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Abstract

Background. A major obstacle in understanding and treating posttraumatic stress disorder
(PTSD) is its clinical and neurobiological heterogeneity. To address this barrier, the field
has become increasingly interested in identifying subtypes of PTSD based on dysfunction
in neural networks alongside cognitive impairments that may underlie the development
and maintenance of symptoms. The current study aimed to determine if subtypes of
PTSD, based on normative-based cognitive dysfunction across multiple domains, have unique
neural network signatures.
Methods. In a sample of 271 veterans (90% male) that completed both neuropsychological
testing and resting-state fMRI, two complementary, whole-brain functional connectivity ana-
lyses explored the link between brain functioning, PTSD symptoms, and cognition.
Results. At the network level, PTSD symptom severity was associated with reduced negative
coupling between the limbic network (LN) and frontal-parietal control network (FPCN), dri-
ven specifically by the dorsolateral prefrontal cortex and amygdala Hubs of Dysfunction.
Further, this relationship was uniquely moderated by executive function (EF). Specifically,
those with PTSD and impaired EF had the strongest marker of LN-FPCN dysregulation,
while those with above-average EF did not exhibit PTSD-related dysregulation of these
networks.
Conclusion. These results suggest that poor executive functioning, alongside LN-FPCN
dysregulation, may represent a neurocognitive subtype of PTSD.

Introduction

Posttraumatic stress disorder (PTSD) is heterogeneous in its symptom presentation (Zoellner,
Pruitt, Farach, & Jun, 2014), response to treatment (Cusack et al., 2016; Hoskins et al., 2015),
and neurobiology (Akiki, Averill, & Abdallah, 2017; Etkin & Wager, 2007; Hayes,
VanElzakker, & Shin, 2012; Koch et al., 2016a, 2016b; Liberzon & Abelson, 2016; Pitman
et al., 2012). Although there have been significant discoveries in our understanding of the
neurobiological systems associated with trauma and stress, the heterogeneity associated with
PTSD has impeded the identification of consistent biomarkers, which are rarely strong enough
to make inferences at the individual level (although see Christova, James, Engdahl, Lewis, &
Georgopoulos, 2015; Liu et al. 2014). While some clinical subtypes correspond to distinct
neurobiological systems (Lanius, Brand, Vermetten, Frewen, & Spiegel, 2012), one significant
limitation of biomarker identification in PTSD is that clinical symptoms and subtypes do not
necessarily correspond to the same underlying neurobiology, as overlapping symptoms can
stem from dysregulation of different neurobiological systems (Boccia et al., 2016; Hayes
et al., 2012; Liberzon & Abelson, 2016; Pitman et al., 2012). One promising approach to fur-
ther refining biomarkers in PTSD is the examination of cognitive functioning, as the neuro-
biological systems implicated in PTSD are associated with a number of basic cognitive
functions, including memory, emotional regulation, executive functioning, and attention.
Dysfunction of these neurocognitive systems may contribute to the development and mainten-
ance of PTSD symptoms such as intrusive thoughts, and alterations in memory, arousal, and
concentration (Aupperle, Melrose, Stein, & Paulus, 2012b; Scott et al., 2015). Thus, specific
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patterns of cognitive dysfunction and aberrations in associated
brain networks may explain clinical and neurobiological hetero-
geneity of PTSD, and reveal neurocognitive subtypes that can
advance our understanding and treatment approach to PTSD.
Recent studies have supported this premise, and provide initial
evidence for neurocognitive subtypes of PTSD (Etkin et al.,
2019). Specifically, Etkin et al. found that individuals with
PTSD and relatively impaired verbal memory had a connectivity
biomarker in the salience network (SN; hypoconnectivity), also
referred to as the ventral attention network (VAN). In a concep-
tual replication of Etkin et al., we applied a similar neurocognitive
approach to an independent sample of veterans with PTSD. We
found that this SN connectivity biomarker was instead indicative
of PTSD in the presence of clinically significant attention dys-
function (Esterman et al., 2020). Investigating neurocognitive sub-
types across other cognitive domains and neurobiological systems
has wide-reaching clinical and translational implications, includ-
ing refining diagnoses and personalizing treatments (Etkin
et al., 2019; Marx et al., 2020; Van Rooij, Kennis, Vink, &
Geuze, 2016).

Despite heterogeneity in the neurobiology of PTSD, several
neurocognitive systems are commonly implicated. Associations
between PTSD and dysfunctional brain activity and/or connectiv-
ity are most often reported in frontal-parietal control network
(FPCN), default mode network (DMN), limbic network (LN),
and SN (Akiki et al., 2017; Hayes et al., 2012; Koch et al.,
2016a, 2016b; e.g. triple network model, Menon, 2011). For
example, Akiki et al. (2017) suggest that individuals with PTSD
may have decreased DMN and FPCN connectivity (and hypoac-
tivity), but increased SN/LN connectivity (and hyperactivity).
These large-scale networks are not only associated with a range
of psychopathy (Menon, 2011; Xia et al., 2018) but are known
to support numerous and overlapping cognitive functions. For
example, the DMN has been implicated in several aspects of
memory (e.g. autobiographical memory and prospection;
Spreng, Mar, & Kim, 2009; Wen, Mitchell, & Duncan, 2020), as
well as attention (e.g., mind-wandering; Kucyi, Esterman, Riley,
& Valera, 2016). The SN plays a critical role in stimulus-driven
or bottom-up attention, via its interactions with the DMN and
FPCN (Chand & Dhamala, 2016; Sridharan, Levitin, & Menon,
2008), and broadly integrates motivational, affective, and cogni-
tive factors (Menon & Uddin, 2010; Seeley et al., 2007). The
FPCN, as well as its interaction with the DMN and SN/LN, are
thought to be critical for executive function (EF) and goal-
directed or top-down control of attention (Spreng, Stevens,
Chamberlain, Gilmore, & Schacter, 2010; Sridharan et al.,
2008), emotion regulation (Hayes et al., 2010), and working mem-
ory (Gazzaley & Nobre, 2012). As such, PTSD-related cognitive
impairments in memory (Brewin, Kleiner, Vasterling, & Field,
2007; Vasterling et al., 2002), attention (DeGutis et al., 2015;
Dutra, Marx, McGlinchey, DeGutis, & Esterman, 2018;
Esterman et al., 2013, 2019; Fortenbaugh, DeGutis, & Esterman,
2017b; Pineles et al., 2011; Swick, Honzel, Larsen, & Ashley,
2013; Vasterling et al., 2002), executive functioning and inhibitory
control (Aupperle et al., 2012b; DeGutis et al., 2015; Esterman
et al., 2019; Swick, Honzel, Larsen, Ashley, & Justus, 2012) may
reflect unique patterns of dysfunction in these brain networks.
Together, such patterns of impairment in these networks and
their underlying cognitive functions could reveal unique neuro-
cognitive mechanisms and underlying subtypes of PTSD.

