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Abstract

Posttraumatic stress disorder (PTSD) significantly impacts many veterans. Although PTSD has
been linked to alterations in the fear brain network, the disorder likely involves alterations in

both the fear and anxiety networks. Fear involves responses to imminent, predictable threat and

is driven by the amygdala, whereas anxiety involves responses to potential, unpredictable threat
and engages the bed nucleus of the stria terminalis (BNST). The BNST has been implicated

in PTSD, but the role of the BNST in combat veterans with PTSD has yet to be examined.
Identifying alterations in BNST responses to unpredictable threat could provide important new
targets for treatment. The current study examined whether veterans with PTSD have altered
BNST or amygdala responses (function and connectivity) to unpredictable and predictable threat.
The fMRI task involved viewing predictable threat cues followed by threat images, predictable
neutral cues followed by neutral images, and unpredictable threat cues followed by either a threat
or neutral image. Participants included 32 combat-exposed veterans with PTSD and 13 combat-
exposed controls without PTSD. Across all conditions, veterans with PTSD had heightened BNST
activation and displayed stronger BNST and amygdala connectivity with multiple fear and anxiety
regions (hypothalamus, hippocampus, insula, ventromedial prefrontal cortex) relative to controls.
In contrast, combat controls showed a pattern of stronger connectivity during neutral conditions
(e.g., BNST-vmPFC), which may suggest a neural signature of resilience to developing PTSD

an =.087-.527, ps < .001. These findings have implications for understanding fear and anxiety
networks that may contribute to the development and maintenance of PTSD.
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Posttraumatic stress disorder (PTSD) is a common, disabling disorder that significantly
impacts many combat veterans. In the soldiers returning from deployment in Afghanistan
and Irag, PTSD rates range from 15% to 23% (Fulton et al., 2015), at least twice the rate
of lifetime PTSD in the general population (Kessler et al., 2005). PTSD is associated with
numerous negative outcomes, including substantial disability; increased rates of mortality;
and a heightened risk of depression, substance abuse, and suicide (Edmondson et al., 2013;
Fanning & Pietrzak, 2013; Kessler et al., 1995). Although significant progress has been
made on evidence-based treatments for PTSD, many patients continue to report substantial
residual symptoms posttreatment (Bradley et al., 2005). One possibility for the lack of
treatment success is that the neurobiology of PTSD is complex, with alterations that extend
beyond the amygdala-based fear neurocircuitry to, for example, include bed nucleus of

the stria terminalis (BNST)—based anxiety networks. First-line PTSD treatments, including
selective serotonin reuptake inhibitors (SSRIs) and exposure-based therapies (Bisson et

al., 2013), are effective in reducing symptoms and are thought to work by normalizing

fear circuits, either by dampening fear reactivity or enhancing fear extinction learning
(Felmingham et al., 2007; Hauner et al., 2012). However, many veterans with PTSD fail

to remit completely, and the rate of relapse is high (Eftekhari et al., 2013). Therefore,
expanding the focus of neuroscience research on PTSD to include additional networks may
be beneficial for identifying novel treatment targets.

A growing body of work suggests that PTSD results from alterations in both the fear

and anxiety networks. Although fear and anxiety are often treated as interchangeable
constructs, decades of rodent studies provide evidence that fear and anxiety are separable
and mediated by distinct neural networks. For example, findings from translational studies
suggest that fear involves responses to a predictable or immediate threat, produces a fight-
or-flight response, and is mediated by the amygdala, whereas anxiety occurs in response

to unpredictable threat, is sustained over time, produces hypervigilance and hyperarousal,
and is mediated by the BNST (see reviews by Avery et al., 2016; Lebow & Chen, 2016).
Although there is also emerging evidence of overlapping roles for the amygdala and BNST
during threat processing (Fox & Shackman, 2019; Hur et al., 2020). Foundational work
exploring the BNST’s role in threat processing was conducted in rodents; however, recent
advances in imaging methods have laid the groundwork for mapping the structural and
functional connectivity of the BNST in humans (Avery et al., 2014; McMenamin et al.,
2014; Tillman et al., 2018). Building on that foundation, studies have explored the role

of the BNST in anxiety disorders. For example, individuals with anxiety disorders display
heightened BNST response during unpredictable threat anticipation (Figel et al., 2019) as
well as altered BNST connectivity (Torrisi et al., 2019). The degree of BNST activation and
connectivity has been shown to be correlated with trait anxiety (Somerville et al., 2010) and
anxiety symptoms (Andreescu et al., 2015; Clauss et al., 2019).

