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ABSTRACT

Background: The bed nucleus of the stria terminalis (BNST) plays an important role in rodent posttraumatic
stress disorder (PTSD), but evidence to support its relevance to human PTSD is limited. We sought to understand
the role of the BNST in human PTSD via fMRI, behavioral, and physiological measurements.

Methods: 29 patients with PTSD (childhood sexual abuse) and 23 healthy controls (HC) underwent BOLD
imaging with an emotional word paradigm. Symptom severity was assessed using the Clinician-Administered
PTSD Scale and HPA-axis dysfunction was assessed by measuring the diurnal cortisol amplitude index (DCAI). A
data-driven multivariate analysis was used to determine BNST task-based functional co-occurrence (tbFC) across
individuals.

Results: In the trauma-versus-neutral word contrast, patients showed increased activation compared to HC in the
BNST, medial prefrontal cortex (mPFC), posterior cingulate gyrus (PCG), caudate heads, and midbrain, and
decreased activation in dorsolateral prefrontal cortex (DLPFC). Symptom severity positively correlated with
activity in the BNST, caudate head, amygdala, hippocampus, dorsal anterior cingulate gyrus (dACG), and PCG,
and negatively with activity in the medial orbiotofrontal cortex (mOFC) and DLPFC. Patients and HC showed
marked differences in the relationship between the DCAI and BOLD activity in the BNST, septal nuclei, dACG,
and PCG. Patients showed stronger tbFC between the BNST and closely linked limbic and subcortical regions,
and a loss of negative tbFC between the BNST and DLPFC.

Conclusions: Based upon novel data, we present a new model of dysexecutive emotion processing and HPA-axis
dysfunction in human PTSD that incorporates the role of the BNST and functionally linked neurocircuitry.

1. Introduction

substrates have most consistently revealed lower gray matter volumes
in the hippocampus, ventromedial prefrontal cortex (vmPFC), and

Post-traumatic stress disorder (PTSD) is a heterogeneous condition
that is characterized by symptoms of intrusion, avoidance, negative
cognitions or mood, and hyperarousal (Longo et al., 2017). The dis-
order involves abnormalities in multiple functional domains, including
threat detection, assessment, learning and unlearning, emotion reg-
ulation, and executive function (Ross et al., 2017; Pitman et al., 2012).
Neuroanatomical investigations into the corresponding neural

dorsal anterior cingulate gyrus (dACG) in PTSD subjects compared to
healthy controls (HC) (Ross et al., 2017; Pitman et al., 2012). Similarly,
studies utilizing task-based functional neuroimaging involving trauma-,
threat-, fear-, or negative emotion-based tasks have most frequently
found hyperactivity in the amygdala and dACG and hypoactivity in the
medial prefrontal cortex (mPFC) (Ross et al., 2017; Pitman et al., 2012),
though conflicting reports exist in the literature. These results, in
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conjunction with complementary rodent studies, have led to the de-
velopment of a model for PTSD in which dysfunctional mPFC-mediated
regulation of the amygdala plays a central role in the production of
behavioral symptoms (Etkin et al., 2011). While this model captures
important aspects of PTSD, several studies in rodent models of PTSD
also point towards the importance of the bed nucleus of the stria ter-
minalis (BNST) in the genesis and pathophysiology of the disorder
(Lebow and Chen, 2016).

The BNST is a complex, sexually dimorphic, subcortical nucleus
located in the basal forebrain. In animal studies it has been implicated
in threat processing and risk assessment (LeDoux and Pine, 2016), an-
xiety (Adhikari, 2014; Grupe and Nitschke, 2013), rewarding and
aversive motivational states (Jennings et al., 2013), and PTSD-like-be-
havior (Elharrar et al., 2013; Henckens et al., 2017; Lebow et al., 2012),
yet only preliminary evidence links it to human PTSD (Brinkmann
et al., 2017). In both rodents and humans, the BNST has prominent
white matter connectivity with the amygdala via the stria terminalis, as
well as with the inferior hippocampus, hypothalamus, thalamus, and
infralimbic/ventromedial prefrontal cortex (vmPFC) (Lebow and Chen,
2016; Avery et al., 2014). Anatomic connectivity to dopaminergic,
serotoninergic, and noradrenergic nuclei in the brainstem has also been
demonstrated in rodents. Immunohistochemical studies have shown
that the BNST contains a high density of neuroendocrine receptors for
key stress-responsive neuropeptides including corticotropin-releasing
factor (CRF) (Elharrar et al., 2013; Asok et al., 2018; Hammack et al.,
2010), vasopressin, and pituitary adenylate cyclase-activating poly-
peptide type 1 (PACAP1) (Goode and Maren, 2017). It is therefore
uniquely situated to integrate and mediate emotion processing and the
corresponding physiological expressions in a context-dependent
manner (Lebow and Chen, 2016). Animal studies have implicated the
region in defensive responses to sustained or unpredictable threat
(Rodriguez-Sierra et al., 2016) and have further demonstrated that it is
hyperactive in these contexts in models of PTSD (Lebow et al., 2012;
Somerville et al., 2010). In humans, investigators have used task-based
blood-oxygen-level-dependent (BOLD) fMRI to demonstrate that the
BNST is involved in threat monitoring (Herrmann et al., 2016) and
threat anticipation (Davis et al., 2010). Moreover, it is hyperactive in
these paradigms, respectively, in individuals with high trait anxiety and
PTSD (Brinkmann et al., 2017; Herrmann et al., 2016). Studies aimed at
differentiating the role of the BNST from that of the amygdala suggest
that the amygdala differentially activates to immediate threat whereas
the BNST differentially activates to sustained or unpredictable threat
(Davis et al., 2010; Klumpers et al., 2017). In one human study, a
discernable shift in BOLD activity from the BNST to the amygdala was
observed as shock anticipation shifted to shock confrontation
(Weisholtz et al., 2015). The contextual dissociation discussed here,
though controversial, suggests that the BNST may play an important
role in threat processing, specifically in the sustained hypervigilance
and hyperarousal characteristic of PTSD. However, the disorder affects
several behavioral domains independently of an objectively threatening
context, and these functions might also be modulated by the BNST
(Lebow and Chen, 2016). There is therefore a need to understand the
role of the BNST in the broader pathophysiology of human PTSD.

