -4.93" -1.07*

pCRsp-left lingual gyrus —4.58™" —-6.41"" -2.02"

pCRsp-right lingual gyrus extending to posterior cingulate ~ —5.83""" -6.68"" -0.57*

pCRsp-right cuneus —4.58™" -5.54"" -1.67*

pCRsp-right lingual gyrus extending to cuneus -3.95™ 527" -1.22%

L dIPFC-right inferior parietal lobule -317" 421" -1.97°

L dIPFC-right middle frontal gyrus —-4.39™" -3.51™ 207"

Notes. mTBI =mild traumatic brain injury, PTSD = posttraumatic stress disorder, OI = orthopedically injured
controls, L LatPar = left lateral parietal, pCRsp = posterior cingulate/retrosplenial cortex, L dIPFC = left dorsolat-
eral prefrontal cortex. Posthoc two-sample ¢ tests based on significant results from the multivariate models
compared 1sFC for PTSD vs. mTBI, PTSD vs. Ol, and mTBI vs. OI groups. Results surviving Bonferroni
correction for multiple ¢ tests performed, p <.007, are indicated in bold. “p <.05, ““p<.01, ™ p<.001, *p>

05,%p=.052

In contrast to reduced rsFC in PTSD, Service Members with
mTBI displayed significantly greater rsFC between the left
dIPFC of the FPN and right middle frontal gyrus. These find-
ings support our hypothesis and parallel neuroimaging studies
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in civilian and military cohorts consistently reporting increased
rsFC with lateral prefrontal regions in individuals with mTBI
(Mayer et al., 2011; Stevens et al., 2012; Vakhtin et al., 2013),
but decreased rsFC with lateral prefrontal cortex in PTSD
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Fig. 1 Altered rsFC in DMN and FPN seeds in mTBI and PTSD.
Significant group differences in rsFC were found for the following
DMN and FPN seeds: (a) L LatPar seed of DMN and left lingual
gyrus; (b) pCRsp seed of DMN and bilateral visual cortex regions (i.e.,
lingual gyrus and cuneus); (¢) L dIPFC seed of FPN and inferior parietal
cortex and right middle frontal gyrus. The seed ROIs (red) and all results
are displayed on an MNI template. The color bar depicts the F-statistic
from the overall ANCOVA model, controlling for age and education. Bar

15

-

o

1.0

PTSD ) ol

o
o

=)

pCRsp-R Cuneus (Z)
o o
o o
pCRsp-R Lingual Gyrus (Z)
o
o

o

-1.5

PTSD

Ol mTBlI mTBlI

graphs plot average rsFC (z-score) for OI (white), mTBI (blue), and
PTSD (grey) groups and error bars correspond to =1 standard error. All
results survived whole-brain cluster correction, including Bonferroni-
correction for number of cortical network seeds (prwg <0.002,
p<0.001 uncorrected, cluster-corrected voxel size of >21 voxels).
Abbreviations: L LatPar = left lateral parietal, pCRsp = posterior cingu-
late /retrosplenial cortex, L dIPFC = left dorsolateral prefrontal cortex
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Table 4 Multiple Linear Regression Models with 1sFC and Clinical
Symptom Measures

Dependent Predictor variable® B SEB 3 p
variable

TBI symptoms pCRsp-left lingual -2.83 0.85 —.28 .001
(NSD) gyrus

PTSD symptoms  pCRsp-left lingual -3.14 096 -.28 .001
(PCL-M) gyrus

Notes. NSI =Neurobehavioral symptom inventory, PCL-M = PTSD
Checklist for DSM-IV - Military version. * All regression models above
included age and education level as covariates. Results shown here were
significant after Bonferroni-correction, p <.002. For regression findings
that did not survive Bonferroni-correction, see Supplemental Materials
(Table S1)

(Koch et al., 2016; Misaki et al., 2018; Olson et al., 2018). To
our knowledge, our study is the first to report divergent rsFC of
prefrontal cortex in mTBI versus PTSD participants in the same
study. In mTBI, heightened lateral prefrontal cortex activity
and connectivity may contribute to common cognitive com-
plaints, including greater distractibility and fatigue
(McAllister et al., 2006). For instance, a rehabilitation study
in participants with moderately severe TBI showed that activity
of the lateral prefrontal cortex decreased after cognitive training
focused on attention (Kim et al., 2008). Additional research
will be necessary to investigate whether successful treatment
of cognitive deficits in mTBI is associated with normalization
of rsFC with the lateral prefrontal cortex.

Our findings of both overlapping and divergent rsFC in
mTBI versus PTSD could have important clinical implications
for diagnosis and treatment. For instance, we found similar
reductions in rsFC of DMN and FPN regions in mTBI and
PTSD. This overlap in the neural circuitry affected in both
conditions may help explain why mTBI has been associated
with an increased risk for developing PTSD (Bryant, 2008;
Hoge et al., 2008; Yurgil et al., 2014). Consequently, it is
possible that early interventions designed to target these net-
works, such as with cognitive rehabilitation or non-invasive
brain stimulation, may help decrease the incidence of co-
morbid PTSD in mTBI. Separately, we also identified oppo-
site patterns of rsFC between the dIPFC of the FPN and right
middle frontal gyrus in mTBI versus PTSD. Given the role of
the lateral prefrontal cortex in executive functioning and emo-
tion regulation (E. K. Miller, 2000; Ochsner et al., 2012;
Seeley et al., 2007), either hypo- or hyper-connectivity with
the middle frontal gyrus could contribute to cognitive and
emotional impairments in both PTSD and mTBI.

Another important clinical consideration is whether rsFC
analyses could be used in the future to differentiate between
individuals with PTSD versus mTBI in a clinical setting.
Recent research applying machine learning approaches to pre-
dict the diagnosis of individuals with different neurological
and psychiatric disorders, including mTBI and PTSD,

@ Springer

suggests this may be possible (Drysdale et al., 2016;
Khazaee et al., 2016; Nicholson et al., 2019; Sacca et al.,
2019; Vergara et al., 2016). For instance, using a linear sup-
port vector machine, Vergara et al. (2016) were able to clas-
sify mTBI participants using rsFC between cortical networks
with an accuracy of 84.1%. Altogether this work indicates that
rsFC may be a promising diagnostic tool to distinguish be-
tween mTBI and PTSD in military populations. However, a
necessary step toward establishing the feasibility of this ap-
proach will be to determine whether machine learning algo-
rithms using rsFC data can accurately classify individuals with
mTBI versus PTSD in larger civilian and military cohorts.
There are limitations to the present study that should be men-
tioned. First, we reported differences in rsFC between individ-
uals with mTBI versus PTSD only. Therefore, we could not
address the combined effect of co-morbid mTBI+PTSD on
rsFC. Second, our sample was comprised of more male than
female participants, which could limit the generalizability of
our results. Third, we recruited mTBI participants with persistent
cognitive symptoms. It is possible that specific types of persistent
postconcussive symptoms (e.g., cognitive versus affective) may
be associated with alterations in different resting-state networks.

Conclusions

Consistent with previous research, Service Members with
mTBI and PTSD exhibited diminished rsFC of DMN and
FPN regions. Results of more diminished rsFC in DMN and
FPN in PTSD suggest that severe PTSD symptoms may have
a more consistent signal than mTBI. Our novel findings of
opposite patterns of rsFC with lateral prefrontal cortex high-
light a potential biomarker that could be used to differentiate
between these conditions.
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