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A B S T R A C T

Delusions of reference in schizophrenia are thought to result from misattributions of self-relevance to neutral
events. Activation of regions within the cortical midline structures (CMS; e.g., medial prefrontal cortex,
cingulate cortex, and precuneus) have been previously associated with self-referential processing in schizo-
phrenia patients; however, the specificity of this pattern to individuals with current delusions of reference has
yet to be determined. In the present study, we identified functional brain networks that underlie self-referential
processing using task-based multivariate functional connectivity. Healthy control subjects (n=15) and
schizophrenia patients with (n=14) and without (n=13) current delusions of reference were shown ambiguous
statements while undergoing functional magnetic resonance imaging, and evaluated whether these statements
were thought to be specifically about them. Our results revealed two functionally distinct CMS networks that
differed between patients and controls during self-referential processing: a posterior CMS network, which
showed muted deactivity in non-delusional patients; and an anterior CMS network, in which delusional patients
demonstrated hyperactivity. Furthermore, activity within the anterior CMS network across the three groups
showed a linear pattern of increasing activity associated with greater intensity of delusions of reference,
suggesting that hyperactivity in this network may underlie delusions of reference.

1. Introduction

Delusions of reference are one of the most common positive
symptoms in schizophrenia (Fletcher and Frith, 2009), and are
described as misinterpretations of external stimuli, in which neutral
events trigger ideas or sensations of heightened self-relevance (Menon
et al., 2011). Schizophrenia patients experiencing referential delusions
may mistakenly believe that an external stimulus, such as something on
the radio, television, newspaper, or gestures of passersby, somehow
refers specifically to them (Menon et al., 2011). Similarly, some
patients may have the sensation that objects are specifically arranged
so as to have special significance and convey a message directly to them
(Startup and Startup, 2005).

Previously published studies investigating the neural correlates of
self-referential processing in healthy participants (D’Argembeau et al.,
2008) and schizophrenia patients (Menon et al., 2011) have found that
self-reference tasks are associated with activation in cortical midline
structures (CMS), including ventro- and dorsomedial prefrontal cortex

(vmPFC, dmPFC), anterior and posterior cingulate cortex (ACC, PCC),
precuneus, as well as subcortical structures such as the ventral striatum
(Menon and Uddin, 2010; Rameson et al., 2010; Schneider et al.,
2008). Additionally, recollection of autobiographical memories of
personal past experiences has been shown to rely on increased
activations anteriorly in the CMS, specifically in dmPFC and vmPFC
extending laterally into ventral temporal cortices (Summerfield et al.,
2009).

Despite a growing body of research that has investigated the role of
the brain regions within the CMS and the ventral striatum in self-
referential thought (D’Argembeau et al., 2008; Menon et al., 2011;
Northoff et al., 2006; Schmitz and Johnson, 2007), their specific role in
schizophrenia is not well understood. Differences in brain activity
between schizophrenia patients with referential delusions and healthy
control subjects were first identified in a study conducted by Menon
et al. (2011), in which heightened self-relevance to ambiguous stimuli
was associated with increased blood-oxygen level-dependent (BOLD)
activity in the ventral striatum and parts of the medial PFC. More
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recently, a study using diffusion imaging has shown abnormal involve-
ment of the cingulum bundle, which connects the frontal areas and
cingulate cortex with subcortical striatal-limbic regions (Heilbronner
and Haber, 2014), in schizophrenia patients with delusions of reference
(Fitzsimmons et al., 2014). These findings provided converging evi-
dence that referential ideation is associated with aberrant CMS activity.
However, due to the lack of a non-delusional patient group in our
previous study (Menon et al., 2011), it could not be determined
whether hyperactivity in CMS brain regions during self-referential
processing was specific to schizophrenia patients with prominent
delusions of reference.

To expand on the previous findings, we investigated brain networks
that underlie heightened personal self-relevance in both patients with
and without current delusions of reference, and healthy controls. We
expanded our initial sample to include a group of non-delusional
schizophrenia patients who carried out the same functional magnetic
resonance imaging (fMRI) task designed to induce self-referential
ideation in our previous study (Menon et al., 2011). The resulting
dataset was analyzed using Constrained Principal Component Analysis
for fMRI (fMRI-CPCA; Metzak et al., 2011; Woodward et al., 2013), a
multivariate connectivity technique which enables the separation of
distinct, simultaneously-active, task-based functional brain networks
with unique hemodynamic response (HDR) shapes. As opposed to
univariate analysis techniques, as previously employed by Menon et al.
(2011), fMRI-CPCA identifies functional brain networks that are (1)
specifically associated with a task (viz., referential ideation), and (2)
shared across all subjects, thus allowing us to determine whether brain
activity of delusional and/or non-delusional schizophrenia patients
differs from controls within these task-specific networks. Determining
whether abnormal functional brain connectivity is specific to indivi-
duals with current delusions of reference or to schizophrenia more
generally could provide insight into the biological substrates of the
illness. In accordance with prior findings (Jensen et al., 2008; Johnson
et al., 2002; Menon et al., 2011), we predicted that the endorsement of
statements as self-relevant would be associated with activation in
networks that include the CMS as well as the ventral striatum in all
groups. We further predicted that delusional schizophrenia patients
would exhibit hyperactivity in these regions relative to both non-
delusional schizophrenia patients and healthy control subjects when
they judged stimuli as self-relevant, which would indicate that hyper-
activity in the CMS and subcortical structures is a feature of referential
delusions.

