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Neurobiology of Disease

Sex and Disease-Related Alterations of Anterior Insula
Functional Connectivity in Chronic Abdominal Pain

Jui-Yang Hong,1,5,8 Lisa A. Kilpatrick,1,2,3,5 Jennifer S. Labus,1,2,3,4,5 Arpana Gupta,1,3,5 X David Katibian,1

X Cody Ashe-McNalley,1,2,3,5 Jean Stains,1,3,5 Nuwanthi Heendeniya,1,3,5 Suzanne R. Smith,1,3,5 Kirsten Tillisch,1,2,3,5

Bruce Naliboff,1,2,3,4,5 and X Emeran A. Mayer1,2,3,4,5,6,7

1Gail and Gerald Oppenheimer Family Center for Neurobiology of Stress, 2Pain and Interoception Imaging Network, 3Department of Medicine, 4Brain
Research Institute, 5Division of Digestive Diseases, 6Department of Psychiatry, 7Ahmanson Lovelace Brain Mapping Center, David Geffen School of
Medicine, and 8Department of Bioengineering, University of California, Los Angeles, Los Angeles, California 90095

Resting-state functional magnetic resonance imaging has been used to investigate intrinsic brain connectivity in healthy subjects and
patients with chronic pain. Sex-related differences in the frequency power distribution within the human insula (INS), a brain region
involved in the integration of interoceptive, affective, and cognitive influences, have been reported. Here we aimed to test sex and
disease-related alterations in the intrinsic functional connectivity of the dorsal anterior INS. The anterior INS is engaged during goal-
directed tasks and modulates the default mode and executive control networks. By comparing functional connectivity of the dorsal
anterior INS in age-matched female and male healthy subjects and patients with irritable bowel syndrome (IBS), a common chronic
abdominal pain condition, we show evidence for sex and disease-related alterations in the functional connectivity of this region: (1) male
patients compared with female patients had increased positive connectivity of the dorsal anterior INS bilaterally with the medial pre-
frontal cortex (PFC) and dorsal posterior INS; (2) female patients compared with male patients had greater negative connectivity of the
left dorsal anterior INS with the left precuneus; (3) disease-related differences in the connectivity between the bilateral dorsal anterior INS
and the dorsal medial PFC were observed in female subjects; and (4) clinical characteristics were significantly correlated to the insular
connectivity with the dorsal medial PFC in male IBS subjects and with the precuneus in female IBS subjects. These findings are consistent
with the INS playing an important role in modulating the intrinsic functional connectivity of major networks in the resting brain and show
that this role is influenced by sex and diagnosis.

Key words: fMRI; IBS; insula; pain; sex difference

Introduction
Resting-state functional magnetic resonance imaging (fMRI) has
been used increasingly to examine intrinsic brain connectivity in
both healthy subjects (Spreng et al., 2013; Wang et al., 2014) and
various disease populations (Mainero et al., 2011; Woodward et
al., 2012). Alterations in the connectivity of regions comprising
major intrinsic brain networks at rest have been reported in pa-
tients with chronic pain disorders, including fibromyalgia (Na-
padow et al., 2010), chronic back pain (Kong et al., 2013), and
headache (Xue et al., 2012; Qiu et al., 2013). Irritable bowel syn-
drome (IBS), the most common visceral pain disorder, is charac-

terized by chronically recurrent abdominal pain associated with
changes in bowel habits (Drossman, 2006). Like many other
chronic pain syndromes, IBS is more prevalent in women (Ad-
eyemo and Chang, 2008; Chang, 2011). Disease-related differ-
ences in the activity and responses of several brain regions,
including the insula (INS), anterior cingulate cortex, and pre-
frontal cortex (PFC), have consistently been observed in IBS sub-
jects, using resting-state and task-based fMRI (Rapps et al., 2008;
Mayer et al., 2009; Tillisch et al., 2011; Hong et al., 2013). Sex-
related differences in both healthy controls (HCs) and IBS sub-
jects have been found in numerous studies, including task-based
(Labus et al., 2008, 2013), morphometric (Luders and Toga,
2010; Jiang et al., 2013; Ingalhalikar et al., 2014), and resting-state
imaging studies (Allen et al., 2011; Filippi et al., 2013; Hong et al.,
2013). We reported recently sex and disease-related differences in
spontaneous blood oxygen level-dependent (BOLD) signal oscil-
lations in IBS, with female patients showing greater high-
frequency power in the INS compared with female HCs and male
IBS subjects (Hong et al., 2013).