Despite emerging research implicating the BNST in threat processing, most PTSD research
in humans to date has focused on fear neural circuits based on the notion that alterations in
fear processing contribute to the development of PTSD (Pitman et al., 2012). Numerous
studies have found that individuals with PTSD display increased amygdala activity to
trauma-related (Liberzon et al., 1999; Shin et al., 1997) and aversive stimuli (Protopopescu
et al., 2005; Rauch et al., 2000; Stevens et al., 2013). Individuals with PTSD also
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demonstrate increased amygdala connectivity with regions involved in fear processing
(Brown et al., 2014; Rabinak et al., 2011), and the degree of connectivity has been shown
to be correlated with PTSD symptom severity (Liu et al., 2021; Sun et al., 2020). Together,
these findings highlight alterations in the fear network in individuals with PTSD.

Although a fear-centric view of PTSD has implicated the amygdala, converging lines of
rodent and nonhuman primate research suggest the BNST also plays a role in PTSD. In
rodents, the BNST has been shown to mediate symptoms similar to those characteristic of
PTSD, including hypervigilance, anxiety, arousal, and stress-enhanced learning (Miles &
Maren, 2019). In nonhuman primates, increased BNST activation during potential threat has
been found to be related to more anxious behavior (Fox et al., 2008). The few studies in
humans with PTSD have reported alterations in BNST activation during the anticipation of
threat (Brinkmann, Buff, Neumeister, et al., 2017) or processing of trauma-related words
(Awasthi et al., 2020), as well as altered BNST connectivity at rest (Rabellino et al., 2018).
However, the role of the BNST in response to uncertain or unpredictable threat remains
unclear and has yet to be examined in combat veterans. Evidence of alterations in BNST
responses to unpredictable threat could provide important new targets for treatment.

The goal of the current study was to determine whether amygdala or BNST responses to
unpredictable or predictable threat are altered in combat veterans with PTSD relative to
those without PTSD. We hypothesized that veterans with PTSD would display heightened
BNST activation in response to unpredictable threat relative to combat-exposed controls
(CCs). In addition, we predicted that veterans with PTSD would display increased BNST
connectivity within the brain regions associated with reactivity (i.e., amygdala, insula,
hypothalamus) and decreased connectivity with regulatory brain regions (i.e., ventromedial
prefrontal cortex; vmPFC) that would be specific to unpredictable threat. Aligning with
previous studies of PTSD, we predicted that veterans with PTSD would demonstrate
increased amygdala activation and altered connectivity during predictable threat relative
to combat controls.

Participants and procedure

Veterans between 18 and 50 years of age who were exposed to combat while deployed

in support of recent military operations in Afghanistan and Iraq were recruited from a
Veteran Affairs (VA) medical center in Nashville, Tennessee. Individuals were not eligible
for the study if they had a diagnosis of or received treatment for a psychotic disorder

or bipolar disorder, moderate-to-severe traumatic brain injury (TBI), current alcohol or
substance abuse disorder, or major medical illness, or if they failed a magnetic resonance
imaging (MRI) safety screen. In addition, all participants were screened for drug and alcohol
use on the day of the scan. This research was conducted in accordance with the VA

Human Research Protection Program. All participants provided written informed consent
and received financial compensation $125 (USD).

Participants were categorized as combat-exposed veterans with PTSD (77 =36) or CCs
without PTSD (7= 13). Individuals within the CC group met the following criteria: the
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absence of a current or past PTSD diagnosis, determined using the Clinician-Administered
PTSD Scale for DSM-5 (CAPS-5; Weathers et al., 2014); the absence of subthreshold
symptoms (i.e., a CAPS-5 score less than 15); and no use of psychoactive medications in
the past 6 weeks, excluding gabapentin and SSRIs. Participants in the PTSD group were
required to have a current PTSD diagnosis related to combat-related trauma, as determined
using the CAPS-5. The Structured Clinical Interview of the DSM-/V-TR (SCID; First et al.,
2002) was used to diagnose other psychiatric disorders.

Participants also completed self-report measures of depressive, anxiety, and PTSD
symptoms; combat experience; and childhood trauma. Details of the self-report measures are
presented in the Supplementary Materials. Participant characteristics are reported in Table 1.

Self-report measures

PTSD symptoms.: The 20-item, self-report PTSD Checklist for DSM-5 (PCL-5; Weathers
et al., 2013) was used to assess symptoms of PTSD. Participants were asked to rate how
much they were bothered by each symptom in the past month, using a 5-point scale ranging
from O (not at all) to 4 (extremely). Total scores range from O to 80, with higher scores
indicating more severe symptoms. In the present sample, Cronbach’s alpha was 0.97.

