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Abstract: Relatively discrete experimental literatures have grown to support the insula’s role in the
domains of interoception, focal exteroceptive attention and cognitive control, and the experience of
anxiety, even as theoretical accounts have asserted that the insula is a critical zone for integrating
across these domains. Here we provide the first experimental demonstration that there exists a func-
tional topography across the insula, with distinct regions in the same participants responding in a
highly selective fashion for interoceptive, exteroceptive, and affective processing. Although each insu-
lar region is associated with areas of differential resting state functional connectivity relative to the
other regions, overall their functional connectivity profiles are quite similar, thereby providing a map
of how interoceptive, exteroceptive, and emotional awareness are integrated within the insular cortex.
Hum Brain Mapp 34:2944–2958, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Located within the Sylvian Fissure, the insula is situated
at the intersection of the frontal, temporal, and parietal

lobes. Neuroanatomical tract-tracing studies demonstrate
that the posterior and middle aspects of the insula receive
substantial, reciprocal projections with the surrounding
somatosensory cortex, and also receive nociceptive, ther-
mal, and visceral afferent projections that convey intero-
ceptive information about bodily states important for
homeostatic regulation [Craig, 2002]. The anterior insula,

in contrast, is heavily interconnected with prefrontal corti-

cal and limbic structures, including the anterior cingulate

cortex, orbitofrontal cortex, amygdala, and ventral striatum

[Mesulam and Mufson, 1982; Ongur and Price, 2000]. Per-

haps because of its position at the nexus of multiple neural

systems underlying sensation, emotion, and cognition, the

insular cortex is one of the most frequently reported areas

of activation in the functional neuroimaging literature

[Kurth et al., 2010; Nelson et al., 2010]. Insula involvement

has been observed during the performance of a wide array

Contract grant sponsor: Oklahoma Health Research Award,
Oklahoma Center for the Advancement of Science and
Technology; Contract grant number: HR10-141; The William K.
Warren Foundation; Contract grant sponsor: Laureate Institute for
Brain Research

*Correspondence to: W. Kyle Simmons, Laureate Institute for
Brain Research, 6655 South Yale Ave, Tulsa, Oklahoma
74136-3326. E-mail: wksimmons@laureateinstitute.org

Received for publication 23 November 2011; Revised 8 March
2012; Accepted 3 April 2012

DOI: 10.1002/hbm.22113
Published online 13 June 2012 in Wiley Online Library
(wileyonlinelibrary.com).

VC 2012 Wiley Periodicals, Inc.



of experimental tasks in healthy humans, and abnormal-

ities of insular function have been reported in populations

manifesting a variety of psychiatric or neurological disor-

ders [Craig, 2009]. The insula has been implicated in cog-

nitive and emotional processes as diverse as maternal love

[Bartels and Zeki, 2004], disgust [Jabbi et al., 2008], sexual

arousal [Kuhn and Gallinat, 2011], pain [Brooks et al.,

2002], empathy [Fan et al., 2011], drug craving [Naqvi

et al., 2007], and bowel distension [Eickhoff et al., 2006].
Drawing on influential theories of the relationship

between emotion and bodily states (e.g., James-Lange
Theory of Emotion and Damasio’s Somatic Marker Hy-
pothesis), Craig [2009] proposed that the insula’s role in
these diverse phenomena may be accounted for by its
involvement in interoception, and in particular, succes-
sively higher order re-representations along the insula’s
caudal to rostral axis of interoceptive information and its
associated homeostatic significance. This axis may provide
a medium for integrating interoceptive experience, repre-
sented in its most embodied form in mid-insula and poste-
rior insula, and in a more abstracted format in the anterior
insula, with information about emotional salience and
hedonic potential represented in brain regions to which
the anterior insula is strongly connected, including the
amygdala, orbitofrontal cortex, and striatum [Mufson and
Mesulam, 1982]. This theoretical account is well supported
by experiments demonstrating insula activation when par-
ticipants are made aware of interoceptive sensations,
including thirst, air hunger, heartbeat detection, and dis-
tension of the esophagus, stomach, bladder, or rectum [for
reviews see (Craig, 2002; Craig, 2009)], as well as evidence
that insula damage impairs interoceptive awareness
[Khalsa et al., 2009].

Interoception generally activates posterior and mid-insu-
lar regions [Kurth et al., 2010], with some noteworthy
exceptions finding the anterior insula active during intero-
ceptive awareness [Critchley et al., 2004]. In contrast, proc-
essing emotional stimuli, particularly negatively valenced
stimuli, activates the anterior insula [Kurth et al., 2010].
For example, disgust, guilt, perception of emotional and
fear-related pictures, and retrieval of sad autobiographical

memories are all associated with anterior insula activation

[Jabbi et al., 2008; Liotti et al., 2000; Mathews et al., 2004;

Shin et al., 2000; Wicker et al., 2003]. Insula involvement in

anxiety is particularly well supported. The anterior insula

is activated during risk and the anticipation of punish-

ment, and anxiety-prone individuals exhibit greater activ-

ity in the anterior insula during emotion processing

[Paulus et al., 2003; Simmons et al., 2006]. Similarly, wor-

rying about self-relevant aversive events (e.g., losing a job)

is associated with anterior insula activation [Hoehn-Saric

et al., 2004]. Evidence additionally suggests that insular

involvement in anxiety may partially underlie some clini-

cal anxiety disorders, as symptom provocation in patients

with specific phobias, post-traumatic stress disorder, and

obsessive–compulsive disorder is associated with anterior

insula activation [Rauch et al., 1997]. Interestingly, Caseras

et al. [2011] used conjunction analyses of fMRI data and

showed that overlapping regions of the anterior and mid-

insula respond both to interoception and a phobic symp-

tom provocation paradigm. In light of this, the findings

described above can certainly be accommodated by the

aforementioned theories asserting a hierarchical organiza-

tion in the insula, with anterior regions supporting the

integration of interoceptive and emotional awareness [Pau-

lus and Stein, 2010]. They could also, however, indicate

that the insula plays a primary role in emotional aware-

ness independent of its involvement in the representation

of interoceptive information.
Finally, evidence has accrued that the anterior insula

may be part of a domain-general, ‘‘multiple demand’’ net-
work of brain regions that support task-level control and
focal attention to salient stimuli [Dosenbach et al., 2007;
Duncan and Owen, 2000; Menon and Uddin, 2010; Nelson
et al., 2010; Seeley et al., 2007; Sterzer and Kleinschmidt,
2010]. For example, in ‘‘extended reveal’’ paradigms that
progressively reveal a stimulus out of visual noise, the an-
terior insula responds strongly at the moment of recogni-
tion when the participant perceives the stimulus as a
salient object [Ploran et al., 2007; Wheeler et al., 2008]. Sim-
ilarly, using simple experimental paradigms that employ
relatively impoverished nonemotional stimuli, several
groups have demonstrated robust anterior insula
responses to deviant stimuli embedded amid continuous
stimulus streams [Crottaz-Herbette and Menon, 2006;
Downar et al., 2002]. One interpretation of these findings
is that the anterior insula may be engaged during focal
attention to the detection of salient stimuli [Menon and

