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Patients with obsessive-compulsive disorder (OCD) exhibit abnormality in their subjective perception of internal sensation, a process
known as interoceptive sensibility (IS), as well as altered functioning of the insula, a key neural structure for interoception. We
investigated the multivariate structure of IS in 77 OCD patients and 53 controls and examined associations of IS with resting-
state functional connectivity (FC) of the insula within the OCD group. For each group, principal component analysis was performed
on 8 subscales of the Multidimensional Assessment of Interoceptive Awareness assessing putatively “adaptive” and “maladaptive”
aspects of IS. Associations between IS components and insula FC in the OCD group were evaluated using seed regions placed in
each of 3 subdivisions of the insula (posterior, anterior dorsal, and anterior ventral). Behaviorally, controls showed a 2-component
solution broadly categorized into “adaptive” and “maladaptive” IS, while OCD patients exhibited a 3-component solution. The general
tendency to notice or be aware of sensation loaded onto an “adaptive” IS component in controls but loaded onto both “adaptive”
and “maladaptive” IS components in OCD. Within OCD, insula FC was differentially associated with distinct aspects of IS, identifying

network connections that could serve as future targets for the modulation of IS in OCD.
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Introduction

Patients with obsessive—compulsive disorder (OCD) expe-
rience obsessions (recurrent and distressing thoughts,
impulses, or images) and/or compulsions (repetitive
behaviors and mental acts performed to reduce anxiety
or discomfort). OCD symptoms are highly heterogeneous,
and approximately 30%-40% of patients with OCD
report aversive or uncomfortable body sensations that
immediately precede or accompany their compulsions
(also known as “sensory phenomena”) (Lee et al. 2009;
Ferrao et al. 2012; Shavitt et al. 2014). Additionally, some
OCD patients fear anxiety-related body sensations (such
as sweating and rapid heart rate), an experience known
as “anxiety sensitivity” (Blakey et al. 2017; Blakey and
Abramowitz 2018). The process by which individuals
sense, interpret, and integrate signals from within the
body is known as interoception (Tsakiris and Critchley
2016; Khalsa et al. 2018). We recently found that patients
with OCD report differences from healthy controls in
several aspects of interoception, including exhibiting a
hyperawareness of body sensations, a greater tendency

to distract themselves from and worry about aversive
body sensations, and a lower tendency to experience
their body as safe and trustworthy (Eng et al. 2020). Some
of these effects, such as hyperawareness of sensation
and worry about sensation, were associated with the
severity of OCD symptoms. These findings indicate that
patients with OCD subjectively experience and interpret
body sensations differently than controls, which may
contribute to their symptoms.

The neural basis of interoception has been fairly well
delineated. Afferent fibers carry interoceptive signals
from visceral (e.g. heart, lungs, gastrointestinal, urogeni-
tal), somatic (e.g. muscles, joints, skin), and homeostatic
systems (e.g. temperature, mechanical stress, cellular
activity) to the brain stem (Light and Perl 1979; Craig
2002; Critchley and Harrison 2013). These ascending inte-
roceptive signals relay to midbrain regions and project
to the posterior division of the insula cortex primarily
through the thalamus (Flynn 1999; Craig 2002).

The insula is a key neural structure for interocep-
tion (Craig 2002, 2003, 2009). Several neuroimaging
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approaches have converged on a tripartite parcellation
of the insula that includes posterior, dorsal anterior, and
ventral anterior subdivisions (Mutschler et al. 2009; Deen
et al. 2011; Chang et al. 2013; Nomi et al. 2017; Wager
and Barrett 2017). It has been proposed that afferent
fibers carrying interoceptive signals from within the
body are initially represented at the sensory level in
the posterior insula, which has functional connections
to primary and secondary motor and somatosensory
cortices (Craig 2002; Cauda et al. 2011; Deen et al. 2011,
Vogt et al. 2016). Signals from the posterior insula are
then relayed to the anterior insula for more complex
processing (Craig 2003). The anterior insula itself has
dissociative functional connectivity (FC) profiles within
its ventral and dorsal subdivisions (Deen et al. 2011).
The ventral anterior insula is functionally connected
to limbic/paralimbic regions, such as the pregenual
anterior cingulate, amygdala, lateral orbitofrontal, and
ventral tegmental areas (Mutschler et al. 2009; Deen
et al. 2011; Chang et al. 2013), and has a role in
emotion processing (Touroutoglou et al. 2012; Wager and
Barrett 2017). By contrast, the dorsal anterior insula is
functionally connected to regions involved in cognitive
control, such as the dorsal anterior cingulate (dACC)
and lateral prefrontal cortex (Taylor et al. 2009; Deen
et al. 2011; Chang et al. 2013), and is active in tasks
requiring effortful attention and salience detection
(Seeley et al. 2007; Sridharan et al. 2008; Menon and
Uddin 2010). Through the integration of emotional
and cognitive information (purportedly represented in
subcortical, limbic, and executive control structures)
with sensory information (purportedly represented in
posterior insula), the anterior insula has been proposed
to carry a higher-order re-representation of interoception
(Craig 2003, 2009).

Prior work has implicated the insula in OCD. Studies
assessing structural morphometry reported higher gray
matter volumes in the anterior insula (Kim et al. 2001;
Valente Jr et al. 2005; Nishida et al. 2011; Song et al.
2011) and lower gray matter volumes in the posterior
insula (Pujol et al. 2004; Song et al. 2011) in OCD patients
compared to controls. In addition, using functional mag-
netic resonance imaging (fMRI), studies reported insula
alterations in OCD, primarily with increases in anterior
(Shapira et al. 2003; Stern et al. 2012, 2020; Li et al. 2013;
Beucke et al. 2014; Peng et al. 2014; Berlin et al. 2017; Fan
et al. 2017; Posner et al. 2017) and posterior insula (Peng
etal. 2014; Berlin et al. 2017; Stern et al. 2020) in measures
of connectivity and task activation.

