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A B S T R A C T

Sensory phenomena (SP) are aversive or uncomfortable sensations that accompany and/or drive repetitive be-
haviors in obsessive-compulsive disorder (OCD). Although SP are associated with significant distress and may
respond less well to standard treatments than harm-related obsessions, little is known about their underlying
neurobiology. The present study used functional magnetic resonance imaging (fMRI) to measure brain func-
tioning related to severity of SP during a “body-focused” videos task designed to elicit activation in sensorimotor
brain regions. Regression analysis examined the relationship between severity of SP and activation during task
using permutation analysis, cluster-level corrected for multiple comparisons (family-wise error rate p < 0.05).
The distribution of SP severity was not significantly different from normal, with both high- and low-severity
scores represented in the OCD sample. Severity of SP was not correlated with other clinical symptoms in OCD
including general anxiety, depression, or harm avoidance. When viewing body-focused videos, patients with
greater severity of SP showed increased activity in the mid-posterior insula, a relationship that remained sig-
nificant when controlling for other clinical symptoms, medication status, and comorbidities. At uncorrected
thresholds, SP severity was also positively related to somatosensory, mid orbitofrontal, and lateral prefrontal
cortical activity. These data suggest that SP in OCD are dissociable from other symptoms in the disorder and
related to hyperactivation of the insula. Future work examining neural mechanisms of SP across different dis-
orders (tics, trichotillomania) as well as with other imaging modalities will be needed to further understand the
neurobiology of these impairing symptoms.

1. Introduction

Obsessive-compulsive disorder (OCD) is characterized by the pre-
sence of obsessions, defined as thoughts, impulses, or images that cause
anxiety and are experienced as intrusive and inappropriate, and/or
compulsions, which are repetitive behaviors typically performed to
relieve anxiety caused by obsessions. Despite this rather straightfor-
ward definition, OCD is a highly heterogeneous disorder, with clusters
of symptoms likely derived from differing neural etiologies. Although
the classic example is of a fearful and harm-avoidant patient who
performs compulsions to prevent a dreaded event (i.e., a patient who
checks the stove to prevent the house from catching fire), a significant
portion of patients experiences “sensory phenomena” (SP) consisting of

aversive or uncomfortable sensations or perceptions that drive re-
petitive behaviors in addition to, or instead of, fear of harm.
Approximately 60–70% of OCD patients have some form of sensory
symptom not associated with a specific feared consequence (Ferrao
et al., 2012; Lee et al., 2009; Rosario et al., 2009; Shavitt et al., 2014).
OCD patients with touching, counting, and repeating compulsions re-
port sensory-based urges preceding their repetitive behaviors, including
approximately 30% of patients who report physical sensations in their
muscles/joints or extremities (Lee et al., 2009; Shavitt et al., 2014). SP
are also prominent in patients with symmetry/ordering and checking
compulsions, which are frequently performed until the patient achieves
the sensation or perception that things are “just right” or “complete”
(Coles et al., 2003; Ferrao et al., 2012; Pietrefesa and Coles, 2009;
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Rosario et al., 2009; Summerfeldt, 2004). SP can additionally manifest
as tactile or visceral sensations of contamination associated with feel-
ings of disgust (rather than fear of illness or disease) that drive washing
and cleaning compulsions (Ferrao et al., 2012; Rosario et al., 2009).
Although SP have been associated with some OCD dimensions (i.e.
symmetry/ordering) more than others (Coles et al., 2003; Ferrao et al.,
2012; Rosario et al., 2009), they cut across traditional subtype
boundaries (Ecker and Gonner, 2008; Ferrao et al., 2012; Rachman,
1994; Tallis, 1996) and can be distinguished from harm avoidance as
the motivation for repetitive behaviors (Ecker and Gonner, 2008;
Pietrefesa and Coles, 2008, 2009; Summerfeldt, 2004; Summerfeldt
et al., 2014). Interestingly, SP are transdiagnostic and also prominent in
tic disorders, skin picking, and trichotillomania (Ferrao et al., 2009;
Flessner and Woods, 2006; Miguel et al., 2000, 2005; Neziroglu et al.,
2008; Prado et al., 2008). Not surprisingly, the prevalence of SP is quite
high (> 80%) among OCD patients with comorbid tics (Miguel et al.,
2000; Shavitt et al., 2014). SP are clinically assessed using the Sensory
Phenomena Scale (SPS (Rosario et al., 2009)), which is a semi-struc-
tured interview containing a checklist composed of examples of dif-
ferent types of SP preceding or occurring at the same time as repetitive
behaviors. The SPS checklist includes items encompassing all previous
descriptions in the literature, including physical sensations, “not just
right” sensations, incompleteness, general energy or inner tension
buildup, and urges. Following the checklist, severity of SP is measured
through ratings of frequency, distress, and interference.