Uddin, 2010; Nelson et al., 2010]. If so, this characteriza-

tion would suggest that the anterior insula plays a more

general role in cognition beyond interoception and emo-

tional awareness per se.
Amid the wealth of neuropsychological, electrophysio-

logical, and functional neuroimaging insula findings, there
are unfortunately no studies that directly compare insula
activity and functional organization within the same ex-
perimental paradigm and with the same participants for
these separable sensory, emotional, and cognitive proc-
esses. For example, although studies have directly com-
pared interoception and exteroception [Farb et al., 2012],
or examined the conjunction across different tasks of inter-
oception and the processing of emotional stimuli [Caseras
et al., 2011], no studies have directly compared activity
within the insula to all three sensory, emotional, and cog-
nitive processes within the same scanning task context.
Because this gap exists in the experimental database
regarding the insula’s functional organization, researchers
across diverse literatures have been left to speculate about
which sensory, emotional, or cognitive process might cor-
respond to the particular area of the insula activated in
their respective task. For example, changes in insula activ-
ity reported during tasks that evoke acute anxiety states,
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such as perceiving threatening stimuli, conceivably may
reflect an epiphenomenal consequence of participants’
interoceptive awareness of autonomic changes associated
with anxiety, the heightened deployment of focal attention
associated with processing emotionally evocative stimuli,
or the emotional experience of fear. A study that directly
compares and localizes these sub-processes within the
insula is needed.

To address this need, we asked participants to undergo
BOLD fMRI while alternating among tasks requiring inter-
oceptive attention to visceral sensations, exteroceptive
attention to salient visually presented targets, and anxious
attention to apprehensive life events, with similar stimulus
properties among experimental conditions. Here we show
that there exists a heterogeneous functional topography
across the insula, with distinct regions responding in a
highly selective fashion for interoceptive, exteroceptive,
and emotional processing. In addition, we used these func-
tionally selective insula regions as seeds in resting-state
functional connectivity analyses, and show that each seed
region exhibits selective resting-state functional connectiv-
ity to brain regions associated with interoceptive, extero-
ceptive, or anxious-attention in the independent task data.
Importantly, however, although the insula seed regions
exhibited distinct functional selectivities in the task data,
they shared commonalities in their overall resting-state
functional connectivity. Collectively, these findings eluci-
date the insula’s functional topographic organization and
provide a map of how interoceptive, exteroceptive, and
emotional attention are integrated within the insula’s func-
tional topography.

METHODS

Participants

Fourteen, right-handed native English-speaking volun-
teers (8 female; mean age ¼ 29 years; range 21–43 years)
participated in the study. All participants were paid for
their participation and provided written informed consent
as approved by The University of Oklahoma Institutional
Review Board. All participants completed detailed physi-
cal health screens and mental health evaluations using
both structured and unstructured diagnostic interviews.
Exclusion criteria included a prior history of major medi-
cal or psychiatric disorders, head injury or neurological
disorders, current pregnancy, lifetime history of substance
dependence, substance abuse within 1 year, exposure
within 3 weeks to psychotropic or other medications
expected to influence cerebral blood flow or function, or
general MRI exclusions.

Experimental Design

Stimuli were back-projected on to a screen located at the
foot of the scanner bore, and viewed through a mirror sys-

tem mounted on the head-coil. Stimulus presentation and
response collection were controlled using Eprime2 soft-
ware (www.pstnet.com).

Upon entering the scanner, participants first underwent
a resting-state fMRI scan, during which they viewed a
black fixation-cross presented against a white background.
Participants were asked to clear their mind and not think
of anything in particular for the duration of the 7 min 30-
second scan. Because of participant head motion or techni-
cal difficulties during image acquisition, only 12 of the 14
participants’ resting-state scans were available for analysis
of the resting BOLD data.

Upon completing the resting-state scan, participants
received verbal instructions about the experimental task,
and underwent a short training run during which they
practiced alternating among the three different task condi-
tions: interoceptive attention to visceral sensations, extero-
ceptive attention to visually presented targets, and
attention to apprehensive life events. Immediately follow-
ing the training the participants performed the experimen-
tal task during four fMRI scanning runs, each lasting 7
min 30 s.

During the interoception condition, participants viewed
the words ‘‘HEART’’ and ‘‘STOMACH’’ presented individ-
ually four times in each scanning run in black font against
a white background for 15 s. Participants were instructed
that for the entire time the word remained on the screen
they should focus their attention on any sensations they
felt in the part of the body to which the word referred. Im-
mediately following one-half of the interoception blocks,
participants were asked to rate how full their stomach felt
or how quickly their heart was beating during the preced-
ing 15-s period. Participants provided their ratings via a
magnetic resonance-compatible handheld scroll-wheel that
moved a cursor along a visual analog scale numbered
from 1 to 7, with 1 indicating no sensation, and 7 indicat-
ing either an extremely full sensation, or extremely fast
heartbeat. Participants had 5 s to provide their intensity
ratings. The rating periods were included in the task to
help ensure participants remained attentive to the task.

During the ‘‘anxiety’’ condition, participants saw either
the word ‘‘RELATIONSHIP,’’ ‘‘MONEY,’’ ‘‘CLIMATE,’’ or
‘‘TERRORISM’’ presented four times in each run in black
font against a white background for 15 s. Participants
were instructed that for the entire time the word remained
on the screen they should focus on anxieties and concerns
they experience related to each of these four topics. Imme-
diately following one-half of the ‘‘worry’’ blocks, partici-
pants were asked to rate how intensely they experienced
anxieties regarding the word during the preceding 15-s pe-
riod. Again, participants provided ratings via a handheld
scroll-wheel that moved a cursor along a visual analog
scale numbered from 1 to 7, with 1 indicating no anxiety
and 7 indicating extremely intense anxieties. Participants
had 5 s to provide their ratings.

During the exteroception condition, participants fixated
on an ‘‘O’’ presented four times in each run in black font
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against a white background for 15 s. At random intervals
during the 15-s block, the ‘‘O’’ was replaced with a target
character (an ‘‘X’’) for 500 ms. The exteroception targets
appeared between 1 and 7 times during each 15-s extero-
ception block. Participants were instructed to attend to the
exteroception task for the entire 15-s period and to keep
track of how many targets were presented. Immediately
following one-half of the exteroception blocks, participants
were asked to indicate the number of targets they detected
during the preceding 15-s period. Participants provided
responses via a handheld scroll-wheel that moved a cursor
along a visual analog scale numbered from 1 to 7. Partici-
pants had 5 seconds to provide their ratings.