Building on our finding of altered interoception in OCD
and prior work implicating the insula in OCD pathophys-
iology, the present study investigated the multivariate
structure of interoception in OCD patients and matched
controls by conducting a principal component analy-
sis (PCA) on the subscales from the self-report Mul-
tidimensional Assessment of Interoceptive Awareness
(MAIA; Mehling et al. 2012). To determine whether differ-
ent aspects of interoception were associated with insula
connectivity patterns in patients with OCD, we further

examined the relationship between MAIA component
scores and resting-state FC for the different insula sub-
divisions (dorsal anterior, ventral anterior, and posterior)
within the patient sample.

Materials and methods
Subjects and procedure

Ninety patients with OCD and 54 healthy controls were
recruited from 3 locations: Icahn School of Medicine at
Mount Sinai (ISMMS), Nathan Kline Institute for Psychi-
atric Research (NKI), and New York University School of
Medicine (NYUSoM) (Supplementary Information). The
study protocol was approved by the Institutional Review
Boards at each institution and all subjects provided writ-
ten informed consent. Data from 13 OCD patients and
1 control were excluded (Supplementary Information)
(Yan et al. 2013). Final data were analyzed from 77 OCD
patients and 53 controls. Behavioral results comparing
OCD and controls on self-reported interoception derived
from subscales of the MAIA were recently published that
included many of the same subjects (68 OCD patients
and 47 controls from the present sample; Eng et al. 2020).

All patients met criteria according to The Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edi-
tion (DSM-5) for OCD and were excluded for lifetime
presence of bipolar disorder, psychotic disorder, or mod-
erate/severe alcohol or substance use disorder. Healthy
controls were excluded for any lifetime presence of Axis
I diagnoses. Diagnoses were made by a trained rater
using the Mini International Neuropsychiatric Interview
(MINT; Sheehan et al. 1998). All patients had OCD as their
primary diagnosis as determined by the MINI, even if
comorbid conditions were present.

Behavioral and clinical assessments

Interoception was assessed using the self-report MAIA
(Mehling et al. 2012; Mehling 2016) to index the sub-
jective experience of the body, a process referred to as
interoceptive sensibility (IS) (Garfinkel et al. 2015). The
MAIA includes 32 questions assessing 8 dimensions of
IS previously identified through factor analysis: (1) ten-
dency to notice or become aware of body sensations
(“Noticing”), (2) tendency to not distract oneself from
sensations of pain or discomfort (“Not-Distracting”), (3)
tendency to not worry about or experience emotional
distress in response to sensations of pain or discomfort
(“Not-Worrying”), (4) ability to sustain and control atten-
tion to body sensations (“Attentional Control”), (5) aware-
ness of the link between emotion and body sensations
(“Emotional Awareness”), (6) ability to regulate negative
emotion through attention to body sensations (“Self-
Regulation”), (7) tendency to listen to body sensations
for insight into emotion and guide behavior (“Listening”),
and (8) tendency to experience the body as safe and
trustworthy (“Trusting”).

The MAIA was designed to distinguish between
“adaptive” and “maladaptive” forms of IS (Mehling 2016).
Higher scores on Attentional Control, Self-Regulation,
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Listening, and Trusting subscales reflect a mindful
style of attention and are considered “adaptive”, while
higher distraction (i.e. lower scores on Not-Distracting)
and worrying (i.e. lower scores on Not-Worrying) over
unpleasant body sensations are considered “maladap-
tive” (Goubert et al. 2004; Mehling et al. 2009; Mehling
2016). The Noticing and Emotional Awareness subscales
are considered ambiguous and can be classified as
either “adaptive” or “maladaptive” depending on their
associations with other subscales (Mehling et al. 2009;
Mehling 2016). For example, regulating attention to the
sensation is considered “adaptive” (Burns 2006; Mehling
et al. 2009), while experiencing emotional distress over
uncomfortable body sensation is “maladaptive” and is
generally associated with anxiety, hypochondriasis, and
somatization disorders (Porges 1993; Mehling 2016). The
MAIA has construct validity with other measures of
body awareness, mindfulness, and emotion regulation
(Mehling et al. 2012; Mehling 2016), such as the Five
Facet Mindfulness Questionnaire (Baer et al. 2006, 2008),
Difficulties in Emotion Regulation Scale (Gratz and
Roemer 2004), and Body Responsiveness Questionnaire
(Spielberger et al. 1983; Daubenmier 2005).

OCD symptoms were measured using the clinician-
administered Yale-Brown Obsessive Compulsive Scale (Y-
BOCS; Goodman et al. 1989) and the self-report Dimen-
sional Obsessive-Compulsive Scale (DOCS; Supplemen-
tary Information; Abramowitz et al. 2010), the latter of
which assesses severity of 4 different dimensions of OCD
symptoms. Sensory phenomena were measured using
the clinician-administered University of Sao Paolo’s Sen-
sory Phenomena Scale (SPS; Rosario et al. 2009; Sampaio
et al. 2014). State anxiety, and depression were measured
using the self-report Beck Anxiety Inventory (BAI; Beck
et al. 1988) and Quick Inventory of Depressive Symp-
tomatology (QIDS; Rush et al. 2003), respectively.

Neuroimaging data acquisition and
preprocessing

All MRI scanning for patients occurred on Siemens 3T
scanners (ISMMS-recruited patients were scanned on
a MAGNETOM Skyra and NYUSoM- and NKI-recruited
patients were scanned on a MAGNETOM TrioTim) using
a 32-channel head coil, with sequences harmonized
between the 2 scanning sites. Structural data were
obtained using a T1-weighted MP-RAGE protocol at
both ISSMS and NKIl—repetition time (TR)=2,400 ms,
flip angle=28°, field of view (FOV)=256 mm, 0.80 mm
isotropic voxels. The orientation of acquisition, echo
time (TE), and number of slices were different between
the 2 scanning sites (ISSMS: transverse acquisition,
TE=2.07 ms, 224 slices; NKI: sagittal acquisition,
TE=2.01 ms, 208 slices). Participants viewed a fixation
cross in the center of the screen during resting-
state acquisitions, which were acquired using a high-
resolution multiband-accelerated echo-planar sequence
for full-brain coverage (TR=1,000 ms, flip angle=60°,
FOV =228 mm, 72 slices, 2.1 mm isotropic voxels, no
gap, acceleration factor =6, ascending interleaved order).

