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a b s t r a c t
Background: Aberrations in body perception are common in psychotic disorders. The insula and temporoparietal
junction (TPJ) are involved in body ownership and spatial perception suggesting that abnormal structure of these
regions might be related to the expression of perceptual aberrations in psychosis.
Methods: 58 individuals with a primary psychotic disorder and 40 healthy subjects completed the Chapman Perceptual Aberration Scale (PAS) and underwent structural magnetic resonance imaging (MRI). Grey matter volume was extracted from a-priori deﬁned TPJ, whole insula, and insula sub-division regions-of-interest (ROIs)
and correlated with PAS scores. Additionally, a voxel-based morphometry (VBM) analysis examining the correlation between voxel-wise grey matter volume and PAS scores was conducted.
Results: PAS scores in psychosis patients correlated with bilateral whole insula (right: r = −0.30, p = 0.026; left:
r = −0.35, p = 0.011) and right TPJ (r = −0.27, p = 0.024) volumes. The correlation between grey matter volume and PAS was strongest for the posterior sub-division of the insula (right: r = − 0.32, p = 0.017; left:
r = −0.37, p = 0.006). VBM analyses conﬁrmed the ROI results: negative correlations with PAS were identiﬁed
in clusters within the posterior and dorsal anterior insula, and the right TPJ. An exploratory, whole-brain analysis
also revealed two additional regions located in the left middle orbitofrontal gyrus and left inferior temporal gyrus
that inversely correlated with PAS scores.
Conclusions: Perceptual aberrations in individuals with psychosis are related to lower grey matter volume in the
insula and TPJ. This relationship was strongest in the posterior region of the insula and right TPJ; brain areas that
have been implicated in interoception and somesthesis.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Perceptual aberrations, including the sensation that one's organs are
rotting, feeling that the body is unreal or that the shape and size of body
parts are changing or merging with external objects, and altered sense
of bodily ownership are common in psychosis (Bleuler, 1950;
Kraepelin et al., 1919). Patients with a psychotic illness, primarily
schizophrenia, and those at-risk for developing psychosis score higher
on self-report questionnaires of perceptual aberration such as the Perceptual Aberration Scale (PAS: Brosey and Woodward, 2015; Horan et
al., 2008; Kwapil, 1998; Lenzenweger and Loranger, 1989; Schurhoff
et al., 2005; Chapman et al., 1978; Katsanis et al., 1990). Similarly, behavioral studies have found that patients exhibit impairments in selfmonitoring (Kircher and Leube, 2003), increased tactile illusion
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vividness (Thakkar et al., 2011), abnormal sense of self (Hecht, 2010),
and deﬁcits in action attribution (Farrer et al., 2004).
Lesion and neuroimaging investigations have repeatedly linked the
insula and temporoparietal junction (TPJ) to perceptual aberrations, including body-ownership/agency and sensory perception (Berlucchi and
Aglioti, 1997; Ionta et al., 2011; Tsakiris et al., 2010; Baier and Karnath,
2008; Blakemore and Frith, 2003). The insula plays a key role in integrating perceptual experiences, affect, and cognition (Kelly et al.,
2012; Makris et al., 2006; Chang et al., 2013). The dorsal anterior insula
is associated with chemosensory (Pritchard et al., 1999) and socio-emotional processing (Sanfey et al., 2003; Chang et al., 2011). The posterior
insula plays a role in pain and sensorimotor processing (Craig, 2002;
Wager and Barrett, 2004). Lesions within the insula are linked to
somatoparaphrenia, the belief that part or parts of an individual's
body belong to someone else (Baier and Karnath, 2008; Vallar and
Ronchi, 2009). Multiple lines of evidence indicate that the right insula
in particular is involved in body ownership and agency (Karnath and
Baier, 2010; Tsakiris et al., 2010; Moro et al., 2016; Vallar and Ronchi,
2009; Hilti et al., 2013), which is consistent with the right hemisphere's
