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CChhaapptteerr  11::  GGeenneerraall  IInnttrroodduuccttiioonn

CHAPTER 1
GENERAL INTRODUCTION
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From “schizophrenia” to “psychosis spectrum disorder”

DSM-5 defines schizophrenia as a mental disorder with characteristic symptoms including
delusions, hallucinations, disorganized speech, grossly disorganized or catatonic behavior,
and negative symptoms, that is, diminished emotional expression or avolition1. However,
likewise the narrow nosology as well as the terminology are regarded critically2. Schizophrenia
as it is currently defined by the DSM-5 only captures the top 30% most severe outcomes
among psychosis disorder3. The remaining 70% are commonly ignored in academic
literature4. Subtle psychosis expressions are highly prevalent and bidirectionally associated
with other major mental disorders such as anxiety or depression5. Although the course of
psychosis psychopathology is divers, the current categorical diagnoses do not embrace the
different symptom profiles6-9. Despite great efforts, the mechanisms of schizophrenia remain
poorly understood, which is greatly affected by the categorical diagnostics2,10. Therefore, next
to the mainly unchanged categorical classification within DSM-511, a conceptual part on a
broader psychosis spectrum concept was added to the chapter “Schizophrenia Spectrum and
Other Psychotic Disorders” from DSM-IV to DSM-5. An appeal was made for further
research. Following this, the recent years saw extensive work on the reconceptualization of
psychosis phenotypes.

Researchers argue that psychosis phenotypes are better summarized and conceptualized in
psychotic spectrum disorder (PSD) with a spectrum of severity stretching along a continuum
from mild but persistent schizotypy, on the one hand, to the diagnosis of schizophrenia as
the most severe outcome on the other hand2. The spectrum of psychosis phenotypes is
expressed as a concordance of multidimensional psychopathology including negative
symptoms, affective dysregulation and cognitive impairment, which vary in symptom
severity and symptom pattern2,7,12. Clinical features traverse diagnostic categories12, and
increased co-occurrence of psychotic and non-psychotic symptom dimensions is associated
with decreased treatment response, decreased functioning, and poor outcome13-20. Initiatives
such as the transdiagnostic Research Domain Criteria (RDoC) framework of the National
Institute of Mental Health (NIMH)21 move away from the pragmatic categorical approach
and prioritize an evidence-based dimensional conceptualization of psychosis phenotypes. The
current thesis presents several methods to investigate multidimensional psychopathology
along the severity spectrum in the general population and clinical samples.

Psychosis expression within the network of psychopathology
Evidence suggests that specialized early interventions for first-episode psychosis substantially
improves short-term treatment outcome22. Furthermore, shortening the duration of
untreated psychosis might improve long-term prognosis23. For that reason, researchers started
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to investigate the possibility for early detection, intervention and prevention; several lines of
research emerged.

In the last two decades, substantial consideration was given to ultra-high risk (UHR) and
clinical high-risk (CHR) states at the prodromal stage. These intervention strategies keep in
line with the prototypic categorical concept of psychopathology24,25, aiming to intervene
“transition” to psychosis disorder24. For categorization they rely heavily on the assessment of
attenuated positive psychosis expression and a family history of psychotic symptoms26. To
reduce false positives, these approaches prioritize specificity over sensitivity, accepting the
possibility to miss potential vulnerable individuals26.

Initial findings suggested a high predictability of these concepts for clinically diagnoses. Forty
percent of individuals categorized with UHR “transitioned” to psychosis disorder within a
year27,28. However, later it became apparent that these estimates had been overestimated and
contributed little to clinical utility. Estimates were magnified as the categories had typically
been investigated in help-seeking individuals — with a greater risk to develop psychosis
disorder — rather than in the general population29. The bias in sample enrichment was
demonstrated by a study comparing 10-year transition rates from individuals presented at an
early psychosis service for young people30. Individuals with a UHR diagnosis had practically
a similar transition rate than individuals diagnosed with non-psychotic disorders; 17.3% and
14.6%, respectively30. Furthermore, a recent cross-sectional study31, testing the UHR
principles in the general population indicates that out of 2683 individuals, 15 fulfilled the
attenuated psychotic symptom criteria. Out of these, only one also fulfilled the brief
intermittent psychotic symptom criteria. Notably, non-psychotic disorders and functional
deficit were common among individuals with any psychosis expression or cognitive
impairments31.

Another critical point within this research line is the great emphasis on psychosis expression26.
Indeed, as abovementioned, in the context of multidimensional psychopathology, psychosis
expression may be a severity indicator for psychopathology13-20,32. However, in the general
population, psychosis expression is not uncommon (5-8%)33,34, and is transit for 80% of
individuals33,35,36. The WHO World Mental Health Surveys report a temporal bidirectional
association between common non-psychotic disorders and psychosis expression5. These
findings question the utility of the high-risk approaches. As prospective research on the
validity of the UHR and CHR concepts is missing, cchhaapptteerr  22 reports important findings on
the longitudinal effect of these approaches on clinical psychosis in the general population.

1
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Another strain of research focuses on the above-mentioned multidimensional manifestation
of the early stages of psychopathology. Research indicates that the initial expression of
psychopathological phenotypes is marked by a mixture of symptom dimensions along with
emotional and neurocognitive impairments including aberrant salience, motivational
alterations, affective dysregulation, and anxiety states37. Symptom dimensions interact within
and across traditional diagnosis categories in the clinical and general population19,20. Given
its potential to detect mechanisms and processes along the psychosis spectrum, studying
processes associated with nonclinical psychosis expression in the general population is an
important methodological tool12. Therefore, the role of multidimensional psychopathology
and subtle psychosis expression at population level is tested in cchhaapptteerr  33.

To understand the differences between individuals developing PSD and those who do not,
researchers try to apprehend whether population level psychosis expression and non-clinical
phenotypes might occur through the same mechanism as in clinical samples. Different
experimental tools and methodological paradigms can be considered of which some were
investigated in this thesis. In cchhaapptteerr  44 an overview is given on studies conducted in the
TwinssCan project, a Belgian prospective general population sample. Its main objective is to
understand the contribution of genetic and environmental exposure on nonclinical
dimensional phenotypes at a young age, before the onset of disorder, and their association
with neurocognitive processes, such as salience attribution, sensitivity to social defeat, and
reward sensitivity.

One of the studies conducted in the TwinssCan cohort is presented in cchhaapptteerr  55. In that
study, the white noise task, a promising tool to assess salient attribution, is applied to
investigate whether the perception of speech illusions during nonsensical white noise is
associated with trait expression of psychosis experiences (assessed with the Community
Assessment of Psychic Experiences; CAPE and Structured Interview for Schizotypy—
Revised; SIS-R) in the general population. One promising theory to disentangle the processes
associated with psychosis expression suggests that positive psychotic experiences might occur
through the imbalance of top-down and bottom-up processes38. More specifically,
individuals who experience psychosis expression may be more sensitive to attribute meaning
to bottom-up signals. To illustrate the concept, imagine you are walking home during the
day, top-down processes will not attribute much importance to common noises. However, if
you walk home on a lonely street during the night, you might interpret noises as more
threatening. While bottom-up signals may be the same for both scenarios, top-down
processes give a different explanation for these signals.
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The dynamic nature of psychopathology is another important aspect of signs, symptoms and
etiology within PSD that is evaluated in the TwinssCan project in cchhaapptteerr  66. Particular focus
is drawn to the macro level (during months or years) changes of symptomatology, whereas
studies indicate that psychopathology can best be understood when also looking at the micro
level, symptom changes from moment-to-moment39. Therefore, studies using ecological
momentary assessment — a tool to assess momentary variations in thoughts, symptoms, the
context, and appraisal of that context — shed light on the fact that psychosis phenotypes
dynamically manifest and change from moment-to-moment40,41.

Finally, an important line of research focuses its attention on the biological and
environmental vulnerability to PSD. Extensive research shows that environmental factors
such as childhood adversities and genomic liability are important determinants for the
progression form subtle psychopathological expression towards clinical disorders37. As this is
a major aspect of this thesis, an outline of gene-environment research in PSD is given in the
following part.

Environmental and genetic contribution to psychosis spectrum
Understanding the etiopathology of PSD may improve diagnosis, prevention, and treatment.
Therefore, huge efforts are made to apprehend the multifactorial etiology of PSD that
includes a network of environmental and genetic liability42,43.

During the last decade the genetic field moved forward from single candidate gene studies to
genome wide analyses, now explaining the 30-40% of the genetic variation of schizophrenia
phenotype by single nucleotide polymorphisms (SNPs) and allowing for the calculation of a
genetic risk score, the polygenic risk score for schizophrenia (PRS-SCZ)44. PRS-SCZ, a
weighted sum of trait-associated alleles, substantially increases the prediction power to detect
gene-environment interaction (GxE)45 to gain insight into the complex pathoetiology of
schizophrenia and related disorders.

Despite the substantial progress for molecular genetic analyses during the last years, the
proportion of genetic liability that is explained by molecular genetic risk stays below that of
heritability estimates from twin studies46, which suggest a heritability of 80%. Therefore,
researchers question whether at least some of the “missing heritability” is due to shared
environmental exposure across individuals growing up in the same household. It is probable
that genetic liability may sensitize individuals to environmental liability or drive them to
more exposure42. Theories such as the liability-threshold model for PSD47 introduce the idea
that psychopathological expression is determined by aggregated genetic and environmental

1
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exposure. It predicts that individuals passing a critical threshold develop expression of
psychosis phenotypes. Therefore, cchhaapptteerr  77 presents findings from the first systematic
approach testing GxE using PRS-SCZ in a large international dataset with patients diagnosed
with schizophrenia and healthy controls.

The pleiotropic nature of exposures is an important factor to understand gene-environmental
contribution on the causal path from multidimensional psychopathology to PSD. Molecular
genetic risk for schizophrenia is significantly shared with that of other psychopathological
phenotypes48. A growing number of studies show that PRS-SCZ is pleiotropically associated
with PSD, non-psychotic disorders as well as medical conditions49-51, subclinical
multidimensional psychopathology51-54 and low quality of life55.

Akin to genetic liability, confirming the shared vulnerability theory, environmental exposure
such as cannabis use and childhood adversity are similarly associated with psychosis, affective
and stress-related phenotypes56-59. Accumulating evidence shows that genetic and
environmental exposures are associated with more severe non-psychotic psychopathology
which subsequently may non-casually be related to the experience of psychosis
expression15,32,60. Therefore, GxE on psychosis phenotypes in the general population is tested
in cchhaapptteerrss  66 and  99.

The role of environmental factors has long been recognized, and various exposures were
identified to be associated with the risk to develop PSD. With varying effect size estimates,
these environmental risk factors include cannabis use, childhood adversities (e.g., sexual
abuse, emotional neglect), peer-bullying, urban environment, proxies of social exclusion (e.g.,
ethnic minority, immigration, and hearing impairment), season of birth, and obstetric and
pregnancy complications61,62. Theories such as the diathesis model63 suggests that responses
to current stress is substantially affected by sensitization from previous stress experiences,
which is supported by epidemiological studies on the joint effect of childhood adversity and
adulthood stressful life events57,64-68. Furthermore, accumulating studies find a dose-response
relationship between exposure and psychopathological outcome: the more severe the
exposure, the more severe the outcome32,58. However, while it is known that environmental
factors are dependent on each other and correlate, knowledge is commonly based on
hypothesis driven one-exposure on one outcome studies. Thus, although each exposure only
presents a fraction of a dense network of non-genetic risk, studies on the exposome, akin the
polygenic approach, stay behind that of the PRS-based research. In cchhaapptteerr  88 machine
learning is applied to estimate a exposome score for schizophrenia, and in cchhaapptteerr  22 and  99 it
is applied in the general population. Furthermore, in cchhaapptteerr  1100 the independent and joint
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effect of exposomic and genomic liability for schizophrenia is tested across the psychosis
spectrum in patients with schizophrenia, unaffected siblings and healthy comparisons.

Thesis outline
The current thesis aims to investigate and understand the development of PSD from
subclinical to clinical psychosis phenotypes. More specifically, the first part of the thesis
focuses on mechanisms associated with the expression of multidimensional nonclinical
psychosis phenotypes. The second part of the thesis aims to close important gaps in the
literature and push the scientific frontiers to assess an individual’s entire exposomic and
genomic liability. Therefore, a collection of significant findings on GxE and the exposome
score for schizophrenia on pluripotent psychopathology in clinical and general population
samples is presented.

In the first part of the thesis, testing the different approaches to conceptualize psychosis
proneness in the general population, in  cchhaapptteerr  22,, the predictive ability of CHR and non-
psychotic disorders on clinical psychosis is prospectively tested in a general population
sample. Further, in cchhaapptteerr  33, the relationship between psychosis expression and
amalgamated multidimensional psychopathology is investigated. To introduce the reader to
the work in big data and several methodological tools to assess psychosis phenotypes in the
general population, cchhaapptteerr  44 outlines the work conducted in the TwinssCan project and
gives an overview of the important developments and studies on population level
multidimensional psychopathology. This is followed by cchhaapptteerr  55 aiming to test whether
subtle psychosis expression in the general population may be due to salient attribution and
an imbalance between bottom-up and top-down processing; and thereby follows the same
mechanisms as in clinical populations.

The second part of the thesis focuses on the independent and joint contribution of genetic
and environmental liability to PSD. CChhaapptteerr  66 tests whether polygenic liability for
schizophrenia, childhood adversity and momentary stressors influences daily-life emotion
dysregulation and psychosis proneness. CChhaapptteerr  77 presents systematic analyses of GxE in a
case-control sample with patients diagnosed with schizophrenia. In cchhaapptteerr  88, machine
learning is applied to estimate an exposome score for schizophrenia. Following this, in a
general population sample, cchhaapptteerr  99 tests whether underlying genomic and antecedent
exposomic liability for schizophrenia sensitizes individuals’ response to adulthood stressful
life events on mental and physical health. CChhaapptteerr  1100 presents a comprehensive analyses of
the interplay of exposomic and genomic liability across the psychosis spectrum in patients
with schizophrenia, unaffected siblings and healthy comparisons.

1
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Abstract
The validity and clinical utility of the concept of “clinical high risk” (CHR) for psychosis
have so far been investigated only in risk-enriched samples in clinical settings. In this
population-based prospective study, we aimed – for the first time – to assess the incidence
rate of clinical psychosis and estimate the population attributable fraction (PAF) of that
incidence for preceding psychosis risk states and DSM-IV diagnoses of non-psychotic mental
disorders (mood disorders, anxiety disorders, alcohol use disorders, and drug use disorders).
All analyses were adjusted for age, gender and education. The incidence rate of clinical
psychosis was 63.0 per 100,000 person-years. The mutually-adjusted Cox proportional
hazards model indicated that preceding diagnoses of mood disorders (hazard ratio,
HR=10.67, 95% CI: 3.12-36.49), psychosis high-risk state (HR=7.86, 95% CI: 2.76-22.42)
and drug use disorders (HR=5.33, 95% CI: 1.61-17.64) were associated with an increased
risk for clinical psychosis incidence. Of the clinical psychosis incidence in the population,
85.5% (95% CI: 64.6-94.1) was attributable to prior psychopathology, with mood disorders
(PAF = 66.2, 95% CI: 33.4-82.9), psychosis high-risk state (PAF = 36.9, 95% CI: 11.3-
55.1), and drug use disorders (PAF = 18.7, 95% CI: –0.9 to 34.6) as the most important
factors. Although the psychosis high-risk state displayed a high relative risk for clinical
psychosis outcome even after adjusting for other psychopathology, the PAF was
comparatively low, given the low prevalence of psychosis high-risk states in the population.
These findings provide empirical evidence for the "prevention paradox" of targeted CHR
early intervention. A comprehensive prevention strategy with a focus on broader
psychopathology may be more effective than the current psychosis-focused approach for
achieving population-based improvements in prevention of psychotic disorders.

KKeeyy  wwoorrddss:: Psychosis, ultra-high risk, clinical high risk, mood disorders, drug use disorders,
early intervention, prevention, at risk mental states
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Early intervention in psychosis has been an active area of investigation in the mental health
field over the past quarter century. Compelling evidence indicates that specialized early
intervention services for first-episode psychosis yield better short-term clinical outcomes in
all measurable domains compared to usual treatment1. In addition, it has been suggested that
shortening the duration of untreated psychosis leads to a better prognosis over the course of
the illness2. The field has thus moved forward with the idea of intervening even earlier by
detecting psychosis at the preclinical phase of "ultra-high risk" (UHR), also known as
"clinical high risk" (CHR).

Over the last decade, the validity and clinical utility of the CHR paradigm have been widely
investigated in help-seeking participants sampled in clinical settings (risk-enriched samples)3.
The CHR paradigm relies on the frequency and severity of positive psychotic symptoms to
identify the at-risk state and determine the risk of transition to psychosis3.

Early studies reported up to 40% transition rates in CHR samples, but these rates consistently
decreased as data accumulated over time, with recent meta-analytical estimates showing less
than half of the initially reported rates: 15% over a mean period of 38 months4, or 4.7% per
year. This sizeable reduction in the transition rates may be due to a dilution effect, which is
the by-product of the increased awareness of subtle psychotic states and broader outreach of
early intervention services, leading to an increase in self-referrals, and thereby inflating false
positives in more recent CHR samples.

Following our critical perspective papers on the CHR concept3,5, an intense debate has
started, splitting the field into proponents6-8, opponents9-12, and those with ambivalent
attitudes toward the CHR concept13-16.

In parallel with the growing interest in understanding early stages of psychopathology for
early detection and intervention in clinical settings, the psychosis phenotype has been widely
studied in general population datasets.

These population-based epidemiological studies have revealed two important findings. First,
subtle positive psychotic experiences (PEs) are not as rare as once assumed, with prevalence
rates varying between 5 and 8%17. Second, PEs are temporally associated with help-seeking18,
suicidal behavior19,20, poor functioning21,22, decline in cognitive capacity23, affective
dysregulation, and a multitude of mental disorders, including but not limited to psychosis
spectrum disorder24-26. In that sense, PEs in the general population appear to be clinically
valuable as a severity marker, but they do not imply diagnostic specificity.

2
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With the exception of the cross-sectional Bern Epidemiological At-Risk (BEAR) study, these
two lines of research – clinical and population-based – have yet to be crossed. Particularly
relevant is the issue of help-seeking behavior of individuals, which is included in the CHR
concept but not in the population studies of PEs. The BEAR study demonstrated that the
CHR is not a frequent but a clinically relevant state, which is associated with increased odds
for present mental disorder diagnosis and impaired functioning27. Further, the CHR entity
shares the same etiological factors with PEs in community studies and psychotic disorders in
the clinical samples, providing support for the notion of etiological continuity across the
psychosis spectrum.

Although the findings from the cross-sectional BEAR study may provide some insight into
the characteristics of the CHR state in an epidemiologically representative sample, the core
issue of progression of psychosis in the framework of the CHR-transition paradigm has not
been longitudinally tested to date in an unbiased general population cohort.

In this study, we aimed to explore the notions of “risk” and “transition” in the general
population, for the first time, by estimating the population attributable fraction (PAF) of
clinical psychosis incidence (the proportion of clinical psychosis outcome that would have
been avoided, had the risk factors been eliminated) for the preceding psychosis risk states and
DSM-IV diagnoses of non-psychotic mental disorders.

Methods
Study cohort

The Netherlands Mental Health Survey and Incidence Study-2 (NEMESIS-2) was designed
to investigate the prevalence, incidence, course and consequences of mental disorders in the
Dutch general population. The study was approved by the Medical Ethics Review
Committee for Institutions on Mental Health Care, and written informed consent was
collected from participants at each wave28,29. A multistage random sampling procedure was
applied to ensure sample representativeness in regard to age (between 18 and 65 years),
region, as well as population density. Participants were excluded if they were not proficient
in Dutch.

The NEMESIS-2 cohort includes four waves. The baseline data (T0) were assessed from
2007 to 2009, and were followed up at year 3 (T1), year 6 (T2) and year 9 (T3). The first
wave (T0) enrolled 6,646 participants (response rate 65.1%; average interview duration: 95
min).  Response rates at T1, T2 and T3 were 80.4% (N=5,303; interview duration: 84 min),
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87.8% (N=4,618; interview duration: 83 min), and 86.8% (N=4,007; interview duration:
102 min), respectively30.

Non-clinician, trained interviewers applied the Composite International Diagnostic
Interview (CIDI) version 3.031,32 and additional questionnaires during home visits. Rates at
baseline reflect lifetime occurrence; rates at T1, T2 and T3 reflect 3-year interval occurrence.
Attrition between T0 and T3 was not significantly associated with any of the individual 12-
month mental disorders at T0 after controlling for socio-demographic characteristics33.

Psychosis risk strata

In accordance with the clinical high-risk framework3 and previous analyses conducted in the
NEMESIS-2 cohort34,35, psychosis risk strata were defined based on the degree of positive
psychotic symptomatology, help-seeking attempt, antipsychotic treatment, and service use
and admission for psychotic symptomatology.

At each time point, positive psychotic symptoms were assessed using a 20-item binary-
response questionnaire that is based on CIDI 1.1 and specifically developed for evaluating
psychotic symptoms36,37, since previous studies have demonstrated that earlier CIDI versions
were not adequately capturing positive psychotic symptomatology. Positive reports (positive
response to at least one item) were reassessed and validated over a clinical telephone interview
conducted by trained graduate psychologists and discussed with a clinical experienced
psychiatrist38, and participants were asked whether they had sought help for these symptoms.
At each time point, antipsychotic prescription, service use and admission were explored using
an adaptation of the self‐constructed NEMESIS‐1 questionnaire39.

Psychosis risk strata consisted of the following non-overlapping categories: reference group
(no psychosis expression), low-risk (endorsement of a single positive psychotic item that did
not require help-seeking or treatment), moderate-risk (endorsement of multiple positive
psychotic items that did not require help-seeking or treatment), high-risk (endorsement of at
least one positive psychotic item that required help-seeking but not antipsychotic treatment
or admission), and clinical psychosis (endorsement of at least one positive psychotic item that
required help-seeking and antipsychotic treatment or admission to a health care service). The
primary outcome of the study was the category of clinical psychosis. The low-risk, moderate-
risk, and high-risk strata served as risk states.

2
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Preceding diagnosis of DSM-IV mental disorders

The CIDI 3.031 was used to assess the following four domains of DSM-IV mental disorders
at each follow-up visit (diagnosis over the last 3-year period, such that T1 assessment covers
the period between T0 and T1; T2 assessment covers the period from T1 to T2, and so on):
mood disorders (major depressive disorder, bipolar disorder, dysthymia); anxiety disorders
(social phobia, specific phobia, panic disorder, generalized anxiety disorder, agoraphobia
without panic disorder); alcohol use disorders (alcohol abuse and dependence); and drug use
disorders (drug abuse and dependence).

Statistical analyses

Analyses were conducted using Stata version 16.0. Participants diagnosed with psychotic
disorders (N=43, 0.7%) or bipolar disorder I (N=73, 1.1%) at baseline were excluded from
the analysis. A priori defined psychosis risk strata were validated by using cumulative
measures of environmental and genetic liability to schizophrenia.

Adopting our previously validated estimates for constructing cumulative environmental load
in a Dutch cohort (GROUP)40, we generated the exposome score for schizophrenia (ES-
SCZ) by summing log odds weighted environmental exposures, including cannabis use,
hearing impairment, winter birth, and five childhood adversity domains (sexual, physical and
psychological abuse, emotional neglect and bullying). Analyses were carried out using the
dichotomous environmental risk state: the highest quartile, ES-SCZ >75%, was considered
the binary environmental vulnerability for schizophrenia, guided by the definition in our
previous study (hereafter: ES-SCZ75)41.

The validation of the psychosis risk strata using polygenic risk score for schizophrenia (PRS-
SCZ) was performed in the genotyped sample (N=3,104). Analyses were carried out using
the molecular genetic risk state, guided by the definition in our previous study41: the highest
quartile of PRS-SCZ >75% was considered the binary genetic liability for schizophrenia
(hereafter: PRS-SCZ75).

Multinomial logistic regression models using the MLOGIT command were performed to
analyze the association of psychosis risk strata (“no-risk” group as the reference) with ES-
SCZ75 and PRS-SCZ75, respectively. Consistent with our previous work in NEMESIS-2, the
validation analysis of the strata included observations from all assessment points, that were
analyzed multi-cross-sectionally in the “long format” (each participant contributing four
observations: T0, T1, T2 and T3). To correct for the clustering of multiple observations

147488 Pries BNW.indd   22147488 Pries BNW.indd   22 05-11-2020   09:5405-11-2020   09:54



23

within participants, the CLUSTER option was used to estimate cluster-robust standard errors
(SEs).

The relative risk ratios (RRRs) at each psychosis risk stratum for ES-SCZ75 and PRS-SCZ75

were compared using the Wald test. All analyses were adjusted for gender, age (continuous),
and four-level education (1- primary school, 2- lower secondary education, 3- higher
secondary education, 4- higher professional education). Analyses of PRS-SCZ75 were
additionally corrected for population stratification adjusted using the first three principal
components.

The crude incidence rates with 95% CIs of each psychosis risk stratum per 100,000 person-
years were estimated in participants with at least one follow-up interview. Two-sided exact
significance tests were applied to compare incidence rates over and below 35 years of age at
the study entry.

The Cox proportional hazards models, with the time-on-study as the time scale over the
whole study period from T0 to T3, were used to estimate the adjusted (age, gender and
education) and multivariable adjusted hazard ratios (HRs) and 95% CIs for the associations
of clinical psychosis outcome with the time-varying factors of preceding psychosis risk states
and diagnoses of anxiety, mood, alcohol use, and drug use disorders, respectively.

Efron’s method was used for handling ties42. To take into account clustering of multiple
observations within participants, a robust Hubert/White sandwich estimator was applied43.
The proportional-hazards assumptions were confirmed using the Schoenfeld residuals and
−ln(−ln[survival]) plots, also adjusted for covariates44. Potential bias due to unmeasured
confounders was assessed using the E-value, which is the minimum strength of association
that an unmeasured confounder must have with both the exposure and the outcome to negate
the observed association45.

By using the PUNAFCC command46 with the UNCONDITIONAL option that accounts
for the sampling variability of the covariates, the attributable fraction and the PAF with 95%
CIs for each risk factor were estimated. Under the assumption that the different risk groups
are causally associated with the clinical psychosis outcome, the PAF shows the proportion of
clinical psychosis disease burden that might be prevented if the risk were eliminated47. The
nominal significance threshold was set two-sided at p=0.05.

2
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Results
Table 1 shows the demographic
features and the frequency of
preceding psychosis risk states and
DSM-IV diagnoses of non-psychotic
mental disorders (as assessed at T0) in
participants with at least one follow-
up interview (N=5,303).

Table 2 reports the validation of the
psychosis risk strata by using the ES-
SCZ75 and PRS-SCZ75. In
comparison to the reference group,
ES-SCZ75 and PRS-SCZ75 showed a
progressively greater magnitude of
association with increasing psychosis
risk strata, with RRRs ranging
between 1.44 and 3.49 for the ES-SCZ75, and between 0.85 and 3.63 for the PRS-SCZ75.

Table 2 Validation of the psychosis risk strata
Reference group

(“no-risk”)
Low-risk Moderate-risk High-risk

RRR 95% CI p
Wald
χ2

p
Wald
χ2

p
Wald
χ2

p

ES-SCZ75
a

Low-risk 1.44 1.22-1.69 <0.001 - -
Moderate-risk 2.06 1.63-2.61 <0.001 7.40 0.007 - -
High-risk 2.72 2.17-3.41 <0.001 23.15 <0.001 3.26 0.071 - -
Clinical psychosis 3.49 1.80-6.79 <0.001 6.52 0.011 2.17 0.141 0.53 0.469
PRS-SCZ75

a,b

Low-risk 0.85 0.66-1.10 0.217 - - - - - -
Moderate-risk 1.25 0.88-1.79 0.215 3.77 0.052 - - - -
High-risk 1.55 1.11-2.16 0.010 9.07 0.003 0.87 0.350 - -
Clinical psychosis 3.63 1.23-10.71 0.020 6.62 0.010 3.43 0.064 2.33 0.127

RRR – relative risk ratio, ES-SCZ75 – exposome score for schizophrenia (75% cut-point), PRS-SCZ75 – polygenic risk score for
schizophrenia (75% cut-point)
aadjusted for age, gender and education; badjusted for three principal components

The ES-SCZ75 was significantly associated with the low-risk, moderate-risk, high-risk, and
clinical psychosis strata. The PRS-SCZ75 was significantly associated with the high-risk and
clinical psychosis strata, which were therefore validated. Additional post-hoc group
comparisons of the ES-SCZ75 across strata showed significant differences in low-risk vs.