Cognitive factors, including selective attention and pain pre-
diction, play an important role in the subjective experience of
pain in both HCs and chronic pain patients (Dunckley et al.,
2007; Wiech and Tracey, 2013), and sex-related differences in
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these cognitive factors have been reported (Straube et al., 2009;
Popescu et al., 2010). Engagement of dorsal anterior INS during
pain perception (Lutz et al., 2013), executive control and atten-
tion processing (Dosenbach et al., 2007; Chang et al., 2013), and
prediction (Preuschoff et al., 2008) have been observed consis-
tently. In the current study, we aimed to characterize sex and
disease-related differences in resting-state functional connectiv-
ity of dorsal anterior INS in age-matched HCs and IBS patients.
Specifically, we wanted to test the following hypotheses: (1)
disease-related differences exist in the way that the dorsal anterior
INS is functionally connected to other brain regions (e.g., PFC);
(2) sex-related differences exist in the functional connectivity of
the dorsal anterior INS in both HCs and IBS subjects; and (3) the
functional connectivity differences are correlated with clinical
characteristics.

Materials and Methods
Subjects. Ninety-six age-matched and right-handed subjects were re-
cruited through the University of California, Los Angeles (UCLA) Diges-
tive Diseases Clinic and advertisements. The sample included 24 male
HCs (mean � SD age, 34.33 � 11.19 years), 24 female HCs (mean � SD
age, 30.67 � 9.9 years), 24 male IBS subjects (mean � SD age, 34.71 �
10.38 years), and 24 female IBS subjects (mean � SD age, 33.58 � 9.74
years). Fifty-two subjects have been used in a previous study from our
group (Hong et al., 2013). All procedures were approved by the UCLA
Medical Institutional Review Board, and all subjects provided informed
consent. Exclusion criteria included substance abuse, pregnancy, to-
bacco dependence, abdominal surgery, and psychiatric illness as deter-
mined by the Mini International Neuropsychiatric Interview (Sheehan et
al., 1998). Diagnosis of IBS was made by a gastroenterologist or nurse
practitioner with expertise in functional gastrointestinal (GI) disorders
based on the Rome III symptom criteria during a clinical assessment
(Drossman, 2006). The diagnostic criteria included recurrent abdominal
pain or discomfort associated with two or more of the following: (1)
pain/discomfort is relieved/improved by defecation; (2) the onset
of pain/discomfort is related to a change in frequency of stool; and (3) the
onset of pain/discomfort is related to a change in the form (appearance)
of stool.

Materials. Questionnaires were completed before scanning to deter-
mine GI symptom type, duration of symptoms, severity, and abdominal
sensation during the past week [UCLA bowel symptom questionnaire
(BSQ); Chang et al., 2001], levels of anxiety and depression [hospital
anxiety depression scale (HAD); Mykletun et al., 2001], GI symptom-
specific perception associated with prediction, fear, and worry [visceral
sensitivity index (VSI); Labus et al., 2004, 2007], and intensity of GI
symptoms over the past 24 h with using the Gracely pain scale (Heft et al.,
1980).

Image data acquisition. All resting-state images were acquired with
subjects resting with eyes closed during a 10 min scan in a Siemens 3 Tesla
Trio scanner with the following: echo planar sequence; repetition time
(TR), 2000 ms; echo time (TE), 28 ms; flip angle, 77°; slice thickness, 4
mm; 40 slices obtained with whole-brain coverage. High-resolution
structural images were collected with the following: standard T1-
weighted magnetization-prepared rapid acquisition gradient echo
(MP-RAGE); TR, 2200 ms; TE, 3.26 ms; slice thickness, 1 mm; 176 slices;
256 � 256 voxel matrices; and 1.0 � 1.0 � 1.0 mm voxel size.

