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Abstract

The hippocampus and amygdala exhibit sensitivity to stimulus novelty that is reduced in
participants with inhibited temperament, which is related to trait anxiety. Although the bed nucleus
of the stria terminalis (BNST) is highly connected to the amygdala and is implicated in anxiety,
whether the BNST responds to novelty remains unstudied, as well as how trait anxiety may
modulate this response. Additionally how novelty, stimulus negativity and trait anxiety interact to
affect activity in these areas is also unclear. To address these questions, we presented participants
with novel and repeated, fearful and neutral faces, while measuring brain activity via fMRI, and
also assessed participants’ self-reported trait anxiety. As the small size of the BNST makes
assessing its activity at typical fMRI resolution difficult, we employed high resolution 7 Tesla
scanning. Our results replicate findings of novelty sensitivity that is independent of valence in the
hippocampus. Our results also provide novel evidence for a BNST novelty response toward
neutral, but not fearful faces. We also found that the novelty response in the hippocampus and
BNST was blunted in participants with high trait anxiety. Additionally, we found left amygdala
sensitivity to stimulus negativity that was blunted for high trait anxiety participants. These findings
extend past research on the response to novel stimuli in the hippocampus and amygdala at high
resolution, and are the first to demonstrate trait anxiety modulated novelty sensitivity in the BNST
that is dependent on stimulus valence.

The detection of novel objects and individuals is an important function of the brain, because
these stimuli represent a potential source of threat or reward. Sensitivity toward novelty has
been found in both the hippocampus (Daselaar, Fleck & Cabeza, 2006; Grunwald, Lehnertz,
Heinze, Helmstaedter & Elger, 1998; Kirwan, Shrager & Squire, 2009; Lever et al., 2010;
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1996) and amygdala (Balderston, Schultz & Helmstetter, 2011; Blackford, Buckholtz,
Avery, & Zald, 2010; Ousdal, Andreassen, Server & Jensen, 2014; Schwartz, Wright, Shin,
Kagan, & Rauch, 2003; Wright et al., 2003; Wright et al., 2008). Although the bed nucleus
of the stria terminalis (BNST) is heavily connected to the amygdala, both structurally and
functionally (Avery et al., 2014; Torrisi et al., 2015), and plays a role in responding to threat
(Alvarez, Chen, Bodurka, Kaplan & Grillon, 2011; Somerville et al., 2013) and anxiety-
related hypervigilance (Somerville et al., 2010), no studies have specifically investigated
whether the BNST is sensitive to stimulus novelty.

While early studies on stimulus novelty focused on the hippocampus (Daselaar et al., 2006;
Grunwald et al., 1998; Kirwan et al., 2009; Lever et al., 2010; Menon et al., 2000; Tulving,
et al., 1996), a growing body of literature has established that the amygdala responds to the
novelty of a variety of stimuli, including objects (Blackford et al., 2010), faces (Balderston
et al., 2013; Ousdal et al., 2014; Schwartz et al., 2003; Wright et al., 2003; Wright et al.,
2008) and other images of humans (Balderston et al., 2011). Balderston et al. (2011; 2013)
posited that while the hippocampus plays a general role in novelty detection, novelty
detection in the amygdala complements the amygdala involvement in threat detection. This
is compatible with conceptualizations of the amygdala that emphasize its role in vigilance
(Davis & Whalen, 2001), as vigilance toward potential threat may involve identifying and
evaluating novel stimuli.

While no studies have specifically investigated how stimulus novelty affects activity in the
BNST, past findings about BNST activity suggest that it may exhibit a response to novelty.
The BNST is closely connected to the amygdala (Avery et al., 2014; Torrisi et al., 2015), and
is considered a part of the extended amygdala (Davis & Whalen, 2001). Additionally, like
the amygdala, BNST activity responds to threat (Choi, Padmala & Pessoa, 2012; Klumpers
et al., 2015; Mobbs et al., 2010) and has been implicated in vigilance related behaviors,
specifically anxiety-related hypervigilance (Somerville, Whalen & Kelley, 2010). These
observations suggest that the BNST may work with the amygdala in maintaining vigilance
toward threat. If novelty sensitivity in the amygdala is related to its role in threat detection
(Balderston et al., 2011; Balderston et al., 2013), the BNST s likely to exhibit a similar
novelty sensitivity.

One factor that may modulate novelty sensitivity in the amygdala is trait anxiety. Blackford
et al. (2011; 2013) found that both the amygdalar and hippocampal response to novelty is
altered by inhibited temperament — a personality trait that is closely related to anxiety. They
found that participants high in inhibited temperament exhibit reduced novelty sensitivity due
to sustained activation to familiar faces. These results suggest that high trait anxiety may
similarly predict reduced novelty sensitivity in the both the hippocampus and amygdala.