Table 1 Sample characteristics (N=5,303 participants
with at least one follow-up interview)

Age at T1 (years, mean±SD) 47.7±12.4
Gender (% female) 55.1
Education at T1 (%)
   Primary school 4.3
   Lower secondary 25.9
   Higher secondary 32.6
   Higher professional 37.2
Preceding psychopathology (%, as assessed at
T0)

   Psychosis low-risk state 7.1
   Psychosis moderate-risk state 4.2
   Psychosis high-risk state 3.7
   Mood disorders 7.2
   Anxiety disorders 7.2
   Drug use disorders 0.9
   Alcohol use disorders 3.5
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moderate-risk, low-risk vs. high-risk, and low-risk vs. clinical psychosis; while analysis of the
PRS-SCZ75 across strata showed significant differences in low-risk vs. high-risk, and low-risk
vs. clinical psychosis.

The incidence rate of clinical psychosis was 63.0 per 100,000 person-years (95% CI: 42.9-
92.6), with comparable rates for individuals under 35 years (50.1 per 100,000 person-years,
95% CI: 20.9-120.5) and 35 years of age and above (67.1 per 100,000 person-years, 95%
CI: 43.8-103.0; incidence rate ratio = 1.34, 95% CI: 0.49-4.55, p=0.58).

Figures 1 and 2 show the HRs for psychosis risk categories and diagnoses of non-psychotic
mental disorders. Preceding diagnoses of mood, drug use, and anxiety disorders, along with
psychosis high-risk state, showed an increased risk for clinical psychosis incidence in the age,
gender and education-adjusted model. In the multivariable adjusted model, preceding
diagnoses of mood (HR = 10.67, 95% CI: 3.12-36.49), psychosis high-risk state (HR = 7.86,
95% CI: 2.76-22.42) and drug use disorders (HR = 5.33, 95% CI: 1.61-17.64) were
associated with an increased risk for clinical psychosis incidence.

Figure 1 Hazard ratios (95% CI) for clinical psychosis incidence in the age, gender and education-
adjusted model

Figure 2 Hazard ratios (95% CI) for clinical psychosis incidence in the multivariable adjusted model

2
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The E-values for the association of incident clinical psychosis with preceding diagnoses and
risk states were 20.8 for mood disorders, 15.2 for psychosis high-risk state, 10.1 for drug use
disorders, 5.1 for psychosis low-risk state, 4.3 for anxiety disorders, 3.4 for alcohol use
disorders, and 2.4 for psychosis moderate-risk state.

Figures 3 and 4 show the PAFs for psychosis risk categories and diagnoses of non-psychotic
mental disorders. The estimation of the PAFs in the multivariable adjusted model indicated
that 85.5% (95% CI: 64.6-94.1) of the clinical psychosis incidence could have been avoided
if all psychosis risk states and non-psychotic mental disorders had been prevented. The most
important factors were mood disorders (PAF = 66.2, 95% CI: 33.4-82.9), psychosis high-
risk state (PAF = 36.9, 95% CI: 11.3-55.1), and drug use disorders (PAF = 18.7, 95% CI: –
0.9 to 34.6).

Figure 3 Population attributable fractions (95% CI) for clinical psychosis incidence in the age, gender
and education-adjusted model

Figure 4 Population attributable fractions (95% CI) for clinical psychosis incidence in the
multivariable adjusted model
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Further, we estimated the PAF for the subpopulation of the psychosis high-risk state. This
restricted analysis revealed that 87.3% (95% CI: 63.7-95.5) of the clinical psychosis
incidence could have been avoided if the psychosis high-risk state had been prevented when
other psychopathology remained the same; while the combined PAF for non-psychotic DSM
diagnoses was 71.8% (95% CI: 33.6-88.0) when all other factors remained as observed.

Discussion
The main findings of this first population-based study of longitudinal risk for clinical
psychosis as a function of the preceding psychosis risk states and DSM-IV diagnoses of non-
psychotic mental disorders were as follows: a) prior psychopathology accounted for a total of
85.5% of the incidence of clinical psychosis outcome in the multivariable analysis, with mood
disorders, psychosis high-risk state, and drug use disorders independently contributing to
clinical psychosis risk; b) the significant reduction of mutually-adjusted HRs in the
multivariable model put the importance of comorbidity in perspective. These findings have
important public health implications for early intervention strategies.

The PAFs for each psychopathology measure estimated in the final model were considerably
lower than those estimated in the individual models, which were adjusted only for age, gender
and education. The substantial differences in estimates between models demonstrate the
importance of accounting for comorbidity beyond isolated measures of psychosis risk to yield
more accurate PAF estimates for mental disorders.

We observed relatively large PAFs, except those for psychosis low-risk state, psychosis
moderate-risk state, and alcohol use disorders, which were negligible. Preceding diagnosis of
mood disorders was strongly associated with clinical psychosis outcome, and by far had the
largest PAF, followed by psychosis high-risk state, anxiety disorders, and drug use disorders.
In addition to the marked reduction of PAF estimates in the final model, PAF for anxiety
disorders, although still noteworthy, was not statistically significant anymore.

From a public health perspective, a 10-fold increase in risk for clinical psychosis incidence
attributable to mood disorders highlights the importance of addressing the prevention of
these disorders to reduce the burden of psychosis in the general population.

Given the fact that non-psychotic disorders are highly prevalent among individuals with
CHR and likely to influence the longitudinal outcomes48-50, we estimated the risk attributable
to these disorders in the subpopulation of participants with psychosis high-risk state. The
joint PAF for all non-psychotic mental disorders was noteworthy but still lower than the

2
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individual PAF for psychosis high-risk state when everything else remained the same in this
subpopulation.

Even though the psychosis high-risk state group displayed a high relative risk for clinical
psychosis outcome even after adjusting for other psychopathology, the PAF was
comparatively low. In contrast, anxiety disorders had a high PAF with respect to HR. This
discrepancy between PAF and HR can be understood by examining the estimation method
of PAF, which accounts for the prevalence of the risk factor in the population in addition to
the strength of the association between outcome and risk factor.

In this regard, addressing the psychosis high-risk state in a sample enriched for clinical
psychosis risk may appear to be an effective strategy at first glance. However, an early
intervention strategy targeting high-risk state only will have minimal impact on reducing the
population burden of psychotic disorders, because of the low prevalence of that state in the
general population27. Further, efforts to case-finding will require major resources, given the
rarity of psychosis high-risk state in the population. These findings provide empirical
evidence for the "prevention paradox" and echo our concerns over the effectiveness and the
economic feasibility of targeted CHR early intervention programs at the population level3,5.

In this first study investigating the PAFs of psychopathology categories for clinical psychosis
in the general population, we used multivariable modeling to yield more accurate estimates51.
The large and representative population cohort collected at four time-points over 9 years was
a major strength. The clinical psychosis outcome incidence and the point prevalence of
psychosis high-risk state were comparable to the population estimates in the literature27,52,
thereby providing further support for the validity of our psychosis risk stratification approach
in this population, that was guided by our previous work and verified using cumulative
measures of environmental and genetic liability to schizophrenia. Nevertheless, future studies
could benefit from a detailed clinical assessment and multi-source data including electronic
health records to minimize measurement bias. Finally, the high E-values (20.8 for mood
disorders, 15.2 for psychosis high-risk state, 10.1 for drug use disorders) show that
unmeasured confounding is unlikely to influence the current significant findings.
Notwithstanding, strong causal inferences should be avoided, considering the observational
nature of the study.

Our results provide initial empirical evidence that a comprehensive prevention strategy with
a focus on broader measures of psychopathology may be more effective than the current
psychosis-focused approach in achieving population-based improvements for prevention of
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psychotic disorders. Guided by a public health approach, a fully-integrated universal mental
health care system that ensures low-threshold entry and rapid access may serve as a more
efficient strategy for improving population-based estimates of mental health including
psychosis prevention, and may counter the trend of balkanizing mental health care to smaller
and competing units53. 2
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Abstract:
BBaacckkggrroouunndd:: The observed link between positive psychotic experiences (PE) and psychosis
spectrum disorder (PSD) may be stronger depending on concomitant presence of PE with
other dimensions of psychopathology. We examined whether the effect of common risk
factors for PSD on PE is additive and whether the impact of risk factors on the occurrence
of PE depends on the co-occurrence of other symptom dimensions (affective dysregulation,
negative symptoms, and cognitive alteration).
MMeetthhoodd:: Data from the Netherlands Mental Health Survey and Incidence Study-2 were
used. Risk factors included childhood adversity, cannabis use, urbanicity, foreign born,
hearing impairment, and family history of affective disorders. Logistic regression models were
applied to test (1) the additive effect of risk factors (4 levels) on PE and (2) the moderating
effects of symptom dimensions on the association between risk factors (present/absent) and
PE, using additive interaction, expressed as the interaction contrast ratio.
RReessuullttss:: Risk factors were additive: the greater the number of risk factors, the greater the
odds of PE. Furthermore, concomitant presence of the other symptom dimensions all
increased the impact of risk factors on PE. After controlling for age, sex and education, only
affective dysregulation and negative symptoms remained significant moderators; only
affective dysregulation remained a significant moderator if all dimensions were adjusted for
each other.
CCoonncclluussiioonnss:: Risk factors may not be directly associated with PE but additively give rise to
a multidimensional subthreshold state anticipating the multidimensional clinical syndrome.
Early motivational and cognitive impairments in the context of PE may be reducible to
affective dysregulation.

KKeeyy  wwoorrddss: risk factors, symptom dimensions, psychotic experiences
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Introduction
The attenuated form of positive psychosis expression, commonly referred to as psychotic
experiences (PE), is prevalent in the general population, with rates between 5% and 8%1,2. It
frequently co-occurs with affective dysregulation3,4, and predicts both PSD5-7 and mental
disorders at large, including mood and anxiety disorders4,8. The WHO World Mental Health
Surveys demonstrated a bidirectional temporal relation between PE and most mental
disorders—the preceding condition increasing the risk of the other over time9. Similarly,
increased levels of psychosis admixture in nonpsychotic disorders have been observed to
impact illness severity10, comorbidity3, poor outcome11, functional impairment12,13, and
suicidality14,15. Furthermore, in a recent study on the distribution of ultra-high risk criteria
in the general population, however without applying the help-seeking criterion, the presence
of nonpsychotic mental disorders and functional deficits was more likely when attenuated
psychotic symptoms co-occurred with cognitive deficits (i.e. cognitive–perceptive basic
symptoms and cognitive disturbances)16.

The initial manifestation of a mental condition typically represents a mixture of signs and
symptoms accompanied by impairment in various emotional and neurocognitive processes
that may include aberrant salience, motivational alterations, affective dysregulation and
anxiety states17. The degree of impairment in these dynamically interacting processes,
mediated by underlying biological vulnerabilities, predict the degree of progression from a
subtle mental state (subthreshold PE) toward clinical disorder (schizophrenia)17. Taken
together, these findings suggest that various symptom dimensions and underlying
neurocognitive processes co-occur in both clinical and general populations, and interact with
each other between traditional diagnostic categories (e.g., depressed mood interact with
delusions of reference)11,18 and within traditional diagnostic categories (e.g., auditory
hallucinations interact with paranoid ideation)19,20.

There is evidence that affective dysregulation and psychosis expression co-occur and share a
considerable amount of pathoetiological background21. The Bipolar-Schizophrenia Network
on Intermediate Phenotypes study yielded neurobiological commonalities cutting across the
classical Kraepelinian dichotomy22,23, while genome-wide association studies consistently
showed significant overlap between affective disorders and PSD24. In agreement with
molecular genetic data, we demonstrated that polygenic risk score (PRS) for schizophrenia
in healthy participants and nonill relatives of patients with PSD was expressed not only as
positive schizotypy but also in the domains of affective regulation, neurocognition, and
attribution of salience25. Furthermore, PRS for schizophrenia was associated with lifetime
mood episodes (both depressive and manic) in relatives and healthy controls25. Confirming

3

147488 Pries BNW.indd   37147488 Pries BNW.indd   37 05-11-2020   09:5505-11-2020   09:55



38

the shared vulnerability theory, environmental exposure (like cannabis use, childhood
adversity, urbanicity, and hearing impairment) likewise is associated with psychosis and with
affective and stress-related phenotypes26-29.

It is therefore reasonable to hypothesize that environmental exposure, along with genetic
vulnerability, may synergistically alter the degree of blending of affective dysregulation and
psychosis expression, thus triggering progression toward a more serious clinical condition.
Converging evidence indicates that the degree of psychotic admixture in affective disorders
is contingent on the level of environmental exposure that is linked to PSD, such as cannabis
use30 and childhood trauma31,32. Previously, our group demonstrated that both childhood
adversity and cannabis exposure additively increased the likelihood of admixture of psychosis
expression in affective disorders in a dose-response fashion33, and that the level of connectivity
between different psychopathological dimensions increased as a function of the
environmental risk load34.

In line with our multidimensional approach to explore the impact of various risk factors on
psychopathology in the general population, this study aimed to investigate to what degree
the association between common risk factors for PSD (childhood adversity, cannabis use,
urbanicity, foreign born, hearing impairment and family history of affective disorders) and
PE is contingent on other components of the multidimensional psychosis spectrum (affective
dysregulation, negative symptoms, and cognitive alteration) in the general population. The
study also aimed to clarify to what degree risk factors are additive (linearly increasing) or
redundant (not adding to each other).

Method
Study population

Data were obtained from the Netherlands Mental Health Survey and Incidence Study-2
(NEMESIS-2) designed to investigate the prevalence, incidence, course, and consequences
of mental disorders in the Dutch general population. The baseline data of NEMESIS-2 were
collected from 2007 to 2009. The study was approved by the Medical Ethics Review
Committee for Institutions on Mental Health Care and written informed consent was
collected from participants. To ensure representativeness of the sample in terms of age
(between the ages of 18–65 at baseline), region, and population density, a multistage random
sampling procedure was applied35. Dutch literacy was an inclusion criterion. Nonclinician,
trained interviewers applied the Composite International Diagnostic Interview (CIDI)
version 3.0 and additional questionnaires during home visits. Details of NEMESIS-2 were
provided elsewhere35,36. The first wave (T0) enrolled 6,646 participants (response rate 65.1%;
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average duration: 95 minutes), who were followed up in 2 visits within 6 years: successive
response rates at year 3 (T1) and at year 6 (T2) were 80.4% (n = 5,303; excluding those who
deceased; duration: 84 minutes) and 87.8% (n = 4,618; duration: 83 minutes), respectively.
Data from all waves were utilized. Rates at baseline reflect lifetime occurrence; rates at T1
and T2 reflect interval (baseline-T1 and T1-T2) occurrence. Attrition between T0 and T137

and between T1 and T238 was not significantly associated with any of the 12-month mental
disorders at T0 controlled for sociodemographics, except for alcohol and drug dependence
at T1 which were significantly related with attrition at T238.

Dimensions of psychopathology

PPssyycchhoottiicc  eexxppeerriieenncceess
To assess PE, a questionnaire constructed based on CIDI 1.1 was used. Participants were
asked at baseline (T0; life time symptoms) and at follow-ups (T1 and T2; 3-year symptoms)
whether they had experienced any of a list of 20 positive psychotic symptoms (with a binary
response: 0=“no” and 1=“yes”; items are listed in supplementary table S1)32,39. For the
purpose of this analysis, a dichotomous PE variable was defined as positive if any of the
positive symptom items were rated positively.
AAffffeeccttiivvee  ddyyssrreegguullaattiioonn
The CIDI 3.0 was used to assess depressive, manic, and anxiety symptoms. Affective
dysregulation was considered present when participants endorsed at least one of the CIDI
3.0 core symptoms of Depressive Episode, Panic Disorder, Social Phobia, Generalized
Anxiety Disorder, and Manic Episode. Affective dysregulation was assessed at each time-
point (T0, T1 and T2).
NNeeggaattiivvee  ssyymmppttoommss
The negative symptom dimension was constructed using 4 items based on interviewer
observation: poor personal hygiene and inadequate independent living skills (i.e., neatness
and cleanness of the participant’s residence; were assessed at T1 and T2); lack of emotional
expression and poverty of speech (were assessed at T2). Presence of negative symptoms was
defined as a rating of “present” on any of these items, which were dichotomized as present =
“0” and absent = “1”. Presence of negative symptoms at T1 and/or T2 was used as a person-
level indicator of “trait” negative symptom at T0.
CCooggnniittiivvee  aalltteerraattiioonn
The forward and backward digit span tasks from the Wechsler Adult Intelligence Scale—
III40 was used to assess short-term attention and working memory performance, respectively,
at T1. A binary cognitive alteration variable was constructed using a cut-off point to define
the group of participants with the lowest 20% raw scores of combined forward and backward
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tasks of digit span. Presence of cognitive alteration at T1 was used as a person-level trait
indicator of cognitive alteration at T0 and T2.

Risk factors
FFaammiillyy  hhiissttoorryy  ooff  aaffffeeccttiivvee  ddiissoorrddeerrss
Family history includes depressive, manic and anxiety items (panic disorder, specific phobia,
social phobia, agoraphobia, generalized anxiety disorder) as well as items on drugs and alcohol
use. Assessment of family history was limited to the participants who screened positive for
affective disorders: depression, mania, and anxiety disorders (panic disorder, specific phobia,
and generalized anxiety disorder).
CChhiillddhhoooodd  aaddvveerrssiittyy
Childhood adversity (CA) was assessed at baseline (T0) across 5 domains (emotional neglect,
peer victimization, physical abuse, psychological abuse, and sexual abuse; before age 16) using
a questionnaire based on the NEMESIS-1 trauma questionnaire35. Subjects were asked
whether they experienced emotional neglect, psychological abuse, peer victimization or
physical abuse on ≥2 occasions, or sexual abuse on ≥1 occasion. A person-level continuous
CA variable was constructed using the sum score of the 5 domains. In accordance with
previous research41, CA was dichotomized at the 80th percentile.
CCaannnnaabbiiss  eexxppoossuurree
Cannabis use was assessed with the section Illegal Substance Use of the CIDI 3.0 at baseline
(T0; lifetime) and at follow-ups (T1 and T2; 3-year). If subjects reported cannabis use, they
were rated on frequency of use in the period of most frequent use on a scale of 1 (never) to 7
(every day). Consistent with previous work42, a binary variable was constructed by using the
cut-off value of once per week or more in the period most frequent use.
UUrrbbaann  eennvviirroonnmmeenntt
Exposure to an urban environment until age 16 years was assessed at baseline (T0) and
analyzed as a person-level variable across the 3 waves at 5 levels: 1) countryside (distances to
amenities is bigger), 2) village (<25,000 inhabitants), 3) small city (25,000-50,000
inhabitants), 4) medium city (50,000-100,000 inhabitants), 5) large city (>100,000
inhabitants). Conforming to previous work using the NEMESIS-I dataset34, the cut-off of
more than 50.000 inhabitants was used to define the binary variable of urban area.
FFoorreeiiggnn  bboorrnn
Country of birth was assessed at baseline (T0) and analyzed as a person-level variable across
the 3 waves. It was used as a proxy for minority status (born in the Netherlands = “0” and
born in other countries = “1”).
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HHeeaarriinngg  iimmppaaiirrmmeenntt
Hearing impairment was assessed at each time-point (T0, T1 and T3), based on self-reported
hearing impairment in the last 12 months (absent = “0” and present = “1”).

Statistical Analysis
Analyses were performed using Stata 14.243. Consistent with previous work33, data from all
waves were analyzed cross-sectionally in the “long format” (each participant contributing 3
observations: T0, T1, and T2). This analytical strategy serves the purposes of increasing
overall reliability and achieving consistency across a limited number of variables of interest
that in some cases were assessed differently at different time points. Using the CLUSTER
option, all analyses were corrected for clustering of multiple observations within subjects, and
cluster-robust standard errors were computed. To evaluate the effect of the risk-loading on
PE, logistic regression analysis, using the LOGISTIC command, was modelled with PE as
dependent variable and the 4-level risk score (no = 0, low = 1, medium = 2, and high > 2 risk
factors) as independent variable. The model was adjusted for sex, age, and education (1 =
primary school, 2 = lower secondary education, 3 = higher secondary education, 4 = higher
professional education). The LINCOM command was applied to test OR differences
between groups with low and medium, medium and high, and low and high risk.

Logistic regression models were used to analyze whether the association between the presence
of any risk factors (absent = 0; presence of one or more risk factors = 1) and PE was dependent
on symptom dimensions (affective dysregulation, negative symptoms, and cognitive
alteration). The interaction contrast ratio (ICR) method was applied to explore the
interaction between risk factors and symptom dimensions in the model of PE. To test
additive interaction, 4 exposure states were produced by the combination of each dimension
and risk. In logistic models, the combinations served as the independent variables (3 dummy
variables with nonexposed state as the reference category) and PE served as dependent
variable. Using the ORs from these models, ICRs for each model were calculated using the
NLCOM command in Stata: e.g., ICR = OR (risk) + OR (affective dysregulation) - OR
(risk) - OR (affective dysregulation) + 1. These models were further adjusted for age
(continuous), sex, and education level (4 level). In the final adjusted models,
psychopathology dimensions were additionally controlled for each other.

Results
The total sample for the analyses included 16,567 observations from subjects who
participated at the 3 time-points (T0, n = 6,646; T1, n = 5,303; T2, n = 4,618). The
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baseline demographics of the NEMESIS-2 sample have been described previously32 and an
overview of the 3 time-points is presented in Table 1. Supplementary table S1 reports the
frequencies of individual PE items at each time-point.

Table 1. Summary of descriptive data
Baseline

n = 6,646
3-year follow-up

n = 5,303
6-year follow-up

n = 4,618
Sex, female 3,672 (55.3) 2,922 (55.1) 2,558 (55.4)
Mean age, years (SD) 44.3 (12.5) 47.6 (12.4) 50.9 (12.3)
Education
  Primary education 332 (5) 226 (4.3) 186 (4)
  Lower secondary education 1,826 (27.5) 1,388 (26.2) 1,193 (25.8)
  Higher secondary education 2,145 (32.3) 1,728 (32.6) 1,479 (32)
  Higher professional education, university degree 2,343 (35.3) 1,961 (37) 1,760 (38.1)
Foreign born 920 (13.8) 650 (12.3) 529 (11.5)

Data are given as number (percentage) unless otherwise indicated.

Dose-response relationship between the risk-loading and PE

Analyzing environmental and familial risk load at 4 levels (no = 0, low = 1, medium = 2, and
high > 2 risk factors), irrespective of PSD dimensions, revealed a dose-response relationship
between risk and PE: With “no exposure” as the reference group, risk categories displayed
progressively higher odds ratios: OR = 1.84, 95% CI = 1.58–2.13, P < 0.001 for the low risk
group; OR = 3.11, 95% CI = 2.64–3.66, p < 0.001 for the medium risk group; OR = 5.78,
95% CI = 4.77–7, p < 0.001 for the high risk group. Furthermore, comparison with the
LINCOM command indicated significant differences between the groups with low and
medium risk (OR = 1.7, 95% CI = 1.47–1.94, P < 0.001), medium and high risk (OR =
1.86, 95% CI = 1.56–2.22, P < 0.001), and low and high risk (OR = 3.15 95% CI = 2.64–
3.74, P < 0.001). Figure 1 shows the frequencies of individual risk factors within risk strata
(no = 0, low = 1, medium = 2, and high > 2 risk factors) at baseline level. Figure 2 shows the
prevalence of PE across the risk strata, including data from participants with information
from all time-points.

Testing the moderating effects of affective dysregulation

The association between risk and PE was greater if there was also evidence for affective
dysregulation (Table 2). Figure 3a shows that the adjusted OR for those with affective
dysregulation and risk factors was 6.29, in comparison with ORs of 1.27 for those with risk
factors only, and 3.04 for those with affective dysregulation only, yielding an ICR of 2.98 (P
< 0.001). The additive effect of affective dysregulation remained significant after the other
dimensions of psychopathology (negative symptoms, cognitive alteration) were controlled
for, with an ICR of 2.74 (95% CI = 1.92–3.55, P < 0.001).

147488 Pries BNW.indd   42147488 Pries BNW.indd   42 05-11-2020   09:5505-11-2020   09:55



43

Figure 1. The frequencies of risk factors within risk factor strata at baseline assessment

Figure 1 shows the frequencies of individual risk factors in each risk stratum at baseline: No risk factor=0, low risk=1
risk factor, medium risk=2 risk factors, and high risk >2 risk factors. Data were given in percentages based on the
individual sample sizes of the low, medium, and high risk groups, respectively

Testing the moderating effects of negative symptoms

The association between risk and PE was greater if there was also evidence for negative
symptoms (Table 2). Figure 3b shows that the adjusted OR for those with negative symptoms
and risk factors was 5.35, in comparison with ORs of 2.45 for those with risk factors only,
and 1.69 for those with negative symptoms only, yielding an ICR of 2.20 (P = 0.004). After
controlling for the other dimensions of psychopathology (affective dysregulation, cognitive
alteration), there was no significant additive effect (ICR = -0.35, 95% CI = -1.09–0.39, P =
0.36).

Table 2. Additive effect of dimensional components on the association between risk factors and
psychosis expression

Unadjusted model Adjusted modela
Adjusted modela

(corrected for the other dimensions)
ICR 95% CI p ICR 95% CI p ICR 95% CI P

Affective
dysregulation

3.18 2.37; 3.98 <0.001 2.98 2.21; 3.75 <0.001 2.74 1.92; 3.55 <0.001

Negative
symptoms

2.68 1.13; 4.23 0.001 2.20 0.71; 3.69 0.004 -0.35 -1.09; 0.39 0.355

Cognitive
alteration

0.74 0.03; 1.45 0.042 0.55 -0.16; 1.26 0.128 -0.28 -0.71; 0.15 0.199

aAdjusted for age, sex, and education; controlled ICR, Interaction contrast ratio; CI, confidence interval.
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Testing the moderating
effects of cognitive
alteration

The association between risk factors
and PE was greater if there was also
evidence for cognitive alteration
(Table 2). However, the additive
effect was no longer significant in
either the adjusted model (Figure
3c) nor in the model controlled for
the other symptom dimensions
(negative symptoms, affective
dysregulation; ICR = -0.28, 95%
CI = -0.71–0.15, P = 0.20).

Discussion
We explored the possible existence of a risk-loading effect on PE and investigated whether 
the association between the risk for PSD and PE was contingent on multidimensional 
psychopathology (affective dysregulation, negative symptoms, and cognitive alteration). The 
findings were that: (1) risk factors additively increased the likelihood of PE in a dose-response 
fashion; (2) affective dysregulation, negative symptoms, and cognitive alteration additively 
increased the association between risk factors and PE; (3) the association of risk factors with 
affective dysregulation and negative symptoms remained significant in the model adjusted 
for age, sex, and education; (4) the association of risk factors with affective dysregulation 
remained significant in the final model, when all PSD dimensions were controlled for each 
other. 

Multidimensional psychopathology

There is growing evidence that psychosis expression represents a severity indicator for 
multidimensional psychopathology cutting across traditional diagnostic boundaries8,14,44, and 
that nonpsychotic symptoms, such as affective dysregulation12,45, negative symptoms13,46, and 
neurocognitive alteration13,46,47 precede the early stages of PSD and predict progression to 
more severe states. The current population-based study provides additional support for this
concept by showing that epidemiological risk factors for PSD are not exclusively associated 
with PE, but rather with the degree of amalgamated multidimensional psychopathology48-50. 

Figure 2 reports the percentage of people with at least one PE
within each risk stratum: No risk factors=0, low risk=1 risk
factor, medium risk=2 risk factors, and high risk >2 risk
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No exposure Low risk Medium risk High risk

Figure 2 The prevalence of psychotic experience
across risk strata
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Our findings are in agreement with the literature showing symptom dimensions interrelate
within19,20 and between11,18 different diagnoses, and that the severity of clinical outcomes of
diverse clinical representations may depend on the degree of interconnection between those
dimensions7,13,20,51. For instance, the presence of PE in anxiety or depression disorders was
shown to predict severity of clinical outcomes and treatment response7,52,53; and by
investigating fluctuations of momentary mental states (e.g., paranoia, positive, and negative
affect) in daily life, studies using the experience sampling methodology found that an
increased connectivity between momentary states was associated with symptom severity and
need for care54-56.