Patients with SP report that they are highly distressing (Cohen and
Leckman, 1992; Leckman et al., 1993; Prado et al., 2008), and there is
some evidence that they are not well addressed by standard treatments
in OCD (Abramowitz et al., 2003; Foa et al., 1999; Smits et al., 2002;
Stein et al., 2007; Summerfeldt, 2004). Over the past few decades,
much important work has identified several clinical and demographic
factors associated with SP (Coles et al., 2003; Ferrao et al., 2012;
Leckman et al., 1994; Miguel et al., 2000; Prado et al., 2008; Rosario
et al., 2009; Rosario-Campos et al., 2001; Shavitt et al., 2014), yet very
little is known about their underlying neurobiology. One recent study
found increased gray matter volume in sensorimotor cortex in a group
of OCD patients with SP compared to OCD patients without SP (Subira
et al., 2015). This finding is interesting in light of neuroimaging studies
investigating “urges-for-action”, which are sensations that drive an in-
dividual to perform a behavior, such as the urge to blink, swallow, or
scratch. These commonplace urges-for-action may be phenomen-
ologically similar to sensory-related urges in psychiatric disorders
(Berman et al., 2012; Jackson et al., 2011) and are associated with
activation in somatosensory cortex as well as the insula (Berman et al.,
2012; Holle et al., 2012; Jackson et al., 2011; Lerner et al., 2009;
Mazzone et al., 2011). Motor and premotor regions are also frequently
associated with the buildup of sensory urges (Berman et al., 2012; Holle
et al., 2012; Lerner et al., 2009; Mazzone et al., 2011) – even in the
absence of overt movement – illustrating the critical link between
sensation and action that is highlighted by a disorder such as OCD.

The present investigation explored the relationship between SP and
activation of the insula and sensorimotor cortical regions in a sample of
OCD patients exhibiting varying severity of SP. Patients performed a
functional magnetic resonance imaging (fMRI) task that has been
shown to elicit activity in these circuits (Schaefer et al., 2012; Stern
et al., 2018). This work represents a first step toward identifying the
functional neural mechanisms of SP, with the long-term goal of iden-
tifying brain circuitry that could be targeted by future treatments for
these impairing symptoms.

2. Materials and methods

2.1. Subjects and procedure

Twenty-seven patients with OCD were recruited into the study and
signed consent forms approved by the Icahn School of Medicine at

Mount Sinai Institutional Review Board. Eight patients were subse-
quently excluded (3 due to subclinical OCD, 1 due to severe alcohol use
disorder, 3 patients changed their mind about participating after the
screening visit, and 1 patient's head could not fit comfortably under the
head coil). Final data were analyzed from 19 patients. All patients met
DSM-5 criteria for OCD and were excluded for lifetime presence of bi-
polar disorder, schizophrenia spectrum disorder, or autism spectrum
disorder. Fourteen patients had at least one comorbid Axis I disorder
(with 8 patients exhibiting multiple comorbidities) including general-
ized anxiety disorder (GAD, n=7), attention deficit hyperactivity
disorder (ADHD, n=5), excoriation/skin picking disorder (n=3),
panic disorder (n= 2), agoraphobia (n= 2), and one each of major
depressive disorder, trichotillomania, body dysmorphic disorder, post-
traumatic stress disorder, social anxiety disorder, and hoarding dis-
order. Ten out of the 19 patients were taking psychotropic medications
including serotonin reuptake inhibitors (SRIs, n= 10), risperidone
(n= 1), trazodone (n=1), and benzodiazepines as needed (n=2,
which both patients refrained from taking on the day of study visits).
Diagnoses were made by a trained rater using the Mini International
Neuropsychiatric Interview (M.I.N.I., Sheehan et al., 1998). Sensory
phenomena were assessed using the Sensory Phenomena Scale (SPS,
Rosario et al., 2009). After individuals endorse specific checklist items,
total SP frequency, distress, and interference are rated on 6-point scales
(0–5). Possible total scores range from 0 (no SP) to 15 (severe SP). The
SPS shows excellent convergent validity with an open clinical interview
(the gold standard), very good discriminative validity, and high inter-
rater reliability (Rosario et al., 2009), and has been used to measure
severity of SP in several OCD patient samples (Ferrao et al., 2012; Lee
et al., 2009; Miguel et al., 2000; Prado et al., 2008; Rosario et al., 2009;
Rosario-Campos et al., 2001; Shavitt et al., 2006; Subira et al., 2015).