If the BNST plays a role in novelty detection that is similar to the amygdala, BNST novelty
sensitivity may also be modulated by trait anxiety. Although no one has tested this
hypothesis, past studies have found that trait anxiety alters BNST activity. Trait anxiety is
associated with increased BNST reactivity to negatively-valenced stimuli (Mobbs et al.,
2010; Choi et al., 2012; Grupe et al., 2013; Klumpers et al., 2015; Haufler, Nagy & Paré,
2013; Jennings, Sparta, Stamatakis, Ung & Pleil, 2013; Meloni, Jackson, Gerety, &
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Carlezon, 2006), as is the case in the amygdala (Etkin et al., 2004; Fakra et al., 2009; Hariri,
2009; Hariri et al., 2009; Laeger et al., 2012; Stein, Simmons, Feinstein & Paulus, 2007).
Additionally, high trait anxiety predicts a greater BNST response to uncertainty in
participants with generalized anxiety disorder (Yassa, Hazlett, Stark & Hoehn-Saric, 2012).
In rodents BNST-amygdala connectivity is related to anxiety-like behaviors (Cai, Bakalli &
Rinaman, 2012), and BNST activity has been implicated in the avoidance of novel
conspecifics (Khoshbouei, Cecchi & Morilak, 2002; Lungwitz et al., 2012). Based on these
past findings, trait anxiety may be expected to modulate novelty sensitivity in the BNST.

To examine how trait anxiety affects the novelty response in the hippocampus, amygdala and
BNST, we measured the blood-oxygen-level dependent (BOLD) signal of participants who
were presented with images of novel and repeated faces, and collected participants’ self-
reported trait anxiety scores. To examine whether stimulus negativity interacts with stimulus
novelty to affect activity in these regions, we included fearful and neutral face stimuli. Given
the small size of the BNST, it is difficult to distinguish activity in this area from other medial
basal forebrain structures at typical functional magnetic resonance imaging (fMRI)
resolutions. To increase our ability to confidently assess BNST-specific activation, we used
high resolution 7-Tesla imaging to collect fMRI images with a1 mm x 1 mm x 1.5 mm
resolution. Coverage of the fMRI scan was limited to our areas of interest, in order to
maintain small slice thickness. As such, our analysis focuses on testing a priori predictions
concerning activity in the BNST, amygdala and hippocampus, rather than employing a
whole-brain approach.

We expected to replicate past findings of a novelty response in the hippocampus (Daselaar et
al., 2006; Grunwald et al., 1998; Kirwan et al., 2009; Lever et al., 2010; Menon et al., 2000;
Tulving et al., 1996) and amygdala (Blackford et al., 2010; Balderston et al., 2011;
Balderston et al., 2013; Ousdal et al., 2014; Schwartz et al., 2003; Wright et al., 2003;
Wright et al., 2008), and that this novelty response would be independent of stimulus
negativity in both of these areas (Balderston et al., 2011; Balderston et al., 2013). We did not
have strong predictions about whether stimulus novelty and negativity would interact in the
BNST. On one hand, given that the BNST plays a role in threat detection, one might expect
novelty and negativity to interact in the BNST. On the other hand, this same logic applies to
the amygdala, but past studies that have directly tested this have indicated that novelty and
negativity affect amygdala activity independently (Balderston et al., 2011; Balderston et al.,
2013).

Based on past studies (Etkin et al., 2004; Fakra et al., 2009; Hariri, 2009; Hariri et al., 2009;
Laeger et al., 2012; Stein, Simmons, Feinstein & Paulus, 2007) we predicted increased
amygdala reactivity to stimulus negativity in participants with high trait anxiety. Given that
the BNST is sensitive to negatively-valenced stimuli (Choi et al., 2012; Klumpers et al.,
2015; Mobbs et al., 2010) and is involved in hypervigilant threat monitoring (Somerville et
al., 2010), we predicted that the BNST would also exhibit a trait-anxiety dependent response
to stimulus negativity. We did not expect an interaction between negativity and anxiety in the
hippocampus.
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Based on past findings (Blackford et al., 2013; Blackford et al., 2011), we predicted that
participants high in trait anxiety would exhibit a decrease in novelty sensitivity, due to a
sustained response across stimulus repetition in both the hippocampus and amygdala. Given
that the BNST is closely connected to the amygdala, and BNST activity is altered by trait
anxiety, we reasoned that the BNST may also exhibit this pattern.

Thirty-seven undergraduate students at the University of Wisconsin — Milwaukee
participated in the study. Three participants withdrew from the study before completing the
fMRI task, three participants were excluded from analysis due to excessive motion during
the scan, two participants were excluded due to signal loss during the fMRI scan that
affected the BNST region, and one was excluded due to equipment failure. As a result, data
from 26 participants (18 female) were included in the analysis.