Although the emergence of models such as the triple network
model attempts to reduce the total number of potential networks

implicated in pathology, nearly every large-scale brain network
has been implicated in PTSD (Boccia et al., 2016; Christova
et al., 2015; Etkin & Wager, 2007; Liu et al., 2014; Misaki et al.,
2018; Sripada et al., 2012b). It is also important to note that the
previous findings supporting network models are often derived
from ROI/seed-based approaches or meta-analyses of studies
with small sample sizes and varied methodology, rather than dir-
ectly assessing whole-brain connectome-based networks in a large
cohort of individuals with trauma exposure. Although network-
based, whole-brain techniques do not limit conclusions regarding
the specificity of results, ROI/seed-based approaches may inflate
cross-study convergence on commonly assessed regions or net-
works. Recent studies have utilized a variety of machine learning
and/or data-driven techniques alongside whole-brain network-
based approaches in order to identify resting-state connectivity
markers of PTSD, across varied sources of trauma. The majority
of this literature converges onto disrupted connectivity between
the FPCN and SN (Lei et al., 2015; Misaki et al., 2018;
Nicholson et al., 2020; Zandvakili et al., 2020; Zilcha-Mano
et al., 2020). However, several studies implicate other networks,
including the visual network (Christova et al., 2015;
Maron-Katz et al., 2020; Misaki et al., 2018; Nicholson et al.,
2020), sensorimotor network (Maron-Katz et al., 2020; Misaki
et al., 2018), and DMN (Nicholson et al., 2020; Zandvakili
et al., 2020; Zilcha-Mano et al., 2020). These inconsistencies
could arise from varying methodologies and inadequate sample
sizes (Misaki et al., 2018; Zandvakili et al., 2020; Zilcha-Mano
et al., 2020), as well as clinical and cognitive heterogeneity in
the study samples. Given this heterogeneity, studies using whole-
brain connectome-based approaches, large sample sizes, and data-
driven techniques have the potential to advance our neurobio-
logical understanding of PTSD and reveal underlying clinical or
neurocognitive subtypes.

In the current study, we used a whole-brain network-based
approach towards understanding the neurobiology of PTSD,
and determined whether network-markers of PTSD interact
with cognitive functioning in domains most commonly impli-
cated in PTSD (attention, executive functioning, and verbal mem-
ory; Aupperle et al., 2012b; DeGutis et al., 2015; Etkin et al., 2019;
Hayes et al., 2012), thus laying the groundwork for identifying
neurocognitive subtypes of PTSD. Specifically, in a large sample
of post-9/11 veterans (N = 271) who completed resting-state
fMRI, as well as clinical and cognitive assessments, we identified
large-scale connectome-based networks associated with PTSD
symptom severity as well as implemented a graph-analytic
approach to identify regional PTSD-related Hubs of Dysfunction
(HoD) within these networks. We next determined if heterogen-
eity in these network-based PTSD markers could be explained
by normative-based cognitive impairments, using a well-validated
set of neuropsychological composite measures. Overall, this
study aims to identify and explain variance in neurobiological
markers of PTSD and lay the groundwork for validating subtypes
of PTSD that incorporate clinical, cognitive, and brain measures.

Methods

Participants

Participants were post-9/11 veterans, aged 18–65, who served in
Operation Enduring Freedom, Operation Iraqi Freedom, and
Operation New Dawn and took part in the Translational
Research Center for Traumatic Brain Injury and Stress
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Disorders (TRACTS) longitudinal cohort study (for details
regarding recruitment, exclusion criterion, assessment battery,
and other characteristics of this data, see Supplementary
Methods and McGlinchey, Milberg, Fonda, & Fortier, 2017).
This study included the first consecutively enrolled 271 partici-
pants, out of a total of 307 participants with available data at
the start of this study. These 271 participants completed both
neuroimaging (resting-state fMRI) and the primary clinical/cog-
nitive assessments, passed a stand alone performance validity
measure, did not have a moderate or severe TBI (mild TBI
included, see Table 1), and met quality control metrics for func-
tional imaging (see Supplementary Methods for further details
regarding performance validity and quality control metrics).

Assessment of PTSD, comorbidities, and demographics

The Clinician-Administered PTSD Scale for DSM-IV (CAPS-IV;
Blake et al., 1995) was administered to assess PTSD symptom

severity and diagnostic criteria. We considered the total CAPS
symptom severity as our primary measure since evidence suggests
that PTSD is dimensional (Forbes, Haslam, Williams, & Creamer,
2005; Ruscio, Rusciob, & Keane, 2002), although diagnosis was
considered in secondary analyses. For additional follow-up ana-
lyses, we consider symptom clusters of PTSD, which include
total scores of Criterion B (re-experiencing), C (avoidance and
numbing), and D (hyperarousal) items from the CAPS-IV. We
account for general effects of demographics (age, gender, and
years of education) and premorbid verbal abilities (Wechsler Test
of Adult Reading, WTAR; Venegas & Clark, 2011) by including
these measures as covariates in all main analyses. In subsequent
follow-up analyses, we considered common comorbidities [includ-
ing depression, anxiety, alcohol use, mild military TBI (mTBI),
sleep quality, and pain], as well as medication use (current anti-
depressant, hypnotic/sedative, pain, or epileptic medication). See
Table 1 and Supplementary Materials for details regarding assess-
ments of PTSD, comorbidities, demographics, and medication use.

