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Cognitive biases affecting evidence integration contribute to delusions and delusional ideation in the psychosis
continuum. In previously publishedworkwe observed hyperactivity in a visual attention network (VsAN) during
confirmatory evidence integration, and hypoactivity in a cognitive evaluation network (CEN) during
disconfirmatory evidence integration in schizophrenia patients with delusions, suggesting that a task-specific
imbalance of these networks may contribute to delusion maintenance. In the current study, we investigated
whether patterns of aberrant functional connectivity observed in past workwere associatedwith delusional ide-
ation in 41 healthy individuals by examining associations between cognitive biases, subclinical schizotypal traits,
and functional brain activity during evidence integration. Behaviourally, we replicated positive associations be-
tween schizotypal traits and cognitive biases and further showed that this association was driven by delusional
ideation specifically. Constrainedprincipal component analysis for fMRI (fMRI-CPCA) revealed recruitment of the
brain networks observed in our previous clinical and non-clinical evidence integration studies: default-mode
network (DMN); cognitive evaluation network (CEN); and visual attention (VsAN) network. Moreover, as with
clinically-significant delusions, delusional ideation was associated with decreased CEN activity during the pro-
cessing of disconfirmatory evidence and increased VsAN activity during the processing of confirmatory evidence.
These findings suggest that this altered pattern of activation across networks during evidence integration may
underlie delusional ideation and delusions in the psychosis continuum.

Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
1. Introduction

Cognitive biases involving evidence integration have been consis-
tently linked to delusion formation and maintenance in schizophrenia
(Eisenacher and Zink, 2017;McLean et al., 2017). Delusionmaintenance
may be driven by a combination of a hypersalience of evidence-
hypothesis (EVH) matches (focus on evidence that matches a belief)
and a bias against disconfirmatory evidence (BADE; avoidance of evi-
dence that contradicts a belief; Broyd et al., 2017). These biases also con-
tribute to subclinical delusional ideation in the psychosis continuum
(Balzan et al., 2013; Buchy et al., 2007; Menon et al., 2013; Ross et al.,
2015;Woodward et al., 2007; Zawadzki et al., 2012) andmay be consid-
ered a cognitive marker for psychosis (Eisenacher and Zink, 2017).

In previous functional magnetic resonance imaging (fMRI) research
on healthy individualswe identified three functional brain networks as-
sociated with evidence integration (Lavigne et al., 2015): the visual
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attention network (VsAN; dorsal anterior cingulate cortex, insula, occip-
ital regions), the default-mode network (DMN), and the cognitive eval-
uation network (CEN; orbitofrontal cortex, inferior frontal gyrus,
parietal cortex). All three networks showed increased activity during
the processing of disconfirmatory evidence and distinct hemodynamic
response (HDR) activation profiles corresponding to earlier evidence
detection (VsAN/DMN) and later evidence integration (CEN) processes.
In a follow-up clinical study employing a novel evidence integration
task (Lavigne et al., 2019), we observed distinct patterns of activation
in these networks in schizophrenia patients with delusions, suggesting
that increased task-induced VsAN activity during confirmatory evi-
dence integration underlies the focus on confirmatory evidence
(hypersalience of EVH matches) and that decreased task-induced CEN
activity during disconfirmatory evidence integration underlies the
avoidance of disconfirmatory evidence (BADE) associated with delu-
sions in schizophrenia.

In the present study, we sought to determine whether functional
brain activity during confirmatory and disconfirmatory evidence inte-
gration is associated with subclinical delusional ideation. We examined
network associations with psychometric schizotypy using the healthy
control sample from our previously published clinical study (Lavigne
ional brain networks underlying evidence integration and delusional
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et al., 2019). We hypothesized that, as with delusions in schizophrenia,
increased VsAN activity during confirmatory evidence integration, and
decreased CEN activity during disconfirmatory evidence integration,
would be associated with greater delusional ideation and poorer evi-
dence integration behaviourally.

