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Abstract: Several lines of evidence suggest that the amygdala and the bed nucleus of the stria termina-
lis (BNST) are differentially involved in phasic and sustained fear. Even though, results from neuroi-
maging studies support this distinction, a specific effect of a temporal dissociation with phasic
responses to onset versus sustained responses during prolonged states of threat anticipation has not
been shown yet. To explore this issue, we investigated brain activation during anticipation of threat in
38 healthy participants by means of functional magnetic resonance imaging. Participants were pre-
sented different visual cues indicated the temporally unpredictable occurrence of a subsequent aver-
sive or neutral stimulus. During the onset of aversive versus neutral anticipatory cues, results showed
a differential phasic activation of amygdala, anterior cingulate cortex (ACC), and ventrolateral prefron-
tal cortex (PFC). In contrast, activation in the BNST and other brain regions, including insula, dorsolat-
eral PFC, ACC, cuneus, posterior cingulate cortex, and periaqueductal grey was characterized by a
sustained response during the threat versus neutral anticipation period. Analyses of functional connec-
tivity showed phasic amygdala response as positively associated with activation, mainly in sensory
cortex areas whereas sustained BNST activation was negatively associated with activation in visual cor-
tex and positively correlated with activation in the insula and thalamus. These findings suggest that
the amygdala is responsive to the onset of cues signaling the unpredictable occurrence of a potential
threat while the BNST in concert with other areas is involved in sustained anxiety. Furthermore, the
amygdala and BNST are characterized by distinctive connectivity patterns during threat anticipation.
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INTRODUCTION

Animal research suggests a differential role of the amyg-
dala and the bed nucleus of the stria terminalis (BNST), a
part of the so-called extended amygdala, in anxiety [e.g.
Davis et al., 2009; Walker et al., 2003]. While the amygdala
seems to be involved in rapid fear responses to imminent
threat and especially to fear-conditioned stimuli, the BNST
is thought to modulate rather sustained anxiety states dur-
ing unpredictable situations [e.g. Kalin et al., 2005; Walker
et al., 2003]. Indeed, animal as well as human studies indi-
cate that the BNST is more involved in sustained fear or
anxiety. The inhibition or lesion of the BNST leads to
reduced anxiety in anxiety provoking paradigms [e.g.
Duvarci et al.,, 2009; Fendt et al., 2003; Hammack et al.,
2004; Waddell et al., 2006]. In contrast, experimental stimu-
lation of the BNST indicates physiological and behavioral
manifestations of anxiety [Casada and Dafny, 1991; Dunn,
1987; Lungwitz et al., 2012; Sink et al., 2011, 2013; Walker
et al., 2003] and BNST activation seems to be associated
with increased anxiety [Kalin et al., 2005]. Furthermore,
neuroimaging studies in humans support an involvement
of the BNST rather in sustained anxiety [Alexander et al.,
2010; Alvarez et al., 2011; Grupe et al., 2013; McMenamin
et al., 2014; Somerville et al., 2010, 2013; Straube et al.,
2007a] and of the amygdala in transient, phasic fear
responses [Boehme et al., 2014b; Grupe et al., 2013; Lipka
et al., 2011; Somerville et al., 2013]. In particular, several
studies reported activation to the threat cue in the amyg-
dala and during unpredictable anticipation of threat in the
BNST within one and the same experiment [Alvarez et al.,
2011; Grupe et al., 2013; Somerville et al., 2013]. However,
these experiments could not differentiate whether the
onset and offset of (briefly presented) threat-related cues
or purely temporal factors (phasic onset versus sustained
components) are responsible for the dissociation between
activation in the amygdala and the BNST. A very recent
fMRI study found different functional roles for both, the
BNST and the amygdala [McMenamin et al., 2014], during
anticipatory anxiety mainly depending on connectivity
patterns. Nevertheless, there was no evidence of a phasic
amygdala response in this study. Thus, a clear distinction
between the time courses of amygdala and BNST activa-
tion to threat solely depending on a temporal factor (pha-
sic versus sustained component) has not been shown so
far.