2. Methods

2.1. Participants

Fourteen patients with prominent delusions of reference, operatio-
nalized as a “delusions of reference” item score > 3 on the Scale for
Assessment of Positive Symptoms (SAPS; Andreasen, 1984), and 13
patients with a diagnosis of schizophrenia without current delusions
(SAPS “delusions of reference” item score ≤1) were recruited from the
Schizophrenia Program at the Centre for Addiction & Mental Health in
Toronto, Canada. These individuals were compared to 15 control
subjects with no history of psychiatric illness, recruited via flyers
posted within the University of Toronto. Details regarding demo-
graphic information (sex, mean age, education, and premorbid IQ)
and patients’ symptoms are presented in Table 1. Delusional patients
had significantly less years of education than control subjects and non-
delusional patients (p < 0.05). Relative to non-delusional patients,
individuals with delusions of reference had significantly higher scores
on clinical measures that assessed delusions (global), delusions of
reference, persecutory delusions, and hallucinations (all ps < 0.005).
The most theoretically meaningful difference between the two patient
groups is that the non-delusional patients did not have current
delusions of reference, although other group differences were also

present. New participants in the current study all belonged to the non-
delusional group, whereas participants in the delusional and control
groups were the same as those who participated in our previous study
(Menon et al., 2011). Inclusion criteria for patients were as follows: 1)
aged 18–65 years, 2) fluent in English, 3) DSM-IV diagnosis of
schizophrenia or schizoaffective disorder, 4) outpatients whose symp-
toms have been stable for at least two weeks, 5) capable to consent for
this research study, and 6) ability to undergo fMRI of approximately
50 min duration. Exclusion criteria included: 1) serious, unstable
medical illness or any concomitant major medical or neurological
illness, 2) acute suicidal or homicidal ideation, 3) DSM-IV substance
dependence (except caffeine and nicotine) within 3 months, 4) current
major depressive or manic episode, 5) metal implants, cardiac pace-
maker, claustrophobia, or other limitations that would prevent carrying
out the MRI component of the study, 6) illegal psychoactive drug use in
the past 2 weeks, 7) severe head injury resulting in a loss of
consciousness more than 30 min, and 8) SAPS formal thought disorder
rating > 2. Criteria for control participants were similar to the patient
groups but included no present or previous psychiatric history, as
measured by the Mini International Neuropsychiatric Interview
(Sheehan et al., 1998). As can be seen in Table 1, both the control
and non-delusional groups had significantly more years of education
than the delusional group, but all three groups were matched on sex,
age, and estimated premorbid IQ, measured using the Wide Range
Achievement Test reading subtest (Wilkinson, 1993). Patient groups
did not differ on mean chlorpromazine equivalent dose (Woods, 2003).
All but two patients were on atypical antipsychotic medication (1
participant from the delusional group was on Loxapine and one non-
delusional participant was on Zuclopenthixol.) Capacity to consent for
this research study was confirmed with the MacArthur Test of
Competence (Appelbaum and Grisso, 1995), and after a complete
description of the study, written informed consent was obtained from
all participants. The study was approved by the Research Ethics Board
of the Centre for Addiction and Mental Health.

2.2. Task

Details regarding the nature of the task have been published
elsewhere (Menon et al., 2011); a summary is presented here. All

Table 1
Sociodemographic characteristics.

Variable Control
subjects

Non-delusional
patients

Delusional
patients

Sex (male/female) 10/5 8/5 10/4
Age (years) 35.87 (6.9) 43.00 (11.8) 40.57 (12.8)
Education (years)a,b 16.90 (2.1) 16.00 (3.2) 12.86 (2.7)
Premorbid IQ (WRAT) 107.78 (8.9) 107.67 (6.8) 97.70 (15.3)
Diagnosis (schizophrenia/

schizoaffective)
– 11/2 9/5

SAPS Delusions (Global)d – 0.92 (1.3) 3.79 (0.9)
SAPS Delusions of

Referenced
– 0.23 (0.6) 4.25 (0.9)

SAPS Persecutory
Delusionsc

– 0.46 (1.0) 2.14 (1.6)

SAPS Hallucinations
(Global)c

– 0.62 (1.0) 2.79 (1.9)

SAPS FTD (Global) – 0.08 (0.3) 0.36 (0.6)
SANS Affective Flattening – 1.23 (1.4) 1.21 (0.7)
CPZ equivalent dose 264.25 (137.1) 412.92 (350.2)

Standard deviations in parentheses. FTD, Formal Thought Disorder; SAPS, Schedule for
Assessment of Positive Symptoms; SANS, Schedule for Assessment of Negative
Symptoms; WRAT, Wide Range Achievement Test; CPZ, chlorpromazine.

