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Abstract

Persecutory delusions are a clinically important symptom in schizophrenia associated with social
avoidance and increased violence. Few studies have investigated the neurobiology of persecutory
delusions, which is a prerequisite for developing novel treatments. The aim of this two-paradigm
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functional magnetic resonance imaging (fMRI) study is to characterize social “real world” and
linguistic threat brain activations linked to persecutory delusions in schizophrenia (/7=26) using
instructed-fear/safety and emotional word paradigms. Instructed-fear/safety activations correlated
to persecutory delusion severity demonstrated significant increased lateral orbitofrontal cortex and
visual association cortex activations for the instructed-fear vs. safety and instructed-fear vs.
baseline contrasts; decreased lateral orbitofrontal cortex and ventral occipital-temporal cortex
activations were observed for the instructed-safety stimuli vs. baseline contrast. The salience
network also showed divergent fear and safety cued activations correlated to persecutory
delusions. Emotional word paradigm analyses showed positive correlations between persecutory
delusion severity and left-lateralized linguistic and hippocampal-parahippocampal activations for
the threat vs. neutral word contrast. Visual word form area activations correlated positively with
persecutory delusions for both threat and neutral word vs. baseline contrasts. This study links
persecutory delusions to enhanced neural processing of threatening stimuli and decreased
processing of safety cues, and helps elucidate systems-level activations associated with
persecutory delusions in schizophrenia.
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1. Introduction

Schizophrenia is characterized by prominent disturbances in social-emotional cognition,
perception, executive function, behavior and self-awareness. Symptoms in schizophrenia
have traditionally been segregated into positive, negative, cognitive, thought disorganization,
psychomotor and mood components (Tandon et al., 2009). Positive symptoms include
hallucinations and delusions, each defined in part by distortions in reality perception. While
the neural basis of auditory hallucinations in schizophrenia has been extensively investigated
(Silbersweig et al., 1995; Silbersweig and Stern, 1996; Epstein et al., 1999; Lennox et al.,
2000; Raij et al., 2009; Jardri et al., 2011), the neurobiology of delusions has not been so
well characterized. Delusions of persecution are among the most commonly reported fixed,
false beliefs endorsed by patients with schizophrenia. Patients experiencing persecutory
delusions exhibit heightened anticipation and recall of aversive events, increased social
avoidance (Moutoussis et al., 2007), and salience misattributions (Kapur, 2003; Holt et al.,
2006b). Patients with schizophrenia who have prominent paranoia also report unstable
assessments of themselves and their environment (Melo et al., 2006). Epidemiologic studies
in schizophrenia suggest a prevalence of 3-12% for serious violent behavior and a particular
association between violent behavior and persecutory delusions (Swanson et al., 2006; Coid
et al., 2013), underscoring the importance of better understanding this clinically-meaningful
symptom. Furthermore, mistrust of mental health professionals is a commonly encountered
barrier to treatment adherence, and a specific relationship between lack of treatment,
persecutory delusions, and violence has been reported (Keers et al., 2014). Identifying the
neurobiology underlying paranoia is therefore critical, and may pave the way for novel
treatments.
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Neuroimaging investigations of social-emotional processing in schizophrenia, to date, have
largely used emotionally valenced face-viewing probes (Gur et al., 2002; Gur et al., 2007; Li
et al., 2010; Taylor et al., 2012). Compared with healthy subjects, patients with
schizophrenia demonstrated reduced activations in bilateral amygdala, parahippocampal
gyri, fusiform gyri, right superior frontal gyrus, and lentiform nucleus during emotional face
processing (Li et al., 2010). A meta-analysis of amygdalar activations across aversive stimuli
in schizophrenia identified decreased amygdalar activations for negative versus neutral
interaction contrasts. This effect, however, was partially explained by increased amygdalar
activation to neutral stimuli in schizophrenic subjects (Holt et al., 2006a; Hall et al., 2008;
Anticevic et al., 2012).

Few neuroimaging studies have investigated prefrontal, limbic/paralimbic and sensory
processing abnormalities associated with social-emotional cognition in patients with
schizophrenia who are currently experiencing paranoid delusions (Kay et al., 1987; Phillips
et al., 1999; Williams et al., 2004; Russell et al., 2007; Williams et al., 2007; Pinkham et al.,
2008). In a functional magnetic resonance imaging (fMRI) study of 10 patients with
schizophrenia (5 paranoid, 5 non-paranoid) using an affectively valenced face-viewing
paradigm, paranoid individuals exhibited increased activations in insular, fusiform, lingual
cortices, and cerebellum compared to non-paranoid patients during fearful face processing
(Phillips et al., 1999). In an fMRI study that segregated schizophrenic patients
dichotomously as paranoid or non-paranoid based on the presence or absence of elevated
scores in four positive symptom items of the Positive and Negative Syndrome Scale
(PANSS) (Kay et al., 1987), paranoid compared to non-paranoid subjects showed increased
right frontopolar cortex and decreased bilateral fusiform and lingual gyrus activations to
fearful versus neutral faces (Williams et al., 2004). Furthermore, accounting for autonomic
arousal, paranoid individuals exhibited reduced amygdalar activations. Additional studies
have characterized reduced activations in the amygdala, hippocampus, anterior cingulate
cortex (ACC), and insula in paranoid versus non-paranoid schizophrenia using affectively
valenced facial viewing paradigms (Russell et al., 2007; Williams et al., 2007).