Trait Anxiety Measure

Task Design

Participants completed the State-Trait Anxiety Inventory (STAI-Trait), a 20-item measure
designed to evaluate trait anxiety (Spielberger, Gorsuch & Lushene, 1970). The STAI-Trait
has high internal consistency (a = .89) and test-retest reliability (r= .88; Barnes, Harp &
Jung, 2002). Participants’ STAI-Trait scores ranged from 26 to 45 (M= 36.9, SD=6.2).

The task used a 2 x 2 factorial design, with participants viewing a series of faces that varied
along the factors of Novelty (novel vs. repeated) and Expression (fearful vs. neutral). Ten
fearful and ten neutral face stimuli were taken from the NimStim Set of Facial Expressions
(Nim et al., 2009) and were converted to gray-scale and luminance equated. For each
participant two fearful and two neutral faces were randomly chosen to be repeated five times
(in addition to the initial presentation), with the rest of the images only presented once. The
novel conditions consisted of the presentation of the eight non-repeating images, as well as
the initial presentations of the images selected to be repeated, for a given stimulus
Expression type. The repeated conditions consisted of the five repetitions of the repeated
images with the initial presentation excluded for a given stimulus Expression type. The task
design is depicted in Figure 1.

All images were presented in a single run for 3 seconds each, with an intertrial interval that
varied in duration from 1-11 seconds (M= 5). The order of neutral and fearful faces was
counterbalanced. The particular images used for each condition type was randomized.

MRI Data Acquisition

MRI data were acquired on a 7 Tesla MR950 General Electric (GE Healthcare, Waukesha,
WI1) scanner. High-resolution 7;-weighted whole-brain anatomical images were acquired
using BRAVO, a 3D gradient echo sequence with IR preparation (inversion time/repetition
time/echo time/flip angle/field of view/matrix/slice thickness: 1050 ms/7.972 ms/3.776
ms/5°/220 mm/276 x 276 mm/.8 mm).
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Partial-brain functional scans were obtained using a single-shot, To*-weighted gradient-echo
echo-planar image (EPI) sequence (repetition time/echo time/flip angle/number of
excitations/field of view/matrix: 2775 ms/23.6 ms/73°/1/220 mm/224 x 224; 34 x 1.5-mm
axial slices; gap: 0 mm; 121 volumes) with voxel resolution of 1 mm x 1 mm x 1.5 mm. The
scan coverage was determined for each participant by positioning the most anterior edge of
the coverage just anterior to the amygdala, and then checking that coverage spanned at least
5 millimeters anterior to the anterior commissure, to ensure coverage of the BNST. After the
task, an additional single-volume EPI scan with reverse phase encode polarity was collected
and used for susceptibility-related distortion correction.

Anatomical ROls

Because our hypotheses concerned how the amygdala, hippocampus and BNST respond to
novelty, our analysis focused on anatomically defined ROIs for these regions. After N4 bias
field correction (Advanced Normalization Tools 2.1; Avants, Tustison & Song, 2009) was
applied to anatomical images, the amygdala and hippocampus ROIs were created for each
subject using Freesurfer image analysis suite’s subcortical segmentation (v. 5.3, Martinos
Center for Biomedical Imaging, Harvard-MIT, Boston, USA; Fischl et al., 2002). Volumes
generated by Freesurfer were aligned to native space using Analysis of Function
Neurolmages version 16.0 (AFNI; Cox, 1996). These ROIs were then visually inspected to
ensure accurate segmentation and alignment. BNST ROIs were traced by hand in AFNI
using the anatomical boundaries detailed by Avery et al. (2014; see Figure 2). These
anatomical ROIs (.8 mm isotropic) were down-sampled to the resolution of the EPI images
(I mm x 1 mm x 1.5 mm), with EPI voxels being considered part of the ROI if there was
more than 50% overlap with the anatomical ROI. The ROIs were then checked by
overlaying them on the EPI data and adjusted if necessary, for example if the ROI
encroached onto lateral ventricle. On average, the left BNST ROI consisted of 58.6 EPI
voxels, while the right consisted of 55.3 voxels.

FMRI Data Analysis

FMRI data was analyzed using the Analysis of Functional Neurolmages software package
(AFNI; Cox, 1996). The first 3 volumes were discarded to allow for spins to achieve a
steady state and volumes with excessive motion were censored (Euclidean norm > .3).
Remaining EPI volumes were slice time corrected and motion corrected. To create a
distortion correction template, the third volume from the task EPI data and the third volume
of the reverse polarity EPI scan were aligned to each participant’s anatomical scan, and
warped together using the “plusminus” option in AFNI’s 3dQwarp. EPI task data was
aligned to the anatomical image, non-linearly warped to the distortion correction template,
and then to the anatomical image. These three transformations were calculated, and applied
in a single step to reduce the number of times the data were interpolated. EPI data were
converted to percent signal change. Single subject BOLD responses at stimulus onset were
modeled using GLM and a 13.875 second tent function, with six tents. Regressors for each
of the four condition types (novel neutral, repeated neutral, novel fearful and repeated
fearful) were included, as well as nuisance regressors for low-frequency drift (linear,
quadratic and cubic) and motion (L/R, A/P, S/I, roll, pitch, yaw, and their derivatives). An
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average of tents 2-5 (representing peak activation) for each condition type was computed for
each voxel.