In each of the four fMRI task scanning runs, the three
conditions were presented in a pseudo-random order
optimized for fMRI analysis by Optseq2 (http://surfer.
nmr.mgh.harvard.edu/optseq/). Each condition block was
separated by a variable-duration interstimulus interval
lasting between 2.5 and 15 s (mean interval ¼ 6.14 s), dur-
ing which time participants saw only a black fixation mark
against a white background.

Data Acquisition

All functional and structural MR images were collected
using a General Electric Discovery MR750 whole-body 3
Tesla MRI scanner. The scanner is equipped with a scal-
able 32-channel digital MRI receiver capable of performing
massively parallel fMRI. A brain dedicated and optimized
for parallel-imaging, receive-only 32-element surface coils
array (Nova Medical) was used for MRI signal reception.
A single-shot gradient-recalled EPI sequence with Sensitiv-
ity Encoding (SENSE) depicting blood oxygenation level
depended (BOLD) contrast, was used for functional scans.
The following EPI imaging parameters were used: FOV/
slice/gap ¼ 240/2.9/0 mm, 46 axial slices per volume, ac-
quisition matrix ¼ 96 � 96, repetition/echo time TR/TE ¼
2,000/30 ms, SENSE acceleration factor R ¼ 2 in the phase
encoding (anterior–posterior) direction, flip angle ¼ 90o,
sampling bandwidth¼ 250 kHz, number of volumes 180,
scan time 7 min 30 s. The EPI images were reconstructed
into a 128 � 128 matrix, in which the resulting fMRI voxel
volume was 1.875 � 1.875 � 2.9 mm3. Additionally, simul-
taneous physiological pulse oximetry and respiration
waveform recordings were conducted (with 50 Hz sam-
pling) for each fMRI run. A photoplethysmograph with an
infra-red emitter placed under the pad of the participant’s
left index finger was used for pulse oximetry, and a pneu-
matic respiration belt was used for respiration measure-
ments. A T1-weighted magnetization-prepared rapid
gradient-echo (MPRAGE) sequence with SENSE was used
to provide an anatomical reference for the fMRI analysis.
The anatomical scan had the following parameters:
FOV¼ 240 mm, axial slices per slab¼ 128, slice
thickness¼ 1.2 mm, image matrix¼ 256 � 256, voxel vol-
ume 0.9 � 0.9 � 1.2 mm3, TR/TE¼ 5/1.9 ms, acceleration

factor R ¼ 2, flip angle ¼ 80, delay time TD ¼ 1,400 ms,
inversion time TI ¼ 725 ms, sampling bandwidth ¼ 31.2
kHz, scan time ¼ 4 min 58 s.

Data Preprocessing and Analyses

Prior to statistical analyses, imaging preprocessing was
performed using AFNI (http://afni.nimh.nih.gov/afni).
The anatomical scan was registered to the first run of the
EPI data using AFNI’s anatomical-to-epi alignment proce-
dure. The anatomical scan was then spatially transformed
to the stereotaxic array of Talairach and Tournoux [1988]
using AFNIs automated algorithm and the transformation
parameters were saved for use later in the pre-processing.
The first four volumes of each gradient-echo EPI time-
course were excluded from data analysis to allow the
fMRI signal to reach steady state, and a slice time correc-
tion was applied to all EPI volumes. Estimates of the
transformations necessary to register all EPI volumes to
the first volume of the first EPI time-course (i.e., the rest-
ing-state scan, to which the anatomical scan was regis-
tered) were then saved both for the next step in the
preprocessing, and also for use in the statistical analyses.
Motion correction and spatial transformation of the EPI
data were then implemented in a single image transforma-
tion, and the data were subsequently resampled to a 2
mm � 2 mm � 2 mm grid. The EPI data were then
smoothed with a 6 mm full-width at half-maximum Gaus-
sian kernel, and the signal value for each EPI volume was
normalized to the percent signal change from the voxel’s
mean signal across the time-course.

Preprocessing of the resting-state scans employed a
modified version of the ANATICOR method [Jo et al.,
2010]. The first four volumes of the resting state-scan
were excluded to remove T1 effects in the data. A des-
piking interpolation algorithm (AFNI’s 3dDespike) was
then used to remove any transient signal spikes from
the data that might artificially inflate estimates of the
correlation among voxels’ time-series, followed by slice
time correction. Each volume in the resting state EPI
time-course was then registered to the first volume
(which was registered to the anatomical scan). Masks of
the participant’s ventricles and white matter were con-
structed using FreeSurfer (http://surfer.nmr.mgh.harvar-
d.edu/), and each was eroded slightly to prevent partial
volume effects that might include signal from gray mat-
ter voxels in the mask. First we calculated the average
time course during the resting-state run within the ven-
tricle mask. Next, to produce estimates of the local phys-
iological noise, we calculated for each gray matter voxel
the average signal time-course for all white matter vox-
els within a 1.5 cm radius. We also used the respiration
and cardiac traces collected during the resting-state scan
to calculate Respiration Volume per Time (RVT) [Birn
et al., 2008] parameters using the RetroTS.m plugin for
Matlab. Mean, linear, quadratic, and cubic trends were
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removed from the all the regressors of non-interest
described above. In total, the estimates of physiological
and nonphysiological noise included the 6 motion pa-
rameters (3 translations, 3 rotations), the average ventri-
cle signal, the average local white matter signal, and 9
respiration regressors from Retroicor and RVT. The pre-
dicted time-course for these nuisance variables was con-
structed using AFNI’s 3dTfitter program, and then
subtracted from each resting-state voxel time-course,
yielding a residual time-course for each voxel. This re-
sidual resting-state time-course was then smoothed with a
6 mm FWHM Gaussian kernel, resampled to a 2 mm �
2 mm � 2 mm grid, and spatially transformed for all
subsequent analyses.

Statistical Analyses

Multiple regression was used to analyze the task data.
The regression model included regressors for the intero-
ception, exteroception, and anxiety conditions. To adjust
the model for the shape and delay of the BOLD function,
the three task regressors were constructed by convolution
of a gamma-variate function and a box-car function having
a 15-second width beginning at the onset of each occur-
rence of the condition. Additionally, the regression model
included regressors of non-interest to account for each
run’s signal mean, linear, quadratic, and cubic signal
trends, as well as 6 motion parameters (3 translations, 3
rotations) computed during the image registration prepro-
cessing. The individual participants’ beta weights from the
regression analysis were then combined in a group ran-
dom effects ANOVA to evaluate condition effects at the
population-level.