Resting-state fMRI image preprocessing. Resting-state image prepro-
cessing was performed using Statistical Parametric Mapping 8 (SPM8)
software (Wellcome Department of Cognitive Neurology, London, UK).
The first three volumes were removed to allow for scanner stabilization.
Images were transformed from DICOM into NifTI format, slice-time
corrected, spatially normalized to the MNI template with the MP-RAGE
scan, and resampled to a voxel size of 2 � 2 � 2 mm.

Resting-state fMRI seed-to-voxel analysis. Preprocessed and normal-
ized functional images were imported into the CONN-fMRI functional
connectivity toolbox version 13 (Whitfield-Gabrieli and Nieto-
Castanon, 2012; http://www.nitrc.org/projects/conn) for additional pre-

processing and for seed-to-voxel connectivity analysis. A component-
based noise-correction method, CompCor, was used to remove non-
neural noises without regressing out the global signal to increase
sensitivity and specificity of connectivity analysis (Behzadi et al., 2007;
Whitfield-Gabrieli and Nieto-Castanon, 2012). Three-dimensional con-
founds for both white matter and CSF, as well as six realignment param-
eters and first-order temporal derivatives of motion, were removed using
regression. Resting-state images then were bandpass filtered between
0.008 and 0.08 Hz in the CONN toolbox. Bilateral dorsal anterior INSs
were selected as the regions of interests (ROIs) based on previous re-
search (Deen et al., 2011; Chang et al., 2013). Dr. J.-Y. Hong delineated
the left and right dorsal anterior INS on the Destrieux Atlas template
(Fischl et al., 2004) by following the boundaries of the anterior limiting
sulcus and short insular sulcus and by using the coordinate z � �1 in
MNI space (Naidich et al., 2004; Craig, 2009; Kurth et al., 2010). Con-
nectivity correlation coefficients representing the association between
average BOLD time series across all voxels within the left and right dorsal
anterior INS, and every voxel in the brain was calculated using a general
linear model. Each ROI Fisher’s r to z transformed bivariate correlation
maps were smoothed with a 4 mm isotropic Gaussian kernel and submit-
ted into group-level analyses implemented in SPM8.

Conjunction analysis. For right and left dorsal anterior INS, a second-
level random-effects full factorial model was specified with group (male
IBS, female IBS, male HCs, and female HCs) as a factor and age, anxiety,
and depression scores as covariates. A cerebral cortex explicit mask was
applied. To examine the functional connectivity patterns (positive and
negative) of the dorsal anterior INS among all four groups, conjunction
null tests were performed in SPM8 (Friston et al., 2005). After applying a
voxelwise threshold p value of 0.005, significance was considered at a
cluster threshold of p � 0.05 corrected for multiple comparisons using
familywise error (FWE).

ANOVA. For second-level group comparison, a voxelwise one-way
ANOVA test was performed to determine differences among the four
groups (male IBS, female IBS, male HCs, and female HCs) in the left and
right dorsal anterior INS correlation maps. To account for multiple com-
parisons, results were corrected by performing Monte Carlo simulation
implemented in AlphaSim (http://afni.nimh.nih.gov/afni/doc/manual/
AlphaSim; Song et al., 2011) at 10,000 iterations, cluster connection ra-
dius of 3.46 mm, and FWHM of 4 mm. The simulation demonstrated
that clusters with a voxel threshold of p � 0.005 with a contiguous cluster
size of �29 voxels within a brain mask had a corrected p value � 0.05. To
further describe the significant group differences detected in SPM8, we
extracted the connectivity correlation coefficient (z value) averaged over
the voxels within each significant cluster and performed post hoc tests in
SPSS version 19 software with four different contrasts (male HCs vs
female HCs, male HCs vs male IBS, female HCs vs female IBS, and male
IBS vs female IBS). A sex and disease interaction analysis was also per-
formed. False-discovery rate (FDR) correction at p � 0.05 (Benjamini
and Hochberg, 2000; Benjamini et al., 2006) was applied to correct for
multiple comparisons. We also plotted the mean of the z values for each
group.