a Control > Delusional, p < 0.001.
b Non-Delusional > Delusional, p < 0.05.
c Delusional > Non-Delusional, p < 0.005.
d Delusional > Non-Delusional, p < 0.001.
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participants completed an fMRI task designed to elicit self-referential
ideation, in which they were presented with 60 distinct statements over
two separate runs (with each run containing 30 statements, each
repeated twice in a randomized order). Of these 60 statements, 20 were
“neutral” (e.g., “She goes to school”), 20 were “emotionally salient”
(e.g., “The man raped her”, “Everybody loves her”), and 20 were
“personally salient”, subject-specific statements about the individual's
current life circumstances, hobbies, interests, and symptomatology.
These 20 personalized subject-specific statements were obtained from a
screening interview conducted several weeks prior to the scanning
session. To evoke sensations similar to ideas or delusions of reference,
participants were not made aware that they would see this information
about themselves during the task. Each run consisted of 10 persona-
lized statements and 20 generic statements (10 neutral and 10
emotionally salient), with each statement presented twice.
Participants responded either “yes” (endorsed condition) or “no”
(non-endorsed condition) with their right hand using a two-button
response box as to whether they felt the statement had been written
specifically about them (and not merely because it was self-descriptive,
or true of them). Participants performed three practice trials outside
the MRI scanner prior to carrying out the complete fMRI task. After
completion of the study, participants were debriefed and informed that
the personalized statements had been taken from the prior interview.

2.3. Data analysis

2.3.1. Functional connectivity
Details on image acquisition and image preprocessing are presented

in the Supplementary material. Data analysis was carried out using
fMRI-CPCA (www.nitrc.org/projects/fmricpca) with orthogonal
rotation (Metzak et al., 2011, 2012; Woodward et al., 2013); the
methods underlying CPCA have been published in previous work
(Hunter and Takane, 2002; Takane and Hunter, 2001; Takane and
Shibayama, 1991). In brief, fMRI-CPCA integrates multivariate
multiple regression analysis and principal component analysis into a
unified framework, which enables derivation of functional brain
networks that are specifically related to task timing. The resulting
networks can be interpreted spatially by examining the dominant
patterns of intercorrelated voxels (derived from component loadings),
and temporally by inspecting their associated estimated HDR shape
(derived using component scores). As opposed to univariate methods,
in which BOLD responses in each brain voxel are analyzed
independently, fMRI-CPCA focuses on functionally connected
networks of brain regions, and identification of their role in specific
cognitive processes as they occur over poststimulus time for different
experimental conditions and groups. These brain networks are isolated
by performing a principal component analysis on the task-related
variance in brain activity, which results in independent sources of
variance reflecting task-specific brain networks. In the current study,
we regressed out the rigid-body parameters prior to regressing other
task-unrelated variance. A finite impulse response (FIR) model was
used as the design matrix, and the ten poststimulus time points
correspond to the 1st to 10th full brain scans following stimulus
presentation. The repetition time (TR) for these data was 2.3 s, which
resulted in an estimated BOLD signal over a 23 s time period, with the
start of the first time point (time=0) corresponding to stimulus onset.

2.3.2. Predictor weights and statistical tests
The cognitive functions of the brain networks are interpreted by

analyzing predictor weights that produce the estimated HDR shape for
each component, as well as for each combination of endorsement
condition and subject. These predictor weights are the weights that
would be applied to the design matrix (i.e., the FIR model) to produce
the component scores. Differences between group, condition, and time
can be statistically compared using repeated-measures analysis of
variance (ANOVA) for each functional brain network. In this study,

ANOVAs were used to test whether the predictor weights reflected a
reliable HDR shape, as well as to test the differences in activation of
each functional network between conditions and between groups
(Lavigne et al., 2015; Woodward et al., 2016, 2015). These analyses
were carried out as three 10 × 2 × 3 mixed-model ANOVAs (three
components were identified; see Results), with the within-subjects
factors of Poststimulus Time (10 poststimulus time points) and
Endorsement Condition (endorsed and non-endorsed), and the be-
tween-subjects factor of Group (controls, non-delusional patients, and
delusional patients). Tests of sphericity were carried out for all
ANOVAs and Greenhouse-Geisser adjusted degrees of freedom were
checked. For all significant effects, original degrees of freedom are
reported.

3. Results

3.1. Behavioral results

As displayed in Table 2, groups differed significantly on the total
number of items endorsed, as determined by a one-way ANOVA,
F(2,39)=3.89, p < 0.05, and subsequent post hoc analyses confirmed
that delusional schizophrenia patients endorsed significantly more
items than control subjects (p < 0.05). To investigate group differences
across different types of endorsed stimuli, a 2 × 3 mixed-model ANOVA
was carried out, with the within-subjects factor of Statement Type
(personalized statements and generic statements) and the between-
subjects factor of Group (controls, non-delusional patients, and delu-
sional patients). A significant Statement Type × Group interaction
emerged, F(2,39)=5.35, p < 0.001, η2p=0.21, and follow up analyses of
simple main effects revealed that although all participants endorsed a
similar number of personalized statements, both patient groups
endorsed significantly more generic statements than control subjects.
Despite no significant differences emerging between the two patient
groups, the total number of items endorsed by patients in the non-
delusional group (M=23.62 items) was approximately midway between
control subjects (M=18.93 items) and delusional patients (M=26.64
items).

Group differences in mean response times (RTs; see Table 2) were
examined using a 2 × 3 mixed-model ANOVA employing Endorsement
Condition as a within-subjects factor and Group as a between-subjects

Table 2
Behavioral results.