We used conjunction analyses to identify regions of the
insula that responded selectively to a particular condition
[Nichols et al., 2005]. For example, interoception-selective
voxels were defined by a conjunction of t-tests with intero-
ception > exteroception AND interoception > anxiety,
with each of the individual tests separately FDR-corrected
for multiple comparisons (pFDR < 0.05). To reduce the
chance that the identified voxels responded to the other
(noninteroception) conditions, we additionally masked out
all voxels exhibiting a reliable difference in activity
between the exteroception and anxiety conditions (pFDR
< 0.05). Finally, to rule out the possibility that small areas
of intersection among the t-maps could be induced by spa-
tial smoothing and resampling, we applied a modest clus-
ter-size threshold of 10 voxels to the conjunction maps of
interoception-selective voxels. Exteroception-selective, and
anxiety-selective voxels were identified in a like manner,
with exteroceptive-selective voxels defined as exterocep-
tion > interoception AND exteroception > anxiety and no
reliable differences observed between interoception and
anxiety, and anxiety-selective voxels defined by anxiety >
interoception AND anxiety > exteroception and no reliable
differences observed between interoception and exterocep-

tion. All t-maps were separately corrected for multiple
comparisons using the false discovery rate (pFDR < .05).
Because spatial smoothing and resampling could induce
small areas of intersection among the t-maps, we then also
applied a cluster-size threshold of 10 voxels to the con-
junction maps of condition-selective voxels. This step was
taken to guarantee that any clusters we observed could
not simply be due to the smoothing together of boundaries
between functionally heterogeneous regions. Thus, not
only are the maps for each condition corrected for multi-
ple comparisons, we then applied an additional (cluster)
threshold. The rationale for doing the analyses on group
data in this manner is that the random effects analysis
takes into account the variability across the participants,
thus both guaranteeing that the preponderance of subjects
show a given effect at a voxel, and that the observed effect
can be inferred to be a property of the population, rather
than the sample. Both of these inferences become stronger
the higher the p-value threshold applied to the data. We
used pFDR < 0.05 as our threshold as this both controls
the Type I error by correcting for comparisons, while also
minimizing the Type-II false-negative rate. Taken together,
we believe that our use of conjunctions of individually cor-
rected random effects statistical maps (which take into
account inter-individual variability and balance Types I
and II error), plus the application of an additional cluster
size threshold on the conjunction map, is highly
conservative.

Finally, to localize condition-selective clusters within the
insula, we inclusively masked both insular lobes using an
anatomical mask drawn on the TT-N27 atlas brain within
AFNI.

Functional connectivity analyses on resting-state scan
data were conducted as follows. At the participant-level,
the seed time-series for each of the condition-selective
clusters was constructed by calculating the average time
series during the resting-state scan within all voxels in
each condition-selective cluster identified in the conjunc-
tion analyses of the task data. Using multiple regression
analysis we produced maps of the time-course correlations
(r-values) between each of the seed regions and all voxels
in the brain. These r-values were then transformed to Z-
scores using Fisher’s r-to-Z transformation. To identify
voxels exhibiting greater correlations with one seed
voxel than all other seeds (i.e., selective functional connec-
tivity), we implemented a series of group-level random
effects paired-sample t-tests comparing the Z-scores associ-
ated with each seed against each of the other seeds’
Z-scores. We then used conjunction analyses on the
t-maps to identify those voxels where functional connectiv-
ity with a particular seed was greater than each of the
other seeds at P < 0.005. For example, voxels that were
identified as being selectively functionally connected to
the ventral interoceptive-selective cluster were those
voxels where Zventral_Interoception > Zdorsal_Interoception AND
Zventral_Interoception > ZExteroception AND Zventral_Interoception >
Anxiety, with each t-map separately thresholded at
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p < .005. An additional cluster size threshold of at least
10 voxels was applied to the conjunction maps. The
resulting conjunction maps show voxels, derived from
an independent resting-state dataset, that were selec-
tively functionally connected to the condition-selective
clusters identified in the task data.

To identify regions of shared functional connectivity
among the seed regions, correlation maps with each seed
region’s average time series were produced in the manner
described above, and converted to Z-maps. At the group-
level, all participants’ Z-maps were combined in a random
effects one-sample t-test to identify voxels with mean
scores across participants that differed from zero with P <
0.005. We then took the union of these maps to identify
voxels with shared functional connectivity to all of the
condition-selective clusters identified in the task data.
Additionally, the condition-selective clusters were exam-
ined for similar whole-brain resting-state functional con-
nectivity using the eta2 analysis method described by
Cohen et al. [2008]. In the context of fMRI, eta2 measures
the overall similarity of two functional connectivity maps,
with a value of 1 indicating perfect similarity, and 0 indi-
cating no similarity. Eta2 values for each participant were
calculated between each pair of Z-score maps for each
of the task-selective clusters. The group eta2 values were
then averaged to obtain a mean eta2 matrix (presented in
Fig. 3c).

RESULTS

Behavioral Responses During the Scanner Task

Subjects’ behavioral responses indicated that they per-
formed the tasks as instructed. Responses to exterocep-
tive target detection trials were highly accurate (Mean ¼
88.5%, SD ¼ 8.2%). Ratings following interoceptive atten-
tion trials indicated that participants were clearly able
to attend to their interoceptive experience, and reported
moderately strong interoceptive sensations, with mean
ratings near the middle of the 7-point scale (Mean ¼
3.2, SD ¼ 1.2). Similarly, intensity ratings following the
anxiety trials indicated that participants experienced
moderately high levels of anxiety, with mean
ratings near the middle of the 7-point scale. (Mean ¼
4.1, SD ¼ 1.7).

Functional Selectivity within the Insular Cortex

As described in the Methods, functional selectivity for a
task was herein defined in a statistically conservative
manner, requiring reliably greater activation for one con-
dition than each of the other conditions, with each con-
trast separately corrected for multiple comparisons, and
with the additional constraint that we excluded those
voxels exhibiting a reliable difference in the amount of
activation between the other two tasks. This definition

insures that any region identified as ‘‘functionally selec-
tive’’ exhibits reliably greater responses to a particular
condition than to all other conditions, and the region’s
activity does not also reliably discriminate between the
other two conditions.

