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Anorexia nervosa (AN) is a devastating psychiatric illness that is associated with significant morbidity and mortality. Aberrant visceral
interoceptive processing within the insula has been hypothesized to be an important mechanism in AN’s pathophysiology due to the
theoretical link between interoception and emotional experience. We therefore utilized functional magnetic resonance imaging (fMRI) to
examine whether altered insula functioning underlies visceral interoception in AN. Fifteen females with restricting-type AN and 15 healthy
control females underwent fMRI while performing an interoceptive attention task during which they focused on sensations in their heart,
stomach, and bladder. Participants also performed an anxious rumination task while in the scanner. AN participants were weight-restored
and free of psychotropic medications. Two distinct regions of the insula—anterior insula and dorsal mid-insula—exhibited a significant
(po0.05) interaction between group and interoceptive modality. The post hoc analyses revealed that in the dorsal mid-insula the
interaction was driven by group differences during stomach interoception (p= 0.002, Bonferroni corrected), whereas in the anterior insula
the interaction was driven by group differences during heart interoception (p= 0.03, Bonferroni corrected). In addition, individuals with AN
displayed increased activation during anxious rumination in the dorsal mid-insula, and activation in this region during stomach interoception
was correlated with measures of anxiety and psychopathology. This relationship between altered visceral interoception and clinical
symptoms in AN suggests an important mechanism for the disorder. Additional research is needed to examine whether interventions
targeting visceral interoception may increase the efficacy of treatments for AN.
Neuropsychopharmacology (2016) 41, 521–528; doi:10.1038/npp.2015.174; published online 22 July 2015
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INTRODUCTION

Visceral interoception refers to the perception and integra-
tion in the brain of afferent (primarily vagal) signals
pertaining to the homeostatic state of the body (Craig,
2002). Neuroanatomical and functional neuroimaging evi-
dence points toward a central role for the insular cortex in
the integration and representation of these interoceptive
signals (Craig, 2002; Khalsa et al, 2009; Kurth et al, 2010;
Simmons et al, 2013). For example, attending to intero-
ceptive sensations activates the region of the dorsal mid-
insular cortex near the terminus of vagal afferent projections
from the viscera (Craig, 2002; Farb et al, 2012; Pollatos et al,
2007; Simmons et al, 2013), and lesions to the insula
profoundly disrupt interoceptive awareness (Grossi et al,
2014; Khalsa et al, 2009). Dating back to the dawn of modern

psychology, theories have ascribed an important role for the
physiological state of the body in the experience of emotion
(Damasio, 1994; James, 1890), with more recent accounts
highlighting the insula’s role in interoception as the link
between the body’s autonomic state and the subjective
experience of emotion, particularly fear and anxiety (Craig,
2002; Paulus and Stein, 2006). For example, according to
one account (Paulus and Stein, 2006), ‘noisy’ interoceptive
representation in the insula interferes with the ability to
accurately predict the interoceptive consequences of external
stimuli on one’s internal milieu, resulting in heightened
anxiety and withdrawal behaviors. This idea is particularly
applicable to anorexia nervosa (AN), a devastating condition
with the highest mortality rate of any psychiatric illness
(Harris and Barraclough, 1998). AN is associated with
somatic preoccupation with visceral gut sensations (eg,
fullness; Perez et al, 2013), as well as heightened fear and
anxious rumination (Frank et al, 2012; Startup et al, 2013),
and enduring anxiety-related personality traits such as
harm avoidance (Brewerton et al, 1993; Fassino et al, 2002).
Because of this, influential theoretical accounts about the
neurobiology of AN have recently highlighted the likely role
of interoceptive regions in the insula in the pathophysiology
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of the disorder (Kaye et al, 2009, 2013; Nunn et al, 2011).
Although this accords with many of the disorder’s clinical
features, including AN patients’ pathological lack of response
to, or inability to detect, homeostatic signals that drive food
consumption behaviors, there has heretofore been no
experimental evidence demonstrating insular involvement
in altered visceral interoception in AN.
To address this gap in the literature, we asked participants