Social learning of fear (instructed-fear) paradigms allow individuals to obtain fear and safety
information through explicit verbal communication, and offer promise in elucidating neural
mechanisms associated with salience misattributions and abnormal social fear learning and
expression in paranoid schizophrenia (Phelps et al., 2001; Olsson and Phelps, 2007). In
classical, Pavlovian fear conditioning paradigms, by comparison, a neutral conditioned
stimulus (CS+) is paired with a naturally aversive unconditioned stimulus (US); an
implicitly learned fear association is invoked by the CS+ alone following repeated CS-US
pairings (Rogan et al., 2005). A second control conditioned stimulus (CS-), not paired with
the US, is often also included. Schizophrenic patients show associative learning deficits
exemplified by heightened CS- related autonomic activity and impaired extinction
learning(Holt et al., 2009). Functional MRI studies have found blunted left middle insula
activation to US presentations (Linnman et al., 2013), increased ventral striatum activation to
neutral (CS-) stimuli (Jensen et al., 2008), and reduced ventromedial prefrontal cortex
(vmPFC) activation during extinction (Holt et al., 2012) in schizophrenic patients compared
to healthy subjects. Impaired extinction and vmPFC hypoactivation was particularly noted in
patients with delusions. Instructed-fear paradigms, in which subjects are explicitly instructed
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as to the CS-US associations before the experiment but are not ever presented with the US
during the task, approximate “real world” threat more closely than fear conditioning probes
because the anticipation of threat is the primary cognitive state that is elicited. In healthy
subjects, instructed-fear cues activate bilateral dorsal ACC, anterior insula, striatum, and
right pallidum (Butler et al., 2005; Butler et al., 2007b; Mechias et al., 2010). In the only
published study to date in psychotic populations using this paradigm, schizophrenic subjects
with serious violence histories compared to schizophrenic individuals without prior violence
demonstrated enhanced activations in right orbitofrontal cortex (OFC), left subgenual ACC,
and bilateral temporo-occipital cortex for instructed-fear stimuli (Kumari et al., 2009).

In terms of emotional-linguistic function, evidence suggests impaired emotional word
processing in schizophrenia. While studies have yielded some conflicting results(Pinheiro et
al., 2012), schizophrenic patients have rated negatively valenced words more negatively and
positively valenced words less positively compared to controls (Jalenques et al., 2013). A
recall bias for negatively valenced words has also been observed in schizophrenia (Calev and
Edelist, 1993). In a study comparing patients experiencing predominantly persecutory
delusions compared to non-paranoid schizophrenic and healthy cohorts, delusional
individuals more frequently classified words as unpleasant and demonstrated delayed
classification of neutral words (Holt et al., 2006b). In an fMRI study using two-sentence,
affectively valenced descriptors of social situations, schizophrenic patients showed increased
posterior cingulate gyrus activations to neutral, relative to negative, sentence pairs
(schizophrenic patients also showed increased medial prefrontal and posterior cingulate
cortex activations to neutral, relative to positive, sentence pairs) (Holt et al., 2011). Healthy
subjects exhibited an opposite pattern of activations, and delusion severity in this
schizophrenia cohort correlated with cingulate gyri activations to neutral sentence pairs.

In this study, we used instructed-fear/safety and emotional word paradigms specifically
relevant to patients with paranoid delusions to characterize correlations between the
clinically salient dimension of persecutory delusions and neural activations in 26 patients
with schizophrenia. This two-task approach enabled the investigation of convergent and
stimuli/modality specific neural activations associated with persecutory delusion severity.
Our laboratory has previously implemented instructed-fear/safety paradigms to probe
frontolimbic and subcortical emotional processing in healthy subjects (Butler et al., 2005;
Butler et al., 2007b) and anxiety disorders (Tuescher et al., 2011). Emotional word fMRI
paradigms have also been designed by our group to investigate emotional-linguistic
processing in healthy subjects (Isenberg et al., 1999; Protopopescu et al., 2005a) and
neuropsychiatric populations (Protopopescu et al., 2005b; Epstein et al., 2006; Silbersweig
et al., 2007; Epstein et al., 2011). The dimensional symptom-specific approach used in this
study has been used previously by our laboratory to characterize brain-symptom
relationships in other neuropsychiatric disorders (Protopopescu et al., 2005b). Applying
instructed-fear/safety and emotional word fMRI paradigms, we hypothesized increased
frontolimbic and modality-specific neural processing of threatening stimuli and decreased
processing of safety cues. Specifically, we hypothesized increased amygdalar-hippocampal
activations to threat, divergent salience network modulation by threat and safety cues, and
increased ventral visual stream and language network activations to social and linguistic
threat associated with persecutory delusion severity in patients with schizophrenia.
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2. Methods