Four regions of the insula exhibited activation profiles
across conditions that satisfied this definition of ‘‘func-
tional selectivity’’ (Fig. 1, Table I). Two mid-insula regions
exhibited functionally selective responses during intero-
ception. One region was located in the dorsal mid-insula
near the fundus of the circular insular sulcus. The other
interoception-selective region was located more ventrally
and rostrally along the anterior short and middle short in-
sular gyri. In contrast, exteroception selectively activated a
region in the right dorsal anterior insula and frontal operc-
ulum in the fundus of the circular insular sulcus. Finally,
and in contrast to the other two conditions, a region in the
left ventral, anterior insula, near the intersection of the an-
terior short and accessory insular gyri, was selectively acti-
vated during the anxiety condition.

Outside the insula, functionally selective regions were
observed for all three tasks, particularly in brain areas
associated in earlier research with focal attention, emotion,
and interoception (Table II).

Resting-State Functional Connectivity to Insular

Cortex Regions Selective for Interoception,

Anxiety, or Exteroception

For each of the functionally selective insular clusters
described above, we sought to identify brain regions
exhibiting reliably greater covariation in the spontaneous
resting-state BOLD fluctuations relative to the other func-
tionally selective clusters. As described in the Methods,
we did so by defining as seed regions the four condition-
selective insula clusters, and then performing conjunction
analyses to identify brain regions that exhibited reliably
greater correlations with the signal variation in one of
those seed regions than to each of the other seeds. We
refer to these as regions exhibiting ‘‘selective functional
connectivity’’.

Although the two insular regions selective for intero-
ception exhibited highly similar response patterns across
tasks (see bar graphs Fig. 1), and both regions were
located in the mid-insular region of the same hemi-
sphere, these regions exhibited marked differences in
their selective functional connectivity (Fig. 2 and Table
III). The dorsal mid-insula seed region exhibited selective
functional connectivity to regions in the somatosensory
network, including the post-central gyrus bilaterally, the
right posterior insula, and the left mid-insula. In con-
trast, the ventral mid-insular interoception seed-region
exhibited selective functional connectivity with the entire
ventral insula bilaterally, including regions immediately
adjacent to the two anxiety- and exteroception-selective
insula regions. Importantly, the ventral interoception
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seed region was additionally selectively functionally con-
nected to the left temporoparietal junction (TPJ) and sub-
genual anterior cingulate cortex (ACC), two regions well
known for their involvement respectively in the con-
scious experience of physical embodiment and auto-
nomic interactions with emotion [De Ridder et al., 2007;
Drevets et al., 2008].

The ventral anterior insula anxiety seed-region exhibited
selective functional connectivity to a network of regions
that included the left dorsolateral, medial-orbitofrontal,
and inferior prefrontal cortex, the midline supplementary
motor area (SMA), the dorsal parietal cortex, and the left
caudate (Table III). The dorsal anterior insula exterocep-
tion seed-region exhibited selective functional connectivity
to a region of the right dorsal anterior prefrontal cortex
previously implicated in the cingulo-opercular attention
control network [Dosenbach et al., 2007].

Many anatomical and functional connectivity studies
have demonstrated that the insula and anterior cingulate

cortex (ACC) form the core of an insula-ACC salience and
control network [Dosenbach et al., 2007]. The lack of sig-
nificant insula-ACC functional connectivity findings may
be accounted for, however, by the fact that these analyses

TABLE I. Insular regions responding selectively under

the interoception, exteroception, or anxiety conditions

Side/location

Coordinates

Peak T

Volume
(mm3)X Y Z

Interoception
Right mid-insula þ37 �3 þ16 4.18 232
Right mid-insula þ45 þ1 0 4.40 376

Anxiety
Left anterior insula �31 þ23 þ4 4.21 160

Exteroception
Right dorsal anterior insula þ33 þ15 þ10 3.87 472

Figure 1.

Random effects group conjunction analyses reveals insular

regions responding selectively during interoception (orange),

exteroception (blue), and anxiety (green). The coronal slices

show the four regions of the insula exhibiting functionally selec-

tive responses as defined in the random effects conjunction anal-

yses. For example, the two orange clusters at Y ¼ �2 show

regions in the right mid-insula where activity during the intero-

ception condition was greater than during the exteroception

condition (P < 0.05 corrected) AND activity during interocep-

tion condition was greater than during the anxiety condition

(P < 0.05 corrected) AND no reliable differences were

observed in the activity during the exteroception and anxiety

conditions. The bar graphs show the average percent signal

change across participants in the four functionally selective clus-

ters relative to the signal baseline. The colored planes running

through the rendered brain in the top left corner of the figure

show the locations of the three coronal slices. The color inten-

sity gradations in each cluster represent the average t-statistic at

that voxel across all t-maps included in the conjunction analysis.
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identify regions that are reliably more functionally con-
nected to one of the seed regions than to any of the other
seed regions. In contrast to mapping the regions exhibiting
selective functional connectivity to any one of the seed
regions relative to the other seeds, we also identified
regions exhibiting shared functional connectivity to all of
the seed regions. Importantly, the four regions of the
insula exhibiting distinct (functionally selective) responses
in the task data also exhibited similar patterns of func-
tional connectivity with the wider brain (Fig. 3a,b). In fact,
large portions of the frontal lobes, including the ACC, the
parietal, posterior temporal, and occipital lobes, and the
striatum, thalamus, and amygdala exhibited spontaneous
resting-state BOLD fluctuations that were reliably corre-
lated with all four functionally selective regions of the
insula. This finding highlights the insula as a region capa-
ble of supporting the integration of information across
neural systems. In fact, the overall similarity of the four
seed regions’ whole-brain functional connectivity profiles
is demonstrated by their eta2 similarity matrices [Cohen
et al., 2008] (Fig. 3c), with all pairs of seed regions exhibit-
ing similarity values in excess of 0.66.

DISCUSSION

The findings reported here demonstrate a heterogeneous
functional topography along the insula with distinct
regions responding during interoceptive-, exteroceptive-,
and emotional-attention. These functionally selective insula
regions exhibit both distinct and overlapping patterns of
resting-state functional connectivity across the brain; a
finding that supports both the selectivity of the responses
observed in the task data, and a role for the insula as an
important region for integrating across neural systems.

Interoceptive Attention in the Insula

It is well established 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]. By instructing participants to
focus on their naturally occurring interoceptive sensations,
we used this attentional spotlight effect to identify two in-
sular regions selectively activated during interoception of
visceral sensations.