Statistical Analysis

Results

Omnibus

We initially extracted mean percent signal change for each participant for each ROI and
condition. However, we found that our BNST ROIs appeared to be more susceptible to
outliers and showed greater variability, likely because they are relatively small, and border
on ventricle. As such, we decided to extract median percent signal change for each
participant for each condition and ROI, because median is more robust to outliers and such
variability. The data were fitted with a linear mixed-effects model with Novelty (novel vs.
repeated), Expression (fearful vs. neutral), ROl (amygdala vs. BNST vs. hippocampus),
Hemisphere (left vs. right) and Anxiety (continuous) as fixed factors, and participant as a
random factor using the R (R Core Team, 2016) software package Ime4 (Bates, Maechler,
Bolker & Walker, 2015). Significance of main and interaction effects were assessed using
Type Il Wald Chi-squared tests using the R package car (Fox & Weisberg, 2011). Follow-up
tests were obtained using contrasts of adjusted means with the R package phia (De Rosario-
Martinez, 2015).

In order to test a priori hypotheses about how the amygdala, hippocampus and BNST
respond to novelty and stimulus negativity, we also ran Novelty x Expression x Hemisphere
x Anxiety mixed model analyses for each of these ROls.

A mixed model was fitted with fixed effects for Novelty, Expression, ROI, Hemisphere and
Anxiety and their interactions. The model failed to converge with random slopes for each
effect and correlation parameters, however, retaining random slopes for each effect, but
removing correlation parameters allowed the model to converge. The means of participant’s
median percent signal change for each condition by ROI can be seen in Figure 3.

There were no main effects for Novelty, X4(1) = .87, p = .35, Expression, X4(1) = .32, p=.
57, or Anxiety X4(1) = .11, p= .74. There was a main effect of ROI, X4(2) = 11.84, p=.
003, with the amygdala exhibiting more activity (M = .047) during the task than the
hippocampus (M = —.006), X(1) =8.98, p = .01, but no difference between BNST and either
amygdala or hippocampus (ps = 1; Holm-Bonferroni corrected). There was also a significant
interaction between Novelty and Anxiety, X4(1) = 4.84, p= .03, with Anxiety having a
larger slope for repeated, #=.008, X4(1) = .65, p= .84, than novel faces, b= -.001, X4(1)
=.01, p=.91 (Holm-Bonferroni corrected), although neither of these slopes were significant
individually. Thus, high anxious participants exhibited reduced reactivity to novelty, in each
ROL.

All of these effects, however, were qualified by a marginally significant Novelty x
Expression x Anxiety x ROl interaction, X2(2) = 5.48, p = .06. While only marginally
significant, this may suggest differences across regions in how the BOLD response is
affected by Novelty, Expression and Anxiety. In order to explore this possibility, and to test
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our a priori hypotheses, we will also report Novelty x Expression x Hemisphere x Anxiety
mixed model analyses for each of these ROls.

There was also a Novelty x Expression x Side interaction, X4(1) = 4.75, p=.03. For the left
hemisphere there was a marginally larger difference for novel minus repeated neutral
expressions (M = .1) than for novel minus repeated fearful expressions (M = —.032), X4(1) =
4.82, p=.06. In the right hemisphere there was no difference between novel minus repeated
fearful expressions (M = .061) and novel minus repeated neutral expressions (M = .036),
X4(1) = .14, p= .71 (Holm-Bonferroni corrected). This suggests a larger effect of Novelty
for neutral than fearful faces in ROIs in the left hemisphere. There were no other significant
effects in the omnibus analysis (o> .11).