In the present work, we investigate the neurobiology of PTSD with a
focus on the BNST as a key component of whole brain networks un-
derlying the disorder by performing a exploratory analysis on existing
data. In order to gain a more comprehensive, multi-dimensional un-
derstanding of the neurocircuitry involved, we combine task-based
fMRI with behavioral data, physiological data, and a multivariate
analysis of task-based functional co-occurrence (tbFC). We use an
emotional word paradigm (Isenberg et al., 1999; First and Gibbon,
2004) specifically tailored to trauma-related content to examine BNST
activity, and interpret the results in the context of whole brain activity
and correlations of the BOLD signal to PTSD symptom severity and
diurnal cortisol amplitude index (DCAI). Based on previous BNST re-
search discussed above and on the absence of a direct threat in the
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emotional word paradigm, we hypothesized that the BNST would be
increased during the processing of trauma-related vs. neutral words in
PTSD patients when compared to healthy controls. We incorporate our
results with the existing literature in order to present a more compre-
hensive model for altered BNST function in PTSD.

2. Material and methods
2.1. Study participants

Individuals were recruited via community-based advertisements in
New York City, NY, USA in non-clinical settings. Study participants
consisted of 29 sexual assault victims who met DSM-IV criteria for PTSD
(25 females, mean age = 34.6, SD = 9.2 years, range = 20-55), and 23
healthy control subjects (11 females, mean age = 28.7 (SD = 7.6)
years, range = 20-48). All participants experienced trauma at age 21 or
younger and the mean time elapsed since trauma as of the scanning day
was 24.6 years (SD 10.3, range 1-42). All participants were right-
handed, native English speakers, and were free of other psychiatric
diagnoses, substance abuse, and significant neurological or medical
disorders such as head trauma, stroke, diabetes mellitus, or cardiovas-
cular disease. In addition, urine toxicology was performed prior to
scanning. All subjects were free of psychotropic medications for at least
1 year prior to scanning. All subjects were characterized using the
Structured Clinical Interview for DSM-IV I (SCID I) (Beck et al., 1961)
criteria, Beck Depression Inventory (Spielberger, 1983), State-Trait
Anxiety Inventory (WIENER, 1992), Dissociative Experience Scale
(Spielberger, 1999). PTSD subjects were additionally characterized
using the Structured Clinical Interview for DSM-IV Personality Dis-
orders (SCID-II) (Beck et al., 1961), State Trait Anger Expression In-
ventory (Foa et al., 1997), PTSD Symptom Scale-Self Report (Carver
et al., 1989), COPE (Reiss et al., 1986), and Anxiety Sensitivity Index
(Blake et al., 1995). Trauma history was assessed using the Sexual As-
sault and Adult Interpersonal Violence and Childhood Interpersonal
Violence Before Age 18 scales. The diagnosis of PTSD was established
using the Clinician Administered PTSD Scale (CAPS) (Macmillan and
Creelman, 2005). CAPS scores available for 27 out of 29 patients and
ranged from 33 to 102 with a mean of 61.62 (SD = 17.03). All parti-
cipants gave informed consent prior to participation in the study, which
was part of a protocol approved by the Institutional Review Board at
New York-Presbyterian Hospital/Weill Medical College of Cornell
University. A continuing analysis of the data was approved by the In-
stitutional Review Board at Brigham and Women’s Hospital.

2.2. Cortisol sample collection and analysis

Salivary cortisol samples were collected using cotton swabs
(Sarstedt, Newton, NC). Subjects were instructed to place the cotton
swab in their mouths for approximately 2 min until saliva had accu-
mulated in the cotton. The swab was then placed inside of a plastic tube
for storage. Eight cortisol samples were collected during a normal day.
Subjects were asked to collect saliva immediately upon waking (WU),
30 min and 60 min following their wake up (WU + 30, WU + 60), and
at 1100 h, 1400 h, 1700 h, 2000 h and 2300 h later that day. Subjects
recorded the actual time that they took the sample. Saliva samples were
then stored at — 70 °C prior to analysis. Cortisol was measured using
one of two assays: 1) a commercial ELISA assay optimized for salivary
samples (Salimetrics LLC, State College, Pennsylvania, USA), performed
by a research laboratory at Weill/Cornell Medical Center, or 2) A solid
phase radioimmunoassay, using test tubes pre-coated with antibody
specific for cortisol and I'2° labeled cortisol-3-derivative as a ligand
(Micromedic RIA kit: Micromedic Systems, Inc., Subsidiary of Rohm
and Haas Co., Horsham, PA). The latter assay was discontinued during
the study. All analysis of cortisol were conducted with Instrument Type
as a covariate of no interest in order to account for the potential impact
of assay type on the results. Additionally, all samples were assayed in
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duplicate in the same assay. All samples were run in duplicate and the
mean value was used for analysis. A diurnal cortisol amplitude index
(DCAI) was generated with the following equation:

Max (WU, WU + 30, WU + 60) — Average (2000h, 2300h)
Max (WU, WU + 30, WU + 60) + Average (2000h, 2300h)

Max (WU, WU + 30, WU + 60)represents the maximum cortisol
value among the WU, WU + 30 and WU + 60 samples during a day,
and Average (2000h, 2300h) signifies the average of the last two cortisol
samples taken for the day. This index reflects the daily excursion of
cortisol level over a normal day, and is sensitive to both a high wake up
value and/or a low evening value. This diurnal cortisol amplitude index
was entered as the covariate of interest in image correlation analysis.
The mean cortisol level for a normal day was calculated as
verage (1100h, 1400k, 1700h, 2000k, 2300h) . Complete cortisol measures
were available for 21 (10 females) of 23 healthy control subjects, and
11 (8 females) of 29 PTSD patients (some participants did not complete
a full day of sample collection).