Consistent with previous research, current findings suggest that risk factors operate by
intensifying the multidimensional blending of affective and cognitive processes51,57-60, as well
as the negative symptom domain13,61 in the development of PSD. This finding fits well with
our previous findings showing that the risk-loading (childhood trauma, urbanicity, cannabis
use, and discrimination) amplifies connectivity between different symptom dimensions34.
Similarly, exposure to cannabis use and childhood trauma was found to increase associations
between hallucination and delusion in healthy and in genetically at risk populations18,19;
while another study reported that exposure to childhood trauma had a stronger correlation
with a combined symptom network rather than the individual symptoms32. Our finding that
only the effect of affective dysregulation remained significant after the adjustment for the
other dimensions is furthermore compatible with the theory of an “affective path to
psychosis”57,62.

The risk-loading in the context of liability threshold model

The results echo findings from previous research showing a dose-response relationship
between risk factors and PE33,63, emphasizing the effects of risk-loading for PSD. Recently,
researchers attempted to construct a “polyenviromic risk score” (PERS) for psychosis (the
sum of weighted scores of known environmental risk factors based on their association with
psychosis reported in meta-analyses). Despite several methodological issues, this proof-of-
concept study showed that higher PERS predicted greater risk of developing psychosis in
genetically at-risk individuals64. Additionally, recent studies of individualized risk calculators
for psychosis focusing on demographic, clinical, and some environmental predictors may
provide insight into estimating psychosis risk in clinical settings65,66.

3
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It is plausible to argue that the mechanisms underlying the development of PSD may be best
understood in the context of the liability-threshold model67 that posits the combination of
various genetic and environmental factors—with each factor adding to the risk load— adding
to the manifestation of a phenotypic outcome. The distribution of liability may not be
continuous, as the apparent phenomenological and temporal continuity of psychotic
experiences with PSD may in fact reflect an underlying discontinuous population
distribution consisting of vulnerable and nonvulnerable individuals68,69.

To further investigate environmental and genetic risk loading, future studies should focus on
constructing reproducible total scores of environmental exposures, along with a single metric
of aggregated molecular genetic variation (PRS), to disentangle the additive effects of gene-
environment interplay on the development and course of PSD.

Given the complexity of multi-dimensional psychopathology, the network approach to
symptoms (“symptomics”), a rapidly evolving analytical strategy, may also provide an
alternative platform to gain insight into the role of gene-environment interplay in the
development and progression of PSD, with initial findings showing (at least) some promise
but requiring replication70,71.

Limitations

The primary strength of this study was the multi-domain clinical phenotyping and the use
of a large and representative population cohort collected at 3 time-points over 6 years.
However, various methodological limitations should be considered when interpreting the
findings.

First, the cross-sectional analysis of the dataset merging data from each time-point in the
“long-format,” while decreasing threats to external validity, cannot be taken as absolutely
confirmatory of causality72. Ideally, a time series analysis of a birth cohort—followed up with
regular in-depth assessments at short-enough intervals to capture emerging psychopathology
stretching over the period at risk for emerging mental disorders—is required to yield essential
information to understand the impact of psychosis liability on the emotional, behavioral, and
cognitive components of PSD. With no such data available now or in the near future, our
practical strategy, despite its shortcomings, expands our knowledge-base, implying that the
association between psychosis risk and psychosis expression is moderated by existing
multidimensional psychopathology.

3
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Second, although the dataset includes a fine-grained assessment of positive PE and affective
symptomatology, there were only 4 proxy items appraising the negative symptom dimension.
A more thorough assessment, using a validated rating scale with focus on measuring the
negative symptom dimension as well as PE in the general population (such as the Structured
Interview for Schizotypy—Revised (SIS-R) and the Community Assessment of Psychic
Experiences (CAPE)) could have been beneficial in capturing the negative symptom
dimension across the full range.

Third, our approach to risk stratification through aggregating vulnerability factors assumes a
linear increase in the risk for psychosis as a function of the number of risk factors and weighs
each risk factors equally by overlooking any specific feature pertaining to individual risk
factors and their synergistic effects.

Although current findings are in line with those of previous studies in different population-
based datasets, replication is necessary. We aim for a reproducing the findings in the
European network of national schizophrenia networks studying gene-environment
interaction dataset, which includes heterogeneous, international, multi-ethnic samples of
patients, relatives and healthy controls73,74.

Conclusion

Consistent with previous findings, this study demonstrates that the association between
psychosis expression and risk-loading (environmental and familial) is contingent on the
dimensions of PSD, lending further support to the framework of an affective path to
psychosis. Also, as predicted by the liability-threshold model, in which vulnerability for a
phenotypic outcome can be modeled as a continuous metric of quantifiable risk, the
aggregated risk-loading increased the odds of psychosis expression in a dose-response fashion.

Overall, our recent findings, combined with strong evidence from unbiased population-based
cohorts, demonstrate the need for reconstructing the framework of psychosis by integrating
multidimensional measurement of psychopathology to advance our understanding of the
complex network of biopsychosocial mechanisms underlying the early progression of
psychopathology and to dissect diverse developmental paths to psychosis75.
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Supplementary table S1. The list of psychotic experiences
T0

(lifetime)
n (%)

T1
(Since T0)

n (%)

T2
(Since T1)

n (%)
1. people were spying on you 207 (3.13) 58 (1.09) 43 (0.93)
2. people were following you 126 (1.9) 18 (0.34) 15 (0.32)
3. you were secretly being tested on 38 (0.57) 13 (0.25) 9 (0.19)
4. someone was conspiring against you 61 (0.92) 12 (0.23) 14 (0.30)
5. a 'double' had taken the place of a loved one 2 (0.03) 1 (0.02) 0
6. someone was reading your mind 49 (0.74) 18 (0.34) 14 (0.3)
7. you could hear the thoughts of others 53 (0.8) 19 (0.36) 19 (0.41)
8. others could hear your thoughts 45 (0.68) 17 (0.32) 8 (0.17)
9. alien thoughts were placed in your head 39 (0.59) 16 (0.3) 4 (0.09)
10. someone took thoughts from your head 11 (0.17) 2 (0.04) 1 (0.02)
11. special messages were sent to you through media 25 (0.38) 9 (0.17) 0
12. you were influenced by strange energies 26 (0.39) 8 (0.15) 4 (0.09)
13. you were being controlled by an outer force 34 (0.52) 6 (0.11) 2 (0.04)
14. your thoughts were being influenced by machines 11 (0.17) 4 (0.08) 3 (0.06)
15. any other delusion reported by subject 156 (2.35) 56 (1.06) 32 (0.69)
16. you saw things that no one else could see 198 (2.98) 71 (1.34) 63 (1.36)
17. you could hear things that no one else could hear 119 (1.79) 44 (0.83) 32 (0.69)
18. your own thoughts were broadcasted 31 (0.47) 14 (0.26) 8 (0.17)
19. you smelled strange things, that others could not smell 103 (1.55) 56 (1.06) 36 (0.78)
20. you had strange sensations, like being touched when no one

was around
149 (2.24) 70 (1.32) 60 (1.3)

The mean number of psychotic experiences endorsed are 0.22(SD=0.91), 0.1(SD=0.57), and 0.08(SD=0.47) at T0, T1, and T2,
respectively. Of those participants who reported any psychotic experience, the majority of individuals endorse either one or two
psychotic experiences (74.59%, 78.29%, and 77.08 at T0, T1, and T2, respectively)
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Abstract:
Meta-analyses suggest that clinical psychopathology is preceded by dimensional behavioral
and cognitive phenotypes such as psychotic experiences, executive functioning, working
memory, and affective dysregulation that are determined by the interplay between genetic
and nongenetic factors contributing to the severity of psychopathology. The liability to
mental ill health can be psychometrically measured using experimental paradigms that assess
neurocognitive processes such as salience attribution, sensitivity to social defeat, and reward
sensitivity. Here, we describe the TwinssCan, a longitudinal general population twin cohort,
which comprises 1202 individuals (796 adolescent/young adult twins, 43 siblings, and 363
parents) at baseline. The TwinssCan is part of the European Network of National Networks
studying Gene-Environment Interactions in Schizophrenia project and recruited from the
East Flanders Prospective Twin Survey. The main objective of this project is to understand
psychopathology by evaluating the contribution of genetic and nongenetic factors on
subclinical expressions of dimensional phenotypes at a young age, before the onset of
disorder, and their association with neurocognitive processes, such as salience attribution,
sensitivity to social defeat, and reward sensitivity.

KKeeyywwoorrddss: Psychosis; depression; environment; general population; genetics; reward
sensitivity; salience attribution; social defeat; stress sensitivity; twins.
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The early and prodromal stages of psychopathology are marked with the expression of
intermediate phenotypes, including subtle, nonclinical psychotic experiences 1-3; cognitive
impairment 4-6; and affective dysregulation 7,8. In the general population, subclinical
phenotypes may display low levels of correlation, whereas increased multidimensional
psychopathology can be found at the level of psychiatric services 9-11. Psychotic experiences
are more severe in the presence of other dimensional phenotypes such as affective
dysregulation 12,13 and are linked to the severity of psychopathology 3,14,15. Furthermore,
studies show that the genetic and environmental vulnerabilities that are commonly associated
with major mental disorders are also nonspecifically associated with different intermediate
phenotypes 3,11,16-19. In addition, greater exposure to genetic and environmental risks drives
greater co-occurrence of phenotypes and increased severity of psychopathology 3,12. Based on
this, much attention has been given to study nonclinical multidimensional
psychopathology to understand the development of mental ill health.

Several neuropsychological processes have been proposed to index vulnerability and resilience
for mental disorders. For example, experiences of subtle alterations in salience attribution in
response to environmental information may result in paranoid ideation, hallucinatory
experiences and thought interference 20,21. Similarly, experiences of social defeat are highly
stressful for young people and increase the risk for psychopathology 22-24. Furthermore, stress
sensitivity and reward sensitivity, that is, negative affect and positive affect in response to
environmental inputs, are crucial mechanisms in both psychotic and nonpsychotic disorders
25-28. On the other hand, experiencing positive emotions such as reward can be protective for
psychopathology 29,30. Therefore, individuals who are particularly skilled in experiencing and
seeking such positive experiences can be hypothesized to be less prone to develop a mental
disorder than people who are less reward sensitive.

The current cohort was specifically sampled to further evaluate the mechanism of
dimensional phenotypes at the early stages of psychopathology. The TwinssCan sample is a
unique cohort of a young twin population. It provides deep phenotyping of subclinical
symptoms, thorough assessment of putative risk factors (i.e. genetic and nongenetic), and
experimental tests to evaluate underlying neuropsychological processes, for example, salience
attribution, social defeat, stress sensitivity and reward sensitivity. Therefore, this project is
well equipped to investigate not only cross-sectional differences of psychopathology and
resilience but also dynamic moment-to-moment variations, as well as long-term trajectories.
The primary objective of the project is to investigate risk and protective factors for the
development of psychopathology and the role of genetic and nongenetic factors contributing
to intermediate phenotypes. Further, it aims to examine whether variations of (1) salience

4

147488 Pries BNW.indd   59147488 Pries BNW.indd   59 05-11-2020   09:5505-11-2020   09:55



60

attribution, (2) reward sensitivity, (3) stress sensitivity and (4) the level of subtle psychotic
experience and affective dysregulation in daily life are associated with genetic vulnerability,
exposure to environmental factors, and gene-environment interactions.

Sample Characteristics and Assessments

Participants were sampled from the East Flanders Prospective Twin Survey (EFPTS), a
prospective, population-based registry of multiple births in the province of East Flanders,
Belgium 31. The TwinssCan project recruited across three waves (baseline and two follow-
ups). Baseline data were assessed from April 2010 to April 2014 32, including male and female
twins in the age range of 15-35 years, their singleton siblings, and their parents. It included
839 participants: 292 monozygotic twins (MZ), 486 dizygotic twins (DZ), 18 triplets and
43 siblings. Furthermore, data from 363 parents were assessed. At baseline, 60% of the
participants were female (MZ: 63%, DZ: 57%, triplets: 61%, siblings: 70%). The mean age
was 17.4 (SD = 3.6) years (MZ: 18.0 [SD = 4.2], DZ: 16.9 [SD = 2.8], triplets: 16.8 [SD =
2.0], and siblings: 20.1 [SD = 4.7]), and most participants had an upper secondary education
(primary education: 0.1%, lower secondary education: 6%, upper secondary education: 68%,
tertiary education: 26%). For the second wave, 60% of the twins and siblings were reassessed.
Sequential analysis based on sex, fetal membranes, umbilical cord blood groups, placental
alkaline phosphatase and DNA fingerprints was used to determine zygosity 33.

Participants were included if they clearly understood and were able to verbally assent to the
study procedures and when they voluntarily agreed to participate by means of written
informed consent. Signed consent of the parent(s) was required when participants were
younger than 18 years. Participation was not possible if caregivers indicated the presence of
a pervasive mental disorder. Participants were excluded from the sample if the instructor,
study coordinator, or neuropsychological tester confirmed they were not able to complete
testing and gave invalid, unreliable data on questionnaires, structured interviews and
experimental tests. The local ethics committee approved the study (Commissie Medische
Ethiek van de Universitaire ziekenhuizen KU Leuven, Nr. B32220107766).

A broad range of variables were assessed using validated self-report questionnaires, structured
interviews and experimental tests. Placenta, blood and saliva samples have been stored at
−80°C in biobanks. DNA has been isolated from saliva for all subjects. DNA from placenta
and blood is available for the monozygotic twins. A study battery summary of clinical,
biological, social-demographics, physical, environmental exposures, cognitive, psychological
and experimental measures is reported in Table 1.
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Table 1. TwinssCan Study Battery Summary
Variable/purpose Instruments

Clinical and Biological
Positive, negative and depressive symptoms

Community Assessment of Psychic
Experiences (CAPE)* 37

Somatization, obsessive-compulsive, interpersonal
sensitivity, depression, anxiety, hostility, phobic
anxiety, paranoid ideation, psychoticism

The Symptom Checklist-90-R (SCL-90)*

35

Schizotypy
Structured Interview for Schizotypy -
Revised (SIS-R) 47

Depression, psychosis, mania, and PTSD
Composite International Diagnostic
Interview (CIDI-12)* 56

Autism spectrum Autism-spectrum Quotient (AQ)* 57

Hearing impairment Short questionnaire
DNA and epigenetic Blood sample, placenta and cheek swabs

Cortisol
Salivary cortisol (within the protocol of
the digi-SPEE) 45

Social-demographics Date of birth, gender, marital state, housing,
income, job, education, number of siblings, mother
tongue, native country of (grand)parents, age of
parents, education of parents, marital status of
parents, ethnicity, grade of urbanicity,
religion/spirituality

The General Demographic Questionnaire

Environmental
Exposures

Substance-use and alcohol-use Composite International Diagnostic
Interview (CIDI-12)* 56

Cannabis-use Urine drug screen
Obstetric complications Obstetric complications

Childhood adversity
Childhood Trauma Questionnaire – short
form (JTV-SV) 58

Bullying
Retrospective Bullying Questionnaire
(RBQ)* 59

Stressful life events Life Events Questionnaire* 60

Differential sibling experiences
The Sibling Inventory of Differential
Experiences (SIDE) 61

Self-perception of social rank Social Comparison Scale (SCS) 62

Physical Habitual physical activity Baecke questionnaire on physical activity 63

Cognitive and
Psychological

Neurotocism and extraversion
Eysenck Personality Questionnaire (EPQ-
RSS)* 64

Prosocial behavior
Prosocial Tendencies Measure (PTM)* 65

Wellbeing
Amsterdamse Psychological Well Being
(AWB)* 66

Coping Utrecht Coping list (UCL)* 67

Self-esteem Rosenberg Self-esteem Scale (RSE)* 68

Positive and negative affect
Positive and Negative Affect Scales
(PANAS) 69 (within the protocol of the
digi-SPEE)

Perceived parenting Parental Bonding Instrument (PBI) 70

IQ
WAIS – Verbal Fluency, Letter Number
Sequencing, Visual Memory Span/Spatial
Span 71,72

Experimental tasks Salience attribution White Noise Test 32

Salience attribution Psycho-babble 73

4
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Variable/purpose Instruments
Experimental tasks Daily variations of thoughts, feelings, symptoms,

the current context and appraisal of that context
Experience Sampling Methodology (ESM)
28,38

Implicit self-esteem
Single Target - Implicit Association Task
(ST-IAT) for self-esteem 74

Virtual social defeat
Digital Social Peer Evaluation Experiment
(digi-SPEE) 45

Reward sensitivity
Signal Detection Task and reversal with
reward (adapted version) 75

Positive or negative interpretations of ambiguous
situations

Ambiguous Situations (adapted assessment
part 76)

*reassessed during wave 2 and wave 3

Findings
Genetic and Nongenetic Risk Factors

Several studies examined how childhood adversity (CA) and genetic liability for
psychopathology may affect mental ill health in the TwinssCan cohort. Lecei, et al. 34

explored whether gene-environment correlation may explain the previously found association
between CA and psychopathology. In other words, they tested whether genetic liability for
psychopathology made individuals also more likely to experience CA, which would result in
a mechanism referred to as genetic confounding of the association between CA and
psychopathology. Within-twin differences of CA were regressed on within-twin differences
of psychopathology (assessed with the Symptom Checklist-90-R; SCL-90 35) in MZ twins.
As MZ twins have identical DNA, the researchers argued that associations between within-
twin differences indicate that the association between CA and psychopathology cannot be
attributed only to genetic predisposition. CA in the whole sample as well as within-twin
differences in CA was associated with psychopathology. These results suggest that at least
part of the association between CA and psychopathology is independent from genetic
predisposition and therefore genetic confounding cannot explain the association between CA
and psychopathology.

Following this, Pinckaers, et al. 36 examined whether CA interacted with proxy genetic
liability and affected psychopathology in the TwinssCan cohort. Genetic liability was
approximated by estimating the co-twins’ psychopathology scores on the SCL-90. Genetic
vulnerability moderated the association between CA and the negative dimension of the
Community Assessment of Psychic Experiences (CAPE 37). The association with the total
CAPE score approached near significance, whereas neither of the other associations, that is,
with the subscales positive and depression symptom dimension, showed a significant
interaction effect. The results suggest that genetic vulnerability complicated by CA affects
subthreshold expression of psychosis, especially in the negative symptom dimension.
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While much attention is given to macro levels of psychopathological changes, which can
occur over periods of years or months, recent concepts of psychopathology acknowledge that
the development of mental disorders is best understood when also looking at micro, complex,
moment-to-moment dynamic changes38. Therefore, Pries, et al. 39 investigated whether
molecular genetic risk for schizophrenia interacted with CA and daily life stressors to
influence moment-to-moment variations of mental states (i.e., negative affect, positive affect,
and subtle psychosis expression) and stress sensitivity. Molecular genetic vulnerability was
expressed through polygenic risk score (PRS) for schizophrenia which was calculated by
summing weighted trait-alleles40-42. Momentary mental states were assessed using a structured
diary technique, the experience sampling methodology (ESM) 28,38. The results were that
exposure to early life events showed a statistical interaction with PRS for schizophrenia
leading to increased psychosis expressions, negative affect, stress-sensitivity and decreased
positive affect. However, daily-life stressors did not significantly interact with genetic
markings for the same outcome variables.

In another study on momentary mental states, Vaessen, et al. 43 used the TwinssCan cohort
to evaluate whether sensitivity to daily-life stress predicts onset or persistence of
psychopathology. The authors used ESM data at baseline to assess affective responses to daily
life stress (i.e., stress sensitivity) and found, contrary to previous work, that stress sensitivity
was associated with neither persistence nor onset of psychopathology.

Finally, using the network approach, Hasmi, et al. 44 investigated whether CA and proxy
genetic liability for psychopathology (measured through co-twin scores on the SCL-90-R)
were associated with network structures of affective regulation in daily life. The researchers
compared regression coefficients, density, and centrality indices of different networks and
found that individuals with low genetic liability showed higher overall and negative affect
density between network elements, whereas CA was associated with increased positive affect
density and overall density.

Experimental Tests

Three studies used the TwinssCan cohort to validate experimental tasks; the digital social
peer evaluation experiment (digi-SPEE) and the white noise test. Menne-Lothmann, et al. 45

used the digi-SPEE to investigate how negative virtual social evaluation of peers impacts on
participants’ implicit self-esteem, cortisol levels, and positive and negative affect. For this
experimental study, participants were assessed twice. During the first session, baseline
assessments were collected. Furthermore, participants were told that they would be coupled
with other twins for the next session, based on a rating system. They were instructed to rate
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other participant’s profile on intelligence, appearance and congeniality and were told their
profile would be rated as well. During the second session, participants were informed that
they were rated too low to be allocated to a group, after which follow-up measures were
collected. The findings showed that negative affect and cortisol levels were increased after
mild negative evaluations, and positive affect as well as self-esteem were reduced. The findings
indicate that the digi-SPEE can be used to study important mechanisms of psychopathology
and manipulate biological and implicit as well as explicit mental changes.

Following this, Klippel, et al. 46 evaluated the influence of environmental (i.e., prenatal stress,
CA, bullying, and subjective social status) and proxy genetic factors on sensitivity to peer
evaluation on the digi-SPEE. Genetic factors and gene-environment interaction did not
significantly influence implicit self-esteem, negative affect, and positive affect after negative
peer evaluation. However, bullying was associated with increased negative affect and low
subjective social status was associated with decreased self-esteem as well as positive affect after
peer evaluation.

Pries, et al. 32 tested whether subclinical expression of psychotic symptoms was associated
with experiencing speech illusions that were assessed using the white noise speech illusion
task. To detect speech illusions, participants were exposed to white noise and instructed to
indicate whether they heard voices and speech fragments. Subtle expressions of psychotic
symptoms were measured through the Structured Interview for Schizotypy - Revised (SIS-R
47) and the CAPE. For this purpose, two methodological approaches as published previously
in the literature 20,21, were applied. However, neither method revealed an association between
speech illusions and subclinical psychotic expressions in the general population. The findings
indicate that contrary to findings in clinical populations, white noise speech illusion may not
be associated with psychosis proneness in the adolescent/young adult general population.

Future Directions
Over the recent years, the TwinssCan project resulted in important findings on the effects of
genetic and nongenetic exposures on psychopathology. Additionally, researchers evaluated
the applicability of the digi-SPEE task 45,46 and the white noise speech illusion task 32

measuring social defeat and salient attribution, respectively. These studies add valuable
knowledge that contributes to our current understanding of the complexity of subclinical
multidimensional psychopathology, as well as the nonspecific effects of exposures. They
highlight the role of gene-environmental interaction focusing both on macro and micro levels
of psychopathological changes, that is, changes occurring over month and years 34,36,43 and
from moment to moment 39,43,44, respectively.
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It is increasingly acknowledged that the development of pleiotropic psychopathology
depends on a complex network of environmental exposures, that is, the exposome 48,49, and
polygenic vulnerability 50, that affect individuals throughout their life. Similarly, resilience is
thought to dynamically change and can only be understood by prospectively evaluating
different biological and psychological processes 30,51,52. By benefitting from these recent
developments, we recently calculated the exposome score 49, which we aim to apply to the
TwinssCan population. Further, new features are under way. The third wave of the
TwinssCan project will soon be processed and provided to the researchers. Future work will
include evaluation of epigenetic information in combination with genome-wide molecular
data. As the multiples are recruited from the EFPTS, stored placenta samples will be used to
compare early life epigenetic variations to markings later in life. As the literature highlights
the role of epigenetic variations for psychopathology 53,54 as well as resilience 52,55, these
approaches are valuable future targets for investigations aiming to better understand factors
and processes underlying mental ill health.
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Abstract
BBaacckkggrroouunndd:: An association between white noise speech illusion and psychotic symptoms
has been reported in patients and their relatives. This supports the theory that bottom-up
and top-down perceptual processes are involved in the mechanisms underlying perceptual
abnormalities. However, findings in nonclinical populations have been conflicting.
OObbjjeeccttiivveess:: The aim of this study was to examine the association between white noise speech
illusion and subclinical expression of psychotic symptoms in a nonclinical sample. Findings
were compared to previous results to investigate potential methodology dependent
differences.
MMeetthhooddss:: In a general population adolescent and young adult twin sample (n=704), the
association between white noise speech illusion and subclinical psychotic experiences, using
the Structured Interview for Schizotypy—Revised (SIS-R) and the Community Assessment
of Psychic Experiences (CAPE), was analyzed using multilevel logistic regression analyses.
RReessuullttss:: Perception of any white noise speech illusion was not associated with either positive
or negative schizotypy in the general population twin sample, using the method by Galdos
et al. (2011) (positive: ORadjusted: 0.82, 95% CI: 0.6-1.12, p = 0.217; negative:

ORadjusted: 0.75, 95% CI: 0.56-1.02, p = 0.065) and the method by Catalan et al. (2014)

(positive: ORadjusted: 1.11, 95% CI: 0.79-1.57, p = 0.557). No association was found

between CAPE scores and speech illusion (ORadjusted: 1.25, 95% CI: 0.88-1.79, p = 0.220).
For the Catalan et al. (2014) but not the Galdos et al. (2011) method, a negative association
was apparent between positive schizotypy and speech illusion with positive or negative
affective valence (ORadjusted: 0.44, 95% CI: 0.24-0.81, p = 0.008).
CCoonncclluussiioonn:: Contrary to findings in clinical populations, white noise speech illusion may
not be associated with psychosis proneness in nonclinical populations.
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Introduction
Epidemiological data indicate that subtle expression of psychosis—in the form of attenuated
reality distortion, such as over-valued ideas and perceptual disturbances —is prevalent across
the general population, with some predictive value for subsequent mental disorders 1,2. Recent
findings from genetic 3 and environmental studies of psychosis 4,5 also suggest etiological
continuity across different levels of psychosis manifestation. In this regard, it is reasonable to
argue that both subtle psychotic experiences (e.g., perceptual disturbances and rare illusion)
and clinically relevant psychotic symptoms (e.g., disturbing hallucinations) may originate
from converging neurocognitive processes.

Emerging neuropsychological theories argue that hallucinations might indeed result from an
imbalance between top-down (internal factors, e.g., perceptual expectations, prior
knowledge, and mental imagery) and bottom-up (i.e., external sensory input) perceptual
processing 6. Top-down processing may have a substantial impact on experiences, for
instance, during the identification of degraded or half visible objects. Even more so, during
the formation of hallucinations, top-down processing is thought to activate a percept with
no external stimulus. In other words, hallucinations are formed when the final percept is
disproportionally influenced by internal factors, thus, when top-down processing is
prioritized 7,8.

Previous studies found that exposure to white noise (sound fragments of random noise)
induces the perception of speech illusion, presumably by increasing perceptual expectations,
thus, operating on top-down processing 6,9. Several studies observed higher prevalence rates
of white noise speech illusion in patients with psychosis and their relatives compared to
control cases: around 33% in patients with psychotic disorders, 14% in healthy relatives of
patients, and 9% in healthy controls 10-12. Furthermore, positive psychotic experiences
correlated with increased rates of white noise speech illusion in patients and their relatives 11.
Thus, in general, these findings support the notion that the white noise task can be used to
understand hallucinations within the framework of top-down processing.

The question rises whether the white noise task can also be used to study perceptual
abnormalities in nonclinical samples and whether similar mechanisms (i.e., top-down and
bottom-up imbalance) are at play in patients, their relatives, and in healthy controls. Studies
using the white noise task to investigate the association between speech illusion and psychotic
experiences in the general population are scarce and their findings contradict each other.
Several studies found a positive association between subclinical psychotic experiences and
white noise speech illusion. Randell, et al. 13, for instance, investigated white noise speech

5
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illusion in undergraduate students and found that participants with higher scores on unusual
experiences perceived more speech illusion, especially of abstract nature (words like myth,
abyss, and sorrow) rather than of concrete nature (words like desk, arm, and letter).
Furthermore, Galdos, et al. 11 found a positive association between positive schizotypy and
speech illusion in the white noise task. However, there are also several studies that did not
find the above-mentioned association. Using the same measurement tools as Galdos, et al. 11,
Catalan, et al. 10 observed no association between positive schizotypy and speech illusion in
a nonclinical population. Furthermore, in a recent study in children, the experience of
hallucinations (last month) and negative affect (last month and lifetime) were only associated
with speech illusion in the white noise task when the focus was directed to the affectively
salient illusion variable 14.