with AN and healthy control (HC) participants to undergo
functional magnetic resonance imaging (fMRI) while per-
forming a well-validated interoceptive attention task in
which participants focus on the sensations in specific parts
of their bodies (Avery et al, 2013; Simmons et al, 2013).
Given that many of the most influential theories of emotion
ground at least some aspects of emotional experience
(particularly negative affect such as anxiety) in visceral
sensation, and many patients with AN report heightened
visceral/somatic complaints as well as elevated rates of
anxiety, we hypothesized that visceral interoception and
anxiety in AN might be related. The fMRI task therefore also
included anxious rumination trials during which participants
worried about specified anxiety-provoking topics in order
to examine group differences in regions found to have
abnormal activation during interoception in AN patients.
The study’s methods and analyses aimed to answer two
important questions. First, is AN associated with aberrant
insula activity during interoceptive attention, and if so, are
there differences among visceral targets of interoceptive
attention? Second, are individual differences in AN clinical
symptomatology related to individual differences in inter-
oceptive processing?

MATERIALS AND METHODS

Participants

A total of 15 females (mean body mass index (BMI)= 19.8,
range= 18.6–22.7) with restricting-type AN and 15 HC
females (mean BMI= 20.8, range= 19.0–23.0) with no history
of psychiatric disorder participated in this study. Groups did
not differ in age (AN mean= 17 years, range= 13–24 years;
HC mean= 18 years, range= 13–23 years; t=−1.08, p= 0.29).
Clinical assessment scores for participants are displayed in
Supplementary Table S1. AN participants were scanned after
weight restoration to a BMI of at least 18.5 in order to control
for the physiological effects of starvation. Most AN partici-
pants (n= 11) were scanned before discharge from inpatient
treatment. All participants were free of psychotropic medica-
tion use within the 3 weeks before scanning (6 weeks for
fluoxetine). All procedures were approved by the institute’s
designated institutional review board. Before participation,
adult participants provided written informed consent, and
adolescent participants provided written informed assent with
written informed consent provided by a parent. Participants
were provided financial compensation for participation.
Please see Supplementary Information for details regarding
additional exclusion criteria.

Behavioral Measures

Participants completed a battery of assessment measures,
including the Eating Disorders Inventory-3 (EDI-3),

State-Trait Anxiety Inventory (STAI; Spielberger et al, 1970)
Hamilton Anxiety Scale (SIGH-A; Shear et al, 2001) Toronto
Alexithymia Scale (TAS; Taylor et al, 1992), and Tempera-
ment and Character Inventory (TCI; Cloninger et al, 1994;
Luby et al, 1999). Please see Supplementary Information for
details regarding these measures and diagnostic procedures.

Task

The fMRI task consisted of three different event types:
exteroception baseline, interoceptive attention, and anxious
rumination (Figure 1). Fixation marks were displayed for
variable interstimulus intervals lasting 2.5–15 s. The three
event types were optimized for fMRI analysis by Optseq2
(http://surfer.nmr.mgh.harvard.edu/optseq/) and presented
in pseudorandom order. Visual stimuli were controlled using
Eprime2 software (www.pstnet.com). Participants viewed
these stimuli through a mirror system mounted on the head
coil and back-projected to a screen in the scanner bore. Each
scan session contained three runs of this task.
During interoceptive attention (IA) trials, participants

viewed the word ‘HEART,’ ‘STOMACH,’ or ‘BLADDER’
for 10 s. Participants were instructed to attend to the inten-
sity of sensations from that organ, such as heartbeat or
stomach distension. Past research has demonstrated that
focal attention on a perceptual modality amplifies activity
in brain regions underlying that modality (Jancke et al,
1999; Johansen-Berg et al, 2000; Somers et al, 1999). This
interoceptive attention task capitalizes on this effect as
participants focus on naturally occurring interoceptive
sensations. We have previously demonstrated that this task

Interoceptive Trials

Anxious Rumination Trials

Exteroceptive Trials

Rating Period

PEERS ACADEMICS

Rate the 
intensity of 
the worry 
you felt.

Rate the 
intensity of the 
sensations in 

your heart.

Rate the 
intensity of 
the color 

change you 
saw.