TABLE II. Regions outside the insula that responded

selectively for either the interoception, exteroception,

or anxiety conditions

Side/location

Coordinates

Peak T

Volume
(mm3)X Y Z

Interoception
L postcentral gyrus �51 �21 þ32 5.14 1,704
R insula and precentral gyrus þ53 �5 þ8 6.04 1,352
R postcentral gyrus þ51 �15 þ18 3.72 1,272
L precuneus �11 �63 þ46 4.46 1,032
L middle frontal gyrus �41 þ31 þ28 4.02 464
R dorsal insula þ37 �3 þ16 4.18 232
R cuneus þ13 �77 þ24 4.02 208
R inferior parietal lobule þ41 �27 þ26 4.13 192
R inferior frontal gyrus þ21 þ25 �6 3.88 128
L precentral gyrus �55 þ5 þ32 3.93 88
L postcentral gyrus �55 �21 þ16 3.28 80

Anxiety
L medial frontal gyrus �5� þ45 þ28 8.39 15,152
L superior temporal gyrus �43 þ5 �22 8.75 7,640
R cerebellum þ31 �71 �34 8.36 4,832
R posterior cingulate þ1 �51 þ24 6.23 2,408
L precuneus �43 �71 þ34 6.98 2,352
L caudate �5 þ15 þ12 5.24 2,072
L parahippocampal gyrus �19 �25 �12 5.64 1,800
L posterior cingulate �13 �47 þ22 4.94 1,632
L subgenual cingulate �1 þ9 �4 4.93 1,160
L medial frontal gyrus �9 þ13 þ44 6.22 776
R superior temporal gyrus þ43 þ5 �16 5.62 536
L insula �31 þ23 þ4 4.21 496
R cerebellar tonsil þ7 �51 �34 5.37 400
L middle frontal gyrus �31 þ39 �4 4.31 336
R hippocampus þ29 �21 �8 3.54 208
L anterior thalamus �3 �3 þ10 3.44 200
R inferior frontal gyrus þ53 þ19 þ14 3.84 192
L culmen �13 �53 �18 3.29 168
L middle temporal gyrus �57 �33 �4 3.64 168
L caudate tail �17 �31 þ22 3.48 136
L cingulate gyrus �1 �17 þ38 4.72 120
R inferior temporal gyrus þ45 �7 �32 3.59 112
R culmen þ25 �35 �22 3.78 80
L middle frontal gyrus �25 þ17 þ56 4.68 80

Exteroception
R inferior parietal lobule þ51 �55 þ38 8.81 23,328
R precentral gyrus þ39 þ1 þ36 7.75 19,872
R thalamus þ9 �25 þ12 7.64 7,640
L cerebellar tonsil �31 �45 �30 5.75 5,200
R middle frontal gyrus þ41 þ39 �2 7.44 3,200
R medial frontal gyrus þ5 þ33 þ38 6.18 1,952
L middle occipital gyrus �39 �63 �2 5.34 1,368
R medial frontal gyrus þ3 �1 þ52 4.37 800
L precuneus �23 �65 þ24 4.57 496
R lentiform nucleus þ17 þ7 �8 3.94 400
R superior frontal gyrus þ21 þ39 �6 4.75 304
R caudate þ7 þ11 þ6 5.27 232
R cerebellar tonsil þ11 �31 �34 3.09 160
R lentiform nucleus þ29 �17 þ2 3.70 128
R culmen þ9 �35 �24 3.04 112
R cingulate gyrus þ5 �9 þ32 3.75 112

TABLE II. (Continued)

Side/location

Coordinates

Peak T
Volume
(mm3)X Y Z

L precentral gyrus �41 �11 þ44 3.13 112
L cerebellum �15 �27 �34 3.95 88
R parahippocampal gyrus þ19 �13 �24 3.91 88
R cerebellar tonsil þ19 �37 �38 3.41 80
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One of the interoceptive-selective regions in the present
study was located in an area of the dorsal mid-insula char-
acterized by granular cortex [Mesulam and Mufson, 1982].
This insular region is near the terminus of the ascending
neural pathway that carries information from the viscera
through the nucleus of the solitary tract, and on to the
ventral medial nucleus of the thalamus, before arriving in
the mid-dorsal insula [Craig, 2002]. The other interocep-
tion-selective region was located ventral and anterior to
the dorsal insula cluster, in the dysgranular insula. Both
areas of activation localize to insular regions implicated in
interoception [Farb et al., 2012; Kurth et al., 2010; Pollatos
et al., 2007], and both exhibited nearly identical degrees of
selectivity for interoception relative to the other conditions.
As a result, on the bases of their functional selectivity
alone, it would be difficult to infer whether they make dis-
tinct contributions to interoceptive attention. Importantly,
however, previous studies have demonstrated differences
in both structural and functional connectivity across the
insula [Cauda et al., 2011; Cerliani et al., 2011; Cloutman
et al., 2012; Jakab et al., 2011; Nelson et al., 2010]. The find-

ings from the present study agree with this earlier work
by finding distinctive patterns of selective resting-state
functional connectivity for the two different interoceptive-
selective regions within the insula, a finding that suggests
markedly different roles for these two regions. Relative to
other seed regions, spontaneous resting-state BOLD fluctu-
ations in the dorsal mid-insula interoceptive cluster were
significantly more correlated with activity in sensorimotor
cortex, including the post-central gyrus and the posterior
insula. Activity in the dorsal insula thus may be related to
the representation of visceral somatosensation. In contrast,
spontaneous resting-state BOLD fluctuations in the ventral
mid-insular interoception region were significantly more
correlated with activity in the anterior insula adjacent to
the regions that responded selectively during the extero-
ception and emotion conditions, as well as to the subge-
nual ACC and the temporoparietal cortex. The ventral
interoception region thus may play a role in the integra-
tion of interoceptive signals with information in dorsal an-
terior insular regions subserving salience and focal
attention. Additionally, because its activity appears yoked

Figure 2.

Random effects group conjunction analyses demonstrating

regions of selective resting-state functional connectivity to either

the interoception, exteroception, or anxiety insular seed

regions. Regions in the mid- and posterior-insula and somatosen-

sory cortex highlighted in gold exhibited greater resting-state

functional connectivity to the dorsal mid-insula cluster that

responded selectively during the interoception condition in the

task data, than to each of the other three seed regions defined

in the task data (with each statistical contrast separately thresh-

olded at P < 0.005). Regions in the ventral insula and subgenual

anterior cingulate highlighted in red exhibited greater resting

state functional connectivity to the ventral mid-insula cluster

that responded selectively during the interoception condition in

the task data, relative to each of the other seed regions (again,

with each statistical test separately thresholded at P < 0.005).

Likewise, green and blue highlights show regions of selective

functional connectivity to the anxiety- and exteroception-selec-

tive clusters defined in the task data. The color intensity grada-

tions in each cluster represent the average t-statistic at that

voxel across all t-maps included in the conjunction analysis.
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to ventral anterior insula regions adjacent to the cortex
that was functionally selective for emotion processing, as
well as to the subgenual ACC, this ventral mid-insula
interoception region may be an important mediator in the
emotional modulation of autonomic activity. The strong
relationship between the ventral interoception-selective
cluster and the subgenual ACC is particularly interesting
as dysfunction within this region is thought to underlie
disruptions of autonomic regulation with emotion that are
observed in clinical depression [Drevets et al., 2008].