dominance for spatial processing (Corbetta and Shulman, 2002).
The TPJ integrates sensory and spatial signals from the body and environment (Blakemore and Frith, 2003; Jackson and Decety, 2004) and is an
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important neural locus for self-processing that involves cognitive aspects
of the self (Blanke et al., 2005) and theory of mind (Samson et al., 2004).
The right TPJ in particular has been linked to shifts in spatial attention
(Shulman et al., 2010), body ownership (Ionta et al., 2011; Tsakiris et
al., 2010), and agency (Karnath and Baier, 2010). Damage to the TPJ can
result in asomatognosia (i.e. loss of awareness of a body part or limb),
anosognosia (i.e. lack of insight into an illness or disability),
somatoparaphrenia, and out of body experiences (Berlucchi and Aglioti,
1997; Ionta et al., 2011; Blanke et al., 2002). In healthy subjects, the duration of task-elicited activity in the right TPJ correlates with PAS scores
(Arzy et al., 2007) and interference of TPJ activity by transcranial magnetic
stimulation (TMS) impairs mental transformation of one's own body
(Blanke et al., 2005).
Reduced insula volume is a consistent ﬁnding in psychotic disorders,
schizophrenia in particular (Glahn et al., 2008). Insular volume reduction correlates with deﬁcits in social cognition and emotion regulation
(Giuliani et al., 2011), facial and prosody affect perception (Li et al.,
2009; Mitchell et al., 2004), information processing difﬁculties (White
et al., 2010), and sensory deﬁcits such as pain insensitivity (De la
Fuente-Sandoval et al., 2010; Wylie and Tregellas, 2010). Although not
as extensively studied, reduced TPJ grey matter volume has also
been found in psychosis (Honea et al., 2008; Segall et al., 2009) and
linked to aberrant sensory perception (Wible, 2012; Spence et al.,
1997). Despite the known role of the insula and TPJ in bodily perception/agency, and considerable evidence that these two regions are abnormal in psychosis, the association between perceptual aberrations
and grey matter volume of these regions has not been examined. This
investigation was undertaken to test the hypothesis that the severity
of perceptual aberrations in psychosis inversely correlates with reduced
TPJ and insula volumes, particularly in the right hemisphere. We further
hypothesized that this relationship would be especially robust in the
posterior insula given this region's involvement in somesthesis and
perception.
2. Methods
2.1. Participants
Forty-two healthy subjects and 56 individuals with a psychotic disorder were included in this study. The psychosis group included 40 individuals with a schizophrenia spectrum disorder (schizophrenia,
schizoaffective disorder, and schizophreniform disorder) and 16 individuals with bipolar disorder with psychotic features. Patients were recruited from the Vanderbilt Psychotic Disorders Program at Vanderbilt
Psychiatric Hospital in Nashville, TN. Healthy subjects were recruited
from Nashville and the surrounding area. The study was approved by
the Vanderbilt University Institutional Review Board. All study participants provided written informed consent prior to enrolling in the
study. The Structured Clinical Interview for Diagnosing DSM-IV disorders (First and Gibbon, 2004) was used to conﬁrm diagnoses in patients
and rule out psychopathology in healthy individuals. Study exclusion
criteria included age b16 or N65, premorbid intellect estimated using
the Wechsler Test of Adult Reading (WTAR: Wechsler, 2001) b70,
head trauma, presence of a systemic medical illness or CNS disorder, active substance abuse within the past month, and psychotropic drug use
(healthy individuals only).
2.2. Study procedures
Participants completed the PAS, a 35 item true/false self-report
questionnaire (Chapman et al., 1978), and underwent an MRI session
on a Phillips Intera Achieva 3T scanner, which included collection of a
T1-weighted anatomical scan (170 sagital slices, matrix 256 × 256, 1
mm3 isotropic resolution, TR = 8.0 ms, TE = 3.7 ms). Individuals in
the psychotic disorders group were also evaluated with the Positive