2.3. Task-based fMRI Experiment: Emotional word paradigm

Stimuli consisted of 48 negative/anxiety (24 negative/PTSD, 24
negative/panic), 48 neutral, and 48 positive/safety words, balanced
across categories for frequency, length, and part of speech (nouns and
adjectives/verbs). Posttraumatic stress disorder words were designed to
be relevant to physical/sexual trauma; panic words were designed to be
relevant to panic attack symptoms and somatic/illness-related anxiety
(a negative control condition, as well as explicit probes for panic dis-
order patients also studied as part of a larger project); and positive
words were designed to be counter-anxiety and evocative of safety,
relaxation, and reward, as defined by the literature and clinical ex-
perience. These word types were rated for suitability by a panel of three
experienced clinicians. They were a subset of a list of words that had
been piloted on 34 normal subjects, who rated the three word types
(positive, negative, and neutral) as significantly different in valence
(p < 0.001) and rated positive and negative words as not significantly
different in intensity (p > 0.2). Examples are as follows: negative/
PTSD-rape, assault, force; negative/panic—frantic, death, cancer; neu-
tral-bookcase, clarinet, rotate; positive/rewarding-safe, gentle, de-
lighted.

The three valences of words were presented within a block design
(six words per block, eight blocks per valence), with blocks balanced to
control for order and time effects (SI Fig. 1). Posttraumatic stress dis-
order words and panic words were presented for four blocks each (each
representing half of the total negative word blocks). Each word ap-
peared for 2 s, followed by an inter-stimulus interval jittered around an
average of 2.8 s, for a total of 28.8 s per block. Blocks were presented in
four study epochs containing six blocks each. Each block was followed
by 24 s of rest, with each epoch as a whole preceded and followed by 2
additional 12-second rest periods. The entire word paradigm took ap-
proximately 24 min. During presentation of stimuli, subjects were in-
structed to read each word silently and to then immediately press a
button under their right index finger. During rest periods, they were
instructed to look at a dash at the center of the screen and to have their
minds either blank or floating freely.

After the emotional word paradigm, subjects were removed from
the scanner and given an incidental memory test utilizing a list of words
consisting of the 144 stimuli seen during scanning (targets) randomly
interspersed with 72 other words (distracters to control for false
alarms); divided equally into negative (PTSD and panic), neutral, and
positive categories; and balanced for the same qualities as the targets.
They were instructed to read each word and to indicate those that they
believed they had seen in the scanner. Following completion of that
task, subjects were also asked to rate the valence of each word on a 7-
point Likert-like scale (-3 = very negative, 0 = neutral, +3 = very
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positive).
2.4. Behavioral analyses

Recognition memory performance was evaluated with discrimina-
tion index d’ based on Signal Detection Theory (Protopopescu et al.,
2005). ANCOVA was employed to test for Group and Word Category
effects on in-scanner button-press response time, post-scan word re-
cognition rate, word valence rating scale, and word intensity. Word
intensity was defined as the absolute difference between the valence
ratings of a valenced and neutral word type (Gu et al., 2002) with Age
and Sex as covariates. Subsequent t-tests were used to explore within-
group effects.

2.5. fMRI image acquisition

Images were acquired with a research-dedicated GE Signa 3 Tesla
MRI scanner (max gradient strength 40mT/m; max slew rate 150 T/m/
s) (General Electric Company, Waukesha, Wisconsin) with an MRI-
compatible head holder at the Weill Medical College of Cornell
University. Anatomical localization: Three to five T1 weighted sagittal
slices were collected to localize the anterior and posterior commissures,
followed by a set of 17 coronal slices perpendicular to the AC-PC line to
determine the location of the amygdala and hippocampus. A reference
T1 weighted anatomical image with the same axial slice placement and
thickness as the functional imaging was then acquired with two slices
centered within the amygdala, as the proxy for co-registration purpose
(256x256 matrix size, 5 mm in thickness, 1 mm gap, TE/TR = 14/
500 ms, FoV = 240 mm). Functional imaging: Blood Oxygenation
Level-Dependent (BOLD) contrast imaging, which reflects changes in
venous deoxyhemoglobin associated with neuronal activity, was em-
ployed. After shimming to maximize homogeneity, a series of functional
scans was collected using a gradient echo EPI sequence (TR = 1200 ms,
TE = 30 ms, 15 or 21 slices of 5 mm in thickness, 1 mm gap,
FoV = 240 mm, matrix = 64x64), with a z-shimming algorithm
(Friston, 2007) to reduce susceptibility-induced signal losses at the base
of the brain. Structural imaging: A high-resolution T1 weighted ana-
tomical image was acquired using a spoiled gradient (SPGR) recalled
acquisition sequence (TR/TE = 30/8msec, flip angle = 45, field of
view = 220 mm, 140 coronal slices with thickness = contiguous
1.5 mm, number of averages = 1, matrix = 256x256, voxel resolu-
tion = 0.8594x1.5x0.8594 mm?). Functional MRI System: The In-
tegrated Functional Imaging System SA/E-Prime environment (IFIS-SA,
MRI Devices, Waukesha WI; Psychology Software Tools, Pittsburgh PA)
were configured and programmed for visual and auditory stimulus
delivery and response collection (via the head coil-mounted LCD dis-
play, headphones and Brainlogics Fiber Optic Button Response Units)
that were synchronized via MRI scanner trigger signal in the MRI
scanning protocol.

2.6. fMRI image processing

The functional image processing pipeline consists of the following
steps using customized SPM software (Pan et al., 2011; Frank et al.,
2001): Reconstruction of EPI functional images using modified GE re-
construction software with off-resonance phase correction, slice-timing
correction and Hanning-window apodization; Extraction of physiolo-
gical fluctuations such as cardiac and respiratory cycles from EPI image
sequence (Worsley et al., 2002); Manual AC-PC re-orientation of the
two anatomical images and application of the transformation para-
meters of the reference T1 image to all functional EPI-BOLD images;
Realignment to further correct for slight head movement between scans
and for differential spin excitation history based on intracranial voxels;
Co-registration of functional EPI-BOLD images to the corresponding
high-resolution T1 anatomical image, based on the rigid body trans-
formation parameters of the reference T1 image to the high-resolution
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T1 anatomical image for each individual subject; Stereotactic normal-
ization to a standardized coordinate space (Montreal MRI Atlas version
of Talairach space) based on the high-resolution T1 anatomical image
to normalize for individual differences in brain morphology (12 non-
linear iterations, 7 X 8 X 7 nonlinear basis functions, medium reg-
ularization, and resampled to 3 X 3 X 3 mm?® voxels using sinc in-
terpolation), and application of the normalization transformation to all
functional EPI-BOLD images; Spatial smoothing of all the normalized
functional EPI-BOLD images with an isotropic Gaussian kernel
(FWHM = 7.5 mm). Extensive examination of processed images at each
intermediate stage for quality assurance was performed both by visual
inspection and quantitation. fMRI data sets in this study were quality
controlled against and met with the stringent criteria that there is no
movement of > 1/3 voxel over the study session for each participant.