Table 1. Sample characteristics

Total
(N = 271†)

Impaired EF
(N = 35)

Average EF
(N = 182)

Above-average EF
(N = 45)

Percent

PTSD diagnosis 58.30 48.57 61.54 48.89

Gender (males) 90.04 88.57 89.01 93.33

Mild military TBIa 42.44 34.29 42.86 46.67

Depression medication 21.40 22.86 20.33 22.22

Epileptic medication 2.58 5.71 1.65 2.22

Sedative/hypnotics Medication 6.64 5.71 6.59 6.67

Pain medication 27.31 31.43 24.73 28.89

Means (M) and Standard Deviation (SD) M SD M SD M SD M SD

CAPS 48.00 29.10 50.37 30.26 48.47 28.86 40.82 27.72

B symptoms 12.69 9.80 13.29 10.37 12.55 9.74 11.49 9.29

C symptoms 18.80 12.74 19.23 13.62 19.13 12.66 15.93 12.08

D symptoms 17.51 9.63 18.86 9.91 17.80 9.54 14.40 9.28

Age 31.22 8.04 32.77 7.95 31.02 8.22 30.22 6.99

Education 13.92 1.81 13.94 1.80 13.80 1.72 14.51 2.00

WTAR** 35.25 7.33 32.26 8.29 34.75 6.99 39.71 6.31

Depressionb 8.00 8.76 9.15 9.63 7.90 8.68 6.79 8.26

Anxietyb 6.40 7.51 9.15 9.63 5.78 6.72 5.54 7.38

Average alcohol usec 6.14 3.69 7.22 3.94 5.91 3.58 5.59 2.67

Average paind 1.17 1.04 1.37 1.07 1.22 1.03 0.88 1.07

Sleep qualitye 9.48 4.79 10.24 4.40 9.54 4.88 8.48 4.53

Memory composite* −0.28 0.99 −0.63 0.87 −0.29 1.02 0.09 0.87

Attention composite** 0.10 0.58 −0.30 0.43 0.09 0.56 0.46 0.53

Executive function composite** 0.10 0.55 −0.61 0.44 0.08 0.42 0.75 0.34

*, **Three EF groups (impaired, average, and above average) are significantly different at p < 0.05 and p < 0.001 respectively, using logistic or linear regression. †Nine participants were missing
the executive composite data (N = 262). EF, executive function; CAPS, Clinician-Administered PTSD Scale (Blake et al., 1995); WTAR, Wechsler Test of Adult Reading (Venegas & Clark, 2011).
aMild military TBI are scored from the Boston Assessment of TBI-Lifetime.
bDepression and Anxiety are both total scores from the Depression Anxiety Stress Scales (Lovibond & Lovibond, 1995).
cAverage alcohol use is the average number of drinks on a drinking day from lifetime drinking history (Skinner & Sheu, 1982).
dAverage pain is from the average pain in the last month from the McGill Short Form (Melzack & Katz, 2013).
eSleep quality is the Global Sleep Score from the Pittsburgh Sleep Quality Index (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989).
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Neuropsychological tests

We assessed cognitive functioning using a priori, previously vali-
dated composite measures of verbal memory, attention, and
executive functioning (Riley et al., 2019). Then, using DSM-5 cri-
teria for clinically significant mild neurocognitive impairment,
impairment in a cognitive domain was defined as performance
falling one standard deviation below normative expectations on
two or more measures within that domain (Jak et al., 2009;
Riley et al., 2019; Stricker et al., 2017). This method has been vali-
dated and used previously in a post-9/11 Veteran sample
(Esterman et al., 2020; Riley et al., 2019). In addition to defining
mild neurocognitive impairment, we used a parallel approach to
define above-average performance. Specifically, we defined those
with above-average cognition as those that performed one stand-
ard deviation above normative expectations on two or more of the
measures within a cognitive domain. All other participants were
considered to have average cognitive functioning in a given
domain. We used these previously published criteria to define
groups with clinically significant differences in cognition within
our sample, rather than continuous measures that emphasize dif-
ferences in performance that may not be meaningful or reliable.
Similarly, this cutoff procedure increases the reliability of defining
impaired/above-average groups since it requires scoring above or
below on two or more tests within a domain, creating three groups
of cognitive functioning: impaired, average, and above-average
functioning. Considering those with impaired functioning, average
functioning, and above-average functioning using clinically signifi-
cant cutoffs allowed us to determine how clinically significant and
normative-based variation in cognitive ability accounts for neuro-
biological heterogeneity in PTSD. Finally, the Medical Symptom
Validity Test (Green, 2004) was used to exclude participants that
likely did not expend full effort, calling into question their clinical
and neuropsychological performance, akin to previous studies with
this population (Esterman et al., 2020; Riley et al., 2019), and others
(Heilbronner, Sweet, Morgan, Larrabee, & Millis, 2009; Iverson,
2005; Stricker et al., 2017). See Table 1 and the Supplementary
Materials for more details regarding the neuropsychological tests,
composites, and performance validity testing.

Neuroimaging methods

Anatomical and 8–12min of resting-state neuroimaging data were
acquired with a 3T Siemens (Erlangen, Germany) TIM Trio scanner,
using a 12-channel head coil. Details regarding MRI acquisition,
resting-state preprocessing, head motion calculation, and quality
control criteria for inclusion can be found in the Supplementary
Materials. The brain was parcellated using a seven-network atlas
from Yeo et al. (2011). The bilateral amygdala and hippocampus
were added to this parcellation’s LN, from an atlas developed by
Tullo et al. (2018) to allow for analysis of these structures that are
commonly implicated in neurobiological models of PTSD. This pro-
cedure generated 52 ROIs, embedded within the seven large-scale
cortical networks. The average time series were extracted from
each ROI (averaged across the set of voxels within the node)
and correlated (Pearson) across nodes for a total of 1326 pairwise
correlations (see Supplementary Materials and Table S1 for more
information regarding this parcellation procedure).

Network connectivity analyses

To calculate both within- and between-network functional con-
nectivity values, the resulting correlation coefficients for each

ROI-pair were Fisher-z transformed, grouped by network, and
averaged according to their corresponding large-scale network
resulting in a total of seven within- and 21 between-network con-
nectivity estimates (28 total). To determine network connectivity
relationships with PTSD, connectivity in each network-pair was
correlated (Pearson) with PTSD symptom severity for a total of
28 correlations. In addition to Pearson correlations, semi-partial
correlations were used to determine if significant correlations sur-
vived accounting for general demographic covariates including
age, education, gender identity, and WTAR. These 28 connections
were also corrected for multiple comparisons using FDR correc-
tion ( p < 0.05).

Follow-Up Symptom Cluster Analyses: Significant correla-
tions between networks and overall symptom severity were
revisited in order to determine the specificity of the relationship
to underling PTSD symptom clusters. Each significant correl-
ation was evaluated in separate Pearson correlations between
network connectivity and each of the CAPS-IV symptom
clusters (Re-experiencing, avoidance and numbing, and hyper-
arousal), followed by semi-partial correlations that included
general demographic covariates (age, gender, education, and
WTAR).