Clinical characteristics analysis. ANOVA with post hoc comparisons
were used to test for differences in age, VSI, and HAD anxiety and de-
pression. All p values were corrected for multiple comparisons using FDR
correction at 5% (Benjamini and Hochberg, 2000; Benjamini et al.,
2006). Independent-samples t tests were performed to examine BSQ
measures between male and female IBS subjects.

Correlation analysis. To examine the possible associations between
clinical characteristics and altered functional connectivity, we performed
correlation analyses in SPSS software. Averaged z values within the sig-
nificant clusters were correlated with VSI, BSQ, and past 24 h symptom
intensity for the IBS groups separately. Significant correlations were de-
fined at p � 0.05.

Results
Clinical characteristics
The clinical data are summarized in Table 1. Anxiety and depres-
sion symptom scores were greater in male IBS patients compared
with male HCs (anxiety, p � 0.033; depression, p � 0.021) and in
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female IBS patients compared with female HCs (anxiety, p �
0.001; depression, p � 0.001). Higher anxiety and depression
symptom scores were observed in female patients compared with
male patients, although the differences did not reach statistical sig-
nificance. Male and female patients had significantly higher VSI
scores than male and female HCs, respectively (p � 0.001 and p �
0.001). In addition, female IBS subjects showed significantly higher
VSI scores than male IBS subjects (p � 0.003). There was no signif-
icant difference in IBS-related symptom scores (i.e., BSQ) between
male and female IBS subjects. Intensity of GI symptoms over the past
24 h was higher in female IBS subjects compared with male IBS
subjects, but it did not reach significance (p � 0.18). In the study,
87.5% women were in the premenopausal stage (22 female HCs and
20 female IBS subjects who were well balanced in terms of luteal and
follicular phases during scanning).

Connectivity of the dorsal anterior INS among all groups
We first investigated the functional connectivity patterns of the
dorsal anterior INS shared by all subjects (IBS plus HCs). Signif-
icant results from the whole-brain connectivity analyses with the
dorsal anterior INS seeds are shown in Figure 1. The bilateral
dorsal anterior INS showed positive functional connectivity with
widespread brain regions, including the cingulate subregions
(mid and anterior cingulate cortex), INS, supramarginal gyrus,
and somatosensory (thalamus, putamen), motor (supplemen-
tary motor area, precentral gyrus), frontotemporal (inferior
frontal gyrus, rolandic operculum, middle frontal gyrus, superior
temporal gyrus), and affective (amygdala) regions (Fig. 1a,b). We
also observed the bilateral dorsal anterior INS to be negatively con-
nected to the bilateral precuneus and angular gyrus (Fig. 1c,d).

Group differences in dorsal anterior INS connectivity
As shown in Table 2, significant group differences were identified
for several regions that were functionally connected to the dorsal
anterior INS, including the bilateral dorsal medial PFC [Brod-
mann area 9 (BA 9)], medial PFC (BA 10), left dorsal posterior
INS, and left precuneus. Post hoc tests were performed to examine
between-group functional connectivity differences. Male HCs
and male IBS subjects showed significantly greater positive con-
nectivity between bilateral dorsal anterior INS and left dorsal
posterior INS compared with female HCs and female IBS sub-