Goi Khia Engetal. | 5287

In order to match all other aspects of the sequences
as closely as possible, the TEs were slightly different
between the 2 scanning sites (TE=25 ms at ISMMS and
TE =25.4 ms at NKI). The first 10 volumes were discarded
to allow magnetization to reach equilibrium.

Preprocessing was performed using a combination of
Statistical Parametric Mapping v.12, scripts taken from
the Human Connectome Project preprocessing pipeline
(Glasser et al. 2013, 2016), AFNI (v.10.6, “3dSkullStrip”),
and FSL v.5.0.10. Structural images were skull-stripped,
nonlinearly corrected for gradient field distortion, and
normalized to a Montreal Neurological Institute (MNI)
template (the “tissue probability map” [tpm] image in
SPM v.12). Preprocessing for functional images included
gradient nonlinearity distortion correction, realignment
to the first volume of the run, normalization to MNI
template, and spatial smoothing using a 6 mm kernel. Six
rigid-body realignment parameters (3 for translation: X,
Y, and Z; and 3 for rotation: pitch, roll, and yaw) were pro-
duced for each subject following the realignment step.
Registrations of T1-weighted and blood oxygen level-
dependent (BOLD) images to the MNI template were
checked manually for each participant as part of our
quality control procedures.

The preprocessed structural and functional data
were entered into CONN-fMRI Functional Connectivity
Toolbox for SPM (v17f; Whitfield-Gabrieli and Nieto-Cas-
tanon 2012) for further processing before conducting
FC analyses. Motion scrubbing as implemented in the
CONN tool utilizes the Artifact Rejection Toolbox (ART,
www.nitrc.org/projects/artifact_detect/). Using stringent
thresholds, volumes with framewise displacement
>0.5 mm or with global-signal Z value >3 were included
as regressors-of-no-interest (one regressor per outlier).
Through this process, data of 4 patients were excluded
for having greater than 180 (out of 480) high motion
volumes, consistent with recommendations for the
inclusion of at least 5 min of usable resting-state data
(Yan et al. 2013). Physiological noise, motion, and other
artifactual confounds were removed from BOLD data
using component-based noise correction (CompCor) that
regressed out the first 5 component timeseries of seg-
mented and normalized cerebrospinal fluid and white
matter, 12 motion regressors (6 realignment parameters
and their first derivatives), and 2 regressors for the “effect
of rest” (a function convolved with the hemodynamic
response function and its first derivative, to account
for potential ramping effects at the beginning of the
scan). CompCor effectively corrects for physiological
noise without regressing out the global signal, hence
allowing for better interpretations of correlations and
anticorrelations (Behzadi et al. 2007; Chai et al. 2012;
Whitfield-Gabrieli and Nieto-Castanon 2012). BOLD data
were band-pass filtered at 0.008 < f <0.09 Hz.

Data analysis

Behavioral and clinical data

Analyses of variance (ANOVAs) examining group compar-
isons for each MAIA subscale (also previously reported
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in Eng et al. (2020) are presented in the Supplementary
Information. To examine the component structure of IS,
PCA with orthogonal rotation (quartimax) was applied on
the 8 MAIA subscales for the patient and control groups
separately (Supplementary Information).

To examine associations between component scores
and clinical measures within the OCD patient group,
we first determined whether any demographic variables
were related to IS within the patient group by conducting
Pearson'’s correlations between age and education and
component scores, as well as a t-test comparing males
and female on component scores. We also performed
a chi-square test to determine whether the proportion
of males and females differed within the patient group.
The results from these analyses determined whether
any demographic variables were included as covariates
in subsequent analyses. We performed correlations (or
partial correlations) between component scores and OCD
symptom dimensions (measured using the DOCS), sever-
ity of overall OCD symptoms, compulsions, and obses-
sions (measured using the Y-BOCS), state anxiety (mea-
sured using the BAI), severity of depression (measured
using the QIDS), and severity of sensory phenomena
(measured using the SPS), controlling for demographic
variables, where appropriate, and corrected for multiple
correlations using false discovery rate (FDR) < 0.05 (Ben-
jamini and Hochberg 1995). We conducted three 2 x 2
between-subjects ANOVAs to evaluate the effects of Axis
I comorbidities (yes/no) and current use of psychotropic
medication (yes/no) within the OCD patient group on IS
component scores.

Functional connectivity

Correlations between component scores and FC of the
insula were conducted for both OCD and control groups.
However, as the two PCAs were conducted separately for
each group, the factor structure of the MAIA and associa-
tions with insula FC are not directly comparable between
the groups. Although this paper primarily focuses on
FC relationships with IS component scores in the OCD
group only, for completeness we present connectivity
results from the control group in the Supplementary
Information (Appendix 1).

Seeds for FC analyses were generated using the SPM
MarsBaR Toolbox (Brett et al. 2002) with six 6-mm radius
spheres centered around MNI coordinates that represent
the functional tripartite subdivision of the insula (Deen
et al. 2011): bilateral dorsal anterior insula (x=-38, y =6,
z=2; x=35, y=7, z=3), ventral anterior insula (x=-33,
y=13, z=—-7; x=32, y=10, z=-6), and posterior insula
(x=-38,y=—6, z=5; x=35, y=—11, z=6) (Fig. 1). At the
individual subject level, timecourses representing the
average within each sphere were correlated with all gray
matter voxels, and the resultant correlation coefficients
were z-transformed using Fisher’s transformation to gen-
erate seed-to-voxel FC maps. Group-level statistics eval-
uated the relationship between IS component scores and
FC with the insula seeds within OCD patients by con-

ducting a regression analysis with component scores as
covariates-of-interest, controlling for demographic vari-
ables, where appropriate, and scan site (62 scanned at
NKI, 15 at ISMMS). Despite sequence harmonization, we
statistically controlled for residual differences in image
quality between the 2 scanning sites by specifying scan
site as a covariate for all group-level imaging analyses
in order to account for variance related to potential site-
based clustering effects, consistent with recommenda-
tions by McNeish and Kelley (2019) and approaches used
by multi-center studies (Glover et al. 2012; Forsyth et al.
2014). All results were thresholded using a voxelwise
threshold of P < 0.001 with whole-brain family-wise error
(FWE) cluster correction P < 0.05.