Overall severity of obsessive-compulsive symptoms was measured
using the total score from the Yale-Brown Obsessive-Compulsive Scale
(Y-BOCS (Goodman et al., 1989). The Y-BOCS consists of a checklist of
different obsessive-compulsive symptoms followed by severity ratings
(time occupied, distress, interference, resistance, and control) for all
symptoms endorsed. In order to ensure we captured all the various
manifestations of OCD symptoms reported in the literature (including
thoughts, fears, images, impulses, sensory phenomena, and any asso-
ciated compulsions), we combined checklist items from the Y-BOCS
with those from the Dimensional Y-BOCS (DY-BOCS, (Rosario-Campos
et al., 2006), which has a large and comprehensive list of OCD-related
symptoms. Following the layout of the DY-BOCS, our checklist used a
self-report format with multiple examples per item that was reviewed in
detail between the patient and a trained rater prior to assessing severity
of endorsed symptoms using the rating scales from the Y-BOCS.

In order to determine the specificity of any identified associations
between brain activity and SP, we quantified general anxiety and de-
pressive symptoms using the Beck Anxiety Inventory (Beck et al., 1988)
and the Quick Inventory of Depression Severity (Rush et al., 2003),
respectively. We measured trait harm avoidance using the Obsessive-
Compulsive Trait Core Dimensions Questionnaire-Harm Avoidance
subscale (OCTCDQ-HA, Summerfeldt et al., 2014). We also assessed
severity of OCD symptoms based on subtype or dimension using the
Dimensional Obsessive-Compulsive Scale (Abramowitz et al., 2010).
The DOCS is a self-report scale where patients rate time occupied,
avoidance, distress, interference, and difficulty disregarding/resisting
symptoms separately for four categories of OCD symptoms: concerns
about germs and contamination; concerns about responsibility for
harm, injury, or bad luck; unacceptable thoughts; and concerns about
symmetry, completeness, and the need for things to be “just right”.

2.2. Body-focused videos (BFV) task

Patients performed an fMRI task that elicits activation in brain re-
gions involved in interoception and sensorimotor processing (Stern
et al., 2018). In the task, subjects view videos depicting body
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movements/sensation (“body-focused videos”) or control videos in 15s
blocks. Previous work has shown that observing body touch and sen-
sation (i.e., by viewing a video showing a brush stroking a hand as was
done in (Schaefer et al., 2012; Stern et al., 2018)) elicits activation in
insula, somatosensory, and premotor regions similar to actually ex-
periencing sensation, effects that have been attributed to a sensory
“mirror neuron” system (MNS) (Keysers and Gazzola, 2009; Schaefer
et al., 2012). In contrast to tasks that engage interoceptive and sen-
sorimotor regions by asking subjects to attend to their internal body
sensations, this approach is less challenging for the subject and does not
depend as heavily on compliance. Three different body-focused videos
depicted different scenarios: a brush stroking the underside of a hand
(Fig. 1), a close-up of a throat while swallowing, and a medical illus-
tration of a heart beating. The event depicted in each scenario repeated
several times, with the number of repetitions varying between pre-
sentations (e.g., separate videos depict a brush stroking a hand 3, 4, or 5
times). Each body-focused video had an associated control video
showing repeating non-body-related events: the hard end of a brush
moving across a table (Fig. 1), a ball sliding through a tube, and a co-
lored rectangle increasing and decreasing in height. After watching
each video, subjects reported the number of repetitions using a 5-point
scale (3.5s) in order to ensure that attention was focused on the videos
throughout the task. A jittered inter-trial interval (ITI) consisting of a
fixation cross was then displayed for 2–6s, after which a new video
began. In total, each of the 6 videos (3 body-focused and 3 control)
were presented 9 times (for each video there were 3 different numbers
of repetitions, with each repetition presented 3 times each) for a total of
54 blocks comprised of 27 body-focused and 27 control videos. The
reader is referred to Stern et al. (2018) for images of all 6 video types as
well as data showing greater engagement of interoceptive and sensor-
imotor regions during body-focused compared to control videos using
the same task in a group of healthy controls.