Combat exposure.: The seven-item Combat Exposure Scale (CES) Keane et al., 1989) was
used to assess war zone experience. Items are scored on a scale of 1 to 5, with higher scores
indicative of a higher degree of combat exposure. In the present sample, Cronbach’s alpha
was 0.83.

Depressive symptoms.: Symptoms of depression were assessed using the Beck Depression
Inventory—Il (BDI-II; Beck et al., 1996). Participants were asked to rate each of the 21
items on a scale of 0 to 3. Scores are summed, with higher scores indicating more severe
depressive symptoms (range: 0-63). In the present sample, Cronbach’s alpha was 0.95.

Anxiety symptoms.: The 40-item State—Trait Anxiety Inventory (STAI; Spielberger et al.,
1983) was used to assess anxiety. Participants were asked to rate each item on a scale of 1 to
4, with higher scores indicating more severe and higher trait anxiety. In the present sample,
Cronbach’s alpha was 0.96.

Childhood trauma.: Trauma exposure during childhood was assessed using the Childhood
Trauma Questionnaire (CTQ; Bernstein et al., 2003). Respondents were asked to score 28
items on a scale of 1 to 5, with higher scores indicating higher levels of trauma exposure. In
the current sample, Cronbach’s alpha was 0.96.

Threat anticipation task—To study the effect of unpredictable threat, we used a cued
anticipation threat task with unpredictable and predictable conditions. Participants were
trained to associate three different cues with different events: (a) an unpredictable threat cue
followed by either a combat-related or neutral image, (b) a predictable threat cue followed
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by a combat-related image, and (c) a predictable neutral cue followed by a neutral image
(Supplementary Figure S1). Details of the task are provided in the Supplementary Materials.

MRI data acquisition, data processing, and statistical analysis—Structural and
functional MRI (fMRI) data were acquired on a 3T scanner. Data were processed

using standard methods in statistical parametric mapping (SPM). Individual participant
generalized linear models were estimated using SPM12 software with cue (unpredictable,
predictable threat, predictable neutral) and image (unpredictable threat, unpredictable
neutral, predictable threat, predictable neutral) conditions.

To measure BNST and amygdala response during the anticipation (i.e., cue) and image
viewing phases (i.e., images), MarsBar (Brett et al., 2002) was used to compute activation
for each cue or image condition as the average percentage of signal change. Four individuals
from the PTSD group were excluded: two for button-push accuracy, one for motion, and one
for motion and accuracy. Eight participants had one run removed for motion (n=7 PTSD, n
=1CQC).

Task connectivity was computed using beta-series correlations, a method of estimating
functional connectivity by computing correlations of trial-by-trial variability (Rissman et al.,
2004). This method provides correlations for each set of brain regions for each condition;
functional connectivity between conditions is then compared as contrasts. Although this
method is similar to psychophysiological interaction (PP1) methods, it may provide a more
sensitive measure of connectivity for event-related designs (Cisler et al., 2014). Estimates
of functional connectivity (i.e., correlations) were computed for both the anticipation and
image viewing phases separately. The seed regions were the BNST and amygdala. The
target regions of interest (ROIs) were selected based on regions with established structural
connections to the BNST and amygdala and included the anterior hippocampus, anterior
insula, hypothalamus, and vmPFC. Additional details about the methods and ROl masks, as
well as descriptive statistics, are presented in the Supplementary Materials.

Data analysis

For this initial investigation of BNST and amygdala responses to unpredictable and
predictable threat in PTSD, we used a planned comparisons approach. When there are
specific a priori hypotheses, planned contrasts provide more Type Il error while maintaining
Type | error protection. The planned contrasts tested (a) unpredictable threat anticipation,
defined as unpredictable cue—predictable neutral cue; (b) predictable threat anticipation,
defined as predictable threat cue—predictable neutral cue; (c) unpredictable threat image
viewing, defined as unpredictable threat image—unpredictable neutral image; and (d)
predictable threat image viewing, defined as predictable threat image—predictable neutral
image. Separate linear mixed models were used to assess group differences for each of
the contrasts. The pvalues for the primary outcome (i.e., group effect for the contrast,
calculated as the Group x Condition interaction) are provided and were followed by post
hoc analyses. The pvalues for the main effects of group and condition are provided in
the Supplementary Materials. Effect sizes were calculated for these analyses using partial
eta-squared for the fixed effects in the model and are provided in the Supplementary
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Materials. Exploratory analyses were conducted to test correlations between the BNST and
amygdala and self-report measures. Post hoc subgroup analyses were performed to explore
the potential impact of comorbid depression diagnosis, childhood trauma, and medication on
the significant findings; these results are reported in the Supplementary Materials along with
additional details about statistical analyses.