Variable Control
subjects

Non-delusional
patients

Delusional
patients

Number of Items Endorseda 18.93 (6.9) 23.62 (7.9) 26.64 (7.8)
Personalized Items

Endorsed
16.60 (3.8) 15.92 (4.1) 17.50 (3.8)

Generic Items Endorsedb,d 3.13 (4.5) 7.69 (4.8) 9.14 (5.2)
Reaction Time

(Endorsed)a,f
1.93 (0.3) 1.89 (0.3) 2.20 (0.3)

Reaction Time (Non-
Endorsed)c,e

1.47 (0.1) 1.81 (0.4) 2.01 (0.3)

Reaction Time Difference
(Endorsed – Non-
Endorsed)g,h

0.45 (0.3) 0.08 (0.4) 0.19 (0.2)

Standard deviations in parentheses. Reaction time (RT) data were missing for two
control subjects and one delusional patient.

a Delusional > Control, p < 0.05.
b Delusional > Control, p < 0.005.
c Delusional > Control, p < 0.001.
d Non-Delusional > Control, p < 0.05.
e Non-Delusional > Control, p < 0.005.
f Delusional > Non-Delusional, p < 0.05.
g Control > Delusional, p < 0.05.
h Control > Non-Delusional, p < 0.005.
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factor. A significant Condition × Group interaction emerged, F(2,36)
=8.00, p < 0.005, η2p=0.31, and was interpreted with an analysis of
simple main effects, which revealed significantly slower RTs in delu-

sional patients for endorsed responses than non-delusional patients
and control subjects, whereas both patient groups responded signifi-
cantly more slowly than control subjects to non-endorsed items.

Fig. 1. A-C. (A) Dominant 10% of component loadings for the posterior cortical midline structure (CMS) network (Component 1); negative loadings in blue, threshold=–0.16, min=–
0.23, no positive loadings. Montreal Neurological Institute Z-axis coordinates are displayed. (B) Mean finite impulse response (FIR)-based predictor weights averaged across groups,
plotted as a function of poststimulus time. (C) Mean FIR-based predictor weights averaged across conditions, plotted as a function of poststimulus time. Error bars are standard errors. a

= Non-Endorsed > Endorsed; b = Control > Non-Delusional. * = p < 0.05; ** = p < 0.005.
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3.2. Imaging results

The scree plot (Cattell, 1966; Cattell and Vogelmann, 1977) of singular
values revealed three predominant components accounting for task-related

variance in brain activity. The percentages of task-related variance
accounted for by components 1, 2, and 3 for the rotated solution were
12.6, 9.2, and 4.9, respectively. Components 1, 2, and 3 all showed a
significant effect of Poststimulus Time, F(9351)=2.18, p<0.001, η2p=0.23,

Fig. 2. A-C. (A) Dominant 10% of component loadings for the salience/response network (Component 2); positive loadings in red, threshold=0.14, max=0.24, no negative loadings.
Montreal Neurological Institute Z-axis coordinates are displayed. (B) Mean FIR-based predictor weights for the Endorsed condition, plotted as a function of poststimulus time. (C) Mean
FIR-based predictor weights for the Non-Endorsed condition, plotted as a function of poststimulus time. Error bars are standard errors. a = Control > Non-Delusional; b = Control >
Delusional; c = Non-Delusional > Delusional; d = Non-Delusional > Control. * = p < 0.05; ** = p < 0.005.
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Fig. 3. A-C. (A) Dominant 10% of component loadings for the anterior CMS network (Component 3); positive loadings in red, negative loadings in blue, threshold= ± 0.11, min=–0.16,
max=0.18. Montreal Neurological Institute Z-axis coordinates are displayed. (B) Mean FIR-based predictor weights averaged across all time points, plotted as a function of condition. (C)
Mean FIR-based predictor weights averaged across conditions, plotted as a function of poststimulus time. Error bars are standard errors. a = Non-Delusional > Control; b = Delusional
> Control. * = p < 0.05; ** = p < 0.005; *** = p < 0.001.
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F(9, 351)=9.93, p<0.001, η2p=0.20, and F(9351)=13.12, p<0.001,
η2p=0.19, respectively. This indicates that each component reflects a
reliable HDR shape as opposed to varying randomly around zero. The
brain regions associated with Components 1, 2, and 3 are displayed in
Figs. 1–3, respectively, with estimated HDR shape of each functional
network represented by predictor weights plotted as a function of
poststimulus time. Anatomical descriptions for each component are
presented in Tables 3–5.

3.2.1. Component 1: posterior CMS network
The first component was dominated by deactivations in bilateral

posterior CMS regions, including PCC (Brodmann area (BA) 23) and
precuneus (BA 7), as well as in bilateral subcortical structures such as
ventral striatum, putamen, caudate, and thalamus. This component's
estimated BOLD signal showed a significant main effect of Condition,
F(1, 39)=8.68, p < 0.01, η2p=0.18, as well as a significant interaction
between Poststimulus Time × Condition, F(9351)=3.66, p < 0.005,
η2p=0.09, revealing a significantly lower peak in the endorsed condition
relative to the non-endorsed condition from 5.7 to 10.3 s (all ps <
0.005; Fig. 1B). Negative loadings (blue/white superimposed on the
brain image) are interpreted as deactivations; therefore, this indicates
that increased activity (i.e., less deactivity) in regions encompassing the
posterior CMS network is linked to endorsement of statements as self-

relevant. A significant Poststimulus Time × Group interaction also
emerged, F(18, 351)=2.19, p < 0.05, η2p=0.10, and reflected a dis-
tinctly higher peak (at 5.7 and 8 s; all ps < 0.05) for control subjects
relative to non-delusional patients (Fig. 1C). No significant group
differences emerged between delusional patients and the other two
groups in the posterior CMS network, however, both schizophrenia
patient groups showed a similar pattern of deactivity in both condi-
tions, specifically reduced peak intensity, an absence of a reduction
below baseline, and slower return to baseline, relative to control
subjects.