Abbreviations
ACC  anterior cingulate cortex
BNST  bed nucleus of the stria terminalis
fMRI  functional magnetic resonance imaging
HRF  hemodynamic response function
OFC orbitofrontal cortex
PEC prefrontal cortex
PPI psychophysiological interaction
ROIs  regions of interest

Beyond regional brain activation, connectivity analyses
offer a deeper understanding of the functional interplay
between different brain regions [Adhikari, 2014]. Concern-
ing amygdala and BNST, patterns of activity and connec-
tivity seem to be partly similar, as both regions are
interconnected, receive similar neuronal input and project
to the same target areas [see Fox et al., 2010; Walker et al.,
2009]. Subregions of BNST and amygdala have been found
to mediate both anxiolytic and anxiogenic effects [Tovote
et al.,, 2015]. Moreover, different behavioral features of
anxiety were shown to be modulated by distinct neural
circuits [Kim et al.,, 2013]. While a growing number of
studies indicate differential activation patterns of the
amygdala and BNST, there is also preliminary evidence
for different connectivity patterns of the amygdala and
BNST [McMenamin et al., 2014]. There is strong evidence
concerning an interplay between the amygdala and pre-
frontal brain areas in bottom-up and top-down processes,
especially during threat processing [see Kim et al., 2011].
Accordingly, an increased functional coupling between
activation of the amygdala and the prefrontal cortex has
been shown, which is especially pronounced in highly
anxious individuals [Vytal et al., 2014]. Furthermore,
increased functional connectivity has been demonstrated
between the amygdala and the visual cortex [e.g., Lipka
et al., 2011; Ousdal et al., 2014], indicating that the percep-
tion and emotional processing of relevant stimuli might
recruit the amygdala [LeDoux, 2000; Tamietto and de
Gelder, 2010]. McMenamin and colleagues [2014] investi-
gated differential network characteristics of BNST and
amygdala in a threat versus safe condition. The amygdala
showed increased connectivity with an executive control net-
work (including dorsolateral prefrontal and parietal cortex
areas) during a specific intermediate time window. BNST
connectivity with the explored networks was not observed.
However, using diffusion tensor imaging (DTI) and resting
state fMRI in humans, structural and functional connectivity
was found between BNST and basal ganglia structures, thal-
amus, hippocampus, periaqueductal gray, and medial pre-
frontal cortex [Avery et al., 2014; Torrisi et al., 2015]. In
another study, greater coupling of activation was shown
between BNST and insula as well as between BNST and
medial prefrontal cortex in response to threat versus safe
cues [Kinnison et al., 2012]. Medial prefrontal cortex was
suggested to promote BNST activity and in turn the devel-
opment of negative emotions [Motzkin et al., 2015]. Besides
the mentioned brain areas, anxiety is consistently associated
with hyperactivity of insula and anterior cingulate cortex
[Chua et al., 1999; Kalisch et al.,, 2006; Straube et al.,
2007a,b]. During fear and anxiety, ACC and insula are often
found to be co-activated [Straube et al.,, 2007a,b], and are
implicated in a network that is suggested to segregate
salient information in order to initiate adaptive responses
[Menon and Uddin, 2010].

The present study aimed to investigate temporal activa-
tion and connectivity patterns of the amygdala and BNST
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during anticipatory threat. To investigate the issue of gen-
uine temporally different activation profiles in amygdala
and BNST, it is necessary to use a design in which (a) the
possibility of occurrence of the threat stimulus is perceived
to be high throughout the whole anticipation phase and
(b) the same experimental context during the whole antici-
pation phase is given. Therefore, we used an anticipatory
anxiety design with temporally unpredictable threat stim-
uli but constant presentation of the threat-signaling cue.
Besides activation patterns of amygdala and BNST in
response to the threat-signaling cue, we also investigated
responses in areas that have previously been associated
with anticipatory anxiety including anxiety-potentiated
sensory processing [e.g. insula, prefrontal cortex (PFC)
including orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC), thalamus, periaqueductal grey (PAG), and
visual as well as auditory cortex areas; Dresler et al., 2013;
Etkin and Wager, 2007; Grupe and Nitschke, 2013]. We
hypothesized that the amygdala is more characterized by
a brief phasic response to the threat cue, while the BNST
and other areas show a more sustained response. This
should also be evident in different connectivity patterns of
the amygdala and BNST during phasic and sustained fear.

MATERIALS AND METHODS
Subjects

Forty-three healthy individuals recruited via public
announcement participated in the study. Five participants
had to be excluded from analyses because of head
movements >3 mm/° during functional scanning and
technical problems during data acquisition in the scanner.
Therefore, the final sample under study consisted of 38
participants (30 females, mean age =26.05+*5.21 years).
All were right-handed with normal or corrected-to-normal
vision and normal hearing, had no history of psychiatric
disorders, and were free of psychotropic medication. The
study was approved by the ethics committee of the Uni-
versity Hospital of Wiirzburg. After participants were
given a complete description of the study and its proce-
dures, written informed consent was obtained in accord-
ance with the Declaration of Helsinki in its latest version
from 2008.