Participant characteristics

Activation

The CC and PTSD groups did not significantly differ with regard to age, race, ethnicity,
active duty time, total service time, combat exposure, or proportion of participants with mild
TBI (Table 1). The PTSD group included significantly more male veterans and individuals
with higher levels of self-reported PTSD symptoms, higher clinician-rated PTSD symptom
severity, higher percentage with a comorbid anxiety diagnosis, higher percentage with a
comorbid depression diagnosis, more severe anxiety symptoms, higher levels of depressive
symptoms, more childhood trauma, and more medication use than the CC group.

Anticipation phase—For unpredictable threat contrast (i.e., unpredictable cue—
predictable neutral cue), veterans with PTSD showed stronger BNST activation to both
types of cues (i.e., main effect of group) relative to CCs (see Figure 1 and Supplementary
Table S1). For predictable threat contrast (predictable threat cue—predictable neutral cue),
veterans with PTSD displayed a pattern of stronger BNST activation to the predictable threat
and predictable neutral cues relative to CCs; however, the main effect of group was not
significant, p=.053 (Figure 1; Supplementary Table S1).

Image viewing phase—For unpredictable threat contrast (unpredictable threat image—
unpredictable neutral image), participants in the PTSD group showed stronger BNST
activation than CCs for both the unpredictable threat and unpredictable neutral images (i.e.,
main effect of group; see Figure 2 and Supplementary Table S1). Amygdala activation was
significantly stronger for the unpredictable threat relative to the unpredictable neutral images
for both groups (i.e., main effect of condition; see Figure 2 and Supplementary Table S1).
For predictable threat contrast (predictable threat image—predictable neutral image), veterans
with PTSD showed stronger BNST activation than CCs for both the predictable threat and
predictable neutral images (i.e., main effect of group; see Figure 2 and Supplementary

Table S1). Across both groups, there was also stronger BNST and amygdala activation to
predictable threat relative to predictable neutral images (i.e., main effect of condition; see
Figure 2 and Supplementary Table S1).

Connectivity

Anticipation phase: Unpredictable cue—predictable neutral cue

BNST.: For unpredictable threat contrast (i.e., unpredictable cue—predictable neutral cue)
the PTSD group demonstrated significantly stronger BNST—insula connectivity relative to
CCs for the unpredictable threat contrast, p=.018 (Figure 3, Panel A; Supplementary

Tables S2 and S4); post hoc analyses examining group differences showed that BNST—insula
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connectivity was significantly stronger for the unpredictable cue relative to the neutral cue
for veterans in the PTSD group, p = .018, but was not significantly different for CCs.

There were significant group differences in BNST-vmPFC connectivity, p=.012 (Figure 3,
Panel A; Supplementary Tables S2 and S4); post hoc analyses showed that BNST-vmPFC
connectivity was significantly weaker for unpredictable cue relative to predictable neutral
cue for CCs, p=.041, and did not differ for the PTSD group. Finally, BNST-hypothalamus
connectivity was stronger for the unpredictable cue relative to the predictable neutral cue for
both groups (i.e., main effect of condition; Supplementary Tables S2 and S4).

Amyqgdala.: Relative to the combat controls, individuals in the PTSD group had stronger
amygdala—vmPFC connectivity to the unpredictable versus predictable neutral cue, p=.013
(Figure 3, Panel B; Supplementary Table S2). Post hoc analyses showed this was driven

by differences in the PTSD group, p<.001, with no differences among CCs. The PTSD
group also demonstrated weaker amygdala—hippocampus connectivity across both cue types
relative to CCs (i.e., main effect of group, Supplementary Table S2). Across both groups,
amygdala connectivity was stronger for the unpredictable cue relative to the predictable
neutral cue for the BNST, hypothalamus, insula, and vmPFC (i.e., main effect of condition;
Supplementary Tables S2 and S4). Amygdala—hippocampus connectivity showed a similar
trend but did not reach the criterion for significance.