3.2.2. Component 2: salience/response network
The second component was characterized by activations in regions

of the salience network (Menon and Uddin, 2010), namely dorsal ACC
(BA 32) and bilateral anterior insula. Relating the salience network to
the recently proposed 7-network brain parcellation derived from
resting state data (Yeo et al., 2011), the dorsal ACC and insula peaks
were located in the ventral attention network, but extended into the
frontoparietal network. Activations in left pre- and postcentral gyri
(BAs 2, 3, 4), supplementary motor area (BA 6), and bilateral
cerebellum were also observed, and reflected sensorimotor response
processes. This component showed a significant main effect of
Condition, F(1,39)=25.96, p < 0.001, η2p=0.40, but also significant

Table 3
Cluster volumes for the most extreme 10% of Component 1 loadings, Montreal Neurological Institute (MNI) coordinates, and Brodmann area (BA) for the peak locations within each
cluster.

Cortical regions Cluster volume BAs for peak locations Peak MNI coordinates

(mm3) (voxels) x y z

Negative loadings

Cluster 1: bilateral 190,216 23,777
Supplementary motor area 6 4 –12 72
Precentral gyrus 4 28 –8 68
Postcentral gyrus 3 26 –36 58
Precuneus 7 –5 –49 55

Superior parietal lobule 7 30 –42 66
Cingulate gyrus, posterior division 23 4 –30 44
Superior frontal gyrus 6 23 –4 68
Lingual gyrus 18 10 –82 –2
Parahippocampal gyrus, posterior division n/a 20 –34 –12
Cerebellum — Lobule VI n/a –24 –64 –22
Thalamus n/a 16 24 8
Temporal occipital fusiform cortex 37 26 –52 –12

Cluster 1: right hemisphere
Middle temporal gyrus 37 53 –56 –1
Middle frontal gyrus 46 34 2 60
Lateral occipital cortex, inferior division 37 46 –72 8

Cluster 2: right hemisphere 7624 953
Planum temporale 22 56 –30 12
Heschl's gyrus 41 56 –12 6
Planum polare 22 56 2 –2
Temporal pole 38 56 10 –8
Superior temporal gyrus, posterior division 22 58 –26 4

Cluster 3: bilateral 5704 713
Caudate n/a –16 18 –2
Putamen n/a 20 18 –4
Nucleus accumbens n/a 8 10 –4
Ventral striatum n/a 16 6 –12

Cluster 4: left hemisphere 2736 342
Lateral occipital cortex, inferior division 37 –50 –72 4

Cluster 5: left hemisphere 1248 156
Planum temporale 22 –48 –28 8
Heschl's gyrus 41 –48 –24 6

S. Larivière et al. Psychiatry Research: Neuroimaging 263 (2017) 32–43

38



Poststimulus Time × Condition, F(9351)=11.43, p < 0.001, η2p=0.23,
and Poststimulus Time × Group, F(2,39)=6.47, p < 0.005, η2p=0.25,
interactions. In contrast to the posterior CMS network, the
Poststimulus Time × Condition × Group interaction in the salience/
response network was significant, F(18,351)=2.93, p < 0.005,
η2p=0.13. The three-way interaction was interpreted by observing
simple effects, which indicated group differences in the effect of
endorsement condition that occurred at particular poststimulus time
points (Fig. 2B and C). A significant group difference emerged between
the two patient groups early in the endorsed condition, at 1.1 and 3.4 s
(all ps < 0.05), and in the non-endorsed condition at 3.4 s (p < 0.005),
due to greater activity in non-delusional relative to delusional patients.
Significant differences between non-delusional patients and control

subjects also emerged in the non-endorsed condition at 10.3 s (p <
0.05), reflecting higher and sustained activity in the patient group.
When compared to the control group, both schizophrenia patient
groups demonstrated significantly reduced activity at 21.8 s in the
endorsed condition (both ps < 0.05), whereas in the non-endorsed
condition, this interaction was only significant in non-delusional
patients (p < 0.05).

3.2.3. Component 3: anterior CMS network
The third component included BOLD signal decreases bilaterally

(right more than left) in supplementary motor area (BA 6) and
sensorimotor regions (BAs 3, 4), but was primarily dominated by a
functional network of bilateral activations in anterior CMS regions,

Table 4
Cluster volumes for the most extreme 10% of Component 2 loadings, Montreal Neurological Institute (MNI) coordinates, and Brodmann area (BA) for the peak locations within each
cluster.