and Negative Syndrome Scales (PANSS: Kay et al., 1987) to quantify severity of psychotic symptoms.
2.3. Neuroimaging data analysis
Each T1-weighted structural MRI scan was segmented into grey matter, white matter, and CSF using the VBM8 toolbox (http://dbm.neuro.
uni-jena.de/vbm/) for Statistical Parametric Mapping 8 (http://www.ﬁl.
ion.ucl.ac.uk/spm/software/spm8/). Following segmentation, native
space grey matter images were normalized to the VBM8 T1 template
using the high-dimensional DARTEL approach (Ashburner, 2007). Grey
matter images were modulated by the non-linear warping component
only in order to preserve the volume of the original images after removing
the effects of total brain volume. Given strong evidence that the right
insula (Ehrsson et al., 2007; Tsakiris et al., 2007; Baier and Karnath,
2008; Karnath and Baier, 2010; Ionta et al., 2011) and TPJ (Ionta et al.,
2011; Tsakiris et al., 2010; Karnath and Baier, 2010) are involved in symptoms of disordered bodily perception and ownership, we focused our
analysis on regions-of-interest (ROIs) created for these two structures.
The insula ROI was derived from Kelly et al.'s (2012) investigation of the
functional architecture of the insula. Brieﬂy, they identiﬁed between 2
and 15 insula clusters on the basis of clustering and covariance analysis
of multimodal neuroimaging data and meta-analyses of fMRI studies.
Their 3 cluster solution, which included posterior, ventral anterior, and
dorsal anterior sub-divisions corresponds to other studies of insular
sub-regions (Chang et al., 2013; Cauda et al., 2011; Deen et al., 2011).
The three sub-divisions were combined to create a right whole insula
ROI. For the TPJ, we used neurosynth.org (Yarkoni et al., 2011) to identify
the voxel with the highest T-value for the search term “right
temporoparietal junction”. Brieﬂy, neurosynth.org is a web-based platform for conducting meta-analyses on 1000's of published neuroimaging
studies based on key terms within the article. In this instance, a metaanalysis of the search term ‘right temporoparietal junction’ was performed. We selected the voxel with highest activation value for the TPJ
search term. This corresponded to MNI coordinates 58, −48, 16. A
10 mm sphere centered on this coordinate served as the right TPJ ROI.
Grey matter volume was extracted from the whole insula and TPJ ROIs,
and served as the primary dependent variables in the analyses described
below.
2.4. Statistical analysis
We ﬁrst compared right TPJ and insula volumes between psychosis
patients and healthy control subjects using ANCOVA analyses with age
and sex included as covariates. Our primary hypothesis, that right TPJ
and insula volumes would be inversely correlated with PAS scores in patients with psychosis, was tested using partial correlation analysis with
age and sex entered as covariates. Given that our a-priori hypotheses
were unidirectional, all analyses were one-tailed. The threshold for statistical signiﬁcance was Bonferroni corrected (p = 0.025) to correct for
the number of ROIs. Signiﬁcant ﬁndings for the whole insula ROI were
followed up with exploratory analyses using the 3 insula sub-divisions.
A voxel-wise analysis was also performed to further localize grey
matter volume differences between groups and correlations between
grey matter volume and perceptual aberrations in patients. The normalized grey matter images were smoothed with a 4 mm kernel and entered into: 1) a between groups analysis comparing patients to
healthy subjects; and 2) a regression analysis with perceptual aberrations entered as a predictor of grey matter volume. The VBM analyses
were masked to include only voxels in the LONI insula probabilistic
atlas (Shattuck et al., 2008) and TPJ ROI, as deﬁned above. The VBM
ROI analysis was followed by an exploratory whole-brain analysis. All
VBM analyses were thresholded at the cluster-level Family-wise error
(FWE) corrected (p(FWE-corr)) p = 0.05 (corrected for ROI and wholebrain search volumes) for voxel-wise p(uncorrected) = 0.005.
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Table 1
Sample demographics.
Variable