Secondary Control and Follow-Up Analyses: Follow-up ana-
lyses were conducted on significant Pearson correlations between
network connectivity and overall PTSD symptom severity. These
follow-up analyses considered the inclusion of three sets of covari-
ates: comorbid clinical conditions (depression, anxiety, alcohol use,
mTBI, sleep quality, pain), neuroimaging-related effects (head
motion and scan duration), and medication use (anti-depressant,
hypnotic/sedative, pain, or epileptic). For each significant correc-
tion, the semi-partial correlation was recomputed including each
of the three categories of covariates.

Neurocognitive interaction analyses

For network(s) significantly related to PTSD, we examined how
cognitive functioning further explained PTSD-network connectiv-
ity relationships by including cognitive functioning (impaired,
average, above-average) in each domain (verbal memory, atten-
tion, executive functioning) and their interaction with PTSD
symptom severity as terms in linear regression models to predict
network connectivity. The same demographic covariates were
used in these models (age, gender, years of education, and
WTAR). These analyses were conducted independently for each
of the three cognitive domains. Significant interactions between
cognitive functioning and PTSD symptom severity would indicate
that the relationship between PTSD symptom severity and net-
work connectivity depends on the level of cognitive functioning.
In addition to using a dimensional approach (continuous
PTSD symptom severity), we included an additional regression
analysis that used PTSD diagnosis instead of continuous PTSD
symptoms to address whether network connectivity varied in
those with a PTSD diagnosis and varying degrees of cognitive
functioning.

Follow-Up Symptom Cluster Analyses: Similar to the net-
work connectivity analyses, we revisited model(s) with significant
interactions between overall PTSD symptom severity and cogni-
tion, in order to assess potential specificity to underlying symp-
tom clusters (rexperiencing, avoidance and numbing, and
hyperarousal symptom clusters).

Secondary Control and Follow-Up Analyses: Similar to the
network connectivity analyses, models with significant
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interactions between overall PTSD symptom severity and cogni-
tion were re-evaluated with three sets of covariates: comorbid
clinical conditions, neuroimaging-related effects, and medication
use.

Regional PTSD-Hubs of Dysfunction

In order to more finely parse the observed PTSD-related network-
level dysfunction to specific regions and potentially identify future

targets for interventions, we evaluated evidence for regional hubs
of PTSD-related dysfunction (HoD), using a graph-analytical
technique that determined the degree of each node as it related
to PTSD symptom severity. We adapted the metric of degree
centrality, as it incorporates the whole brain (includes all edges)
while preserving the ability to identify local nodes (hubs) for
future research and potential targets for treatment-based studies.
Specifically, the connectivity between each ROI (52 in total) and
all other regions (51 in total) was correlated with PTSD symptom

Fig. 1. Correlations between PTSD symptom severity and network connectivity. (a) Connectivity matrix displaying the Pearson correlations between the 28 network
functional connectivity values and PTSD symptom severity. Only the connectivity between the frontal-parietal control network (FPCN) and the limbic network (LN)
was significant after correcting for multiple comparison (r = 0.19, p = 0.001) and is highlighted by a red box. (b) Scatterplot of limbic-FPCN connectivity and PTSD
symptom severity. (c) The relationship between limbic-FPCN connectivity and PTSD symptom severity across the three executive functioning (EF) groups. The first
(left) panel displays the significant relationship between symptom severity and limbic-FPCN connectivity in the impaired EF group. The middle panel displays the
significant relationship between connectivity and PTSD severity in the average EF group. The last (right) panel shows the insignificant relationship between con-
nectivity and symptom severity in the above-average EF group. FPCN, frontal-parietal control network; LN, limbic network.
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severity (p < 0.05). This initial analysis provided, for each of the
52 ROIs, the number of connections (degree) with a significant
relationship with PTSD symptom severity (possible range of
0–51). We operationalized an HoD as a brain region with a
greater number of PTSD-related connections than expected by
chance given the nominal threshold ( p < 0.05). To determine
chance, PTSD symptom severity was randomized with respect
to participants, and the HoD analyses were repeated 5000 times.
For each randomization iteration, the number of PTSD-
related connections was determined for each ROI. A random dis-
tribution was generated for each ROI, and regions were consid-
ered a significant hub if the observed number of PTSD-related
connections occurred by chance <5% of the time in the random
distribution. For the significant HoDs, follow-up analyses
explored the patterns of hyper- and hypo-connectivity across
the connectome.

Results

Network connectivity analyses

We computed correlations between functional connectivity in 28
brain-network pairs and PTSD symptom severity (Fig. 1a). After
correcting for multiple comparisons (FDR), only the connectivity
between the LN and FPCN remained significantly correlated
with PTSD symptom severity (r = 0.19, p = 0.001, FDR-corrected
q = 0.014; Fig. 1b), such that increased PTSD symptom severity
was related to increased LN-FPCN connectivity. As the connect-
ivity was negative overall, more severe PTSD symptoms resulted
in a reduction of this negative connectivity, or reduction in the
absolute connectivity. This effect remained significant after con-
trolling for age, gender, years of education, and premorbid IQ
(WTAR) (semi-partial r = 0.20, p = 0.001). Zero-order correlations
between LN/FPCN and covariates are reported in the
Supplementary Materials (Table S3).

Follow-Up Symptom Cluster Analyses: To further determine
specificity, we correlated LN-FPCN connectivity with each symp-
tom cluster (re-experiencing, avoidance and numbing, and hyper-
arousal). All three symptom clusters were significantly correlated
with each other (r = 0.71–0.75, p’s < 0.001; see Supplementary
Table S2), and with LN-FPCN (r = 0.15–0.19, p’s < 0.015; see

Supplementary Table S3), and remained significant after includ-
ing covariates, suggesting no clear symptom specificity in the
PTSD correlation with LN-FPCN connectivity.

Secondary Control and Follow-Up Analyses: Next, we con-
ducted additional control analyses to determine the specificity
and robustness of the relationship between PTSD symptom sever-
ity and LN-FPCN. The relationship between PTSD and LN-FPCN
remained significant after controlling for clinical comorbidities
(depression, anxiety, average alcohol use, mTBI, sleep quality,
and average pain; r = 0.14, p = 0.041), neuroimaging-related
effects (scan duration and head-motion; r = 0.19, p = 0.002), and
medication use (anti-depressant, sedative/hypnotic, epileptic,
and pain medication, r = 0.17, p = 0.006). See online
Supplemental Table S2 for zero-order correlations between clin-
ical comorbidities, scanner-related confounds, current medication
use, and LN-FPCN connectivity.

