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Abstract: Advances in the neuroscientific understanding of bodily autonomic awareness, or interocep-
tion, have led to the hypothesis that human trait anxiety sensitivity (AS)—the fear of bodily autonomic
arousal—is primarily mediated by the anterior insular cortex. Despite broad appeal, few experimental
studies have comprehensively addressed this hypothesis. We recruited 55 individuals exhibiting a range
of AS and assessed them with functional magnetic resonance imaging (fMRI) during aversive fear condi-
tioning. For each participant, three primary measures of interest were derived: a trait Anxiety Sensitivity
Index score; an in-scanner rating of elevated bodily anxiety sensations during fear conditioning; and a
corresponding estimate of whole-brain functional activation to the conditioned versus nonconditioned
stimuli. Using a voxel-wise mediation analysis framework, we formally tested for ‘neural mediators’ of
the predicted association between trait AS score and in-scanner anxiety sensations during fear condition-
ing. Contrary to the anterior insular hypothesis, no evidence of significant mediation was observed for
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this brain region, which was instead linked to perceived anxiety sensations independently from AS. Evi-
dence for significant mediation was obtained for the dorsal anterior cingulate cortex—a finding that we
argue is more consistent with the hypothesized role of human cingulofrontal cortex in conscious threat
appraisal processes, including threat-overestimation. This study offers an important neurobiological vali-
dation of the AS construct and identifies a specific neural substrate that may underlie high AS clinical
phenotypes, including but not limited to panic disorder. Hum Brain Mapp 36:3950–3958, 2015. VC 2015

Wiley Periodicals, Inc.
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INTRODUCTION

Anxiety sensitivity (AS) is a widely studied dispositional
trait that contributes to individual differences in fearful-
ness and risk of anxiety disorders [Reiss, 1991; Taylor,
1995]. It refers to the specific fear of arousal-related bodily
sensations—“the fear of fear”—linked to the belief that
such sensations may have harmful physical, psychological,
or social consequences. AS has been described as an anxi-
ety amplifier—when individuals high in AS feel anxious
they become alarmed about accompanying arousal sensa-
tions, which further intensifies their anxiety [Reiss, 1991].
Experimentally, AS has been shown to predict self-
reported anxiety in response to biological challenges (e.g.,
carbon dioxide inhalation) independently from actual
physiological arousal changes [Asmundson et al., 1994;
Forsyth et al., 1999; Melzig et al., 2011; Zvolensky and
Eifert, 2001]. In other words, it is the cognitive appraisal of
such bodily sensations that underpins AS. Recent advances
in the neuroscientific understanding of bodily autonomic
awareness have led to the hypothesis that AS may be
underpinned by a key component of the brain’s interocep-
tive system—the anterior insular cortex (AIC).

This ‘insular theory of anxiety’ [Paulus and Stein, 2006],
which draws upon an influential model of interoception
[Craig, 2011], proposes that subjective feelings of anxiety
arise through misrepresentations of bodily arousal states
integrated within the AIC. Within this framework, individ-
uals high in AS experience an augmented AIC
“anticipatory prediction error signal” that is responsible
for triggering subsequent appraisals of anxiety. However,
a reasonable alternative hypothesis derived from neuroi-
maging studies of human fear conditioning is that AS may
in fact be more closely aligned with putative functions of
the dorsal anterior cingulate cortex (dACC). Based on such
evidence, this region—together with adjacent dorsomedial
prefrontal cortex (dmPFC)—has been argued to be crit-
ically involved in the conscious appraisal of threating
stimuli [Kalisch and Gerlicher, 2014], in addition to its
well-characterized role in the expression of sympathetic
autonomic fear responses [Milad et al., 2007].

Though to date few neuroimaging studies have directly
examined AS, current evidence seems to favor the AIC
mediation hypothesis. Most notably, Stein et al. [2007] and

Killgore et al. [2011] reported significant positive correla-
tions between AS scores and functional activation of the
AIC in the context of emotional face processing tasks. No
such correlations were reported for the dACC, although of
note, it was not consistently activated by these tasks at the
group level. Neither were these tasks demonstrated to
evoke significant increases in participants’ arousal state, a
critical caveat, as it is the fear of such arousal sensations
that is the fundamental contextual basis for AS.