2. Materials and methods

2.1. Participants

Forty-one healthy individuals (22 females, 19 males; 39 right-
handed) performed an evidence integration task while undergoing
functionalmagnetic resonance imaging (fMRI) as part of a larger clinical
study (Lavigne et al., 2019). Participants were recruited through local
advertisements and word of mouth, were not currently taking psycho-
pharmacologicalmedications, and had no history ofmental illness (con-
firmed with the Mini International Neuropsychiatric Interview;
Sheehan et al., 1998) nor family history of psychosis. Additional exclu-
sion criteria included history of neurological infection, head injury/loss
of consciousness N10 min, IQ b 80, and substance dependence. All par-
ticipants provided informed consent, were cleared for MRI compatibil-
ity, and were remunerated for their time. Ethics approval was
obtained from the University of British Columbia clinical research ethics
board.

2.2. Measures

Basic demographic information, Wechsler Abbreviated Scale of In-
telligence (Wechsler, 2011) full-scale IQ and Beck Depression Inventory
(Beck et al., 1961) scores are displayed in Table 1. Participants com-
pleted a 5-point Likert version (Wuthrich and Bates, 2005) of the
Schizotypal Personality Questionnaire (SPQ; Raine, 1991) to assess sub-
clinical schizotypal traits. The SPQ consists of 74 items forming nine
subscales representing schizotypal personality disorder criteria: ideas
Table 1
Means (standard deviations) for demographics, schizotypy, and evidence integration.

Variable Mean (SD)

Age 35.44 (12.59)
Education (years) 16.73 (2.79)
WASI FSIQ 110.73 (13.62)
BDI 3.90 (13.62)
Schizotypal Personality
Questionnaire
Factors
Social Anxiety 16.68 (6.73)
Social Anhedonia 10.56 (6.93)
Eccentricity/Oddity 15.98 (8.66)
Mistrust 10.37 (7.19)
Unusual Beliefs and

Experiences
6.07 (5.31)

Subscales
Ideas of Reference 7.34 (4.94)
Social Anxiety 13.24 Canadian Institutes of Health Research:

(6.01)
Magical Ideation 3.27 (3.42)
Unusual Perceptual

Experiences
5.77 (4.78)

Odd Behaviour 8.00 (5.68)
No Close Friends 12.15 (5.30)
Odd Speech 11.68 (6.75)
Constricted Affect 9.37 (4.94)
Suspiciousness 7.51 (5.28)

Behavioural BADE Task
Evidence Integration 15.90 (56.38)

fMRI Evidence Integration Task
Accuracy 78.87 (9.49)
Reaction Time 1305.70 (217.88)

Note. BADE= Bias Against Disconfirmatory Evidence; BDI = Beck Depression Inventory;
WASI FSIQ = Wechsler Abbreviated Scale of Intelligence Full Scale Intelligence Quotient.
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of reference, social anxiety, magical ideation, unusual perceptual expe-
riences, odd behaviour, no close friends, odd speech, constricted affect,
and suspiciousness. Factor scores were calculated based on
Chmielewski andWatson's (2008) item-level factor analysis (social an-
hedonia, social anxiety, eccentricity/oddity, mistrust, unusual beliefs
and experiences) on a test-retest sample. Specifically, items loading
onto the same factor at both test and retest in that study were used to
calculate the factor scores. This led to the exclusion of 16 out of 74
items (4 from odd speech, 3 each from unusual perceptual experiences
and constricted affect, 2 from ideas of reference, and 1 each frommagi-
cal ideation, no close friends, social anxiety, and suspiciousness). Strong
overall internal consistency was maintained in the current study after
removing these items (α= 0.96 for all 74 items; α= 0.94 for 58 com-
mon items) and both themodified SPQ factors (range:α=0.75 to 0.92)
and subscales (range: α = 0.80 to 0.90) showed good reliability.