jects, respectively (Figs. 2, 3; Table 2). Similarly, male HCs and
male IBS subjects showed greater right dorsal anterior INS con-
nectivity to the right medial PFC than female HCs and IBS sub-
jects, respectively. This was attributable to the right dorsal
anterior INS being positively connected to the right medial PFC
in male subjects but negatively connected in female subjects (Fig.
3; Table 2). Disease-related differences in the connectivity of the
left dorsal anterior INS with the left medial PFC (BA 10) and the
left dorsal medial PFC (BA 8/9) were observed within the female
subjects (Fig. 2; Table 2). Although negative connectivity between
the dorsal anterior INS and these PFC regions were observed in
female HCs and female IBS subjects, female IBS subjects showed
greater negative connectivity than both female HCs and male IBS
subjects (Figs. 2, 3; Table 2). Similarly, the left dorsal anterior INS
was negatively connected to the left precuneus in all subjects, but
female IBS subjects showed significantly greater negative connec-
tivity compared with female HCs and male IBS subjects (Fig. 2;
Table 2). Sex and disease interactions were observed in the con-
nectivity of the left dorsal anterior INS with the left medial PFC
(p � 0.032) and precuneus (p � 0.015).

Correlations of dorsal anterior INS functional connectivity
with clinical characteristics
We correlated functional connectivity measures with symptom
scores for male and female IBS subjects separately. In male IBS
subjects, VSI significantly correlated with the connectivity be-
tween the bilateral dorsal anterior INS and the dorsal medial PFC
(left, r � 0.442, p � 0.031; right, r � 0.405, p � 0.05) and between
the left dorsal anterior INS and the left medial PFC (r � 0.41, p �
0.047). In female IBS subjects, ratings of past 24 h symptom intensity
significantly correlated with the connectivity between the left dorsal
anterior INS and the precuneus (r � 0.597, p � 0.007) and between
the bilateral dorsal anterior INS and the dorsal medial PFC (left, r �
0.474, p � 0.04; right, r � 0.466, p � 0.044).

Discussion
Using resting-state functional connectivity analysis, we investi-
gated the disease and sex-related differences in the connectivity of
the dorsal anterior INS in 96 male and female HCs and IBS sub-
jects. The main findings of this study were as follows. (1) Among
all subjects, the dorsal anterior INS showed positively functional

Table 1. Clinical characteristics

HCM HCF IBSM IBSF

n Mean SD n Mean SD n Mean SD n Mean SD F/t Significance

Age (years) 24 34.33 11.19 24 30.67 9.9 24 34.71 10.38 24 33.58 9.74 0.76 0.52
Anxiety symptoms 1 24 3 2.7 24 1.91 1.77 24 5.83 4.88 24 7.96 5.55 11.13 �0.001
Depression symptoms 1 24 1.38 1.53 24 0.46 0.78 24 3.17 2.88 24 3.79 3.37 10.15 �0.001
VSI 2 23 3.39 4.46 22 2.14 4.64 24 32.08 15.72 24 43.04 16.67 68 �0.001
Overall bowel symptoms 3 24 9.96 4.23 24 8.83 4.8 0.97 0.39
Abdominal pain 4 24 9.17 4.48 24 8.75 4.81 0.41 0.76
Abdominal discomfort 5 24 9.79 5.18 24 11.21 5.89 0.89 0.38
Duration of symptoms 6 24 13 9.31 22 13.14 9.86 0.05 0.96
Symptom intensity 7 15 5.67 4.91 19 7.95 4.7 1.38 0.18

F/t, Main effect of group from ANOVA and t test for four and two group comparisons, respectively. Statistically significant, p � 0.05. M, male; F, female.
1HAD (Mykletun et al., 2001).
2VSI (Labus et al., 2004, 2007).

BSQ: Chang et al. (2001).
3BSQ overall symptoms in the past week (0 –20).
4BSQ abdominal pain in the past week (0 –20).
5BSQ discomfort in the past week (0 –20).
6BSQ duration in years, derived from the onset of symptoms.
7Intensity of GI symptoms over the past 24 h (0 –20).
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connectivity with the entire INS, as well as with frontal, sensori-
motor, and affective regions and with cingulate subregions. (2)
Disease-related differences in the connectivity were seen in fe-
male subjects and included greater negative dorsal anterior INS
connectivity with the left precuneus and frontal regions. (3) Sex-
related differences in the dorsal anterior INS connectivity to the
medial PFC and dorsal medial PFC were observed in both HCs
and IBS subjects, and these sex-related differences were magni-
fied in IBS subjects. (4) Clinical measures were correlated with
the connectivity between the dorsal anterior INS and the dorsal

medial PFC in male IBS patients, as well as between the dorsal
anterior INS and the precuneus in female IBS subjects. These
findings in a chronic visceral pain population for the first time
demonstrate differential intrinsic brain connectivity of the dorsal
anterior INS depending on sex and diagnosis.