Results

Clinical and demographic information are shown in
Table 1. There were no significant group differences in
age, education, and sex, although there was a trend
toward a greater frequency of females in the patient
group than the control group (P=0.07).

Component structure of MAIA subscales

PCA revealed a 2-component solution that explained a
total variance of 66.1% in controls and a 3-component
solution that explained a total variance of 69.5% in OCD
patients (Table 2). In controls, subscales that loaded onto
Component 1 were Noticing, Attentional Control, Emo-
tional Awareness, Self-Regulation, and Body Listening;
subscales that loaded onto Component 2 were Distract-
ing (i.e. negatively loaded for Not-Distracting) and Not-
Worrying. The Trusting subscale cross-loaded on both
Components 1 and 2 in the control group.

In OCD patients, subscales that loaded onto Com-
ponent 1 were very similar to that of controls, with
the exception that Trusting preferentially loaded onto
Component 1in OCD patients but not controls. Subscales
that loaded onto Component 2 in the patient group
were Noticing (negatively loaded) and Not-Worrying.
Emotional Awareness cross-loaded with Components
1 and 2, but preferentially loaded onto Component 1.
Lastly, the Not-Distracting subscale loaded robustly onto
its own component (Component 3).

Relationship between IS components and clinical
measures
Within OCD patients, age, sex, and education were
not associated with IS component scores (P > 0.05).
Chi-square test showed significant differences in the
proportion of males and females in the patient group,
x2=6.87,P=0.009. Therefore, sex was used as a covariate
in subsequent analyses within the patient sample.
Higher Component 1 scores (i.e. more noticing, control,
emotional awareness, regulation, listening, and trusting
of the body) were related to lower overall OCD symptom
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Figure 1. Insula seeds for FC. Seeds were 6 spheres of 6-mm radius centered around MNI coordinates as reported in Deen et al. 2011, corresponding to
the dorsal anterior insula (red; coordinates: 35 7 3, —38 6 2), ventral anterior insula (green; coordinates: 32 10 -6, —33 13 -7), and posterior insula (blue;

coordinates: 35 -11 6, —38 —6 5).

Table 1. Demographics and clinical information.

Controls (n=53) OCD (n=77)
Mean SD Mean SD Group comparisons
Age (years) 31.8 10.8 31.6 10.9 t(128)=-0.10, P=0.92
Education (years) 15.8 2.2 15.6 2.1 t(128)=—-0.33,P=0.74
Biological sex 27 M/26 F 27 M/S0 F x? (1)=3.3,P=0.07
Y-BOCS Obsessions Severity - - 11.7 3.0 -
Y-BOCS Compulsions Severity - - 12.2 3.0 -
Y-BOCS total - 23.9 5.7 -
Beck Anxiety Score (average) 0.1 0.1 0.8 0.6 t(84.9)=11.42°
MAIA subscales (average score)
Noticing 26 13 3.7 0.93 F(1,89.9)=29.08"
Not-Distracting 3.2 1.0 2.4 0.94 F(1,128)=18.2°
Not-Worrying 3.2 0.88 24 1.0 F(1,128)=22.9°
Attention Control 3.0 1.2 3.0 0.91 F(1,128)=0.11,P=0.74
Emotional Awareness 29 13 3.9 0.86 F(1,81.2)=22.72b
Self-Regulation 3.1 1.2 2.7 1.1 F(1,128)=3.40, P=0.07
Listening 2.1 1.4 2.5 1.4 F(1,128)=3.08,P=0.08
Trusting 3.8 0.91 3.1 1.3 F(1,127.8)=14.13b

Note: Group differences in each MAIA subscale (range of scores: 0-5) were computed and presented. Levene’s test of homogeneity of variance across the

groups was not assumed, and degrees of freedom were adjusted using Satterthwaite’s approximation. PP < 0.001.

severity (total Y-BOCS score, Ipartial = —.306, FDR-adjusted
P=0.036), compulsion severity (Y-BOCS compulsion sub-
scale, Tparial =—.302, FDR-adjusted P=0.036), and state
anxiety (BAI; Tpariai=—0.338, FDR-adjusted P=0.019).
Lower Component 2 scores (i.e. more noticing of sen-
sations, more worrying about uncomfortable sensations,

and less awareness of the link between emotion and the
body) were associated with greater severity of OCD symp-
toms specifically relating to “responsibility for harm’
as measured by the DOCS (rpartial = —343, FDR-adjusted
P=0.019) and well as greater state anxiety (rpartia1 = —.373,
FDR-adjusted P=0.019). Lastly, greater Component 3
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Table 2. Component structure and loadings of MAIA in patients and controls.

Controls (n=53) OCD (n=77)
Component Component
MAIA Subscale MSA Communalities 1 2 MSA Communalities 1 2 3
Noticing 0.85 0.58 0.76 0.66 0.66 0.57 —0.54
Not-distracting 0.63 0.40 —-0.63 0.37 0.94 0.97
Not-worrying 0.42 0.67 0.82 0.59 0.60 0.74
Attention control 0.87 0.68 0.82 0.83 0.68 0.75
Emotional awareness 0.77 0.89 0.95 0.74 0.67 0.67 0.46
Self-regulation 0.85 0.82 0.90 0.77 0.76 0.86
Listening 0.82 0.77 0.88 0.75 0.71 0.84
Trusting 0.79 0.47 0.44 0.53 0.86 0.55 0.70
Cumulative Variance (%) 48.99 66.08 Cumulative Variance 41.25 55.96 69.48

(%)

Note: Loadings of absolute values <0.32 were not presented. MSA and communalities <0.50 are italicized.

scores (i.e. less distracting/more focusing on uncomfort-
able sensation) were associated with greater severity of
sensory phenomena (SPS; Tparia =0.358, FDR-adjusted
P=0.019). Consistent with this finding, greater Compo-
nent 3 scores were associated with higher severity of OCD
symptoms relating to “symmetry and the need for things
to be just right” as measured by the DOCS (Iparia1 =0.284,
FDR-adjusted P=0.050). All correlations were controlled
for sex.

Patients with at least one Axis I comorbidity had
lower Component 2 scores compared to those without
any comorbidity (P=0.030) (Supplementary Information).
There were no significant effects of psychotropic medi-
cation use on IS components scores.