FAMILY

STOMACH BLADDERHEART

TARGETTARGETTARGET
TARGETTARGETTARGET

Figure 1 Focused awareness task design. The focused awareness task
consisted of three types of trials: interoceptive attention (IA), anxious
rumination trials, and exteroceptive trials. During IA trials, participants
focused on the body part indicated by the word on the screen (stomach,
heart, or bladder). During anxious rumination trials, participants ruminated
about worrisome situations related to the word presented on the screen
(peers, family, or academics). Exteroceptive trials were used as a baseline
condition for the interoceptive trials. During exteroceptive trials, the font
color of the word ‘TARGET’ repeatedly changed to a lighter shade of gray,
and participants focused on the intensity of the color change. Half of the
trials in each condition were followed by a rating scale on which participants
rated their experience (intensity of bodily sensations, anxious rumination, or
color change) during that trial.
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is effective at mapping interoceptive regions in the insula in
healthy adults (Simmons et al, 2013). Each word was
presented 6 times per scanning run, for a total of 18
interoceptive events per run. Immediately following half of
the events (3 per modality), participants rated the intensity of
the sensations they experienced in the specified body part on
a 7-point scale using an MR-compatible scroll wheel.
The exteroceptive baseline condition served as an exter-

oceptive control for the IA condition. During these trials, the
word ‘TARGET’ was presented on the screen for 10 s. While
the word was on the screen, the intensity of the shading of
the font would change once per second to a shade of gray
that varied across (but not within) trials. Participants were
instructed to attend to the intensity of the color change. The
exteroceptive baseline condition was presented six times per
scanning run. Following half of these trials, a rating scale was
presented on the screen on which participants were asked to
rate the intensity of the color change they saw.
The anxious rumination condition occurred 6 times per

scanning run. Participants were shown the words ‘PEERS,’
‘FAMILY,’ and ‘ACADEMICS/CAREER’ and instructed to
think about situations associated with the presented word
that worry them. Immediately following half of the rumina-
tion events, participants rated the intensity of their worry
during that trial on a 7-point scale.

MRI Data Acquisition

Functional and structural brain images were acquired using a
General Electric Discovery MR750 whole-body 3 Tesla MRI
scanner. MRI signal reception utilized a receive-only 32-
element surface coil head array optimized for parallel imaging
(Nova Medical). A single-shot gradient-recalled EPI sequence
with Sensitivity Encoding (SENSE) was employed for blood
oxygenation level-dependent (BOLD) fMRI scans. For an
anatomical reference for the fMRI analyses, a T1-weighted
MRI scan with magnetization-prepared rapid gradient echo
(MPRAGE) sequence with SENSE was obtained.

Imaging Parameters

The following EPI imaging parameters were used for this
study: FOV/slice/gap= 240/2.9/0 mm, 46 axial slices per
volume, acquisition matrix= 96 × 96, repetition/echo time
TR/TE= 2500/30 ms, SENSE acceleration factor R= 2 in the
phase encoding (anterior–posterior) direction, flip angle=
90°, sampling bandwidth= 250 kHz, number of volumes
220, scan time 9 min and 10 s. EPI images were reconstructed
into a 128 × 128 matrix, with an fMRI voxel volume of
1.875 × 1.875 × 2.9 mm3.
Scan parameters for this anatomical scan were FOV= 240

mm, axial slices per volume= 130, slice thickness= 1.1 mm,
image matrix= 256 × 256, voxel volume 0.938 × 0.938 ×
1.1 mm3, TR/TE= 5/1.948 ms, SENSE acceleration factor
R= 2, flip angle= 8°, inversion time TI= 725 ms, sampling
bandwidth= 31.25 kHz, scan time= 5 min and 5 s.

Data Preprocessing and Analysis

Preprocessing of fMRI data was performed using AFNI
(http://afni.nimh.nih.gov/afni). The anatomical scan was
registered to the first volume of the EPI data using

anatomical-to-epi alignment procedure, and then spatially
transformed to the stereotaxic array of Talairach and
Tournoux (1988) using automated algorithm in AFNI. The
first four volumes of each voxel’s time course were excluded
from analysis to allow the fMRI signal to reach steady state.
Motion correction and spatial transformation were imple-
mented in a single image transformation. The EPI data were
resampled to a 1.75 × 1.75 × 1.75 mm grid and smoothed
using a 6 mm full-width at half-maximum Gaussian kernel.
Each voxel’s mean signal across the time course was then
used to normalize the signal value for each EPI volume to
percent signal change.