Anticipation Phase: Predictable threat contrast (predictable threat cue—
predictable neutral cue)

BNST.: Relative to combat CCs, veterans with PTSD had significantly stronger BNST
connectivity with the amygdala, p=.022; hippocampus, p < .001; hypothalamus, p < .001;
and insula, p=.003, for the predictable threat cue relative to the predictable neutral cue
(Figure 3, Panel A; Supplementary Tables S2 and S4). Post hoc analyses showed that

BNST connectivity with the hippocampus, hypothalamus, and insula demonstrated the same
pattern, with significantly stronger connectivity during the predictable threat cue relative

to the predictable neutral cue in the PTSD group and significantly weaker connectivity

for the controls, p < .001-p = .049. The results of post hoc analyses for BNST—amygdala
connectivity showed significantly stronger connectivity for the predictable threat cue versus
the neutral cue for veterans with PTSD, p = .033, with no difference for CCs. Finally,

there were significant group differences in BNST-vmPFC connectivity. Veterans in the CC
group had stronger BNST-vmPFC connectivity for the predictable neutral cue relative to the
predictable threat cue, p=.021, with no differences for those in the PTSD group.

Amyqgdala.: For the predictable threat contrast, there were significant group differences in
amygdala connectivity with the hippocampus, p < .001; hypothalamus, p=.021; and insula,
p=.034, but not the vmPFC, p=.054 (Figure 3, Panel B; Supplementary Tables S2 and

S4). Post hoc analyses performed to examine interactions showed that for CCs, amygdala—
hippocampus connectivity was significantly stronger in response to the predictable neutral
cue versus the predictable threat cue, p=.003, with no differences for the PTSD group. For
the amygdala and hypothalamus, veterans with PTSD demonstrated stronger connectivity to
the predictable threat cue versus the predictable neutral cue, p=.021, with no differences for
CCs. For amygdala—insula connectivity, post hoc tests were not significant for either group.
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Finally, for both groups, amygdala-hippocampus connectivity was weaker during predictable
threat cues relative to neutral cues (i.e., main effect of condition; Supplementary Table S2).

Image viewing phase: Unpredictable threat contrast (unpredictable threat
image—unpredictable neutral image)

BNST.: During image viewing, there was a significant group difference in BNST—insula
connectivity for unpredictable threat images relative to unpredictable neutral images,
p=.002 (Figure 4, Panel A; Supplementary Tables S3 and S5). Post hoc analysis

showed that veterans with PTSD group had significantly stronger connectivity during
unpredictable threat relative to unpredictable neutral images, p < .001, but there were

no differences among CCs. Across both groups, there was stronger BNST—-amygdala,
BNST-hypothalamus, and BNST—vmPFC connectivity during unpredictable threat relative
to unpredictable neutral images (i.e., main effect of condition; Supplementary Tables S3 and
S5).

Amyqgdala.: There were significant group differences in the unpredictable threat contrast for
amygdala connectivity with the hypothalamus, p=.008; insula, p=.044; and vmPFC, p
=.030 (Figure 4, Panel B and Supplement Tables S3 and S5). Post hoc analyses showed

that participants in the PTSD group showed the same pattern of amygdala connectivity

with the hypothalamus and vmPFC such that connectivity was significantly stronger for the
unpredictable threat cue compared to unpredictable neutral images, hypothalamus: p=.001,
VvmMPFC: p=.002; there were no differences for CCs. Post hoc analyses did not demonstrate
differences in amygdala—insula connectivity. In addition, amygdala—BNST connectivity was
stronger for unpredictable threat relative to unpredictable neutral images (i.e., main effect of
condition).

Image viewing phase: Predictable threat contrast (predictable threat image—
predictable neutral image)

BNST.: There were significant group differences for the predictable threat contrast for
BNST connectivity with the hypothalamus, p <. 001; insula, p<. 001; and vmPFC, p=
.002 (Figure 4, Panel A; Supplementary Tables S3 and S5). In post hoc analyses, veterans
with PTSD demonstrated stronger BNST—insula connectivity to predictable threat relative
to predictable neutral images, p=.004, whereas CCs showed stronger connectivity to
predictable neutral images compared to predictable threat images, p < .001. CCs had
significantly stronger connectivity during predictable neutral images relative to predictable
threat images for both BNST-hypothalamus connectivity, p=.003, and BNST-vmPFC
connectivity, p=.005, with no differences observed for the PTSD group. Finally, across
both groups, BNST-hypothalamus and BNST-insula connectivity was stronger during
predictable neutral images relative to predictable threat images (i.e., main effect of
condition).