Neuroimaging results

Correlations with component scores in the OCD group
Neuroimaging results examining the relationship between
IS component scores and insula connectivity in the OCD
group are presented in Table 3 and Figs 2 and 3. Scatter-
plots showing correlations between FC indices and com-
ponents scores are presented in Supplementary Fig. S4.

Higher Component 1 scores (i.e. more noticing, control,
emotional awareness, regulation, listening, and trusting
of the body) were associated with greater FC of the
left dorsal anterior insula seed with occipital, parietal,
retrosplenial, and cerebellar regions (Fig. 2A), as well as
FC of the left posterior insula seed with left parahip-
pocampal gyrus (Fig. 2B). Higher Component 1 scores
were also associated with less FC of the right posterior
insula seed with the right subgenual anterior cingulate
(sgACC) (Fig. 20Q).

Lower Component 2 scores (i.e. more general noticing
of sensations, more worry about uncomfortable sensa-
tions, less awareness of the link between emotion and the
body) were associated with less FC of the right ventral
anterior insula seed with the dACC cluster overlapping
the middle cingulate (Fig. 3A).

Lastly, lower Component 3 scores (i.e. more distracting
from uncomfortable body sensations) were associated

with greater FC of the left and right dorsal anterior insula
with the left inferior frontal gyrus (pars triangularis)
(Fig. 3B).

Discussion

This study evaluated the structure of IS in patients with
OCD and examined the relationship between IS compo-
nents and resting-state FC of insula subdivisions (dorsal
anterior insula, ventral anterior insula, and posterior
insula) within the OCD patient sample (Deen et al. 2011).

Component structure of IS

Healthy controls showed a 2-component solution of IS
that broadly resembles the “adaptive”/“maladaptive” seg-
regation of the MAIA (Mehling 2016). Interestingly, the
first putatively “adaptive” component in controls also
included the more ambiguous Noticing subscale, sug-
gesting that, in the context of relative mental health, the
general tendency to be aware of and notice body sensa-
tion may be linked to broader indices of psychological
well-being. In contrast, patients with OCD showed a 3-
component solution of IS. Although Component 1in OCD
patients identified similar “adaptive” tendencies as in
controls, notably, the Noticing subscale loaded onto both
the patients’ “adaptive” Component 1 and “maladaptive”
Component 2, the latter of which also included subscales
related to worrying about uncomfortable sensation and
emotional awareness. These data indicate thatinterocep-
tion qualitatively differs between OCD patients and con-
trols in that the general tendency to notice or be aware
of sensations may serve both “maladaptive” and “adap-
tive” functions in patients only. In addition to the Notic-
ing subscale, prior work has also considered the Emo-
tional Awareness subscale to be ambiguous with regard
to adaptiveness (Mehling et al. 2009; Mehling 2016). How-
ever, in our data, the Emotional Awareness subscale was
positively related to “adaptive” scales (loaded in the same
direction) for Component 1 for both OCD patients and
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Table 3. Significant correlations between component scores and insula-to-whole-brain FC in OCD.

Peak coordinates

Other regions included within cluster (>30 voxels)

BA k X y z T BA Regions [aal labels/TD labels]
Higher Component 1 scores were associated with greater FC in:
Seed: Left dorsal anterior insula (—38 6 2)
L Precuneus - 799 —18 —46 2 5.76 19 Posterior cingulate, R Lingual gyrus, R
L Lingual gyrus 30 -12 —40 —4 5.36 Fusiform gyrus, R Parahippocampal gyrus, R
L Calcarine 30 -16 —54 4 5.31 Calcarine, Cerebellar vermis IV-V
L Cerebellum Crus I - 183 -16 -84 —24 4.60 18 Lingual gyrus
L Cerebellum Crus I - -6 -82 -18 4.16
L Cerebellum Crus I - -26 -84 -26 3.96
L Precuneus - 243 -10 -58 72 443 7 Postcentral gyrus, superior parietal gyrus
L Precuneus - —6 —48 74 4.13
L Precuneus - -6 —66 66 4.08
R Precuneus 7 340 12 -70 58 4.13 - L Superior parietal gyrus
R Precuneus - 4 -56 70 4.03
R Precuneus - 12 —64 64 3.81
R Interior parietal gyrus - 165 34 -50 40 3.97 40
R Superior parietal gyrus - 40 -50 56 3.96
R Postcentral gyrus 2 38 —42 64 3.56
Seed: Left posterior insula (—38 -6 5)
L Parahippocampal gyrus - 144 -18 -14 -28 4.62 -
Pons - -8 -18 —-30 4.56
Higher Component 1 scores were associated with less FC in:
Seed: Right posterior insula (35 -11 6)
R Olfactory 25 132 4 20 —4 471 - -
R Subgenual anterior cingulate - 12 36 0 4.69
Lower Component 2 scores were associated with less FC in:
Seed: Right ventral anterior insula (32 10 -6)
R Anterior cingulate - 353 14 32 28 5.48 - Middle frontal gyrus, R Middle cingulate
L Anterior cingulate 32 -12 28 30 4.86
L Middle cingulate - 0 26 32 4.77
Lower Component 3 scores were associated with greater FC in:
Seed: Left dorsal anterior insula (—38 6 2)
L Interior frontal gyrus, triangularis 46 779 =50 30 18 5.79 45 L Inferior frontal gyrus (opercularis), L Middle
L Interior frontal gyrus, triangularis - —48 36 8 5.69 frontal gyrus
L Interior frontal gyrus, triangularis 46 —54 22 26 5.06
Seed: Right dorsal anterior insula (35 7 3)
L Interior frontal gyrus, triangularis - 370 —48 34 8 5.18 46 Middle frontal gyrus
L Interior frontal gyrus, triangularis - —52 34 20 4.47
L Interior frontal gyrus, triangularis - —48 24 20 4.32

Note: Clusters significant at P < 0.001 voxelwise (uncorrected) with FWE < 0.05 clusterwise correction. Sex and scan site were included as

covariates-of-no-interest. Coordinates are in MNI space.

controls and was negatively related to the “maladap-
tive” scale of Worrying about sensation in Component
2 for OCD patients. As such, the present work appears
to link the Emotional Awareness subscale to “adaptive”
processes only.