Statistical Analyses

Data at the participant level were analyzed using a multiple
linear regression model. Regressors of interest included each
of the interoceptive modalities (heart, stomach, and bladder),
the anxious rumination condition, the exteroceptive baseline
condition, and the five different types of response periods
(when participants were making ratings). Each of the 10 task
regressors were constructed by convolution of a gamma-
variate function and a box-car function with a 10-s width
beginning at the onset of each event in order to account for
the shape and delay of the BOLD response. Regressors of
noninterest to account for each run’s signal mean, linear,
quadratic, and cubic signal trends were included in the
regression model along with six motion parameters (three
translations and three rotations) computed during the image
registration preprocessing.
The AFNI program 3dANOVA3 was used to evaluate the

main effects of group (AN or HC) and interoceptive
modality (heart, stomach, or bladder) and their interaction.
For the IA condition, all subject-level βs represent the signal
change from the exteroceptive baseline condition. We
identified the insula as an a priori region of interest. Masks
of the insula in each brain hemisphere were anatomically
defined using the TT-N27 atlas brain within AFNI. A voxel-
wise threshold of po0.005 was set within the insula, and a
voxel-wise threshold of po0.001 was set for the rest of the
brain. All results were then corrected for multiple compa-
risons at a cluster-size threshold of po0.05 with the
AFNI program 3dClustSim. The post hoc ROI analyses were
performed using Bonferroni corrections for multiple com-
parisons to determine the simple effects for clusters
exhibiting significant group × interoceptive modality inter-
actions within the insula.
We next sought to determine whether the insula regions

with a significant interaction during IA also displayed altered
activity during anxious rumination. We used the AFNI
program 3dROIstats to calculate the average β for each
participant in each region for the rumination condition and
for each interoceptive modality. We then performed t-tests
to examine group differences in activity during anxious
rumination in these regions.
Finally, we sought to determine whether activation during

interoception was related to clinical symptomatology. We
therefore correlated the average IA βs in the two insular
regions exhibiting significant group × interoceptive modality
interactions with the following clinical questionnaire scores:
EDI-3 General Psychological Maladjustment Composite
(EDI-GPMC), EDI-3 Eating Disorder Risk Composite
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(EDI-EDRC), EDI-3 Interoceptive Deficits (EDI-ID), STAI
state anxiety, STAI trait anxiety, SIGH-A, TAS Difficulty
Identifying Feelings (TAS-F1), and TCI Harm Avoidance
(TCI-HA). Correlations were Bonferroni corrected to control
for family-wise error.

RESULTS

We observed interactions between group and interoceptive
modality within two separate regions of the insula—the left
dorsal mid-insula and right anterior insula (Figure 2). Five
regions located outside of the insula also exhibited a significant
interaction effect (Table 1). The right precuneus (x= 6, y=−55,
z= 48; peak F= 27.1; volume= 659mm3) was the only region
with a main effect of group; HC participants had greater
average activity in the precuneus across interoceptive moda-
lities than did AN participants. See Supplementary Table S2
for regions with a main effect of interoceptive modality.

The post hoc analyses of the simple effects from the ANOVA
revealed that AN participants exhibited decreased activity
during stomach IA in the left dorsal mid-insula compared
with HC participants (t=−3.81, df= 28, p= 0.002, Bonferroni
corrected). In contrast, in the right anterior insula, participants
with AN exhibited greater activity during heart IA than
did HC participants (t= 2.75, df= 28, p= 0.03, Bonferroni
corrected). There were no statistically significant simple effects
in any of the noninsular regions after Bonferroni corrections.
Because the AN participants reported higher levels of anxiety,
we conducted analyses to determine whether the interoception
effects were mediated by self-report and clinician measures of
anxiety (SIGH-A, STAI trait, STAI state, and anxious
rumination intensity ratings during the scan). None of these
measures mediated the effects of group differences on
interoceptive activity in either of the insula regions.
We next performed an ROI analysis of brain activa-

tion during anxious rumination in the insula regions
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Figure 2 Altered insula activity during visceral interoception in patients with anorexia nervosa. A region-of-interest analysis (voxel-wise threshold po0.005,
cluster size corrected for multiple comparisons at po0.05) revealed two separate insula regions—the dorsal mid-insula and anterior insula—that exhibited a
significant Group (AN, HC)× Interoceptive Modality (heart, stomach, bladder) interaction. The post hoc simple effects analyses revealed that the interaction in
the dorsal mid-insula was because of group differences during stomach interoception (po0.002, Bonferroni corrected), whereas in the anterior insula the
interaction resulted from group differences during heart interoception (*po0.03, Bonferroni corrected).