2.1. Subjects

Twenty-six, right-handed subjects (6 female, 20 male; mean age=29.85, range 20-44)
participated in this study. Participants were diagnosed with schizophrenia (/7=22) or
schizoaffective disorder (/7=4) based on the Structured Clinical Interview for the Diagnostic
and Statistical Manual of Mental Disorders IV Axis | Disorders (First, 1997). All subjects
were receiving antipsychotic medications [typical (/7=4), atypical (7=18), typical and
atypical (77=4), with antipsychotic doses converted to a mean daily dose equivalence of
chlorpromazine for each subject (mean=553.19 mg, SD=270.69 mg) (Andreasen et al.,
2010). Subjects were also taking the following psychotropic medications: mood stabilizers
(8); antidepressants (6); benzodiazepines (5); anti-cholinergic medications (5). Inclusion
criteria included the following: presence of only minimal negative symptoms and cognitive
impairment, no history of electroconvulsive therapy within the past year, English as first
language or fully fluent in English, and capacity to provide informed consent. Exclusion
criteria included: a diagnosis of schizoaffective disorder with mainly affective symptoms,
prior manic episode, substance abuse within the past six months, and a history of major
medical and/or neurologic illness. Paranoid delusion severity was based on the persecution/
suspiciousness item (P6) of the PANSS (Kay et al., 1987) (mean=2.96, SD=1.45, P6=1-2
(9), P6=3 (8), P6=4-6 (9)); higher scores indicated increased perceived persecution and
suspicious hypervigilance. Complete PANSS scores were available for 23 of 26 subjects
(PANSS total mean=51.17, SD=17.40; PANSS positive subscale mean=12.17, SD=4.92;
PANSS negative subscale mean=13.91, SD=5.28; PANSS general subscale mean=25.09,
SD=9.54). An analysis of covariance (ANCOVA) performed to evaluate associations
between p6 score and PANSS total score with age, sex and mean daily dose equivalence of
chlorpromazine entered as covariates was not statistically significant(p=0.0843). All subjects
provided informed consent before enrollment, which was part of a protocol approved by the
institutional review board of New York Presbyterian Hospital/Weill Cornell Medical
College. Data analyses and manuscript preparation for this protocol were approved by the
Partners Human Research Committee.

2.2. Instructed-fear/safety paradigm

2.2.1. Threshold setting procedure—As previously described (Butler et al., 2005;
Butler et al., 2007b), immediately before scanning, participants determined the level of
electrodermal stimulation to be received during the scan session via a dial-up procedure in
which stimulations to the left wrist were increased gradually to a level of intensity
experienced by that individual as “uncomfortable but not painful,” with the aim of
standardizing perceived stimulation aversiveness across subjects. Following the dial-up
procedure, participants were told “all stimulations you receive during this study will be of
exactly this strength and duration.”

2.2.2. Experimental paradigm—The scanning session consisted of a “fear” condition,
about which participants were told before the scanning session “an electrodermal stimulation
can occur at any time” in conjunction with a specified colored square, and a “safety”
condition for which participants were verbally instructed before the scanning session that
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they would not receive any electrodermal stimulations associated with a distinct colored
square. Fear and safety conditions were signified by the presentation of easily-
distinguishable blue or yellow colored squares via a MR-compatible screen. Stimuli
presentation was controlled by the Integrated Functional Imaging System (/7 vivo, Orlando,
FL, USA) by means of E-Prime software (Psychology Software Tools, Pittsburgh, PA,
USA). Pairing of colors with conditions was counterbalanced across participants. Each color
appeared for 12 s followed by 18 s of rest (30-s condition period). There were five pseudo-
randomly ordered periods of each color per scanning run (each run was preceded by a 20-s
rest period), and two scanning runs per study session. No motor response was required.
Participants did not actually receive any electrodermal stimulation during scanning.

2.3. Emotional word paradigm

In a second fMRI paradigm, participants read 48 printed words, 24 of which were selected
for their threatening content and negative valence so as to be particularly relevant to
individuals with paranoid delusions, e.g., “persecute,” “threat,” and “spy.” The remaining 24
words were selected for their emotionally neutral content, e.g., “arrange,” “rotate,” and
“folder.” The two word categories were counterbalanced for the possible confounding
variables of word length, frequency within the lexicon (Carroll et al., 1971), and part of
speech. Subjects were instructed to read each word silently and then to immediately press a
button under their right index finger. The stimuli were presented in a block design consisting
of four blocks of six threat (T) words each and four blocks of six neutral (N) words each.
The blocks were intermixed in a pseudorandom order (NTTNNTNT). Each word appeared
for 2 s with an interstimulus interval jittered based on a uniform distribution on the range
[1.8, 3.8] (average of 2.8 s), for a total of 28.8 s per block. Each block was followed by 24 s
of rest, with the paradigm as a whole preceded and followed by two 12-s rest periods.
During rest periods, subjects were instructed to look at a dash at the center of the screen.
Immediately after imaging was completed, subjects were removed from the scanner and
their memaory for the specific stimuli seen in the scanner was tested with a list consisting of
the 48 stimuli seen during scanning (targets) and 24 novel words (distractors) with which the
targets were interspersed. Distractors were divided equally into threat and neutral words and
balanced for the same qualities as the target words. The subjects were instructed to read each
word and to indicate those words that they believed they had seen in the scanner. Following
this task, subjects rated the emotional valence of each word on a seven-point Likert scale
(-3=strongly negative, 0=neutral, +3=strongly positive).

The order of the instructed-fear/safety and emotional word paradigms was counterbalanced
across subjects.

2.4. Image acquisition

Image data were acquired using exactly the same protocol on one of two research-dedicated
General Electric-Signa 3 Tesla MRI scanners (max gradient strength 40 mT/m; max slew
rate 150T/m/s; scanner 1: 11 participants; scanner 2: 15 participants). Since there were no
detectable differences in imaging data acquired on the two scanners as confirmed via
ANCOVA with the scanner ID as a covariate (independent variable) for inter-subject
variation and blood-oxygen-level-dependent (BOLD) signal as the dependent variable,
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datasets were combined. Following a standard T1 weighted localizer scan, a high-resolution
T1 weighted anatomical image was acquired using a spoiled gradient recalled acquisition
sequence [repetition time (TR)/echo time (TE)=30/8 ms, flip angle=45, field of view=220
mm, 140 coronal slices with thickness=contiguous 1.5 mm, number of averages=1,
matrix=256x256, voxel resolution=0.8594x1.5x0.8594 mm3]. Echo planar imaging (EPI)
was used to obtain BOLD functional MR images. After shimming to maximize
homogeneity, a series of gradient echo fMRI scans were acquired (TR=1200 ms, TE=30 ms,
flip angle=70, field of view=240 mm, 15 or 21 slices, slice thickness=5 mm, interslice
gap=1 mm, matrix=64x64, voxel resolution=3.75x3.75x6 mm3) with a z-shimming
algorithm to reduce susceptibility artifact at the base of the brain (Gu et al., 2002). A
reference T1-weighted anatomical image with the same slice placement and thickness and a
matrix of 256x256 was acquired immediately before the EPI acquisition.