Higher “adaptive” IS is associated with lower
OCD and anxiety severity

IS components were related to clinical symptoms within
the patient sample. More “adaptive” IS (i.e. higher Com-
ponent 1 scores) was associated with less severe state
anxiety and overall OCD symptom severity, while more
“maladaptive” IS (i.e. lower Component 2 scores) was
associated with higher state anxiety and OCD symptoms
related to responsibility for harm. These associations
between IS components and indices of symptom severity
highlight the relevance of IS to OCD psychopathology,

suggesting that “adaptive” and “maladaptive” aspects of
IS may be appropriate future targets for interventions
seeking to reduce OCD symptoms.

“Adaptive” IS involves connectivity between
multiple diverse brain areas

Higher Component 1 scores (more “adaptive” IS) were
associated with greater FC of insula seeds with parahip-
pocampal gyrus and retrosplenial cortex (Brodmann'’s
area [BA] 30), 2 regions of the medial temporal sub-
system of the default-mode network (DMN;
Andrews-Hanna 2012; Kaboodvand et al. 2018) that are
involved in memory recollection, prospective thinking
(Schacter et al. 1999; Buckner and Carroll 2007; Bar
2009; Andrews-Hanna, Reidler, Huang, et al. 2010a;
Andrews-Hanna, Reidler, Sepulcre, et al. 2010b; Sheldon
et al. 2019), emotional regulation, and self-referential
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Higher Component 1 scores {more Noticing, Control, Emotional Awareness, Regulation, Listening,

Trusting [more "adaptive"]) were associated with:

[A]
Greater FC of the Left Dorsal Anterior Insula

T-value

2 3 4 5
Precuneus
-

3Y

Seed: Left Dorsal Anterior Insula

Superior parietal

Cerebel ) Precuneus/
crus | Calcarine
X =

Inferior/Superior

Angular gyrus parietal lobule

N
\ 8
Fusiform gyrus

[B]

Greater FC of the Left Posterior Insula

Seed: Left Posterior Insula

Parahippocampal gyrus ;¢

[C]

Less FC of the Right Posterior Insula

Seed: Right Posterior Insula

Subgenual anteri
Olfactory/ cingulate
4 Subgenual anterior 10
cingulate

Superior parietal

Inferior/Superior parietal lobule,
Postcentral gyrus
c

fq

Figure 2. Associations between FC of insula seeds with Component 1 scores, with sex and scan site included as covariates-of-no-interest. Higher
Component 1 scores (more Noticing, Control, Emotional Awareness, Regulation, Listening, and Trusting of the body [more “adaptive”]) were associated
with greater FC (red-yellow) of the A) left dorsal anterior insula and B) left posterior insula seeds, and C) less FC of the right posterior insula seed
(blue-green). All P <0.001 voxelwise (uncorrected) with FWE < 0.05 clusterwise correction.

processes (Schacter et al. 1999; Viard et al. 2011).
Whereas the posterior insula may process the initial
sensory representation of the body at a cortical level,
the dorsal anterior insula is thought to represent a
later stage of interoceptive processing (Craig 2003)
and is activated during a variety of cognitive processes
(Cauda et al. 2011; Deen et al. 2011). The fact that both

the left posterior and dorsal anterior insula seeds were
connected to medial temporal DMN regions suggests that
“adaptive” IS may involve the integration of cognitive and
sensory aspects of interoception with memory and other
self-referential processes.

In addition to the above-described regions showing
greater connectivity with more “adaptive” IS, higher
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Lower Component 2 scores (more Noticing, more Worrying, less
Emotional Awareness [more "maladaptive"]) were associated with:

Less FC of the Right Ventral Anterior Insula

Seed: Right Ventral Anterior Insula

“Anterior-Mf 39
cingulate/ Superions®
frontal gyrus (medial)

[B]

Lower Component 3 scores (more Distracting [more "maladaptive"])

were associated with:

T-value

2 3 4 5 Dorsal anterior-middle
cingulate/ Superior frontal

gyrus (dorsolateral)

Greater FC of the Left and Right Dorsal Anterior Insula

Seed: Left Dorsal Anterior Insula

Inferior frontal gyrus  Middle frontal

Seed: Right Dorsal Anterior Insula

Figure 3. Associations between FC of insula seeds with Component 2 and Component 3 scores, with sex and scan site included as covariates-of-no-
interest. A) Lower Component 2 scores (more Noticing, more Worrying, and less Emotional Awareness [more “maladaptive”]) were associated with less
FC of the right ventral anterior insula seed (blue-green). B) Lower Component 3 scores (more Distracting [more “maladaptive”] were associated with
greater FC of the left and right dorsal anterior insula seeds (red-yellow). All P < 0.001 voxelwise (uncorrected) with FWE < 0.05 clusterwise correction.

“adaptive” IS in patients was also related to less FC
between the right posterior insula and sgACC. Prior
studies in nonhuman primates found strong recipro-
cal connections between the sgACC with amygdala
(involved in conscious and unconscious emotional
processing; Morris et al. 1998; Whalen et al. 1998),
hypothalamus (involved in stress response; Porter 1952;
Swanson 1991; DiMicco et al. 2002), and prefrontal cortex

(Vogt and Pandya 1987; Carmichael and Price 1996; Joyce
and Barbas 2018). In human studies, the sgACC is thought
to act as a gateway between emotional and higher
cognitive centers (Greicius et al. 2007; Johansen-Berg
et al. 2008; Beckmann et al. 2009; Ramirez-Mahaluf
et al. 2018; Scharnowski et al. 2020). Perhaps due to
its role in sadness and negative emotional processing
(George et al. 1995; Vogt 2005; Freed and Mann 2007;
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Ramirez-Mahaluf et al. 2018), the sgACC is implicated in
anxiety and mood disorders (Gotlib et al. 2005; Drevets
et al. 2008; Johansen-Berg et al. 2008; Connolly et al.
2013) and is one of the target regions for deep brain
stimulation in treatment-resistant depression (Mayberg
et al. 2005). This association between more “adaptive”
IS and less connectivity between posterior insula and
sgACC suggests that reduced communication between
sensory-interoceptive and negative emotion processing
regions may promote “adaptive” responses to the body
among OCD patients.

