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ABSTRACT
BACKGROUND: A previous study successfully identified 148 of 23,098 exposures associated with any psychotic
experiences (PEs) in the UK Biobank using an exposome-wide association study (XWAS). Furthermore, research has
shown that the polygenic risk score for schizophrenia (PRS-SCZ) is associated with PEs. However, the interaction of
these exposures with PRS-SCZ remains unknown.
METHOD: To systematically investigate possible gene-by-environment interactions underlying PEs through data-
driven agnostic analyses, we conducted 1) conditional XWAS adjusting for PRS-SCZ to estimate the main effects
of the exposures and of PRS-SCZ, 2) exposome-wide interaction study (XWIS) to estimate multiplicative and
additive interactions between PRS-SCZ and exposures, and 3) correlation analyses between PRS-SCZ and
exposures. The study included 148,502 participants from the UK Biobank.
RESULTS: In the conditional XWAS models, significant effects of PRS-SCZ and 148 exposures on PEs remained
statistically significant. In the XWIS model, we found significant multiplicative (multiplicative scale, 1.23; 95% CI,
1.10–1.37; p = 4.0 3 1024) and additive (relative excess risk due to interaction, 0.55; 95% CI, 0.32–0.77; synergy
index, 0.22; 95% CI, 0.14–0.30; and attributable proportion, 1.59; 95% CI, 1.30–1.91; all ps , .05/148)
interactions of PRS-SCZ and the variable serious medical conditions/disability with PEs. We additionally identified
6 additive gene-by-environment interactions for mental distress, help-/treatment-seeking behaviors (3 variables),
sadness, and sleep problems. In the correlation test focused on 7 exposures that exhibited significant interactions
with PRS-SCZ, nonsignificant or small (r , 0.04) gene-by-environment correlations were observed.
CONCLUSIONS: These findings reveal evidence for gene-by-environment interactions underlying PEs and suggest
that intertwined pathways of genetic vulnerability and exposures may contribute to psychosis risk.

https://doi.org/10.1016/j.bpsgos.2025.100460
Psychotic experiences (PEs) are common and disabling con-
ditions, comprising delusions (unreal beliefs or impressions) or
hallucinations (unreal visual or auditory perceptions) in people
who do not fulfill the criteria for psychotic disorders. They have
a lifetime prevalence of 5% to 10% in the general population
(1). Behavioral, genetic, and epidemiological research has
found that PEs may represent subtle, subclinical symptoms
across the psychosis spectrum and often precede or accom-
pany the onset of clinical psychosis (2). Longitudinal studies
and familial aggregation research suggest substantial overlap
between PEs and the development of schizophrenia (SCZ)
spectrum disorders (3,4). PEs are moderately heritable and
show considerable environmental influence (5). Understanding
the genetic and environmental mechanisms of PEs is crucial
for the development of tailored prevention, targeted in-
terventions, and the improvement of clinical outcomes in in-
dividuals with mental disorders.
2025 THE AUTHORS. Published by Elsevier Inc on behalf of the Societ
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Hypothesis-driven research has identified several environ-
mental factors associated with psychosis such as bullying (6),
stressful life events (7), cannabis use (8), tobacco use (9), and
low birth weight (10), as well as less studied exposures such as
physical activity (11), toxins (12), and nutrients. However, these
one-exposure-to-one-outcome hypothesis-testing studies fail
to embrace the multiplicity of (and complex relationships
among) exposures and are prone to selective reporting and
publication bias, which involve arbitrary decisions. The avail-
ability of large public datasets, together with increased trans-
parency in data processing and standardized analytical
algorithms, has significantly advanced agnostic data-driven
approaches in human epidemiology. A recent exposome-wide
analysis of PEs in the UK Biobank (UKB) has confirmed previ-
ous environmental factors associated with PEs, as well as fac-
tors that had not been considered to date, such asmajor dietary
changes in the last 5 years and playing computer games (13).
y of Biological Psychiatry. This is an open access article under the
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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While twin studies suggest moderate heritability of PEs, the
contribution of common genetic variants (as measured by
single nucleotide polymorphism (SNP) heritability) to PEs is
considered relatively small, with a SNP heritability ,2%
(14,15), especially compared with clinical psychotic disorders.
Although a genome-wide association study (GWAS) of PEs
identified genome-wide significant loci, none showed evidence
of colocalization with SCZ (16). Significant genetic correlations
(rg) between PEs and psychiatric diseases such as SCZ have
been detected. However, findings of studies investigating the
associations between PEs and the polygenic risk score (PRS)
for SCZ (PRS-SCZ) have been inconsistent, showing no
(17,18), weak (15,16), or significant (19,20) positive associa-
tions. These studies might have been limited by the statistical
power of GWAS and target sample size. Therefore, the genetic
association of PRS-SCZ with PEs remains to be verified using
the most recent SCZ GWAS (21).

In a twin study of PEs (20), the heritability of PEs decreased
with increasing environmental exposure, highlighting the
importance of a diathesis-stress or bioecological framework for
understanding adolescent PEs. Previous candidate gene-by-
environment (G3E) interaction studies of PEs yielded incon-
sistent results (22–25). The advent of PRSs, which aggregate
genome-wide common variants to index a person’s genetic
propensities for a trait, has created opportunities for testing
G3E interactions. Recent G3E interaction studies that tested
the interaction of PRS-SCZ with high birth weight (26) and
smoking (27) also need to be replicated. Here, we conducted the
first systematic and agnostic exposome-wide interaction ana-
lyses to identify G3E interactions underlying PEs.

METHODS AND MATERIALS

Sample

The current study included participants from the UKB, a large,
prospective, population-based cohort that included around
half a million participants from the United Kingdom (28). All
participants provided written informed consent, and ethical
approval was given by the National Research Ethics Service
Committee North West Multi-Centre Haydock (Committee
reference 11/NW/0382) (29). In the current study (UKB project
No. 55392), we analyzed participants with complete data on
the Mental Health Questionnaire (29) that was used to assess
PEs (N = 155,247; 57% female; mean age = 55.94 [SD = 7.74]
years).

Psychotic Experiences

Guided by previous reports (13,16,27), a binary variable for any
PEs (n = 7803) was defined as endorsement of any of the
following 4 lifetime items: visual hallucination, auditory hallu-
cination, reference delusion, and persecutory delusion. The
specific wording of the items was as follows: ever seen an un-
real vision, ever heard an un-real voice, ever believed in un-real
communications or signs, and ever believed in an un-real
conspiracy against self, respectively.