2.5. Image processing and analysis

Data processing with a customized Statistical Parametric Mapping (SPM) software package
(Wellcome Department of Imaging Neuroscience, University College, London, UK;
(www.fil.ion.ucl.ac.uk/spm)) consisted of: reconstruction of echoplanar functional images
using modified GE reconstruction software; manual anterior commissure-posterior
commissure re-orientation of all anatomical and EPI images; realignment to correct for
slight head movement between scans based on intracranial voxels (data sets with head
movement of greater than 1/3 voxel over the study session were excluded); extraction of
physiological fluctuations such as cardiac and respiratory cycles from EPI image sequences
(Frank et al., 2001); co-registration of functional EPI images to the corresponding high-
resolution anatomical image based on the rigid body transformation parameters of the
reference anatomical image to the latter for each individual subject; stereotactic
normalization to a standardized coordinate space (Montreal MRI Atlas version of Talairach
space with the Montreal Neurological Institute [MNI] average of 152 T1 brain scans) based
on the high-resolution anatomical image to normalize for individual differences in brain
morphology; and spatial smoothing with an isotropic Gaussian kernel (full width at half-
maximum=7.5 mm) to increase signal-to-noise ratio.

For image data analyses, a two-level voxel-wise linear fixed-effects model was constructed
using customized fmristat software in an ANCOVA setting (Worsley et al., 2002). First, at
the individual subject level, a whole-brain voxel-wise multiple linear regression model was
employed. This was composed of the regressor of interest, which consisted of the stimulus
onset times convolved with a prototypical hemodynamic response function, and the
covariates of no-interest, which included the temporal first order derivative of the principal
regressors (to compensate for slight latency differences in individual hemodynamic response
from the prototypical response function), global fluctuations, physiological fluctuations,
realignment parameters, and scanning periods. Temporal filtering was performed to counter
the effects of baseline shifts and higher frequency noise (than prototypical hemodynamic
response), and a first order autoregressive (1) model of the time course was used to
accommodate temporal correlation in consecutive scans. Effects at every brain voxel were
estimated using the expectation maximization algorithm, and regionally specific effects were
then compared using linear contrasts. That is, for each subject, the effect image and its
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standard error image for each condition were calculated, and these were also combined in a
series of linear contrasts entered into the second stage group-level correlation analysis. At
the group level, the within-group effects of the hypothesis-driven contrasts were examined
for their association with the P6 item score via a multiple regression model, with the P6
score as the main regressor, and age, sex, and mean daily dose equivalent of chlorpromazine
as covariates of no-interest. For the instructed-fear/safety data, only planned contrasts were
examined: (1) instructed-fear vs. safety; (2) instructed-fear vs. baseline; and (3) instructed-
safety vs. baseline. For the emotional word data, only planned contrasts were examined: (A)
threat vs. neutral words; (B) threat words vs. baseline; and (C) neutral words vs. baseline.
These group-level correlation effect estimates generated statistical maps of the #statistic,
and the statistical significance of the #maps was then evaluated in the final step of inference.
The statistical inference is based on random field theory as implemented in fmristat, where
the #statistical maps were thresholded initially at a voxel-wise two-tailed p-value < 0.01
(based on which cluster sizes of activated/deactivated areas were reported), and the group-
level correlation effect of interest at a peak coordinate was considered significant if the
corrected p-value < 0.05, which was based on family-wise error rate correction of the voxel-
wise p-values over the entire brain. Peak coordinates and sub-maxima were specifically
reviewed for inclusion of the left human color area (V4) (x: -20 to -38; y. -70to -90; = -8 to
-15; MNI coordinates) (McKeefry and Zeki, 1997) in the instructed-fear/safety contrasts and
at the visual word form area (VWFA) (x. -4215; y. -58+8; z -17+6; MNI coordinates)
(Cohen et al., 2000; McCandliss et al., 2003; Glezer and Riesenhuber, 2013) in the
emotional word contrasts.

Post-scan behavioral test data recognition rates and valence ratings were analyzed using
repeated-measures ANCOVA. Recognition memory performance was assessed by
calculating a discrimination index & per word valence type for each individual based on
Signal Detection Theory, estimated by the zscore of the false alarm rate minus the zscore of
the hit rate. Also, for the behavioral data analysis, subjects were stratified into 3 subgroups
of non-paranoid (P6 score: 1-2), mildly paranoid (P6 score: 3), and paranoid (P6 score: 4-6)
for statistical testing of persecutory delusion severity as a group factor. Age, sex and mean
daily dose equivalence of chlorpromazine were entered as covariates of no-interest.