“Maladaptive” IS may involve emotional and
salience-detection processes

Higher “maladaptive” IS (i.e. lower Component 2 scores;
more general noticing of sensations, more worry about
uncomfortable sensations, less awareness of the link
between emotion and the body) was associated with less
FC of the right ventral anterior insula seed with dACC,
an area involved in salience detection (Seeley et al. 2007).
The salience network detects, identifies, and integrates
salient information and acts as a “hub” for dynamic cog-
nitive control by appropriately engaging and disengaging
the executive control (task-positive) and default-mode
(task-negative) networks (Sridharan et al. 2008; Menon
and Uddin 2010; Menon 2011). Prior research in patients
with OCD compared to controls reported less FC within
the salience network (Chen et al. 2018; Giirsel et al. 2018),
although existing work also reported greater connectiv-
ity within the same network (Fan et al. 2017). Altered
connectivity involving regions of the salience network
may influence effective switching between default-mode
and executive control networks, thus contributing to
difficulties in disengaging from self-referential thoughts
to engage in adaptive cognitive control (Sridharan et al.
2008; Beucke et al. 2014; Chen et al. 2018). Consider-
ing that the ventral anterior insula seed is involved in
emotion processing (Deen et al. 2011; Touroutoglou et al.
2012; Chang et al. 2013), our data suggest that “maladap-
tive” responses to IS in OCD (more general awareness
of body sensations, more worrying, and less awareness
of the link between emotions and body sensations) may
involve emotional and salience detection-related pro-
cesses.

Distracting from uncomfortable sensations

involves connectivity of cognitive control regions
Finally, we observed that greater distracting from uncom-
fortable sensation (i.e. lower scores in Not-Distracting)
was associated with higher FC between the left and
right dorsal anterior insula and left inferior frontal gyrus
(pars triangularis). The dorsal anterior insula and inferior
frontal gyrus are both associated with cognitive control
(Aron et al. 2004; Deen et al. 2011), and greater connec-
tivity between these regions has been associated with
interoceptive attention and arousal (Jarrahi et al. 2015;
Wang et al. 2019). Prior research on pain suggest that dis-
traction as a general coping strategy can be adaptive or

maladaptive—while distracting reduces experimentally
evoked pain (such as cold pressor or thermal stimula-
tion; McCaul and Malott 1984; Verhoeven et al. 2010),
distracting from severe/chronic pain or catastrophizing
about pain is maladaptive (Rosenstiel and Keefe 1983,
Keefe et al. 1990; Johnson 2005). Greater distracting from
aversive body sensations was associated with worse psy-
chiatric outcomes (Brown et al. 2017; Rogers et al. 2018),
and this was consistent with cognitive behavioral ther-
apy studies revealing that distracting from uncomfort-
able events impedes the reduction of distress over time
(Wahl et al. 2013) and is detrimental to the therapeutic
process (Gillihan et al. 2012; McKay et al. 2015; Blakey and
Abramowitz 2018).

Interestingly, we found that greater tendency to focus
(or “not-distract”) on uncomfortable body sensation was
associated with greater severity of sensory phenomena
as measured using the SPS. “Sensory phenomena” refers
to symptoms involving sensations relating to symmetry,
completeness, and need for things to be “just right” that
drive repetitive behaviors (Cohen and Leckman 1992,
Ferrdo et al. 2012). Approximately 70% of patients expe-
rience some form of sensory phenomena, with 30%-—
40% of patients reporting aversive or uncomfortable body
sensations that immediately precede or accompany the
compulsions (Lee et al. 2009; Ferrao et al. 2012; Shavitt
et al. 2014). Prior studies proposed that individuals with
sensory phenomena tend to focus on internal feelings
and sensations relating to their sensory phenomena to
help determine when it is appropriate to terminate per-
forming compulsions (Cougle et al. 2011, 2013). This is
consistent with our prior published work showing a pos-
itive correlation between the general tendency to notice
body sensation (as measured by the MAIA Noticing sub-
scale) and severity of symptoms relating to symmetry,
completeness, and need for things to be “just right” as
measured by the DOCS (Eng et al. 2020). Overall, these
findings support the view that certain aspects of IS, such
as those related to focusing on and noticing sensation,
might be related to sensory-based symptoms in OCD.

A note about the anterior insula

It is notable that we observed consistent involvement of
the anterior insula in all 3 IS components. Our results are
broadly in line with prior studies that observe activations
preferentially in the left anterior insula during both posi-
tive and negative emotion feelings (Dal Monte et al. 2013;
Gu et al. 2013) and the right anterior insula during neg-
ative feelings (Gu et al. 2013). The right anterior insula,
in particular, is known to have an important role in
interoceptive accuracy (typically measured using heart-
beat detection tasks) (Critchley 2004; Haruki and Ogawa
2021) and generating subjective feelings of the present
moment (Critchley 2004; Craig 2009). Compared to the
left anterior insula, the right anterior insula also has
greater activations during interoceptive self-referential
tasks (Modinos et al. 2009; Murray et al. 2012; Scalabrini
et al. 2021) and has more connections to DMN regions



(Scalabrini et al. 2021). The present findings revealing
relationships between IS components and anterior insula
connectivity are generally consistent with previous work
suggesting a potential lateralization of function within
the insula, although further work is required to examine
insula lateralization in IS.

Clinical implications
Our findings have implications for the treatment of OCD
and future work. First, the finding that patients reporting
more “adaptive” IS tended to have milder OCD symptoms
is consistent with emerging evidence that mindfulness-
based interventions can be efficacious (Wahl et al. 2013;
Selchen et al. 2018). Mindfulness training is often body-
focused (Lee 2009; Kerr et al. 2013; Gibson 2019) and aims
to teach practitioners to observe distressing events or
sensation without acting on or feeling controlled by them
(Teasdale et al. 2002; Crowe and McKay 2016; Crane 2017),
thereby modulating attentional control and emotional
regulation (Coffey et al. 2010; Marchand 2013; Guendel-
man et al. 2017; Gibson 2019). Our study raises the possi-
bility that mindfulness may be helpful in OCD in part by
promoting “adaptive” IS responses. Future studies could
seek to determine if mindfulness therapy outcomes in
OCD are mediated by changes in IS and to identify neural
changes associated with improvements in “adaptive” IS
following mindfulness training.