Behavioural BADEwas assessedwith the 30-trial BADE task used ex-
tensively in previous research (Lavigne et al., 2019; Sanford et al., 2014),
which involves rating absurd, lure (neutral, emotional), and true inter-
pretations of neutral stories that are presented sequentially over three
sentences. One rating is given per interpretation after each sentence,
leading to 12 ratings for each trial (absurd 1, 2, 3; neutral lure 1, 2, 3;
emotional lure 1, 2, 3; and true 1, 2, 3). The BADE evidence integration
factor score (reflecting a decreased tendency to integrate evidence or
greater BADE) was calculated by combining the following ratings as de-
termined from previous research (Sanford et al., 2014; Speechley et al.,
2012): absurd 1, 2, 3, neutral and emotional lures 2 and 3, and true 3
(reversed).

The picture-based fMRI evidence integration task (Fig. 1; Lavigne,
2018; Lavigne et al., 2019) was designed to capture key aspects of the
behavioural BADE task during functional neuroimaging, and was in-
spired by a previous picture completion BADE task introduced by our
group (Moritz and Woodward, 2006; metacognitive training module
2; Moritz et al., 2017). It involves a yes/no rating of two partial line
drawings of common objects in which the second image shows more
of the full picture than the first image. Briefly, an initial partial image
was displayed for 4000 ms with a word listed below, and participants
responded (yes/no) whether they believed the word would accurately
describe the full picture. Then, a second partial image was displayed
for 4000 ms showing more of the full picture, and participants changed
their response if desired, based onwhether they believed their initial re-
sponse was an accurate or inaccurate depiction of the full picture. Fol-
lowing this, the full picture was displayed for 1000 ms. Task
development is described in detail in previous research (Lavigne,
2018; Lavigne et al., 2019). Confirm and disconfirm conditions were
based on expected response patterns to both images (confirm: yes-
yes, no-no; disconfirm: yes-no, no-yes). Accuracy (correct responses
to both images) and reaction time (RT) measures were also computed.

2.3. fMRI acquisition and preprocessing

3.0 Tesla T2*-weighted images were collected using a gradient-echo
spin pulse sequence with 35 axial slices: slice thickness/gap, 3 mm/
1 mm; reconstruction matrix, 96 × 96; TR, 2000 ms; TE, 30 ms; FA,
90°; FOV, 288 mm3; voxel size, 3 mm3, covering the whole brain. 325
volumes were collected across two runs of 10 min 50s each. fMRI data
were preprocessed using SPM8 (Wellcome Trust Centre for Neuroimag-
ing, UK). For each subject/run, functional imageswere corrected for slice
timing acquisition, realigned to the mean image, and co-registered to
the participant's anatomical MRI image (voxel size, 1mm3; TR, 8.1 ms;
TE, 3.7 ms; FA, 8°; FOV, 256 × 256 × 190 mm; acquisition matrix,
256 × 250; number of slices, 190; sagittal orientation). fMRI scans
were normalized to SPM8's native T1 template (for one participant
without an anatomical scan, images were normalized to the EPI tem-
plate) using a voxel size of 2mm3 and spatially smoothed using a
6 mm FWHM Gaussian kernel. Runs with head motion exceeding
4 mm translation or 4° rotation at any point were removed, which led
ional brain networks underlying evidence integration and delusional
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Fig. 1. Timing of the experimental paradigm. Participants rated two sequentially-presented images (4000ms each) onwhether the accompanyingwordwould accurately describe the full
picture. Following this, the full picture was displayed for 1000 ms.
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to the exclusion of two participantswho showed excessive headmotion
during both runs.
2.4. Statistical analysis

Correlations between the SPQunusual beliefs and experiences factor
and behavioural BADE evidence integration/fMRI accuracy/RT were
computed. Follow-up analyses examining the delusion-related SPQ sub-
scales (ideas of reference, magical ideation), and multiple regressions
including all factors/subscales as independent variables to determine
unique contributions of predictors are presented in the Supplementary
material.