Cortical regions Cluster volume BAs for peak locations Peak MNI coordinates

(mm3) (voxels) x y z

Positive loadings

Cluster 1: bilateral 164,472 20,559
Frontal pole 10 19 64 25
Superior frontal gyrus 6 4 24 52
Middle frontal gyrus 44 –46 16 32
Cingulate gyrus, anterior division 24 –8 19 32
Cingulate gyrus, posterior division 23 4 –18 32
Inferior frontal gyrus, pars opercularis 44 –56 14 30
Frontal pole 46 –46 52 8
Frontal pole 45 –51 40 16
Dorsal anterior cingulate cortex 32 8 42 34
Supplementary motor area 6 8 6 58

Cluster 1: left hemisphere
Angular gyrus 39 –52 –60 24
Superior parietal lobule 7 –30 –56 54
Precentral gyrus 4 –35 –15 49
Postcentral gyrus 3 –34 –32 44
Postcentral gyrus 2 –36 –28 46
Lateral occipital cortex, superior division 39 –47 –63 33

Cluster 2: bilateral 20,608 2576
Cerebellum — crus I n/a 34 –72 –26
Cerebellum — lobule VI n/a 18 –72 –22

Cluster 3: left hemisphere 8896 1112
Orbitofrontal cortex 47 –38 28 –6
Frontal operculum cortex 45 –38 74 4
Inferior frontal gyrus, pars opercularis 45 –50 20 –4
Insula n/a –32 20 –8

Cluster 4: bilateral 4192 524
Precuneus 7 2 –64 36

Cluster 4: right hemisphere
Cingulate gyrus, posterior division 23 –6 –46 36

Cluster 5: right hemisphere 2960 370
Orbitofrontal cortex 47 38 28 –6
Frontal operculum cortex 45 38 74 4
Inferior frontal gyrus, pars opercularis 45 50 20 –4
Insula n/a 32 20 –8

Cluster 6: left hemisphere 2928 366
Middle temporal gyrus, posterior division 22 –60 –34 –4
Middle temporal gyrus, temporooccipital part 22 –60 –44 0

Cluster 7: right hemisphere 1984 248
Lateral occipital cortex, superior division 39 44 –62 40

Cluster 8: bilateral 768 96
Cingulate gyrus, posterior division 23 –4 –46 8
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specifically orbital and adjacent medial prefrontal cortex (BAs 9, 10,
11). Activations in ventral temporal cortices, specifically inferior and
middle temporal gyri (BAs 20, 22), were also observed on this network.
This component showed a significant Condition × Group interaction,
F(2,39)=3.29, p < 0.05, η2p=0.14, reflecting significantly greater activa-
tion in the anterior CMS network in delusional patients relative to
control subjects when statements were judged as self-referential (Fig. 3
B). This is partially consistent with our initial hypothesis in that
schizophrenia patients with prominent delusions of reference exhibited

hyperactivity in regions of the CMS relative to control subjects. A
significant Poststimulus Time × Group interaction, F(2,39)=2.34, p <
0.05, η2p=0.11, also emerged and reflected sustained activity between
19.5 and 21.8 s in delusional (all ps < 0.001) and non-delusional
patients (all ps < 0.005) relative to control subjects (Fig. 3C).
Although no significant differences were found between the non-
delusional and delusional patient groups, both groups exhibited
sustained activity as indexed by a slower return to baseline in both
conditions.

Table 5
Cluster volumes for the most extreme 10% of Component 3 loadings, Montreal Neurological Institute (MNI) coordinates, and Brodmann area (BA) for the peak locations within each
cluster.

Cortical regions Cluster volume BAs for peak locations Peak MNI coordinates

(mm3) (voxels) x y z

Positive loadings

Cluster 1: bilateral 65,288 8161
Orbitofrontal cortex 11 –44 32 –16
Orbitomedial prefrontal cortex 11 –5 53 –19
Ventromedial prefrontal cortex 10 –6 64 –10

Cluster 2: left hemisphere 26,288 3286
Middle temporal gyrus, anterior division 20 –62 –8 –28
Middle temporal gyrus, posterior division 22 –60 –38 –12
Middle temporal gyrus, temporooccipital part 22 –62 –54 –12
Inferior temporal gyrus, posterior division 20 –50 –34 –24
Inferior temporal gyrus, temporooccipital part 20 –62 –50 –14

Cluster 3: bilateral 24,368 3046
Superior frontal gyrus 8 8 38 58
Middle frontal gyrus 8 –42 10 58
Dorsomedial prefrontal cortex 9 2 56 42

Cluster 4: right hemisphere 21,264 2658
Middle temporal gyrus, anterior division 20 62 –8 –28
Middle temporal gyrus, posterior division 22 60 –38 –12
Middle temporal gyrus, temporooccipital part 22 62 –44 –14
Inferior temporal gyrus, posterior division 20 50 –32 –20
Inferior temporal gyrus, temporooccipital part 20 62 –50 –18

Cluster 5: left hemisphere 3776 472
Occipital pole 17 –12 –104 –12
Occipital pole 18 –30 –100 –14

Negative loadings

Cluster 1: bilateral 60,088 7511
Precentral gyrus 6 26 –12 58

Supplementary motor area 6 –2 –8 58
Postcentral gyrus 2 22 –38 58
Precuneus 7 10 40 50
Lateral occipital cortex, superior division 7 18 –62 54

Cluster 1: right hemisphere
Supramarginal gyrus, anterior division 40 50 –28 40
Parietal operculum cortex 40 52 –24 24