3.1. Behavioral results

3.1.1. Recognition memory—There was a statistically significant main effect of word
valence type in recognition rate (A1,34)=5.48, p=0.025) where &' (Threat) > ¢’ (Neutral).
This difference was most pronounced for the non-paranoid group (P6 score: 1-2) and less so
for the mildly paranoid (P6 score: 3) and paranoid (P6 score: 4-6) groups. There was no
significant effect of group, age or mean daily dose equivalence of chlorpromazine in
recognition rates, though there was a mild effect of sex (H1,34)=4.23, p=0.047).

3.1.2. Valence ratings—There was a statistically significant main effect of group

(H2,60)=6.21, p=0.004), word valence type (A1,60)=289.73, p<0.0001), and group by
valence type interaction (H2,60)=5.83, p=0.0049) in valence rating. Valence rating
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differences between threat and neutral words were most pronounced in the non-paranoid
group (P6 score: 1-2), less in the mildly paranoid group (P6 score: 3), and least in the
paranoid group (P6 score: 4-6). There was no significant effect of age, sex or mean daily
dose equivalence of chlorpromazine in valence rating.

3.2 Instructed-fear/safety neuroimaging results

Analyses were performed on 22 subjects (18 male, 4 female; mean age=28.13, range 20-43;
mean P6 score=2.78, SD=1.48, P6=1-2 (9), P6=3 (7), P6=4-6 (6); 2 of 26 total subjects
either refused to participate or aborted the task due to anxiety; 2 of 26 participants were
excluded following data quality control evaluations).

To assess the correlation between P6 scores and BOLD activations the following contrasts
were calculated: (1) instructed-fear vs. safety; (2) instructed-fear vs. baseline; and (3)
instructed-safety vs. baseline (Table 1, Fig. 1, and Fig. 2). With the contrast instructed-fear
vs. safety, P6 scores correlated positively with activations in visual processing areas
(bilateral calcarine cortices, lingual gyri (including left V4 color area), left fusiform gyrus),
bilateral lateral OFC/inferior frontal gyri, and left frontopolar cortex. P6 scores correlated
negatively with activations in paralimbic areas (bilateral posterior-dorsal ACC, right insula)
and default mode network (DMN) regions (right precuneus, supramarginal, angular gyri).
For instructed-fear vs. baseline, P6 scores correlated positively with activations in visual
processing regions (bilateral calcarine, lingual and fusiform cortices), lateral OFC/inferior
frontal gyri, and right anterior hippocampus. P6 scores correlated negatively with activations
in paralimbic regions (right posterior-dorsal ACC, middle insula, left rostral ACC), visual
processing regions (bilateral middle/inferior occipital, left lingual, right cuneus gyri), and
DMN regions (right posterior cingulate cortex/precuneus, left angular gyrus). For instructed-
safety vs. baseline, P6 scores correlated positively with activations in visual processing
regions (bilateral calcarine, fusiform, superior occipital cortices, right middle occipital,
lingual gyri) and paralimbic areas (bilateral dorsal ACC, anterior insula). P6 scores
correlated negatively with activations in visual processing regions (bilateral calcarine,
lingual (including left V4 color area), inferior occipital gyri, right cuneus, left middle
occipital, fusiform gyri) and limbic/paralimbic areas (bilateral lateral OFC/inferior frontal
gyrus, right ventral striatum).

3.3. Emotional word paradigm neuroimaging results

Analyses were performed on 23 subjects (19 male, 4 female; mean age=30.22, range 20-44;
mean P6 score=3.05, SD=1.42, P6=1-2 (7), P6=3 (7), P6=4-6 (9); 2 of 26 total subjects did
not participate due to technical scanner-paradigm delivery issues, 1 of 26 participants was
excluded following data quality control evaluations) to assess the correlation between P6
scores and BOLD activations during (1) threat words vs. neutral words; (2) threat words vs.
baseline; (3) neutral words vs. baseline (Table 2, Fig. 3 and Fig. 4). With the contrast threat
vs. neutral words, P6 scores correlated positively with activations in semantic processing
regions (left lateralized inferior frontal, superior temporal gyri), limbic/paralimbic areas
(bilateral vmPFC, left insula, parahippocampus, hippocampus, amygdala (trend)), and
bilateral frontopolar cortices. P6 scores correlated negatively with activations in visual
processing regions (left calcarine, cuneus), semantic processing regions (bilateral superior/
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middle temporal gyri, right inferior frontal gyrus), and the right inferior parietal lobule
(angular/supramarginal gyri). For threat words vs. baseline, P6 scores correlated positively
with activations in visual ventral stream areas (bilateral middle occipital, cuneus, inferior
temporal and fusiform gyri (VWFA), left calcarine, superior/middle occipital, right lingual
gyri), semantic processing regions (left > right inferior frontal gyrus, bilateral superior/
middle temporal gyri, opercular rolandic), and limbic/paralimbic areas (bilateral anterior-
dorsal ACC, OFC, parahippocampal gyri, insula, left amygdala (trend)). P6 scores correlated
negatively with activations in visual processing areas (bilateral calcarine, cuneus, right
lingual and fusiform gyri), paralimbic regions (right rostral ACC, subgenual ACC, and
OFC), DMN regions (bilateral angular gyri, precuneus, right temporoparietal junction/
supramarginal and left posterior cingulate cortex), and bilateral frontopolar cortex. For
neutral words vs. baseline, P6 scores correlated positively with activations in ventral visual
stream processing areas (bilateral calcarine, superior occipital cortices, lingual, middle
occipital, inferior temporal, fusiform gyri (VWFA), left inferior occipital gyrus), semantic
processing regions (bilateral inferior frontal, superior/middle temporal gyri, left opercular
rolandic), and paralimbic regions (bilateral anterior insula, right anterior-dorsal ACC, left
mid-OFC). P6 scores correlated negatively with activations in visual processing areas
(bilateral calcarine cortices, left cuneus, middle occipital, fusiform gyri, right inferior
occipital and lingual gyri), limbic/paralimbic regions (bilateral posterior-medial OFC,
vmPFC, parahippocampus, and left hippocampus), semantic processing regions (bilateral
inferior frontal gyri, left middle temporal), bilateral frontopolar cortices, precuneus and left
angular gyrus.