Amyqgdala.: Veterans with PTSD and CCs demonstrated significantly different connectivity
for the predictable threat contrast for amygdala connectivity with the hippocampus, p=
.001; hypothalamus, p < .001; and vmPFC, p=.033 (Figure 4, Panel B; Supplementary
Table S3 and S5). Post hoc analyses showed that amygdala—hypothalamus connectivity
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was significantly stronger for veterans with PTSD while viewing predictable threat images
versus predictable neutral images, p=.002; CCs showed stronger connectivity when
viewing predictable neutral images, p < .001. For amygdala—hippocampus connectivity,
CCs showed stronger connectivity when viewing predictable neutral images compared

to predictable threat images, p = .003, with no differences for the PTSD group. For
amygdala—vmPFC connectivity, neither group demonstrated significant differences in post
hoc analyses. Overall, CCs displayed stronger amygdala—hippocampus connectivity across
conditions (i.e., main effect of group).

Individual differences

Exploratory analyses were conducted to test correlations between brain responses and
self-report measures for veterans with PTSD. Of these analyses, only childhood trauma

and trait anxiety demonstrated significant correlations, with no significant differences

for the other measures (see Supplementary Materials). Post hoc subgroup analyses were
performed within the PTSD group to determine the potential impact of comorbid depression
diagnosis, childhood trauma, and medication use on the study findings. Significant subgroup
differences were observed in 15.4% of analyses for depression, 38.5% of analyses for
childhood trauma, and 15.4% of analyses for medication use. In general, the results
suggested stronger activation or connectivity in individuals with PTSD and co-occurring
depression, lower childhood trauma scores, and no medication use; however, the findings
were distributed across the main study findings and showed no specific pattern.

DISCUSSION

The current study examined whether combat veterans with PTSD display altered BNST and
amygdala responses to threat relative to those without PTSD. The findings highlight novel
alterations in BNST activation, BNST connectivity, and amygdala connectivity in veterans
with PTSD. First, veterans with PTSD displayed significantly elevated BNST activation

to most cues and images presented in this study. Second, veterans with PTSD showed
stronger connectivity in both BNST and amygdala networks during threat anticipation

and threat image viewing. Third, combat controls showed stronger BNST and amygdala
connectivity with other brain regions when viewing neutral relative to threatening combat
images. In addition, the study findings add to the substantial literature showing altered
amygdala responses in PTSD, with new findings showing stronger amygdala connectivity
during unpredictable and predictable threat. Taken together, these findings suggest that the
neurobiological mechanisms of PTSD extend beyond the amygdala-mediated fear network
and indicate potential benefits of augmenting current conceptual models to include the
BNST-mediated anxiety network in combat veterans with PTSD.

Although we hypothesized that veterans with PTSD would show heightened BNST
activation to unpredictable threat, the findings revealed that PTSD was associated

with heightened BNST activation relative to all conditions. That is, the veterans with

PTSD demonstrated heightened BNST activation in response to unpredictable threat,
predictable threat, and neutral conditions across the anticipation and image viewing phases.
Previous studies of PTSD in civilian samples have found heightened BNST responses to
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unpredictable threat specificially (Brinkmann, Buff, Neumeister, et al., 2017). However,
unlike the previous studies that demonstrated a separation between unpredictable and
predictable threat, our findings may indicate that veterans with PTSD have higher baseline
BNST reactivity independent of context. Although the task used in the present study was
modified to be relevant to veterans and included threatening war-related stimuli, BNST
activation was not modulated by threat. One interpretation of these findings is that veterans
with PTSD may be generally more reactive to all stimuli, akin to a hyperarousal across

all conditions, and not specifically sensitive to threatening or aversive stimuli. This view is
consistent with prior research showing that compared to individuals with anxiety disorders,
those with PTSD evidence higher levels of self-reported arousal (Badour & Feldner, 2013).
Another explanation is that this study was the first to compare BNST responses in veterans
with PTSD to those in combat-exposed rather than healthy controls, which provides a
different comparison. Previous studies examining the BNST in PTSD have used a healthy
control group (Awasthi et al., 2020); thus, a strength of the current study was the ability to
control for combat exposure to isolate the impact of PTSD on BNST activation.

The present study findings revealed prominent group differences in BNST and amygdala
connectivity. Although the analyses did not directly test this, the connectivity data show that
there were more significant differences for BNST connectivity during the anticipation phase
compared to the image viewing phase. First, veterans with PTSD displayed stronger BNST—
anterior insula connectivity to both types of threat across both the anticipation and viewing
phases. There are known structural and functional connections between the anterior insula
and the BNST (Flook et al., 2020), and heightened BNST—insula connectivity has been
found during threat anticipation in healthy individuals (Carlson et al., 2011). Neuroimaging
studies of PTSD have also shown increased insula activation to traumatic stimuli (Garfinkel
& Liberzon, 2009), threat anticipation (Brinkmann, Buff, Feldker, et al., 2017), and
alterations in insula connectivity at rest (Zhang et al., 2016). Second, connectivity with