Inconsistent results may be partly explained by differences between methodologies, such as
measurement tools for psychopathology, sample characteristics, cut-off values for the
dichotomous speech illusion variable and analytical strategies 10,11,13,14. Deeper understanding
of underlying mechanisms of perceptual abnormalities in nonclinical populations may foster
scientific advances by helping us appraise the dimensional nature and phenomenological
features of hallucinations. Therefore, the verification of reliable assessment tools is essential,
all the more when the literature is divided. In the current study, we aim to investigate the
link between white noise speech illusion and positive subclinical experiences by replicating
the various methodologies of preceding studies of the white noise task in the general
population 10,11.

Methods
Participants were recruited from the East Flanders Prospective Twin Survey (EFPTS; 15), a
prospective population-based, multi-birth registry situated in Flanders, Belgium. Zygosity
was determined through sequential analysis based on sex, fetal membranes, umbilical cord
blood groups, placental alkaline phosphatase, and DNA fingerprints (EFPTS; 15). Individuals
who were registered in the EFPTS and who fulfilled the inclusion criteria were invited to
participate in the TwinssCan project, a longitudinal study collecting data on adolescents and
young adults between the ages of 15 and 35 years, including twins, their siblings, and parents.
The TwinssCan project, which started enrollment in April 2010, is a general population
based, ongoing longitudinal study 16 and currently contains information on 1116
participants; twins (n=830), siblings (n=43), and parents (n=234). Participants were included
if they clearly understood the study procedure and were able to provide valid, reliable, and
complete data. All participants gave written informed consent; for participants below the age
of 18, parent(s) also signed an informed consent. Participants were excluded if they had a
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pervasive mental disorder as indicated by caregivers. The local ethics committee (Commissie
Medische Ethiek van de Universitaire ziekenhuizen KU Leuven, Nr. B32220107766)
approved the study. The current study used a subpopulation of the TwinssCan (n=704)
including only monozygotic (MZ) and dizygotic (DZ) twin pairs with complete data on SIS-
R, the white noise task, age and sex. Table 1 reports the overview of the demographic
variables.

Table 1. Summary of selected demographic variables.
Total

(n = 704)
mean(sd)

Speech illusion
(≥1; n = 145)

mean(sd)

No speech illusion
(<1; n = 559)

mean(sd)
Age in years 17.3 (3.5) 16.9 (3.6) 17.4 (3.4)
Sex
Female 58.4% (n = 411) 51.7% (n =75) 60.1% (n = 336)
Male 41.6% (n = 293) 48.3% (n = 70) 39.9% (n = 223)
Zygosity
Monozygotic 37.4% (n = 263) 33.8% (n = 49) 38.3% (n = 214)
Dizygotic 62.6% (n = 441) 66.2% (n = 96) 61.7% (n = 345)
Education level
0 0% 0% 0%
1 0.1% (n = 1) 0% 0.2% (n = 1)
2 0% 0% 0%
3 5.5% (n = 39) 4.8% (n = 7) 5.7% (n = 32)
4 10.8 % (n = 76) 13.1% (n = 19) 10.2% (n = 57)
5 56.2 % (n = 396) 56.6% (n = 82) 56.2 % (n = 314)
6 14.2% (n = 100) 14.5% (n = 21) 14.1% (n = 79)
7 10.8% (n = 76) 5.5% (n = 8) 12.2% (n = 68)
Missing 2.3% (n = 16) 5.5% (n = 8) 1.4% (n = 8)
SIS-R
Positive dimension 0.8(0.4) 0.7(0.3) 0.8(0.4)
Negative dimension 0.4(0.2) 0.4(0.2) 0.4(0.2)
CAPE
Positive dimension 1.4(0.3) 1.4(0.3) 1.4(0.3)
Negative dimension 1.7(0.4) 1.6(0.3) 1.7(0.4)
Depressive dimension 1.8(0.4) 1.7(0.3) 1.8(0.4)

Speech illusions calculated according to Galdos et al. Education levels range from lower education to university degree; SIS-R:
The Structured Interview for Schizotypy—Revised (SIS-R), CAPE: The Community Assessment of Psychic Experiences
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Measurements

TThhee  SSttrruuccttuurreedd  IInntteerrvviieeww  ffoorr  SScchhiizzoottyyppyy——RReevviisseedd
The Structured Interview for Schizotypy—Revised (SIS-R) was applied to assess various
schizotypy symptoms and signs. The scale has a positive dimension, which includes the
symptoms of magical ideation, illusions, referential thinking (2 items), psychotic symptoms,
and suspiciousness (6 items), as well as a negative dimension, which includes the symptoms
of introversion, social isolation, restricted affect, and poverty of speech (4 items). In total,
both dimensions contain 10 items which are scored on a 4-point Likert scale ranging from
absent (0) to severe (3) 17.
TThhee  CCoommmmuunniittyy  AAsssseessssmmeenntt  ooff  PPssyycchhiicc  EExxppeerriieenncceess
The Community Assessment of Psychic Experiences (CAPE) measures positive and negative
psychotic experiences and depressive symptoms in nonclinical samples 18. The questionnaire
consists of 42 items (20 items on positive psychotic experiences, 14 items on negative
psychotic experiences, and 8 items on depressive feelings) and has two levels measuring the
frequency (0 = never to 4 = nearly always) and associated distress (1 = not distressed to 4 = very
distressed) of the different dimensions. The CAPE shows good reliability and validity in
general population samples 18,19. Data pertaining to the CAPE were collected online.
WWhhiittee  nnooiissee  ttaasskk
The white noise task was developed by Galdos, et al. 11 to assess variations in detecting
affectively meaningful speech (speech illusion) in neutral random signals (white noise). While
wearing earphones, participants listened to three types of stimuli presented randomly across
75 trials: a) white noise only, b) white noise + clearly audible neutral speech, and c) white
noise + barely audible neutral speech. The white noise only condition was the main condition
of interest. The latter two conditions with audible speech were added to increase expectation,
impacting top-down processing. Participants had to rate the 25 trials in each of the three
conditions by pressing one of five buttons: 1 = positive speech illusion (endorsed hearing
voice with positive valence), 2 = negative speech illusion (endorsed hearing voice with
negative valence), 3 = neutral speech illusion (endorsed hearing voice with neutral valence),
4 = no speech heard, and 5 = uncertain (endorsed hearing voice, uncertain affective
connotation). The last option aimed to make the rating of 1-3 more conservative. The white
noise task was applied with the help of the software E-prime 1.1 (Psychology Software Tools,
Pittsburgh, Pennsylvania) and took approximately 15 min. A dichotomized score of “any
speech illusion” was calculated, including the occurrence of one or more positive, negative or
neutral perceived speech illusion in the ‘white noise only’ condition 11. Similar to the study
by Catalan, et al. 10, a second more conservative score was also calculated, which included
two or more perceived speech illusion of positive, negative, neutral or uncertain valence.
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Finally, in accordance to the two methods, scores representing “affectively salient speech
illusion” (speech illusion with positive or negative valence) were computed.

Statistical analysis

Individuals from MZ and DZ twin pairs, with complete data on SIS-R, the white noise task,
age and sex were included in the analyses. Age, sex, and education level were assessed as
covariates. As the data have a hierarchical organization, individuals were clustered within
twin pairs. Statistical analyses were carried out using the Stata, version 13.1 20 and multilevel
logistic regression models were applied using the Stata MEQRLOGIT function.

In an attempt to replicate previous findings as accurately as possible, the methodology of the
current study was first construed in line with Galdos, et al. 11, and subsequently, the data
were also analyzed following the methodology of Catalan, et al. 10.

Conform the description in Galdos, et al. 11, a more lenient cut-off for any speech illusion
(≥1 speech illusion with positive, negative or neutral valence) and affective speech illusion
(≥1 speech illusion with positive or negative valence) was used to create the binary speech
illusion variables. Furthermore, in order to construct a 4-level schizotypy variable, in line
with the previous study, mean scores of the schizotypy variables (positive and negative) were
divided into four categories with equal distant values. For ease of interpretation, these
categories were recoded (from 0 to 3). Mixed logistic regression analysis was applied using
the white noise speech illusion score (any speech illusion and affective speech illusion in
separate analyses) as the dependent variable and the schizotypy variable as the independent
variable. The analysis was adjusted for age, sex, and educational level.

Consistent with Catalan, et al. 10, more conservative binary white noise speech illusion
variables were created (any speech illusion: ≥ 2 speech illusion with positive, negative, neutral
or uncertain valence; affective speech illusion: ≥ 2 speech illusion with positive or negative
valence). Binary measures of both dimensions of the positive schizotypy and the CAPE
positive scales were calculated by means of median splits. Multilevel logistic regression models
were applied using speech illusion scores as the dependent variables and the binary positive
schizotypy and CAPE positive variables as the independent variables. The analyses were
adjusted for age and sex.

Results
An overview of selected demographic variables, the total scores of SIS-R and CAPE, and the
distribution of white noise speech illusion (according to 11) is provided in the Table 1. Of the
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704 participants, 145 (20.6%) reported hearing speech in the white noise condition at least
once. Education level was missing in 16 participants; therefore, following analyses replicating
Galdos, et al. 11 were conducted in 688 participants. The replication of Galdos, et al. 11 in
this sample yielded no association between any speech illusion (with ≥1 speech illusion) and
the 4-level variables of schizotypy subscores: the positive schizotypy scale (ORadjusted: 0.82,

95% CI: 0.6-1.12, p = 0.217) and the negative schizotypy scale (ORadjusted: 0.75, 95% CI:
0.56-1.02, p = 0.065). The outcome at the different levels of schizotypy is presented in Table
2: In reference to the lowest level (the level 1), only the level 2 showed a negative association
with speech illusion. No significant association was found between positive schizotypy and
affectively salient speech illusion (positive and/or negative) (ORadjusted: 0.62, 95% CI:
0.38-1.01, p = 0.055).

Table 2. White noise speech illusion and the levels of schizotypy.
SIS-R  N n with any speech

illusion
% with any speech

illusion
p-values ORadjusted (95%

CI)
Positive
dimension

Level 1  269 59 43 ------ 1
Level 2  369 70 51 0.354 0.83 (0.6-1.23)
Level 3  48 8 6 0.394 0.7 (0.31-1.59)
Level 4  2 0 0 0.988 ------

Negative
dimension
Level 1  208 52 38 ------ 1
Level 2  395 69 50 0.018 0.61 (0.4-0.92)
Level 3  81 15 11 0.185 0.65 (0.34-1.2)
Level 4  4 1 1 0.976 ------

Speech illusions calculated according to Galdos et al. ORadjusted adjusted for age, sex, education level, and twin pairs; Any speech
illusion (≥1) was the dependent variable; 4-level schizotypy was the independent variable (level 1: reference category); SIS-R: The
Structured Interview for Schizotypy— Revised (SIS-R).

Using the method by Catalan, et al. 10, results indicated that 407 participants perceived no
speech illusion (< 2) and 297 (42.2%) participants perceived speech illusion (≥ 2). The
replication of Catalan, et al. 10 yielded similar results as the method by Galdos et al. 11. The
variable of any speech illusion was not associated with the positive schizotypy variable
(ORadjusted: 1.11, 95% CI: 0.79-1.57, p = 0.557) or the CAPE positive scale (ORadjusted:
1.25, 95% CI: 0.88-1.79, p = 0.220). There was a significant negative association between
the positive schizotypy variable and illusion with affectively salient valence (positive and/or
negative; ORadjusted: 0.44, 95% CI: 0.24-0.81, p = 0.008).
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Discussion
The current study investigated the association between speech illusion in the white noise task
and subtle psychosis expression in the nonclinical population by replicating the methodology
by Catalan, et al. 10 and Galdos, et al. 11. Around 20.6% and 42.2% of the participants
reported speech illusion perceptions during the white noise task using the methods of Galdos,
et al. 11 and Catalan, et al. 10, respectively. Both rates were higher than the 9.0% and 8.7%
found in previous studies 10,11. Earlier reports of a positive association between positive
schizotypy and the perception of speech illusion could not be replicated in this sample 11, and
the current analyses also revealed no association between the experience of speech illusion
and the CAPE scores. Thus, in general, the results are in agreement with Catalan, et al. 10

showing no significant association between the presence of speech illusion and schizotypy
scores in the general population, but contradict the findings of Galdos, et al. 11 showing a
positive association between positive schizotypy and the perception of speech illusion. Using
the method by Galdos, et al. 11, there was a significant association between negative
schizotypy and any speech illusion between two of the four levels. However, as the general
finding was nonsignificant and the different levels consist of very small samples, this is likely
a random finding. Analyses of speech illusion with affective valence indicated that the
experience of affectively salient speech illusion was associated with lower positive schizotypy
scores; however, this only applied to the method by Catalan, et al. 10.

An important aspect of the current study was the use of the two analytical methodologies. As
Catalan, et al. 10 already argued, instead of using a median split, statistical power might be
increased by splitting participants’ schizotypy scores according to the highest and lowest
values, similar to the method by Galdos, et al. 11. Furthermore, Catalan, et al. 10 and Galdos,
et al. 11 used different cut-off scores and approaches to calculating the dichotomized white
noise speech illusion score, which may negatively impact statistical power and speech illusion
prevalence rates. Although the present study used both analytical methods, no significant
associations between subclinical psychotic symptoms and any speech illusion were observed
using either method 10,11. This supports the notion that there may be no association between
speech illusion during the white noise task and subclinical expressions of positive psychotic
experiences.

Although several factors might have influenced the current results, one could interpret these
results as suggestive that the mechanisms underlying hallucinations in clinical and nonclinical
populations are likely different. It was theorized that hallucinations are caused by a top-down
and bottom-up imbalance during the perception process. In clinical samples, an alteration of
the top-down processes may mediate psychotic symptoms. However, the current findings

5
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suggest that altered top-down processing of sensory information during the white noise task
are unrelated to the expression of subclinical symptoms. Thus, speech illusion in the general
population, with the possible exception of children 14, may not signal a risk to develop a
psychotic disorder and may be subject to different mechanisms compared to clinical samples
10. Previous work suggests that the affective valence is an important factor discriminating
auditory hallucinations in healthy controls and patients 21,22.

Speech illusion with affective connotation were found to display a strong positive association
with psychotic disorders 14,23. However, the current results showed that affective salient
speech illusion were negatively associated with positive schizotypy—although this was only
apparent using the Catalan, et al. 10 method. There are several possible explanations for this
finding. The first is that it represents a method-related random finding. Another explanation
is that the negative association does not necessarily imply that participants with high positive
schizotypy scores had fewer illusion with emotional valence; it could also mean that
participants with higher scores experienced difficulties in judging the emotional valence of
illusion. Previous work indicates that patients with a diagnosis of schizophrenia with
auditory-verbal hallucinations, display auditory affect deficits 24,25. Another explanation is
that the association was confounded by cognitive functioning, as this was not controlled for
and cognitive functioning has been suggested to impact affect recognition 26.

Future research may further investigate the significance of cognitive mechanisms,
phenomenology, and especially affective valence of speech illusion to better understand the
differences between nonclinical and clinical hallucinations. Furthermore, as unique and
shared genetic and environmental factors are probably contributing to these differences 3,4, it
may additionally be productive to explore nonclinical hallucinations in relation to genetic
and environmental risk factors.

In addition to the theoretical implications, there are several methodological aspects that need
to be considered while interpreting the results. In previous studies, attention was mainly
directed towards clinical hallucinations, and sample sizes of healthy controls were relatively
small. The main strength of the current study is the use of a large general population twin
sample. However, splitting the schizotypy scores into four categories, conforming to Galdos,
et al. 11, resulted in subgroups with very few number of participants, particularly higher risk
categories. Therefore, this methodology requires an even larger samples size. Another aspect
that needs to be considered is the age range of the different studies. Catalan, et al. 10 argued
that their sample included participants with a higher mean age than the sample of Galdos, et
al. 11 and that this could have resulted in differences. This argument was not supported by
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the current study. The sample had a similar mean age than that of Galdos, et al. 11, but the
current study could not find an association between speech illusion and positive psychotic
experiences. Furthermore, a recent study in children only showed an association between
psychotic experiences and speech illusion when the valence of illusion was considered 14.
Finally, an important difference between the previous and the current study is the ethnicity
of the samples. The replicated studies were conducted only in the Spanish population;
whereas the current study used participants from the Belgium population. It is possible that
cultural and language differences contributed to differential findings.

In summary, the results suggest that, in contrast to clinical samples, white noise speech
illusion in nonclinical samples are not associated with the expression of subclinical psychotic
experiences 10. On this basis, it can be speculated that the neuropsychological mechanisms
underlying the formation of perceptual abnormalities (speech illusion during white noise
task) may be different for psychotic patients and nonclinical general population. Therefore,
it may be productive for researchers to evaluate differences in cognitive mechanisms,
phenomenology, and affective valence across the spectrum. Finally, the results need to be
considered with caution as the samples showed important demographic differences, especially
in regard to ethnicity and age. Future studies should replicate the current study with increased
attention on the impact of demographic confounders. We plan on replicating this study in
an even larger database, the European network of national schizophrenia networks studying
gene-environment interaction (EU-GEI, see www.eu-gei.eu), which includes heterogeneous,
international, multi-ethnic samples of patients, relatives and healthy controls 27,28.
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Abstract
OObbjjeeccttiivvee:: To test whether polygenic risk score for schizophrenia (PRS-S) interacts with
childhood adversity and daily-life stressors to influence momentary mental state domains
(negative affect, positive affect, and subtle psychosis expression) and stress-sensitivity
measures.
MMeetthhooddss:: The data were retrieved from a general population twin cohort including 593
adolescents and young adults. Childhood adversity was assessed using the Childhood Trauma
Questionnaire. Daily-life stressors and momentary mental state domains were measured
using ecological momentary assessment. PRS-S was trained on the latest Psychiatric Genetics
Consortium schizophrenia meta-analysis. The analyses were conducted using multilevel
mixed-effects tobit regression models.
RReessuullttss:: Both childhood adversity and daily-life stressors were associated with increased
negative affect, decreased positive affect, and increased subtle psychosis expression, while
PRS-S was only associated with increased positive affect. No gene–environment correlation
was detected. There is novel evidence for interaction effects between PRS-S and childhood
adversity to influence momentary mental states [negative affect (b = 0.07, P = 0.013), positive
affect (b = -0.05, P = 0.043), and subtle psychosis expression (b = 0.11, P = 0.007)] and
stress-sensitivity measures.
CCoonncclluussiioonn:: Exposure to childhood adversities, particularly in individuals with high PRS-S,
is pleiotropically associated with emotion dysregulation and psychosis proneness.

KKeeyywwoorrddss
gene–environment interaction; psychosis; childhood trauma; daily-life stressors; experience
sampling method; emotion regulation
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Significant outcomes

 Early-life stressors and daily-life stressors influence momentary mental state domains
(negative affect, positive affect, and subtle psychosis expression).

 Polygenic risk for schizophrenia moderates the association between early-life stressors
and momentary mental state domains as well as stress-sensitivity measures.

 It appears that the exposure to childhood adversities, especially in individuals with high
molecular genetic risk for schizophrenia, is linked to emotion dysregulation and
psychosis proneness.

Limitations

 Daily-life stressors may not only influence momentary mental states but also be
influenced by them.

 Measuring psychosis proneness in the general population may be more challenging than
measuring emotional reactivity.

Introduction
Converging evidence suggests that the genetic and nongenetic vulnerability contributing to
the development of schizophrenia and related psychotic disorders is shared across a broad
range of psychotic and non-psychotic clinical syndromes and expressed non-specifically in
the affective, psychotic, and cognitive domains in the general population1-5. Understanding
the pleiotropic effects of risk factors associated with schizophrenia on the earliest stages of
pluripotent psychopathology may therefore pave the way for gaining insight into the shared
biological and mental processes underlying psychosis spectrum disorder (PSD).
Contemporary concepts of mental disorders acknowledge psychopathology as a highly
dynamic and time-varying complex system that can only be understood from its
interconnected constituent parts. These concepts provide a useful theoretical framework to
investigate how alterations of micro-level transdiagnostic mental states, varying from
moment-to-moment, precede the transition to the more discrete clinical syndrome of PSD6.

Studies of ecological momentary assessment (EMA), designed to collect micro-level mental
state variation, have consistently shown that disturbed emotional (affective dysregulation)
and psychotic reactivity to daily-life stressors (aberrant salience attribution) are associated
with psychosis expression in different populations at varying severity stages, the general
population, clinical high-risk samples, siblings of patients with PSD, and cases7-13. Further,
in agreement with the diathesis-stress theory14, EMA studies have provided evidence that
genetic and environmental vulnerabilities are associated with alterations in emotional

6
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reactivity. Individuals who experienced childhood adversity (CA) showed heightened
emotional and psychotic reactivity to daily-life stressors15-19, and increased persistence of
momentary mental states20; the influence of CA on the reactivity to daily-life stressors was
stronger in populations with increased proxy genetic risk (i.e. service users, clinical high risk,
or first-episode psychosis compared to healthy controls)15,16.

Early hypothesis-driven candidate gene studies also provided some evidence for the role of
gene-environment interaction (G×E) in affective and psychotic reactivity to daily-life
stressors21-23. While these studies can be considered the first steps in understanding the genetic
correlates of daily stress-reactivity, they were undersized and by design too simplistic to
capture the complex genetic architecture. The use of cumulative risk scores—polygenic risk
score (PRS)—as a single molecular metric has significantly enhanced the power to detect
G×E without compromising the validity of the results24. We previously showed that the
likelihood of schizophrenia is increased as a function of the interaction between PRS for
schizophrenia (PRS-S) and childhood adversities as well as cannabis use25.

A recent perspective article discusses how real-time measurement of cognitive and emotional
processes via EMA, which eliminates retrospective recall bias, combined with modern
polygenic approach may greatly advance our understanding of the role of G×E in
psychopathology and mental wellbeing26. PRS-based approaches for testing G×E represent a
novel approach, and to the best of our knowledge, no EMA study has utilized PRS-S yet.

In this study, guided by the transdiagnostic Research Domain Criteria (RDoC) framework
prioritizing shared dimensional psychological constructs cutting across diagnostic
categories27, we outlined a step-by-step analytical plan to test the contribution of G×E to
altered emotional processes, previously associated with the earliest stages of PSD. Bringing
together a unique sampling frame of a general population twin cohort of young adults and
adolescents with rich EMA data, we aimed to investigate for the first time whether molecular
genetic risk score for schizophrenia (PRS-S) interacts with early-life stressors (CA) and daily-
life stressors (social, event, activity, and overall stress) to influence momentary mental state
domains (negative affect, positive affect, and subtle psychosis expression), and whether PRS-
S moderates the association between CA and stress-sensitivity measures.

Methods
Sample

Data were derived from the first wave of the TwinssCan, a general population twin cohort
that started including adolescent and young adult (age range = 15-35 years) twins (n = 796),
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their siblings (n = 43), and parents (n = 363) from April 2010 to April 201428. The
TwinssCan cohort comprises individuals fulfilling the inclusion criteria from the East
Flanders Prospective Twin Survey29, a prospective population-based, multi-birth registry
positioned in Flanders, Belgium. Participants were excluded if they had a pervasive mental
disorder as indicated by caregivers. All participants gave written informed consent and
parent(s) signed an informed consent for participants below the age of 18 years. The local
ethics committee approved the study (Commissie Medische Ethiek van de Universitaire
ziekenhuizen KU Leuven, Nr. B32220107766). Sequential analysis based on sex, fetal
membranes, umbilical cord blood groups, placental alkaline phosphatase, and DNA
fingerprints was used to determine zygosity29.

Measures

EEccoollooggiiccaall  MMoommeennttaarryy  AAsssseessssmmeenntt  ((EEMMAA))
EMA is a well-validated structured diary technique that assesses individual and contextual
measures in the current moment, throughout the day30-32. During the assessment period (six
consecutive days), participants used a digital device (PsyMate)33 to electronically fill out a
brief questionnaire assessing their emotions, thoughts, context and their appraisal of that
context 10 times/day at an unpredictable moment (semi-random) in each of ten 90-min time
blocks between 7:30 and 22:3033.

Conforming to previously described methods, the negative affect (NA)15 and the positive
affect (PA)34 domains were the mean scores of items assessing emotional states. Subtle
psychosis expression (PE) was the mean score of items concerning psychotic-like
experiences35. Daily-life stress domains were constructed as event36, social15, activity15, and
overall stress (average of event, social, and activity stress). For detailed description of EMA
items, see Table 1.

CChhiillddhhoooodd  aaddvveerrssiittyy
CA was assessed using the Childhood Trauma Questionnaire (CTQ)37 that consists of 28
items rated on a 5-point Likert scale assessing five domains of maltreatment (emotional and
physical neglect along with emotional, physical, and sexual abuse). Table S3 reports the
frequencies of childhood adversity domains. Consistent with previous work38 using this
dataset, CA was defined as the mean score of all five domains.

GGeennoottyyppiinngg,,  iimmppuuttaattiioonn,,  aanndd  PPRRSS
Genotypes of the twins and their siblings were generated on two platforms: the Infinium
CoreExome-24 and Infinium PsychArray-24 kits. Quality control (QC) procedures were
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performed using PLINK v1.939 in both datasets separately. Single nucleotide polymorphisms
(SNPs) and participants with call rates below 95% and 98%, respectively, were removed. A
strict SNP QC only for subsequent sample QC steps was then conducted. This involved a
minor allele frequency (MAF) threshold > 10% and a Hardy-Weinberg equilibrium (HWE)
P-value > 10-5, followed by linkage disequilibrium (LD)-based SNP pruning (R2 < 0.5). This
resulted in ~58K SNPs to assess sex errors (n=8), heterozygosity [F<5x the standard deviation
(SD), n = 3], homozygosity (F > 5x SD), and relatedness by pairwise identity by descent
(IBD) values (monozygotic: p̂ <0.9, dizygotic and full siblings: p̂ >0.65 or p̂ > 0.35, n = 5).
The ancestry-informed principal components (PCs) analyses were conducted by
EIGENSTRAT40. The ethnic outliers of which the first 4 PCs diverged > 10x SD from Utah
residents with Northern and Western European ancestry from the CEPH collection (CEU)
and Toscani in Italia (TSI) samples (n = 5), and > 3x SD of the TwinssCan samples (n = 7)
were excluded. After removing these subjects, a regular SNP QC was performed (SNP call
rate > 98%, HWE p > 1e-06, MAF > 1%, and strand ambiguous SNPs and duplicate SNPs
were removed).

The two QCed datasets were imputed on the Michigan server41 using the HRC r1.1 2016
reference panel with European samples after phasing with Eagle v2.3. Post-imputation QC
involved removing SNPs with imputation quality (R2) < 0.8, with a MAF < 0.01, SNPs that
had a discordant MAF compared to the reference panel (MAF difference with HRC reference
> 0.15), as well as strand ambiguous AT/CG SNPs and multi-allelic SNPs. The two chips
were merged and an additional check for MAF > 0.01, HWE P > 1e-06 was executed, which
resulted in 3,407,392 SNPs for 688 individuals.

PRS-S were calculated based on the meta-analysis results from the Psychiatric Genetics
Consortium (PGC)-2 SZ and the CLOZUK sample (schizophrenia cases on clozapine
from the UK)42. Then insertions and deletions, ambiguous SNPs, SNPs with a MAF <
0.01, imputation quality R2 < 0.9, SNPs located in complex-LD regions and long-range LD
regions43 were excluded. Overlapping SNPs between the schizophrenia GWAS (training),
1000 genomes (reference), and our dataset (target) were selected. These SNPs were
clumped in two rounds using PLINK’s clump function (round 1: --clump-kb 250 --clump-
r2 0.5; round 2: --clump-kb 5000 --clump-r2 0.2), resulting in 88,736 SNPs for PRS-S
calculation. Odds ratios for autosomal SNPs reported in the schizophrenia summary
statistics were log-converted into beta values. PRS-S were calculated using PLINK’s score
function. Informed by the PGC analyses, PRS-S with cut-off P < 0.05 (including 21,901
SNPs) was used in the following analyses to achieve a balance between the number of false-
positive and true-positive risk alleles44. For details, see supplementary information.
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Table 1 Description of EMA variables

Negative affect
Mean score of 5 items (I feel anxious, lonely, down, insecure and irritated).
Each item was rated on a 7-point Likert scale ranging from 1 (not at all) to
7 (very).