Task-specific functional brain networks were identified using
constrained principal component analysis for fMRI (fMRI-CPCA;
Lavigne and Woodward, 2018; Woodward et al., 2015), which com-
bines multivariate multiple regression and PCA into a unified frame-
work. First, voxel-wise fMRI BOLD signal was regressed onto a finite
impulse response (FIR)-based task timing design matrix. This resulted
in a matrix of predicted scores, reflecting task-timing related variance
in BOLD signal. Subject-specific preprocessed fMRI data was vertically
concatenated into a 25,025 × 266,735 data matrix with a single row
per subject/run/scan combination, and a single column per voxel. Fol-
lowing several quality improvement steps (brain mask, removal of lin-
ear/quadratic trends and head motion, standardization), this matrix
was regressed onto a standardized 25,025 × 1,640 finite impulse re-
sponse (FIR)-based design matrix coding stimulus timing, which esti-
mates BOLD signal changes occurring over 20s following stimulus
presentation, averaged over trials (41 subjects × 4 conditions × 10 =
1,640). Second, the resulting matrix of predicted scores was submitted
to a PCA, a scree plot (Cattell, 1966; Cattell and Vogelmann, 1977) was
used to determine the number of task-specific functional brain net-
works to extract, and the solution was orthogonally rotated (Metzak
et al., 2011).

In order to examine network activity across time and conditions,
repeated-measures ANOVAs were computed on the fMRI-CPCA predic-
tor weights (HDR estimates for each network per subject/condition
combination) with the within-subjects factors of Post-stimulus Time
(10 post-stimulus time bins following trial onset) and Condition (con-
firm, disconfirm). Confirm (yes-yes, no-no) and disconfirm (yes-no,
no-yes) conditions were averaged over yes-no stimulus conditions as
in previous research (Lavigne et al., 2019). Significant Post-stimulus
Time × Condition interactions were followed by simple contrasts com-
paring confirm and disconfirm conditions at each post-stimulus time
point. Tests of sphericity were carried out for all repeated-measures
ANOVAs, and corrections for any violations of sphericity did not affect
interpretation of the results; therefore, original degrees of freedom are
reported.
Please cite this article as: K.M. Lavigne, M. Menon, S. Moritz, et al., Funct
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In order to relate network-specific functional brain activity to behav-
iour, correlations were computed between average activation in each
network and SPQ (unusual beliefs and experiences factor, magical idea-
tion and ideas of reference subscales), behavioural BADE evidence inte-
gration, and fMRI accuracy and RT per condition (confirm, disconfirm).
Follow-upmultiple regression analyses using all factors/subscales to de-
termine unique contributions of predictors are presented in the Supple-
mentary material.

3. Results

3.1. Behavioural

Means and standard deviations for demographic variables, SPQ and
BADE evidence integration are displayed in Table 1. Poorer behavioural
BADE evidence integration was significantly associated with increased
SPQ unusual beliefs and experiences, r(41) = 0.35, p b .05. Follow-up
regression analyses supported the specificity of this association to delu-
sional ideation (see Supplementary material).

3.2. Neuroimaging

Three components (explaining 13.82%, 12.58%, and 8.62% of the pre-
dictable variance for components 1, 2, and 3, respectively) were ex-
tracted from the variance in brain activity that was predictable from
the fMRI evidence integration task timing. We display the overlap be-
tween peaks and resting state networks, alongwith anatomical descrip-
tions, in the Supplementary material. All three components showed
significant main effects of Post-stimulus Time, F(9,360) = 70.22,
92.49, and 62.73, respectively, all ps b .001, demonstrating that each
network displayed a biologically-plausible HDR shape (Figs. 2B, 3C,
and 5B).

3.2.1. Component 1: default-mode network (DMN)
The first network (Fig. 2A/Tables S1–S2) included task-induced de-

activations in bilateral frontal pole (Brodmann areas (BA) 9, 10),
precuneus (BA 5, 23), posterior cingulate gyrus (BA 23), middle tempo-
ral gyrus (BA 21), lingual gyrus (BA 17), and lateral occipital cortex (BA
19, 39), as well as task-induced activations in bilateral occipital regions
(BAs 17, 18, 19). Activity in this network increased at trial start and
peaked at 11 s post-stimulus, approximately midway through the
trial. This network's deactivating regions correspond to the well-
established DMN (Buckner et al., 2008). Activating regions (especially
subthreshold) were similar to the VsAN (see component 3), as was ob-
served in our two previous studies (Lavigne et al., 2019; Lavigne et al.,
2015).