Paradigm

Three aversive (human scream #275, 276, 277) and three
neutral sounds (#370, 376, 377) from the International
Affective Digital Sounds system [IADS; Bradley and Lang,
1999] were presented for 4 seconds during functional mag-
netic resonance imaging (fMRI). Loudness of the sounds
was adjusted individually to maximal tolerable level. Dur-
ing fMRI, each sound was presented three times in a
pseudo-random order with no more than two events of
the same category following each other. Sounds were cued

by either a square or circle that predicted the presentation
of an aversive or a neutral sound (counter balanced across
participants), respectively. The cue appeared 5 to 35 s
(mean 23.33 s) prior to the sound and stayed on-screen
during the whole anticipation phase. The intertrial interval
lasted 15 s during which a white fixation cross on a black
background was presented. During scanning, auditory
stimuli were presented binaurally via headphones.

After scanning, participants rated all sounds and cues
using a nine-point Likert scale [Self Assessment Manikin;
Bradley and Lang, 1994] to assess valence (1 = very pleas-
ant to 9=very unpleasant, with 5=neutral), arousal
(1 =not arousing to 9 = very arousing), and threat (1 = not
threatening to 9 = very threatening). Behavioral data were
analyzed by repeated measures analysis of variance
(ANOVA) and t-tests using the software SPSS (Version
22.0.0.0; SPSS, INC.). A probability level of p < 0.05 was
considered statistically significant.

FMRI

BOLD (blood oxygen-level-dependent) responses and
structural brain scans were recorded in a 3 Tesla magnetic
resonance scanner (“Magnetom Skyra”, Siemens, Medical
Solutions, Erlangen, Germany). After a Tl-weighted ana-
tomical scan, a run of 386 volumes was acquired using a
T2*-weighted echo-planar sequence (TE=30 ms, flip
angle = 90°, matrix =64 X 64, FOV =230 mm, TR = 2,000
ms). Each volume consisted of 35 axial slices
(thickness = 3.5 mm, gap =0 mm, in plane resolution = 3.6
X 3.6 mm, slice order = ascending). The first four volumes
were discarded from analysis to ensure that steady-state
tissue magnetization was reached.

FMRI data analysis was realized by using BrainVoyager
QX (BVQX) software (Version 2.8; Brain Innovation, Maas-
tricht, The Netherlands). At first, all volumes were real-
igned to the first volume. Then, a slice time correction was
conducted. Further data preprocessing comprised spatial
(5 mm full-width half-maximum isotropic Gaussian ker-
nel) as well as temporal smoothing (high pass filter: 5
cycles per run; low pass filter: 2.8 s; linear trend removal).
The anatomical and functional images were co-registered
and normalized to the Talairach space [Talairach and
Tournoux, 1988].

Statistical analyses were performed by multiple linear
regression of the signal time course at each voxel. The
expected BOLD signal change for each event type (predic-
tor) was modeled by a hemodynamic response function
(HRF). To investigate phasic and sustained activation pat-
terns during the anticipation phases, two general linear
models (GLM) were calculated. In the first GLM (phasic
fear model), phasic responses were modeled as HRFs eli-
cited by the first second of the aversive and neutral antici-
pation intervals, while the remaining anticipation time
was modeled as a separate predictor (predictor of no inter-
est). In the second GLM (sustained fear model), an HRF
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TABLE I. Ratings of valence, arousal, and anxiety of cues and sounds

Valence Arousal Anxiety
Neutral Aversive Neutral Aversive Neutral Aversive
Cues 3.66 4.87 2.58 3.68 1.84 3.55
(1.21) (1.99) (1.48) (2.32) (1.33) (2.27)
Sounds 3.76 7.96 2.89 7.62 2.05 6.25
(1.13) (0.91) (1.25) (1.12) (1.19) (2.03)

Mean and standard deviation (in parentheses) are displayed.