This study was designed to test these competing
hypotheses: is it the AIC or dACC that primarily mediates
human AS? To do so, we combined fMRI with Pavlovian
fear conditioning designed to provoke increased sympa-
thetic autonomic arousal, self-reported anxiety sensations
and corresponding neural activation of the AIC, dACC,
and extended ‘fear network.’ These measures were then
integrated in a brain-based mediation analysis to formally
characterize ‘neural mediators’ of the experimental mani-
festation of AS—that is, brain regions driving the pre-
dicted relationship between an individual’s AS level and
their actual experience of bodily anxiety sensations during
fMRI.

MATERIALS AND METHODS

Participants

Fifty-five healthy participants were recruited for this
study (Table I). All underwent the MINI International
Neuropsychiatric Interview conducted by either an experi-
enced psychiatrist (EV) or clinical psychologist (MF) to
exclude any Axis I psychiatric disorders [Sheehan et al.,
1998]. None had a personal history of neurological or psy-
chiatric illness. On the scanning day, participants com-
pleted Spanish versions of the Anxiety Sensitivity Index
(ASI)23 [Taylor et al., 2007] and State-Trait Anxiety Inven-
tory [STAI; Spielberger, 1983]. ASI-3 and STAI scores are
provided in Table I. All participants had normal or
corrected-to-normal vision and provided written informed
consent, following a complete description of the study pro-
tocol, which was approved by the Institutional Review
Board of the University Hospitals of Bellvitge and Del
Mar, Barcelona, Spain.
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Experimental Design

All participants completed two experimental fear condi-
tioning sessions: a primary session devoted to fMRI (Week
1) and a supplementary session devoted to psychophysio-
logical validation (Week 2). For the fMRI session, we
modified the fear conditioning task reported in Reinhardt
et al. [2010] with our analyses focusing solely on the char-
acterization of subjective, autonomic, and neural responses
during the fear conditioning or acquisition task phase.
Briefly, during scanning, an unconditioned stimulus (US;
aversive auditory noise burst; 100 ms) was paired with
one of two conditioned stimuli (a blue or yellow sphere),
thus forming a conditioning stimulus (CS1) and noncon-
ditioned stimulus (CS2). The CS–US pairing was counter-
balanced across subjects and occurred with a partial
reinforcement rate of 50%, thus enabling the classification
of CS1nonpaired and CS1paired trials and the subse-
quent analysis of autonomic and neural responses
(CS1nonpaired>CS2 trials) without US confounding.
Each CS was presented 32 times (presentation time: 2 s,
with a variable intertrial interval of 4.785–7.250 s). In CS–
US paired trials, the presentation of the US occurred 1.9 s
after the onset of the CS1 and coterminated. The US vol-
ume was individually set between 95 and 110 dB based on
a pretask calibration with background scanning noise and
participants’ ratings of unpleasantness (minimum rating of
7 on a 11-point Likert scale). Upon conclusion of scanning,
the US was reconfirmed to be moderately-to-highly
unpleasant (11-point scale, mean/standard deviation
(SD) 5 7.65/1.56, range 3–10). Whereas in Reinhardt et al.
[2010], the US was presented in an initial familiarization–
habituation phase, it was removed here in order to
enhance aversiveness during conditioning trials.