Functional connectivity of large-scale networks among
all groups
Studies have used resting-state functional connectivity networks
to characterize interactions of brain regions associated with spe-

Figure 1. Significant clusters connected to the dorsal anterior INS among all subjects. Regions showed positive functional connectivity to the left dorsal anterior INS (a) and the right dorsal
anterior INS (b). Regions were negatively connected to the left dorsal anterior INS (c) and the right dorsal anterior INS (d). Images were thresholded at a voxelwise p value of 0.005 and clusterwise
corrected for multiple comparisons using FWE correction at a p value �0.05.

Table 2. Significant differences (ANOVA) of the functional connectivity with the dorsal anterior INS among male and female HCs and IBS subjects

Peak F value Z Voxels x y z Post hoc (Pcorr )

L_daINS with
L_mPFC (BA 10 ) 11.31 4.58 108 �8 52 10 IBSM � IBSF (�0.001); HCF � IBSF (0.018)
L_dpINS 8.08 3.77 61 �40 �10 8 IBSM � IBSF (�0.001); HCM � HCF (0.03)
L_dmPFC (BA 8/9) 7.7 3.66 52 �16 34 54 IBSM � IBSF (�0.001); HCM � HCF (0.008); HCF � IBSF (0.025)
L_precuneus 6.82 3.39 32 �4 �44 40 IBSM � IBSF (�0.001); HCF � IBSF (0.006)

7.42 3.58 30 �14 �54 26
R_daINS with

R_mPFC (BA 10) 9.25 4.09 78 4 54 12 IBSM � IBSF (�0.001); HCM � HCF (0.007)
L_dpINS 9.15 4.06 60 �46 �12 12 IBSM � IBSF (�0.001); HCM � HCF (�0.001)
R_dmPFC (BA 9) 7.42 3.58 54 20 48 40 IBSM � IBSF (0.006); HCF � IBSF (0.006)

MNI coordinates (x, y, z) for peak voxel; M, male; F, female; L, left; R, right; daINS, dorsal anterior INS; dpINS, dorsal posterior INS; dmPFC, dorsal medial PFC; mPFC, medial PFC; Pcorr , statistical significance at p � 0.05, corrected.
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cific functions. Several robust resting-state networks have been
revealed, including the default mode network (DMN; Buckner et
al., 2008), the salience network (Seeley et al., 2007), and the ex-
ecutive control network (ECN; Dosenbach et al., 2007; Laird et
al., 2011; Touroutoglou et al., 2012; Spreng et al., 2013). How-
ever, discrepancies in the inclusion of certain brain regions in a
particular network still exist between different studies depending

on analysis strategies, network definitions, and study samples.
Converging evidence from functional imaging studies suggests
that the dorsal anterior INS is involved in attention, cognitive
control, prediction, and pain perception (Touroutoglou et al.,
2012; Chang et al., 2013). In accordance with previous studies
(Deen et al., 2011; Moran et al., 2013), we observed in the com-
bined dataset (male plus female; IBS plus HCs) that the dorsal

Figure 2. Group differences in functional connectivity of the left dorsal anterior INS. a, Single-group connectivity maps of the left dorsal anterior INS. For display purposes only, all statistical
results, thresholding at p�0.005 uncorrected and cluster�29 voxels, were overlapped on a MRIcron ch2better template. Red, Positive connectivity; blue, negative connectivity. b, Regions showed
significant functional connectivity differences between groups ( p � 0.05, corrected). c, Graph showed mean Z scores of significant regions connected with the left dorsal anterior INS for each group.
* indicates significant difference after controlling for age, anxiety, and depression, p � 0.05, corrected. Error bars reflect SE. dmPFC, dorsal medial PFC; dpINS, dorsal posterior INS; HCF, HC females;
HCM, HC males; IBSF, IBS female patients; IBSM, IBS male patients; L, left; mPFC, medial PFC.