Correlates of Psychotic Experiences

For the current analyses, we included 148 variables (Supplement
and Table e1) which were significantly associated with PEs in a
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previous exposome-wide association study (XWAS) after
applying Bonferroni correction (13). These 148 exposures, con-
sisting of 109 binary and 39 continuous variables, belong to 13
UKB categories including environmental, lifestyle, behavioral,
and sociodemographic factors. Most exposures are associated
with increased PEs, except for 26 exposures (such as vitamin D
intake and general health rating) that were associated with
decreased PEs.

In this study, we further dichotomized the 39 continuous
exposures at the 75th percentile, assigning values of 1 and 0,
consistent with our previous G3E interaction analyses (30,31).
As previously suggested for additive interactions, we reverse
coded the 26 negative correlates of PE, with 1 indicating high
risk and 0 indicating low risk (32). This approach was used
across all analyses to ensure comparable and consistent re-
sults (32). Therefore, the direction of effects of these 26 cor-
relates on PEs differs from the previous study (Table e2).

PRS Estimation

Detailed methodology can be found in the Supplement. We
calculated the PRS-SCZ for 151,627 participants who had
available genetic and phenotypic information. We used sum-
mary statistics from the most recent GWAS of SCZ derived
from individuals of European ancestry (21) to calculate PRS-
SCZ. To estimate the PRSs, we used PRS-continuous
shrinkage (33) (PRS-cs-auto) for the main analyses and
PRSice2 (p value threshold = .05) (34) for sensitivity analyses.
PRS-SCZ was dichotomized using quartile cutoff points based
on the control distribution. Consistent with our previous work
testing G3E interaction in psychosis (30), the highest quartile
(PRS-SCZ . 75% of the control individuals) was considered
the binary genetic risk state for SCZ for more interpretable and
comparable testing of additive interactions. This cutoff was
chosen based on previous research that demonstrated its
effectiveness in identifying individuals at higher genetic risk for
SCZ (30). Additionally, sensitivity analyses in previous studies
have shown that additive interactions between PRS-SCZ and
candidate exposures (e.g., regular cannabis use, childhood
bullying, emotional abuse, sexual abuse, and emotional
neglect) were consistent across different PRS-SCZ cut points
(50% and 25%) (31). These findings support the rationale for
the 75th percentile as an appropriate threshold for our
analyses.

Statistical Analyses

Analyses were performed using R (version 4.0.4) (35) from
November 1, 2023, to February 1, 2024. There were 3
sequential analytical steps (Figure e1). First, the correlations of
PRS-SCZ with each of the 148 exposures were estimated
using Pearson correlation coefficients. Second, we tested the
main effects of PRS-SCZ on PEs using baseline logistic
models with covariates, including sex, age, and the first 3
genetic principal components (PCs) (PEs w sex 1 age 1
PC1 1 PC2 1 PC3 1 PRS-SCZ). In our previous work testing
model specifications for adjusting for population stratification
in PRS analyses in the UKB, we demonstrated that the first 3
PCs captured a substantial proportion of genetic variation
related to population structure in the UKB cohort (Figure e2),
which correlated well with geographic and ancestral
w.sobp.org/GOS
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differences in the British population (36). Then, we added each
of the 148 exposures into the PRS model (PEs w sex 1 age 1
PC1 1 PC2 1 PC3 1 PRS-SCZ 1 exposure), using the
interactionR package (37) to estimate G3E interactions. Third,
the correlation of PRS-SCZ with each of the 148 exposures
was estimated using Pearson correlations (37). Bonferroni
correction was applied to adjust p values for multiple testing
(p , .05/148). We also attempted to replicate previously
demonstrated G3E interactions for birth weight and smoking
behavior (26,27). Sensitivity analyses were conducted using
PRSice-SCZ75 across all analytical steps.

Multiplicative and Additive Interaction

Interactions on the multiplicative scale (Ms) were used to
assess whether the joint effect of PRS and exposure was
greater than the product of their individual effects. For multi-
plicative interaction, we integrated a product term of the PRS-
SCZ with each exposure on PEs in the logistic regression
models. In addition to the Ms coefficients, corresponding
p values and 95% CIs were reported.

Interactions on the additive scale were used to assess
whether the joint effect of exposure and the PRS-SCZ was
greater than the sum of their individual effects. Relative excess
risk due to interaction (RERI), attributable proportion of inter-
action (AP), and the synergy index (SI), as well as corre-
sponding p values and 95% CIs were utilized to perform effect
modification analysis on the additive scale. We also estimated
odds ratios (ORs), 95% CIs, and p values for each exposure
and PRS strata to evaluate whether the effect of the exposure
differed within the strata of PRS-SCZ. To estimate confidence
intervals for the additive interactions, the simple asymptotic
delta method (38) and the variance recovery (method of vari-
ance estimates recovery [MOVER]) method (39) were applied.
As sensitivity analyses, we also estimated the confidence in-
tervals of the interactions with the 39 continuous exposures
and the continuous PRSs using the nonparametric boot-
strapping method with 1000 bootstrap resampling (40).

Replication of Previous G3E Interactions

Recent studies have shown that G3E interactions in PEs
related to birth weight and smoking behavior, using PRS-SCZ
derived from PGC2 (Psychiatric Genomics Consortium freeze
2) (41) across different datasets. In addition to the exposome-
Table 1. Interaction of Disability and PRS-cs-auto-SCZ75 on Ps

No

PRS-cs-auto-SCZ75 = 0 1 (Reference) 1

PRS-cs-auto-SCZ75 = 1 1.10 (1.04–1.17), p = .023 2

High PRS vs. Low PRS Within
Strata of Disability

1.10 (1.04–1.17), p = .023 1

Multiplicative Scale

Relative Excess Risk Due to Interaction 0.55 (d

Synergy Index 0.22 (d

Attributable Proportion 1.59 (d

Values are presented as OR (95% CI), p. Disability indicates other serious medical
MOVER, method of variance estimates recovery; PRS, polygenic risk score; PRS-c

Biological Psychiatry:
wide interaction analyses, we attempted to replicate the ge-
netic association findings using PRS-SCZ PGC3 (21).