Table 1 Regions Exhibiting a Group × Interoceptive Modality Interaction

Talairach coordinates

Side/location x y z Peak F Partial η2 for peak F Volume (mm3)

R middle frontal gyrus +27 +13 +44 11.99 0.30 1029

L thalamus − 11 − 31 +2 13.02 0.32 799

R anterior insula +27 +25 +2 8.86 0.24 782

L cerebellum − 6 − 66 − 31 11.16 0.28 772

R inferior frontal gyrus +43 +10 +18 12.65 0.31 707

L cerebellum − 15 − 45 − 28 12.81 0.31 627

L dorsal mid-insula − 31 − 12 +18 10.76 0.28 418

A voxel-wise threshold of po0.005 was set for the insula regions of interest, with a voxel-wise threshold of po0.001 for the rest of the brain. All significant activations
passed cluster size correction for multiple comparisons at po0.05.
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demonstrating an interaction between group and interocep-
tive modality. The ROI analysis (Figure 3) revealed a
significant group difference between AN and HC partici-
pants during anxious rumination in the dorsal mid-insula
(po0.04), but not in the anterior insula (p= 0.20).
Finally, in order to determine the relationship between our

neuroimaging findings and clinical symptoms of AN, we
assessed the correlation between clinical measures of anxiety
and eating disorder psychopathology with activity in the
two insula regions with altered interoceptive activity in
AN participants. After Bonferroni corrections for multiple
comparisons, significant negative correlations were found
between activity during stomach IA in the dorsal mid-insula
and scores on clinical measures of anxiety, harm avoidance,
alexithymia, psychological maladjustment, and interoceptive
deficits (EDI-GPMC, EDI-ID, STAI state anxiety, STAI trait
anxiety, SIGH-A, TAS-F1, and TCI-HA; see Table 2 and
Supplementary Figure S1). These findings appear to be
remarkably specific to stomach IA and the dorsal mid-insula,
as no significant correlations were observed for the other
interoceptive modalities in either insula ROI.

DISCUSSION

Our findings provide the first experimental evidence that AN
is associated with abnormal visceral interoceptive activity in
the insula. Importantly, decreased activity in the dorsal mid-
insula during gastric interoception may contribute to AN
patients’ anxious temperament, as demonstrated by heigh-
tened activity in this region during anxious rumination.
Although AN participants exhibited increased activity in the
anterior insula during cardiac interoception, this activity was
not related to their clinical symptom presentation. In
contrast, individual differences in dorsal mid-insula activity
during stomach interoception were associated with partici-
pants’ anxiety and eating disorder psychopathology.
Together, these findings suggest that aberrant interoceptive
activity within the dorsal mid-insula is an important
contributor to the pathophysiology of AN.

In addition to abnormal insula activity, individuals with
AN exhibited decreased activity in the precuneus across
interoceptive modalities. Although we did not hypothesize
that there would be group differences in this region, this
finding accords with past research on the precuneus in both
healthy individuals and those with AN. The precuneus is
involved in mental self-representations, including mental
imagery of the self (Cavanna and Trimble, 2006), and the
linking of interoceptive and contextual information to
influence emotional experience (Terasawa et al, 2013). In
addition, individuals with AN have demonstrated deactiva-
tion of the precuneus when viewing pictures of themselves
(Sachdev et al, 2008), and in one study a small sample of AN
participants continued to show deficits in gray matter in the
precuneus after recovery (Joos et al, 2011). Thus, altered
interoceptive processing in AN does not appear to be limited
to the insula. Further research should examine the role of the
precuneus in this disorder, particularly as it relates to self-
referential and emotional experience.
While group differences in the precuneus occurred across