Sex (M:F)
Ethnicity (W:AA:O)
SCZ:BD
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Table 2
Correlations between perceptual aberrations and brain volumes.
Healthy subjects

Psychosis

Statistics

n = 42

n = 56

t/×2

df

p

30:12
23:17:2
–

36:20
36:17:3
40:16

0.557
5.987
–

1
3
–

0.456
0.112
–

Mean
Age
Education
Parental education
PAS
WTAR
PANSS positive
PANSS negative
PANSS general
APD dose (CPZ equivalents)

29.4
15.2
14.3
2.3
109.3
–
–
–
–

SD
11.4
2.0
2.2
1.2
13.6

Mean
27.3
13.5
14.7
7.3
101.2
19.2
15.1
31.0
336.6

SD
9.0
2.3
2.6
6.7
14.7
7.3
8.2
8.6
251.4

Statistics
t/×2 df
1.01 96
3.89 94
0.76 91
5.52 59.6
2.51 96
–
–
–
–
–
–
–
–

p
0.315
b0.001
0.447
b0.001
0.014
–
–
–
–

Right hemisphere
Whole insula
Anterior
Dorsal
Posterior
TPJ
Left hemisphere
Whole insula
Anterior
Dorsal
Posterior
TPJ
a

Abbreviations: AA = African American; APD = Antipsychotic Drug; BD = Psychotic Bipolar Disorder; CPZ = Chlorpromazine; df = Degrees of Freedom; F = Female; O = Other;
PANSS: PAS: Perceptual Aberration Scale; Positive and Negative Syndrome Scale; W =
White.

3. Results
Demographics, PAS scores, and clinical data are presented in Table 1.
PAS scores were signiﬁcantly more variable in individuals with a psychotic disorder (Levene's test of equality of variances: F = 33.94,
p b 0.001). Welch's t-test, which is robust to violations of the homogeneity of variances assumption, conﬁrmed that PAS scores were signiﬁcantly higher in patients (t(59.6) =5.52, p b 0.001). Among psychosis
patients, PAS scores were signiﬁcantly higher in schizophrenia spectrum disorder compared to bipolar disorder with psychotic features
(t(48.9) = 2.43, p = 0.019).

b

Healthy

Psychosis (n = 56)

Controls
(n = 42)

All patients

Schizophrenia

ra

pb

ra

pb

ra

pb

0.01
0.06
0.07
−0.22
0.02

0.482
0.361
0.327
0.082
0.460

−0.30
−0.26
−0.24
−0.32
−0.27

0.013
0.027
0.041
0.008
0.024

−0.33
−0.32
−0.23
−0.38
−0.26

0.021
0.024
0.079
0.010
0.056

0.04
0.05
0.14
−0.08
0.08

0.402
0.375
0.191
0.307
0.311

−0.35
−0.27
−0.23
−0.37
−0.12

0.005
0.024
0.050
0.003
0.201

−0.42
−0.26
−0.31
−0.45
−0.07

0.005
0.061
0.031
0.002
0.349

Partial correlation with age and sex entered as covariates.
One-tailed.

3.1. Insula and TPJ ROI analyses
Right TPJ and insula volumes did not differ between patients and
healthy subjects (right TPJ: F(1,94) = 0.01, p = 0.976; right insula:
F(1,94) = 0.05, p = 0.829). Similar results were obtained when the analysis was restricted to patients with a schizophrenia spectrum diagnosis
(right TPJ: F(1,78) = 0.05, p = 0.829; right insula: F(1,78) = 0.08, p =
0.785).
Scatter plots depicting the correlation between PAS scores and
insula and TPJ volumes in psychosis are presented in Fig. 1. Complete
results are presented in Table 2. Our primary hypothesis, that right
TPJ and insula volumes would inversely correlate with severity of
perceptual aberrations in psychosis, was supported (insula:

Fig. 1. Relationship between grey matter volume and perceptual aberrations in psychosis. Normalized grey matter volume was extracted from a-priori deﬁned TPJ and insula regions-ofinterest (ROIs) shown in red and blue, respectively, and correlated with Perceptual Aberration Scale raw scores.
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r = − 0.30, p = 0.013; TPJ: r = − 0.27, p = 0.024) (see Fig. 1). Results remained unchanged after adding daily dose of antipsychotic
medication as an additional covariate (right insula: r = − 0.27,
p = 0.027; right TPJ: r = − 0.23, p = 0.046). Similar results were obtained when the analysis was restricted to schizophrenia spectrum
patients (see Table 2). To determine if the correlations were speciﬁc
to the right hemisphere, we repeated the partial correlations using
left hemisphere ROIs for the TPJ and insula (see Table 2). Brieﬂy,
left whole insula volume inversely correlated with PAS scores within
the whole sample of psychosis patients (r = − 0.35, p = 0.005) and
the schizophrenia spectrum sub-group (r = − 0.42, p = 0.005). This