RESULTS

Main Effects

In the baseline model (PEs w sex 1 age 1 PC1 1 PC2 1
PC3 1 PRS-SCZ), PRS-cs-auto-SCZ75 significantly predicted
PEs (OR, 1.14; 95% CI, 1.11–1.17; p = 7.27 3 10224, R2 =
0.21%). In the 148 conditional XWAS models (PEs w sex 1
age 1 PC1 1 PC2 1 PC3 1 PRS-SCZ 1 exposure), when we
added exposure to the logistic models, the significant effects
of PRS-cs-auto-SCZ75 on PEs remained significant (ORs,
1.11–1.15; R2 = 0.12–0.24%; p values = 6.6 3 10213 to 1.1 3

10226) (Table e3). Under the condition of PRS-cs-auto-SCZ75,
all ORs of the 148 exposures remained significant (Figure e3).
The sensitivity analyses with PRSice-SCZ75 confirmed these
results (Table e3).

Multiplicative Scales

Among the 148 exposures, the only significant multiplicative
interaction with PRS-SCZ was found for disability (other
serious medical condition/disability diagnosed by the doctor,
with the Ms = 1.23) (95% CI, 1.10–1.37; p = 4.0 3 1024)
(Table 1). For the exposures of visiting a psychiatrist for mental
health, mental distress, vitamin D, and visiting a general
practitioner (GP) for mental health, analyses indicated nomi-
nally statistically significant interactions (Table 2). In the
sensitivity test using PRSice-SCZ75, disability remained the
top multiplicative interaction (Ms, 1.22; 95% CI, 1.092–1.37;
p = .0005), but it was not statistically significant after Bonfer-
roni correction. Furthermore, 3 nominally significant in-
teractions remained: mental distress, visiting a psychiatrist for
mental health, and vitamin D (Table e4).

Additive Interactions

Among the 148 variables, significant additive interactions were
found for 7 exposures (disability, mental distress, sadness,
help for mental distress, sleeping difficulties, visiting a GP for
mental health, and visiting a psychiatrist for mental health)
(Figure 1 and Table 3). Similar to the multiplicative interaction
analyses, disability interacted with PRS-cs-auto-SCZ75 on an
additive scale (RERI, 0.55; 95% CI, 0.32–0.77; SI, 0.22; 95%
CI, 0.14–0.30; AP, 1.59; 95% CI, 1.30–1.91; all ps , .05/148)
ychotic Experiences

Disability

Yes Yes vs. No Within Strata of PRSice-SCZ

.82 (1.72–1.94), p , 1025 1.82 (1.74–1.94), p , 1025

.47 (2.27–2.69), p , 1025 2.24 (2.04–2.47), p , 1025

.36 (1.23–1.49), p , 1025

1.23 (1.10–1.38), p = 3.331024

elta: 0.32–0.77) (MOVER: 0.33–0.78), p , 1025

elta: 0.14–0.30) (MOVER: 0.14–0.29), p , 1025

elta: 1.32–1.91) (MOVER: 1.32–1.91), p , 1025

condition/disability diagnosed by a doctor.
s-auto-SCZ, PRS for schizophrenia with continuous shrinkage.
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Table 2. Significant Multiplicative Interactions of PRS-cs-auto-SCZ75 and Exposures on Psychotic Experiences Were
Identified Using an Exposome-Wide Interaction Study

Exposure Category Multiplicative Scale 95% CI p Value

Disabilitya Health and medical historyb 1.23b 1.10–1.38b 4.0 3 1024b

Visit Psychiatrist for Mental Healtha Psychosocial factors 1.18 1.05–1.32 .006

Mental Distressa Mental health 1.15 1.03–1.28 .013

Vitamin Da Biological samples 0.94 0.89–0.99 .042

Visit GP for Mental Health Psychosocial factors 1.12 1.00–1.23 .046

The full names of exposures are as follows: disability: other serious medical condition/disability diagnosed by a doctor; visit psychiatrist for mental health: seen a
psychiatrist for nerves anxiety, tension, or depression; mental distress: ever experienced mental distress preventing usual activities; visit GP for mental health: seen
doctor/GP for nerves, anxiety, tension, or depression.

GP, general practitioner; PRS-cs-auto-SCZ, polygenic risk score for schizophrenia with continuous shrinkage.
aResults that have been replicated in sensitivity tests using PRSice-SCZ75.
bIdentified as having significant multiplicative interaction with Bonferroni correction (p , .05/148).
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(Table e1). The MOVER method identified similar confidence
intervals (Table e5).

An additional 48 interactions were detected with nominal
significance levels (Table e5 and Figure e4). Most of these
exposures were from the UKB mental health (n = 25) and
psychosocial factors (n = 15) categories, including cannabis
use, self-harm, eating problems, sexual molestation as a child,
and loneliness isolation. Furthermore, interactions were found
with exposures from the following categories: health and
medical history (n = 8; e.g., chest, dental, infirmity, hearing
problem, and vitamin supplements), lifestyle and environment
(n = 4; insomnia, diet change, milk types used, and hot drink
temperature), physical measures (n = 2; fat mass and hand grip
strength), and medical conditions (number of illnesses).

The sensitivity analyses using PRSice-SCZ75 confirmed the
7 significant additive interactions. Furthermore, 39 of the 48
nominal significant additive interactions were confirmed
(Table e5).

G3E Correlations

The correlation analyses revealed small (r range 20.021 to
0.058) but significant (p , 2.02 3 1024) correlations between
102 exposures and PRS-cs-auto-SCZ75 (Table e6). Ninety-four
(r range 20.028 to 0.042) of these correlations remained sig-
nificant using PRSice-SCZ75 in sensitivity tests.
sleeping difficulties

professional help of mental distress

psychiatrist visit for mental health

sadness

GP visit for mental health

mental distress

disability

1.0 1.2 1.4 1.6 1.8 2.0

Odds ratio for PE (95% CI)

4 Biological Psychiatry: Global Open Science May 2025; 5:100460 ww
Focusing on the exposures with significant interactions with
the PRS, disability and sleeping problems were not correlated
with PRS-SCZ. Although the rest of the exposures that inter-
acted with PRS-SCZ were positively correlated with PRS-cs-
auto-SCZ75, the magnitude of the correlations was very small
(,0.04). These correlations were replicated in the sensitivity
tests using PRSice-SCZ75.