Immediately after the fear-conditioning phase (i.e., while
in the scanner; as a natural continuation of the task phase),
participants were asked to rate their experience of bodily
anxiety sensations to the CS1 and CS2 on a five-point Lik-
ert scale Self-Assessment Manikin [SAM; Bradley and
Lang, 1994], with responses ranging from 1 5 “not anxious”
to 5 5 “very anxious.” Participants were familiarized with
this rating prior to scanning and were instructed specifi-
cally to focus on their experience of physical (bodily/

somatic) anxiety sensations, as emphasized by the SAM
cartoon (Fig. 1a) and the accompanying question: “How
anxious did the blue/yellow sphere make you feel?” Dur-
ing training, general examples were given such as feeling
anxious sensations in the stomach or chest, but participants
were not instructed to focus on any particular bodily sensa-
tions. Participants also made emotional valence ratings of
the CS1 and CS2 on an equivalent five-point SAM (Fig.
1b), with responses ranging from 1 5 “very unpleasant” to
5 5 “very pleasant.” Specifically, participants responded to
the question “how pleasant did you find the blue/yellow
sphere? Although the anxiety ratings were of primary
interest as an outcome measure, emotional valence ratings
were important to confirm the aversiveness of the CS1.
The task was programmed in PresentationVR (Neurobeha-
vioral Systems) and was delivered using magnetic
resonance imaging (MRI)-compatible high-resolution gog-
gles and headphones (VisuaStim Digital, Resonance Tech-
nology). SAM responses were made using a hand-held
optical-fiber response recording device, which participants
were familiarized with prior to scanning.

Parallel versions of the task facilitated their repeated
presentation during the Week 2 psychophysiology assess-
ment. At both time-points, assignment of the CS1 and
CS2 was counter-balanced and pseudorandomly made
across participants. The main purpose of this assessment
was to confirm that the fear conditioning task indeed
evoked significant changes in sympathetic autonomic
arousal, as previously demonstrated [Kircher et al., 2013;
Lueken et al., 2013, 2014; Reinhardt et al., 2010]. The Week
2 assessment also allowed us to examine the intrasubject
consistency of the hypothesized link between trait AS and
self-reported anxiety sensations during fear conditioning/
expression. To facilitate high-quality recordings of sympa-
thetic autonomic arousal (skin conductance response; SCR)
intertrial intervals in this version of the task were
extended to between 12 and 14 s, but with all other task
attributes remaining equivalent. Skin conductance was
recorded from the distal phalanges of the index and the
middle left-hand fingers by means of two Ag/AgCl elec-
trodes filled with electrolyte and using a Biopac 150 poly-
graph (Biopac Systems). The signal was amplified and
sampled at 125 Hz. We compared SCRs (square root trans-
formed) associated with the presentation of the CS1non-
paired and CS2 across the fear-conditioning phase. Skin
conductance magnitudes in microsiemens (mS) were com-
puted by the maximum of the SCR signal between 1 and
5 s after stimulus onset. This value was subtracted from a
baseline, defined by the mean of the SCR in a 1-s time
interval before the onset of the stimulus to account for
baseline fluctuations [Reinhardt et al., 2010].

Participants’ ratings of arousal and valence for the CS1

and CS2 as well as SCR data were analyzed via repeated
measures analysis of variance in IBM SPSS Statistics v22.
Linear associations between these measures as well as
ASI-3 and STAI-TA scores were estimated via Pearson’s
linear correlations.

TABLE I. Participant characteristics (N 5 55)

Ratio

Gender 17 male, 38 female
Mean (standard deviation), range

Age, years 21.7 (4.2), 18–40
Education level, years 14.3 (2.1), 12–20
ASI-3, total score 12.7 (8.5), 1–32
STAI, state anxiety score 13.2 (6.9), 1–33
STAI, trait anxiety score 17.5 (8.5), 1–42

ASI-3 5 Anxiety Sensitivity Index-3; STAI 5 State-Trait Anxiety
Inventory.
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Image Acquisition and Preprocessing