interoceptive modalities, the anterior and dorsal mid-insula
exhibited group differences only during heart or stomach
interoception, respectively. Past studies have illustrated that
functional differentiation exists within the insula, with the
anterior insula playing a role in the representation of
negative emotions, and the middle and posterior insula
being more involved in the processing of internal physiolo-
gical sensations (Craig, 2002; Kurth et al, 2010; Simmons
et al, 2013). Evidence suggests that the anterior insula
particularly underlies anxiety (Paulus et al, 2003; Servaas
et al, 2014; Simmons et al, 2013), possibly because of its
involvement in anticipating the interoceptive consequences
of external stimuli (Paulus and Stein, 2006).
Given this literature base, in addition to previous findings

and theories suggesting the importance of the anterior insula
in AN (Kaye et al, 2009, 2013; Nunn et al, 2011; Oberndorfer
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Figure 3 Anorexia nervosa is associated with aberrant activation in the
dorsal mid-insula during anxious rumination. A region-of-interest analysis of
activation during anxious rumination in the two insula clusters that exhibited
an interaction during visceral interoception revealed significant group
differences in the dorsal mid-insula (*po0.04) but not the anterior insula
(p= 0.20).

Table 2 Relationships between Insular Activity and Symptom
Measures across Participants

Left dorsal mid-insula Right anterior insula

Clinical
measures

Heart Stomach Bladder Heart Stomach Bladder

STAI-state 0.01 − 0.54a − 0.19 0.27 0.05 0.22

STAI-trait 0.05 − 0.58a − 0.26 0.40 0.10 0.33

SIGH-A 0.08 − 0.52a − 0.37 0.40 0.06 0.23

TCI-HA − 0.12 − 0.54a − 0.36 0.27 0.05 0.33

TAS-F1 0.08 − 0.65a − 0.21 0.19 − 0.10 0.14

EDI-ID 0.05 − 0.59a − 0.21 0.14 − 0.05 0.06

EDI-GPMC 0.04 − 0.60a − 0.28 0.25 − 0.00 0.21

EDI-EDRC 0.13 − 0.45 − 0.23 0.27 −0.05 0.10

Abbreviations: EDI-ID, Eating Disorders Inventory-3 Interoceptive Deficits;
EDI-EDRC, Eating Disorders Inventory-3 Eating Disorder Risk Composite;
EDI-GPMC, Eating Disorders Inventory-3 General Psychological Maladjustment;
STAI-state, State-Trait Anxiety Inventory–state anxiety; STAI-trait, State-Trait
Anxiety Inventory–trait anxiety; SIGH-A, Hamilton Anxiety Scale; TCI-HA,
Temperament and Character Inventory Harm Avoidance; TAS-F1, Toronto
Alexithymia Scale Factor 1 (difficulty identifying feelings).
aPo0.05 after Bonferroni corrections for multiple comparisons.
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et al, 2013; Strigo et al, 2013), it is interesting that the group
differences found in this area occurred during cardiac IA, not
anxious rumination. Past evidence indicates the anterior
insula may underlie interoceptive prediction (Barrett and
Simmons, 2015). This, in conjunction with poor heartbeat
perception in AN (Pollatos et al, 2008), suggests that AN
participants’ heightened anterior insula activity during heart
IA may result from alterations in the cardiac prediction signal.
This study adds to a growing body of evidence that AN is

associated with altered interoception. For example, AN is
associated with reduced heartbeat perception in the ill state
(Pollatos et al, 2008) and a dissociation between reported
emotional experience and physiological measures (ie, skin
conductance response; Nandrino et al, 2012). These findings
are generally consistent with a prior fMRI study demonstrating
decreased insula activity during pain perception (Strigo et al,
2013). Indeed, a recent influential account of the neurobiology
of AN anticipated the present findings (Kaye et al, 2009), even
though at the time of that account there was no direct
experimental evidence for the insula’s role in aberrant visceral
interoception in AN (Kaye et al, 2009). The present study is the
first to provide direct experimental evidence to this effect,
thereby strongly supporting this theoretical account.
A thorough interpretation of our results must take into