G3E Interaction With Birth Weight and Smoking

Birth weight was initially excluded from the previous XWAS
due to a missing rate of .10%. Smoking status, pack years of
smoking, and maternal smoking around the time of birth were
also excluded due to collinearity, missingness, and being a
follow-up variable, respectively. However, we extracted these
variables to replicate previous findings and estimated the ad-
ditive and multiplicative interactions with PRSice-SCZ75 on
PEs (Table e7 and Figure e5). Among these 4 variables, only a
nominally significant additive interaction of smoking status
with PRS-SCZ on PEs was found (RERI, 0.13; 95% CI,
0.014–0.266; p = .038).

DISCUSSION

To the best of our knowledge, this study represents the most
extensive systematic inquiry into the exposome-wide G3E
category

Psychosocial factors

Mental health

Health and medical history

subgroups

exposure=0 & high PRS

exposure=1 & low PRS

exposure=1 & high PRS

Figure 1. Odds ratios of psychotic experiences
(PEs) in 55 exposures and polygenic risk score
(PRS) subgroups. Fifty-five exposures are nominally
significant in the additive interaction test. GP,
general practitioner.

w.sobp.org/GOS
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Table 3. Significant Additive Interaction Between PRS-cs-auto-SCZ75 and Exposures on Psychotic Experiences Were
Identified Using an Exposome-Wide Interaction Study

Exposure Category

RERI AP SI

Estimate p Value Estimate p Value Estimate p Value

Disability Health and medical history 0.562 ,1025 0.224 ,1025 1.595 ,1025

Mental Distress Mental health 0.601 ,1025 0.158 ,1025 1.275 ,1025

Sadness Mental health 0.498 1025 0.141 ,1025 1.244 ,1025

Visit Psychiatrist for Mental Health Psychosocial factors 0.894 1025 0.210 ,1025 1.378 1025

Visit GP for Mental Health Psychosocial factors 0.450 1025 0.152 ,1025 1.298 1025

Help for Mental Distress Mental health 0.465 3.0 3 1024 0.136 1025 1.239 3.0 3 1025

Sleeping Problem Mental health 0.292 2.9 3 1024 0.127 1.4 3 1024 1.294 5.2 3 1024

The full names of exposures are as follows: disability: other serious medical condition/disability diagnosed by a doctor; mental distress: ever experienced mental
distress preventing usual activities; sadness: ever had prolonged feelings of sadness or depression; visit psychiatrist for mental health: seen a psychiatrist for nerves,
anxiety, tension, or depression; visit GP for mental health: seen doctor/GP for nerves, anxiety, tension, or depression; help for mental distress: ever sought or received
professional help for mental distress; sleeping problem: trouble falling or staying asleep or sleeping too much. These variables are identified as having significant
additive interaction with Bonferroni correction (p , .05/148). All the variable results have been replicated from sensitivity tests using PRSice-SCZ75.

AP, attributable proportion; GP, general practitioner; PRS-cs-auto-SCZ, polygenic risk score for schizophrenia with continuous shrinkage; RERI, relative excess of risk
due to interaction; SI, synergy index.
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interaction of PEs conducted to date. It encompasses several
sequential analytical steps, including an XWAS conditional on
PRS-SCZ, an exposome-wide G3E interaction investigation,
an exposome-wide G3E correlation estimation, and replication
of previous G3E interaction analyses.

Our exposome-wide G3E interaction study identified sig-
nificant multiplicative and additive interactions between
disability and genetic risk of SCZ on PEs, as well as 7 signif-
icant additive interactions: 3 help- and treatment-seeking be-
haviors, mental distress, sadness, and sleep problems. In
addition to the significant interactions, 4 multiplicative and 48
additive nominally significant interactions were identified,
mainly in the domains of physical health outcomes, nonpsy-
chotic disorders, mental distress, stress, trauma, help- and
treatment-seeking behaviors, and sleep problems. Multiplica-
tive interaction occurs when the combined effect of 2 factors
differs from the product of their individual effects. This is
commonly used in logistic regression models. In contrast,
additive interaction occurs when the combined effect differs
from the sum of individual effects. Overall, more significant
additive interactions were detected than multiplicative in-
teractions. Compared with multiplicative interaction tests, ad-
ditive interaction tests may offer greater statistical power and
yield more interpretable results from biomedical and epidemi-
ological data (42).

Our study found that the impact of physical disability on PEs
increased with higher PRS-SCZ, as revealed by both multipli-
cative and additive G3E interaction models. To the best of our
knowledge, this is the first report indicating that the sensitivity
to adverse physical conditions is moderated by PRS-SCZ. PE,
an indicator of general health, has been associated with
increased risk for disability across a broad range of functional
domains, including social, role, cognitive functioning, mobility,
and self-care (43). We showed that both conditional XWAS
tests and XWIS models, which include a PRS-SCZ and G3E
interactions, explained more variance in PEs than models in
which only environmental factors were tested. This finding
supports the idea that polygenic risk, poor physical health, and
their combined influence are associated with subthreshold
psychosis expression.
Biological Psychiatry:
Additionally, we identified nominally significant additive in-
teractions with milder physical health issues like chronic illness
or recent fatigue, with smaller RERI (0.23, 0.17) and AP (0.09,
0.07) values than the Bonferroni-significant interaction of
disability with more serious condition (RERI = 0.56, AP = 0.24),
indicating stronger G3E interaction effects with severe health
outcomes. Furthermore, G3E interactions have also been
detected for other physical health outcomes, such as
wheezing or whistling in the chest during the last year, chest
pain, dental problems, taking other prescription medications,
number of self-reported noncancer illnesses, and hearing
problems. Our findings highlight G3E interactions of serious
medical conditions or disabilities with genetic propensities for
schizophrenia on PEs. This supports a conceptual framework
in which underlying (nonspecific) immune dysfunction (e.g.,
autoantibodies, T cells, and B cells), with an estimated heri-
tability of 30% (44), may serve as a foundational mechanism
that leads to a broad spectrum of health outcomes, including
psychosis, contingent on disease burden. Notably, the G3E
interactions became stronger with increasing severity of the
physical condition, suggesting a dose-response relationship in
which increased disease burden may exacerbate PEs, akin to
sickness behavior during illness (45,46). In this regard, immune
system dysregulation and neuroinflammation may underlie
behavioral and functional impairments (47). We acknowledge
that some of the included variables may not strictly adhere to
traditional definitions of environmental exposure. However,
these were included to maintain consistency with the analytical
pipeline applied in our previous work, an XWAS of PEs in the
UKB, which aimed to eliminate data dredging and selective
reporting that could be produced by preconceptions when
determining what the environment is. However, this approach
may introduce type II error due to the increased number of
tests.