Therewas a significant Post-stimulus Time×Condition interaction, F
(9,360) = 3.66, p b .001, due to increased disconfirm versus confirm
ional brain networks underlying evidence integration and delusional
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Fig. 2. Default-mode network (DMN). A: Dominant 10% of network loadings (red/
yellow = positive loadings, threshold = 0.20, max = 0.34; blue/green = negative
loadings, threshold=−0.20, min=−0.42). Montreal Neurological Institute Z-axis coor-
dinates are displayed; A=anterior; L= left; P=posterior; R= right. B: Estimatedhemo-
dynamic response (HDR) for post-stimulus time × condition interaction. * = p b .005;
error bars = standard errors. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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activity at 9 s, 11 s, and 13 s post-stimulus (all ps b .05), which corre-
sponds to the peak of the HDR (Fig. 2B). No significant correlations be-
tween DMN activity and delusional ideation or behavioural evidence
integration were observed.
3.2.2. Component 2: cognitive evaluation network (CEN)
This network (Fig. 3A/Tables S3–S4) included task-induced activa-

tions in bilateral middle frontal gyri (BAs 44, 45), frontal pole (BA 47),
occipital regions (BAs 7, 18, 19), left posterior supramarginal gyrus
(BA 40), and cerebellum. Activity in this network showed a late peak to-
wards the end of the trial at approximately 14 s post-stimulus. This net-
work demonstrates close overlapwith the CEN observed in our previous
fMRI studies on evidence integration (Lavigne et al., 2019; Lavigne et al.,
2015) and showed a similar late-peaking HDR shape.

The ANOVA revealed a significant main effect of Condition, F
(1,40)=28.13, p b .001 (Fig. 3B: disconfirm N confirm) and a significant
Post-stimulus Time × Condition interaction, F(9,360)= 15.82, p b .001.
The interaction was due to significantly increased activation for discon-
firm versus confirm at 11 s, 13 s, 15 s, 17 s, and 19 s post-stimulus (all
Fig. 3. Cognitive evaluation network (CEN). A: Dominant 10% of network loadings (red/yellow=
Montreal Neurological Institute Z-axis coordinates are displayed; A= anterior, L= left; P= po
Estimated HDR for post-stimulus time × condition interaction. * = p b .05, **= p b .001; error b
the reader is referred to the web version of this article.)
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ps b .001 except at 11 s, p b .05), which corresponds to the rise to
peak of the late HDR through the rest of the trial (Fig. 3C).

Greater mean CEN activity during both confirm and disconfirm was
significantly associatedwith increased accuracy (but not RT, ps N .17) on
the fMRI evidence integration task, r(41) = 0.38, p b .05 and r(41) =
0.45, p b .005, respectively (Fig. 4A). Although this association was
greater for disconfirm relative to confirm, the difference between the
magnitude of these correlations was not significant (z = −0.37,
p N .3; Lee and Preacher, 2013). Decreased CEN activity during discon-
firm (but not confirm) was associated with greater SPQ ideas of refer-
ence (Fig. 4B), r(41) = −0.48, p b .005, magical ideation (Fig. 4C), r
(41) = −0.42, p b .01, and unusual beliefs and experiences (Fig. 4D), r
(41) = −0.40, p b .01.

In summary, the CEN showed (1) increased activity during
disconfirmatory relative to confirmatory evidence integration late in
the trial, (2) increased activity during both confirmatory and
disconfirmatory evidence integration was associated with improved
fMRI accuracy, and (3) individuals with greater delusional ideation
showed decreased activity in this network during disconfirmatory evi-
dence integration.