2.3. Neuroimaging data acquisition and preprocessing

MRI scanning occurred on a Siemens 3T Skyra scanner. Functional

BOLD data were acquired using a 32-channel head coil with a high-
resolution multiband-accelerated echo-planar sequence for full brain
coverage (TR=1000ms, TE=25ms, flip angle= 60°,
FOV=228mm, 72 slices, 2.1-mm thickness, acceleration factor= 6).
A high-resolution T1-MPRAGE structural image was acquired for co-
registration (TR=2400ms; TE=2.07ms; flip angle= 8°;
FOV=256mm, 0.8-mm thickness). Preprocessing was performed
using Statistical Parametric Mapping (SPM) v.12 and scripts taken from
the Human Connectome Project (HCP) preprocessing pipeline (Glasser
et al., 2013) and included gradient non-linearity distortion correction,
realignment of functional images, normalization of functional images to
an MNI template, and spatial smoothing with a 6-mm kernel.

2.4. Data analysis

A general linear model (SPM v.12) was used to specify regressors for
all body-focused and control videos separately with duration set to
block length (15s). A regressor for the rating period was included to
capture variance, with duration set equal to response time. Six rea-
lignment parameters were included to further reduce error variance
associated with residual movement after realignment. Additional mo-
tion and artifact correction was conducted through spike-regression
(Ciric et al., 2017). We first identified volumes showing framewise
displacement over 2mm (translation) or 1° (rotation), or global signal
over 9 standard deviations from the mean, using ART (www.nitrc.org/
projects/artifact_detect) and then regressed these volumes out of the
data by specifying them as covariates of no interest the subject-level
models. Two primary contrasts focused on the comparisons of body-
focused videos with implicit baseline (consisting of ITI time points) and
control videos with implicit baseline. Due to our a priori interest in
insula and sensorimotor cortex, data were examined within a large
region-of-interest (ROI) mask consisting of bilateral insula, somato-
sensory cortical regions (postcentral gyri, paracentral lobule), and
premotor/motor cortical regions (precentral gyri, supplementary motor
area), created with Wake Forest University's pickatlas tool (Maldjian
et al., 2003) by specifying the above-listed automated anatomical labels

Fig. 1. Examples of body-focused videos (top) and control videos (bottom) blocks in the task.
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(AAL) and including Brodmann's areas 1, 2, 3, 4, 5, 6, 13, and 43.
Group-level regression analyses examined the relationship between
brain activity during contrasts of interest and SPS total score. Stringent
correction for false positives using permutation testing was im-
plemented with palm software (Winkler et al., 2014) to identify clusters
with a corrected family-wise error rate less than 5% (i.e. p < 0.05)
within the ROI using a voxelwise threshold of p < 0.001, as suggested
by Eklund et al. (2016). Due to the preliminary nature of the in-
vestigation, we also explore whole-brain activations obtained through
permutation testing using an uncorrected voxelwise threshold of
p < 0.001, cluster extent (k) > 10.

3. Results

3.1. Relationships between clinical measures

The mean total score on the SPS was 7.45 (SD: 3.16) and the range
was between 2 and 14, importantly indicating that both high and low
SP severity patients were represented in the sample (Fig. 2A). The
distribution of SPS scores was not significantly different from normal
(Shapiro-Wilk test statistic= 0.96, p= 0.50). SPS score was positively
correlated with total Y-BOCS score (r= 0.67, p= 0.002), indicating
that greater overall obsessive-compulsive symptom severity was asso-
ciated with increased severity of sensory phenomena, which would be
expected given that several types of SP (‘not just right’ experiences,
symmetry and ordering compulsions, sensitivity to physical sensations)