To test a priori hypotheses about how the BNST responds to Novelty and Expression, we ran
a Novelty x Expression x Hemisphere x Anxiety mixed model analysis with BNST BOLD
activity as the dependent variable. The BNST did not exhibit a significant main effect of
Novelty, X4(1) = 1.44, p= .23 or a Novelty x Expression interaction, X4(1) = 1.9, p= .17,
There was, however, a significant higher-order Novelty x Expression x Anxiety interaction,
X4(1) = 11.37, p< .001, with Anxiety predicting less reactivity to the novelty of neutral, b=
-.039, X4(1) = 8.72, p= .01, but not fearful faces, £=.019, X4(1) = 2.22, p= .14 (Holm-
Bonferroni corrected). Thus, Anxiety predicted reduced reactivity to the novelty of neutral
faces. To frame this Novelty x Expression x Anxiety interaction in the BNST another way,
the Novelty x Expression interaction was more pronounced for those with lower anxiety. For
example, with anxiety set at 34 (25™ percentile), the model shows an effect for novel (M = .
129) minus repeated neutral faces (M = -.128), X4(1) = 8.43, p= .02, but not novel (M = -.
045) minus repeated fearful faces (M = .012), X2(1) = .42, p=.88. However, with anxiety
set at 43 (75 percentile) there is no effect for either novel (M = —.003) minus repeated
neutral (M =.089), X4(1) = .66, p= .88, or novel (M = .138) minus repeated fearful faces
(M =.019), X4(1) = 1.11, p= .88 (Holm-Bonferroni corrected). For follow-up tests within
Novelty condition types and Anxiety set at these same values, we found no effects of
Expression for either high or low anxious participants, for either novel or repeated faces (s
> .4; Holm-Bonferroni corrected). These results suggest that trait anxiety predicts reduced
reactivity to novelty in the BNST. However, this novelty response is dependent on stimulus
negativity, with low anxious participants showing a novelty response to neutral images only.
Adjusted means for BNST activation with anxiety set at 25™ and 75! percentile scores are
depicted in Figure 4. There were no main effects of Expression or Anxiety or other
significant interaction effects in the BNST (all ps > .12).

To test a priori hypotheses about how the amygdala responds to Novelty and Expression, we
ran a Novelty x Expression x Hemisphere x Anxiety mixed model analysis with amygdala
BOLD activity as the dependent variable. The amygdala did not exhibit a main effect of
Novelty, X4(1) = .17, p= .68, or a Novelty x Anxiety interaction, X4(1) = 2.06, p= .15.
There was an Expression x Anxiety x Hemisphere interaction, X4(1) = 5.88, p= .02, with
Anxiety predicting less activity to fearful than neutral faces in the left, b= -.011, X4(1) =
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7.37, p= .01, but not right amygdala, #=.002, X4(1) = .12, p = .73 (Holm-Bonferroni
corrected). Follow up tests in the left amygdala show that the slope for anxiety was negative
for fearful faces, b= -.005, X4(1) = 1.62, p= .25, and positive for neutral faces, &= .0086,
X4(1) = 2.38, p= .25, but neither of these slopes were significant on their own (Holm-
Bonferroni corrected, see Figure 5). This suggests reduced sensitivity to negativity in
participants with high anxiety. There was also a marginal trend toward a Novelty x
Expression x Side interaction, X4(1) = 3.61, p=.06. The right amygdala exhibited a greater
response to novel faces when they were fearful (M =.075) vs. neutral (M =.055), while
exhibiting a greater response to repeated faces when they were neutral (M =.071) vs. fearful
(M =.022). Meanwhile, the left amygdala exhibited the opposite pattern with a greater
response to novel faces when they were neutral (M =.044) vs. fearful (M =.035), while
exhibiting a greater response to repeated faces when they were fearful (M =.059) vs. neutral
(M =.015), although none of these comparisons reached significance (ps = 1, Holm-
Bonferroni corrected). There was no main effect of Expression or Anxiety, and no other
significant interaction effects in the amygdala (s > .12).

Hippocampus

To test a priori hypotheses about how the hippocampus responds to Novelty and Expression,
we ran a Novelty x Expression x Hemisphere x Anxiety mixed model analysis with
hippocampus BOLD activity as the dependent variable. There was a significant Novelty
effect in the hippocampus, X4(1) = 3.9, p = .048, that was qualified by a Novelty x Anxiety
interaction, X4(1) = 10.58, p= .001. There was a significant difference between the slope of
anxiety for novel and repeated images (4 = -.011), although neither of these slopes were
significant when tested individually (novel: 6= -.002, X4(1) = .18, p= .67, repeated: b= .
009, X(1) = 2.98, p=.17; Holm-Bonferroni correction). This Novelty x Anxiety interaction
resulted in a significant novelty response for low anxious participants (Anxiety set at 251
percentile), 6= .072, X4(1) = 10.17, p=.003, and no novelty response for high anxious
participants (Anxiety set at 751" percentile), 6= -.026, X4(1) = .81, p= .37 (Holm-
Bonferroni corrected). This suggests that the reduction in the hippocampal response to novel
stimuli is absent in participants who are high in trait anxiety (see Figure 6). There was no
main effect of Expression or Anxiety, and no other significant interaction effects in the
hippocampus (ps > .21).