was modeled for the whole duration of aversive and neu-
tral anticipation phases. In both GLMs, aversive and neu-
tral cue phases were defined as events of interest and
sounds as events of no interest. On the first level, predictor
estimates based on z-standardized time course data were
generated for each subject using a random-effects model
with adjustment for autocorrelation following a global
AR(1) model. On the second level, predictor estimates
were analyzed across subjects according to planned con-
trasts. Analyses were conducted for specific regions of
interest (ROIs). Following the approach recommended by
Eickhoff et al. [2006], we extracted the amygdala ROI con-
sisting of three bilateral amygdala maximum probability
maps (laterobasal, centromedial, and superficial; 9,077
mm® in total) of the anatomy toolbox [Eickhoff et al,
2005]. ROIs for the bilateral insulae (32,822 mm?®), PFC
(dorsolateral superior frontal gyrus: 68,467 mm®, medial
superior frontal gyrus: 44,945 mm® middle frontal gyrus:
86,708 mm3), cingulate cortex (anterior: 23,963 mm?,
median: 36,632 mm?®), OFC (middle frontal gyrus, orbital
part: 17,371 mm?, inferior frontal gyrus, orbital part: 30,334
mm?, superior frontal gyrus, orbital part: 14,199 mm3),
bilateral thalamus (18,926 mm°®), and auditory (superior
temporal gyrus: 48,140 mm?®, Heschl gyrus: 4,484 mmS) as
well as sensory cortex areas (Cuneus: 26,335 mm?®, fusi-
form gyrus: 43,868) were extracted from the AAL atlas
included in WFU PickAtlas software [Maldjian et al., 2004;
Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002]. Using
MATLAB (Version 7.8; The MathWorks, Inc) all ROIs were
transformed into BVQX-compatible Talairach coordinates
via ICBM2tal [Lancaster et al., 2007]. ROIs for bilateral
BNST (866 mm®) and PAG (1,357 mm®) were defined
according to an anatomical atlas of the human brain [Mai
et al., 1997].

Statistical parametric maps resulting from voxel-wise
analyses were considered statistically significant for clus-
ters that survived a correction for multiple comparisons.
For this purpose, we used the approach as implemented
in BVQX [see Goebel et al., 2006 based on a 3D extension
of the randomization procedure described by Forman
et al.,, 1995]. First, the voxel-level threshold was set at
p <0.005 (uncorrected). Thresholded maps were then sub-
mitted to a ROI-based correction criterion for multiple
comparisons based on an estimate of map’s spatial

smoothness [Forman et al., 1995] and on an iterative proce-
dure (Monte Carlo simulation). The Monte Carlo simula-
tion used 1,000 iterations to estimate the minimum cluster-
size threshold that yielded a cluster-level false-positive
rate of 5%. The cluster-size thresholds were applied to the
statistical maps.

Extraction of ROI time courses and convolution with
model HRF for psychophysiological interaction (PPI) anal-
yses were conducted with Neuroelf’'s (www.neuroelf.net)
ComputeGLM method. Because of their relevance for aver-
sive anticipation (see Results), we focused on significantly
activated clusters from the ROI analyses in the right amyg-
dala (105 mm?®) and right BNST (220 mm?) as seed regions
(ROI Results). Using the contrast aversive anticipa-
tion >neutral anticipation as psychological predictor and
the respective signal time courses extracted from these
two seed regions, we calculated PPI-GLMs in BVQX for
the amygdala and BNST as seed regions, separately. Addi-
tionally, we calculated a phasic as well as a sustained PPI-
GLM by defining a phasic (1s) as well as a sustained
(whole duration) predictor containing different psychologi-
cal functions with which the time course of the seeds was
multiplied (see e.g. Friston et al., 1997). The sounds were
defined as predictors of no interest.

RESULTS
Rating Data

Analyses of rating data showed that aversive versus
neutral sound anticipation was rated as more negative
(trz71 = 3.61; p <0.001), more arousing (f[z7; =3.41; p <0.01),
and more anxiety-inducing (tz7=>5.59; p<0.001). Simi-
larly, aversive sounds in comparison to neutral sounds
were rated as more negative (f37; =21.16; p <0.001), more
arousing (t37;=20.16; p<0.001), and more anxiety-
inducing (tz7; =10.44; p<0.001). An overview of rating
data is presented in Table 1.

fMRI Data
ROI results

Phasic fear. Modeling phasic responses at anticipation
cue onset and comparing aversive >neutral anticipation
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Figure I.