2.7. Univariate functional image analysis

Using customized fmristat software (Aguirre et al., 1998), a two-
level voxel-wise linear mixed-effects model was utilized to examine the
effect sizes of the key Group/Condition contrasts in an ANCOVA setting.
First, a voxel-wise multiple linear regression model was employed at
the individual subject level. This comprised of the block-by-block re-
gressors of interest, which consist of the each stimulus block onset
time/duration convolved with a prototypical hemodynamic response
function, and the covariates of no interest, which consist of the tem-
poral first-order derivative of the principal regressors (to compensate
slight latency differences in individual hemodynamic response from the
prototypical response function), global fluctuations, physiological
fluctuations, realignment parameters, and scanning periods (McGonigle
et al., 2000; Theiss et al., 2017). Temporal filtering was performed to
counter the effects of baseline shifts and higher frequency noise, and a
voxel-wise AR(1) model of the time course was used to accommodate
temporal correlation in consecutive scans. Effects at every brain voxel
were estimated using the EM (expectation maximization) algorithm,
and task-specific condition effects of Word Type were then compared
using linear contrasts. Second, at the group level, a mixed-effects model
(with the Subject factor as the random-effect) was used. The within-
and between-group effects of the hypothesis-driven contrast (the hy-
pothesis-driven contrast is PTSD Words vs Neutral Words : PTSD Group
vs HC Group) was then estimated using an EM algorithm, with demo-
graphic variables (age, sex) incorporated as covariates of no interest.
The within-group correlation analyses of the hypothesis-driven con-
trasts with clinic and physiological measures (CAPS and diurnal cortisol
amplitude) was also performed at the group level with mixed-effects
models. These group-level effect estimates generate statistical maps of
the t-statistic, and the statistical significance of the t-maps was then
evaluated in the final step of inference. The statistical inference was
based on random field theory, where the statistical parametric map of
each contrast was thresholded and the cluster sizes were reported at an
initial voxel-wise p-value < 0.01 with cluster spatial extent >

250 mm?>, and the p-values at the peak voxels were corrected for
multiple comparisons based on family-wise error rate over the whole
brain or within a priori Regions of Interest (ROIs) at pcorreced < 0.05.
For identification of the BNST, the probabilistic mask of Theiss et al.
(Craddock et al., 2012); thresholded at > O (total volume of
BNST = 354 mm®) was used (SI Fig. 2).

2.8. Multivariate functional image analysis

To compute task-based functional co-occurrence (tbFC), a we used a
customized algorithmic pipeline based on a previously validated ana-
lytic approach that has been shown to better reproduce voxel-level
connectivity compared to the anatomic atlas-based computation of
functional connectivity (Shi and Malik, 2000). The algorithm was im-
plemented at the group level and consisted of the following computa-
tional components:
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(A) An automated functional localizome mapping (brain region par-
cellation) algorithm, utilizing a normalized spectral clustering
method (Foley and Kirschbaum, 2010), used task/condition-spe-
cific effect size images as inputs, to generate a set of task-condition-
specific functional brain region parcellations with a pre-specified
range of region numbers (from 100 to 3000 parcellation regions,
with increments of 100). The brain region is constrained by a
searching space, a shared brain mask image defined via an algo-
rithm that utilizes both anatomical image and functional image of
each individual from the group of 29 PTSD subjects in this study.
For generating this particular set of functional localizome maps,
each subject contributes two condition-specific effect size images
(corresponding to the two conditions: “PTSD Word” and “Neutral
Word” in Emotional Word Paradigm; for the group of 29 PTSD
subjects there will be 58 such images used as inputs in the par-
cellation algorithm). The 30 resulting sets of task-condition-specific
brain region parcellation map with the pre-specified range of re-
gion numbers, span a space for defining a set of spatially distinct
functional regions/nodes.

(B) An automated selection and sorting algorithm was used to define
the stereotactic coordinate representing each parcellated brain re-
gion in the following steps: For each parcellated region, the co-
ordinate with the highest absolute t-statistic value of the contrast of
interest (“PTSD Word vs Neutral Word” in Emotional Word
Paradigm) at the group level is chosen to represent that region.
Since both BNST and Septal Nuclei are the hypothesized ROIs of
this study, and there are five candidate coordinates at (9, 6, —3),
(6, 3, 6), (-6, 3, 3), (3, 6, 3) and (3, 9, —6) in five candidate par-
cellated regions representing the BNST (the first three coordinates)
and Septal Nuclei (the last two coordinates) respectively in the set
of brain region parcellation map with the pre-specified region
number at 2300 (more than the rest of other parcellation maps
which only contain two out of the five candidates at the most), this
particular set of brain region parcellation map where both ROIs are
represented is chosen. This results in a final parcellation map of
1764 non-empty regions/nodes represented by their respective
stereotactic coordinates, to be used in subsequent multivariate
statistical analyses of functional co-occurrence.

(C) Thresholding correlation analyses within PTSD patient group and
healthy control group, are performed by calculating the group-level
inter-regional correlation matrix based on the effect size images of
the contrast of interest (“PTSD Word vs Neutral Word” in
Emotional Word Paradigm) at 1764 representative coordinates of
the functional parcellation map. The resulting group-level task-
based functional co-occurrence (tbFC) measures (correlation with
BNST) are then thresholded at p < 0.01, and reported in
Supplemental Table 4.