Neurocognitive interaction analyses

Next, we examined whether cognitive functioning further
explained variance in the relationship between LN-FPCN con-
nectivity and PTSD, potentially identifying the patterns of func-
tional connectivity unique to PTSD in combination with
normative-based, clinically significant differences in cognitive
function. To do this, we conducted a linear regression predicting
LN-FPCN connectivity, with PTSD symptom severity, normative-
based cognitive functioning (impaired, average, above-average),
and the interaction between PTSD and cognition (as well as gen-
eral demographic covariates, see Methods). This model was con-
ducted separately for composite measures of verbal memory,
attention, and executive functioning (see Methods). In these mod-
els, a main effect of cognitive functioning would indicate an addi-
tive relationship between cognition and PTSD in explaining
LN-FPCN connectivity. On the other hand, an interaction
between PTSD symptom severity and cognitive functioning
would indicate that the relationship between PTSD and this con-
nectivity marker varied across levels of cognitive functioning.
For EF, the overall regression model was significant (adjusted
R2 = 0.07, p < 0.001), there was a main effect of PTSD symptom
severity (β = 1.32, p < 0.001), a main effect of EF group (β = 0.27,

Table 2. Linear regressions predicting limbic-FPCN connectivity

Domain Adjusted R2 Predictors β p value

Attentiona 0.04 PTSD severity 0.26 0.387

Attention −0.04 0.782

PTSD × Attention interaction −0.03 0.937

Memoryb 0.03 PTSD severity −0.14 0.961

Memory −0.03 0.806

PTSD × Memory interaction 0.36 0.303

Executivec 0.07** PTSD severity 1.32 <0.001

Executive functioning 0.27 0.02

PTSD × Executive interaction −1.13 0.001

All models include age, education, gender, and WTAR. **p < 0.001. Attention, memory and executive functioning were ordinal three-level factors. β denotes standardized β coefficients.
aThe attention domain had 27 with impaired attention, 208 with average attention, and 30 with above-average attention, six subjects had missing data.
bThe memory domain had 43 with impaired memory, 204 with average memory, and 17 with above-average memory, seven subjects had missing data.
cThe executive (EF) domain had 35 with impaired EF, 182 had average EF, and 45 with above-average EF, nine subjects had missing data.
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p = 0.02), and a significant interaction between PTSD symptom
severity and executive functioning (β =−1.13, p = 0.001; see Fig. 1c).

Upon closer inspection of this interaction (Fig. 1c; Table 2), in
those with impaired EF, there was a moderately strong positive
correlation between LN-FPCN connectivity and PTSD severity
(r = 0.50, p = 0.002); in those with average EF, this positive correl-
ation between LN-FPCN connectivity and PTSD symptom sever-
ity was numerically weaker (r = 0.24, p = 0.001); whereas in those
with above-average EF, there was no significant correlation
between PTSD symptom severity and LN-FPCN connectivity
(r =−0.18, p = 0.24; see Fig. 1c). In other words, the reduced
LN-FPCN connectivity associated with PTSD symptom severity
was strongest in those with impaired EF, and absent in those
with above-average EF. In contrast to EF, the Attention
and Memory models were not significant (Attention: adjusted
R2 = 0.03, p = 0.06, Memory: adjusted R2 = 0.03, p = 0.07; see
Table 2). Accounting for the effects of EF did not improve either
the memory or attention models (see Supplementary Table S4for
these model statistics and details).

The interaction between EF and PTSD remained significant
after controlling for additional covariates that differed between
the EF groups, including attention and memory composites as
well as other comorbidities (see Table 1). We included the effects
of EF (main effect of EF groups and the interaction between EF
and PTSD symptom severity) in both the Attention and
Memory regression models to help determine if Attention or
Memory had better predictive power after accounting for effects
of EF. Both the Attention and Memory models were significant
after including EF and its respective interaction term
(Attention model: adjusted R2 = 0.073, p < 0.001, Memory
model: adjusted R2 = 0.08, p < 0.001). However, the significant
predictors in both models only included PTSD symptom severity,
EF groups, and the interaction between PTSD and EF, indicating
that neither memory nor attention predicted LN-FPCN connect-
ivity across a range of models and predictors.

Follow-Up Symptom Cluster Analyses: We investigated the
specificity of the observed PTSD-EF interaction by considering
symptom clusters (re-experiencing, avoidance and numbing,
and hyperarousal) rather than overall PTSD symptom severity
in the model. All three interactions between symptom cluster
severity and EF significantly predicted LN-FPCN connectivity,
(B symptoms β =−0.98, p = 0.005; C symptoms β =−0.77, p =
0.026; D symptoms β = −1.35, p < 0.001). See Supplementary
Table S3 for the full report of all these three models.

Secondary Control and Follow-Up Analyses: Next we con-
ducted additional control analyses to determine the specificity
and robustness of the interaction between PTSD and EF. The
interaction between PTSD and EF remained significant after con-
trolling for clinical comorbidities (depression, anxiety, average
alcohol use, mTBI, sleep quality, and average pain; β = −1.03,
p = 0.005), neuroimaging-related effects (scan duration and head-
motion; β =−1.10, p = 0.001), and medication use (anti-depressant,
sedative/hypnotic, epileptic, and pain medication; β=−1.06, p= 0.002).
See Supplementary Table S4 for more details.

This study found relatively small effect sizes (e.g., r = 0.19 and
adjusted R2 = 0.076). However, small-to-medium effect sizes are
commonly observed in studies investigating brain and PTSD
symptom relationships (e.g., Akiki et al., 2018; Santhanam,
Wilson, Oakes, & Weaver, 2019; Zhu et al., 2017), and for studies
investigating cognitive relationships with PTSD symptom severity
(e.g. DeGutis et al., 2015). Despite these effect sizes, the LN-FPCN
relationship with PTSD symptom severity reported in this study

was robust to multiple different covariates, including demograph-
ics, common clinical comorbidities, scanner-related confounds,
and current medication use. Further, including EF and the inter-
action between EF and symptom severity almost doubled the
amount of variance explained (model with PTSD severity only:
R2 = 0.036; model with interaction: R2 = 0.076). Therefore, while
a relatively small effect size, EF significantly adds explanatory
power to understanding the relationship between LN-FPCN con-
nectivity and PTSD.