Phasic fear: During the onset of anticipatory cues, participants
showed increased activation to aversive vs. neutral cue onset in
the right amygdala, anterior cingulate cortex (ACC), and
decreased activation to aversive vs. neutral cue onset in the
right ventrolateral prefrontal cortex (vVIPFC). Statistical paramet-

revealed significant activation differences in the right
amygdala (peak voxel Talairach coordinates: x=16,
y=—7, z=—10; voxel size 105 mm?, tia7; = 3.49), ACC
(peak voxel Talairach coordinates: x=—7, y =27, z=22;
voxel size 324 mm?, tiz71 = 3.44), and ventrolateral prefron-
tal cortex (VIPFC; peak voxel Talairach coordinates:
x =42, y=234, z=1; voxel size 216 mm3, tiz7; = —4.03; see
Fig. 1).

Sustained fear. In the GLM that modeled the entire
anticipation interval, several brain areas displayed an acti-
vation difference to aversive versus neutral sound antici-
pation. A greater activation to aversive in comparison to
neutral anticipation was found in the right BNST (peak

ric maps are overlaid on an averaged Tl scan. The graphs on
the right side display parameter estimates per condition (mean-
=+ standard error for the maximally activated voxel). [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

voxel Talairach coordinates: x=8, y =0, z=28; voxel size
220 mm?, tiz71=4.85), PAG (peak voxel Talairach coordi-
nates: x=2, y=-26, z=—1;, voxel size 141 mm?,
tiz71=4.49), dorsolateral prefrontal cortex (dIPFC; Ileft:
peak voxel Talairach coordinates: x = —27, y =236, z=35;
voxel size 2,970 mm?, tia7) = 4.31; right: peak voxel Talair-
ach coordinates: x =39, y =239, z=21; voxel size 6,642
mm?, tz7; = 4.66), insula (left: peak voxel Talairach coordi-
nates: x=—-29, y=14, z=—-5; voxel size 7,101 mm3,
ta7) = 5.48; right: peak voxel Talairach coordinates: x = 40,
y =20, z=2; voxel size 8,640 mm?, tia71 = 5.61), ACC (peak
voxel Talairach coordinates: x =6, y =12, z = 38; voxel size
6,129 mm?, t= 5.63), posterior cingulate cortex (PCC)/
precuneus (left: peak voxel Talairach coordinates: x = —11,
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Sustained fear: During the entire anticipation interval, partici-
pants showed greater activation in the right bed nucleus of stria
terminalis (BNST), periaquaductal gray (PAG), left and right
insula, anterior cingulate cortex (ACC), left and right dIPFC,
cuneus, and posterior cingulate cortex (PCC) during the antici-

y = —28, z=38; voxel size 324 mm?, ta71 = 3.92; right: peak
voxel Talairach coordinates: x=9, y= —26, z=37; voxel
size 1566 mm?, t;3;;=4.39), and cuneus (left: peak voxel
Talairach coordinates: x = —8, y = —84, z=26; voxel size

pation of aversive vs. neutral sounds. Statistical parametric maps
are overlaid on an averaged T| scan. The graph below displays
parameter estimates per condition (mean * standard error for
the maximally activated voxel). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

848 mm?>, tz71 = 3.84; right: peak voxel Talairach coordi-
nates: x=10, y=-78, z=29; voxel size 1,906 mm3,
tiz71=4.07). Results of the ROI-based analysis are dis-

played in Figure 2.

TABLE 2. Psychophysiological interaction of phasic and sustained response of the right amygdala

Phasic response

Sustained response

Talairach Talairach
ROI H x y z Size t-value x y z Size t-value
Frontal cortex
dIPFC L -23 17 49 432 -3.69
Sensory cortex
Auditory cortex (BA 42) L —62 -12 7 159 3.57
Cuneus (BA 18) L -15 -63 17 692 443
R 16 -72 32 477 3.57 7 —-62 17 197 —3.94
Fusiform gyrus (BA 37) L -35 —58 -13 1138 4.03 —36 —55 -14 1654 4.27
R 34 —-63 -20 224 4.02 25 -57 -14 410 3.60
Limbic regions
Insula R 33 2 10 108 3.39

Abbreviations: ROI, region of interest; H, hemisphere; L, left; R, right; dIPFC, dorsolateral prefrontal cortex; BA, Brodmann area.
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Psychophysiological interaction of right amygdala seed: Phasic acti-
vation in the right amygdala was positively coupled with activation
in left and right fusiform gyrus (FG), left auditory cortex, right
insula, and left and right cuneus. Significant voxels are overlaid on
an averaged T1 scan. Time courses of activation are shown in the
graphs at the left and right side starting two volumes before cue