4. Discussion

This two-paradigm fMRI study probed the neurocircuitry of persecutory (paranoid)
delusions in schizophrenia using complementary social-emotional-linguistic paradigms: an
instructed-fear/safety (anticipatory threat) task and an emotional word (linguistic threat)
paradigm comprised of threatening, negatively valenced words particularly relevant to
individuals experiencing paranoid delusions.

4.1. Enhanced fear and decreased safety related sensory processing associated with
persecutory delusion severity

In response to instructed-fear/safety stimuli that were differentiated from one another by
distinct colored squares, patients demonstrated prominent modulation of visual processing
and limbic/paralimbic regions correlated with persecutory delusion severity (P6 scores). For
the instructed-fear vs. safety contrast, patients exhibited increased activations in primary and
association visual cortices and lateral OFC. While similar activations were noted for
instructed-fear stimuli correlated to P6, instructed-safety cues increased primary visual
cortex activations and decreased lateral OFC and ventral occipital-temporal (including V4
color area) activations.

The pattern of fear- and safety-mediated lateral OFC activations can be contextualized using
the neuroanatomical studies of Ongur, Price and colleagues (Ongur and Price, 2000; Ongur
et al., 2003; Price and Drevets, 2010) and neurobiological investigations of learned safety.
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The orbital prefrontal network, which consists of the posterior central and lateral OFC
including the pars orbitalis portion of the inferior frontal gyrus (Brodmann area 47), receives
afferents from sensory cortices including visual processing regions (Rolls and Baylis, 1994).
In the context of multi-modal sensory integration, the lateral OFC is implicated in behavioral
choice selection for perceived rewards (Elliott et al., 2000). The association of increased
persecutory delusion severity correlated with increased lateral OFC and left V4 color area
activations for instructed-fear cues, and an inverse pattern of decreased lateral OFC and left
V4 color area activations with instructed-safety cues, suggests enhanced higher-order
sensory processing of threat and diminished processing of safety signals for behavioral
choice selection. This is further supported by the finding of a negative correlation between
right ventral striatum activation and persecutory delusion severity during processing of
instructed-safety cues. Safety signals have been linked to increased exploratory behaviors,
reward, anti-depressant like-properties, and potentiated striatal activity in animal models of
learned safety (Rogan et al., 2005; Pollak et al., 2008). Given that paranoid delusions are
associated with increased social avoidance(Moutoussis et al., 2007), it can be theorized that
increased sensory processing of potentially threatening stimuli and decreased processing of
safety signals may mediate aspects of restrictive, hypervigilant social behaviors in patients
experiencing persecutory delusions.

4.2. Divergent fear and safety associated salience network activations

For the instructed-fear vs. safety contrast, patients also showed decreased activations in
bilateral posterior-dorsal ACC and right insula correlated with delusion severity. Conversely,
when viewing instructed-safety cues delusion severity positively correlated with bilateral
dorsal ACC and anterior insula activations and negatively correlated with right ventral
striatum activation. These findings are noteworthy given that delusional misattributions in
psychosis have been linked to aberrant salience processing in schizophrenia (Kapur, 2003).
In addition to the ventral striatum (Taylor et al., 2005; Juckel et al., 2006; Jensen et al.,
2008), the ACC and the insula are critical nodes in the large-scale salience network
implicated in the pathophysiology of delusions (Palaniyappan and Liddle, 2012). Instructed-
fear stimuli activate bilateral dorsal ACC and anterior insula in healthy subjects (Mechias et
al., 2010), while currently paranoid compared to non-paranoid schizophrenic subjects have
exhibited decreased ACC and insula activations in response to aversive face-viewing probes
(Williams et al., 2007). As evident from the neural activations correlated to P6 scores in our
cohort, instructed-fear cues reduced ACC-anterior insula activations while instructed-safety
cues increased activations in these regions. This suggests that, as persecutory paranoid
delusions worsened, increased ACC-insula recruitment for safety cues potentially reflected
(particularly within the dorsal ACC) the degree of emational conflict occurring as a
consequence of the incongruence between safety signal delivery and a heightened state of
perceived persecution (Egner et al., 2008).

4.3. Increased language network and VWFA activations for negative and neutral words

The emotional word paradigm induced robust semantic processing activations, particularly
in the left inferior frontal gyrus for the threat vs. neutral word contrast. Interestingly, neutral
word processing vs. baseline correlated to P6 scores recruited bilateral (right > left) inferior
frontal gyri activations. In healthy subjects, the pars orbitalis (Brodmann area 47) of the
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inferior frontal gyrus has been linked to controlled retrieval of semantic information, while
the pars triangularis (Brodmann area 45) has been linked to post-retrieval verbal response
selection (Badre and Wagner, 2007). Studies of language lateralization in schizophrenia
(including paranoid schizophrenia) have identified bilateral cortical activations during
linguistic tasks driven primarily by enhanced right hemisphere activations (Sommer et al.,
2003; Li et al., 2007). Increased bilateral anterior language network activations to neutral
words may mediate enhanced (dysfunctional) retrieval and processing of semantic
information and potentially accounts for the previously characterized neutral word
classification delay seen in patients with persecutory delusions (Holt et al., 2006b).