Neurocognitive subtypes of PTSD

To test whether these executive functioning interactions with
PTSD symptom severity reflect potential neurocognitive subtypes
of PTSD diagnosis, we considered PTSD diagnosis in place of
symptom severity in the EF model of LN-FPCN connectivity.
The overall model was significant (adjusted R2 = 0.055,
p = 0.004), with a main effect of PTSD diagnosis (β = 0.74,
p = 0.002), EF groups (β = 0.52, p = 0.008), as well as the inter-
action term (β = −1.11, p < 0.001). Post-hoc linear models
revealed that in those without PTSD, EF groups did not signifi-
cantly explain LN-FPCN connectivity (β = 0.15, p = 0.144), and
the groups did not significantly differ from each other (independ-
ent samples t test p > 0.05). On the other hand, in those with
PTSD, EF significantly explained LN-FPCN connectivity (β =
−0.24, p = 0.005; Fig. 2). Using independent samples t tests, we
found greater dysfunctional connectivity in those with PTSD
and impaired EF compared to those with PTSD and above-
average EF [t(27.81) = 2.92, p = 0.007].

Regional PTSD-Hubs of Dysfunction

To further explore the regional nature of these LN-FPCN markers
of PTSD, we next sought to examine which subregions within
these networks were related to PTSD symptom severity. Based

Fig. 2. Limbic-FPCN connectivity and executive functioning (EF) groups in those with
PTSD diagnosis (vs. those without PTSD). PTSD+, individuals with PTSD; PTSD–, indi-
viduals without PTSD; Imp, impaired functioning; Avg, average functioning; AbvAvg,
above-average functioning.
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on the previous analyses, we hypothesized that regions within the
LN and FPCN would be HoD. HoD analysis, a novel
graph-analytic approach to functional connectivity, was employed
that identifies individual brain regions with a significant number
of connections (degree) related to PTSD symptom severity (see
Methods). Two HoDs were identified (Fig. 3), the right amygdala,
within the LN, and the left dorsolateral prefrontal cortex
(DLPFC), within the FPCN. Twenty percent (10/51) of connec-
tions with the left DLFPC ( p = 0.022) were correlated with
PTSD symptom severity. Nine connections displayed hyper-
connectivity with greater PTSD symptom severity, five to the
DMN and four to the LN (Fig. 3a), all reflecting reductions in
negative connectivity (or absolute reductions in connectivity
strength). Sixteen percent (8/51) of connections with the right
amygdala ( p = 0.028) were correlated with PTSD symptom sever-
ity. Seven connections displayed hyper-connectivity to the FPCN,
reflecting reductions in negative connectivity (absolute reductions
in connectivity strength, Fig. 3b). Overall, there were consistencies
between this HoD analysis and the previous network correlation
analysis, specifically the decreased (negative) connectivity
between the FPCN and LN. The HoD analysis further revealed
PTSD-related connectivity between the DLPFC and DMN.

Discussion

In this study, we examined intrinsic functional brain markers of
PTSD using whole-brain network-based and graph-analytic
approaches in a large sample (N = 271) of post-9/11
trauma-exposed veterans. We further considered how specific pat-
terns of cognitive dysfunction modified the relationship between
PTSD and brain functioning. A primary result from our study
was that, across all network interactions, the LN-FPCN

connectivity was uniquely correlated with PTSD symptom sever-
ity. This effect was robust to a variety of covariates (e.g., demo-
graphics, clinical comorbidities, neuroimaging-related effects,
and medication use) and was not specific to any one symptom
cluster. PTSD-related HoDs were identified within these net-
works, including the right amygdala and left DLPFC. In both
the network and the HoD analyses, with increasing severity of
PTSD symptoms, there was a reduction in negative connectivity
strength (Fig. 1b and 3), or a reduction in absolute connectivity.
Further, our analysis found that executive functioning modulated
the relationship between the LN-FPCN connectivity and PTSD
(Fig. 1c); those with clinically significant executive dysfunction
exhibited the strongest relationship between LN-FPCN connectiv-
ity and PTSD symptom severity. This interaction between PTSD
and EF was robust to accounting for clinical covariates and a
range of potential confounds and was not specific to any one
symptom cluster. Further, this pattern was unique to those with
a PTSD diagnosis, such that those with PTSD and impaired EF
had the strongest LN-FPCN dysfunction, and those with PTSD
and above-average EF had equivalent connectivity to those with-
out PTSD (Fig. 2). These relationships with LN-FPCN connectiv-
ity were unique to EF and absent for normative-based measures of
attention or verbal memory. Together, these results suggest that
while LN-FPCN dysregulation may be a general neural correlate
of PTSD, it is most pronounced in those with impaired executive
functioning and may represent a neurocognitive subtype of PTSD.

We considered normative-based cognitive functioning as a
modulating factor and demonstrate that impaired EF amplifies
the relationship between PTSD and LN-FPCN connectivity, and
above-average EF reduces this relationship. This effect was evident
when considering PTSD dimensionally, as well as by diagnosis,
suggesting potentially meaningful neurocognitive subtypes of

Fig. 3. Hubs of Dysfunction (HoD) were defined as regions with significant numbers of PTSD-related connections. (a) Significant PTSD-related connections from the
left dorsolateral prefrontal hub of the FPCN. (b) Significant PTSD-related connections from the right amygdala hub of the limbic network. The hub is denoted by a
bolded label and large circle, whereas significant connections are denoted by medium circles. The color of the lines dictates if the connection is either hyper-
connected (red) or hypo-connected (blue). Vis, visual network; SM, somatomotor network; DAN, dorsal attention network; VAN, ventral attention network;
Limbic, limbic network; FPCN, frontal-parietal control network; DMN, default mode network.
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PTSD. Previous literature suggests poor EF may increase suscep-
tibility to PTSD (Admon, Milad, & Hendler, 2013; Aupperle et al.,
2012b), and modulating these circuits may mark a potential target
for treatment (Koch et al., 2016a 2016b; Nicholson et al., 2017).
Our results suggest that those with impaired EF may be more sus-
ceptible to LN-FPCN dysregulation as a result of PTSD, or, alter-
natively, it could be that poor EF and network dysregulation are
exacerbated by PTSD in some individuals. Longitudinal studies
of neurocognitive functioning will be required to tease apart the
degree to which these neurocognitive markers reflect premorbid
risk factors vs. sequelae of PTSD. In sum, our network-based
and HoD analyses are consistent with prior neurobiological mod-
els of PTSD (Akiki et al., 2017; Liberzon & Abelson, 2016), and
further implicate individuals with impaired EF as exhibiting a
more prominent PTSD biomarker, potentially identifying a neu-
rocognitive subtype of PTSD.