In the XWIS, 3 significant additive interactions were identi-
fied for treatment-seeking behavior linked to mental health
problems: seeing a psychiatrist for nerves, anxiety, tension or
depression; seen doctor/GP for nerves, anxiety, tension or
depression; and ever sought or received professional help for
mental distress. Consistent with our findings, this suggests
Global Open Science May 2025; 5:100460 www.sobp.org/GOS 5
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that targeting high PRS-SCZ and help-seeking individuals may
aid in intervening in psychotic disorders. Furthermore, our
findings identified suggestive interactions for well-known ex-
posures such as cannabis use, self-harm, medical prescrip-
tion, and having been sexually molested as a child, which is
consistent with previous studies with independent samples
(13,30).

According to the diathesis-stress theory, it is crucial to
identify cumulative stressors that contribute to the manifesta-
tion of psychiatric symptoms in vulnerable populations such as
people with PEs. The diathesis, or inherent vulnerabilities, are
crucial for explaining why some individuals are more suscep-
tible to developing psychiatric symptoms. Individuals with a
high genetic predisposition to psychosis may experience
cognitive deficits that could influence their response to envi-
ronmental stressors and increase their likelihood of experi-
encing psychiatric symptoms (48). Cumulative stressors, such
as ongoing life difficulties and acute stress events, can exac-
erbate vulnerability, potentially triggering adverse psychotic
symptoms and increasing the need for intervention. It is critical
to identify and manage cumulative stressors in genetically
vulnerable populations, particularly populations with high ge-
netic liability for SCZ. Overall, our results are consistent with
the diathesis-stress model theory, suggesting that a combi-
nation of genetic predisposition and environmental stress
contribute to the manifestation of PEs. Identifying high-risk
individuals who are actively seeking help presents an oppor-
tunity for early intervention and better management of mental
health concerns.

Several previous investigations have evaluated the interplay
between PRS-SCZ and environmental variables underlying
PEs. However, these studies have predominantly focused on a
limited number of environmental factors such as stress (49),
smoking behavior (27), and birth weight (26), which have not
been verified in independent cohorts. In our study, we repli-
cated previous findings with a suggestive interaction for stress
(“felt very upset when reminded of a stressful experience in the
past month and avoided activities” or “situations because of
previous stressful experience in the past month”) and smoking
status.

Our findings highlight the complex interplay between ge-
netic predisposition and environmental factors in the etiology
of PEs. Previous exposome-wide analyses identified 148 ex-
posures associated with PEs (13). The subsequent conditional
cross-phenotype–wide association study (XWAS) reaffirmed
that the relative impact of genetic factors on PEs (with only
0.2% of the variance explained by the PRS-SCZ) is notably
lower than the impact of environmental exposures. Our results
were consistent with the findings of a twin study suggesting
that environmental factors may play a greater role than genetic
factors in the etiology of PEs (20). However, it is crucial to
emphasize that while environmental factors appear to have a
larger impact, the role of genetic predisposition remains sig-
nificant and cannot be overlooked. Even after adjusting for
environmental exposures associated with PEs, we observed a
persistent significant association between PRS-SCZ and PEs.
This underscores that genetic risk for SCZ, although contrib-
uting a smaller proportion of variance, plays an essential role in
the manifestation of PEs that is distinct from and comple-
mentary to the role played by environmental influences. Thus,
6 Biological Psychiatry: Global Open Science May 2025; 5:100460 ww
our findings support a model in which both genetic and envi-
ronmental factors contribute to the development of PEs, with
environment explaining a slightly larger variance but genetic
predisposition remaining an integral part of the equation. This
emphasizes the need for a comprehensive approach to un-
derstanding and potentially intervening in the development of
PEs that includes consideration of both genetic vulnerability
and environmental exposures.

It is crucial to consider whether the PEs assessed in our
older adult population (mean age .55 years) are related to, or
on the same continuum as, PEs expressed by young adults
who may be more prone to schizophrenia risk. Although our
study provides valuable insights into the long-term manifes-
tation of PEs, we acknowledge that the nature and implications
of PEs may differ across age groups.

Our research has several strengths. First, the UKB’s deep
phenotyping and large sample size provide the requisite sta-
tistical robustness to discern subtle G3E interactions, even
within complex multifactorial outcomes such as PEs. This
capability enables the identification of interactions with
heightened precision. Second, we used 2 widely recognized
methods for PRS calculation: PRS-cs-auto and PRSice2. The
PRS-cs-auto generation method allows for the efficient pro-
cessing of vast amounts of genetic data and yields more sta-
tistically robust results, particularly in the context of larger
sample sizes (33). Additionally, we utilized PRSice2 to generate
PRS-SCZ, using a liberal p value threshold of .05 for sensitivity
analyses, thereby enhancing the predictive power of genetic
scores. Third, our study benefited from access to the most
extensive GWAS summary statistics available to date (21). The
variance in PEs explained by PRS-SCZ in our study (0.2%) is
larger than another study that used summary statistics from
PGC2 (27). Nevertheless, R2 is relatively low, which suggests a
small effect size. However, this should not be the sole criterion
for assessing the importance of variables, especially in com-
plex phenotypes like PEs. The biological plausibility and con-
sistency with other findings should also be considered.
Although our systematic approach was designed to mitigate
biases and increase reproducibility, it was not without limita-
tions. First, the sequential replication procedure and stringent
multiple-testing correction might have inadvertently increased
the likelihood of type II errors. Conversely, statistically signifi-
cant but trivial effects can also emerge in analyses of large
datasets. Second, we have not investigated any subtypes of
PE; therefore, the contribution of genetic risk and exposures to
specific types of PEs remains unknown. Secondly, our cross-
sectional design limits our ability to make causal inferences.
Some of the correlates of PE may be consequences rather
than causes of PEs (for example, visiting a psychiatrist could
be a result of experiencing PEs rather than a causal factor). We
acknowledge the potential for reverse causality in our findings.
Further studies of causal inference, such as Mendelian
randomization, would be valuable in identifying potential
causal mechanisms underlying PEs. Lastly, the proportion of
variance in PEs explained by PRS-SCZ was minimal (,2%).
Additional investigation is necessary to clarify the other genetic
contributors (rare variants and copy number variants) to
phenotypic variance. Our study focused on White British par-
ticipants ages 48 to 63, which allows examination of cumula-
tive environmental effects but may limit generalizability to
w.sobp.org/GOS
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younger populations and other ethnic groups. Future research
should investigate these G3E interactions across different
ethnic and age groups, particularly in younger individuals
during critical developmental periods. To enhance the repro-
ducibility of our results, future studies could validate the
identified exposures and their G3E interactions through
hypothesis-driven research in independent cohorts.