the hypothalamus was stronger for both the BNST and amygdala in veterans with

PTSD during threat across both the anticipation and viewing phases. Both the BNST

and amygdala influence the stress system through connections with the paraventricular
nucleus of the hypothalamus, the starting point for the hypothalamic—pituitary—adrenal

axis, which produces cortisol. In rodents, BNST lesions have been shown to reduce stress-
responsive corticosterone release (Sullivan et al., 2004), and studies have shown increased
cortisol responses in veterans with PTSD (Liberzon et al., 1999). Thus, stronger BNST

and amygdala connectivity with the hypothalamus may reflect heightened stress signaling
during predictable threat. Third, veterans with PTSD showed increased BNST-hippocampus
connectivity during predictable threat anticipation. The hippocampus is a core region for
integrating episodic memories, including memories with emotional significance (Phelps,
2004). There is substantial evidence implicating the hippocampus in PTSD: Individuals
with PTSD have smaller hippocampal volumes, which research suggests may be a risk
factor for PTSD (Gilbertson et al., 2002). Individuals with PTSD also demonstrate increased
hippocampal activation during encoding and remembering negative stimuli (Brohawn et al.,
2010) and display altered resting-state connectivity of hippocampal subregions (Malivoire
et al., 2018). Fourth, veterans with PTSD displayed stronger amygdala—vmPFC connectivity
during unpredictable and predictable threat across phases. The vmPFC plays a critical
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role in determining whether a stimulus is threatening, regulating threat responses, and fear
conditioning and other emotional tasks (Milad et al., 2007).

The present study suggests that veterans with PTSD have stronger connectivity within
multiple regions of the fear and anxiety networks relative to those without PTSD.

These findings may indicate that compared with task activation, task-based connectivity
was more sensitive in detecting differences in this study, consistent with the potential
advantage of task-based connectivity proposed by other researchers (Feola et al., 2021; Finn,
2021; Greene et al., 2020). Relatedly, CCs without PTSD displayed a unique pattern of
connectivity, with stronger connectivity during the neutral conditions relative to veterans
with PTSD. Relative to veterans with PTSD, those who experienced combat exposure but
did not develop PTSD demonstrated stronger BNST-vmPFC connectivity and amygdala—
hippocampus connectivity when viewing neutral stimuli. These findings were intriguing and
may reflect postcombat response or even a pretrauma resilient response in combat-exposed
individuals who do not go on to develop PTSD. Therefore, the findings may represent
protective or resilient responses that reflect altered connectivity in the fear and anxiety
networks in neutral states among individuals with combat exposure who do not develop
PTSD.

Although the focus of this initial study was on group differences, the exploratory brain—
behavior correlations and subgroup analyses (see Supplementary Materials) highlight that
PTSD is a heterogeneous, complex disorder. PTSD has numerous factors that are highly
intertwined—including depression, trait anxiety, childhood trauma, and medication use—
and our results suggest that these important factors may influence how the brain responds to
threat. Therefore, it is important that future studies investigate how individual differences in
these factors contribute to brain function and connectivity in PTSD.

Although the present study suggests alterations in the BNST and amygdala connectivity

in response to threat among veterans with PTSD, several limitations should be noted.

First, although this was the first investigation of the BNST in combat PTSD, the sample
sizes were modest, and it is important to replicate these findings with a larger sample.
Second, the study sample was predominantly male, and the results may not generalize to
female veterans. It is common for samples of combat-exposed veterans to be predominantly
male because fewer women than men in the military are exposed to combat. Nevertheless,
understanding how male and female veterans with PTSD differ is a critical next step with
important treatment implications. Third, we used a targeted ROI approach based on a priori
brain regions that are structurally and functionally connected with the BNST. Although this
approach is hypothesis-driven, using a whole-brain approach to examine BNST connectivity
may identify additional brain regions with altered BNST connectivity. Future studies with
larger samples and increased statistical power should aim to use whole-brain approaches.
Future research along these lines will advance knowledge regarding the neurobiological
mechanisms of fear and anxiety in PTSD that may inform the development of more targeted
treatments.
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FIGURE 1. Bed nucleus of the stria terminalis (BNST) and amygdala activation during
ant|C|pat|on