Next, our finding that the “maladaptive” Component
2 scores correlated with severity of responsibility for
harm symptoms in OCD suggests that therapies aimed at
reducing sensitivity to and worry about body sensations
and promoting understanding of emotion-body con-
nection may be beneficial for patients specifically with
these types of symptoms. The therapeutic approach of
exposure to interoceptive signals, for example, involves
inducing distressing sensations to enhance tolerance
and emotional acceptance (Boswell et al. 2013; Blakey
and Abramowitz 2018). Interoceptive exposure helps the
individual regulate their arousal without controlling or
changing the sensations using “maladaptive” behavioral
responses that ultimately reinforce the undesirable
experience (Blakey and Abramowitz 2018). Our data sup-
port the recommendations by Blakey and Abramowitz
(2018) to integrate interoceptive exposure to uncomfort-
able body sensations into treatment for OCD (Blakey
and Abramowitz 2018) and further suggest this may be
particularly useful for patients with responsibility for
harm symptoms. Additionally, as our data showed that
lower state anxiety was related to both greater “adaptive”
IS and less “maladaptive” IS, interventions aiming to
enhance “adaptive” IS (e.g. mindfulness) and reduce
“maladaptive” IS (e.g. interoceptive exposure) may both
be generally anxiolytic (Frances et al. 2020), especially
when therapy is carefully conceptualized for the patient
(McKay et al. 2015, 2020).

Interestingly, however, while distracting (or not-
focusing) from uncomfortable sensation is known to
lead to worse outcomes in individuals, including those
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with eating disorders and pain (Rosenstiel and Keefe
1983; Keefe et al. 1990; Johnson 2005; Brown et al. 2017;
Rogers et al. 2018), we found that greater tendency to
focus on body sensation (less distracting) was related to
more severe sensory phenomena among OCD patients.
This suggests that therapies aimed at reducing a
patient’s focus on uncomfortable body sensation may
be beneficial for OCD patients with prominent sensory
phenomena.

Lastly, higher “maladaptive” IS was related to less con-
nectivity between anterior insula and dACC. Excitatory
deep transcranial magnetic stimulation (dTMS) targeting
the anterior cingulate is approved by the Food and Drug
Administration (FDA) as a treatment of OCD (Carmi et al.
2018,2019). Our results are consistent with the large body
of literature supporting the importance of the ACC in
OCD (Saxena et al. 2009; McGovern and Sheth 2017) and
raise the possibility that modulating ACC using dTMS
may impact OCD symptoms at least partially through
alterations of “maladaptive” IS. Future efforts could eval-
uate this question directly and consider testing the effec-
tiveness of anterior cingulate dTMS in combination with
therapies that target “maladaptive” IS such as interocep-
tive exposure.

OCD is highly heterogeneous, and the current study
reported differential associations of IS with symptoms
related to harm avoidance and sensory phenomena in a
sample of patients with OCD. However, these symptoms
are transdiagnostic and prevalent in other psychiatric
disorders. Harm avoidance is prominent in anxiety disor-
ders, such as panic, and social anxiety disorders (Kamp-
man et al. 2014). Sensory phenomena are associated with
compulsions not only in patients with OCD (Lee et al.
2009; Ferrao et al. 2012; Shavitt et al. 2014) but also in tic
disorders, skin picking, and trichotillomania (Prado et al.
2008; Ferrao et al. 2012). As such, clinical implications
drawn from our results may therefore be applicable to
individuals across several disorders. Future work should
seek to examine these processes in additional patient
populations to determine whether the IS component
structure and relationships with FC identified in OCD
would be similar across disorders.

Limitations

There are several limitations to our study. We were not
able to compare OCD and healthy control groups on
insula FC associated with IS components as the PCA anal-
ysis on the MAIA subscales was conducted separately in
each patient and control group, yielding group-specific
component solutions that are not directly comparable.
Although we present results for the control group in
Appendix 1 for completeness, it should be noted that our
sample of healthy controls was smaller than that of the
patients. Future work focusing on case-control compar-
isons would benefit from obtaining more even sample
sizes. Next, the MAIA is a self-report questionnaire and
may be susceptible to individual biases. Indeed, the cur-
rent study only assessed the subjective experience of the
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body and did not examine patients’ ability to objectively
detect sensation, as in prior work (Yoris et al. 2017,
Schultchen et al. 2019) (known as interoceptive accu-
racy and frequently assessed using heartbeat detection
paradigms; Critchley 2004; Garfinkel et al. 2015; Yoris
et al. 2017; Schultchen et al. 2019) or the correspondence
between subjective and objective measures of interocep-
tion (known as interoceptive awareness; Garfinkel and
Critchley 2013; Garfinkel et al. 2015). As these dimensions
of interoception are distinct and dissociable (Garfinkel
et al. 2015), future studies should evaluate all 3 indices
of interoception in the same patients to better decipher
interoceptive alterations in OCD. Lastly, as we did not
administer any measure of anxiety sensitivity, we were
unable to directly examine associations between anxiety
sensitivity, IS components, and OCD symptoms. How-
ever, prior work has associated anxiety sensitivity with
symmetry/“just-right” symptoms in both patients with
OCD (Poli et al. 2017) and nonclinical college students
(Wheaton et al. 2012). Furthermore, anxiety sensitivity
has similarities with the “worrying about sensation” sub-
scale of the MAIA and is elevated in OCD as well as
panic disorder, post-traumatic stress disorder, and gen-
eralized anxiety disorder (Naragon-Gainey 2010; Blakey
and Abramowitz 2018). As such, future studies could
directly examine associations between anxiety sensitiv-
ity, IS, and disorder-specific clinical symptoms across
anxiety diagnoses in order to better elucidate the rela-
tionships between these constructs. Despite these limita-
tions, we identified relationships between “adaptive” and
“maladaptive” components of IS and symptom severity
in OCD, suggesting that these processes are relevant
for impairment in OCD. Further, differential insula FC
was related to distinct aspects of IS, identifying multiple
network connections that could serve as future targets
for the modulation of IS in OCD.
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