are also assessed in the checklist that we used for the Y-BOCS rating
scales, which included items from both the Y-BOCS and DY-BOCS
checklists and intended to encompass all possible OCD-related symp-
toms including thoughts, fears, images, impulses, sensory phenomena,
and their associated compulsions. Interestingly, SPS score was not
correlated with general symptoms of anxiety (r= 0.16, p=0.52), de-
pression (r=−0.28, p=0.26), harm avoidance (r=−0.09,
p=0.71), DOCS severity of concerns about germs and contamination
(r=−0.06, p= 0.80), DOCS severity of responsibility for harm
(r=−0.07, p= 0.77), or DOCS severity of unacceptable thoughts
(r=−0.37, p= 0.12), indicating that SP are dissociable from these
other symptoms and clinical characteristics in OCD. Not surprisingly,
SPS scores were significantly correlated with DOCS severity of sym-
metry, completeness, and “just right” symptoms (r= 0.73, p < 0.001).

3.2. ROI analysis

For body-focused videos, there was a significant positive relation-
ship between severity of SP in the OCD sample and activity in left mid-
posterior insula (x=−38, y=−2, z=−4, k=65, family-wise error-
corrected p-value= 0.04, k= 65) (Fig. 2B). For control videos, there
were no relationships with SP severity that achieved statistical sig-
nificance when correcting for multiple comparisons.

Fig. 2. A) Distribution of sensory phenomena scale (SPS) scores in the OCD sample, B) Region of mid-posterior insula showing a significant positive correlation with
SPS score during body-focused videos, corrected for multiple comparisons within a region-of-interest mask using permutation testing C) Whole-brain positive
correlations with SPS score during body-focused videos, thresholded at voxelwise p < 0.001, uncorrected. L= left.
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3.3. Exploratory whole-brain analysis

For body-focused videos, in addition to the left mid-posterior insula
activation reported in the ROI analysis, there were also positive cor-
relations between SP severity and activity in right mid-anterior insula,
bilateral postcentral gyri, bilateral middle OFC, left lateral PFC, and left
posterior middle/superior temporal gyri at an uncorrected threshold of
p<0.001 (k> 10) (Table 1, Fig. 2C). For control videos, a region of
left mid-posterior insula was positively correlated with SP severity
(x=−36, y=−2, z= 2, k= 10, uncorrected p-value [un-
corrp]= 0.0004), as well as an area of left fusiform gyrus in the tem-
poral lobe (x=−38, y=−40, z=−22, k= 38, uncorrp= 0.0001)
and middle occipital cortex (x=−46, y=−68, z=−16, k=26,
uncorrp= 0.0001).

3.4. Specificity to SP

We sought to determine whether the relationships with brain
function were unique to SP by performing partial correlation analyses
between SP and activation in the reported clusters, controlling for the
other clinical measures. The left mid-posterior insula cluster remained
highly significant when controlling for Y-BOCS score (partial r= 0.71,
p=0.001). The other regions reported in Table 1 also remained sig-
nificantly associated with SPS score when controlling for Y-BOCS score
(0.55 < partial r < 0.73, 0.02 < p < 0.001). Similarly, activity in
all regions remained significantly related to SP when controlling for
anxiety, depression, or harm avoidance (0.53 < partial r < 0.78,
0.03 < p < 0.001), as well as for the three DOCS dimensions not
correlated with SPS scores (concerns about germs and contamination;
concerns about responsibility for harm; unacceptable thoughts)
(0.56 < partial r < 0.81, 0.02 < p < 0.001). These data suggest
that the reported relationships are unique to SP and do not merely re-
flect general severity of the disorder (as measured by the Y-BOCS or
DOCS scores) or other disorder-relevant clinical characteristics (general
anxiety, depression, harm avoidance).