A 1.5 Tesla Signa Excite system (General Electric, Mil-
waukee, WI) equipped with an 8-channel phased-array
head coil and single-shot echoplanar imaging (EPI) soft-
ware was used. The functional sequence consisted of gra-
dient recalled acquisition in the steady state (time of
repetition, 2,000 ms; time of echo, 50 ms; pulse angle, 908)
within a field of view of 24 cm, with a 64 3 64-pixel
matrix, and with a slice thickness of 4 mm (interslice gap,
1 mm). Twenty-two interleaved slices, parallel to the ante-
rior–posterior commissure line, were acquired to generate
570 whole-brain volumes, excluding four initial dummy
volumes. Imaging data were transferred and processed on
a Linux platform running MATLAB version 8.2 (The
MathWorks, Natick, Mass). Preprocessing was performed
with Statistical Parametric Mapping software (SPM8; Well-
come Trust Centre for Neuroimaging, UK) and involved
motion correction, spatial normalization and smoothing
using a Gaussian filter (full-width, half-maximum, 8 mm).
For all participants included here, their inspected head
motion realignment parameters (translation and rotation
estimates) were less than 2 mm and 28, respectively, in
each plane. These motion parameters were included as
first-level noise covariates in the time-series analyses
described below. Data were normalized to the standard
SPM-EPI template and resliced to 2 mm isotropic resolu-
tion in Montreal Neurological Institute (MNI) co-ordinate
space.

Mapping Fear-Conditioned Neural Responses

Each participant’s preprocessed time-series was
included in SPM first-level general linear model analyses.
Each event-type (CS2, CS1nonpaired, and CS1paired)
was individually coded by specifying the onset of each

stimulus presentation as a delta (i.e., stick) function. A
high-pass filter (1/128 s) accounted for low-frequency
noise, while temporal autocorrelations were estimated
using a first-order autoregressive model [AR(1)]. Realign-
ment parameters of each participant were included in the
model. Regression coefficient estimates (betas) were calcu-
lated using a Restricted Maximum Likelihood approach
and a contrast image corresponding to the primary task
effect of interest (differential fear conditioning;
CS1nonpaired>CS2) was estimated for each participant.
These contrast images were then carried forward to the
second level using the summary statistics approach to
random-effects group analyses. A one-sample t-test was
used to estimate significant within-group activation thresh-
olded at P< 0.05 false discovery rate (FDR)-corrected
[Genovese et al. 2002] across the whole-brain volume.

Mapping Neural Mediators of AS

To characterize the primary brain region(s) mediating
the experimental manifestation of AS—that is, the pre-
dicted relationship between trait ASI score and self-
reported anxiety sensations—we implemented a formal
brain-based mediation analysis termed “Mediation Effect
Parametric Mapping” [MEPM; Wager et al., 2008]; see
additional applications in Atlas et al. [2010], Denny et al.
[2013]; Lopez-Sola et al. [2014], and Wager et al. [2009a,b].
MEPM allowed us to identify, on a voxelwise basis, any
brain regions activated during fear conditioning that also
satisfied formal criteria for mediators in a standard three-
variable path-modeling framework. In our model, Path a
signifies the relationship between AS (X) and brain
response (M)—the “brain-trait” pathway. Path b signifies
the relationship between brain response (M) and increased
self-reported anxiety sensations (Y) controlling for X—the
“brain-state” pathway. Path a*b signifies the test of

Figure 1.

(a) The self-assessment manikin (SAM) used to assess bodily anxiety sensations, (b) emotional

valence. Left-to-right, the manikins correspond to Likert scale ratings of 1–5.
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mediation, that is, whether the direct XfiY relationship is
significantly reduced by including M in the path model.

MEPM analyses proceeded in two stages: a primary
region-of-interest (ROI) analysis focusing a priori on the
AIC and dACC, followed by a secondary examination of
other potential mediating regions. For the ROI analysis,
AIC and dACC anatomical locations were defined a priori
on the basis of two previously published studies. For the
AIC, we defined a 10-mm radial sphere at the peak loca-
tion reported in Stein et al. [2007], which represented a
significant positive correlation between right AIC activa-
tion (x,y,z 5 27,22,3) and ASI total score. For the dACC, we
defined a 10-mm radial sphere at the peak location
reported in Milad et al. [2007], which corresponded to
greater dACC activation (x,y,z 5 1,21,27) during successful
fear conditioning. ROI co-ordinates were transformed from
Talairach to MNI space (SPM) using a nonlinear registra-
tion method [Lacadie et al., 2008]. For these regions to be
considered significant mediators, we required that they
reach statistical significance in each of the three tests com-
prising the path model (Paths a, b, a*b). The false-positive
rate was controlled using a voxelwise FDR [Genovese
et al., 2002] at q< 0.05 across all estimated effects in the
path model [a, b, a*b; Wager et al. 2008], which corre-
sponded to minimum P 5 0.01.