correlation remained signiﬁcant after controlling for antipsychotic
medication (r = − 0.32, p = 0.010). Left TPJ volume was unrelated
to PAS scores in the entire cohort of psychosis patients (r = − 0.12,
p = 0.201) and the schizophrenia spectrum sub-group (r = − 0.07,
p = 0.349).
Results of the insular sub-division analysis are presented in Table 2
and Fig. 2. In brief, PAS scores inversely correlated with all 3 insula
sub-divisions in both the left and right hemispheres (all r's N 0.23,
p b 0.050). However, the relationship was strongest for the posterior
sub-division of the insula (right: r = − 0.32, p = 0.008; left:
r = −0.37, p = 0.003).

Fig. 2. Scatterplots depicting correlation between perceptual aberrations, as measured with the Perceptual Aberration Scale, and grey matter volume of insula sub-regions in psychosis.
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3.2. VBM analyses
No signiﬁcant volumetric differences between patients and
healthy subjects were detected within the TPJ and insula ROIs. Within the psychosis patient group, voxel-wise regression analysis restricted to the insula and TPJ ROIs revealed signiﬁcant inverse
correlations between PAS scores and voxel-wise grey matter volume
in clusters located in the left insula, including posterior insula, and
right TPJ (see Fig. 3). The exploratory, whole-brain voxel-wise regression analysis revealed two clusters located in the left middle
orbitofrontal gyrus and posterior region of the left inferior temporal
gyrus where reduced grey matter volume correlated with higher PAS
scores (see Supplementary Fig. 1). Of note, there were no signiﬁcant
ﬁndings for the reverse contrast (i.e. grey matter positively correlated with PAS scores).
4. Discussion
We examined the relationship between self-reported perceptual aberrations and brain structure in psychosis. This investigation was motivated by several factors. First, perceptual aberrations are common in
psychosis. Second, structural brain lesions involving the insula and TPJ
are associated with disturbances in body ownership and agency. Finally,
there is considerable evidence that the structure and function of the
insula and, to a lesser extent TPJ, are abnormal in psychosis. Using
both ROI and voxel-wise approaches, we identiﬁed several correlations
between perceptual aberrations and grey matter volume of the insula
and TPJ in psychosis. Within the insula, this relationship localized primarily to bilateral posterior insula and left dorsal anterior insula. The
right TPJ also showed a signiﬁcant negative relationship with PAS scores
in patients with a psychotic disorder.
The correlation between insula and perceptual aberrations in psychosis is consistent with neuroimaging and lesion studies linking this
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brain region to body ownership and awareness (Berlucchi and Aglioti,
1997; Tsakiris et al., 2010; Karnath and Baier, 2010; Ionta et al., 2011;
Blanke et al., 2005; Kelly et al., 2012). In particular, the posterior insula
is involved in somatosensory, visual, and motor functions (Downar et
al., 2002; Francis et al., 2000; Juliano et al., 1983; Karnath et al., 2000;
McGlone et al., 2002; Showers and Lauer, 1961; Treede et al., 2000).
The dorsal anterior insula integrates sensory and interoceptive feedback
from the posterior insula with emotional and cognitive responses to the
same stimuli (Craig, 2009). This integrative function of the dorsal anterior insula could indicate its relationship to aberrant somatosensory
perception in a region mapping with cognitive functioning (Nelson et
al., 2010; Mutschler et al., 2009) and emotional domains (Kelly et al.,
2012). VBM analysis revealed signiﬁcant clusters in the left ventral anterior and posterior insula in patients with a primary psychotic disorder.
There is functional overlap between the regions, both are involved in
perception, somesthesis, interoception, air hunger, and action (Kurth
et al., 2010; Kelly et al., 2012), which may explain why signiﬁcant effects
were found in both areas.
Given the dominant role of the right hemisphere in spatial processing, body ownership, and sensory perception (Tsakiris et al., 2010;
Karnath and Baier, 2010), we hypothesized that the relationship between perceptual aberrations and insula volume would be limited to,
or at least stronger, in the right hemisphere. Unexpectedly, the correlation between perceptual aberrations and insula volume was marginally
stronger for the left hemisphere, both in the ROI and VBM analysis.
While lesion studies generally implicate the right hemisphere in bodyownership and agency, this relationship may not be unique to the
right hemisphere (Baier and Karnath, 2008; Nathanson et al., 1952;
Cutting, 1978; Starkstein et al., 1992; Baier and Karnath, 2005). Studies
using intracarotid barbiturate injections in subjects undergoing WADA
testing have found that anosognosia, while more frequent following
right hemisphere injection, is also sometimes detected after left hemisphere injection (Breier et al., 1995). Moreover, it is important to note