Positive affect
Mean score of 4 items (I feel cheerful, satisfied, relaxed, and globally
feeling well). Each item was rated on a 7-point Likert scale ranging from 1
(not at all) to 7 (very).

Subtle psychosis expression

Mean score of 5 items (suspiciousness, being afraid of losing control, racing
thoughts, pervasive thoughts, and difficulties to express thoughts). Each
item was rated on a 7-point Likert scale ranging from 1 (not at all) to 7
(very).

Event stress

Participants were asked to rate the most important event since last entry on
its pleasantness on a bipolar Likert scale from -3 (very unpleasant) to 3
(very pleasant). Consistent with previous studies36, ratings from -3 to -1
were considered stressful and scores from 1 to 3 were recoded to 0. For
simplification, the score was reversed and very unpleasant events therefore
represented the highest score on a scale from 0-3.

Social stress

Participants were asked with whom they currently were (e.g., nobody or
family). When participants reported to be alone, they were asked to answer
the following items: I like to be alone (reversed); I would prefer to have
company; and I feel safe alone (reversed). When participants reported to be
in company, they were asked the following items: I would prefer to be
alone; I find the people I am with pleasant (reversed); I feel safe (reversed);
I feel I belong (reversed); and I feel judged. All items were scored on a
Likert scale from 1 (not at all) to 7 (very), and the mean score of all items
was used to estimate the social stress.

Activity stress

Participants were asked about the activity they participated in just before
the beep (e.g., resting, watching TV, and smoking). The mean score of the
following items [rated on a 7-point Likert scale from 1 (not at all) to 7
(very)] was used to calculate an activity stress score: I would prefer doing
something else; This activity is difficult for me; and I can do this well
(reversed).

Overall stress Average of event-, social-, activity stress.
EMA: Ecological momentary assessment

Statistical analyses

For the purpose of this analysis, parents were excluded. Only participants with complete data
on the CTQ, age, sex, and PRS-S were included in the analyses. Conforming to previous
studies32, participants who completed less than 1/3 of the EMA questionnaires were excluded
from the analysis (n = 52). One individual with a visibly extreme value of CA (> 7 SD from
the mean) was excluded from analyses. The final sample included 593 participants:
monozygotic (n = 180), dizygotic (n = 380) twin pairs, and their siblings (n = 33).

6
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The data have a hierarchical structure. Multiple EMA observations (level 1) were clustered
within subjects (level 2), who were part of twin pairs (level 3). Multilevel mixed-effects model
is the recommended method to handle data including observations at more than one level in
terms of unit of analysis by taking into account of the variability associated with each level of
nesting45-47. To handle this nested structure including familial relatedness, multilevel mixed-
effects models were applied. In the current study, as typically observed in EMA studies, left
censoring (NA or PE) and right censoring (PA) were present due to a greater amount of
observations with a score of one (NA or PE) or seven (PA) on the outcome variables. In
consideration of the skewness, multilevel mixed tobit regression48 (censored regression) with
an unstructured covariance matrix was performed using the Stata version 15.049

“METOBIT” command. The independent variables [PRS-S, CA, and daily-life stressors
(overall, event, social, and activity stress)] were standardized and centered (min = 0, SD = 1).

First, we analyzed associations of CA and PRS-S, and their interaction, with EMA outcomes.
Second, we tested associations of daily-life stressors, and their interaction with PRS-S, and
EMA outcomes. Third, for sensitivity analyses, we constructed stress-sensitivity measures for
use in G×E analyses. Consistent with previous work50, we applied a two-step approach to
analyze stress-sensitivity. First, separate multilevel tobit regression models including the
daily-life stressors as independent variables and EMA outcomes as dependent variables were
estimated. The models were fitted via maximum likelihood and included a random slope for
the daily-life stressor. From these models, fitted (predicted) values (substituting maximum
likelihood estimates for fixed effects and empirical Bayes predictions for random effects) were
stored as stress-sensitivity (e.g. NA-Event stress-sensitivity; the association between event
stress and NA) scores. Eventually, we tested associations between CA and PRS-S, and their
interaction, with normally distributed stress-sensitivity scores as dependent variables in
multilevel linear regression models using the “MIXED” command.

All models were controlled for a priori covariates (age and sex), while models including PRS-
S were additionally adjusted for ancestry, using the first 2 genomic principal components
(PCs). To adequately control for confounding51, interaction models included these covariates
not only as main effects but also covariate x environment and covariate x PRS-S interaction
terms.

Results:
Sample characteristics are reported in Table 2. A correlation matrix of the three momentary
mental state domains is provided in Table S4.
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Main associations and interactions of CA and PRS-S on momentary
mental state domains

CA was associated with increased NA, decreased PA, and increased PE, while PRS-S was only
associated with increased PA (Table 3). These results remained significant after controlling
for daily-life stressors (Table S5). No gene–environment correlation was present as PRS-S
was not associated strongly or significantly with CA (b = -0.01, 95% CI = -0.03 to 0.02, P =
0.676).

PRS-S moderated the association of CA with all three momentary mental state domains,
while only NA and PE reached the Bonferroni-adjusted statistical significance level (Table
3). The interaction effects remained significant after controlling for daily-life stressors (Table
S5). As shown in Figure 1, visualizing the fitted interaction effects between PRS-S and CA
on momentary mental state domains, the association between CA and mental state domains
increased as a function of increased PRS-S (for scatter plots of raw data, see Figure S3).

Table 2 Sample characteristics
Total sample (N = 593)

Mean (SD), EMA observations
Sex
  Female
  Male

362 (61%)
231 (39%)

Age 17.60 (3.81)
Childhood adversity 1.35 (0.31)
Negative affect 1.78 (0.84), n = 23293 †

Positive affect 5.06 (1.06), n = 23265 †

Subtle psychosis expression 1.89 (0.99), n = 23272 †

Overall stress 1.89 (0.78), n = 23225 †

Event stress 0.34 (0.84), n = 22812 †

Social stress 2.33 (1.08), n = 23172 †

Activity stress 2.95 (1.43), n = 23192 †

† Number of observations, EMA: Ecological momentary assessment, PRS-S: Polygenic risk score for schizophrenia, SD: Standard
deviation
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Marginal effect plots based on multilevel tobit regression of the interaction between continuous polygenic
risk score for schizophrenia (x-axis) and continuous childhood adversity score on continuous measures of
negative affect, positive affect and subtle psychosis expression, y-axis). For visualization purposes, margins at
quartiles of PRS-S and standardized scores of CA from 0 to 7 were illustrated. CA: Childhood adversity, PRS-
S: Polygenic risk score for schizophrenia [i.e. range: min (minimum), 25th percentile, 50th percentile, 75th
percentile, and max (maximum)].

Figure 1 Interaction effect of CA and PRS-S on momentary mental state domains
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Table 3 Associations and interaction effects of CA and PRS-S with momentary mental state
domains

Association with CA Association with PRS-S† Interaction between PRS-S and
CA†

b P-value 95% CI b P-value 95% CI b P-value 95% CI

Negative affect 0.13 < 0.001*
0.07 to

0.19
-0.02 0.502

-0.08 to
0.04

0.07 0.013*
0.01 to

0.13

Positive affect -0.12 < 0.001*
-0.17 to

-0.06
0.08 0.003*

0.03 to
0.14

-0.05 0.043
-0.10 to -

0.00
Subtle psychosis
expression

0.18 < 0.001*
0.10 to

0.26
-0.03 0.547

-0.11 to
0.06

0.11 0.007*
0.03 to

0.19
All analyses were adjusted for age and sex, †also adjusted for 2 principal components, *significant after controlling for family-wise
type I error using the Bonferroni method (0.05/3=0.0167). CA: Childhood adversity, CI: Confidence interval, PRS-S: Polygenic
risk score for schizophrenia

Main associations and interactions of daily-life stressors and PRS-S on
momentary mental state domains

The overall mean and each of the daily-life stressors were associated with increased NA,
decreased PA, and increased PE (Table S6). No gene–environment correlation was present
as PRS-S was not associated with any of the daily-life stressors (overall stress: b = -0.02, 95%
CI = -0.06 to 0.03, P = 0.491; event stress: b = 0.01, 95% CI = -0.04 to 0.06, P = 0.672;
social stress: b = -0.03, 95% CI = -0.07 to 0.02, P = 0.267; activity stress: b = -0.01, 95% CI
= -0.05 to 0.03, P = 0.571). No evidence for significant interaction effects between daily-life
stressors and PRS-S was found (Table S6).

Main associations and interactions of CA and PRS-S on stress-sensitivity
measures

CA was associated with increased stress-sensitivity measures, while PRS-S was only associated
with increased PA stress-sensitivity. Evidence was found for significant gene-environment
interaction. The associations between CA and stress-sensitivity measures were greater if
individuals had higher PRS-S (Table 4).

Discussion
Principal findings

In this first study testing PRS-S for an interaction with early and late stressors (childhood
adversity and minor daily-life stressors) in association with dynamic pluripotent mental
processes in the largest EMA dataset to date, evidence emerged for an interaction between
PRS-S and childhood adversity to influence momentary mental states (negative affect,
positive affect, and subtle psychosis expression) and stress-sensitivity measures.
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Stress exposure and emotional processes

In line with long-established findings from population-based datasets and samples of help-
seeking adolescents and young adults9,15, we showed that minor daily-life stressors, regardless
of the type of the stressor, were associated with all three domains of momentary mental states.
More importantly, we provided further support for the shared vulnerability theory of mental
disorders by demonstrating that CA was associated with NA, PA, and PE. These results echo
recent findings from our line of research showing that CA is not exclusively associated with
a specific mental disorder category, but rather with multidimensional psychopathology
(cutting across diagnostic categories) in the general population, such as psychotic experiences,
affective dysregulation, and negative symptoms52-57. Therefore, it is plausible to conceptualize
that the sensitivity to daily-life stressors is molded by previous exposure to significant life
stressors as discussed in the models of diathesis-stress14 and sensory processing sensitivity58.
Furthermore, the exposome, a dense network of environmental exposures59,60, may contribute
to a person’s sensitivity to stress.

Genetic vulnerability for schizophrenia moderates sensitivity to childhood
adversity

PRS-S, as anticipated, had no significant predictive power for the EMA outcomes with the
exception of positive affect-related items that were positively associated with PRS-S. The
positive association between PRS-S and positive affect might seem counterintuitive at first
glance given that EMA studies have shown a decreased positive affect in patients with
schizophrenia and PRS-S is associated with schizophrenia. However, emerging evidence
suggests that the relation between PRS-S and symptom dimensions at the population level
appears to be not following a simple logic. As this is the very first and the only EMA study
investigating PRS-S, we could not make an exact comparison of our findings. Unfortunately,
because most studies focus on psychopathology, it is also difficult to draw a parallel between
our current results on positive affect and findings from studies investigating the association
between PRS-S and symptom dimensions in healthy participants. These studies in healthy
participants have shown inconsistent results61-66. Some reported no association between PRS-
S and several symptoms dimensions63,67, while others reported negative associations between
polygenic risk and schizotypy64,67. In addition, in the rare instances where it has been
examined, PRS-S appear to contribute to abilities required for a creative profession68. Taken
together, these findings in fact suggest a substantial fraction of pathoetiology may be
explained by the influence of environment and the GxE. In agreement, our interaction
analyses showed a consistent pattern. PRS-S moderated the influence of CA, but not the
impact of minor daily-life stressors, for all momentary mental states, with negative affect and
subtle psychosis expression reaching the Bonferroni-adjusted statistical significance level.

6
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This interaction effect was similarly present in sensitivity to overall-stress and consistently
observed for sensitivity to event, activity, and social stress.

The current results showing a difference between the degree of genetic moderation of two
stressors (CA and daily-life stressors) underscores the importance of the type, timing, and
extent of stressor in mental health impact. This is consistent with the neurodevelopmental
hypothesis69,70 that postulates that exposure to early-life stressors in neurodevelopmentally
sensitive periods are more likely to disturb the balance of important stress systems and lead
to enduring emotional and behavioral problems in later life. These findings, combined with
a recent meta-analysis showing that patients with PSD experience more negative emotion
and less positive emotion in daily life71, suggest that genetic and early adversities may have a
permanent impact on mental wellbeing, resulting in a trait-like feature of person-specific
alterations in emotional expression and psychosis proneness. An interesting question for
future research spanning an extended period would be whether persistent low-threshold
daily-life stressors may influence emotional reactivity toward mental ill health in the long-
term or whether more serious life events are required to reach the threshold for clinical
syndrome. Early candidate gene studies investigating the genetic moderation of mental
health outcomes have generated mostly inconclusive findings because of methodological
issues. COMTVal158Met Val/Val carriers displayed increased paranoia in response to stress22,
while, in another study, Met/Met genotype was associated with increased PA in response to
experiencing positive events72. Momentary stress interacted with genetic variation in the
brain‐derived neurotrophic factor gene, Met carriers reporting higher paranoia scores than
Val carriers22. However, a recent study failed to replicate these findings, but showed an
interaction between childhood trauma and RGS4, FKBP5, and OXTR, respectively73. As
PRS-based approaches for testing G×E have recently emerged, no comparable EMA study
was available. However, in line with our study, research showed that higher PRS (consisting
of 13 genes previously associated with vulnerability to environmental exposure) increased
the influence of CA on stress-sensitization74. Further, we recently showed evidence that the
interaction between PRS-S and childhood adversity increases the likelihood of
schizophrenia25.

Given the influence of psychosocial stressors on immune processes and hypothalamic-
pituitary axis modulation underlying the etiopathogenesis of PSD75, future studies embracing
biologically-informative target approaches may exploit the unique ability of EMA to capture
dynamic fluctuation of mental states, and combine the granular information with multi-
omics data (e.g., genome, proteome, and epigenome) to study candidate molecular
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mechanisms such as FKBP576 and extend previous EMA work investigating cortisol reactivity
to daily-life stressors in relation to PSD77.

Pleiotropic influence of exposures and genetic vulnerability on
psychopathology

Our findings agree with the literature showing that the influence of CA78 and schizophrenia
genetic liability2,63,65 on mental health in the general population is pleiotropic and converge
on shared psychological constructs and multidimensional psychopathology in the causal path
to PSD. Considering the fact that mental health phenotypes (EMA outcomes in our study)
are associated with each other at both dimensional and diagnostic levels and thereby violating
the assumption of independence of pleiotropy, it is also plausible to argue that these disorders
defined at the symptom level might be different expressions (phenotypic presentations) of a
substantially shared pathoetiology with varying outcomes due to disease modifiers rather than
distinct entities79,80. Furthermore, in accordance with the idea of an affective pathway to
psychosis, it is also plausible that the EMA outcomes may be temporally associated with each
other, such that the interaction between PRS-S and childhood adversity may influence
psychosis expression through negative affect.

A growing investment into transdiagnostic research of mental health will hopefully shed more
light on this matter. Abundant evidence shows that the earliest psychopathological processes
expressed before the prodrome of PSD are non-specific and include affective dysregulation,
aberrant salience, and subtle cognitive disturbances79. In this regard, EMA outcomes
capturing subtle and transitory mental states, such as emotional reactivity and stress-
sensitivity, are arguably more useful transdiagnostic phenotypes than static questionnaire-
based interval assessments to examine the contributions of environmental and genetic factors
to variation in mental health at the community level26. As recently proposed81, multi-layered
digital phenotyping via mobile devices may advance the RDoC work in the era of “Big Data”
boosted by historic efforts of personalized medicine such as the National Institutes of Health
initiative, the All of US research program.

Limitations

The current study provided the first insights into the influence of genetic regulation of
exposure to stressors on dynamic mental states by taking advantage of a unique population
dataset with fine-grained phenotyping. However, several methodological considerations
should be noted. First, although one of the strengths is that the sample comprises individuals
at an age range when mental disorders often emerge, it is also possible that the association
between PRS-S and stress may change as a function of aging and cumulative stressor load.
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Second, the retrospective collection of CA might be subject to recall and response biases;
however, it is not intuitive how these would be differential with regard to EMA outcomes or
PRS-S, or their interaction. Third, daily-life stressors might not only influence momentary
mental states but might also be influenced by them. Fourth, EMA provides a unique
opportunity to focus on moment-to-moment fluctuations of mental states; nevertheless, it
may be more difficult to detect psychosis proneness than emotional reactivity in the general
population.

To conclude, this observational study suggests that the exposure to childhood adversities,
especially in individuals with high molecular genetic risk for schizophrenia, is associated with
emotion dysregulation and psychosis proneness. Further preregistered confirmatory research
is required to validate these findings.
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Supplementary material
Genotyping, quality control, imputation, and PRS

Part 1 Target Genotype Data Processing
Quality control for genotype data before imputation
TwinssCan data were genotyped on two chips: Infinium CoreExome-24 Kit (570,038 genotyped variants for 634 participants) and
Infinium PsychArray-24 Kit (588,628 genotyped variants for 82 participants). These two datasets from different chips were quality
controlled separately using PLINK v1.91. Several pre-imputation quality control (QC) steps were applied to the datasets. In detail,
single nucleotide polymorphisms (SNPs) and samples with call rates below 95% and 98%, respectively, were removed. A strict SNP
QC only for subsequent sample QC steps was conducted. This involved a minor allele frequency (MAF) threshold > 10% and a
Hardy-Weinberg equilibrium (HWE) P-value > 10-5, followed by linkage disequilibrium (LD) based SNP pruning (R2 < 0.5). This
resulted in ~58K SNPs to assess sex errors (n=8), heterozygosity [F<5x the standard deviation (SD), n=3], homozygosity (F>5x SD),
and relatedness by pairwise identity by descent (IBD) values (monozygotic: 𝑝𝑝𝑝 𝑝 𝑝𝑝𝑝, dizygotic and full siblings: 𝑝𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝 or 𝑝𝑝𝑝 𝑝
 0.35, n = 5). After removing failing samples, a regular SNP QC was performed (SNP call rate>98%, HWE p>1e-06, MAF>1%).
Next, strand ambiguous SNPs and duplicate SNPs were removed. 270,976 variants and 610 individuals from chip 1, and 273,523
variants and 78 individuals from chip 2 passed these QC steps.

Imputation on Michigan server
The two QC-ed datasets were converted into *.VCF files chunked by chromosome and imputed using the following settings:
reference panel as HRC R1.1 2016; phasing as Eagle v2.3; population as European; model as QC & imputation. The imputation
step resulted in 39,117,084 single nucleotide polymorphisms (SNPs). The general imputation quality is shown in Supplementary
Figure 1.

Quality control after imputation
The VCF files were firstly converted into
PLINK best guess (hard call) genotypes by
PLINK  --vcf function. In the meantime,
poor quality SNPs were excluded:
multiallelic SNPs, SNPs with a minor allele
frequency (MAF)<0.01 or INFO<0.8, and
strand ambiguous AT/CG SNPs. The files
were merged, remaining SNPs that passed
QC from both arrays and another exclusion
on MAF (<0.01) and Hardy Weinberger
equilibrium (HWE) (<10e-6) in the whole
dataset was performed. Finally, there were
3,407,392 SNPs and 695 individuals

Principal components analyses (PCA)
The principal components (PCs) analyses
within TwinssScan samples, and
TwinssScan samples along with Hapmap3
(as can be found online2) populations were
conduct by EIGENSTRAT3. A strict
selection for SNPs which overlap with
Hapmap3 SNPs list were conduct: 1.
MAF>0.05, HWE>0.001; 2. Removal of 20
long LD regions (Supplementary Table 1);
3. LD pruned with an R2 of 0.5; which
resulting 95,466 best quality genotyped
SNPs used to calculate genetic PCs. PCs
were firstly calculated with hapmap3
population to exclude European ethnic
outliers: exceeding 10 times the standard

Supplementary Figure 1 Correlation of SNPsMAF from chip1
(Supplementary Figure 1 A) and chip 2 (Supplementary Figure 1 B)
dataset with the reference MAF

Supplementary Figure 1 B Correlation of SNPs MAF in chip2
dataset with the reference MAF
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deviation of Utah residents with Northern and Western European ancestry from the CEPH collection (CEU) and Toscani in Italia
(TSI) populations for first 4 PCs. The first 2 PCs explained >80% of the total variance (see Supplementary Table 2; model 1). Five
individuals are excluded from this dataset. Secondly, another PCA was conducted using the same SNP list (n=95,466) but calculated
only in TwinssCan. The first 10 PCs explained >50% of the total variance (see Supplementary Table 2; model 2). Seven individuals
were further considered as ethnic outliers by the first 4 PCs exceeding 3 times the standard deviation in the TwinssCan sample, and
were excluded from this study. In the end, 688 individuals remained (see Supplementary Figure 2). After post-imputation quality
control step, PCA was conducted using the same SNP list (n=95,466) within TwinssCan samples (n=688), and first two genetic PCs
were further used to correct population stratification.

Supplementary Table 1 20 complex-LD regions and long-range LD regions which were exlcued from PRS
analysis.

Chromosome
Base pair position (start poiny to end point)

1 48000000-52000000
2 86000000-100500000
2 183000000-190000000
3 47500000-50000000
3 83500000-87000000
5 44500000-50500000
5 129000000-132000000
6 25500000-33500000
6 57000000-64000000
6 140000000-142500000
7 55000000-66000000
8 8000000-12000000
8 43000000-50000000
8 112000000-115000000
10 37000000-43000000
11 87500000-90500000
12 33000000-40000000
20 32000000-34500000
8 8135000-12000000
17 40900000-45000000

Supplementary Figure 2 The first and second principal component of TwinssCan data (with identified ethnic
outliers) along with hapmap3 populations.
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Supplementary Table 2 Eigenvalues and proportion variance explained for the first 20 PCs from PCA analyses.

PCs
model 1: PCA with TwinssCan and hapmap3

population
model 2: PCA with TwinssCan cohort

 Eigenvalues
proportion

variance
accumulated

variance
Eigenvalues

proportion
variance

accumulated
variance

PC1 164.209 0.504 0.505 3.040 0.065 0.065
PC2 101.007 0.310 0.815 2.748 0.058 0.123
PC3 8.521 0.026 0.841 2.554 0.054 0.178
PC4 7.795 0.023 0.865 2.482 0.053 0.231
PC5 7.152 0.021 0.887 2.451 0.052 0.284
PC6 2.773 0.008 0.896 2.427 0.051 0.336
PC7 2.740 0.008 0.904 2.420 0.051 0.388
PC8 2.692 0.008 0.912 2.364 0.050 0.438
PC9 2.588 0.007 0.920 2.334 0.049 0.488
PC10 2.490 0.007 0.928 2.210 0.047 0.536
PC11 2.471 0.007 0.936 2.202 0.047 0.583
PC12 2.430 0.007 0.943 2.188 0.046 0.630
PC13 2.390 0.007 0.950 2.180 0.046 0.676
PC14 2.351 0.007 0.958 2.174 0.046 0.723
PC15 2.345 0.007 0.965 2.167 0.046 0.769
PC16 2.312 0.007 0.972 2.158 0.046 0.815
PC17 2.264 0.006 0.979 2.152 0.046 0.862
PC18 2.259 0.006 0.986 2.149 0.046 0.908
PC19 2.243 0.006 0.993 2.147 0.045 0.954
PC20 2.224 0.006 1 2.145 0.045 1

Part 2 Training schizophrenia GWAS summary statistic processing
Training data quality control
PRS-S were calculated based on the summary statistics from the Psychiatric Genetics Consortium-2 SZ and the CLOZUK sample
(schizophrenia cases from the UK)4. GWAS summary statistic underwent multiple quality control steps and the odds ratios (ORs)
were converted into beta values. The quality control criteria were following: 1) insertions and deletions, ambiguous SNPs; 2) SNPs
with a MAF<0.01 and SNP with an imputation quality (R2)<0.9 in training and target datasets; 3) Overlapping SNPs between the
schizophrenia GWAS (training dataset), 1000 genomes (reference dataset), and our dataset (target dataset) were selected; 4) SNPs
located in complex-LD regions5 were excluded (Supplementary Table 1). These SNPs were clumped in two rounds using PLINK’s
clump function; round 1 with the default parameters (physical distance threshold 250kb and LD threshold (R2) <0.5 (--clump-kb
250 --clump-r2 0.5); round 2 with a physical distance threshold of 5,000kb and LD threshold (R2) < 0.2 (--clump-kb 5000 --clump-
r2 0.2); resulting in 88,736 SNPs for PRS-S calculation.

Calculating PRS
The beta-values, effective allele, and P-value were extracted from all summary statistics. The PRS was calculated using PLINK’s score
function for schizophrenia P-value threshold = 0.05.

6
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Supplementary Table 3 Childhood adversity subscales

Emotional abuse: None = 5-8, Low = 9-12, Moderate = 13-15, Severe  16; Physical abuse: None = 5-7, Low = 8-9, Moderate=
10-12, Severe  13; Sexual abuse: None = 5, Low = 6-7, Moderate = 8-12, Severe  13; Emotional neglect: None = 5-9, Low = 10-
14, Moderate = 15-17, Severe  18; Physical neglect: None = 5-7, Low = 8-9, Moderate = 10-12, Severe  13

Supplementary Table 4 Correlation matrix between momentary mental state domains
Negative affect Positive affect Subtle psychosis expression

rho, p-value rho, p-value rho, p-value

Negative affect 1 -- --

Positive affect -0.43, < 0.001 1 --

Subtle psychosis expression 0.52, < 0.001 -0.22, < 0.001 1

rho: Spearman’s correlation

Emotional abuse
(n = 593)

Physical abuse
(N = 593)

Sexual Abuse
(N = 593)

Emotional neglect
(n = 593)

Physical neglect
(N = 593)

None 405 (68%) 569 (96%) 559 (94%) 347 (59%) 501 (84%)

Present 188 (32%) 24 (4%) 34 (6%) 246 (41%) 92 (16%)

    Low 132 (70%) 17 (71%) 21 (62%) 202 (82%) 64 (70%)

    Moderate 35 (19%) 5 (21%) 9 (26%) 32 (13%) 20 (22%)

    Severe 21 (11%) 2 (8%) 4 (12%) 12 (5%) 8 (9%)

Supplementary Figure 3 Scatter plots of momentary mental state domains and PRS-S with lines of best fit
at CA quartiles in raw data.