3. Results
3.1. Reaction times

Within either PTSD patient group or HC group, there was no sig-
nificant difference in reaction time across word categories. PTSD sub-
jects had slower overall reaction times (Mean = 904.67 ms,
SD = 275.06 ms) than HC (Mean = 816.02 ms, SD = 263.95 ms)
(p = 0.0231), but the effect did not depend on word category, age, sex,
or interaction terms among these factors.

3.2. Recognition memory

Recognition memory performance was evaluated with discrimina-
tion index d’ based on Signal Detection Theory (Protopopescu et al.,
2005). Across groups, there was no difference in performance, though
there were effects of word category [F(3,189) = 5.248, p = 0.00168]
and sex [F(1,189) = 4,512, p = 0.03495] that are explained by the



S. Awasthi, et al.

following within-group effects. Within the PTSD group, there was a
significant effect in word categories (p = 0.0097) that did not depend
on age, sex, or any interaction terms. PTSD words (d” = 1.7334) were
recognized at significantly higher rates than panic words [t
(55.847) = 1.7626, p = 0.039; d’ = 1.3348], neutral words [t
(52.513) = 2.845, p = 0.0032; d’ = 1.1558], and positive words [t
(55.525) = 3.0959, p = 0.0015; d’ = 0.9935]. Within the group of
healthy subjects, there were no significant differences in recognition
memory performance among word types, though there was a sex effect
with higher recognition memory in females (p = 0.002, d’ = 1.5422 for
females, and 1.0356 for males).

3.3. Valence ratings

Word valence was assessed using a 7-point Likert-like scale
(-3 = very negative, 0 = neutral, +3 = very positive). Across groups,
there were significant Group [F(1,187) = 12.219, p = 0.000591] and
Word Category effects [F(3,187) = 455.976, p < 2e-16]. The PTSD
patient group rated each word type with lower average valence than the
HC group. When the Group effects were examined per Word Category,
significant Group effects were observed in the PTSD [t
(41.484) = 2.294, p = 0.0133] and Positive [t(46.679) = 2.0015,
p = 0.0256] word types, while there was no significant difference in
valence rating for neutral words (p = 0.0847) or panic words
(p = 0.3072). The PTSD word type was rated significantly lower than
the panic word type [t(25) = 4.0986, p = 0.0002; 0.304 lower on
average) within the PTSD patient group, whereas it was rated mar-
ginally lower [t(22) = 1.7606, p = 0.0461; 0.101 lower on average] in
the HC group. Both groups rated the three word types (negative, neu-
tral, and positive) as significantly different in valence (p < 0.0001),
but the PTSD patient group rated negative words significantly higher in
intensity than positive words (p = 0.0015; 0.4964 higher in intensity)
whereas the HC group rated negative and positive words as not sig-
nificantly different in intensity (p = 0.1023).

3.4. Diurnal cortisol amplitude index

The effect of PTSD diagnosis on the DCAI and mean cortisol levels
was determined by ANCOVA, with Age, Sex and Instrument Type as
covariates. There was a significant effect at the group level [F
(1,29) = 12.65, p < 0.00131] and a post hoc t-test revealed that this
group difference in DCAI was caused by the HC group showed having a
higher amplitude of the DCAI (Mean = 0.5424, SD = 0.2400) than the
PTSD patient group (Mean = 0.2549, SD = 0.3022) [t(19) = 2.8259,
p = 0.0054]. ANCOVA of the mean cortisol level showed no factor(s)
and interaction(s) that were significantly different between the two
groups [F(1,24) = 0.758, p = 0.393] [PTSD mean = 0.5447 pg/dL
(SD = 0.3396 pg/dL), HC mean = 0.4491 pg/dL (SD = 0.2764 ng/
dL)].

3.5. fMRI findings in the trauma versus neutral word contrast

We investigated the hypothesis that BNST activity is elevated in
PTSD relative to HC during the processing of trauma-related words. In
the between-group trauma-versus-neutral word contrast, patients
showed increased activation compared to HC in the BNST, mPFC,
posterior cingulate gyrus (PCG), caudate heads, and midbrain, and
decreased activation in dorsolateral prefrontal cortex (DLPFC). Within-
and between-group results in the trauma versus neutral word are
summarized in Table 1 and Fig. 1, with condition-specific effect sizes
displayed in Fig. 1D-N and extended results in Supplementary Table 1.

3.6. Correlations of task-based activation with symptom severity

In PTSD patients, symptom severity (CAPS score) positively corre-
lated with activity in the trauma-versus-neutral word contrast of the

NeuroImage: Clinical 28 (2020) 102442

BNST, caudate head, amygdala, hippocampus, dACG, and PCG, and
negatively with activity in the medial OFC and DLPFC (Table 1, Fig. 2,
extended results in Supplementary Table 2). Between-group compar-
isons of these correlations were not performed.

3.7. Correlations of task-based activation to HPA axis dysfunction

We examined correlations of the DCAI to BOLD activity in the
trauma-versus-neutral word contrast during the early phase of the task,
defined as the first half of the emotional word paradigm (Fig. 3,
Supplementary Table 3). The early phase was used so the findings more
likely reflected associations of BOLD activity with the typical DCAL
BOLD activity later in the scanning session may be associated with an
acute stress response and cortisol release, and less likely to correspond
to diurnal cortisol measures obtained on a different day. Serum cortisol
levels begin to rise within minutes of onset of an acute stressor and peak
10-30 min after stressor onset (Lovallo et al., 2010). Indeed, Proto-
popescu et al. (Gu et al., 2002) have previously shown that amygdala
activity is higher in the early portion of the emotional word paradigm,
while others have demonstrated that acute administration of a corti-
costeroid reduces limbic BOLD activity (Garcia-Garcia et al., 2018). In
PTSD, negative correlations were identified in the right PCG, middle
temporal gyrus (MTG), precentral gyrus, cerebellum lobule IV/V. Ne-
gative trends were observed in the BNST (z = -2.431), left temporal
pole (z = -3.6275), right thalamus (z = -3.2568), and cerebellum IX
(z = -3.2954). Positive correlations were identified in the right DLPFC,
right temporal pole, fusiform gyrus, inferior temporal gyrus (ITG), su-
perior temporal gyrus (STG), cuneus, and occipital gyri. In HC, positive
correlations were identified in the BNST, locus coeruleus, right insula,
and septal nuclei (z = 2.399). Between-group comparisons of these
correlations were not performed.