Conclusions

The current study marks the first documentation of numerous
exposures associated with PEs, after adjusting for polygenic
risk for SCZ. These findings reveal preliminary evidence for
G3E interaction in PEs and suggest that genetic vulnerability
and exposures, specifically physical health conditions, may be
intertwined in the pathway leading to psychosis. Our findings
support the diathesis-stress theory and underscore the ne-
cessity of evaluating environmental and genetic influences in
conjunction to elucidate biological mechanisms underlying
psychosis.

ACKNOWLEDGMENTS AND DISCLOSURES
SG is supported by the Ophelia research project, funded by the ZonMw
grant (Grant No. 636340001). BPFR is supported by a Vidi award from the
Dutch Research Council (Award No. 91718336). BDL, L-KP, AA-M, BPFR,
and SG are supported by the YOUTH-GEMs project, funded by the Euro-
pean Union’s Horizon European program (Grant Agreement No.
101057182). DvdM is supported by the Research Council of Norway (Grant
No. 324252).

BDL and SG had full access to all the study data and take responsibility
for the integrity of the data and the accuracy of the data analysis. BDL and
SG were responsible for concept and design. BDL was responsible for
drafting of the manuscript and statistical analysis. BDL, L-KP, AA-M, BK,
and SG were responsible for critical revision of the manuscript for important
intellectual content. BPFR and SG were responsible for obtaining funding.
SG was responsible for supervision. All authors participated in acquisition,
analysis, or interpretation of data.

A previous version of this article was published as a preprint on medRxiv:
https://doi.org/10.1101/2024.09.06.24313177.

All results and data generated and analyzed during this study are
included in the Supplement. These supplemental materials provide the
complete dataset necessary to interpret, verify, and extend the research
presented in the article. For any additional information or access to specific
datasets beyond what is provided in the Supplement, reasonable requests
can be made to the corresponding author.

The authors report no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION
From the Department of Psychiatry and Neuropsychology, Mental Health
and Neuroscience Research Institute, Faculty of Health, Medicine, and Life
Sciences, Maastricht University Medical Centre, Maastricht, the Netherlands
(BDL, L-KP, AA-M, BK, DEJL, GAMB, DvdM, JJL, BPFR, SG); Department of
Preventive Medicine, Institute of Biomedical Informatics, Bioinformatics
Center, School of Basic Medical Sciences, Henan University, Kaifeng, China
(BDL); Division of Psychological Medicine and Clinical Neurosciences,
School of Medicine, Cardiff University, Cardiff, United Kingdom (DEJL);
Centre for Precision Psychiatry, Division of Mental Health and Addiction,
Oslo University Hospital, and Institute of Clinical Medicine, University of
Oslo, Oslo, Norway (DvdM); Department of Psychiatry, Amsterdam Univer-
sity Medical Center, Amsterdam, the Netherlands (JJL); GGZ inGeest Mental
Health Care, Amsterdam, the Netherlands (JJL); Neuroscience Mood, Anx-
iety, Psychosis, Stress & Sleep Research Program, Amsterdam University
Medical Center, Amsterdam, the Netherlands (JJL); Public Health Mental
Health Research Program, Amsterdam University Medical Center,
Biological Psychiatry:
Amsterdam, the Netherlands (JJL); and Department of Psychiatry, Yale
University School of Medicine, New Haven, Connecticut (SG).

Address correspondence to Sinan Guloksuz, M.D., Ph.D., at sinan.
guloksuz@maastrichtuniversity.nl.

Received Oct 29, 2024; revised Jan 26, 2025; accepted Jan 29, 2025.
Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.bpsgos.2025.100460.
REFERENCES
1. McGrath JJ, Saha S, Al-Hamzawi AO, Alonso J, Andrade L, Borges G,

et al. (2016): Age of onset and lifetime projected risk of psychotic
experiences: Cross-national data from the world mental health survey.
Schizophr Bull 42:933–941.

2. Staines L, Healy C, Coughlan H, Clarke M, Kelleher I, Cotter D,
Cannon M (2022): Psychotic experiences in the general population, a
review; definition, risk factors, outcomes and interventions. Psychol
Med 52:1–12.

3. Isaksson J, Angenfelt M, Frick MA, Olofsdotter S, Vadlin S (2022):
Psychotic-like experiences from adolescence to adulthood: A longi-
tudinal study. Schizophr Res 248:1–7.

4. Gregersen M, Møllegaard Jepsen JRM, Rohd SB, Søndergaard A,
Brandt JM, Ellersgaard D, et al. (2022): Developmental pathways and
clinical outcomes of early childhood psychotic experiences in pread-
olescent children at familial high risk of schizophrenia or bipolar dis-
order: A prospective, longitudinal cohort study - The Danish high risk
and resilience study, via 11. Am J Psychiatry 179:628–639.

5. Ronald A (2015): Recent quantitative genetic research on psychotic
experiences: New approaches to old questions. Curr Opin Behav Sci
2:81–88.

6. Chen LH, Toulopoulou T (2022): Pathways linking school bullying and
psychotic experiences: Multiple mediation analysis in Chinese ado-
lescents and young adults. Front Psychiatry 13:1007348.

7. Shakoor S, Zavos HMS, Haworth CMA, McGuire P, Cardno AG,
Freeman D, Ronald A (2016): Association between stressful life events
and psychotic experiences in adolescence: Evidence for gene-
environment correlations. Br J Psychiatry 208:532–538.

8. Wright AC, Cather C, Farabaugh A, Terechina O, Pedrelli P, Nyer M,
et al. (2021): Relationship between cannabis use and psychotic ex-
periences in college students. Schizophr Res 231:198–204.