To examine if other nonhypothesized regions emerged
as significant mediators, we conducted a secondary analy-
sis of path effects across all voxels identified as significant
from the initial whole-brain task analysis: that is, including
regions identified as significantly activated during fear
conditioning. Regional path effects from this analysis are
reported as significant if surviving P uncorrected <0.001.
For both analysis approaches, statistical significance of the
peak voxel path effects were computed via a bootstrap test
(10,000 permutations), as described in Wager et al. [2008].

RESULTS

Fear-Conditioned Subjective and Autonomic

Responses

For the Week 1 (fMRI) assessment, participants’ in-
scanner ratings indicated successful acquisition (i.e., learn-
ing and subsequent anticipation) of the CS1. Significant
within-group effects were apparent for both self-reported
anxiety (F1,54 5 148.5, P< 0.0001) and emotional valence
ratings (F1,54 5 114.2, P< 0.0001), thus confirming the dif-
ferential aversiveness of the CS1 versus CS2; see Sup-
porting Information Table S1.

The pattern of subjective responses observed during
Week 1 were replicated at Week 2 (anxiety, F1,54 5 191.6,
P< 0.0001; valence, F1,54 5 145.7, P< 0.0001); see also Table
S1 (Supporting Information). Computed differential scores
for both self-reported anxiety and emotional valence rat-
ings (e.g., CS1 CS2 rating) were also significantly posi-

tively correlated between the repeated assessments
(anxiety, r 5 0.27, P 5 0.02; valence r 5 0.26, P 5 0.03).

From the Week 2 psychophysiology assessment, it was
confirmed that the task elicited significant increases in
sympathetic autonomic arousal in the form of differential
SCRs to the CS1 versus CS2 (F1,54 5 51.4, P< 0.0001).
Consistent with AS theory and prior experimental studies
[Asmundson et al., 1994; Forsyth et al., 1999; Melzig et al.,
2011; Zvolensky and Eifert, 2001], there was no significant
correlation between participants’ ASI-3 scores and actual
physiological arousal changes (differential SCR) during
fear conditioning (r 5 0.14 P 5 0.30). Neither did we
observe a significant correlation between differential SCR
and self-reported anxiety sensations at Week 2 (r 5 0.11,
P 5 0.42).

As anticipated, a significant positive correlation was
observed between ASI-3 scores and self-reported anxiety
sensations evoked during fear conditioning (Week 1;
r 5 0.26, P< 0.03; Week 2; r 5 0.38, P< 0.002). Considering
historical debate regarding the AS versus “trait anxiety”
constructs [Reiss, 1997], we also examined correlations
between STAI trait anxiety scores [Spielberger, 1983] and
differential self-reported anxiety sensations at both time-
points. No significant positive correlations were observed
with STAI trait anxiety (Week 1: r 5 0.15, P 5 0.27; Week 2:
r 5 0.19, P 5 0.17).

We also investigated the influence of age and gender on
the primary variables of interest (reported above), as well
as the functional activation of the AIC and dACC
(reported below) and identified no significant relation-
ships. These results are presented in Supporting Informa-
tion Table S3.