3.8. BNST task-based functional co-occurrence

Group level tbFC of the BNST (Jennings et al., 2013; LeDoux and
Pine, 2016; Pitman et al., 2012) in the trauma versus neutral word
contrast was calculated as described in the Methods section. We ob-
served accentuated tbFC of the BNST to regions of the brain involved in
the processing of negative emotions and stress, including the dmFP,
dACG, PCG, amygdala, MD thalamus, striatum, hypothalamus, and
septal nuclei in PTSD. Fig. 4 displays this connectivity in both PTSD and
HC, in comparison to known structural and resting state functional
connectivity (rsFC) of the BNST. Detailed results with associated co-
ordinates and statistics are summarized in Supplementary Table 4.

4. Discussion
4.1. The BNST modulates the processing of trauma-related words in PTSD

The BNST is rapidly emerging as an important modulator of anxiety
and the stress response. Anatomical studies in animals have revealed
that the BNST is extensively linked with subcortical and limbic areas
(Lebow and Chen, 2016), and electrophysiological and optogenetic
studies have demonstrated that these links play a crucial role in the
behavioral responses of animals to stress (Henckens et al., 2017; Asok
et al., 2018; Kim et al., 2013; Steudte-Schmiedgen et al., 2016; Adam
et al., 2017). The role of the BNST in PTSD is less well-established. In
the present work, we used an emotional word paradigm to investigate
the role of the BNST in trauma-related emotion processing in PTSD. In
this paradigm, trauma-related words are used to provoke a negatively
valenced emotional response, which we found to be accentuated in
PTSD when compared to HC (supplementary results). We observed that
the BNST was recruited in PTSD subjects in the trauma vs. neutral word
condition, a finding that was not present in HC (Fig. 1D and Table 1).
Activity in the BNST was present in the between group analysis and also
positively correlated with symptom severity (Fig. 2B), strengthening
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Fig. 1. Task-based BOLD fMRI of PTSD patients and healthy controls (HC) during a trauma-relevant emotional word paradigm. Panels a-c show areas of BOLD
activation in the trauma word vs neutral word contrast within the patient group (a), HC (b), and in the between-group contrast (c), with statistical parametric maps
thresholded at a voxel-wise p < 0.01 (see table 1 for whole brain or ROI corrections). Slices are selected to highlight the activity in the brainstem and cerebellum
(Z = -33, —15 mm); OFC, amygdala, and hippocampus (Z = -15 mm); hypothalamus, BNST, septal nuclei, medial thalamus, and ventral striatum (Z = -6, 3,
15 mm); ventral (Z = -15 mm) and dorsal (Z = 21, 27, 36 mm) frontal poles; dACG (Z = 3, 15, 21, 27 mm); DLPFC (Z = 21 mm); and PCG (Z = 27, 36 mm). Panels
(d-o) show the mean within-group BOLD response + /- standard error of the mean in select ROIs, for both PTSD patients and HC, in the trauma word and neutral
word conditions. Highlighted results are shown in Table 1 and full results are shown in Supplemental Table 1.
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Fig. 2. Correlation of task-based BOLD activity with PTSD symptom severity. Panel (a) shows areas of positive and negative correlations at the p < 0.01 level of
BOLD activity to PTSD symptom severity (total CAPS score) in the trauma word vs neutral word contrast within the patient group. Notable positive correlations are
observed in the BNST (b), caudate head (c), septal nuclei (d), brainstem in the area of the PPN/Raphe (e), dACG in BA24 (f), left MTG in BA21 (h), Broca’s area (i),
amygdala (j-k), and hippocampus (1). Notable negative correlations are observed in right DLPFC (g) and left rectus in the mOFC (m). p values are displayed for
correlations that surpass or are near the p < 0.05 threshold for statistical significance; an asterisk denotes use of ROI correction. Highlighted results are shown in

Table 1 and full results are shown in Supplementary Table 2.

the implication that it plays an important role in PTSD-related emotion
processing.

We also examined the relationship of the DCAI to BNST activity in
the trauma vs. neutral word contrast. Previous research has shown that
the BNST modulates the HPA axis via both excitatory and inhibitory
projections to the hypothalamus. Excitatory projections originate in the
anterior BNST and serve to activate the HPA axis in times of stress,
whereas inhibitory projections originate in the posterior BNST, at-
tenuate the stress response, and potentially protect against the devel-
opment of posttraumatic behavioral changes (Lebow and Chen, 2016;
Elharrar et al., 2013; Henckens et al., 2017; Lebow et al., 2012). In
PTSD, chronic stress and ensuing chronically elevated cortisol levels are
thought to lead to a desensitization of the HPA axis and an eventual
pathological attenuation of the normal diurnal cortisol rhythm (Speer

et al., 2019; Lehrner et al., 2016). However, it must be noted that
studies of cortisol levels and diurnal cortisol variation in PTSD have
produced mixed results (Radley et al., 2009; Radley and Johnson,
2018), so current models of HPA axis dysfunction in PTSD must be
interpreted judiciously. We observed a negative correlation of BNST
activity with the DCAI in PTSD and a positive correlation in HC
(Fig. 3C), indicating that the BNST may be promoting a stress response
and/or that the protective function of the BNST in modulating the stress
response is dysfunctional in PTSD. Taken together with the BNST hy-
peractivity and positive correlation with symptom severity, our results
fit a model in which an overactive BNST contributes to dysfunctional
HPA-axis activity in PTSD. Given the overall pattern of activity de-
scribed here, our findings suggest that excitatory BNST output, possibly
originating in the anterior BNST, may be driving these effects. At higher
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correction. Full results are shown in Supplementary Table 3.

imaging resolutions, it may be feasible to elucidate the contributions of
BNST subnuclei to HPA-axis dysfunction in PTSD.