Fig. 3. VBM analysis revealed signiﬁcant clusters in the left insula and right TPJ regions-of-interest where grey matter volume inversely correlated with perceptual aberrations in psychosis.
Insula and TPJ ROIs are shown in blue and red, respectively. Left insula clusters located at MNI coordinates −30 −19 10 (cluster size = 166 voxels, t(52) = 3.74, cluster-level p(FWEcorrected) = 0.045) and MNI coordinates −35 −4 10 (cluster size = 216 voxels, t(52) = 3.57, cluster-level p(FWE-corrected) = 0.021). Right TPJ cluster located at MNI coordinates 59–52
9 (cluster size = 63 voxels, t(52) = 3.65, cluster-level p(FWE-corrected) = 0.032).
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that while functional imaging studies tend to ﬁnd greater activation of
the right insula, hemispheric interactions are rarely explicitly tested.
In contrast, the relationship between perceptual aberrations and TPJ
was limited to the right hemisphere. Saxe and Wexler (2005) have theorized that the left and right TPJ may offer different contributions to theory of mind; the right TPJ being more involved in external sensory
events and transitive mental states, while the left TPJ is involved in attribution of socially relevant traits to others. Heberlein et al. (2004) found
that patients with damage to the left TPJ are selectively impaired in the
attribution of personality traits to others. Conversely damage to the
right TPJ can result in aberrations of physical perception such as
anosognosia, asomatognosia, or somatoparaphrenia (Heberlein et al.,
2004). Other studies have found that the right TPJ is active when individuals distinguish themselves from others (Decety and Sommerville,
2003) and is involved in agency, which involves integrating external
sensory signals with a self-produced comparison of one's bodily actions
(Ruby and Decety, 2001; Farrer and Frith, 2002; Farrer et al., 2003).
Exploratory whole brain VBM analysis revealed signiﬁcant negative
correlations between PAS scores and grey matter volume in the left
middle orbitofrontal gyrus and posterior left inferior temporal gyrus.
The middle orbitofrontal gyrus receives input from the visual, taste, olfactory, and somatosensory systems (Zald and Kim, 1996b; Zald and
Kim, 1996a) and is involved with reward processing and reinforcement
related to these sensations (Rolls, 2000). This region has been linked to
body ownership (Limanowski and Blankenburg, 2016) and exhibits cortical thinning in schizophrenia (Kuperberg et al., 2003; Convit et al.,
2001; Crespo-Facorro et al., 2000). The inferior temporal gyrus also
shows signiﬁcant grey matter reduction in schizophrenia as well
(Kuperberg et al., 2003; Shenton et al., 2001) and is associated with vestibular illusions like “dizziness, swinging, and spinning, sinking feeling,
levitation, and lightness” (McCabe et al., 2008).
This study has a number of limitations. Contrary to other investigations (Glahn et al., 2008; Honea et al., 2008; Segall et al., 2009) we did
not ﬁnd volumetric differences between healthy controls and patients
with a psychotic disorder in the Insula and TPJ. However, a previous investigation of a larger cohort of psychosis patients, from which the subset of patients included in this study was drawn from, did ﬁnd reduced
insula volume in psychosis (Woodward and Heckers, 2015). It's possible
our study lacked sufﬁcient power to detect insula volume reduction.
Moreover, our psychosis sample also included bipolar patients, and
both schizophreniform and chronic patients which may have obscured
group differences in insula and TPJ volumes. Another drawback to this
study is the lack of a functional task eliciting aberrant perception. Although, beyond the scope of this study, these results provide support
for pursuing those methodologies in the future.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.schres.2016.10.005.
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