Fear-Conditioned Neural Responses

The initial fMRI analysis indicated that successful fear
conditioning was associated with robust group-level acti-
vation of the extended “fear-arousal network,” including
the AIC and dACC (P< 0.05 FDR; whole-brain). Figure 2
illustrates the pattern of coactivation of these regions
together with participants’ corresponding Week 1 self-
reported anxiety sensations (Panel 2a) and Week 2 SCRs
(Panel 2b). All significant brain regional activations dur-
ing fear conditioning are reported in Supporting Informa-
tion Table S2. It can be noted that the AIC and dACC/
extended anterior medial wall were among the most
robustly activated in terms of their estimated significance.
Confirmatory analysis based on the a priori defined ROIs
indicated somewhat stronger activation of the right
AIC (peak Z 5 6.48) compared to dACC region (peak
Z 5 3.28).

Neural Mediators of AS

To reiterate, in our model, Path a signifies the relation-
ship between AS (X) and brain response (M)—the “brain-
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trait” pathway. Path b signifies the relationship between
brain response (M) and increased self-reported anxiety
sensations (Y) controlling for X—the “brain-state” path-

way. Path a*b signifies the test of mediation, that is,
whether the direct XfiY relationship is significantly
reduced by including M in the path model.

From the primary ROI analysis, evidence of significant
mediation was obtained for the dACC but not the right
AIC (Fig. 3). The dACC displayed positive path coeffi-
cients for both Path a (r 5 0.49) and b effects (r 5 0.38), sug-
gesting that higher AS was associated with greater dACC
activation during fear conditioning, which predicted
increased self-reported anxiety sensations (a 5 0.03 (0.01),
Z 5 4.07; b 5 0.92 (0.25), Z 5 3.71; a*b 5 0.03 (0.01), Z 5 3.62,
q< 0.05 FDR).

The right AIC, conversely, was found to demonstrate a
significant “brain-state” (Path b) effect (b 5 1.15 (0.32),
Z 5 3.32), indicating that greater AIC activation predicted
increased self-reported anxiety sensations when controlling
for AS (Fig. 4). There was no evidence of a significant
“brain-trait” pathway for this region.

From the broader exploratory analysis, no additional
regions demonstrated evidence for significant mediation,
although other “brain-trait” (Path a) and “brain-state”
(Path b) effects were identified. For the former, higher AS
predicted greater dorsal caudate nucleus activation during
fear conditioning (a 5 0.03 (0.01), Z 5 2.96). For the latter,
dorsal anterior midbrain (b 5 1.88 (0.42), Z 5 3.70) and left
AIC activation (b 5 1.79 (0.49), Z 5 3.00) predicted
increased self-reported anxiety sensations, adjusted for AS.
These additional “nonmediating” regional effects are
shown in Figure 5.

To supplement the primary mediation results shown in
Figure 2, we also present results obtained from SPM linear
regression analyses between fear-conditioned neural

Figure 2.

(a) In-scanner ratings of self-reported anxiety sensations—scale

ranging 1 5 “not anxious” to 5 5 “very anxious.” (b) Offline skin

conductance responses during fear conditioning (SCR; mS)

acquired at Week 2. Mean and standard deviations are displayed.

(c) Whole-brain FDR-corrected activation during fear condition-

ing emphasizing responses in the right AIC; and (d) dACC.

Color-bar activation magnitude corresponds to SPM T values.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 3.

Brain mediation effect parametric mapping: the dACC cluster dem-

onstrating significant positive path a, b and a*b effects. Mean stand-

ardized path coefficients are shown with their standard errors (in

parentheses). MNI co-ordinates (x, y, z): path a (8, 22, 34); b (8, 22,

34); a*b (6, 24, 32). Voxels emphasized yellow correspond to

q< 0.05 (FDR) with those in orange representing subthreshold

contiguous voxels (P< 0.05). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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responses and participants’ ASI-3 and differential self-
reported anxiety sensations, respectively. In both instances,
significant positive correlations survived FDR small vol-
ume correction (at whole-brain P< 0.001 uncorrected) for
the previously defined ROI (dACC-ASI-3 correlation; MNI
peak co-ordinate: x,y,z 5 8,26,32; Z 5 4.14, P 5 0.005 FDR,
58 voxels; dACC-anxiety correlation; MNI peak co-ordi-
nate: x,y,z 5 6,22,34; Z 5 3.47; P 5 0.02 FDR; 25 voxels).
These results are presented in Supporting Information
Figure S1.