Cluster 2: left hemisphere 2624 328
Postcentral gyrus 3 –40 –24 42
Supramarginal gyrus 40 –40 –38 40

Cluster 3: left hemisphere 968 121
Parietal operculum cortex 40 –50 –24 22

Cluster 4: left hemisphere 672 84
Precuneus 7 –18 –70 32

Cluster 5: bilateral 664 83
Cingulate gyrus, anterior division 24 2 4 42

Cluster 6: right hemisphere 640 80
Central opercular cortex 43 54 0 6
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3.3. Correlation with behavioral results

In order to relate the imaging results to the behavioral findings, we
computed correlations between the level of coordinated activity in each
condition (i.e., predictor weights averaged across all poststimulus time
points) of the anterior CMS network (Component 3), and the total
number of statements endorsed. As displayed in Fig. 4, coordinated
activity in the anterior CMS network was significantly correlated with
the total number of items endorsed for the delusional group in the
endorsed condition, r(14)=0.62, p < 0.05, but not in the non-delusional
group, r(13)=0.42, p > 0.15, or the control group, r(15)=0.35, p > 0.20.
Interestingly, when we split the endorsed stimuli between personalized
and generic subsets, only the delusional group showed a significant
positive correlation between the estimated HDR shape and the number
of generic items endorsed, r(14)=0.56, p < 0.05, which further corro-
borates the idea that schizophrenia patients with delusions of reference
have heightened aberrant sensations of self-relevance when faced with
neutral non-self-referential stimuli. No correlations in the non-en-
dorsed condition were significant (all ps > 0.29), and none of the
between-group differences in either condition (endorsed or non-
endorsed) reached statistical significance (all ps > 0.39). The analogous
correlations involving Components 1 and 2 are presented in the
Supplementary material.

4. Discussion

In the present study, we compared functional brain activity
associated with self-referential processing in schizophrenia patients
with and without current delusions of reference and healthy controls.
We predicted that endorsement of statements as self-relevant would
activate brain networks including regions within the CMS as well as the
ventral striatum, and that delusional schizophrenia patients would
exhibit hyperactivity in these regions relative to both non-delusional
schizophrenia patients and healthy controls. The task-based, whole-
brain functional connectivity analysis revealed three reliable brain
networks common to all groups. All three networks were associated
with attributions of self-relevance to ambiguous stimuli and involved
coordinated activity in regions previously associated with self-refer-
ential processing (D’Argembeau et al., 2008; Menon et al., 2011;
Schneider et al., 2008; Startup and Startup, 2005). More specifically,
when compared to control subjects, non-delusional patients demon-
strated significantly reduced deactivation overall in PCC, precuneus,
and ventral striatum (posterior CMS network), whereas delusional
patients demonstrated hyperactivity in medial prefrontal regions
(anterior CMS network) when endorsing statements as self-relevant.
The third network (salience/response network) included activations in
dorsal ACC, bilateral anterior insula, as well as sensorimotor regions,
and reflected a response-based network in which greater peak activity

was observed in the endorsed condition relative to the non-endorsed
condition.

As observed in control subjects on trials where the information was
judged as non-self-relevant, suppression of activity in regions within
the posterior CMS network (Component 1), which included subcortical
structures such as ventral striatum, caudate, and putamen, was
apparent and characterized by a sharp deactivation peak. This pattern
of activity, however, was greatly reduced when statements were being
judged as self-relevant, which is in agreement with previous research
that has reported activation of the ventral striatum while mediating the
salience of external stimuli (Jensen et al., 2008; Zink et al., 2003).
Similarly, Kapur (2003) proposed that schizophrenia is a disorder of
aberrant salience in which irrelevant external stimuli and internal
representations are given excessive salience, and that this inordinate
salience attribution may be caused, at least in part, by an excess of
dopamine transmission in the ventral striatum (Abi-Dargham et al.,
1998; Laruelle et al., 1999). This notion is consistent with the greater
activity (i.e., reduced deactivations) in subcortical structures and the
higher number of generic items endorsed in schizophrenia patients
relative to control subjects. There were also indications that both
patient groups showed an inability to suppress activity in the posterior
CMS network, which may be reflective of a failure to dampen the
salience of irrelevant external stimuli, thus leading to difficulties in
differentiating self- from non-self-relevant information in all schizo-
phrenia patients.

Altered activity in schizophrenia patients was also observed in the
anterior CMS network (Component 3), which included activations in
bilateral dmPFC, vmPFC, orbitomedial PFC, and inferior and middle
temporal gyri. This is consistent with models of self-referential
processing suggesting the presence of two distinct networks: a ven-
tral-subcortical network involved in the attribution of self-reference
and a dorsal-ventral mPFC network subserving introspective processes
(Northoff et al., 2006; Schmitz and Johnson, 2007). Most notably, we
found that when compared to control subjects, delusional schizophre-
nia patients showed significantly greater functional brain activity in the
endorsed condition in the anterior CMS network, consistent with the
phenomenological experience of heightened sensations of self-refer-
ence (Menon et al., 2011). This increased activation in delusional
patients was also associated with behavioral performance, in that only
this group showed a significant correlation between anterior CMS
network activity in the endorsed condition and the number of state-
ments endorsed (see Fig. 4). Interestingly, the endorsement of generic,
non-personalized statements as self-relevant appeared to underlie this
correlation in individuals with delusions of reference, suggesting that
conversion of neutral stimuli into personally salient information may
be a characteristic that is specific to referential delusions in schizo-
phrenia. Although no significant differences emerged between the
patient subgroups in terms of functional connectivity and brain-
behavior correlation, the pattern across the anterior CMS network (as
shown in the endorsed condition of Fig. 3B and Fig. 4) reflected a linear
progression with non-delusional patients appearing approximately
midway between control subjects and delusional patients. This pattern
suggests that heightened activity within this network may be linearly
associated with increasing intensity of delusions of reference, which
our study may not have had sufficient power to detect.