Discussion

Past studies have found a novelty response in both the amygdala (Blackford et al., 2010;
Balderston et al., 2011; Balderston et al., 2013; Ousdal et al., 2014; Schwartz et al., 2003;
Wright et al., 2003; Wright et al., 2008) and hippocampus (Daselaar, Fleck & Cabeza, 2006;
Grunwald, Lehnertz, Heinze, Helmstaedter & Elger, 1998; Kirwan, Shrager & Squire, 2009;
Lever et al., 2010; Menon, White, Eliez, Glover & Reiss, 2000; Tulving, Markowitsch,
Craik, Habib & Houle, 1996). In two studies, Blackford et al. (2011; 2013) found that the
novelty response in the amygdala and hippocampus is dependent on levels of inhibited
temperament — a trait closely related to trait anxiety. Our results partially replicated this
finding at high spatial resolution. For the hippocampus, we found that low trait anxiety
predicted a larger novelty response, such that for participants with low (25t percentile) trait
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anxiety there was a significant novelty effect, but no novelty response for high (75t
percentile) trait anxiety participants. This result is consistent with those of Blackford et al.
(2011; 2013). By using techniques optimized for investigating BNST activity, we found that
the BNST exhibited a similar pattern of activation, with highly anxious participants
exhibiting reduced novelty sensitivity. In the BNST, however, this pattern was specific to
neutral faces. The high resolution imaging employed in the current study affords greater
confidence that these results are, in fact, being driven by BNST activity. The current work
extends past research by characterizing hippocampal and amygdala responses to novelty at
high resolution and demonstrates a previously unstudied aspect of BNST function — a
valence dependent response to novelty that is modulated by trait anxiety. This study extends
Blackford et al.’s (2011, 2013) findings by showing that the reduced novelty sensitivity
associated with high trait anxiety in the hippocampus is consistent for faces with both
neutral and negative expressions. We have also extended Blackford et al.’s (2011, 2013)
findings by using high resolution imaging to demonstrate that the BNST also exhibits
sustained activation across repetition, but only for neutral faces.

Blackford et al. (2013) suggested that sustained hippocampus and amygdala responses
across repetition of face stimuli may underlie “shy and cautious” behaviors that accompany
inhibited temperament, and may underlie risk for social anxiety. As the STAI-trait correlates
with measures of social anxiety (Blankstein, 1976), this aspect of trait anxiety may have
driven the sustained activation across repetition of face stimuli found in hippocampus and
BNST in the current study. This could suggest that the BNST is a component of the circuitry
that underlies altered social behaviors in individuals with high trait anxiety, and related
personality traits, and that altered BNST activity may be involved in social anxiety
disorders.

Although our omnibus analysis suggested reduced sensitivity to novelty in high anxious
participants, regardless of ROI, our amygdala specific analysis did not replicate Blackford et
al.’s (2011, 2013) finding in the amygdala. There are several methodological differences that
may account for this. Blackford et al. (2011; 2013) examined individual differences in
inhibited temperament, while we assessed trait anxiety. Moreover, Blackford et al. (2011,
2013) used an extreme groups approach in examining inhibited temperament. It may be that
differences in amygdala activation toward novelty associated with anxiety-related traits
emerge — or are more robust — when comparing extreme groups. Finally, participants in our
study viewed neutral and fearful faces, while Blackford et al. (2011; 2013) used only neutral
faces. Some have posited that the amygdala detects salient stimuli (Davis & Whalen, 2001).
If this is the case, it may be that the salience of the fear faces included in our study reduced
the salience of stimulus novelty.

Contrary to our hypotheses, we did not find a main effect of novelty in the amygdala, but
found a marginal trend toward a Novelty x Expression x Side interaction in the amygdala.
While further study is needed to investigate whether this trend is a robust result, this may
suggest that the amygdala response to the novelty of face stimuli depends on stimulus
valence. This would run counter to Balderston et al.’s (2011, 2013) finding that the effects of
novelty and valence are independent in the amygdala. However, Balderston et al.
manipulated valence by presenting participants with images of neutral humans and mutilated

Neuroimage. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pedersen et al.

Page 10

bodies in one study (2011), and to snakes and flowers in another (2013). As facial
expressions are a unique and evolutionarily relevant signal of valence, neural processing of
the novelty and valence of facial expressions may be specialized, and may therefore differ
from that of other stimulus categories.

We hypothesized that trait anxiety would predict increased reactivity to stimulus negativity
in the amygdala and BNST. However, we found that high trait anxiety was associated with
decreased reactivity to stimulus negativity in the left amygdala. While past studies more
commonly find increased amygdala reactivity for high trait anxious participants (Etkin et al.,
2004; Fakra et al., 2009; Hariri, 2009; Hariri et al., 2009; Laeger et al., 2012; Stein et al.,
2007), this association is dependent on a number of factors. For example, Etkin et al. (2004)
found that trait anxiety modulated amygdala reactivity only for masked faces. Another study
found that the correlation between trait anxiety and amygdala reactivity only exists for
participants who are low in perceived social support (Hyde, Gorkac, Manucka & Hariri,
2011), and a study using an adolescent sample found that amygdala reactivity to facial
expressions only correlated with social dimensions of trait anxiety (Killgore & Yurgelun-
Todd, 2005). Dickie and Armony (2008) found that trait anxiety negatively predicted the
amygdala response to attended (vs. unattended) fear faces in females, while males exhibited
the opposite pattern. These studies suggest that a variety of factors, including the
characteristics of the participants and method of presentation of the stimuli, can alter the
relationship between trait anxiety and amygdala reactivity.