DISCUSSION

Our findings directly challenge the idea that human trait
AS—the “fear of fear”—is primarily mediated by the AIC
as part of a larger-scale brain system supporting interocep-
tive and emotional awareness [Craig, 2011; Paulus and
Stein, 2006]. While such accounts recognize a complemen-
tary role for the dACC in facilitating autonomic threat
responses, the AIC is held to be the critical neural substrate
through which these signals become anxious appraisals in
people with higher levels of AS. Instead, we have identified
the AIC, together with dorsal midbrain, as components of a
“brain-state” pathway linking fear-evoked brain activation
and self-reported anxiety sensations independently from AS.
Thus, while both the AIC and dACC were linked to self-
reported bodily anxiety sensations, likely via a joint contri-
bution to basic interoceptive awareness [Medford and
Critchley, 2010], the dACC appears more specifically
involved in the conscious appraisal of the aversiveness of
these sensations as a function of trait AS.

Despite considerable evidence linking dACC function to
anxiety processes, experimentally and clinically [Devinsky
et al., 1995; Etkin et al., 2011; Greenberg et al., 2010; Pujol
et al., 2002], the mechanism by which it contributes to con-
scious aspects of anxiety, such as catastrophizing and
worry, is not well understood. In part, this is because it
has been difficult in functional neuroimaging studies to
parse anxious cognitions from autonomic fear responses
also represented within dACC [Milad et al., 2007]. How-
ever, in a study by Kalisch et al. [2006], it was demon-
strated that when participants’ ability to appraise threating
stimuli was restricted by a dual task challenge, activation
of the rostral dACC/dmPFC was considerably downregu-
lated despite accompanying increases in autonomic output
and self-reported anxiety to the dual-task demands

Figure 5.

(a) Caudate nucleus cluster identified as a significant path a

effect from the secondary extended ‘fear network’ analysis. MNI

co-ordinates (x, y, z): path a (10, 4, 10). (b) Dorsal anterior mid-

brain (�substantia nigra) and left AIC regions that demonstrated

a significant path b effects from the secondary analysis. MNI

co-ordinates (x, y, z): midbrain path b (10, 28, 212); AIC path b

(226, 20, 4). Voxels emphasized yellow correspond to q< 0.05

(FDR) with those in orange representing subthreshold contigu-

ous voxels (P< 0.05). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4.

Right AIC cluster identified as a significant path b effect from

the primary ROI analysis. MNI co-ordinates (x, y, z): path b (32,

22, 8). Voxels emphasized yellow correspond to q< 0.05 (FDR)

with those in orange representing subthreshold contiguous

voxels (P< 0.05). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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[Kalisch et al., 2006]. Several other studies recently mar-
shaled by these authors [Kalisch and Gerlicher, 2014] also
provide evidence consistent with the view that the dACC/
dmPFC region may specifically contribute to conscious
threat appraisal processes, including threat-overestimation,
as represented by the construct of AS.

While we consider our findings to be consistent with
this view, there is an important neuroanatomical distinc-
tion to make. Compared to these aforementioned studies
[Kalisch et al., 2006], the dACC region that we have identi-
fied is located somewhat more posteriorly within
“cingulofrontal” transition cortex—a region that abridges
true limbic dACC ventrally and isocortex (dmPFC) dor-
sally [Devinsky et al., 1995]. In other studies, this region
has been more consistently linked to both cognitive and
autonomic components of anxious arousal [Critchley et al.,
2001; Wager et al., 2009a] consistent with the idea that it
underlies “psychosocially mediated visceromotor
responses” [Wager et al., 2009a]. Thus, unlike the dACC/
dmPFC region identified by Kalisch et al. [2006] as mostly
nonoverlapping with central autonomic fear responses, the
caudal dACC region identified here appears more specifi-
cally involved in the cognitive appraisal of autonomic
responses to anticipated threats. Although further studies
will be needed to clarify how putative appraisal processes
may differentially manifest between these two areas, the
idea that human cingulofrontal cortex contributes to pri-
mary schematic and stimulus-driven forms of “proto”
threat evaluation (“this is bad,” “I don’t like this”) remains
a compelling general hypothesis to test [Kalisch et al.,
2006; Mechias et al., 2010].