3.2.3. Component 3: visual attention network (VsAN)
This network (Fig. 5A/Tables S5–S6) included task-induced activa-

tions in bilateral paracingulate gyrus (BA 32), sensorimotor regions
(BAs 2, 3, 4, 6), superior parietal lobule (BA 7), occipital regions (BAs
18, 19), bilateral insula, thalamus, and cerebellum. This network over-
lapped substantially with the VsAN observed in our previous studies
(Lavigne et al., 2019; Lavigne et al., 2015) and showed an early peak
at approximately 7 s post-stimulus followed by a gradual decrease to
baseline. No significant main effect of Condition nor interaction be-
tween Condition and Post-stimulus Time were observed (Fig. 5B), sug-
gesting that VsAN activity did not differ between the processing of
confirmatory and disconfirmatory evidence in this sample. However,
greater mean VsAN activity was significantly associated with increased
SPQ unusual beliefs and experiences during confirm, r(41) = 0.33,
p b .05 (Fig. 4D), but not disconfirm (p N .08), though the difference be-
tween conditions was not significant (z = 0.26, p N .3).

4. Discussion

In the current study, we investigated whether subclinical delusional
ideation was associated with functional brain network alterations un-
derlying evidence integration. Behaviourally, impaired evidence inte-
gration was associated with delusional ideation, replicating previous
positive loadings, threshold=0.20,max=0.44; no negative loadings passed threshold).
sterior; R= right. B: Estimated hemodynamic response (HDR) for conditionmain effect. C:
ars = standard errors. (For interpretation of the references to colour in this figure legend,

ional brain networks underlying evidence integration and delusional
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Fig. 4. Scatterplots representing significant correlations between estimated hemodynamic responses (HDRs) of evidence integration brain networks with fMRI performance and SPQ
measures. A: fMRI accuracy (CEN confirm and disconfirm HDR). B: SPQ ideas of reference subscale (CEN disconfirm HDR). C: SPQ magical ideation subscale (CEN disconfirm HDR). D:
SPQ unusual beliefs and experiences factor (CEN disconfirm HDR and VsAN confirm HDR).
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studies (Buchy et al., 2007; Menon et al., 2013; Woodward et al., 2007).
As in our previous neuroimaging studies (Lavigne et al., 2019; Lavigne
et al., 2015), three task-specific functional brain networks emerged dur-
ing evidence integration: default-mode, cognitive evaluation (inferior
frontal gyrus, dorsolateral prefrontal cortex, supramarginal gyrus), and
visual attention (anterior cingulate cortex, bilateral insula, sensorimotor
regions) networks. Relating functional brain networks to behaviour, in-
creased CEN activity was associated with improved accuracy on the
fMRI task. Moreover, individuals with greater subclinical delusional
Fig. 5. Visual attention network (VsAN). A: Dominant 10% of component loadings (red/yello
threshold = −0.17, min = −0.18). Montreal Neurological Institute Z-axis loadings are displa
time × condition interaction (non-significant); error bars = standard errors. (For interpret
version of this article.)

Please cite this article as: K.M. Lavigne, M. Menon, S. Moritz, et al., Funct
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ideation showed decreased CEN activity during disconfirmatory evi-
dence integration, and increased VsAN activity during confirmatory ev-
idence integration, which is analogous to altered patterns of brain
activity associated with delusions in schizophrenia (Lavigne et al.,
2019). These findings provide further evidence that altered balance of
brain networks underlying evidence integration contributes to delu-
sions and delusional ideation and may be a neurobiological marker for
delusional beliefs in the psychosis continuum.
w = positive loadings, threshold = 0.17, max = 0.35; blue/green = negative loadings,
yed; A = anterior, L = left, P = posterior, R = right. B: Estimated HDR for post-stimulus
ation of the references to colour in this figure legend, the reader is referred to the web

ional brain networks underlying evidence integration and delusional
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4.1. Cognitive biases, brain networks, and delusional ideation