In order to further explore the contribution of overall symptom
severity as assessed by the Y-BOCS to the relationship between SPS
score and activation in the insula, we ran a series of regression analyses
predicting insula activity in the most significant cluster (x=−38,
y=−2, z=−4, k= 65) from SPS score alone, Y-BOCS score alone,
and when both SPS and Y-BOCS scores were predictors in the model. A
model with the SPS score as the only predictor revealed that it sig-
nificantly predicted insula activation (t= 4.91, p < 0.001), explaining
58.6% of the variance. A model where the Y-BOCS score is the only
predictor shows that it is marginally significant (t= 1.97, p=0.065)
and accounts for 18.6% of the variance. Consistent with the small
amount of variance explained by the Y-BOCS, the model with both the
SPS and Y-BOCS scores as predictors revealed a significant effect of the

SPS predictor (t= 4.06, p= 0.001) but not the Y-BOCS predictor
(t=−0.70, p= 0.49), with 59.9% of the variance in insula activation
explained by the full model.

3.5. Controlling for medication and comorbidities

There was no significant difference in SP severity between medi-
cated and unmedicated patients (t17= 1.1, p=0.29) or between pa-
tients with and without the two most frequent comorbidities in our
sample (OCD patients with and without GAD and OCD patients with
and without ADHD, t17= 0.80, p=0.44 and t17= 0.95, p=0.36, re-
spectively). Furthermore, the relationship between SP severity and ac-
tivation in the clusters from Table 1 remained significant when con-
ducting partial correlations controlling for medication status, GAD, or
ADHD as categorical (yes/no) variables (0.51 < partial r < 0.76,
0.03 < p < 0.001). This indicates that the relationships between
brain activity and SP severity were not due to differences between low
and high SP patients in medication status or the presence of co-
morbidities.

4. Discussion

In this investigation of sensory phenomena in OCD, we found that
severity of SP was not significantly related to measures of general an-
xiety, depression, or harm avoidance, consistent with prior research
showing a distinction between incompleteness (a type of SP) and harm
avoidance (Ecker and Gonner, 2008; Pietrefesa and Coles, 2008, 2009;
Summerfeldt et al., 2014). Neurally, SP severity was positively related
to activation in left mid-posterior insula as well as right mid-anterior
insula, bilateral somatosensory cortex (postcentral gyri), left posterior
temporal cortex, bilateral middle OFC, and left dorsal prefrontal re-
gions. These relationships remained significant when controlling for
other symptoms, comorbidities, and medication, suggesting that SP in
OCD are behaviorally and neurally dissociable from other clinical
characteristics.

Prior work indicates that everyday “urges-for-action”, such as the
urge to blink, swallow, or scratch, may be phenomenologically similar
to SP (Berman et al., 2012; Jackson et al., 2011) and are associated with
activation of insula, somatosensory, and premotor regions (Berman
et al., 2012; Holle et al., 2012; Jackson et al., 2011; Lerner et al., 2009;
Mazzone et al., 2011). The one prior study investigating the neuro-
biology of SP found increased volume of somatosensory and premotor
cortical areas in OCD patients with SP compared to patients without SP
(Subira et al., 2015). Our results showing an association between so-
matosensory activation and SP severity are consistent with these find-
ings, which together suggest that somatosensory areas are both func-
tionally and structurally related to SP in OCD.

Among those regions that have been linked to sensory-based urges,
the insula has been shown to be involved in the detection and in-
tegration of signals from within the body, a process known as inter-
oception (Caseras et al., 2013; Critchley et al., 2004; Farb et al., 2013;
Khalsa et al., 2018; Simmons et al., 2013; Stern et al., 2017; Wiebking
et al., 2014; Zaki et al., 2012) (see Schulz, 2016, for meta-analysis). The
insula is a heterogeneous cortical structure extending 50–60 mm hor-
izontally (from approximately y = +30 to y = −30) at the intersec-
tion of the frontal, temporal, and parietal lobes, with an antero-pos-
terior segregation of function (Cauda et al., 2012; Kurth et al., 2010;
Wager and Barrett, 2004). While the posterior section of the insula is
thought to hold the initial cortical representation of the physical state of
the body (Craig, 2002; Singer et al., 2004), reciprocal intrainsular
connections transfer information between posterior, mid, and anterior
regions (Almashaikhi et al., 2013). Anterior insula has been proposed to
integrate body state information (from posterior and mid insula areas)
with emotional signals from limbic/paralimbic regions (such as the
amygdala) and cognitive/motor plans processed in dorsal frontal cortex
(Chang et al., 2013; Kurth et al., 2010; Wager and Barrett, 2004). The

Table 1
Brain regions positively correlated with sensory phenomena (SP) severity
during the body-focused videos condition.