Interaction between polygenic risk
for schizophrenia (x-axis) and
childhood adversity on negative
affect, positive affect and subtle
psychosis expression (y-axis), CA:
Childhood adversity (i.e. range:
smaller than 25th percentile,
between 25th percentile and 50th
percentile, between 50th percentile
and 75th percentile, and higher than
75th percentile), PRS-S: Polygenic
risk score for schizophrenia.
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Supplementary Table 6 Main and interaction effects of daily-life stressors on momentary mental state domains
Association with
daily-life stressors

Interaction between PRS-S and daily-life
stressors†

b P-value 95% CI b P-value 95% CI

Negative affect

Overall stress 0.33 < 0.001* 0.31 to 0.35 -0.00 0.851 -0.02 to 0.02

   Event stress 0.17 < 0.001 0.15 to 0.19 -0.02 0.086 -0.04 to 0.00

   Social stress 0.27 < 0.001 0.25 to 0.29 -0.00 0.809 -0.02 to 0.02

   Activity stress 0.24 < 0.001 0.22 to 0.26 -0.01 0.522 -0.03 to 0.01

Positive affect

Overall stress -0.39 < 0.001* -0.41 to -0.37 0.02 0.145 -0.01 to 0.04

   Event stress -0.21 < 0.001 -0.23 to -0.19 0.02 0.172 -0.01 to 0.04

   Social stress -0.30 < 0.001 -0.32 to -0.28 0.01 0.220 -0.01 to 0.03

…Activity stress -0.29 < 0.001 -0.31 to -0.27 0.01 0.148 -0.01 to 0.03

Subtle psychosis
expression

Overall stress 0.21 < 0.001* 0.19 to 0.23 -0.01 0.464 -0.03 to 0.01

   Event stress 0.10 < 0.001 0.08 to 0.12 -0.01 0.216 -0.03 to 0.01

   Social stress 0.17 < 0.001 0.15 to 0.19 -0.00 0.676 -0.03 to 0.02

   Activity stress 0.16 < 0.001 0.14 to 0.18 -0.01 0.388 -0.03 to 0.01

Adjusted for age, sex, and daily-life stressors, † additionally adjusted for 2 principal components, *significant after controlling for
family-wise type-I error using the Bonferroni method (0.05/3=0.0167).CA: Childhood adversity, CI: Confidence interval, PRS-
S: Polygenic risk score for schizophrenia
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Abstract:
Schizophrenia is a heritable complex phenotype associated with a background risk involving
multiple common genetic variants of small effect and a multitude of environmental
exposures. Early twin and family studies using proxy-genetic liability measures suggest gene-
environment interaction in the etiology of schizophrenia spectrum disorders, but the
molecular evidence is scarce. Here, by analyzing the main and joint associations of polygenic
risk score for schizophrenia (PRS-SCZ) and environmental exposures in 1,699 patients with
a diagnosis of schizophrenia spectrum disorders and 1,542 unrelated controls with no lifetime
history of a diagnosis of those disorders, we provide further evidence for gene-environment
interaction in schizophrenia. Evidence was found for additive interaction of molecular
genetic risk state for schizophrenia (binary mode of PRS-SCZ above 75% of the control
distribution) with the presence of lifetime regular cannabis use and exposure to early-life
adversities (sexual abuse, emotional abuse, emotional neglect, and bullying), but not with the
presence of hearing impairment, season of birth (winter birth), and exposure to physical abuse
or physical neglect in childhood. The sensitivity analyses replacing the a priori PRS-SCZ at
75% with alternative cut-points (50% and 25%) confirmed the additive interaction. Our
results suggest that the etiopathogenesis of schizophrenia involves genetic underpinnings that
act by making individuals more sensitive to the effects of some environmental exposures.

KKeeyy  wwoorrddss:: Schizophrenia, psychosis, genetics, environment, gene-environment interaction,
polygenic risk, childhood trauma, cannabis, bullying
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Schizophrenia is a complex phenotype characterized by reality distortion, cognitive alteration
and negative symptoms. Although the prevalence of schizophrenia spectrum disorders is
relatively low – approximately 0.47% for schizophrenia (the poor outcome fraction) and
3.0% for other clinical diagnoses of psychotic disorders1 – they account for a tremendous
personal, economic and societal burden, with 218 disability adjusted life years (DALYs) per
100,0002, making schizophrenia the fifth leading cause of DALYs in the age group of 15-44
years. These figures indicate that there is an urgent need for breakthroughs in prevention,
diagnosis and management of schizophrenia and related disorders, which can be achieved by
increased understanding of etiopathology.

Decades of work consistently yielding high heritability estimates document the role of genetic
background in the etiopathology of these disorders3,4. In agreement with findings from early
family-based studies, recent results from the Danish nationwide registers confirm that the
heritability estimates range from 73% for schizophrenia spectrum disorders to 79% for
narrow schizophrenia diagnosis5.

Based on these findings from the field of quantitative genetic epidemiology, molecular
genetics has emerged as arguably the most popular area of investigation in research targeting
schizophrenia spectrum disorders. Easy and low-cost access to high-throughput techniques
has increased genetic resolution. The Psychiatric Genomics Consortium6 was founded to
achieve the power required to detect small effect sizes in a genome-wide association (GWA)
analysis. The Schizophrenia Working Group of the Consortium identified 108 genome-wide
significant loci7, and the number of novel genetic variants keeps growing as a function of
sample size8. GWA findings, in line with the half-century-old polygenic theory of
schizophrenia9, established that a large fraction of the genetic risk is explained by many
common genetic variants with very small effects sizes.

However, the proportion of the genetic liability accounted for by single nucleotide
polymorphisms (SNPs) detected in current GWA arrays represents only a fraction of the
effect that was suggested by heritability estimates from twin studies. In other terms, there is
a large “heritability gap” between twin and molecular genetics studies10. The most likely
explanation for this gap is that part of the genetic effect documented by twin studies is
contingent on environmental factors shared by individuals growing up in the same family10.
The etiology of psychosis spectrum disorder is likely to involve genetic underpinnings that
act by making individuals more sensitive to the effects of environmental exposures or by
driving individuals to higher exposure rates11.

7
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In parallel to the growing knowledge base in genetics, environmental research into
schizophrenia has produced consistent findings over years. Observational studies have
identified various exposures associated with risk of psychosis spectrum disorder at different
levels of evidence, with varying magnitude of the effect size estimates. These environmental
risk factors include cannabis use, childhood adversities (e.g., sexual abuse, emotional neglect),
peer-bullying, urban environment, proxies of social exclusion (e.g., ethnic minority,
immigration, and hearing impairment), season of birth, and obstetric and pregnancy
complications12,13.

Although findings from empirical investigations relying on surrogates of genetic risk (i.e.,
familial history of schizophrenia) argue for a strong influence of environment in moderating
genetic vulnerability11, operationalizing and translating these findings by using molecular
candidate-gene approaches have been challenging tasks14.

The utilization of polygenic risk score (PRS) as a single metric of molecular genetic risk has
considerably increased the power to detect associations with phenotypes as well as gene-
environment interactions. Currently, the PRS for schizophrenia (PRS-SCZ) of a subject can
be estimated by summing the log odds ratios of individual SNPs multiplied by the number
of risk alleles present at the corresponding loci15. PRS-SCZ has been shown to explain up to
7% of variation on the liability scale to schizophrenia, at least when using the latest release
of the Psychiatric Genomics Consortium in patients with more chronic forms7.

We recently discussed the challenges of evaluating the role of environmental exposures in
psychiatry and the need to use exposure-wide systematic approaches to separate genuine
strong signals from selective reporting16. Guided by this, we aimed to analyze the main and
joint associations of environmental exposures and PRS-SCZ in a cross-sectional sample that
was specifically collected to test for gene-environment interactions in schizophrenia.

Methods
Study population

This case-control gene-environment interaction study used data from the Work-package 6
of the European Network of National Networks studying Gene-Environment Interactions
in Schizophrenia (EUGEI)17 and the Genetic Risk and Outcome of Psychosis (GROUP)
study within the EUGEI18. Data were collected between 2010 and 2015 in the Netherlands,
Turkey, Spain and Serbia.
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Patients were diagnosed with schizophrenia spectrum disorders according to the DSM-IV-
TR (average duration of illness since age of first contact with mental health services = 9.9
years). The diagnosis was later confirmed by the Operational Criteria Checklist for Psychotic
and Affective Illness19 in the EUGEI, and the Schedules for Clinical Assessment in
Neuropsychiatry20 or the Comprehensive Assessment of Symptoms and History21 in the
GROUP. Unrelated controls with no lifetime psychotic disorder were recruited from the
same population as the cases. Exclusion criteria for all participants were a diagnosis of
psychotic disorder due to another medical condition, a history of head injury with loss of
consciousness, and an intelligence quotient <70.

A total of 1,866 patients and 1,583 healthy participants with genotype data available were
included. As the predictive power of PRS-SCZ has not been established in people of non-
white ethnic origin22, the present analyses were restricted to participants of Caucasian white
ethnic origin. The final sample included 1,699 patients and 1,542 unrelated controls.

The projects were approved by the medical ethics committees of all participating sites and
conducted in accordance with the Declaration of Helsinki. All respondents provided written
informed consent. Participants below the age of 18 signed an assent; parent(s) also signed an
informed consent.

To achieve high quality and homogeneity in clinical, experimental and environmental
assessments, standardized instruments were administered by psychiatrists, psychologists or
trained research assistants who completed mandatory on-site training sessions and online
training modules, including interactive interview videos and self-assessment tools17,18. Both
on-site and online training sessions were repeated annually to maintain high inter-rater
reliability throughout the study enrollment period.

Environmental exposures

Within the limits of data availability, we sought to examine all the environmental exposures
that have previously been associated with schizophrenia spectrum disorders.

Childhood adversity was assessed using the Childhood Trauma Questionnaire Short Form
(CTQ)23. This consists of 28 items, rated on a 5-point Likert scale, measuring five domains
of maltreatment (emotional and physical neglect; emotional, physical and sexual abuse). The
psychometric characteristics of the translated versions (Spanish, Turkish, Dutch and Serbian)
of the CTQ have been comprehensively studied24-26. To dichotomize each childhood
adversity domain (0 = “absent” and 1 = “present”), consistent with previous work in the

7
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EUGEI27, we used the following cut-off scores for each domain: ≥9 for emotional abuse; ≥8
for physical abuse; ≥6 for sexual abuse; ≥10 for emotional neglect; and ≥8 for physical neglect.

Cannabis use was assessed by a modified version of the Cannabis Experiences Questionnaire28

in the EUGEI WP6 (0 = “none”; 1 = “only once or twice”; 2 = “a few times a year”; 3 = “a
few times a month”; 4 = “once or more a week”; 5 = “everyday”), and by the L section of the
Composite International Diagnostic Interview (CIDI)29 in the GROUP (0 = “none”; 1 =
“less than weekly”; 2 = “weekly”; 3 = “daily”). Consistent with previous work30-32, a binary
regular cannabis use variable was constructed by using the cut-off value of once or more per
week during the lifetime period of most frequent use.

In accordance with previous studies investigating the association between season of birth and
schizophrenia in the Northern hemisphere sites33, the high-risk birth period was defined
based on the winter solstice (December-March), and a binary winter-birth exposure was
constructed.

Hearing impairment was defined based on self-reported hearing impairment in the last 12
months (0 = “absent” and 1 = “present”).

The history of bullying by peers (emotional, psychological or physical violence) before 17
years of age was assessed using the short version of the Retrospective Bullying Questionnaire
(RBQ)34,35, that measures the severity of the bullying experience: 0 = “none”; 1 = “some (no
physical injuries)”; 2 = “moderate (minor injuries or transient emotional reactions)”; 3 =
“marked (severe and frequent physical or psychological harm)”. Exposure to childhood
bullying was dichotomized using ≥1 as the cut-off point (0 = “absent” and ≥1 = “present”).

Genetic data processing

Samples of all individuals were genotyped at Cardiff University Institute of Psychological
Medicine and Clinical Neurology, using custom Illumina HumanCoreExome-24 BeadChip
genotyping arrays containing probes for 570038 genetic variants (Illumina, San Diego, CA).
Genotype data were called using the GenomeStudio package and transferred into PLINK
format for further analysis.

Quality control was conducted in PLINK v1.0736 or with custom Perl scripts. Variants with
call rate <98% were excluded from the dataset. Hardy-Weinberg equilibrium p-value was
calculated separately in Turkish, Northern European and Southern European samples.
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Variants with Hardy-Weinberg equilibrium p-value <1e-6 in any of these three regions were
excluded from the dataset. After quality control, 559505 variants remained.

Samples with call rate <98% were excluded from the dataset. A linkage disequilibrium (LD)
pruned set of variants was calculated using the --indep-pairwise command in PLINK
(maximum r2 = 0.25, window size = 500 SNPs, window step size = 50 SNPs) and used for
further analyses. Homozygosity F values were calculated using the --het command in PLINK,
and outlier samples (F<–0.11 or F>0.15) were excluded. The genotypic sex of samples was
calculated from X chromosome data using the --check-sex command in PLINK, and samples
with different genotypic sex to their database sex were excluded.

Identity-by-descent values were calculated for the sample in PLINK. Samples with one or
more siblings among the genotyped samples according to the database but no identified
genotypic siblings (defined as PI-HAT >0.35 and <0.65) were excluded. After these were
removed from consideration, samples with two or more database siblings in the database that
were not supported by the genotypic data were also excluded.

After visually observing clustering of errors by genotyping chip, we decided to exclude chips
with a high proportion of errors. All samples on chips with five or more sample exclusions
due to heterozygosity or call rate (out of 12 possible samples) were excluded. All samples on
chips with four or more sample exclusions due to sex or relative checks were also excluded,
unless their identity was corroborated by concordance between database and genotype
relatedness data with a sample on another chip.

Principal components were calculated in PLINK using LD pruned variants after combining
the dataset with the Thousand Genomes reference. Due to the inherently multi-population
nature of the dataset and the variety of possible analyses, no exclusions were made to the
whole dataset based on this analysis. Population effects were corrected for separately in
individual analyses.

After quality control, genotypes were imputed on the Michigan Imputation Server using the
Haplotype Reference Consortium reference panel (version 1.1) and the programs Eagle for
haplotype phasing and Minimac3 for imputation37,38. After imputation, variants with an
imputation r2 >0.6, minor allele frequency (MAF) >0.1% and call rate >99% were retained
(8277535 variants). Best-guess genotypes were generated from genotype probabilities using
PLINK.

7
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PRS-SCZ was constructed using summary statistics from the Psychiatric Genomics
Consortium genome-wide association study, excluding samples present in the GROUP data7.
Clumping was performed in imputed best-guess genotypes for each dataset using PLINK
(maximum r2 = 0.2, window size = 500kb, minimum MAF = 10%, minimum imputation
information (INFO) score = 0.7), and variants within regions of long-range LD around the
genome (including the human major histocompatibility complex) were excluded39. PRS-SCZ
was then constructed from best-guess genotypes using PLINK at ten different p-value
thresholds (1, 0.5, 0.3, 0.2, 0.1, 0.05, 0.01, 1x10-4, 1x10-6, 5x10-8). Consistent with previous
research in the field40-43, we used p=0.05 for our primary analysis, as this threshold explained
the most variation in the phenotype in the Psychiatric Genomics Consortium analysis7.

To be able to compare our estimates from the current sample with the previously reported
estimates of the proportion of variance explained by PRS-SCZ, a logistic regression model
was applied to test the association of PRS-SCZ with case-control status (adjusted for ancestry
using the first ten principal components), and Nagelkerke’s R2 was calculated. PRS-SCZ
discriminated cases from controls (odds ratio, OR = 1.30; 95% CI: 1.25-1.34; p<0.001;
Nagelkerke’s R2 = 0.15), after also controlling for age, sex and country (OR = 1.30; 95% CI:
1.26-1.35; p<0.001; Nagelkerke’s R2 = 0.20).

PRS-SCZ was dichotomized using the quartile cut-off points based on the control
distribution of PRS-SCZ within each country (to account for differences in PRS-SCZ
between countries that may arise due to ethnic variation). The highest quartile (PRS-SCZ >
75% of the controls) was considered the binary genetic risk state for schizophrenia (hereafter:
PRS-SCZ75).

Statistical analyses

All analyses were carried out using the STATA version 15.044. Random intercept multilevel
logistic regression models, taking into account clustering of participants within countries,
were applied to test the univariate associations of exposures and PRS-SCZ75 with case status.
For each exposure, gene-environment correlation was tested using multilevel logistic
regression models in the control sample. To test gene-environment interaction, additive
models were chosen over multiplicative models prior to data collection (EUGEI consortium
meeting, December 14, 2013), because they provide superior representation of biological
synergy45 and inform public health decisions within the sufficient cause framework46,47.

To test the joint effects of environmental exposures and genetic score, we entered the four
states occasioned by the combination of each exposure and binary PRS-SCZ risk state (PRS-
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SCZ75) as independent variables (three dummy variables with no-risk state as the reference
category), and case status as the dependent variable, in multilevel logistic regression models.

We tested for departure from additivity using the interaction contrast ratio, also called the
relative excess risk due to interaction (RERI). The RERI is considered the standard measure
for interaction on the additive scale in case-control studies48. The RERI was estimated as
(ORexposure&PRS-SCZ75 − ORexposure − ORPRS-SCZ75 + 1)49. A RERI greater than zero was defined as
a positive deviation from additivity, and considered significant when the 95% CI of RERI
did not contain zero. Using the ORs derived from each model, the RERIs for each model
were calculated using the delta method.

As a sensitivity measure, the alternative bootstrap percentile method50 (N=1,000 bootstrap
replications) was applied to estimate the bootstrapped 95% CI for the RERI. All models were
controlled for a priori covariates (age and sex), while models including PRS-SCZ75 were
additionally adjusted for ancestry, using the first ten principal components accommodating
to the general recommendations. Following the extension to the STrengthening the
Reporting of OBservational studies in Epidemiology (STROBE) reporting guidelines48, the
interaction analyses were reported using a single reference category including the separate
and joint effects of PRS-SCZ75 and each exposure in strata of exposure and PRS-SCZ75.

The analyses were also conducted on imputed data, given missing observations in
environmental exposure assessments. Under the assumption of missing at random, the
multiple imputation chained equation model51 with 20 imputations restricted to in-range
values was applied (relative efficiency ranging between 97% to 99%). Imputed data were
similar to observed values in the original dataset. All analyses were run on multiply imputed
data, and estimates were pooled using Rubin’s rules52.

To test the robustness of our findings, sensitivity analyses of binary genetic risk thresholds
were conducted using the PRS-SCZ cut points at 50% and 25% of the controls. The nominal
significance threshold was set at p=0.05.

Results
Data concerning age, sex and environmental exposures in cases and controls are reported in
Table 1. All exposures except winter birth were associated with case status, also after adjusting
for age and sex.
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Table 1 Demographic variables and environmental exposures in cases and controls

Total Controls Cases Missing rates

Age (years, mean±SD)
32.4±9.8 33.4±10.6 31.5±9.0

Sex
Male 1,951 (60.2%) 762 (49.4%) 1,189 (70.0%)
Female 1,290 (39.8%) 780 (50.6%) 510 (30.0%)
Cannabis use
No 2,390 (78.6%) 1,366 (91.2%) 1,024 (66.5%)

202 (6.2%)
Yes 649 (21.4%) 132 (8.8%) 517 (33.5%)
Bullying
No 1,947 (72.3%) 1,101 (83.7%) 846 (61.4%)

547 (16.9%)
Yes 747 (27.7%) 215 (16.3%) 532 (38.6%)
Emotional abuse
No 2,019 (73.0%) 1,230 (84.8%) 789 (60.0%)

475 (14.7%)
Yes 747 (27.0%) 221 (15.2%) 526 (40.0%)
Physical abuse
No 2,477 (88.7%) 1,362 (93.0%) 1,115 (84.0%)

450 (13.9%)
Yes 314 (11.3%) 102 (7.0%) 212 (16.0%)
Sexual abuse
No 2,269 (81.5%) 1,309 (90.1%) 960 (72.1%)

456 (14.1%)
Yes 516 (18.5%) 144 (9.9%) 372 (27.9%)
Emotional neglect
No 1,254 (45.3%) 789 (54.3%) 465 (35.4%)

473 (14.6%)
Yes 1,514 (54.7%) 664 (45.7%) 850 (64.6%)
Physical neglect
No 1,804 (64.8%) 1039 (71.3%) 765 (57.7%)

457 (14.1%)
Yes 980 (35.2%) 419 (28.7%) 561 (42.3%)
Winter birth
No 1,989 (63.2%) 951 (63.0%) 1,038 (63.4%)

94 (2.9%)
Yes 1,158 (36.8%) 559 (37.0%) 599 (36.6%)
Hearing impairment
No 2,869 (92.5%) 1,437 (95.6%) 1,432 (89.7%)

141 (4.4%)
Yes 231 (7.5%) 66 (4.4%) 165 (10.3%)

Table 2 presents the unadjusted and adjusted ORs for PRS-SCZ75 and each of the exposures
associated with case status. Except for physical abuse, there was no evidence for gene-
environment correlation, as PRS-SCZ75 was not associated strongly or significantly with
exposures in the control group (Table 3). Physical abuse was associated with PRS-SCZ75

(adjusted OR = 1.84; 95% CI: 1.19-2.84; p=0.006).

Table 4 reports the interactive effects of PRS-SCZ75 and the exposures on the case status.
There was evidence for additive interaction between PRS-SCZ75 and regular cannabis use
(RERI = 5.60; 95% CI: 0.88-10.33; p=0.020), childhood bullying (RERI = 2.76; 95% CI:
0.29-5.23; p=0.028), emotional abuse (RERI = 5.52; 95% CI: 2.29-8.75; p<0.001), sexual
abuse (RERI = 7.61; 95% CI: 2.05-13.17; p=0.007), and emotional neglect (RERI = 2.46;
95% CI: 0.98-3.94; p=0.001), respectively. Figure 1 visualizes the significant interaction

147488 Pries BNW.indd   122147488 Pries BNW.indd   122 05-11-2020   09:5505-11-2020   09:55



123

effects on an additive scale. No evidence was found for significant additive interaction effects
between PRS-SCZ75 and physical abuse, physical neglect, hearing impairment, and winter
birth.

Table 2 Main effects of environmental and genetic risk on case-control status
Unadjusted main effects Adjusted main effectsa

Odds ratio
(95% CI)

p
Odds ratio
(95% CI)

p

Cannabis use 4.85 (3.89-6.05) <0.001 3.96 (3.16-4.97) <0.001
Bullying 3.01 (2.48-3.65) <0.001 3.06 (2.50-3.74) <0.001
Emotional abuse 3.51 (2.93-4.22) <0.001 3.77 (3.12-4.56) <0.001
Physical abuse 2.70 (2.10-3.48) <0.001 2.83 (2.18-3.67) <0.001
Sexual abuse 3.66 (2.96-4.53) <0.001 4.11 (3.30-5.13) <0.001
Emotional neglect 2.52 (2.14-2.96) <0.001 2.65 (2.24-3.13) <0.001
Physical neglect 2.32 (1.96-2.75) <0.001 2.33 (1.96-2.78) <0.001
Winter birth 1.06 (0.92-1.23) 0.423 1.05 (0.91-1.23) 0.495
Hearing impairment 2.46 (1.82-3.31) <0.001 2.67 (1.96-3.62) <0.001
PRS-SCZ75

b 2.91 (2.48-3.40) <0.001 2.85 (2.43-3.35) <0.001
PRS-SCZ75 – polygenic risk score for schizophrenia (75% cut-point)
 aadjusted for sex and age, badjusted for ten principal components

Table 3 Gene-environment correlation between PRS-SCZ75 and environmental exposures
Unadjusted effects Adjusted effectsa

Odds ratio
(95% CI)

p
Odds ratio
(95% CI)

p

Cannabis use 0.98 (0.61-1.59) 0.949 0.93 (0.57-1.52) 0.771
Bullying 1.27 (0.86-1.86) 0.228 1.28 (0.87-1.89) 0.210
Emotional abuse 1.13 (0.80-1.58) 0.493 1.13 (0.81-1.59) 0.476
Physical abuse 1.82 (1.18-2.81) 0.007 1.84 (1.19-2.84) 0.006
Sexual abuse 0.79 (0.51-1.22) 0.287 0.79 (0.51-1.23) 0.292
Emotional neglect 1.18 (0.91-1.52) 0.212 1.16 (0.90-1.50) 0.258
Physical neglect 1.18 (0.89-1.56) 0.246 1.19 (0.90-1.58) 0.219
Winter birth 1.13 (0.88-1.45) 0.338 1.13 (0.88-1.45) 0.332
Hearing impairment 1.13 (0.63-2.02) 0.693 1.18 (0.65-2.13) 0.592

PRS-SCZ75 – polygenic risk score for schizophrenia (75% cut-point)
aadjusted for sex, age and ten principal components

Analyses using the alternative bootstrap percentile method for estimating additive
interactions yielded similar results (data not shown). The sensitivity analyses replacing the a
priori set PRS-SCZ75 as the genetic risk in the models with the alternative cut-points of PRS-
SCZ (50% and 25%) confirmed that additive interaction was evident for regular cannabis
use, childhood bullying, emotional abuse, sexual abuse, and emotional neglect across all PRS-
SCZ cut-points (data not shown). The results from the analyses performed in the imputed
data were similar (Table 5).
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Discussion
In this study examining the main and joint associations of environmental exposures and
genetic liability with schizophrenia spectrum disorder, evidence emerged for a positive
additive interaction of genetic liability with regular cannabis use and childhood adversity
domains (sexual abuse, emotional abuse, emotional neglect, and childhood bullying).

To the best of our knowledge, our study is the first to report that the sensitivity to adverse
life events during childhood and exposure to cannabis is moderated by genetic risk state for
schizophrenia (PRS-SCZ75). Put simply, the positive additive interaction between genetic
liability and environmental exposure indicates synergy between gene and environment; that
is, the combined influence of genetic liability and environmental exposure is larger than the
sum of individual effects of each.

In line with previous findings, PRS-SCZ75 discriminated cases from controls and all
environmental exposures (except for winter birth) were associated with case status. However,
no evidence for an additive interaction with PRS-SCZ75 was observed for physical abuse,
physical neglect, hearing impairment, or winter birth.

The proportion of variance explained by PRS-SCZ in our sample was comparable to
previously reported estimates53 and the most recent findings from the Psychiatric Genomics
Consortium7. In this dataset, we strictly conformed to previous definitions of environmental
exposures to improve reproducibility and allow comparability. In agreement with previous
reports, our univariate analysis demonstrated that the exposures we tested were associated
with case status to varying degrees, that were similar to meta-analytical estimates12,13.

By taking advantage of direct molecular measures of genetic risk, we provided further support
for the putative role of gene-environment interaction in schizophrenia spectrum disorder that
was observed in previous studies applying indirect genetic liability estimates derived from
family-based (e.g., twin, relative) samples54. Our findings were corroborated by the results
obtained from regression models using different genetic liability thresholds (PRS-SCZ cut-
offs at 50% and 25%) and analyses ran in imputed data.

The RERIs and 95% CIs for emotional and sexual abuse were above 2, thereby suggesting a
“mechanistic” interaction49, i.e., that there are individuals who would develop schizophrenia
only when both genetic liability and environmental exposure (emotional or sexual abuse) are
present, but would not develop schizophrenia when either genetic liability or environmental
exposure is present alone.
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Table 4 Interaction of environmental exposures and PRS-SCZ75 on case-control status
PRS-SCZ75 = 0 PRS-SCZ75 = 1

N cases/controls Odds ratio
(95% CI)

N cases/controls Odds ratio
(95% CI)

RERI (95% CI)

Cannabis use = 0 556/1042 1.0 468/324
2.84 (2.36-3.40)

p<0.001
5.60

(0.88-10.33)
p=0.020

Cannabis use = 1 296/102
4.10

(3.13-5.36)
p<0.001

221/30 11.54 (7.60-17.51)
p<0.001

Bullying = 0 454/842 1.0 392/259
2.84 (2.31-3.47)

p<0.001
2.76

(0.29-5.23)
p=0.028

Bullying = 1 296/163
2.97

(2.34-3.76)
p<0.001

236/52
7.56 (5.41-10.56)

p<0.001

Emotional abuse = 0 464/939 1.0 325/291 2.39 (1.95-2.94)
p<0.001

5.52
(2.29-8.75)

p<0.001
Emotional abuse = 1 273/166

3.26
(2.58-4.12)

p<0.001
253/55

10.17
(7.33-14.10)

p<0.001

Physical abuse = 0 632/1049 1.0 483/313
2.71 (2.25-3.26)

p<0.001
1.64

(–1.07 to 4.34)
p=0.235

Physical abuse = 1 107/65
2.97

(2.11-4.17)
p<0.001

105/37 6.31 (4.19-9.52)
p<0.001

Sexual abuse = 0 536/993 1.0 424/316
2.68 (2.21-3.25)

p<0.001
7.61

(2.05-13.17)
p=0.007

Sexual abuse = 1 208/114
3.89

(2.99-5.08)
p<0.001

164/30
13.19

(8.60-20.22)
p<0.001

Emotional neglect = 0 273/610 1.0 192/179 2.64 (2.03-3.44)
p<0.001

2.46
(0.98-3.94)

p=0.001
Emotional neglect = 1 464/495

2.58
(2.10-3.17)

p<0.001
386/169

6.69 (5.20-8.59)
p<0.001

Physical neglect = 0 438/804 1.0 327/235 2.81 (2.26-3.50)
p<0.001

1.51
(0.00-3.03)

p=0.051
Physical neglect =1 308/306

2.42
(1.95 to 3.01)

p<0.001
253/113

5.75
(4.36 to 7.58)

p<0.001

Winter birth = 0 562/733 1.0 476/218
3.11 (2.53 to 3.82)

p<0.001
–0.55

(–1.36 to 0.27)
p=0.186

Winter birth = 1 333/414
1.16

(0.96 to 1.41)
p=0.123

266/145
2.72

(2.14 to 3.48)
p<0.001

Hearing impairment = 0 767/1098 1.0 665/339
2.97 (2.51 to 3.52)

p<0.001
1.04

(–2.65 to 4.74)
p=0.579

Hearing impairment = 1 107/50
3.11

(2.16 to 4.48)
p<0.001

58/16
6.13

(3.43 to 10.95)
p<0.001

PRS-SCZ75 – polygenic risk score for schizophrenia (75% cut-point), RERI – relative excess risk due to interaction
Data adjusted for sex, age and ten principal components
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PRS-based approaches have recently gained traction in detecting gene-environment
interaction. Previously, studies investigated the possible interaction between some genetic
polymorphisms possibly linked to the putative biological mechanisms underlying psychosis
and cannabis use or childhood adversity. Although SNPs (in various genes) for genetic
moderation (e.g., AKT1, COMT, BDNF) were identified, these findings were inconsistent
across samples55 and became secondary once the genome-wide approach took over the scene.