A wealth of evidence from resting-state, task-based fMRI, and
neuropsychology studies have implicated regions within the LN
and FPCN with PTSD symptomatology. The LN-FPCN brain
connectivity with PTSD symptom severity in the network correl-
ation analysis, and the specificity to the amygdala and DLPFC
discovered by the HoD, are brain regions and neural circuits
that have previously been implicated in current theories of
PTSD. These theories include fear learning (Dunsmoor, Prince,
Murty, Kragel, & LaBar, 2011; Lissek et al., 2014), exaggerated
threat detection (Aupperle et al., 2012a; Bryant et al., 2008;
Sripada et al., 2012b), as well as executive functioning and emo-
tion regulation models (Buhle et al., 2014; Ochsner, Silvers, &
Buhle, 2012). Further, including EF in the network connectivity
analyses of this study revealed that those with impaired EF had
reduced connectivity compared to those with above-average EF.
One of the dominant neurobiological theories of PTSD suggests
that PTSD arises from reduced top-down control of prefrontal
regions on emotional circuits (see Liberzon & Abelson, 2016).
Generally, neuropsychological studies of PTSD find decreased
top-down attention control, EF, and emotional regulation in
both affective and emotionally neutral contexts (Aupperle et al.,
2012b), with some specificity to inhibitory control (DeGutis
et al., 2015). This disruption in top-down control in turn has
been linked to reduced prefrontal cortex activation (Rabinak
et al., 2014) and overactivation of limbic circuitry (Admon
et al., 2013; Aupperle et al., 2012a). Another neurobiological the-
ory that may explain the results of this study describes emotional
over-modulation and under-modulation (Lanius et al., 2010,
2012). Emotional under-modulation involves decreased top-down
control of corticolimbic systems and worsened re-experiencing
and hyperarousal symptoms (Lanius et al., 2010, 2012) and gen-
erally falls in line with the literature previously described
(Liberzon & Abelson, 2016). Emotional over-modulation, how-
ever, reflects increased top-down control of corticolimbic systems
and has been associated with the dissociative subtype of PTSD
(Lanius et al., 2010, 2012). On the one hand, our impaired EF
PTSD group shows a pattern consistent with under-modulation,
with reduced LN-FPCN connectivity. On the other hand, we
found that those with above-average EF had the strongest con-
nectivity between LN-FPCN, or a potential pattern of over-
modulation. While it is possible that these two extreme PTSD
groups (impaired EF and above-average EF) employ different
mechanisms when responding to trauma corresponding to over-
vs. under-modulation, the above-average EF group’s connectivity
did not vary as a function of PTSD symptom severity. As we did
not assess dissociative symptoms, additional research will be

needed to further investigate the possibility that dissociation
and emotional over-modulation are reflected by LN-FPCN
connectivity.

Our HoD analysis identified other regions and networks fre-
quently implicated in PTSD, in addition to the aforementioned
LN-FPCN relationship. For instance, the insula, anterior cingulate
cortex, and hippocampus all exhibited PTSD-related alterations
(Koch et al., 2016a, 2016b; Liberzon & Abelson, 2016;
Nicholson et al., 2017; Sripada et al., 2012a; Van Rooij et al.,
2016). Additionally, the HoD analysis revealed decreased negative
coupling between the DMN and task-positive regions in the
FPCN. Negative connectivity between the DMN and task-positive
regions is thought to reflect the antagonistic relationship between
internal thoughts, such as rumination and external task-related
cognitive control (Chen et al., 2013; Seeley et al., 2007).
Dysfunctional connectivity between DMN and task-positive net-
works may contribute to lapses in attention (Fortenbaugh,
Rothlein, McGlinchey, DeGutis, & Esterman, 2018; Kucyi,
Hove, Esterman, Hutchison, & Valera, 2017), impaired executive
functioning (Kelly, Uddin, Biswal, Castellanos, & Milham, 2008;
Melrose et al., 2018), as well as to other psychiatric disorders
(Bartova et al., 2015; Sheline et al., 2009). Together, these results
are generally consistent with triple network models of psycho-
pathology (Menon, 2011), which include dysfunction in connect-
ivity within and between the DMN, SN/LN, FPCN, and
neurobiological models of PTSD that include dysregulation of
the DMN (e.g. diminished EF model of PTSD; Liberzon &
Abelson, 2016). Additionally, one region in the dorsal attention
network (right frontal eye field), a network critical for goal-
directed attention, exhibits hypoconnectivity with the FPCN,
potentially reflecting abnormalities in attentional orienting com-
monly observed in PTSD (Russman Block et al., 2017).
Together, the HoD analysis suggests that while the most consist-
ent brain dysfunction associated with PTSD symptomatology is
abnormal coupling between FPCN and LN regions, dysregulation
of these networks has a cascading effect that includes the DMN,
DAN, and SN. In addition to the variability accounted for by cog-
nitive functioning, these complex connectivity patterns may also
help account for the heterogeneity and variability of neuroima-
ging studies of PTSD.

While this study demonstrated a potential biomarker of
PTSD modified by executive functioning, other cognitive func-
tions commonly impaired in those with PTSD, such as verbal
memory and attention dysfunction, may represent different sus-
ceptibilities and/or subtypes of PTSD. For example, a previous
study identified a VAN (often synonymous with SN) subtype
of PTSD, that was only evident in those with verbal memory
impairments (Etkin et al., 2019). In contrast, in a conceptual
replication of Etkin et al., we used a more extensive, norma-
tive-based neuropsychological battery and found that this
VAN/SN marker of PTSD was present in those with clinically
significant attention impairments, rather than verbal memory
(Esterman et al., 2020). The current dataset includes subjects
from that study, and in fact, we continue to observe lower
VAN/SN connectivity in those with PTSD and a clinically sig-
nificant attention impairment (data not shown). Importantly,
the current LN-FPCN connectivity biomarker of PTSD is robust
to controlling for attention and verbal memory, and thus repre-
sents an independent potential subtype of PTSD (those with
clinically significant executive dysfunction). Neurocognitive sub-
typing has also been applied to clinical depression (Williams,
2017), with some evidence for an attention-impaired subtype
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characterized by hypo-connectivity in a fronto-parietal attention
network that overlaps with FPCN and VAN/SN (Keller et al.,
2019). Together, these studies suggest that specific patterns of
cognitive dysfunction may reveal subtypes of psychopathology
trans-diagnostically, and that biomarkers of psychiatric disorders
may not be identifiable without considering these cognitive fea-
tures. Defining neurocognitive subtypes of psychopathology,
with unique cognitive and neural signatures, has important
implications for biomarker identification and precision psych-
iatry interventions (Williams, 2017).