In a multivariate analysis of BNST task-based functional co-occur-
rence in the trauma vs. neutral word contrast, we found several dif-
ferences between PTSD patients and HC (Fig. 4 and SI Table 4). In
patients, there was more extensive positive tbFC between the BNST and
subcortical areas (limbic striatum, hypothalamus, medial thalamus),
the limbic system (amygdala and dACG), the dmFP, and cerebellar re-
gions thought to be involved in language and emotion processing (IX
and X, respectively). In HC, there was more extensive tbFC between the
BNST and neocortical areas, including multiple regions of association
cortex. Notably, this included negative tbFC between the BNST and the
DLPFC, vmPFC (BA10), and ventromedial OFC (vmOFC). These results
suggest that the BNST acts in concert with neocorticostriatal networks
in HC, whereas in PTSD it acts in concert with limbic and subcortical
networks, including the hypothalamus and striatum. In rodent studies,
prelimbic cortex, homologous to human vmOFC, exerts an inhibitory
influence on stress neurocircuitry via the BNST (Kriiger et al., 2015;
Torrisi et al., 2015). An analogous interpretation of our results is that

the HPA-axis dysfunction described above is related to a loss of top-
down regulation of stress circuitry via the BNST.

4.2. The caudate nucleus is functionally linked to the BNST

Outside the BNST, we observed elevated, symptom-correlated ac-
tivity in the head of the caudate nucleus (CN) in between group analysis
of the trauma vs neutral contrast (Fig. 1E, 2C, and Table 1). The BNST
was robustly functionally linked to the CN in PTSD during trauma word
processing (Fig. 4 and SI Table 4); the finding was also present, though
less extensive, in HC. The CN receives input from the cerebral cortex
and relays it downstream as part of a cortico-striato-thalamo-cortical
(CSTCQ) circuit. Reentry loops within the circuit allow the striatum to
play a complex, integratory, and modulatory role in which the pro-
cessing of events can be selected or inhibited in a context-dependent
fashion. Previous studies have demonstrated anatomic (Avery et al.,
2014; Torrisi et al., 2017) and rsFC (Avery et al., 2014; Blumenfeld,
2016) between the BNST and CN, raising the possibility that BNST
activity impacts the prioritization of cortical information processing via
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Fig. 4. Network diagram of BNST connectivity. The left panel summarizes BNST connectivity reported in the literature to date. Connections on the left represent
anatomical connectivity discovered in tract tracing studies, primarily in rodents. Connections on the right represent healthy human structural and functional
connectivity identified through DTI (solid lines) and resting-state fMRI (dotted lines), respectively. Depicted connectivity is adapted from Avery et al, Lebow et al,
and Torrisi et al. The right panel displays task-based functional co-occurrence identified in the present study in the trauma vs neutral word contrast. Connectivity in
healthy controls is shown on the left and connectivity in PTSD patients is shown on the right. Results are displayed at thep < 0.001 level (solid color, corresponding
to |r| > 0.5790 for PTSD patients and |r| > 0.6402 for HC) andp < 0.01 level (pale color, corresponding to |r| > 0.4705 for PTSD patients and |r| > 0.5256 for HC).

Full results are shown in Supplementary Table 4.

the CSTC. This is further supported by our observation of positive tbFC
between the BNST and two additional interconnected nodes of the
CTSC - the ventral pallidum and MD thalamus (Fig. 4 and SI Table 4) —
in the patient group. Though animal studies have not reported anatomic
connectivity between the BNST and CN, our findings add behavioral
and psychiatric relevance to emerging evidence of BNST-CN FC in hu-
mans.

4.3. Stress-responsive subcortical areas co-activate with the BNST

A broader network of subcortical areas with known anatomic and
rsFC to the BNST (Blumenfeld, 2016; Hikosaka, 2010) was also hy-
peractive in PTSD patients (Table 1), including the septal nuclei
(Fig. 1F, 2D), MD and VA thalamus, hypothalamus (Fig. 1G), habenula,
and brainstem (Fig. 1H, 2E). The positive effect in the septal nuclei
approached statistical significance in the between-group analysis and
its activity correlated both to DCAI attenuation (Fig. 3D) and BNST
activity within the PTSD patient group (Fig. 4 and SI Table 4). The MD,
VA, and VL nuclei of the thalamus also displayed positive tbFC with the
BNST. The brainstem and thalamic nuclei participate in consciousness-
supporting neural circuits through which ascending brainstem input is
integrated and feedback-modulated with limbic, striatal, and neocor-
tical information processing (Tsanov, 2017). The septum and habenula
are anatomically connected to the limbic system, HPA axis, and
brainstem and serve as key nodes in a stress-responsive network
(Kalisch and Gerlicher, 2014; Hiser and Koenigs, 2018) that modulates
arousal and action. Our results therefore implicate the BNST in a con-
text-dependent stress response that is present in PTSD patients but not
HC. The data suggest that the septal nuclei, which have little direct
evidence for involvement in PTSD pathophysiology to date, contributes
to this response.

4.4. Potential roles of the prefrontal cortex and lateral temporal cortex

In the prefrontal cortex, the dmPFC (including the dACG) and
vmPFC were hyperactive in PTSD subjects (Fig. 1I-K), and dmPFC ac-
tivity correlated positively with symptom severity (Fig. 2F) and DCAI
(Fig. 3E). Conversely, HC exhibited greater activity in the right DLPFC
(Fig. 1L). The mPFC has been implicated in the processing of negatively
valenced information. In particular, the dmPFC and dACG co-activate
during threat appraisal under low cognitive load (Kragel et al., 2018)
and vmPFC activity has been associated with the generation and reg-
ulation of negative emotions (St. Jacques et al., 2011; Moser et al.,
2015) and the processing of negative autobiographical information
(Neumeister et al., 2017). Recruitment of these regions is increased in
PTSD populations similar to those in this study (Motzkin et al., 2015;
Balderston et al., 2017), and there is evidence to suggest connectivity
between these regions and the BNST is an important feature of the
pathophysiology of PTSD (Brinkmann et al., 2017; Raichle, 2015). In
contrast, activity in the right DLPFC, a region implicated in cognitive
control and less active in anxiety (Torrisi et al., 2018), was compara-
tively reduced in PTSD patients during the trauma vs. neutral word
condition and also negatively associated with both symptom severity
(Fig. 2G) and DCAI in the PTSD group (Fig. 3F). These results suggest an
overall shift towards dysexecutive emotion processing in PTSD that
parallels the stress response described above.