Note. Percentages of signal change for the BNST (left column) and amygdala (right column)
during cues for the posttraumatic stress disorder (PTSD) group are shown in purple, and
combat controls are shown in green. Panels A and C show the percentage of signal change
during cues for the unpredictable threat (unpredictable—predictable neutral) and predictable
threat (predictable threat—predictable neutral) contrasts. Panels B and D show the percentage
of signal change for individual cues. U = unpredictable; P = predictable.
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FIGURE 2. Bed nucleus of the stria terminalis (BNST) and amygdala activation during image

viewing

Note: Percentages of signal change for the BNST (left column) and amygdala (right column)
during cues for the posttraumatic stress disorder (PTSD) group are shown in purple, and
combat controls are shown in green. Panels A and C depict the percentage of signal change
during images for the unpredictable threat (unpredictable threat—unpredictable neutral)

and predictable threat (predictable threat—predictable neutral) contrasts. Panels B and D
depict the percentage of signal change for the individual images. U = unpredictable; P =

predictable.
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Anticipation Phase

A. BNST B. Amygdala

2

4=} Unpredictable Threat (PTSD Threat > Neutral) === Predictable Threat (PTSD Threat > Neutral)
4 = $ Unpredictable Threat (CC Neutral > Threat) <4 = P Predictable Threat (CC Neutral > Threat)

FI C_EL_JRE_ 3. Bed nucleus of the stria terminalis (BNST) and amygdala connectivity during
ant|C|pa1|on

Note: The figure depicts significant Group x Condition interactions for connectivity during
cues during unpredictable threat (gray arrows) and predictable threat (black arrows).

Solid lines indicate increased connectivity to threat versus neutral conditions in the
posttraumatic stress disorder (PTSD) group, whereas dashed lines indicate increased
connectivity to neutral versus threat conditions in combat controls (CCs). Panel A shows
BNST connectivity, and Panel B shows amygdala connectivity. vmPFC = ventromedial
prefrontal cortex; amy = amygdala; hippo = hippocampus; Hypo: hypothalamus.
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Image Viewing Phase

A. BNST B. Amygdala
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4 = 9 Unpredictable Threat (CC Neutral > Threat) 4 = P Predictable Threat (CC Neutral > Threat)

_FI GL_JRE 4 B_ed nucleus of the stria terminalis (BNST) and amygdala connectivity during
imaging viewing

Note: Figure depicts significant Group x Condition interactions for connectivity during cues
during unpredictable threat (gray arrows) and predictable threat (black arrows). Solid lines
indicate increased connectivity to threat versus neutral conditions in the posttraumatic stress
disorder (PTSD) group, whereas dashed lines indicate increased connectivity to neutral
versus threat conditions in the combat controls (CC). Panel A shows BNST connectivity,
and Panel B shows amygdala connectivity vmPFC = ventromedial prefrontal cortex; amy =
amygdala; hippo = hippocampus; Hypo: hypothalamus.
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TABLE 1
Participant characteristics, by diagnostic status
Variable CC (n=13) PTSD (n=32) CC vs. PTSD2
% M SD % M SD p

Male 84.6 100.0 .023
Race 237

White 92.3 78.1

Black 0.0 125

Asian 7.7 0.0

American Indian 0 31

Other 0 6.3
Hispanic ethnicity 7.7 15.6 478
Mild TBI 15.4 15.6 1.00
Medication use 7.7 53.1 .047
Comorbid diagnoses

Depressive disorder 7.7 40.6 .03

Anxiety disorder 7.7 375 .05
Age (years) 38.00 6.03 3478 645 129
Months of active duty 9423  79.36 105.78 61.71 .603
Total service months 152.31 83.68 12550 71.73 .285
Combat exposure score (CES) 1754  10.60 21.31 9.49 .249
Clinician-rated PTSD symptoms (CAPS-5) 1.62 3.61 42.56 241 <.001
Self-reported PTSD symptoms (PCL-5) 1.08 247 3209 711 <.001
Anxiety symptom score (STAI) 23.23 2.68 47.06 1031 <.001
Depressive symptom score (BDI-11) 1.62 2.79 20.84 9.39 <.001
Childhood trauma exposure score (CTQ) 38.62 758 57.81 19.99 .002

Note: CC = combat-exposed controls; PTSD = posttraumatic stress disorder; TBI = traumatic brain injury; CES = Combat Exposure Scale; CAPS-5
= Clinician-Administered PTSD Scale for DSM-5; PCL-5 = PTSD Checklist for DSM-5; STAI = State-Trait Anxiety Inventory; BDI-Il = Beck
Depression Inventory—Il; CTQ = Childhood Trauma Questionnaire.

a. .. . . . . . .
Significance for the comparison between the two groups. Continuous variables were compared using Ztests (i.e., age, combat time and exposure,
symptoms, trauma); categorical variables were compared using chi-square tests (i.e., sex, race, ethnicity, medication, TBI, comorbid diagnosis).
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