BA k x y z Max p

Insula (mid-posterior) (L) 13 90 −38 −2 −2 0.0001
Postcentral gyrus (R) 1, 2, 3,

4
42 58 −28 42 0.0001

Postcentral/supramarginal gyrus (L) 2, 40 21 −62 −30 34 0.0001
Orbitofrontal (L) 11 16 −28 42 −12 0.0001
Middle frontal (L) n/a 16 −24 32 22 0.0004
Insula (mid-anterior) 13 14 46 8 −14 0.0001
Dorsolateral prefrontal (L) 46 13 −40 34 18 0.0001
Orbitofrontal (R) 11 12 26 38 −10 0.0004
Posterior middle/superior temporal

(L)
39 11 −46 −62 22 0.0004

BA=Brodmann's areas; k= cluster extent; Max p=maximum uncorrected p-
value; R= right, L= left, B= bilateral; coordinates are in MNI space.
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correlations with SP that were identified in this study were located in
both mid-posterior insula (in the left hemisphere with peak activation
at y = −2) as well as a more ventral mid-anterior region (in the right
hemisphere with peak activation at y = +8), suggesting that SP may
involve hyper-responsivity in an intermediate insular zone that bridges
the gap between purely sensory processing (at the posterior end) and
emotion/cognition integration (at the anterior end). Previous case-
control studies in OCD have also implicated the mid-posterior insula in
the disorder (Becker et al., 2014; Jung et al., 2011; Kwon et al., 2003;
Nakao et al., 2009; Roth et al., 2007; Schienle et al., 2005; Stein et al.,
2006); the present study extends these prior findings by specifically
linking activation of this region to the severity of sensory phenomena in
the disorder.

The strongest relationship was between mid-posterior insula and SP
during the body-focused videos condition, yet a weaker (uncorrected)
relationship was found in the same area during the control videos as
well. It is possible that the insula of high-SP patients is more generally
reactive than low-SP patients, which becomes particularly apparent
during conditions when the insula is engaged (i.e., body-focused vi-
deos) but is also present during conditions that are not specifically
designed to elicit interoceptive/sensorimotor processing (i.e., control
videos). Taking this a step further, it is possible that insula hy-
perreactivity to control videos in high-SP patients reflects a mis-
perception or interpretation of non-interoceptive/non-sensory stimuli
as sensory in nature. Although the reason for the correlation between
SP severity and insula activation during control videos remains unclear,
this finding highlights the importance of this region for SP and suggests
that active engagement of the interoceptive/sensorimotor circuit (as in
the body focused videos condition) may not be required in order to
observe this relationship.

We also found a relationship between SP severity and activation of
bilateral middle regions of orbitofrontal cortex (BA 11), which is con-
sistent with prior work finding hyperactivation of this area in meta-
analyses in OCD (Menzies et al., 2008; Rotge et al., 2008) as well as
hyperconnectivity in resting-state functional connectivity studies (Abe
et al., 2015; Beucke et al., 2013). OFC has also been associated with
interoception (Craig, 2002; Critchley et al., 2004), perhaps due to
connections with posterior sensory systems involved in somatosensa-
tion, taste, olfaction, and vision (Kringelbach, 2005; Ongur and Price,
2000; Price, 2007; Rolls, 2000), an observation that has led several
authors to propose that OFC is a multimodal integration area processing
the motivational significance of incoming sensory information
(Critchley and Harrison, 2013; Kringelbach, 2005; Ongur and Price,
2000; Price, 2007; Rolls, 2000). One possible explanation for the OFC
finding is that patients with higher SP may find the body-focused videos
to be more motivationally salient than patients with lower SP; while we
believe this is a reasonable suggestion given the task that was used and
the purported functions of OFC, it is speculation that requires further
testing to confirm.