In the temporal lobes, activity in the right anterolateral temporal

cortex (BA 20/21, Table 1) during the trauma vs. neutral word contrast
positively correlated with symptom severity (Fig. 2H), negatively cor-
related with DCAI (Fig. 3G), and had positive tbFC with the BNST
within the PTSD group (Fig. 4). This region is functionally connected to
the default mode network (DMN) (Rabellino et al., 2018) and its acti-
vation in our study, in conjunction with activation of the mPFC (de-
scribed above) and PCG (Fig. 1M, 3H), suggest increased recruitment of
linguistically-driven self-referential neurocircuitry in PTSD patients
during trauma word blocks (see Broca’s area, Fig. 1N, 2I). The func-
tional link between the BNST and DMN has been observed in other
studies (Blumenfeld, 2016; Liberzon and Ressler, 2016; Ahrens et al.,
2018) as well.

4.5. Findings in the medial temporal lobes highlight dissociation of BNST
and amygdala activity

In the medial temporal lobes, activity in the hippocampus and
amygdala increased to trauma-related words, but a between group ef-
fect was not present (Fig. 10 and Table 1). Activation in these regions
correlated strongly to PTSD symptom severity (Fig. 2 J-L), which sug-
gests that variance in disease severity in our patient population may
account for the absence of a between-group effect. However, the
amygdala was more active in the early phase of the emotional word
paradigm (SI Fig. 3). Prior studies in rodents have shown that BNST
activity is elevated during the response to sustained, unpredictable
threat, and that an intact BNST is required for the expression of beha-
vioral measures of sustained threat (Klumpers et al., 2017). Conversely,
amygdala activity is elevated when the threat is immediate and there-
fore predictable. This has led to the formulation that the BNST plays an
important role in maintaining a state of anxiety or apprehension in
unpredictable, unsafe contexts (Lebow and Chen, 2016). Analogous
findings have been demonstrated in humans both with and without
PTSD. Specifically, in an auditory anticipatory threat paradigm, Her-
mann et al. found that BNST activity increases during a variable an-
ticipatory period (maximum 16 sec) that occurs after the first second of
cue presentation (Davis et al., 2010). Brinkmann et al. found that this
effect was accentuated in PTSD (Brinkmann et al., 2017). Our results
extend these findings to an emotional word context and is perhaps more
relevant to daily exposures of PTSD patients. Finally, there was a po-
sitive correlation between amygdala and BNST activity in PTSD patients
but not in HC (Fig. 4). The amygdala, which is central to fear learning
and the pathogenesis of PTSD (Allen and Gorski, 1990) and is anato-
mically linked to the BNST, may therefore play a role in the recruitment
of the BNST in this paradigm. Recent evidence from rodent studies
supports the existence of a maladaptive, anxiogenic central nucleus of
amygdala-BNST circuit (Daniel and Rainnie, 2016).

5. Limitations
There are several limitations to the present work:

- The patient and control groups were not sex-matched, yet research
suggests that the BNST may differ in volume and connectivity in
females and males (McEwen et al., 2015). In this study, there were
too few males in the PTSD group (n = 4) for a subregroup analysis.
However, because this study was not designed to examine sex dif-
ferences in BNST activity, we included sex as a nuisance covariate in
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the mixed-effects model in order to account for the sex-related ef-
fect. Notably, data from rodents suggests that such sex differences
emerge when subjects are in the presence of the opposite sex, but
this study did not involve sex-based cues, such as a male voice.
We did not incorporate a trauma-exposed control group. Without
such a group, we cannot attribute group differences observed in this
study to PTSD vs. trauma exposure.
Though trauma type was uniform across PTSD patients, there was
heterogeneity in subject age and timing of trauma.
Cortisol data was available only for a small subset of the PTSD
participants (11/29); these low numbers limit the generalizability of
cortisol-related results described above.
We did not differentiate activity amongst the subnuclei of the BNST,
which have distinct structural connectivity and behavioral func-
tions; future studies utilizing ultra-high field MRI might have the
potential to further differentiate these subnuclei.
We used a probabilistic mask rather than tracing the BNST on
anatomical scans. The BNST is variable in size amongst individuals,
though some (Blumenfeld, 2016) have observed that these size
differences become insignificant upon head size normalization.
- Patients in this study developed PTSD as a result of childhood sexual
abuse; further work is necessary to generalize the findings to other
types or timings of trauma.

6. Conclusion

The present work provides evidence that the BNST plays an integral
role in the neurobiology of human PTSD. Previous studies have used
threat-based paradigms or resting state fMRI data to implicate the BNST
in PTSD (Brinkmann et al., 2017; Ahrens et al., 2018). By bringing
together multiple measures, including task-based fMRI, behavioral as-
sessments, neuroendocrine measures, and data-driven analytics, this
study extends these observations and suggests a more comprehensive
model of how the BNST and functionally-linked neurocircuitry con-
tribute to PTSD. In the context of current knowledge of the BNST, our
findings are consistent with a model (Fig. 5) in which BNST activity is
promoted by chronic posttraumatic stress via action of brainstem
arousal systems[78] and the amygdala, which project to the BNST.
Chronically elevated BNST activity in atraumatic contexts contributes
to activation of the HPA axis, which then becomes feedback suppressed
over time (Speer et al., 2019), leading to alterations in cortical in-
formation processing[79] that are consistent with the dysexecutive
processing of negative emotions. An overactive BNST may further
modulate neocortical-striatal information processing by promoting ne-
gatively valenced states via connectivity with the limbic striatum.

The present study implicates the BNST and functionally linked
neurocircuitry in altered emotion processing and HPA-axis function in
human PTSD. The neural circuits described here may represent poten-
tial therapeutic targets for drug discovery. To successfully navigate the
exploration of these targets in humans, it will be important to utilize
experimental paradigms, physiological analyses, and behavioral mea-
sures that are appropriately tailored to the target and population of
interest.
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