To date, a limited number of studies tested gene-environment interaction across the psychosis
spectrum using PRS-SCZ. A pilot study of 80 patients with first-episode psychotic disorders
and 110 controls investigating whether PRS-SCZ moderates the association between
childhood adversities and psychosis, although yielding main effects of both PRS-SCZ and
childhood adversities, was considerably underpowered to detect gene-environment
interaction56. A recent study demonstrated that intra-uterine environment moderates the
association between PRS-SCZ and schizophrenia, and further revealed in the pathway
analysis that genes involved in cellular stress response were the main drivers of the gene-
environment interaction57. In our recent study of a general population twin cohort, we found
evidence for positive interaction effects between PRS-SCZ and exposure to childhood
adversities to pleiotropically influence momentary emotional regulation and psychosis
proneness58. Further, a multimodal study combining genetics and imaging techniques
reported that the association between PRS-SCZ and cortical maturation in young male adults
is moderated by early-life exposure to cannabis59. Taken together, while the area of gene-
environment research is progressing rapidly toward a more replicable path informed by the
use of GWA data, conclusive evidence has yet to emerge.

Table 5 Additive interaction effects of PRS-SCZ75 and the environmental exposures on case-control
status in the imputed data

Main effectsa Interactionb

Odds ratio
(95% CI)

p
RERI

(95% CI)
p

Cannabis use 3.94 (3.15-4.93) <0.001 5.18 (0.62-9.74) 0.026
Bullying 2.88 (2.36-3.51) <0.001 2.88 (0.63-5.13) 0.012
Emotional abuse 3.49 (2.88-4.24) <0.001 5.11 (2.10-8.13) 0.001
Physical abuse 2.65 (2.06-3.40) <0.001 1.40 (–1.10 to 3.90) 0.272
Sexual abuse 3.74 (3.00-4.66) <0.001 6.84 (1.77-11.92) 0.008
Emotional neglect 2.51 (2.14-2.95) <0.001 2.37 (0.90-3.84) 0.002
Physical neglect 2.14 (1.79-2.57) <0.001 1.42 (–0.05 to 2.88) 0.058
Winter birth 1.06 (0.91-1.23) 0.485 -0.53 (–1.36 to 0.30) 0.209
Hearing impairment 2.68 (1.97-3.66) <0.001 1.24 (–2.51 to 5.00) 0.516
PRS-SCZ75 – polygenic risk score for schizophrenia (75% cut-point), RERI – relative excess risk due to interaction
aadjusted for sex and age, badjusted for sex, age and ten principal components
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There are various ways in which our findings can move forward gene-environment
interaction research in the GWA era. First, they are useful in providing direction for future
pre-registered confirmatory studies. Second, they may open up promising research lines for
further exploration of gene-environment interactions in the biological context, such as using
biologically-informative pathway scores instead of an aggregate genetic risk score for disease
phenotype. These studies may help us investigate both hypotheses for biologically plausible
pathways impacted by distinct exposures (e.g., hypoxia-ischemia pathway X obstetric
complications and childhood adversities X hypothalamic-pituitary-adrenal axis)60,61, and
putative common final pathways, such as the broad inflammatory pathway which may be
influenced by many exposures cumulatively62.

However, there are important caveats: pathway scores may be less powerful than the overall
polygenic scores for phenotypes, and there are almost endless options for selecting and
constructing “putative” pathways. Therefore, gene-sets for pathways should be a priori
defined and frozen at a central repository to avoid data-dredging. Further, study protocols
for hypothesis-driven selective exposure and pathway analyses (e.g., regular cannabis use and
endocannabinoid pathway) should ideally be either registered or, if this is not possible,
agnostic data analyses should be followed through.

In our study, data were collected through extensive interviews by trained psychiatrists,
psychologists and research assistants to specifically test the role of gene-environment
interaction in schizophrenia. Further, our culturally and geographically diverse sample
provided us with the advantage of observing variations in environmental exposures, which
increases the power to detect interaction effects63.

However, some limitations should be acknowledged. First, the cross-sectional design informs
only on temporal association and not causality. Nevertheless, cross-sectional analyses
arguably remain an essential first step for identifying risk factors and pave the way for future
longitudinal studies to investigate gene-environment interaction in evolutionary trajectories.
Second, given the sample size and explorative nature of the study, we focused on main and
interaction associations of previously established environmental factors and PRS-SCZ.
However, the reality is much more complex than current statistical models can
accommodate, involving dynamic interactions, causal and non-causal associations within the
exposome (e.g., dense correlation matrix of environmental factors influenced by the timing,
duration, severity and extent of repeated exposures over time)16,64; the genome (e.g., epistasis,
redundancy and pleiotropy)65; and the phenome (multidimensional syndromal diversity)66.
Third, instead of the commonly-exercised selective reporting of one exposure at a time, we
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embraced a quasi-systematic approach to provide an overall picture of the gene-environment
interactions findings from this dataset. However, we could not test some other known
exposures (e.g., obstetric and pregnancy complications).

In conclusion, by using a molecular genetic risk measure, we have provided further evidence
for the role of gene-environment interaction in schizophrenia. Our findings warrant further
validation in pre-registered confirmatory research.
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Abstract
Exposures constitute a dense network of environment: exposome. Here, we argue for
embracing the exposome paradigm to investigate the sum of nongenetic “risk” and show how
predictive modeling approaches can be used to construct an exposome score (ES; an
aggregated score of exposures) for schizophrenia. The training dataset consisted of patients
with schizophrenia and controls, whereas the independent validation dataset consisted of
patients, their unaffected siblings, and controls. Binary exposures were cannabis use, hearing
impairment, winter birth, bullying, and emotional, physical, and sexual abuse along with
physical and emotional neglect. We applied logistic regression (LR), Gaussian Naive Bayes
(GNB), the least absolute shrinkage and selection operator (LASSO), and Ridge penalized
classification models to the training dataset. ESs, the sum of weighted exposures based on
coefficients from each model, were calculated in the validation dataset. In addition, we
estimated ES based on meta-analyses and a simple sum score of exposures. Accuracy,

sensitivity, specificity, area under the receiver operating characteristic, and Nagelkerke’s R2

were compared. The ESMeta-analyses performed the worst, whereas the sum score and the ESGNB

were worse than the ESLR that performed similar to the ESLASSO and ESRIDGE. The ESLR

distinguished patients from controls (odds ratio [OR]=1.94, P<0.001), patients from siblings
(OR=1.58, P<0.001), and siblings from controls (OR=1.21, P=0.001). An increase in ESLR

was associated with a gradient increase of schizophrenia risk. In reference to the remaining
fractions, the ESLR at top 30%, 20%, and 10% of the control distribution yielded ORs of
3.72, 3.74, and 4.77, respectively. Our findings demonstrate that predictive modeling
approaches can be harnessed to evaluate the exposome.

KKeeyy  wwoorrddss: Schizophrenia, psychosis, predictive modeling, machine learning, risk score,
environment, childhood trauma, cannabis, winter birth, hearing impairment
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Introduction
Several environmental exposures have been associated with psychosis spectrum disorder1,2.
Knowledge on this association has thus far been deduced from hypothesis-driven selective
one-exposure to one-outcome studies, akin to the candidate-gene approach3. However, each
exposure constitutes a fraction of a dense network of exposures: the exposome4. Here, we
argue for embracing the exposome paradigm to investigate the sum of the nongenetic “risk”
and show how a predictive modeling approach can be used to construct an exposome score
(ES) for schizophrenia, a single metric of aggregated environmental load similar to polygenic
risk score5.

Approach

Guided by the predictive modeling methods for constructing cumulative environmental
exposure scores6,7, we used 2 independent datasets to, first, build a predictive model in the
training dataset (the Work-package 6 of the European Network of National Networks
studying Gene-Environment Interactions in Schizophrenia [EUGEI]2) and, second,
construct and test the ES in the validation dataset (the Genetic Risk and Outcome of
Psychosis [GROUP] study8). We examined the following widely evaluated environmental
factors that we also recently investigated individually within the context of gene-environment
interaction9: hearing impairment, winter birth, cannabis use, and childhood adversities
(bullying, emotional, physical and sexual abuse along with emotional and physical neglect)10.
Our analysis was limited to the environmental exposures that were reliably measured and
equally available in both datasets. These environmental factors were defined according to
previous studies9. The detailed description of each environmental exposure is provided in the
supplementary file. We used 4 prediction models to determine to what degree cumulative
environmental exposure contributes to the liability for schizophrenia in a case-control design.
Logistic regression (LR), Gaussian Naive Bayes (GNB), and penalized logistic regression
(least absolute shrinkage and selection operator [LASSO] and Ridge) were applied to data
with complete information on environmental exposures. The description of the models and
the distribution of exposures are provided in the supplementary file. For each model, the
dependent variable was the binary case-control status, whereas binary environmental
exposures were features (independent variables). First, we estimated coefficients of binary
exposures in the training dataset including 1241 healthy controls and 747 patients with a
diagnosis of schizophrenia spectrum disorders. Second, we calculated the weighted sum of
the exposures according to each predictive model in an independent validation dataset with
323 healthy controls, 463 patients with a diagnosis of schizophrenia spectrum disorders, and
542 unaffected siblings of the patients. To compare the performance of ES from each model,
we also generated an environmental sum score by simply adding each binary exposure per

8
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individual as 0 = absent and 1 = present (the sum score is ranging from 0 to 9) and a
cumulative environmental score weighted by the meta-analytical estimates for each
exposure11-14, conforming to a previous study15. Finally, we tested the performance of ESs
derived from each model by applying logistic regression in a case-control design in the
independent validation dataset by evaluating the area under the receiver operating

characteristic (ROC), accuracy (ACC), sensitivity, specificity, and Nagelkerke’s pseudo R2.
In this regard, we prioritized models with better sensitivity than specificity as our main
concern was to avoid misclassifying individuals diagnosed with schizophrenia.

Prediction in the training dataset

The coefficients of individual models (see figure 1a and supplementary table S2) indicate that
cannabis use (coefficients ranging from 1.31 to 1.53), hearing impairment (coefficients:
1.10–1.19), and bullying (coefficients: 1.30–1.57) received the highest weights in the
training dataset. The lowest weight was attributed to winter birth with coefficients between
0.01 and 0.06. In comparison with the GNB model, which assumes independence between
predictors, the LR, Ridge, and LASSO models yielded lower weights for emotional abuse,
sexual abuse, emotional neglect, physical neglect, and bullying. Further, although physical
abuse was a strong positive predictor in the GNB model, its predictive value was lost and
even yielded a negative weight when using predictive model approaches that account for
dependence between the predictors. This is in line with evidence that exposures are weakly
to moderately correlated with each other3,16-18. Consequently, coefficients are overestimated
when independence is assumed.

Constructing and testing the performance of exposome score in an
independent dataset

The ROC was used to estimate the performance of the calculated ESs in predicting the case-
control status in the validation dataset (figure 1b and supplementary table S3). The ES based
on meta-analytical estimates (the ESMeta-analyses), ESGNB, and the environmental sum score
yielded the lowest ROC, 0.69, 0.71 and 0.71, respectively, whereas all other ESs (ESLR,

ESRIDGE, and ESLASSO) had ROC ranging from 0.73 to 0.74. With a chance level of 0.5 (as
patients and controls were in balance in the training sample, see supplementary file), all ESs
indicated an ACC above chance level (ACC: 0.62–0.68) with specificity between 0.42 and
0.72, and sensitivity between 0.56 to 0.86. Compared to the ESLR, ESRIDGE, and ESLASSO, the
ESs derived from the models assuming independence between exposures (ESGNB,

environmental sum score, and ESMeta-analyses) performed worse on sensitivity and had more false
negatives as they incorrectly classified patients as healthy. Given that our priority was
reducing false negatives rather than reducing false positives and that the ESLR, ESRIDGE, and
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ESLASSO performed similarly well (figure 1b and supplementary table S3), we reported further
analyses with the ESLR, which was constructed on the basis of a widely available and
commonly used statistical model, logistic regression.

To examine whether the ESLR reflects schizophrenia liability in the validation dataset, we
evaluated the ESLR in patients, siblings, and controls (see figure 1c for an illustration and
supplementary table S4 for the other models). The ESLR discriminated patients from controls
(odds ratio [OR] = 1.94, 95% confidence interval [CI] = 1.71–2.20, P<0.001, Nagelkerke’s

pseudo R2 = 0.21), also after adjusting for age and sex (OR = 1.87, 95% CI = 1.64–2.14,
P<0.001) in the validation dataset. Similarly, logistic regression analysis showed higher ESLR

in patients compared to siblings (OR = 1.58, 95% CI = 1.43–1.74, P<0.001; adjusted for
age and sex: OR = 1.55, 95% CI = 1.40–1.72, P <0.001) and in siblings compared to controls

a) b)

c) d)
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Figure 1 a) Coefficients profile for each exposure derived from different classification methods in the training dataset, GNB:
Gaussian Naive Bayes, LR: logistic regression, b) The area under the receiver operating characteristic (ROC) for the different
exposome scores in the validation dataset, c) The histogram of the ESLR (exposome score based on logistic regression) for patients,
siblings and controls in the validation dataset. For visualization, a gaussian distribution was fit to histogram counts by adjusting
mean and standard deviations, d) The risk strata plot of the ESLR on case-control status: The ESLR was divided into 5 quintiles (X-
Axis) of the control distribution and logistic regression was applied to case-control status as the dependent variable. The third
quintile includes the median and was used as reference. The Y-Axis represents odds ratios and the error bars show confidence
intervals.
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(OR = 1.21, 95% CI = 1.08–1.36, P=0.001; adjusted for age and sex: OR = 1.23, 95% CI =
1.09–1.38, P<0.001).

To visually represent the risk stratification properties of the ESLR, we categorized the ESLR

using the quintiles of the control distribution and measured the case-control ORs using the
middle quintile (median ESLR) as the reference. With an increase of the ESLR, we noticed a
gradient increase in the risk for schizophrenia. In comparison with the median, the fifth
quintile had a higher OR (OR = 3.47; 95% CI = 2.22–5.41; P<0.001 and age- and sex-
adjusted OR = 3.78; 95% CI = 2.34–6.09; P<0.001) and the first quintile had a lower OR
(OR = 0.30; 95% CI = 0.17–0.53; P<0.001 and age- and sex-adjusted OR = 0.34; 95% CI
= 0.19–0.62; P<0.001; figure 1c). We then dichotomized the ESLR with cut-off points at
70%, 80%, and 90% of the control distribution. Comparing the top and the bottom part
translated to ORs of 3.81, 3.96, and 5.11 (age- and sex-adjusted ORs of 3.72, 3.74, and
4.77) for 70%, 80%, and 90% of the distribution, respectively (supplementary table S5).

Discussion
For the first time, we applied a predictive modeling approach to construct the ES for
schizophrenia by leveraging 2 large independent datasets (training and validation data) with
similar assessment protocols for environmental exposures. Our findings suggest that
predictive modeling can be used to estimate environmental loading of a range of exposures.
We found that the ESLR, ESRIDGE, and ESLASSO performed similarly well, whereas the ESs
derived from the models assuming independence performed worse. Of the ESGNB, ESMeta-

analyses, and the simple summation of exposures, the ESMeta-analyses, relying on the external sources
for extracting estimates for environmental exposures, showed the worst performance.

The low performance of the ES driven by meta-analyses might be related to the fact that
meta-analytical estimates are derived from different studies that use different assessments,
different definitions, and different cut-off points for exposures in different study
populations3, which might not be completely compatible with the dataset at hand. The
availability of similar training and validation datasets plays a major role in prediction
power—for instance, the predictive performance of polygenic scores for schizophrenia is
considerably lower in non-Caucasian ancestry samples19. Therefore, a similar situation exists
in estimating genetic liability, which, however, has the advantage of using more concrete,
uniformly measured genetic variation for prediction in comparison to environmental
assessment. Generating a uniform “environmental risk score” is even more challenging. For
instance, cannabis use could be scored positive if participants smoke daily, or at least weekly,
or at least monthly for lifetime use or exposure during adolescence, while childhood
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adversities could similarly be measured by various methods. Therefore, as weights are
determined by how strict or lenient the cut-off points are, it is likely that the inconsistency
between sampling and measurement strategies would introduce bias. Further, when
individual coefficients from meta-analyses are used for a weighted environmental score,
correlations between exposures are ignored, and weights may be overestimated3. In line with
this, we also show that GNB, which assumes independence between predictors, produces
higher weights for exposures than the other data-driven models.

Similar to current results, previous studies show that more contemporary algorithms do not
necessarily translate into superior performance over logistic regression for clinical prediction
modeling20,21. However, it should be noted that our analysis did not involve a complex data
structure with many predictors. Penalized classification models might have led to
performance improvement if more complex structures had to be considered (e.g., increasing
the number of predictors and adding pairwise interactions). Researchers likewise need to be
cautious about overfitting models and be aware that, if environmental exposures are
correlated, the initial simple model with a few predictors will show the highest portion of
improvement. However, each sequentially added predictor would result in less and less
improvement in model performance21.

The ESs assuming independence between predictors (sum score, ESMeta-analyses, and ESGNB) had
lower sensitivity than the rest. The ESMeta-analyses indicated the lowest sensitivity (56%). The
sensitivity of an environmental score derived from meta-analytical estimates in a previous
study was even lower, only around 7–9%15. In other words, predictive models that do not
assume independence between exposures may more accurately classify patients as positive by
decreasing false negatives. The ESs from the models assuming independence, however, had
higher specificity and were better in decreasing false positives. As our main concern was to
avoid misclassifying individuals diagnosed with schizophrenia, we chose sensitivity over
specificity. Further, if more environmental exposures were to be included in the ES, thus
introducing more correlation, the models not assuming independence between predictors
(ESLR, ESRIDGE, and ESLASSO) would perform increasingly better than the models assuming
independence (sum score, ESMeta-analyses, and ESGNB).

The ESLR, generated using an easily accessible method (logistic regression), achieved similar
performance results compared with the ESRIDGE and ESLASSO. We used the ESLR to further
explore the characteristics of the ES in the follow-up analyses. In general, patients had higher
ESLR than both controls and siblings, whereas siblings had higher ESLR than controls. The
ESLR explained more variance (Nagelkerke R2 = 0.21) than the ESMeta-analyses (Nagelkerke R2 =

8
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0.13). In accordance with our previous findings showing an additive effect for environmental
factors22,23, our results indicate that the ESLR shows a dose-response effect: the odds of
schizophrenia increase as a function of the ESLR. Eventually, an individual with ESLR in the
top 10% of the control distribution was around 5 times more likely to have schizophrenia
compared to an individual below that cutoff.

Limitations of exposome score

Our analysis was limited to the environmental exposures that were reliably measurable and
equally available in both datasets. The ES can be extended to include other environmental
exposures (e.g., obstetric and pregnancy complications and urban environment). We
included winter birth as an exposure in the current analyses as previous studies suggest an
association between winter birth and psychosis14. However, summer birth was also previously
associated with deficit schizophrenia and might therefore be evaluated as an exposure as
well24,25. Considering evidence showing that common environmental factors (e.g., childhood
adversity) are not specific to the psychosis phenotype, but instead are more generally related
to psychopathology26,27, the ES would likely (to a degree) be associated with other mental
disorders in mixed samples. Therefore, a low discriminant capacity for the ES should be
anticipated. Given the nature of observational studies, causality claims should be avoided.
Finally, it should be noted that although aggregating exposures leads to an increase in the
predictive power and may be particularly beneficial in exploring shared mechanisms, the
inherent heterogeneity of a single score may lead to information loss and biological
imprecision. Considering the reasons described earlier, we have avoided using the term “risk”
and opted for a neutral alternative: exposome score.

Conclusion

Our findings demonstrate that predictive modeling approaches can be harnessed to evaluate
the exposome. In the future, we aim to explore models by including more exposures as well
as interaction terms and test the predictive power of the ES in epidemiologically
representative general population cohorts.
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Supplementary material

MMeetthhoodd  SSuummmmaarryy
Subjects
Data of 1260 patients and 1523 controls from Workpackage 6 of the European Network of National Networks studying Gene-
Environment Interactions in Schizophrenia (EUGEI)17 was used as the training dataset and data of 1135 patients, 584 controls and
1045 siblings from the Genetic Risk and Outcome of Psychosis (GROUP) study1 were used as the validation dataset. The sample of
the EUGEI Workpackage 6 study was collected in Spain, Turkey, and Serbia. The sample of the GROUP study was collected in the
Netherlands. Patients were diagnosed with schizophrenia spectrum disorders according to the DSM-IV-TR (average duration of
illness since age of first contact with mental health services = 9.9 years). Participants with complete information on environmental
exposures were included in the analyses (Supplementary table S1 shows exposure distributions in the training sample with and
without individuals with missing values). The training (N = 1988) and validation (N = 786) dataset includes healthy comparison
participants and patients with a diagnosis of schizophrenia spectrum disorders with complete data on environmental factors and
demographics. The validation data additionally included healthy siblings (N = 542).

Environmental exposures
Within the limits of data availability, we sought to examine all the environmental exposures that have previously been associated
with psychosis spectrum disorders. The environmental exposures were defined in accordance with our previous study investigating
gene-environment interactions in these datasets2.

Childhood adversity was assessed using the Childhood Trauma Questionnaire Short Form (CTQ)3. This consists of 28 items, rated
on a 5-point Likert scale, measuring five domains of maltreatment (emotional and physical neglect; emotional, physical and sexual
abuse). The psychometric characteristics of the translated versions (Spanish, Turkish, Dutch, and Serbian) of the CTQ have been
comprehensively studied4-7. To dichotomize each childhood adversity domain (0 = “absent” and 1 = “present”), consistent with
previous work in the EUGEI8, we used the following cut-off scores for each domain: ≥9 for emotional abuse; ≥8 for physical abuse;
≥6 for sexual abuse; ≥10 for emotional neglect; and ≥8 for physical neglect.

Cannabis use was assessed by a modified version of the Cannabis Experiences Questionnaire9 in the EUGEI (0 = “none”; 1 = “only
once or twice”; 2 = “a few times a year”; 3 = “a few times a month”; 4 = “once or more a week”; 5 = “everyday”), and by the L section
of the Composite International Diagnostic Interview (CIDI)10 in the GROUP (0 = “none”; 1 = “less than weekly”; 2 = “weekly”; 3
= “daily”). Consistent with previous work11-13, a binary regular cannabis use variable was constructed by using the cut-off value of
once or more per week during the lifetime period of most frequent use.

In accordance with previous studies investigating the association between season of birth and schizophrenia in the Northern
hemisphere sites14, the high-risk birth period was defined based on the winter solstice (December-March), and a binary winter-birth
exposure was constructed.

Hearing impairment was defined based on self-reported hearing impairment in the last 12 months (0 = “absent” and 1 = “present”).

The history of bullying by peers (emotional, psychological or physical violence) before 17 years of age was assessed using the short
version of the Retrospective Bullying Questionnaire (RBQ)15,16, which measures the severity of the bullying experience: 0 = “none”;
1 = “some (no physical injuries)”; 2 = “moderate (minor injuries or transient emotional reactions)”; 3 = “marked (severe and frequent
physical or psychological harm)”. Exposure to childhood bullying was dichotomized using ≥1 as the cut-off point (0 = “absent” and
≥1 = “present”).

SSttaattiissttiiccaall  aannaallyyssiiss
Predictive modeling in the training dataset
To impose a balance between patients and controls in the training sample, we selected random samples of patients matching the
number of controls (with each participant having the same probability to be selected). To avoid that the sampling process increases
the variance of the classification models, the process was repeated for 100 times and the average coefficients were selected. We used
MATLAB17 to apply logistic regression (LR), Gaussian Naïve Bayes (GNB), and penalized logistic regression models (least absolute
shrinkage and selection operator [LASSO] and Ridge) to the balanced case-control training dataset. Ridge and the LASSO classifiers
are designed to handle collinearity between variables, while the GNB classifier assumes independence between them. For the
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penalized classification models, an internal 5-fold cross-validation was used for confirmation and to tune the regularization
parameter.

Estimating the predictive power of exposome scores in the validation dataset
In the validation dataset, ES (the weighted sum of exposures) were calculated based on coefficients from each model. Further, we
calculated an environmental sum score of exposure by aggregating environmental factors: participants had scores ranging from 0-9.
Guided by the previous study, we estimated an aggregated score based on meta-analyses18 including cannabis use19, winter birth14,
hearing impairment20, sexual abuse21, physical abuse21, emotional abuse21, neglect21 (scored as present if physical neglect or emotional
neglect were present), and bullying21. Following this, we used the the area under the receiver operating characteristic curve (ROC),
accuracy, sensitivity and specificity to assess the predictive ability of ES on case-control status. We also applied logistic regression in
STATA version 15.022 to analyze ES in patients, controls, and siblings. Nagelkerke’s R2 was calculated to estimate explained variance.
Eventually, we categorized ESLR by its quintiles based on the control distribution in the validation dataset and conducted logistic
regression with categorical ESLR as independent variable. Furthermore, we dichotomized the ESLR and compared the bottom 70% vs
the top 30%, the bottom 80% vs the top 20%, and the bottom 90% vs the top 10% of the control distribution.