9. Jones HJ, Gage SH, Heron J, Hickman M, Lewis G, Munafò MR,
Zammit S (2018): Association of combined patterns of tobacco and
cannabis use in adolescence with psychotic experiences. JAMA
Psychiatry 75:240–246.

10. Lipner E, O’Brien KJ, Pike MR, Ered A, Ellman LM (2023): Environ-
mental risk factors and cognitive outcomes in psychosis: Pre-, peri-
natal, and early life adversity. Curr Top Behav Neurosci 63:205–240.

11. Firth J, Solmi M, Wootton RE, Vancampfort D, Schuch FB, Hoare E,
et al. (2020): A meta-review of “lifestyle psychiatry”: The role of exer-
cise, smoking, diet and sleep in the prevention and treatment of mental
disorders. World Psychiatry 19:360–380.

12. Newbury JB, Arseneault L, Beevers S, Kitwiroon N, Roberts S,
Pariante CM, et al. (2019): Association of air pollution exposure with
psychotic experiences during adolescence. JAMA Psychiatry 76:614–
623.

13. Lin BD, Pries LK, Sarac HS, van Os J, Rutten BPF, Luykx J,
Guloksuz S (2022): Nongenetic factors associated with psychotic ex-
periences among UK Biobank participants: Exposome-wide analysis
and Mendelian randomization analysis. JAMA Psychiatry 79:857–868.

14. Ronald A, Pain O (2018): A systematic review of genome-wide
research on psychotic experiences and negative symptom traits:
New revelations and implications for psychiatry. Hum Mol Genet
27:R136–R152.

15. Pain O, Dudbridge F, Cardno AG, Freeman D, Lu Y, Lundstrom S, et al.
(2018): Genome-wide analysis of adolescent psychotic-like experi-
ences shows genetic overlap with psychiatric disorders. Am J Med
Genet B Neuropsychiatr Genet 177:416–425.

16. Legge SE, Jones HJ, Kendall KM, Pardiñas AF, Menzies G, Bracher-
Smith M, et al. (2019): Association of genetic liability to psychotic
Global Open Science May 2025; 5:100460 www.sobp.org/GOS 7

https://doi.org/10.1101/2024.09.06.24313177
mailto:sinan.guloksuz@maastrichtuniversity.nl
mailto:sinan.guloksuz@maastrichtuniversity.nl
https://doi.org/10.1016/j.bpsgos.2025.100460
https://doi.org/10.1016/j.bpsgos.2025.100460
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref1
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref1
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref1
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref1
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref2
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref2
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref2
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref2
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref3
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref3
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref3
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref4
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref5
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref5
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref5
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref6
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref6
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref6
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref7
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref7
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref7
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref7
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref8
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref8
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref8
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref9
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref9
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref9
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref9
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref10
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref10
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref10
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref11
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref11
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref11
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref11
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref12
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref12
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref12
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref12
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref13
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref13
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref13
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref13
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref14
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref14
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref14
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref14
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref15
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref15
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref15
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref15
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref16
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref16
http://www.sobp.org/GOS


Exposome-Wide Interaction Study of PEs
Biological
Psychiatry:
GOS
experiences with neuropsychotic disorders and traits. JAMA Psychi-
atry 76:1256–1265.

17. Zammit S, Hamshere M, Dwyer S, Georgiva L, Timpson N, Moskvina V,
et al. (2014): A population-based study of genetic variation and psy-
chotic experiences in adolescents. Schizophr Bull 40:1254–1262.

18. Sieradzka D, Power RA, Freeman D, Cardno AG, McGuire P, Plomin R,
et al. (2014): Are genetic risk factors for psychosis also associated with
dimension-specific psychotic experiences in adolescence? PLoS One
9:e94398.

19. Jones HJ, Stergiakouli E, Tansey KE, Hubbard L, Heron J, Cannon M,
et al. (2016): Phenotypic manifestation of genetic risk for schizophrenia
during adolescence in the general population. JAMA Psychiatry
73:221–228.

20. Taylor MJ, Martin J, Lu Y, Brikell I, Lundström S, Larsson H,
Lichtenstein P (2019): Association of genetic risk factors for psychiatric
disorders and traits of these disorders in a Swedish population twin
sample. JAMA Psychiatry 76:280–289.

21. Trubetskoy V, Pardiñas AF, Qi T, Panagiotaropoulou G, Awasthi S,
Bigdeli TB, et al. (2022): Mapping genomic loci implicates genes and
synaptic biology in schizophrenia. Nature 604:502–508.

22. Zammit S, Owen MJ, Evans J, Heron J, Lewis G (2011): Cannabis,
COMT and psychotic experiences. Br J Psychiatry 199:380–385.

23. Misiak B, Stramecki F, Gawe
Î
da Ł, Prochwicz K, Sąsiadek MM,

Moustafa AA, Frydecka D (2018): Interactions between variation in
candidate genes and environmental factors in the etiology of schizo-
phrenia and bipolar disorder: A systematic review. Mol Neurobiol
55:5075–5100.

24. de Castro-Catala M, van Nierop M, Barrantes-Vidal N, Cristóbal-
Narváez P, Sheinbaum T, Kwapil TR, et al. (2016): Childhood trauma,
BDNF Val66Met and subclinical psychotic experiences. Attempt at
replication in two independent samples. J Psychiatr Res 83:121–129.

25. de Castro-Catala M, Peña E, Kwapil TR, Papiol S, Sheinbaum T, Cris-
tóbal-Narváez P, et al. (2017): Interaction between FKBP5 gene and
childhood trauma on psychosis, depression and anxiety symptoms in a
non-clinical sample. Psychoneuroendocrinology 85:200–209.

26. Liuhanen J, Suvisaari J, Kajantie E, Miettunen J, Sarin AP, Järvelin MR,
et al. (2018): Interaction between compound genetic risk for schizo-
phrenia and high birth weight contributes to social anhedonia and
schizophrenia in women. Psychiatry Res 259:148–153.

27. García-González J, Ramírez J, Howard DM, Brennan CH, Munroe PB,
Keers R (2020): The effects of polygenic risk for psychiatric disorders
and smoking behaviour on psychotic experiences in UK Biobank.
Transl Psychiatry 10:330.

28. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al.
(2018): The UK biobank resource with deep phenotyping and genomic
data. Nature 562:203–209.

29. Davis KAS, Coleman JRI, Adams M, Allen N, Breen G, Cullen B, et al.
(2020): Mental health in UK Biobank - development, implementation
and results from an online questionnaire completed by 157 366 par-
ticipants: A reanalysis. BJPsych Open 6:e18.

30. Guloksuz S, Pries LK, Delespaul P, Kenis G, Luykx JJ, Lin BD, et al.
(2019): Examining the independent and joint effects of molecular ge-
netic liability and environmental exposures in schizophrenia: Results
from the EUGEI study. World Psychiatry 18:173–182.
8 Biological Psychiatry: Global Open Science May 2025; 5:100460 ww
31. Guloksuz S, Pries LK, Ten Have M, de Graaf R, van Dorsselaer S,
Klingenberg B, et al. (2020): Association of preceding psychosis risk
states and non-psychotic mental disorders with incidence of clinical
psychosis in the general population: A prospective study in the
NEMESIS-2 cohort. World Psychiatry 19:199–205.

32. Knol MJ, VanderWeele TJ, Groenwold RHH, Klungel OH, Rovers MM,
Grobbee DE (2011): Estimating measures of interaction on an additive
scale for preventive exposures. Eur J Epidemiol 26:433–438.

33. Ge T, Chen C-Y, Ni Y, Feng YA, Smoller JW (2019): Polygenic pre-
diction via Bayesian regression and continuous shrinkage priors. Nat
Commun 10:1776.

34. Choi SW, O’Reilly PF (2019): PRSice-2: Polygenic Risk Score software
for biobank-scale data. GigaScience 8:giz082.

35. Team R, Core D (2020): R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing.
Available at: https://www.R-project.org. Accessed November 1, 2023.

36. Lin BD, Pries LK, van Os J, Luykx JJ, Rutten BPF, Guloksuz S (2023):
Adjusting for population stratification in polygenic risk score analyses:
A guide for model specifications in the UK Biobank. J Hum Genet
68:653–656.

37. Alli BY (2021): InteractionR: An R package for full reporting of effect
modification and interaction. Software Impacts 10:100147.

38. Hosmer DW, Lemeshow S (1992): Confidence interval estimation of
interaction. Epidemiology 3:452–456.

39. Zou GY (2008): On the estimation of additive interaction by use of the
four-by-two table and beyond. Am J Epidemiol 168:212–224.

40. Assmann SF, Hosmer DW, Lemeshow S, Mundt KA (1996): Confi-
dence intervals for measures of interaction. Epidemiology 7:286–290.

41. Pardiñas AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S,
Carrera N, et al. (2018): Common schizophrenia alleles are enriched in
mutation-intolerant genes and in regions under strong background
selection. Nat Genet 50:381–389.

42. VanderWeele TJ, Knol MJ (2014): A tutorial on interaction. Epidemio-
logic Methods 3:33–72.

43. Oh H, Koyanagi A, Kelleher I, DeVylder J (2018): Psychotic experiences
and disability: Findings from the Collaborative Psychiatric Epidemi-
ology Surveys. Schizophr Res 193:343–347.

44. de Craen AJM, Posthuma D, Remarque EJ, van den Biggelaar AHJ,
Westendorp RGJ, Boomsma DI (2005): Heritability estimates of innate
immunity: An extended twin study. Genes Immun 6:167–170.

45. Estroff SE (1994): 11 Identity, disability, and schizophrenia: The
problem of chronicity. In: Lindenbaum S, Lock MM, editors. Knowl-
edge, Power, and Practice: The Anthropology of Medicine and
Everyday Life. Berkeley: University of California Press, 247–286.

46. Mechanic D (1968): Medical Sociology: A Selective View. New York:
Free Press.

47. Rhie SJ, Jung EY, Shim I (2020): The role of neuroinflammation on
pathogenesis of affective disorders. J Exerc Rehabil 16:2–9.

48. Dean K, Murray RM (2005): Environmental risk factors for psychosis.
Dial Clin Neurosci 7:69–80.

49. Hatzimanolis A, Avramopoulos D, Arking DE, Moes A, Bhatnagar P,
Lencz T, et al. (2018): Stress-dependent association between poly-
genic risk for schizophrenia and schizotypal traits in young army re-
cruits. Schizophr Bull 44:338–347.
w.sobp.org/GOS

http://refhub.elsevier.com/S2667-1743(25)00014-X/sref16
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref16
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref17
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref17
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref17
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref18
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref18
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref18
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref18
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref19
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref19
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref19
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref19
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref20
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref20
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref20
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref20
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref21
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref21
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref21
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref22
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref22
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref23
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref24
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref24
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref24
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref24
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref25
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref25
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref25
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref25
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref26
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref26
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref26
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref26
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref27
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref27
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref27
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref27
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref28
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref28
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref28
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref29
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref29
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref29
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref29
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref30
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref30
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref30
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref30
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref31
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref31
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref31
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref31
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref31
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref32
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref32
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref32
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref33
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref33
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref33
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref34
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref34
https://www.R-project.org
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref36
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref36
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref36
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref36
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref37
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref37
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref38
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref38
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref39
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref39
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref40
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref40
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref41
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref41
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref41
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref41
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref42
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref42
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref43
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref43
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref43
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref44
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref44
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref44
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref45
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref45
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref45
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref45
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref46
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref46
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref47
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref47
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref48
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref48
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref49
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref49
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref49
http://refhub.elsevier.com/S2667-1743(25)00014-X/sref49
http://www.sobp.org/GOS

	Exposome-Wide Gene-By-Environment Interaction Study of Psychotic Experiences in the UK Biobank
	Methods and Materials
	Sample
	Psychotic Experiences
	Correlates of Psychotic Experiences
	PRS Estimation
	Statistical Analyses
	Multiplicative and Additive Interaction
	Replication of Previous G×E Interactions

	Results
	Main Effects
	Multiplicative Scales
	Additive Interactions
	G×E Correlations
	G×E Interaction With Birth Weight and Smoking

	Discussion
	Conclusions

	References