One of the basic predictions that this sought to address,
consistent with AS theory, was that individuals scoring
higher in AS individuals should experience/report more
bodily anxiety sensations during conditions of threat—
which we established here via Pavlovian fear conditioning.
This basic prediction was confirmed: trait AS scores suc-
cessfully predicted the magnitude of in-scanner evoked
bodily anxiety sensations. Nevertheless, despite using a
task that has been shown to evoke robust anticipatory anxi-
ety responses in the cognitive and autonomic domains, and
which consistently activates brain regions thought to under-
lie such responses, our experimental task would not have
provoked the same magnitude or range of anxiety sensa-
tions as in previous laboratory-based (nonimaging) studies
of AS [Asmundson et al., 1994; Forsyth et al., 1999; Melzig
et al., 2011; Zvolensky and Eifert, 2001]. To provoke AS
experimentally, these studies almost exclusively used respi-
ratory anxiety challenges, such as controlled CO2 inhalation,
to induce a pattern of symptoms more consistent with full-
blown panic (e.g., dyspnea, dizziness, chest pain, tachycar-
dia). By comparison, the current task would have evoked
only mild anxiety sensations even in most AS-prone partici-
pants. This limitation considered, it remains generally
unfeasible to perform respiratory challenge studies in the
fMRI environment due to the biophysical confounds of

acute arterial CO2 variation on BOLD signal measurement
[Birn et al., 2008]. For the same reasons, it is also undesir-
able to induce pronounced anxiety symptoms in people
undergoing fMRI. Thus, we consider our current approach
to be optimally designed with regards to studying the
experimental manifestation of AS with fMRI.

A second limitation of our study is that we recorded
autonomic fear responses (SCRs) separately from the fMRI
session. SCR responses were not, however, a primary out-
come measure given the confirmed prediction that AS man-
ifests independently from actual changes in physiological
arousal levels [Asmundson et al., 1994; Forsyth et al., 1999;
Melzig et al., 2011; Zvolensky and Eifert, 2001]. Recording
SCRs was useful to confirm that the task evoked significant
changes in autonomic arousal (CS1>CS2), even after a
repeated assessment. The repeated assessment was also
useful in demonstrating reliability in our primary associa-
tions of interest; namely, that significant changes in bodily
anxiety sensations were elicited across both assessments
and consistently within-subject. Nevertheless, there remains
the possibility that statistically controlling for actual
changes in physiological arousal state (electrodermal and/
or cardiorespiratory) may have enhanced the characteriza-
tion of brain-trait, state, and/or mediation effects. Further,
although we were able to achieve good whole-brain signal
coverage imaging by scanning at 1.5 T with the current
resolution, higher field fMRI with increased resolution and
sensitivity is likely to improve the level of anatomical
description achieved in this study.

In summary, our study offers an alternative view of the
neurobiological basis of trait AS—endorsing a more funda-
mental role for human cingulofrontal cortex versus insular
cortex in the conscious appraisal of bodily anxiety sensa-
tions. More generally, this study provides an important
neurobiological validation of the AS construct—the idea
that for many people, misinterpretations of threat at the
mind-–body interface can readily become a self-fulfilling
prophecy toward anxious suffering. Because AS is best
known as a dimensional predictor of clinical anxiety disor-
ders, including but not limited to panic disorder [Olatunji
and Wolitzky-Taylor, 2009], the current findings may
prove translationally relevant in terms of identifying of a
core domain of neural function/dysfunction that is
broadly characteristic of the anxiety disorders spectrum.
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