Past literature points to some possible mechanisms for decreased amygdala reactivity among
participants with high anxiety. Anxiety has been associated with attentional avoidance of
negative stimuli, particularly at long stimulus durations (Cisler & Koster, 2010) such as
those used in the current study. In line with these findings, Blair et al. (2008) found reduced
amygdala reactivity to fear faces in patients with generalized anxiety disorder. Additionally,
past studies have found increased amygdala activation to neutral faces in participants with
social anxiety compared to healthy controls (Birbaumer et al., 1998; Cooney, Atlas,
Joormann, Eugéne & Gotlib, 2006). As the STAI-Trait correlates with social aspects of trait
anxiety (Blankstein, 1976), a similar effect could be driving our findings of reduced
amygdala reactivity to fear vs. neutral faces in participants with high trait anxiety. Future
research is needed to investigate the factors that lead to reduced amygdala reactivity to fear
faces in anxiety, and whether mechanisms like attentional avoidance and increased
sensitivity to neutral faces mediate this effect.

We also predicted an Expression x Anxiety interaction in the BNST, with greater BNST
reactivity to fear faces with increasing trait anxiety scores. Instead we found a more complex
Novelty x Expression x Anxiety interaction. While the BNST novelty response depended on
both Expression and Anxiety, looking within novel and repeated conditions revealed that
neither high nor low trait anxiety participants exhibited BNST-sensitivity to expression,
regardless of whether the images were novel or repeated. Researchers have proposed that
while the central nucleus of the amygdala mediates the response to brief, discrete signals of
threat, the BNST mediates the response to prolonged, diffuse threat (Davis, Walker, Miles,
& Grillon, 2010). Several imaging studies have supported this distinction (Alvarez et al.,
2011; Grupe, Oathes, & Nitschke, 2013; Herrmann, et al., 2016; McMenamin, Langeslag,

Neuroimage. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pedersen et al.

Page 11

Sirbu, Padmala & Pessoa, 2014; Sommerville et al., 2013), although these studies may have
had limited power in detecting activation specific to the BNST, given the low voxel
resolution used in these studies relative to the size of the BNST. We have replicated the
finding that the BNST is not sensitive to brief signals of threat using high resolution
imaging. Although this finding is consistent with the view that the amygdala is sensitive to
brief signals of threat, while the BNST is not, two recent reviews argue that the literature
does not support the conclusion of a double dissociation in the types of threat the BNST and
amygdala respond to (Gungor & Paré, 2016; Shackman & Fox, 2016), citing several studies
finding a BNST response to brief threat stimuli (Mobbs et al., 2010; Choi et al., 2012; Grupe
et al., 2013; Klumpers et al., 2015; Haufler et al., 2013; Jennings et al., 2013; Meloni et al.,
2006). Further research is needed to specify the circumstances under which the BNST
responds to briefly-presented signals of threat.

One limitation to the current study is that we did not manipulate stimulus valence
independent of stimulus arousal and did not include positively-valenced stimuli in our study
design. As such, we cannot distinguish whether our findings involving negativity were due
to valence, or to stimulus arousal or whether the neural novelty response differs for positive
vs. neutral or negative stimuli. Future studies are needed to investigate these issues.

Because we did not select participants for trait anxiety, our sample did not contain many
extreme trait anxiety scores. As such, our sample illustrates that trait anxiety reduces
reactivity to novelty in the BNST and hippocampus within normal ranges of trait anxiety.
However, this lack of extreme scores also leaves the possibility that the pattern of results we
have reported may not hold for those very high or very low in trait anxiety. Additionally, as
our sample was more demographically homogenous than the population in general, they
may have displayed less variation in responses to the stimuli than a more diverse sample. As
such, the general population may exhibit a different pattern of results than the sample used
the current study. Further investigation is needed to determine whether this is the case.

It should be noted that while using median voxel activation reduced the variance of the
BOLD signal in the BNST, BNST ROls still tended to exhibit more variance than the
hippocampus or amygdala. This increased variance can be seen in the within subject error
bars (Cousineau, 2005) in Figure 3. This may be due to the small size of our BNST ROls.
Additionally, because the BNST borders ventricle it is likely more prone to cerebrospinal
pulsation effects (Chang, Raven & Duyn, 2016; Dagli, Ingeholm & Haxby, 1999), which
could contribute to increased BOLD signal variance. Thus, effects in the BNST that we
otherwise may have detected could have been obscured, as increased variance leads to a loss
of power. The size and location of the BNST will continue to pose challenges for adequately
assessing its activity via neuroimaging. Future studies should seek to investigate the function
of the BNST at high resolution with large sample sizes to compensate for these challenges.
In addition, scanning procedures designed to mitigate cerebrospinal effects such as cardiac
gating, or a reduced TR time, could improve future researchers’ ability to assess BNST
function (Backes & Dijk, 2001; Zhang et al., 2006).