Figure 3. Group differences in functional connectivity of the right dorsal anterior INS. a, Single-group positive and negative connectivity maps of the right dorsal anterior INS (all statistical results
were overlapped on a MRIcron ch2better template). b, Regions showed significant functional connectivity differences between groups ( p � 0.05, corrected). c, Graph showed average Z scores of
significant regions connected with the right dorsal anterior INS for each group. * indicates significant difference after controlling for age, anxiety, and depression, p � 0.05, corrected for multiple
comparison. dmPFC, dorsal medial PFC; dpINS, dorsal posterior INS; HCF, HC females; HCM, HC males; IBSF, IBS female patients; IBSM, IBS male patients; L, left; mPFC, medial PFC; R, right.
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anterior INS was positively connected to several task-positive
resting-state networks (Di and Biswal, 2014), including the ECN
and the salience network. We also observed negative connectivity
of the dorsal anterior INS with the precuneus and angular gyrus,
both of which are part of the DMN. Our findings of positive and
negative functional connectivity of the dorsal anterior INS with
regions of different brain networks are similar to previous reports
on anticorrelations between task-negative and task-positive net-
works (Fox et al., 2005). Recently, a triple network model has
been proposed in which the anterior INS plays a critical role in
switching between the ECN and DMN (Sridharan et al., 2008;
Menon and Uddin, 2010). In line with these reports, our findings
are consistent with a role for dorsal anterior INS functioning as a
major hub mediating the interactions between task-positive and
task-negative networks.

Disease-related differences in the functional connectivity
Altered intrinsic functional connectivity in resting-state net-
works have been reported in several chronic pain conditions
(Baliki et al., 2008; Napadow et al., 2010; Qiu et al., 2013). Given
that IBS-related differences in functional brain activity involving
the anterior INS have also been reported (Elsenbruch et al., 2010;
Hong et al., 2013), we aimed to test the hypothesis that the dorsal
anterior INS shows disease-related alterations in functional con-
nectivity. Female IBS patients compared with female HCs dis-
played greater negative functional connectivity of the dorsal
anterior INS with the medial PFC and precuneus, which are key
components of the DMN. Napadow et al. (2010) also found
greater functional connectivity in female fibromyalgia patients
(compared with HCs) between the DMN and regions involved in
pain perception, including the dorsal anterior INS. The reason
for the difference in the direction of the functional connectivity
between the two studies is unclear but may be attributable to
differences in study techniques. For example, we used the dorsal
anterior INS as a seed and correlated to all voxels within the brain
mask, whereas Napadow et al. performed independent compo-
nent analysis and compared the selected DMN maps. Although
DMN is usually anticorrelated with task-positive networks, het-
erogeneity of sub-DMN components may exist and be activated
or deactivated depending on the task (Leech et al., 2011; Anticevic
et al., 2012). Similar to our findings, alterations in the connectiv-
ity of the anterior INS have also been reported in subjects with
migraine (Xue et al., 2012) and schizophrenia (Moran et al., 2013;
Manoliu et al., 2014).

Sex-related differences in the functional connectivity
A comprehensive resting-state imaging study has suggested that
sex-related differences exist in functional connectivity within
both the task-positive network and DMN (Biswal et al., 2010).
Similarly, in the current study, several sex-related differences in
functional connectivity of the dorsal anterior INS with other
brain regions were observed.

Intrainsular connectivity
Male subjects showed greater functional connectivity between
the dorsal anterior INS and the dorsal posterior INS compared
with females. Because the posterior INS functions as a primary
interoceptive representation area receiving inputs from somato-
sensory and viscerosensory regions (Craig, 2009; Farb et al.,
2013), one may speculate that male subjects exert greater cogni-
tive modulation of primary sensory information than females.