To summarize, attention to interoceptive states selec-
tively activates multiple insula regions, one closely related
to the somatosensory system, the other slightly more ante-
rior that is tightly coupled to a region of ventromedial pre-

frontal cortex implicated in emotional regulation of
autonomic responses, and a region of temporoparietal cor-
tex previously implicated in body schemata and ‘out of
body’ experiences [De Ridder et al., 2007]. These findings
appear to support theories [Craig, 2009; Damasio, 1993;
Singer et al., 2009] positing the existence of multiple hier-
archically organized insula regions underlying ‘‘meta-rep-
resentations’’ of the body’s homeostatic state. For both
Damasio and Craig [Craig, 2009; Damasio, 1993], these so-
called ‘‘somatic markers’’ give rise to the emotionally tex-
tured sentience colloquially described as the ‘‘self’’. If so,
aberrations within this circuit should lead to disruptions
of one’s sense of self. It is thus significant that the insular
region associated here with interoception, and the

TABLE III. Regions exhibiting selective functional connectivity to one of the

interoception, exteroception, or anxiety seed regions

Side/location

Coordinates

Peak T Volume (mm3)X Y Z

Ventral interoception cluster seed region
R insula þ43 �5 þ4 27.92 3504
L insula �41 �13 þ8 17.17 1624
L subgenual anterior cingulate þ1 þ23 �8 6.08 720
L cerebellum �39 �71 �22 5.57 256
L declive �15 �85 �20 6.68 128
R superior temporal gyrus/
temporoparietal junction

þ67 �35 þ6 4.69 88

Dorsal interoception cluster seed region
R insula þ35 þ1 þ14 28.14 5080
L insula �33 �3 þ12 11.18 832
L postcentral gyrus �47 �19 þ20 13.51 544
R precentral gyrus þ53 �23 þ40 13.35 224
R paracentral lobule þ31 �41 þ48 13.41 192
R postcentral gyrus þ43 �27 þ38 9.80 104
L middle cingulate gyrus �15 �9 þ40 6.76 96
R paracentral lobule, R SMA þ15 �19 þ58 5.49 96

Anxiety/rumination cluster seed region
L insula �25 þ23 þ6 25.80 5224
L inferior frontal gyrus �35 þ9 þ28 12.42 4920
L caudate �13 þ7 þ10 22.51 2392
L angular gyrus, L precuneus,
L inferior parietal lobe

�27 �51 þ36 6.38 2040

L medial frontal gyrus �7 þ19 þ44 9.61 1464
L superior frontal/L cingulate gyrus �13 þ27 þ24 11.14 1328
L middle frontal gyrus �3 þ11 þ54 14.96 448
R caudate þ13 þ9 þ14 21.04 320
L medial dorsal thalamus �7 �17 þ14 11.74 152
R inferior frontal gyrus þ35 þ29 þ2 9.62 144
R superior frontal gyrus þ17 þ49 þ18 6.72 144
L medial frontal gyrus �21 þ51 þ20 6.98 112
R superior frontal gyrus þ13 þ45 þ34 5.32 104
L superior frontal gyrus,
L superior orbital gyrus

�13 þ53 �2 6.65 80

R caudate þ11 þ11 þ8 15.58 80
Exteroception cluster seed region

R insula þ33 þ17 þ8 31.38 2416
R middle frontal gyrus þ37 þ37 þ34 11.35 240
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subgenual ACC and temporoparietal regions to which it is
strongly functionally connected, have all been repeatedly
implicated in depersonalization disorder, a psychiatric
condition characterized by feelings of detachment from
one’s own body and mental processes [Sierra and David,
2011].

Insula Activity During Anxious Rumination

In this study, which is the first to directly compare emo-
tional and interoceptive processing in the same partici-

pants, anxious rumination selectively activated a region of
the left ventral anterior insula. As evident in Figure 1, not
only was this region reliably more active during anxious
rumination than in all other conditions, interoceptive
attention did not activate the region over the signal base-
line (e.g., fixation cross). This finding is significant because
it demonstrates that interoception and anxiety are at least
dissociable within the insula. For example, previous stud-
ies have demonstrated increased anterior insula activity
during anxious anticipation of aversive stimuli [Nitschke
et al., 2006]. The findings reported here appear to exclude
the possibility that the anterior insula’s role in these

Figure 3.

Random effects group conjunction analyses demonstrating

regions of overlapping resting-state functional connectivity to

the interoception, exteroception, or anxiety insular seed

regions. (a) Sagittal images show regions exhibiting resting-state

functional connectivity (P < 0.005) to the dorsal mid-insula

interoception seed region (gold), ventral mid-insula interocep-

tion seed (red), ventral anterior insula anxiety seed (green), and

dorsal anterior insula exteroception seed region. (b) Sagittal

images showing regions of overlapping resting-state functional

connectivity (i.e., the conjunction of all four maps in Fig. 3a).

The color intensity gradations in this figure represent the aver-

age t-statistic at a voxel across all t-maps included in the union

of the t-images. (c) eta2 heat map demonstrating high overall

similarity in the whole-brain resting-state functional connectivity

maps for the interoception, exteroception, or anxiety insular

seed regions. The color of each triangle indicates the average

eta2 value across all participants, with the individual participants’

values indicated by the colors along the hypotenuse of each

triangle.
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responses is strictly an epiphenomenal consequence of
participants’ interoceptive attention to the autonomic
changes they manifest while anticipating those stimuli.