In line with previous behavioural research on cognitive biases in the
psychosis continuum (Buchy et al., 2007; Menon et al., 2013;
Woodward et al., 2007), we observed an association between delusional
ideation and poorer evidence integration measured by the behavioural
BADE task. Although delusional ideation was not associated with fMRI
performance directly, decreased CEN activity was associated with both
increased delusional ideation and poorer accuracy on the fMRI task. Im-
portantly, significant network activity associations with delusional ide-
ation showed an analogous pattern to that observed in our previous
study including delusional schizophrenia patients (i.e., decreased CEN
activity during disconfirmatory evidence integration and increased
VsAN activity during confirmatory evidence integration; Lavigne et al.,
2019). This suggests that both delusions and delusional ideation may
be driven by a focus on confirmatory evidence (underpinned by VsAN
hyperactivity during confirmatory evidence integration and the
hypersalience to evidence hypothesis matches bias) and a disregard
for disconfirmatory evidence (underpinned by CEN hypoactivity during
disconfirmatory evidence integration and the bias against
disconfirmatory evidence).

These findings support the notion of a psychosis continuum in the
general population (Linscott and van Os, 2010; Van Os et al., 2009)
and extend theories of delusions that emphasize the role of hyperactive
salience processing (Broyd et al., 2017; Kapur, 2003; Palaniyappan and
Liddle, 2012). Altered structure and function of the salience network
(Seeley et al., 2007; dorsal anterior cingulate cortex and bilateral insula,
which emerged on our VsAN component) has been linked to positive
symptoms in schizophrenia (Palaniyappan et al., 2011; Supekar et al.,
2019). Salience network dysfunction may lead to increased salience at-
tribution to perceptual stimuli through bottom-up processing (Broyd
et al., 2017), possibly mediated through increased mesolimbic dopami-
nergic signalling (McCutcheon et al., 2019). Cognitive biases related to
confirmatory (hypersalience of EVH matches) and disconfirmatory
(BADE) evidence may reinforce these stimuli in a top-down fashion
(Broyd et al., 2017) and contribute to delusions in psychosis and delu-
sional ideation in the general population.

4.2. Network configurations compared to previous work

Comparing results to our previous studies (Lavigne et al., 2019;
Lavigne et al., 2015), all three versions of the CEN, although possibly
showing slight differences in spatial configuration, displayed a charac-
teristic late-peaking HDR, and increased activation during the process-
ing of disconfirmatory relative to confirmatory evidence, suggesting it
is involved in evaluation and integration following the presentation of
evidence. All three versions of the DMN peaked mid-trial, and more
DMN deactivation was observed for the disconfirm condition relative
to the confirm condition. There are important temporal similarities be-
tween the anatomically matching VsAN in the current set of results and
those from previous papers (labelled salience network in the 2015
paper); namely, all peaked mid-trial, earlier than the CEN. The earlier
HDR peak in the current study relative to the 2019 study (with patient
and control groups) is due to averaging of the reported HDR shape
over groups in the previous study, in which we observed overall de-
creased VsAN activity in controls. With lower activity often comes an
earlier, less sustained peak (Goghari et al., 2017, Fig. 3D; Woodward
et al., 2015, Figs. 3B and 4B; Metzak et al., 2015, Fig. 4 bottom), which
was the case in the current study.

The DMN is a well-known resting-state nework. The VsAN and CEN
overlap spatially with several resting-state fMRI-derived networks, in-
cluding the salience/ventral attention, dorsal attention, frontoparietal,
somatosensory, and visual networks (Corbetta and Shulman, 2002;
Seeley et al., 2007; Yeo et al., 2011). As we have observed previously
(Lavigne and Woodward, 2018; Woodward et al., 2016; Woodward
et al., 2015), complex cognitive tasks tend to engage various brain
Please cite this article as: K.M. Lavigne, M. Menon, S. Moritz, et al., Funct
ideation, Schizophrenia Research, https://doi.org/10.1016/j.schres.2019.11
network configurations and resting-state-like networks typically
merge into a single task-state network when they share hemodynamic
response profiles for a given task. Thus, the VsAN and CEN described
here (and in our previous study; Lavigne et al., 2019) include regions in-
volved in general attention, task demand, and responding that are acti-
vated together with regions involved in evidence detection and
integration. Future research varying task presentation and timing
would help tease apart these different processes in order to determine
whether one or several contribute to evidence integration biases in de-
lusional ideation.