Connectivity with precuneus
Compared with male HCs, female HCs showed greater negative
connectivity between the dorsal anterior INS and the precuneus,
and this sex-related difference was magnified in IBS subjects.
Failures of downregulation within the precuneus and shifting
away from the DMN in response to pain stimuli have been ob-
served in female IBS subjects (Hall et al., 2010). One may specu-
late that the negative connectivity of the precuneus with the
dorsal anterior INS is related to modulation of the DMN by the
INS in female subjects and is enhanced in female IBS patients.

Connectivity between the dorsal anterior INS and the medial PFC
Sex-related differences for functional connectivity between the
dorsal anterior INS and the medial PFC were observed, with
males showing positive connectivity and females showing nega-
tive connectivity. The medial PFC plays roles in social cognition,
self-relevance, and emotion regulation (Etkin et al., 2011;
Menon, 2011) and can engage in either the DMN or ECN de-
pending on the condition-oriented function (Daniels et al.,
2010). A recent study proposed that the anterior INS may play a
role in this condition-dependent switching and modulation of
function (Menon and Uddin, 2010). Our results suggest that this
modulation mechanism can be influenced by sex even during the
resting state: the medial PFC appears to be more engaged in cog-
nitive function for males given the positive connectivity with the
dorsal anterior INS, whereas the medial PFC may be more in-
volved in self-referential mental activity for females, especially
female patients, given the negative connectivity with the dorsal
anterior INS. Similarly, female subjects with temporomandibular
disorder showed strong correlations between medial PFC to pre-
cuneus functional connectivity and pain rumination (Kucyi et al.,
2014). Although sex hormone levels were not determined in the
current study, 87.5% of female subjects were in the premeno-
pausal state, and female groups were well balanced in terms of
menstrual cycle phase in which they were studied. Thus, we feel
that a confounding effect of sex hormone levels is unlikely.

Symptoms correlation with dorsal anterior
insular connectivity
In male IBS patients, higher scores of symptom-specific worries
and prediction of negative outcomes was associated with in-
creased functional connectivity between the dorsal anterior INS
and the dorsal medial PFC, which are suggested to be involved in
cognitive functions such as anticipation, error prediction, prob-
ability assessment, and expectation of uncertainty (Lovero et al.,
2009; Holtz et al., 2012; Grupe and Nitschke, 2013). For female
IBS patients, the functional connectivity between the dorsal an-
terior INS and the precuneus was positively correlated with the
reported intensity of recent GI symptoms. This is consistent with
findings of previous studies (Napadow et al., 2010; Loggia et al.,
2013) in which chronic pain patients (female-predominant) with
greater DMN–INS anticorrelation demonstrated less clinical
pain and patients with more positive DMN–INS connectivity
demonstrated greater clinical pain. When viewed together, the
altered DMN–INS connectivity may play a role in the subjective
symptom generation in female chronic pain patients, regardless
of the specific diagnosis. However, the positive association be-
tween DMN–INS connectivity and pain symptoms needs addi-
tional study. Collectively, our results suggest that male IBS
subjects recruited the dorsal medial PFC during negatively biased
predictions about expected GI symptoms, whereas female IBS
subjects engaged regions in the DMN to generate self-awareness
of symptoms. To more closely link pain state to the intrinsic brain
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activity during scanning, symptom measurements, such as spon-
taneous pain scores and cognitive-specific task performances,
should be included in future studies.

Conclusions
The results of this study are consistent with previous reports in
healthy subjects and in other disease populations suggesting that
the dorsal anterior INS plays an important role in modulating the
intrinsic functional connectivity of major networks in the resting
brain and that this role is influenced by sex and diagnosis. Sex-
related differences in the connectivity patterns of the dorsal an-
terior INS suggest that the female brain shows greater resource
allocation to interoceptive awareness, whereas the male brain
relies more on cognitive function. Because these sex-related dif-
ferences are enhanced in IBS patients, one may speculate that
these mechanisms play a role in the pathophysiology of IBS.
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