In response to emotionally valenced words, subjects also showed modulation of ventral
visual stream and limbic/paralimbic regions correlated with persecutory delusion severity.
As P6 scores increased, threat and neutral valence words each increased ventral visual
stream activations in lingual, inferior temporal and fusiform gyri. In healthy subjects,
linguistic threat has been shown to modulate limbic/paralimbic (e.g., amygdala,
parahippocampus, medial OFC, ACC), semantic processing (VIPFC), and lingual gyrus
activations (Isenberg et al., 1999; Lewis et al., 2007; Citron, 2012); negatively valenced
pictures commonly increase occipital-temporal ventral visual stream (“what” pathway)
activations (Taylor et al., 2000; Sabatinelli et al., 2005; Sabatinelli et al., 2009). Visual
processing deficits in schizophrenia have increasingly been characterized as involving
predominantly dorsal stream (“where” pathway) abnormalities (Butler et al., 2001; Braus et
al., 2002; Chen et al., 2004; Butler et al., 2007a; Seymour et al., 2013). However, increased
ventral stream activations were found in paranoid schizophrenic patients compared to
healthy subjects during performance of a dual working memory, affectively valenced face-
viewing task (Wolf et al., 2011). The ventral visual stream is implicated in object and face
perception (Kanwisher and Yovel, 2006), and the left middle portion of the fusiform gyrus
(VWEFA) is specifically attuned for reading (although not exclusively) (Cohen et al., 2000;
Dehaene and Cohen, 2011). Our cohort exhibited increased VWFA (McCandliss et al.,
2003) activation in the threat word and neutral word vs. baseline contrasts. These results
suggest a potential modality-specific threat (and neutral) bias for visual word and color
(instructed-fear) perceptual processing associated with persecutory delusion severity in
schizophrenia.

4.4. Increased threat related medial temporal activations

Medial temporal structures, including the parahippocampus, hippocampus, and amygdala,
have been implicated in the pathophysiology of primary and secondary psychotic syndromes
(Epstein et al., 1999; Butler et al., 2012). Our cohort demonstrated left lateralized
parahippocampal, hippocampal, and amygdala (trend) activations correlated to P6 scores in
the threat vs. neutral contrast in the emotional word paradigm, along with reduced left
hippocampal and parahippocampal activations to neutral words. Instructed-fear stimuli
correlated to P6 scores also exhibited increased right anterior hippocampal activation. These
convergent findings suggest that as persecutory delusions worsened, negatively valenced
stimuli increased medial temporal lobe activations, and linguistic threat was particularly
associated with left-lateralized activations. Earlier studies in schizophrenia have reported
impaired hippocampal habituation to fearful faces (Holt et al., 2005), a correlation between
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left parahippocampal activations and positive psychotic symptoms in a self-other affectively
valenced evaluative task (Pauly et al., 2013), and altered hippocampal-parahippocampal
resting state functional connectivity (Zhou et al., 2008). Heightened hippocampal-
parahippocampal and amygdalar activations to negatively valenced social-emotional-
linguistic probes potentially link aberrant emotional memory retrieval, contextual fear, and
salience processing to the neurobiology of persecutory delusions.

4.5. Synthesis, limitations and conclusions

Given this two-paradigm approach that probes social emotional and linguistic aspects of fear
and safety processing, it is important to contextualize the findings using emotional
processing/regulation models(Ochsner and Gross, 2005; Phillips et al., 2008; Etkin et al.,
2011). Instructed-fear vs. safety stimuli correlated to persecutory delusion severity
demonstrated increased threat and decreased safety evaluation (lateral OFC, ventral
striatum) and over-appraisal of safety cues (dorsal ACC/dorsomedial prefrontal cortex).
Linguistic threat activated lateral cognitive control regions (VIPFC), as well as regions
implicated in automatic emotional processing/regulation (vmPFC, parahippocampus-
hippocampus, amygdala). Anterior hippocampal activation was also associated with
instructed-fear cues. Both instructed-fear and linguistic threat also shared enhanced
reactivity in primary/secondary and associative sensory areas (V4, VWFA) suggestive of
selective heightened perceptual processing in individuals with persecutory delusions.

There are several limitations in this study. Our cohort was on multiple psychotropic
medications which were only partially controlled for by including mean daily dose
equivalent of chlorpromazine as a covariate of no-interest in the analyses. In addition, while
this study investigated neurocircuits linked to persecutory delusions, the findings are relative
activation increases and decreases. The lack of a healthy control group could be seen as a
limitation, however, this addition would not aid the study of persecutory delusion severity as
a continuous variable. Also, while this study investigated a symptom complex (persecutory
delusions) within patients diagnosed with a primary psychotic disorder, we cannot fully
exclude that the neural associations identified may relate in part to other factors that
potentially co-vary with persecutory delusions such as overall disease severity (although p6
scores were not predicted by PANSS total score in an ANCOVA). Future larger sample size
analyses that control for additional potential confounds may provide added clarity. Lastly,
activations in other regions implicated in cognitive-affective-linguistic-self referential
processes (temporal pole(Pascual et al., 2015), DMN, cerebellum (Schmahmann and
Sherman, 1998), thalamus) and arousal (brainstem) that correlated with P6 scores require
further investigation.