While activity in medial PFC is generally suppressed during
performance of attentionally-demanding cognitive tasks (Raichle
et al., 2001), previous studies have consistently identified activation
of this region when endorsing statements as personally self-relevant
(D'Argembeau et al., 2007; Gusnard et al., 2001; Rameson et al., 2010).
Our current study extends these findings by suggesting functional
interactions between anterior midline regions and ventral temporal
cortices, indicating a role for this network in interpreting salient
statements in terms of one's personal experience, possibly via recollec-
tion of autobiographical memories (Summerfield et al., 2009).
Consistent with the idea that allocation of aberrant salience to neutral

Fig. 4. Correlation coefficients between the estimated HDR (predictor weights averaged
across all time points) of the anterior CMS network (Component 3) for each condition
and group, and the total number of items endorsed. * = p < 0.05.
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stimuli is a feature of referential delusions, hyperactivity observed in
delusional patients on this network was significantly correlated with
the endorsement of generic statements. Thus, it may be that increased
functional connectivity in this anterior CMS network reflects the
attribution of personal significance to neutral stimuli in schizophrenia
patients with delusions of reference.

The other network (salience/response network; Component 2)
involved increased activity primarily in left sensory and motor regions,
suggestive of a network reflecting right-handed responding, but also in
dorsal ACC and insula, regions which correspond to the well-docu-
mented salience network (Menon and Uddin, 2010). Coactivations of
the salience network with a response-based network have been
consistently reported (Ide et al., 2013; Menon and Uddin, 2010), and
strongly implicate this network in influencing motor responses to
salient stimuli. Interestingly, all three networks were temporally
staggered in their peak activity, with the salience/response network
peaking between the posterior CMS network and the anterior CMS
network. The temporal distribution of these networks may therefore be
indicative of a posterior-to-anterior shift in CMS activity during self-
referential processing, whereby salience attribution to stimuli is first
mediated by posterior regions and ventral striatum, followed by
reflective re-evaluation, or a comparison with prior recollections of
experience of personal events, in anterior prefrontal and lateral
temporal regions. In agreement with its ascribed function of dynamic
switching between large-scale networks (Menon and Uddin, 2010), and
its observed peak timing in the current study, we propose the salience/
response network as the primary candidate responsible for mediating
the two distinct CMS networks involved in self-referential processing.

Three limitations of the current study should be considered. First,
the relatively small number of participants in each group led to low
statistical power, which may have precluded identification of significant
differences between the two schizophrenia patient groups. Second,
relative to non-delusional patients and healthy controls, the delusional
group had a significantly lower level of education and slightly differed
in premorbid IQ scores and medication intake, which may have
influenced the results. Similarly, the delusional group had more overall
positive symptoms which may have contributed to the group differ-
ences in brain connectivity findings. Although the most theoretically
meaningful clinical characteristic that differentiated the two patient
groups was the presence or absence of delusions of reference, it
remains possible that some of the differences between groups were
due to differences in positive symptoms overall. Third, all schizophre-
nia patients were medicated. Antipsychotic medications generally
attenuate positive symptoms, possibly by blocking dopamine D2

receptors within the ventral striatum (Kapur, 2003; Roiser et al.,
2009) and consequently dampening salience attributions. Thus, it is
possible that our results were confounded by drug treatment, resulting
in a reduced ability to observe differences between delusional and non-
delusional patient groups. In view of these limitations, further studies
may wish to examine these effects in a larger and unmedicated sample
of schizophrenia patients. Considering that some of the non-delusional
patients may have had experienced self-referential delusions in the
past, future studies should also look at samples of patients with
psychosis who have never experienced delusions. Additional research
will also be required to assess the relationship of brain connectivity
impairments to functional outcome and clinical prognosis in schizo-
phrenia patients.

In summary, our findings provide converging evidence for the
involvement of CMS regions and ventral striatum in processing self-
relevant information, and highlight a functional division between
anterior and posterior CMS networks. Specifically, when compared to
control subjects, non-delusional schizophrenia patients showed re-
duced deactivity in the posterior CMS network (attribution of salience
to external stimuli) whereas delusional schizophrenia patients demon-
strated increased activity in the anterior CMS network (recollection of
personal experiences). Coactivations of the salience network with

sensorimotor regions also appeared to play a key role in mediating a
posterior-to-anterior shift in CMS. Considering that patients without
delusions performed midway between control subjects and delusional
patients, altered patterns of activity observed across the anterior CMS
network, as well as in the brain-behavior findings, may be linearly
associated with the attribution of personal significance to neutral
stimuli.
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