There are several limitations and potential future directions of
the current study. Our sample included predominantly male, vet-
eran participants with a number of comorbidities, including sub-
stance use, mTBI, chronic pain, depression, and anxiety
(McGlinchey et al., 2017). Connectivity biomarkers of PTSD may
vary by sex and may differ across civilian and military trauma
(e.g., Etkin et al., 2019). This study also did not consider the impact
of early childhood adversity or trauma on the observed neurocog-
nitive markers of PTSD. As neurodevelopmental experiences are
known to have complex effects on executive functioning, emotional
regulation, the brain development of these LN/FPCN systems (e.g.,
Fortenbaugh et al., 2017a), and increased risk for psychopathology
in adulthood (Fortenbaugh et al., 2017a; Mclaughlin, Peverill, Gold,
Alves, & Sheridan, 2015, 2017; McLaughlin, Hatzenbuehler,
Mennin, & Nolen-Hoeksema, 2011), such factors could have impli-
cations for the current findings. Additionally, this study did not col-
lect information regarding dissociative symptoms, which in light of
the link between dissociation and hyper-connectivity (vs. reduced
connectivity) of cognitive control systems, could further explain
the current results (Lanius et al., 2010, 2012; Nicholson et al.,
2015). Finally, while we controlled for a number of clinical
comorbidities, combinations of PTSD alongside certain comorbid-
ities may be critical to understand the underlying neurobiological
heterogeneity and transdiagnostic neurocognitive subtypes in this
polymorbid population (Esterman et al., 2019).

There are also several limitations and room for further devel-
opment regarding neuroimaging and neuropsychological meth-
ods. This study uses a fairly coarse brain parcellation and does
not comprehensively consider subcortical and cerebellar struc-
tures that may provide further insights on the neurobiology of
PTSD (Rabellino et al., 2018a; Rabellino, Densmore, Théberge,
McKinnon, & Lanius, 2018b). Further, task-based markers during
executive functioning and emotional regulation may reveal stron-
ger or additional markers of PTSD and interactions with cognitive
ability, since recent studies suggest that static, atlas-based parcel-
lations may be insufficient to characterize dynamic network struc-
ture that varies over time and by task (Liégeois et al., 2019). Thus,
the current resting-state approach, while practical, may still be
insensitive to other neurobiological features of PTSD. One poten-
tial improvement for future studies would be to include more
fine-grained parcellations, which provide increased granularity
in whole-brain analytical approaches, such as the HoD analysis.
Regarding our analytical approach, the HoD analysis adapted a
measure of degree centrality in order to identify individual
nodes that were most related to PTSD. In the future, other mea-
sures that investigate whole-brain properties (e.g., modularity, or
the participation coefficient) should be considered, as the proper-
ties of these measures could provide further evidence to support
our results or identify additional patterns that are informed by
different properties of brain connectivity. An additional aspect
of our methods, the composite-based subgroups, while arguably
a strength of this study, also has limitations. These groups were

defined based on a priori DSM 5 criteria for clinically significant
neurocognitive impairments in three cognitive domains.
However, one limitation of this protocol is that it lacks tasks
related to emotional regulation, learning, and decision-making
aspects of cognition relevant to PTSD that are worthy of future
research. Together, future research should strive to replicate our
findings using other neuroimaging methods, analytical techni-
ques, and expanded cognitive assessments.

Finally, we cannot determine if impaired executive functioning
and reduced connectivity are premorbid risk factors or a reflection
of current PTSD symptoms. Longitudinal work, such as premorbid
neurocognitive assessments prior to deployment (Admon et al.,
2013), as well as tracking these neurocognitive markers across
symptom fluctuations, treatment, and recovery, will ultimately
help answer these challenging questions. There is evidence that
identifying these neurocognitive subtypes of PTSD has the potential
to predict treatment response and advance a precision medicine
approach. For example, a previous study suggested that brain activ-
ity, specifically SN and LN regions related to emotional processing,
was predictive of persistent PTSD in patients after 6–8 months of
trauma-focused therapy (Van Rooij et al., 2016). In a recent
study, which presented a neurocognitive subtype of PTSD with
impaired verbal memory and SN dysregulation, also suggested
that this impaired subgroup may be treatment resistant to psycho-
therapy (Etkin et al., 2019; although see Esterman et al., 2020).
Also, aspects of EF (e.g., inhibitory control, working memory)
have been shown to predict treatment response and efficacy to
trauma-focused therapy (Haaland, Sadek, Keller, & Castillo,
2016) or cognitive processing therapy (Crocker et al., 2018; Jak
et al., 2019). Therefore, it may be that while our impaired EF sub-
type of PTSD is less responsive to some interventions that require
emotional regulation (e.g., exposure therapy) or cognitive restruc-
turing (e.g., cognitive processing therapy), the subtype with above-
average EF may benefit the most. Future work testing these hypoth-
eses will be needed to better understand the translational utility of
the current study (e.g. Marx et al., 2020).

In sum, this study examined network-basedmarkers of PTSDdur-
ing resting-state fMRI. Further, we examined whether cognitive func-
tioning explained variability in the observed PTSD biomarkers. Our
results are consistent with previous network-based neurobiological
models of PTSD, implicating dysfunctional connectivity between
LN and FPCN with increased PTSD symptom severity. While this
relationship was modest, it was significantly modulated by executive
functioning, as this PTSD-biomarker was strongest in those with
normative-based clinically significant EF impairment and absent in
those with above-average EF. We further show that dysregulation of
LN and FPCN regions as cascading effects that include the DMN
and the DAN. Overall, this study helps explain heterogeneity in
PTSD biomarkers both across individuals and across brain networks.
It also provides preliminary evidence for EF subtypes of PTSD, that
together with recent work (Etkin et al., 2019; Maron-Katz et al.,
2020) has broad implications for precision psychiatry.
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