In conclusion, this study linked enhanced neural processing of threatening (and neutral)
stimuli and aberrant processing of safety cues in limbic-paralimbic and visual association
regions to persecutory delusions in schizophrenia. Linguistic threat notably increased left-
lateralized activations in anterior language areas and medial temporal lobe structures; neutral
linguistic stimuli increased bilateral anterior language network activations. These data help
elucidate systems-level biological mechanisms underlying persecutory delusions in
schizophrenia.
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Highlights

Paranoid delusions positively correlated with fear related sensory
processing

Paranoid delusions negatively correlated with safety related sensory
processing

The salience network showed divergent fear and safety cued activations
Paranoid delusions positively correlated with hippocampal activations

Paranoid delusions correlated with threat word linked language network
activations
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Page 21

Lateral orbitofrontal cortex and V4 color area activations correlated to persecutory delusion

severity in the instructed-fear/safety paradigm. Neural activations correlated with

persecutory delusion severity (P6 score) were studied in patients with schizophrenia using an
instructed-fear/safety paradigm. Fear and safety cues were distinguished by delivery of
different colored squares. Statistical parametric maps show blood-oxygen-level-dependent

(BOLD) neural activation changes thresholded at a voxelwise p-value of 0.001 for

visualization purposes. (A) A positive correlation was observed between P6 scores and left
(-33, 39, -18: peak zscore = 4.545, corrected p-value = 0.002) and right (42, 39, -12: peak z
score = 3.836, corrected p-value = 0.029) lateral orbitofrontal cortex (OFC) in the instructed-
fear vs. safety contrast. (B) A negative correlation was observed between P6 scores and left
(-33, 42, -15: peak zscore = 4.035, corrected p-value = 0.015) and right (39, 45, -12: peak z
score = 4.587, corrected p-value = 0.002) lateral OFC activations in the instructed-safety vs.

baseline contrast. (C) Left V4 color area activation correlated with P6 scores in the
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instructed-fear vs. safety contrast (-33, -72, -12; peak zscore = 3.719, corrected p-value =
0.043), while reduced V4 color area activation correlated with P6 scores in the instructed-
safety vs. baseline contrast (-24, -84, -9; peak z-score = > 8, corrected p-value < 0.001; not
shown). In the scatter plots, light blue indicates schizophrenia subjects, dark blue
schizoaffective subjects.
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Fig. 2.

Sa%ience network activations correlated to persecutory delusion severity in the instructed-
fear/safety paradigm. Statistical parametric maps show blood-oxygen-level-dependent
(BOLD) neural activation changes thresholded at a voxelwise p-value of 0.001 for
visualization purposes. (A-B) In the instructed-fear vs. safety contrast, decreased activations
in the right posterior-dorsal anterior cingulate cortex (ACC) (9, 0, 33: peak z-score = 4.923,
corrected p-value < 0.001) and insula (39, -3, 9: peak z-score = 4.668, corrected p-value =
0.001) correlated with P6 scores (persecutory delusion severity). (C-D) In the instructed-
safety vs. baseline contrast, P6 scores correlated positively with increased activations in the
right posterior-dorsal ACC (6, -3, 33: peak zscore = 4.052, corrected p-value = 0.014) and
insula (39, 24, 6: peak zscore = 3.996, corrected p-value = 0.017; not shown), and
correlated negatively with decreased right ventral striatum (21, 12, -12: peak z-score =
4.325, corrected p-value = 0.005) activations. In the scatter plots, light blue indicates
schizophrenia subjects, dark blue schizoaffective subjects.
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Fig. 3.
Anterior language network and visual word form area activations correlated to persecutory

delusion severity in the emotional word paradigm. Statistical parametric maps show blood-
oxygen-level-dependent (BOLD) neural activation changes thresholded at a voxelwise p-
value of 0.001 for visualization purposes. (A) P6 scores (persecutory delusion severity)
positively correlated with left inferior frontal gyrus, pars opercularis/triangularis (-42, 18,
21: peak zscore = 4.543, corrected p-value = 0.002) activations in the threat word vs.
neutral word contrast. (B) P6 scores correlated positively with right (60, 18, 21: peak zscore
=5.934, corrected p-value < 0.001) and left (-48, 9, 9: peak z-score = 5.257, corrected o~
value < 0.001; not shown) inferior frontal gyri for the neutral word vs. baseline contrast. (C-
D) Visual word form area (-48, -57, -12) activations positively correlated with P6 scores in
both the threat word (peak zscore > 8, corrected p-value < 0.001) and neutral word vs.
baseline contrasts (peak z-score = 6.672, corrected p-value < 0.001). In the scatter plots,
light blue indicates schizophrenia subjects, dark blue schizoaffective subjects.
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Fig. 4.

Fr%ntolimbic activations correlated to persecutory delusion severity in the threat word versus
neutral word contrast. The statistical parametric maps show blood-oxygen-level-dependent
(BOLD) neural activation changes thresholded at a voxelwise p-value of 0.001 for
visualization purposes. Positive correlations noted between P6 scores and (A) right
ventromedial prefrontal cortex (vmPFC) (15, 51, -12: peak z-score = 5.653, corrected p-
value < 0.001), (B) left parahippocampus (-24, -15, -27, peak z-score = 5.7, corrected o
value < 0.001), (C) left hippocampus (-30, -18, -12: peak z-score = 5.541, corrected p-value
< 0.001), and (D) left amygdala (-24, -3, -18: peak zscore = 3.452, corrected p-value =
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0.095 (trend)). In the scatter plots, light blue indicates schizophrenia subjects, dark blue
schizoaffective subjects.
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