While future research is needed to investigate these questions, the current study contributes
several observations to the literature on the neural response to stimulus novelty and
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negativity. By using high resolution imaging, our study lends support to past studies
examining how inhibited temperament affects the neural response to novelty (Blackford et
al., 2013; Blackford et al., 2011) by demonstrating a decrease in reactivity to novelty in high
trait anxiety in the hippocampus. We have also extended these findings by showing a
decrease in BNST novelty reactivity to neutral, but not fearful faces. Additionally, we have
found a reduction in sensitivity to fearful faces in the left amygdala of trait anxious
participants. We also support past studies suggesting the BNST exhibits a lack of sensitivity
to the negativity of briefly presented stimuli, by replicating this result at increased voxel
resolution — highlighting a need for further research into the factors that determine whether
the BNST exhibits sensitivity to brief threat stimuli. As this is the first study to employ high
resolution imaging to examine the novelty response in the BNST, as well as the amygdala
and hippocampus, these results suggest further investigation of the role the BNST plays in
detecting and responding to novel stimuli, and how alterations in the BNST novelty response
may contribute to personality differences like trait anxiety. As altered BNST function has
been implicated in anxiety disorders (Grupe & Nitscke, 2013), this line of research may also
lead to a better understanding of the mechanisms underlying these disorders.
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Highlights
The BNST responds to the novelty of neutral, but not fearful, faces
. The hippocampus exhibits a novelty response that is independent of valence

. The novelty response in BNST and hippocampus is blunted by high trait
anxiety

. The left amygdala response to valence is blunted by high trait anxiety
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Figure 1.
Task Design. Participants were shown novel (red) and repeated (blue) faces with either

neutral or fearful expressions. Images were presented for three seconds each and were
followed by an ITI that varied from 1-11 seconds. Note that images that were repeated were
counted as novel on their first presentation and counted as repeated on all subsequent
presentations.
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Figure 2.
Example of BNST (red), Amygdala (green) and Hippocampus (blue) ROIs used to sample

BOLD activity, after downsampling to EPI resolution. ROIls are overlaid onto anatomical
scan, with coverage of partial brain EPI scan highlighted in light blue. BNST ROIs were
drawn for each subject, according to the anatomical boundaries detailed by Avery et al.
(2014). Amygdala and hippocampus ROIs were created using Freesurfer (v. 5.3.0, Martinos
Center for Biomedical Imaging, Harvard-MIT, Boston, USA; Fischl et al., 2002).
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BOLD response for novel (red) and repeated (blue), fearful (solid) and neutral faces (cross-
hatched) for left and right BNST, amygdalae and hippocampi. With the exception of a
significant main effect of Novelty in the hippocampus, there were no main effects or
interactions between Novelty and Expression in these areas. Instead, significant effects
primarily involved interactions between these variables and anxiety. Error bars depict
within-subject variance, computed using the method described by Consineau (2005). BNST

= bed nucleus of the stria terminalis.
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Figure 4.
Graphs depicting Novelty x Valence interaction in BNST. Scatter plots (top) depict BNST

BOLD activity for novel minus repeated fearful (yellow) and neutral (blue) faces on the
vertical axis and self-reported trait anxiety on the horizontal axis, with trend line depicting
simple linear regression (for novel minus repeated neutral faces: y = —0.039x + 1.58, R2 =
22). Bold trend lines indicate a significant relationship, based on follow-up tests, p<.05
(Holm-Bonferroni corrected). Bar graphs (bottom) depict adjusted means for novel (red) and
repeated (blue) fearful (solid) and neutral (cross-hatched) faces, with anxiety set at a low
(25th percentile; left) and high (75th percentile; right) value. Low anxious participants
exhibit a novelty response for neutral, but not fearful faces, while high anxious participants
did not exhibit a novelty response for either neutral or fearful faces. Asterisk denotes a
significant comparison, based on follow-up tests, p<.05 (Holm-Bonferroni corrected). Error
bars represent standard error of the adjusted means.
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Figure 5.
Scatter plot depicting amygdala BOLD activity for fearful minus neutral (green), fearful

(yellow), and neutral (blue) faces on the vertical axis and self-reported trait anxiety on the
horizontal axis, with trend line depicting simple linear regression (for fearful minus neutral:
y =-0.011x + 0.439, R? = .24). Bold trend lines indicate a significant relationship based on
follow-up tests, p<.05 (Holm-Bonferroni corrected).
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Figure 6.

Scatter plot depicting BOLD activity for novel minus repeated (purple), novel (red), and
repeated (light blue) faces on the vertical axis and self-reported trait anxiety on the
horizontal axis, with trend line depicting simple linear regression (for novel minus repeated:
y = —.011x + .445, R2 =27). Bold trend lines indicate a significant relationship based on
follow-up tests, p<.05 (Holm-Bonferroni corrected).
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