Task-induced DMNdeactivity was significantly increased during the
processing of disconfirmatory relative to confirmatory evidence, but
was not associatedwith fMRI task performance or subclinical delusional
ideation in the present study. In our previous clinical study (Lavigne
et al., 2019), reduced DMN deactivation was associated with fMRI task
performance and delusions in schizophrenia. The absence of an associa-
tion between delusional ideation and DMN activity in the current study
may indicate that the DMN does not underlie cognitive biases related to
delusional beliefs in the psychosis continuum; however, this requires
replication and additional focused experimentation.
4.3. Specificity of schizotypal traits

Our examination of unique associations with the other SPQ sub-
scales (see Supplementary material) revealed some specificity for the
association between cognitive biases, delusional ideation, and func-
tional brain activity. Namely, the delusion-related SPQ factor (unusual
beliefs and experiences) and subscales (ideas of reference) emerged
as unique predictors of behavioural BADE and CEN activity, respectively.
However, we also observed a negative association between SPQ suspi-
ciousness and behavioural BADE as well as between SPQ odd behaviour
and CEN activity. The SPQ suspiciousness items query one's cautious-
ness about others and about being taken advantage of, which may cap-
ture having a skeptical/questioning nature, which could possibly exert a
protective effect on BADE due to a greater tendency to examine and
consider all available evidence. In contrast, odd behaviour, which pri-
marily reflects beliefs about how one is perceived by others, may have
shown a negative associationwith the CEN due to this network's impor-
tance for integrating external informationwith internal representations
(Lavigne et al., 2015). Though, these interpretations are made with cau-
tion as this is, to our knowledge, the first report of these associations in
the literature.
4.4. Limitations

One limitation of this study is that it may not reflect the underlying
neurobiology of delusional ideation in at-risk groups given that we ex-
cluded individuals with a family history of psychosis. In addition, the
current sample was not selected to represent the extremes of
schizotypy levels, and there was a relatively low level of delusional ide-
ation in this sample. Nonetheless, our findings of specific brain-
behaviour patterns consistent with those of clinical samples with delu-
sions support the notion of a psychosis continuum extending into the
general population (Linscott and van Os, 2010; Van Os et al., 2009). Fu-
ture research in high-risk and early psychosis groups would help deter-
minewhether the relationship between cognitive biases, brain function
and delusional ideation is observed throughout the psychosis spectrum.
In addition, future investigations into sex differences in delusional idea-
tion and cognitive biases are warranted, though inclusion of sex did not
affect our current results and recent research suggests an absence of sex
differences in cognitive biases, including BADE (de Vos et al., 2019). Fi-
nally, these results should be replicated in an independent sample from
the general population given the healthy sample overlap between this
and our previous clinical study (Lavigne et al., 2019).
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5. Conclusion

This research builds onprevious studies of cognitive biases and delu-
sional ideation by extending work on functional brain networks under-
lying evidence integration in the psychosis continuum. We
demonstrated that a pattern of decreased CEN activity during the pro-
cessing of disconfirmatory evidence and increased VsAN activity during
the processing of confirmatory evidence, is observed not only in delu-
sions in schizophrenia (Lavigne et al., 2019), but is also associated
with increased delusional ideation in healthy individuals. This provides
further support for the role of these networks in cognitive biases under-
lying the formation and maintenance of delusional beliefs. Specifically,
VsAN hyperactivity may underlie the focus on confirmatory evidence
(hypersalience of EVH matches bias) and CEN hypoactivity the avoid-
ance of disconfirmatory evidence (bias against disconfirmatory evi-
dence) associated with delusions and delusional ideation. This pattern
of altered functional connectivity may contribute to neurobiological
markers for delusional beliefs in the psychosis continuum. Moreover,
these findings highlight future research avenues for interventions
targeting cognitive biases (e.g., metacognitive training (Moritz and
Woodward, 2007), cognitive bias modification (Macleod, 2012)) as
these may be beneficial for at-risk groups.
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