Given that we have linked SP severity to activity in regions involved
in interoception and sensorimotor processing (i.e. insula, somatosen-
sory cortex, OFC), it is tempting to theorize that patients with high SP
have an abnormality of interoception (see Stern, 2014). However, the
current study focused only on identifying neurocircuitry and did not
probe for behavioral measures of interoception; as such, these results
cannot speak directly to this question and caution must be taken not to
infer psychological processes from brain activations (a fallacy known as
reverse inference). Indeed, very few studies have directly examined
interoception in OCD. One recent study found that patients with OCD
more accurately monitored their own heartbeat than individuals
without OCD, while showing no difference when monitoring an ex-
ternal sound (Yoris et al., 2017). This is in contrast to findings from
Lazarov and colleagues showing that OCD patients (Lazarov et al.,
2014) and undergraduates with high “OC tendencies” (Lazarov et al.,
2012, as measured from the obsessive-compulsive inventory [Foa et al.,
2002]) were less accurate and requested external feedback more often

than those without OCD (or individuals with low OC tendencies) when
generating different levels of muscle tension, which was interpreted as
reflecting reduced access to internal states and increased reliance on
external information (”proxies”) to guide behavior. Although it is dif-
ficult to interpret these seemingly conflicting findings from the litera-
ture, it is possible that the discrepancy is partly related to the fact that
symptom variability, and in particular, sensory phenomena variability,
in the OCD cohorts were not investigated in relation to interoception
measures. As we have shown (Fig. 2), even among diagnosed OCD
patients there is considerable variability in sensory phenomena se-
verity, and it is conceivable that the distribution of sensory symptoms
could vary between studies and unduly influence group differences
even if the OCD samples appear to be diagnostically similar. High-
lighting the importance of considering SP variability when studying
interoception, Ganos et al. (2015) found that greater frequency of
premonitory urges (a type of SP) in Tourette's disorder patients was
associated with increased accuracy when counting heartbeats despite
the fact that, as a group, patients were actually less accurate than
control subjects. Given the limited amount of available data, it is too
early to make conclusions about whether SP and SP-related brain ac-
tivations are related to the ability to consciously detect or access in-
ternal body states. To answer this question, future work will need to
measure interoception directly and in relation to SP severity and neural
circuitry.

This study raises additional questions for future work. It is a lim-
itation that we did not obtain a healthy control sample to compare to
the OCD group. Although we would predict that patients with high
severity of SP would show greater activity in the insula (and other re-
gions identified in this study, i.e., somatosensory cortex, OFC) when
compared to controls, at present this remains speculative and future
work should seek to compare high and low SP patients to control
subjects. Furthermore, the sensory phenomena scale covers several
types of sensory-related symptoms ranging from those that are mostly
physical in nature (i.e., sensations of dirtiness, the need to tense mus-
cles or touch items to achieve a specific sensation) to mostly mental
(i.e., the need to engage in repeititive behaviors to achieve an inner
sense of completeness). ‘Not just right’ experiences encompass multiple
sensory domains including not only somatosensatory and interoceptive
but also auditory and visual (Rosario et al., 2009). Although these
different types of SP all share the characteristic that they drive re-
petitive behaviors (rather than fear), it is possible that different mani-
festations of SP could be associated with dissociable mechanisms. The
present work represents a first step in identifying functional neuro-
circuitry that may cut across different types of SP, but future work may
wish to further segregate these symptoms in order to better understand
their underlying neurobiology. Furthermore, although our mid-pos-
terior insula finding was significant when statistically correcting for
multiple comparisons within our region of interest, the other reported
clusters were not and should be interpreted with caution, pending re-
plication in a larger sample. Finally, it will be important to study SP in
other disorders characterized by sensory urges, including Tourette's/tic
disorders, trichotillomania, and skin picking (Ferrao et al., 2009;
Flessner and Woods, 2006; Miguel et al., 2000, 2005; Neziroglu et al.,
2008; Prado et al., 2008), in order to determine whether the mechan-
isms underlying SP are similar across diagnostic categories. Prior work
has found mid insula and sensorimotor activation during the few sec-
onds prior to the onset of a tic, a time period typically associated with
the build-up of a premonitory sensory urge (Bohlhalter et al., 2006).
This data suggests that the neural circuitry of SP may be similar across
diagnoses, although future work using the same measures and tasks in
different disorders will be needed.

Despite these limitations, this investigation probed the functional
neural correlates of sensory phenomena in a sample of OCD patients
showing symptom variability, revealing that SP are dissociable both
behaviorally and neurally from other clinical symptoms. The identifi-
cation of a significant relationship between mid-posterior insula and SP
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severity suggests that future treatments for SP may wish to specifically
target the functioning of this brain area.
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