consideration that it was only during gastric IA that AN
participants displayed altered functioning of the interocep-
tive cortex located in the dorsal mid-insula. Taken together
with evidence for gastrointestinal complaints in individuals
with AN (Boyd et al, 2005; Hadley and Walsh, 2003;
Waldholtz and Andersen, 1990), this suggests that indivi-
duals with AN may be hypersensitive to, and perhaps
constantly monitoring, interoceptive sensations from their
gastrointestinal tract. Thus, when they are instructed to focus
on these sensations, there is relatively little change from
baseline activation in interoceptive cortex. The specificity of
aberrant dorsal mid-insular functioning to gastric IA is
especially important in light of a previous finding from our
laboratory wherein individuals with major depressive
disorder demonstrated altered dorsal mid-insula activity
during heart, stomach, and bladder IA (Avery et al, 2013). In
conjunction with the findings of the present study, this
suggests different psychiatric disorders are associated with
variable profiles of altered interoception.
Importantly, activation in the dorsal mid-insula during

gastric IA was negatively correlated with clinical symptoms,
including anxiety and harm avoidance. This links gastric
interoception and anxiety in AN, and is supported by theories
emphasizing the relationship between interoception and
emotional experience (Barrett et al, 2007; Craig, 2002; James,
1890). Based on the theory that anxiety results from an exag-
gerated interoceptive signal predicting the effect of a stimulus
on one’s physiology (Paulus and Stein, 2006), a similar process
may be occurring in AN that is specific to gastric interoception.
For instance, hypersensitivity to sensations from the gastro-
intestinal tract might lead to anxiety in the presence of food as it
becomes predictive of an aversive gastrointestinal response (eg,
bloating, fullness). This would then lead to the restrictive eating
behavior that constitutes the core pathology of AN.
This is the first study to demonstrate altered insular

function during attention to visceral interoceptive sensations
in AN and to link this function to clinical symptoms such as
anxiety. Although this study has many strengths, including a

sample of unmedicated, weight-restored patients, one limita-
tion is the inability to monitor the accuracy of the partici-
pants’ interoceptive attention. Mechanisms through which
performance could be measured, however, would necessarily
require participants to simultaneously report certain para-
meters (eg, heart rate) that would likely interfere with the
interoceptive nature of the task. This would require extero-
ceptive processes for reporting, in addition to the likelihood
of disproportionately increasing anxiety in the AN patients
because of their high levels of perfectionism. Thus, the
methods used in this study were well suited for answering the
research question of possible differences in interoceptive
attention and experience, rather than accuracy, and have
been used in other previously published studies of inter-
oception (Avery et al, 2013; Simmons et al, 2013).
Our findings support the theory that aberrant functioning

of interoceptive cortex in the dorsal mid-insula during
gastric interoception contributes to the symptomatology of
AN, including anxiety. This accords with previous research
that comorbid anxiety in AN is associated with increased
gastrointestinal complaints (Boyd et al, 2005), that sensitivity
to sensation is associated with body image disturbance in AN
(Zucker et al, 2013), and that sensory sensitivity is related to
emotional dysregulation in AN (Merwin et al, 2013). Our
findings have important implications for both understanding
the etiology of AN and informing its treatment. First, AN
may partially result from visceral hypersensitivity that
leads to an association between food and gastric discomfort,
which contributes to anxiety. Second, although it is generally
recognized that patients often have an increase in gastro-
intestinal symptoms during refeeding, this study suggests
that alterations in stomach interoception might exacerbate
these symptoms and influence psychological disturbances,
particularly anxiety. This could manifest as a vicious cycle
during the weight restoration process, with gastric discom-
fort leading to increased anxiety that then leads to greater
gastric discomfort. Cognitive approaches to therapy, includ-
ing acceptance and commitment therapy, directed at
interoceptive signals such as fullness and gastrointestinal
symptoms, may therefore be beneficial in the treatment of
AN. Previous studies with phobic individuals have found
changes in insula activation following treatment with
cognitive–behavioral therapy (Hauner et al, 2012). Medica-
tions targeting gastrointestinal symptoms, particularly dur-
ing refeeding, may contribute to the alleviation of anxiety as
well. Our results also indicate that outcome measures in
clinical trials for AN should examine the effects of treatment
on gastric interoception and anxiety. Future research should
further elucidate the role of gastric interoception in the
pathophysiology of AN by studying its effect on responses
to food stimuli and eating behavior, as well as developing
treatments that incorporate empirical evidence of the
relationship between gastric interoception and anxiety.
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