Functional connectivity

PPI with right amygdala seed. The amygdala seed com-
prised all voxels of the amygdala cluster resulting from anal-
ysis of the phasic fear model as reported above. The phasic
time course of activation in these voxels was positively asso-
ciated with the activation in several sensory cortex areas
(auditory cortex, cuneus, and the fusiform gyrus). Addition-
ally, we found a positive association with activation of the
right insula (Table 2 and Fig. 3). For the sake of completeness,
we also tested PPI of the activation during the whole antici-
pation period for the amygdala seed. This revealed a positive
co-activation pattern of the amygdala and the bilateral
fusiform gyrus as well as the dIPFC. However, sustained

presentation and the first |5 volumes of cue presentation. The
green line displays the difference between aversive-neutral sound
anticipation in the seed region and the red line display the differ-
ence between aversive-neutral sound anticipation in the co-
activated brain region. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

activation in the right cuneus was negatively coupled with
sustained amygdala activation (Table 2).

PPI with right BNST seed. Sustained activation of voxels
that showed significantly greater activation to anticipation
of aversive versus neutral sounds in the right BNST
showed negative psychophysiological interaction with the
activation in left and right cuneus, and a positive associa-
tion with bilateral insula and left thalamus (Table 3 and
Fig. 4). We also examined PPI of phasic BNST activation.
This revealed a positive co-activation in frontal areas
(including ACC, dIPFC, and vIPFC), amygdala, and insula.
Activation in visual cortex areas was negatively co-
activated with BNST activation (Table 3).
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TABLE 3. Psychophysiological interaction of phasic and sustained response of the right BNST

Phasic response

Sustained response

Talairach Talairach
ROI H X Y z Size t-value x Y z Size t-value
Frontal cortex
dIPFC R 27 13 46 1134 3.71
R 45 3 47 135 3.20
VIPFC R 36 40 6 324 3.57
ACC M 10 26 31 189 3.65
Sensory cortex
Cuneus (BA 18) L —-15 -85 20 459 —4.40 -5 =78 17 216 —2.95
R 14 -90 26 270 —4.35 13 —63 16 139 —3.53
Fusiform gyrus (BA 37) R 18 =76 =15 190 -322
Limbic regions
Amygdala R 15 -7 —15 81 3.43
Insula L -32 5 12 108 3.24 -29 24 4 189 4.43
R 36 12 -2 162 3.53 31 18 7 162 3.25
Thalamus L -17 =21 0 162 3.34

Abbreviations: ROI, region of interest; H, hemisphere; L, left; R: right; M, medial; dIPFC, dorsolateral prefrontal cortex; vIPFC, ventrolat-

eral prefrontal cortex; BA: Brodmann area.

DISCUSSION

The aim of the present study was to investigate tempo-
ral activation profiles of the amygdala and the BNST as
well as further brain regions during cue-induced anticipa-
tory anxiety. Furthermore, we explored connectivity pat-
terns of the amygdala and BNST during anticipatory
threat. As hypothesized, modeling phasic responses at cue
onset revealed significant hyperactivation in the amygdala.
Modeling the entire anticipation interval revealed signifi-
cant activation in the BNST. Analyses of functional con-
nectivity showed separate connectivity patterns for
amygdala and BNST that differ for phasic and sustained
fear. Thus, the present study supports the assumption that
amygdala and BNST are differentially involved in phasic
and sustained responses during threat anticipation based
on differential activation and connectivity profiles.

Our results indicate a phasic amygdala response even
though the cue is present during the whole anticipation
interval. Related to this, a habituation of amygdala hyper-
activation was shown during repeated [e.g., Straube et al.,
2007b; Wendt et al., 2012] and even within-trial threat
exposure [Phelps et al.,, 2001]. This is in accordance with
the assumed role of the amygdala in the processing of
highly salient stimuli, especially in the rapid detection of
threat and initiation of active defensive behaviors
[LeDoux, 1998; Ohman and Mineka, 2001].

Interestingly, a recent study by Plichta et al. [2014] showed
that the session-wise amygdala habituation had a higher
retest reliability than the evoked amygdala amplitude.
Although our design was not suitable to detect habituation
over the session, further studies should consider amygdala
habituation as an additional measurement of interindividual
differences in context of phasic and sustained fear.