At least one of two alternative explanations thus appears
more likely. One possibility derives from the aforemen-
tioned theories of Craig and Damasio positing hierarchi-
cally organized regions within the insula representing
information about the body’s homeostatic state [Craig,
2002, 2009; Damasio, 1993]. Whereas the interoceptive-
selective regions we observed in the mid-insula may repre-
sent relatively lower-level physical sensations experienced
in the body, the anxiety-selective region we observed in
the anterior insula may represent a type of high-level
homeostatic information, perhaps about the overall state of
the body, which is an important component of emotional
experience and a sense of well-being. Paulus and Stein
[2010] in particular have noted the importance of the ante-
rior insula for alliesthesia, a process by which subjective
evaluations of homeostatic signals are linked to external
stimuli. By this account, high-level representations of the
body’s current homeostatic state in the anterior insula sup-
port beliefs about the significance for one’s well-being of
external stimuli or internal thoughts. The ventral anterior
insula emotion-selective region observed in this study may
be the site of these high-level homeostatic representations,
thereby linking interoceptive signals represented in more
posterior insular cortex with perceptual information about
the outside world and high-level reasoning about its con-
tents represented in other brain regions to which the ante-
rior insula is connected. This process of linking
homeostatic information with perceptual and high-level
cognitive representations may allow assessments of the
self-relevance of events both outside and inside the mind,
which in turn should be critical for producing appropriate
affective responses. A second possible account of the find-
ings in the present study, however, is that this ventral an-
terior insular region may represent an emotion-processing
system within the insula that is completely distinct from
interoceptive information. We find this account unlikely
given the theoretical reasons for grounding at least part of
emotional experience in interoceptive awareness, as well
the wealth of data indicating a relationship between inter-
oceptive and emotional acuity [Barrett et al., 2004; Dunn
et al., 2010]. The main goal in directly comparing intero-
ception and anxious rumination in the present study was
simply to identify whether the two conditions are even
dissociable within the insula. Ultimately, the definitive
interpretation of the roles played by the emotion-selective
cluster in the present study must await future experiments
designed to more directly assess the information content
of this region.

Exteroceptive Attention in the Insula

Exteroceptive attention selectively activated the right
dorsal anterior insula. The exteroception-selective region

of the dorsal anterior insular cortex exhibited differential
functional connectivity with a region of the right anterior
prefrontal cortex implicated in the ventral attention net-
work [Fox et al., 2006] and cingulo-opercular control net-
work [Dosenbach et al., 2007]. This finding agrees very
well with recent findings demonstrating functional connec-
tivity between the dorsal anterior insula and the anterior
prefrontal region implicated in attention and cognitive
control [Deen et al., 2011; Touroutoglou et al., 2012].

Given the strong connectivity with the anterior prefron-
tal portion of the ventral attention/cingulo-opercular con-
trol networks, it may be initially surprising to see that the
exteroceptive-selective insula region was not also selec-
tively functionally connected with another important com-
ponent of this network, the dorsal ACC [Taylor et al.,
2009]. In fact, rather than exhibiting selective-functional
connectivity with only the exteroceptive-selective insula
region, the dorsal ACC exhibited spontaneous resting-state
BOLD fluctuations that were correlated with each of the
condition-selective clusters in the insula. This highlights
an important point about the functional connectivity find-
ings in this study. Although there were many regions
where spontaneous resting-state activity was more highly
correlated with one of the four condition-selective insula
clusters than all the others, the four interoception-, extero-
ception-, or anxiety-selective clusters shared many regions
of functional connectivity in common. For example, as with
the cingulate gyrus, the amygdala also exhibited correlated
spontaneous resting-state BOLD fluctuations with all four
condition-selective insula clusters. This finding makes sense
in light of anatomical tracings demonstrating reciprocal con-
nections between the amygdala and the posterior, mid, and
anterior insular cortex [Mesulam and Mufson, 1982]. The
gross similarity in the functional connectivity profiles for
the four interoceptive-, exteroceptive-, and emotion-selec-
tive clusters is demonstrated by the high eta2 values shared
among the functional connectivity maps (Fig. 3c).

Laterality, Limitations, and Future Directions

In this study there was evidence of laterality effects, par-
ticularly in the affective and exteroceptive attention condi-
tions. The exteroceptive attention task selectively activated
a region of the right anterior insula previously implicated
in focal attention and ‘‘moment of recognition’’ [Dosen-
bach et al., 2007; Nelson et al., 2010; Touroutoglou et al.,
2012; Wheeler et al., 2008]. In contrast, the anxiety condi-
tion activated the left anterior insula. Left anterior insula
involvement has been reported previously in neuroimag-
ing studies of worry [Shin et al., 2000], and multiple neu-
roimaging studies suggest preferential left > right anterior
insula activation during tasks of emotional processing and
awareness [Campbell-Sills et al., 2011; Craig, 2009].
Though in separate studies, tasks involving either emo-
tional processing or focal attention have shown bilateral
anterior insula activation. This study, however, directly
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compared the two conditions and found evidence support-
ing the account of preferential left anterior insula activa-
tion for emotional processing. After FDR correction,
conjunction analysis, and application of a cluster thresh-
old, our interoceptive-selective insular regions were con-
fined to the right insula. This observation could lend
support to current theories of sympathetic/parasympa-
thetic hemisphere lateralization [Craig, 2009]. It is worth
noting however, that at the same statistical threshold, but
a lower clustering threshold, we observed selective mid-
insula activation for interoceptive attention in the left
hemisphere as well. Future studies should be undertaken
to replicate the laterality effects observed in this study,
and in particular to explore the relative selectivity for
interoception in the two hemispheres.

Additionally, the paradigm used in this study required
subjective ratings for the interoceptive and anxious rumi-
nation conditions, but an objective response (i.e., number
of targets detected) for the exteroceptive condition. As a
result, accuracy scores cannot be compared between the
conditions, which makes it hard to ensure that the tasks
are well matched for difficulty. We believe it is highly
unlikely, however, that differences in task-difficulty
account for the findings. Participants reported after the
scan session that the conditions were approximately
equally difficult, and both the task and functional connec-
tivity findings agree well with previous reports in the liter-
ature about the neuroanatomical and functional bases of
interoception, exteroception, and emotional awareness. In
future studies it would be good to measure activity within
the interoceptive-selective regions reported here while
objectively measuring the acuity of participants’ interocep-
tive awareness. It would be ideal, however, if this hypo-
thetical experimental paradigm does not also impose a
co-occurring exteroceptive task demand, such as in para-
digms requiring participants to compare their heartbeats
to a series of co-occurring (exteroceptive) auditory beats.

CONCLUSIONS

The insula is one of the most commonly activated brain
regions across sensory, emotional, and cognitive tasks.
Large, relatively discrete experimental literatures have
grown up to support its role in particular domains, even
as influential theoretical accounts have asserted that the
insula is a critical zone for integrating across these
domains. It has thus been surprising that heretofore no
studies have directly compared insula activity and func-
tional organization within the same participants and ex-
perimental context for the key sensory, emotional, and
cognitive functions so often ascribed to the insula. This
study is the first experimental demonstration that a heter-
ogenous functional topography exists across the insular
cortex, with different regions exhibiting remarkably dis-
tinct functional selectivity during interoceptive, exterocep-
tive, and affective processing, as well as differential

functional connectivity with regions outside the insula.
Nevertheless, the close proximity of interoceptive, extero-
ceptive, and affective regions within the insula, as well as
their grossly similar functional connectivity with the wider
brain, reflect the insula’s role as a region for relaying and
integrating information across neural systems underlying
diverse cognitive, sensory, and emotional processes.
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