Furthermore, there is evidence that amygdala activation
is associated with activation in sensory cortices and that
the amygdala possibly modulates perceptual processing
via back projections to these areas [Amaral et al., 2003;
Freese and Amaral, 2005; Vuilleumier et al., 2002]. Accord-
ingly, our analysis of functional connectivity showed a
positive association between the activation in the amyg-
dala and several sensory brain areas (including auditory
and visual cortex), especially during phasic response.
Hence, our results support a central role of the amygdala
in an alerting response system and the modulation of per-
ceptual and emotional processing of relevant stimuli
[LeDoux, 2000; Lipka et al.,, 2011; Pessoa and Adolphs,
2010; Tamietto and de Gelder, 2010], possibly by preferen-
tial processing of salient information [Grupe and Nitschke,
2013] especially in a phasic manner [see also Mueller
et al., 2009].

Although there is a great body of animal studies that
indicate a critical role of the BNST in sustained fear [e.g.,
Fendt et al., 2003; Hammack et al., 2004; Kalin et al., 2005;
Waddell et al., 2006], the characteristic function of the
BNST in the mediation of sustained fear in humans as
well as the exact temporal activation profiles in relation to
the amygdala were not clear. Since the BNST has been
shown to be involved in anticipatory anxiety in humans
[Straube et al., 2007a], several studies supported this find-
ing of BNST activation in humans during sustained fear
[Alexander et al., 2010; Alvarez et al., 2011; Grupe et al,,
2013; McMenamin et al., 2014; Somerville et al., 2013],
even though using different approaches with different pos-
sible conclusions. For example, the study by Grupe and
colleagues [2013] investigated the temporal characteristics
of brain activation to phasic versus sustained brain
responses during anticipation of aversive and neutral
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Figure 4.

Psychophysiological interaction of right BNST seed: Sustained
activation in the right BNST was positively coupled with activa-
tion in the left thalamus and left and right insula and negatively
associated with activation in the left and right cuneus. Significant
voxels are overlaid on an averaged T| scan. Time courses of
activation are shown in the graphs at the left and right side

pictures. However, in this study a brief threat cue was
shown followed by a fixation cross during a brief anticipa-
tion interval. The authors observed cue-associated
responses in regions associated with threat detection and
early processing of predictive cues, including the amyg-
dala, OFC, and pregenual ACC, but only for individuals
with elevated anxiety symptoms. The authors argued that
a stronger phasic amygdala effect might be seen across all
individuals with the use of a more aversive stimulus that
induces greater anticipatory anxiety. In this study, sus-
tained anticipatory responses during the fixation cross
were observed in the BNST, insula, and PAG. McMenamin
and colleagues [2014] investigated phasic, intermediate,
and sustained activation patterns in an electric shock ver-
sus no shock anticipation paradigm. They observed no
phasic amygdala response. Furthermore and similar to our
results, activation differences in BNST, insula, prefrontal
cortex, and PCC were more pronounced in later phases of

starting two volumes before cue onset. The green line displays
the difference between aversive-neutral sound anticipation in the
seed region and the red line displays the difference between
aversive-neutral sound anticipation in the co-activated brain
region. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

threat anticipation. Alvarez and colleagues [2011] reported
phasic amygdala activation to cues that predict shock and
additionally sustained BNST activation during unpredict-
able shock anticipation. However, in this study, the BNST
also showed a phasic response to the onset of the unpre-
dictable block. Somerville et al. [2013] showed a transient
response in the amygdala and PAG to negative pictures
and a sustained response in BNST and insula. All these
studies differ in characteristics concerning the anticipation
period (predictability in duration and assurance of occur-
rence, presentation of threatening stimuli within [NPU
paradigms] versus after anticipation block) and anticipated
threatening stimuli (pictures, electric shocks), but most
studies failed to differentiate phasic (onset) and sustained
(whole duration) response to one and the same anticipa-
tion cue. Increasing evidence exists to segregate anxiety
response in phasic and sustained response patterns which
our study strongly supports.
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Furthermore, our results indicate a differential func-
tional connectivity pattern for the amygdala and BNST.
Whereas the amygdala was functionally interconnected
primarily with sensory brain regions, especially in
response to the onset of the threat cue (see above), the
onset BNST activation was functionally connected with
frontal areas. A functional connectivity of amygdala and
PEC activation was restricted to sustained activation pat-
terns. In contrast to McMenamin et al. [2014] who found
an increased association of intermediate activity in the
amygdala and the executive control network (including
dorsolateral prefrontal and parietal cortex areas), we found
negatively coupled co-activation of the amygdala and
dIPFC. This possibly reflects a sustained top-down-
regulation of amygdala hyperactivation [e.g., Kim et al.,
2011].

There was also a significant functional connectivity
between the sustained BNST response and thalamus. This
is in accordance with the results of Avery and colleagues
[2014], who showed structural connectivity between BNST
and thalamus. However, functional connectivity of these
regions has not been reported in previous studies [Kinni-
son et al.,, 2012; McMenamin et al.,, 2014]. Our results,
however, underscore the assumption that the BNST-
thalamus pathway constitutes a relevant circuit essential
for sustained fear processes since the thalamus seems to
be essentially involved in arousal and states of vigilance
[e.g., Llinds and Steriade, 2006] and also in visual salience
or attention [Grieve et al., 2000]. This indicates that the
BNST also may modulate (possibly via the thalamus) the
processing of salient stimuli, especially in the sensory cor-
tex, but in a different manner compared to the amygdala’s
proposed influence.

Finally, insula activation was positively associated with
activation in amygdala and BNST and the interplay with
the right insula activation seems to be the only overlap of
the two examined connectivity networks. The insula has
been implicated in interoception [Craig, 2002] and as
involved in anticipatory anxiety [e.g., Boehme et al., 2014b;
Paulus and Stein, 2006; Simmons et al., 2006; Straube et al.,
2007a]. Although previous studies [e.g.,, Boehme et al.,
2014b; Paulus and Stein, 2006] and the current results sug-
gest a sustained response in this region, the insular hyper-
activation seems to develop during the stimulus onset and
to co-vary with amygdala responses. This is in accordance
with a study done by Carlson et al. [2011] who reported
coactivated amygdala and insula in high trait anxious par-
ticipants, especially when the anticipated event was close.

Besides activation in amygdala and BNST, we also
found activations in other brain regions. Interestingly, we
found a phasic deactivation in right vIPFC for aversive
compared with neutral condition and therefore higher acti-
vation for neutral compared to aversive condition (see Fig.
1). Similarly, McMenamin et al. [2014] reported a phasic
prefrontal deactivation. The activation in vIPFC may
reflect effort to downregulate emotions, as indicated by

the study by Klumpers et al. [2015]. In this study the
authors described higher brain vIPFC activation to threat
offset via an implicit emotion regulation instruction. Fur-
thermore, a sustained response was found in regions that
have previously been shown to be involved in interocep-
tion [insula; Craig, 2002], the regulation of anxiety and
autonomic functions [PAG; Linnman et al., 2012], selective
attention and executive functions [ACC, dIPFC; Forster
et al.,, 2015; Pessoa, 2008], and primary vision (cuneus).
Furthermore, different clusters of the ACC were signifi-
cantly activated during phasic and during sustained mod-
eling, indicating an early onset of ACC hyperactivation
that increase in cluster and effect size during sustained
fear [see also Boehme et al., 2014]. The activation pattern
of these regions are in accordance with previous studies
examining phasic and sustained fear responses in the
brain [e.g., Alvarez et al., 2011; Grupe et al., 2013; McMe-
namin et al., 2014; Somerville et al., 2013].

At the end, we would like to mention some limitations
of our study. We did not assess a behavioral measure
which comes along with difficulties to segregate phasic
and sustained fear. Additionally, we did not focus on dif-
ferent genotypes that were evidenced to be associated
with fear and anxiety and possibly comes along with dif-
ferent abnormalities in threat processing that might be vul-
nerable to the development of clinical anxiety.
Furthermore, the used paradigm did not permit quantifica-
tion of predictable and unpredictable occurrence of threat,
which is often associated with phasic and sustained fear
concepts. Upcoming studies should account for this and
integrate behavioral measures, skin conductance for exam-
ple, as well as the investigation of different genotypes and
the manipulation of timely predictability of upcoming
threat. Furthermore, analyses were performed to detect
whether time course of brain activation is phasic or sus-
tained by conducting a GLM with either an onset or an
entire predictor. We focused on these two predictors
because of existing literature so far. But also other types of
activation pattern are possible, e.g. the time course of acti-
vation in the BNST seems to show both a phasic as well as
sustained component. Nevertheless, the phasic activation
did not reach significance. Future studies need to take dif-
ferential patterns of brain activation in account.

CONCLUSIONS

To sum up, the results of our study indicate amygdala
activation to be more phasic and BNST activation to be
more sustained during cued anticipation of threat. Activa-
tion patterns of further brain regions previously associated
with anxious processing are in accordance with similar
studies on anticipatory anxiety. Moreover, connectivity
analyses suggest that amygdala and BNST operate within
distinct networks during anticipatory anxiety.
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