Supplementary table S1 Distribution of environmental exposures in the training sample
Without missing valuesa With missing valuesb

Total
= 1988

Controls
 = 1241

Patients
= 747

Total
= 2783

Controls
= 1523

Patients
= 1260

Age mean
(SD)

33.85
(9.96)

33.86
(10.67)

33.82
(8.66)

33.79
(9.65)

33.89
(10.43)

33.67
(8.61)

Females 43.91% 51.25% 31.73% 42.11% 49.38% 33.33%
Cannabis use 11.67% 6.20% 20.75% 13.76% 8.12% 21.35%
Winter birth 38.83% 38.28% 39.76% 39.79% 39.14% 40.61%
Hearing
impairment

6.19% 3.14% 11.24%  5.93% 3.07% 9.43%

Emotional abuse 21.28% 12.17% 36.41% 23.40% 13.24% 38.36%
Physical abuse 10.87% 7.17% 17.00% 11.48% 7.31% 17.60%
Sexual abuse 17.05% 9.19% 30.12% 18.08% 9.52% 30.52%
Emotional neglect 56.19% 49.80% 66.80% 55.77% 47.90% 67.33%
Physical neglect 38.93% 33.60% 47.79% 38.47% 31.67% 48.42%
Bullying 17.91% 8.86% 32.93% 19.56% 9.98% 31.08%

The table shows the prevalence of exposures (present) within the total sample, controls and patients, aIncludes only participants
with complete information on all exposures, bIncludes all participants, SD: standard deviation

Supplementary table S2 Estimated coefficients from each model in the training sample
Exposures Meta-analysesa LR GNB Ridge LASSO
Cannabis use 0.56 1.31 1.33 1.46 1.53
Winter-birth 0.07 0.03 0.01 0.06 0.06
Hearing impairment 1.15 1.18 1.19 1.10 1.16
Emotional abuse 1.22 0.78 1.42 0.87 0.91
Physical abuse 1.08 -0.39 0.94 -0.22 -0.27
Sexual abuse 0.87 0.86 1.45 0.66 0.68
Emotional neglect

1.06
0.44 0.78 0.43 0.45

Physical neglect 0.25 0.66 0.11 0.10
Bullying 0.87 1.35 1.57 1.30 1.35

aGuided by the previous approach18, the exposome score was calculated using log odds ratios from meta-analyses14,19-21 =
(0.56*cannabis use + 0.068*winter birth + 1.15*hearing impairment + 1.22*emotional abuse + 1.08*physical abuse +
0.87*sexual abuse + 1.06*neglect + 0.87*bullying)/8, neglect was scored as present if physical neglect or emotional neglect was
present, GNB: Gaussian Naïve Bayes, LR: logistic regression

8
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Supplementary table S3 Predictive ability of exposome scores in the validation dataset
ROC Accuracy Sensitivity Specificity

ESMeta-analyses 0.69 0.62 0.56 0.72
Sum score 0.71 0.67 0.74 0.58
ESLR 0.73 0.68 0.86 0.42
ESGNB 0.71 0.68 0.72 0.61
ESRIDGE 0.74 0.68 0.86 0.42
ESLASSO 0.74 0.68 0.86 0.42

ES: exposome score, GNB: Gaussian Naïve Bayes, LR: logistic regression, ROC: area under the receiver operating characteristic
curve

Supplementary table S4 Exposome scores in patients, siblings and controls in the validation dataset
Patients vs Controls Patients vs Siblings Sibling vs Controls

OR 95% CI
P-

value R2 OR 95% CI
P-

value
OR 95% CI

P-
value

ESMeta-

analyses
40.65a

17.06 to
96.84

<0.001 0.13 14.33
7.12 to
28.82

<0.001 2.91
1.29 to

6.56
0.010

1.59b
1.43 to

1.77
<0.001 0.13 1.39

1.28 to
1.52

<0.001 1.14
1.03 to

1.27
0.010

Sum
score

1.59
1.44 to

1.75
<0.001 0.17 1.36

1.27 to
1.47

<0.001 1.15
1.06 to

1.26
0.002

ESLR 1.94
1.71 to

2.20
<0.001 0.21 1.58

1.43 to
1.74

<0.001 1.21
1.08 to

1.36
0.001

ESGNB 1.49
1.37 to

1.63
<0.001 0.18 1.33

1.24 to
1.42

<0.001 1.12
1.04 to

1.21
0.003

ESRIDGE 2.00
1.75 to

2.27
<0.001 0.22 1.61

1.46 to
1.78

<0.001 1.22
1.09 to

1.37
<0.001

ESLASSO 1.95
1.72 to

2.21
<0.001 0.22 1.58

1.44 to
1.74

<0.001 1.22
1.09 to

1.36
<0.001

aThe higher ORs of the ESMeta-analyses are due to the scaling of the ES resulting from dividing the sum score by 8, bORs of the ESMeta-

analyses when the sum score was not divided by 8, CI: confidence interval, ES: exposome score, GNB: Gaussian Naïve Bayes, LR:

logistic regression, OR: Odds ratio, R2: Nagelkerke’s pseudo R2

Supplementary table S5 Testing binarized exposome score in patients and controls in the validation dataset

High ES definition Reference group ORa 95% CI P-value

Top 30% of distribution Remaining 70% 3.72 2.68 to 5.17 <0.001

Top 20% of distribution Remaining 80% 3.74 2.63 to 5.32 <0.001

Top 10% of distribution Remaining 90% 4.77 3.06 to 7.44 <0.001

The binary categories of the ESLR were used in the logistic regression analysis. aAdjusted for sex and age, CI: confidence interval,
OR: Odds ratio
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Key Points
QQuueessttiioonn
Do adulthood stressful life events interact with polygenic risk and exposome scores for
schizophrenia in models of mental and physical health?
FFiinnddiinnggss
This longitudinal study provides novel evidence for the contributions of genetic and
environmental liability for schizophrenia to mental health in the general population. Both
genetic and environmental liability were associated with poor outcomes, particularly mental
health. The association between stressful life-events and health outcomes was moderated by
exposome score but not polygenic risk for schizophrenia.
MMeeaanniinngg
Our findings showing an interaction between adulthood stressful life events and lifetime
exposomic liability lend further support to the diathesis-stress model.
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Abstract
IImmppoorrttaannccee: Both adulthood stressful life events (SLEs) and liability for schizophrenia have
been associated with poor mental and physical health in the general population, but their
interaction remains to be elucidated to improve population-based health outcomes.
OObbjjeeccttiivvee: To test whether recent SLEs interact with genetic and environmental liability for
schizophrenia in models of mental and physical health.
DDeessiiggnn:: NEMESIS-2 is a population-based prospective cohort study designed to investigate
the prevalence, incidence, course, and consequences of mental disorders.
SSeettttiinnggss:: Dutch general population.
PPaarrttiicciippaannttss:: Participants were enrolled in 2007-2009 at baseline and followed up with three
assessments over nine years.
EExxppoossuurreess: Recent SLEs assessed at each wave and aggregate scores of genetic and
environmental liability for schizophrenia: polygenic risk score for schizophrenia (PRS-SCZ)
trained using the PGC 2 results and exposome score for schizophrenia (ES-SCZ) trained
using an independent data set.
MMaaiinn  OOuuttccoommeess  aanndd  MMeeaassuurreess:: Independent and interacting associations of SLEs with ES-
SCZ and PRS-SCZ on mental and physical health assessed at each wave.
RReessuullttss: Of the 6,646 participants included at baseline, the mean (SD) age was 44 (13) years
and 55% were female. SLEs was associated with poorer physical health (B = -3.22 [95% CI:
-3.66, -2.79]) and mental health (B = -3.68 [95% CI: -4.05, -3.32]). Genetic and
environmental liability for schizophrenia were associated with poorer mental health (ES-
SCZ: B = -3.07 [95% CI: -3.35, -2.79]; PRS-SCZ: B = -0.93 [95% CI: -1.31, -0.54]).
Environmental liability was also associated with poorer physical health (B = -3.19 [95% CI:
-3.56, -2.82]). The interaction model showed that ES-SCZ moderated the association of
SLEs with mental (B = -1.08 [95% CI: -1.47, -0.69]) and physical health [B = -0.64 (95%
CI: -1.11, -0.17)], while PRS-SCZ did not. Several sensitivity analyses confirmed these
results.
CCoonncclluussiioonnss  aanndd  RReelleevvaannccee: Schizophrenia liability contributes to broad mental health
outcomes at the population level. Consistent with the diathesis-stress model, exposure to
SLEs, particularly in individuals with high environmental liability for schizophrenia, was
associated with poorer health. Our findings underline the importance of modifiable
environmental factors over the life span for the population-based mental health outcomes.

KKeeyywwoorrddss:: Exposome, stressful life events, polygenic risk score, environment, psychosis,
mental health, gene-environment interaction

147488 Pries BNW.indd   153147488 Pries BNW.indd   153 05-11-2020   09:5505-11-2020   09:55



154

Introduction
Accumulating evidence indicates that adulthood stressful life events (SLEs) contribute to the
onset and outcome of a broad range of mental disorders1-4. Further, SLEs are key
determinants of poor mental and physical health in the general population2,3,5-11. Although
SLEs are highly relevant for mental and physical wellbeing, they are seldom screened in
routine clinical practice. A recent viewpoint has therefore called for integration of the SLE
dimension to maximize the clinical utility of electronic health records12.

SLEs are ubiquitous, with 30-40% of the general population experiencing at least one major
SLE (e.g., death of a relative) each year6,13. However, the majority of people do not develop
mental disorders after experiencing a SLE. According to the diathesis-stress model14, one
possible explanation is that early life events increase the vulnerability to SLEs later in life.
Converging evidence for the diathesis-stress model stems from epidemiological studies
focusing on the influence of the environment on psychopathology over the life-span. Early
adverse events, such as childhood adversity, moderate the association between adulthood
SLEs and a broad range of multidimensional psychopathology outcomes across the severity
spectrum from depression to psychosis6,15-21. Further, the influences of exposures on
psychopathology appear to accumulate in a dose-response fashion: the more severe the
exposure, the more severe the outcome22-27.

Similar to the antecedent environmental liability to SLEs, genetic background may emerge
as a predisposing factor for the detrimental impact of SLEs on health. The liability-threshold
model28 posits that phenotypic outcomes can be quantified by the combination of cumulative
genetic and environmental liability, where individuals passing the critical threshold develop
expression of the disease phenotype. Recent insight from genome-wide association studies
(GWAS), enabling polygenic risk estimation of phenotypes (polygenic risk score [PRS]: a
weighted sum of trait-associated alleles), has galvanized research into polygenic theory of
psychopathology and provided a single metric of molecular genetic liability for gene-
environment interaction research. We have shown that PRS for schizophrenia (PRS-SCZ)
interacts with childhood adversities and cannabis use, increasing the likelihood of
schizophrenia29. A recent study pairing PRS-SCZ with an aggregate environmental score
provided further evidence for gene-environment interaction in a first episode psychosis
sample30,31.

The recent series of studies testing the diathesis-stress model of depression in independent
samples show evidence for a positive interaction between PRS for major depressive disorder
(MDD) and SLEs increasing depression risk32-34. The interaction between PRS-MDD and
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SLEs appears to be pleiotropic, extending to not only mental health phenotypes (e.g.,
schizotypal personality) but also physical health phenotypes, such as cardiovascular disease
and chronic obstructive pulmonary disease34. The shared stress-vulnerability across disease
phenotypes is an anticipated outcome given the pleiotropic associations of PRS and SLEs.

PRS-SCZ clearly outperforms the rest of the PRSs for mental disorder phenotypes that have
been estimated so far, and appears to be the forerunner for developing PRS-based clinical
applications35,36. Genetic liability for schizophrenia shows significant overlap with genetic
liability across mental health phenotypes37. PRS-SCZ is associated with a variety of
disorders35,38,39, quality of life40, and subclinical multidimensional phenotypes39,41-43. Further,
the investigation of the electronic health records from the United States revealed that PRS-
SCZ was associated with not only a diagnosis of schizophrenia but also diagnoses of related
psychiatric and other medical conditions35.

Taken together, these findings indicate that an impact of SLEs is to a degree contingent on
an individual’s environmental and genetic liability. The findings of our recent study provide
further support to the pleiotropic impact of stress-vulnerability: PRS-SCZ interacted with
stressful life events moderating the daily variations of negative affect, positive affect, and
psychosis expression in the general population44. To date, the diathesis-stress theory for SLEs
by using PRS for genetic liability estimation has only been tested cross-sectionally, while
environmental liability remains to be estimated as a single metric (analogous to PRS) to
embrace the dense network of exposures in general population cohorts.

Here, we aimed to embrace the complexity of many-to-many non-specific relationships in
psychiatry45 by investigating to what degree all-encompassing health outcomes at the
population level were influenced as a function of the interaction between SLEs (“precipitating
events”) and liability for arguably the most severe and chronic form of mental disorders
(“predisposition”), schizophrenia, considering the fact that the genetic and environmental
liability for schizophrenia, as the selection on the extreme end of the mental disorder severity
spectrum, should plausibly have a greater impact on mental health at the population level.
By making use of a population-based prospective cohort that includes detailed information
on early life environmental exposures, GWAS data, and repeated assessments of adulthood
SLEs and health outcomes, we investigated whether the association of SLEs with mental and
physical health was moderated by PRS-SCZ and exposome score for schizophrenia (ES-
SCZ), a composite score of environmental liability for schizophrenia46.
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Method
Study Population

The Netherlands Mental Health Survey and Incidence Study-2 (NEMESIS-2) was
conducted to study the prevalence, incidence, course, and consequences of mental disorders
in the Dutch general population. The study was approved by the Medical Ethics Review
Committee for Institutions on Mental Health Care and written informed consent was
collected from participants at each wave. To ensure representativeness of the sample in terms
of age (between the ages of 18 and 65 at baseline), region, and population density, a
multistage random sampling procedure was applied. Dutch illiteracy was an exclusion
criterion. Non-clinician, trained interviewers applied the Composite International
Diagnostic Interview (CIDI) version 3.047,48 and additional questionnaires during home
visits. Details of NEMESIS-2 were provided elsewhere49,50. From 2007 to 2009, the first wave
(T0) enrolled 6,646 participants (response rate 65.1%; average interview duration: 95
minutes), who were followed up at 3 visits within 9 years: successive response rates at year 3
(T1), year 6 (T2), and year 9 (T3) were 80.4% (n = 5,303; excluding those who deceased;
interview duration: 84 minutes), 87.8% (n = 4,618; interview duration: 83 minutes), and
86.8% (n = 4,007; interview duration: 102 minutes), respectively. Data from all four waves
were utilized. Rates at baseline reflect lifetime occurrence; rates at T1 to T3 reflect 3-year
interval (baseline-T1, T1–T2, and T2–T3) occurrence. Attrition between T0 and T3 was
not significantly associated with any of the individual 12-month mental disorders at T0 after
controlling for sociodemographic characteristics51. Genetic data were available in a subsample
of 3,104 individuals.

Measurements

EExxppoossoommee  ssccoorree  ffoorr  sscchhiizzoopphhrreenniiaa
Guided by the approach validated in a large international study46, the continuous ES-SCZ
was calculated by summing log odds weighted environmental exposures (cannabis use, winter
birth, hearing impairment, and childhood adversities [emotional neglect, psychological
abuse, physical abuse, sexual abuse, and peer victimization]) at baseline (eMethods).
AAdduulltthhoooodd  ssttrreessssffuull  lliiffee  eevveennttss
Based on the “Brugha Life events section”52, participants were asked whether they
experienced one of 9 life events within the last 12 month (T0) or since the last interview (T1
to T3) (eTable 2). Consistent with previous work from this cohort53,54, we used the single
binary SLEs variable (present: ≥1 life events and absent: 0 life events).
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MMeennttaall  hheeaalltthh  aanndd  pphhyyssiiccaall  hheeaalltthh
The Short-Form-36 Health Survey (SF-36)55 consists of nine subscales, each scale ranging
from poor (0) to good (100) functioning. Based on the SF-36 manual56, mental health, role
limitations due to emotional problems, social functioning, and vitality scales were averaged
into a mental health dimension, while general health perceptions, physical functioning, role
limitation due to physical health problems, and bodily pain scales were averaged into the
physical health dimension57. The SF-36 was assessed at each time-point and refers to the past
four weeks.
PPoollyyggeenniicc  rriisskk  ssccoorree  ffoorr  sscchhiizzoopphhrreenniiaa
PRS-SCZ was created from best estimate genotypes at six different P-thresholds (0.5, 0.1,
0.05, 5·10-3, 5·10-5, 5·10-8) (eMethods). For our primary analyses, we used the P-threshold
of < 0.05, as this threshold optimally captures liability to the disorder in the Psychiatric
Genomics Consortium analysis58 and performed well for the current phenotypes (eTable 3).

Statistical analyses

All analyses were performed using Stata, version 1559. P < 0.05 (2-tailed) was considered
nominally statistically significant. Baseline correlation between PRS-SCZ and SLEs was
tested using logistic regression models. Using data from all four assessment points, we fitted
multilevel mixed regression models using the MIXED command in Stata to test the
association of recent SLEs, ES-SCZ, and PRS-SCZ with mental and physical health
outcomes. SLEs and health outcomes were assessed at each time-point and therefore time-
varying; the genetic (PRS-SCZ) and environmental liability (ES-SCZ) were antecedents and
time-invariant. Likelihood ratio tests comparing models with different covariance structures
(independent and autoregressive) indicated that a first order autoregressive (AR1) covariance
structure60,61 was the most suitable for the current analyses. The continuous independent
variables (PRS-SCZ and ES-SCZ) were standardized and centered (min=0, SD=1) at
baseline. Given the hierarchical structure of the data, multilevel mixed-effect models were
applied to cluster the multiple assessments per individuals. All analyses were additionally a
priori adjusted for age, sex, and 4-level education (primary school, lower secondary, higher
secondary, and higher professional education). Models including PRS-SCZ were conducted
in a subsample of 3104 genotyped individuals and additionally adjusted for three principal
components. To adequately control for confounding62, interaction models with PRS-SCZ
included the covariates as well as covariate x SLEs and covariate x PRS-SCZ interaction
terms. Univariate and multiple logistic regression models were applied to compare the
baseline characteristics between individuals who completed all four assessments and those
who dropped-out at any time-point. The multivariable model indicated that younger age and
lower education at baseline were associated with attrition over the study period (eTable 4).
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We additionally tested the associations of the environmental exposures (ES-SCZ and SLEs)
in the genotyped subsample. Further, the analyses were conducted after the imputation of
missing observations (Table 1) in environmental exposure assessments and health outcomes.
Imputation and subsequent analyses were separately conducted for the total and genotyped
subsample. Assuming missing at random, we applied the multiple imputation chained
equation model63 with 20 imputations which were limited to in‐range values (relative
efficiency was above 99%). Subsequent analyses were based on multiply imputed data with
estimates being pooled using Rubin's rules64.

To test the robustness of our findings, we conducted several sensitivity analyses. We first
tested whether the results of recent SLEs converged to previous SLEs (at time point t-1),
aiming to assess temporal association and proximity. Further, the analyses were conducted
by replacing independent variables one at a time with the following sensitivity measures:
PRS-SCZ with a P-threshold of < 0.1 (PRS-SCZ0.1), polygenic risk score for major depressive
disorders (PRS-MDD), ES-SCZ without cannabis use history, the sum score of recent SLEs
(tSLEs), recent SLEs split into independent (iSLEs) and dependent (dSLEs). Finally, we
repeated the primary analyses using the narrow dimensions of mental health (mental health
and role limitations due to emotional problems scales) and physical health (physical
functioning, role limitation due to physical health problems, and bodily pain) as outcomes56

(eMethods).

Results
Table 1 reports sample characteristics at the different time-points and missing values at
baseline. Regression analyses of baseline only data revealed that recent SLEs explained 5% (P
< 0.001) and 3.7% (P < 0.001) of the variance in baseline mental and physical health
respectively, while ES-SCZ explained 5.5% (P < 0.001) and 3.2% (P < 0.001) of the variance
in baseline mental and physical health, respectively. PRS-SCZ at a P-threshold of < 0.05
explained 0.5% of the variance in baseline mental health (P < 0.001), but PRS-SCZ was not
significantly associated with physical health at baseline (eTable 3).
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Table 1 Sample characteristics at the different assessment points and missing values at baseline

Variables
Baseline
sample

(n = 6646)

T1
(n = 5303)

T2
(n = 4618)

T3
(n = 4007)

Number of missing
observations
at baseline

Age, mean
(SD)

44.26
(12.54)

47.61
(12.37)

50.87
(12.32)

54.06
(12.28)

-

Sex (% female) 55.25 55.10 55.39 55.53 -

Education (%)

   Primary school 5.00 4.26 4.03 3.84 -

   Lower secondary 27.48 26.17 25.83 25.51 -

   Higher secondary 32.28 32.59 32.03 31.79 -

   Higher professional 35.25 36.98 38.11 38.86 -

Mental health, mean
(SD)

84.85
(13.97)

82.57
(14.56)

82.88
(14.70)

84.69
(14.24)

3

Physical health, mean
(SD)

84.09
(17.67)

82.33
(18.70)

81.26
(19.24)

80.87
(19.42)

1

Stressful life events (%
present)

50.60 73.60 76.38 76.82 140

Exposome score for
schizophrenia, mean
(SD)a

0.52
(0.83)

0.53
(0.83)

0.52
(0.83)

0.52
(0.82)

380

a Raw data, the rates for stressful life evens at baseline reflect a 12-month period; rates at T1 to T3 reflect 3-year interval (baseline-
T1, T1–T2, and T2-T3) occurrence; SD: Standard deviation

The longitudinal mixed regression models indicated that recent SLEs were associated with
poorer mental health (B = -3.64 [95%CI: -4.00, -3.28], P < 0.001) and physical health (B =
-3.69 [95%CI: -4.12, -3.26], P < 0.001). ES-SCZ was likewise associated with poorer mental
health (B = -3.16 [95%CI: -3.44, -2.88], P < 0.001) and physical health (B = -3.09 [95%CI:
-3.48, -2.71], P < 0.001). Increased PRS-SCZ was associated with decreased mental health
(B = -0.90 [95%CI: -1.30, -0.51], P < 0.001), but no significant association was found
between PRS-SCZ and physical health (B = -0.38 [95%CI: -0.92, 0.17], P = 0.17). The
results were similar after adjusting for age, sex, and education (Table 2).
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There was evidence for a significant interaction between recent SLEs and ES-SCZ on mental
health (B = -1.09 [95%CI: -1.48, -0.70], P < 0.001) and physical health (B = -0.63 [95%CI:
-1.11, -0.16], P = 0.009), also after adjusting for age, sex, and education (Table 2 and Figure
1). No gene-environment correlation was detected: no large or significant association was
found between PRS-SCZ and recent SLEs (OR = 1.03 [95%CI: 0.96, 1.10], P = 0.45). No
evidence was found for an interaction between recent SLEs and PRS-SCZ on mental (B = -
0.25 [95%CI: -0.73, 0.23], P = 0.31) or physical health (B = -0.14 [95%CI: -0.72, 0.45], P
= 0.65), also after adjusting for age, sex, and education. In accordance with the analyses in
the total sample, adjusted main effect analyses in the genotyped subsample revealed that
recent SLEs were associated with poorer mental health and physical health. Further, ES-SCZ
was associated with poorer mental health and physical health in the genotyped subsample
(eTable 5). Analyses on imputed results also converged with those in the unimputed dataset
(eTable 6).

Table 2 Main associations and interactions of recent stressful life events, exposome score for
schizophrenia, and polygenic risk score for schizophrenia on health outcomes

Mental health Physical health

B 95% CI P-value B 95% CI P-value

Main associations

SLE -3.68
-4.05 to -

3.32
<0.001 -3.22

-3.66 to -
2.79

<0.001

ES-SCZ -3.07
-3.35 to -

2.79
<0.001 -3.19

-3.56 to -
2.82

< 0.001

PRS-SCZa -0.93
-1.31 to -

0.54
<0.001 -0.49 -1.01 to 0.03 0.06

Interactions

SLE x ES-SCZ -1.08
-1.47 to -

0.69
<0.001 -0.64

-1.11 to -
0.17

0.008

SLE x PRS-SCZa -0.25 -0.74 to 0.24 0.33 -0.17 -0.76 to 0.42 0.58
All analyses were adjusted for sex, age, and education; aadditionally adjusted for three principal components; B: Regression
coefficient from the multilevel mixed models; CI: Confidence Interval; ES-SCZ: Exposome score for schizophrenia; PRS-SCZ:
Polygenic risk score for schizophrenia; SLE: Stressful life events
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Figure 1 Marginal plots of interactions on health outcomes

Figure a) and b) show marginal effect plots based on adjusted multilevel mixed regression of the interaction
between exposome score for schizophrenia (x-axis) and recent stressful life events (SLEs) on continuous measures
of mental health and physical health (y-axis). Raw data associations between exposome score for schizophrenia
and baseline health outcome by recent SLEs are visualized as scatter; Figure c) and d) show marginal effect plots
based on adjusted multilevel mixed regression of the interaction between polygenic risk score for schizophrenia
(x-axis) and SLEs on continuous measures of mental health and physical health (y-axis). Raw data associations
between polygenic risk score for schizophrenia and baseline health outcome by recent SLEs are visualized as scatter.
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Sensitivity analyses

The sensitivity analyses provided support for the robustness of the findings. Analyses with
previous SLEs (at t-1) showed similar results to those with recent SLEs (Table 3), with the
exception of the interaction between previous SLEs and ES-SCZ on physical health, which
was not nominally statistically significant. Estimates for previous SLEs were generally lower
than those of recent SLEs. The sequential sensitivity analyses replacing independent variables
one at a time with the sensitivity measures (PRS-SCZ0.1, PRS-MDD, ES-SCZ without
cannabis use history, tSLEs, dSLEs, iSLEs) corroborated previous findings (eTable 7-11). In
comparison to recent iSLEs, the estimates for the interaction between ES-SCZ and dSLEs
were larger and remained nominally statistically significant. The iteration of the primary
analyses using the narrow dimensions of mental and physical health outcomes produced
results similar to the primary analysis (Table 4).

Discussion
In this prospective study, we tested the moderating role of genetic and environmental liability
on the association between recent SLEs and health outcomes in the general population. Our
results illustrate that recent SLEs along with environmental (ES-SCZ) and genetic (PRS-
SCZ) liability to schizophrenia were associated with poor mental health at the population
level. ES-SCZ and SLEs were independently and interactively associated with health
outcomes, particularly mental health. Although PRS-SCZ was associated with poorer mental
health, the association between PRS-SCZ and physical health was trend-significant after
adjusting for age, sex, and education. PRS-SCZ did not moderate the association between
SLEs and health outcome. The current findings were confirmed by the converging results
obtained from sensitivity analyses.
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This study adds valuable knowledge to the literature on the longitudinal association between
SLE and mental health. Our findings show that recent SLE and environmental liability (ES-
SCZ) in the general population are associated with poorer mental and physical health. This
aligns with previous findings showing that environmental exposures pleiotropically associate
with psychosis spectrum disorder21,23,65. Supporting the notion of a temporal association
between SLEs and health, the analyses with previous SLEs yielded a similar association
pattern to those of recent SLEs. However, estimates were higher when investigating the more
recent SLEs, indicating that proximity influences the association of SLEs with the
outcome15,66,67. Further, along the lines of the diathesis-stress model14, we demonstrated that
the exposomic liability moderates susceptibility to SLEs later in life. This is in accordance
with accumulating evidence indicating that early environmental exposures moderate the
association between SLEs later in life and multidimensional psychopathology6,15-19. The
results show that the network of early and late environmental exposures needs to be
elucidated to gain insight into the etiological basis of mental ill-health.

Our study reports novel findings on the association between PRS-SCZ and mental health in
a prospective general population sample. While the literature shows inconsistent results for
the association between PRS-SCZ and multidimensional psychosis spectrum phenotype
(e.g., psychosis expression and negative symptoms)39,41-44,68-70, the current results suggest that
genetic liability to schizophrenia is pleiotropically associated with broad
psychopathology39,41,42,71,72.

We did not find a moderating effect of PRS-SCZ on the association between SLEs later in
life and health outcomes. This finding is in line with several previous studies investigating
the interaction between PRS-MDD and SLEs on depression73,74 and our previous findings
showing that the association of daily life stressors with positive affect, negative affect, and
psychosis proneness at population level was not moderated by PRS-SCZ44. However, a recent
line of research showed that PRS-MDD moderated the association between SLEs and
depression risk32-34. Given the inconsistencies, further research is needed to understand
whether PRS-SCZ moderates stress-sensitivity.

Some limitations should be acknowledged. Although our exposome score estimation
conformed to the approach validated in a large international study, exposome score was
limited by the degree to which the exposures that were used in the original model were
reliably assessed in the current sample, and thereby lacking other exposures that might be of
relevance (e.g., obstetric and pregnancy complications)75. Although participants were asked
to report past SLEs and current health outcomes, differences in the estimates of iSLE and
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dSLE demonstrate that the reporting of SLEs might be influenced by current mental and
physical health. Notwithstanding, the analyses using previous SLEs provide some support for
temporal association. Further, although our analysis revealed nominally statistically
significant associations of PRS-SCZ with mental health, larger samples may be required to
detect a gene-environment interaction in the general population given smaller effect sizes.

In conclusion, we have shown that the genetic and environmental liability for schizophrenia
contribute to broad mental health outcomes at the population level. Our findings showing
that the network of antecedent environmental liability increases the vulnerability to stressful
events later in life provide further support to the diathesis-stress theory. From a clinical
perspective, our results suggest that the integration of SLEs can increase the clinical utility of
electronic health records. From a public health perspective, our findings underline the
promise for investment in public health strategies that focus on modifiable environmental
factors over the life span to improve population-based mental health outcomes.
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Supplementary material

eeMMeetthhoodd
The estimation of exposome score for schizophrenia
By using our previously validated estimates for constructing cumulative environmental load in a Dutch cohort (GROUP)1, we
generated the exposome score for schizophrenia (ES-SCZ) by summing log odds weighted environmental exposures (each exposure
defined as absent = “0” and present = “1”) at baseline including cannabis use, hearing impairment, winter-birth, and five childhood
adversity domains (sexual, physical and psychological abuse along with emotional neglect and bullying)1. A total of eight exposures
were used for estimating ES-SCZ. The definition of each of the exposure is provided below.

Childhood adversity domains
Childhood adversity domains were assessed at baseline (T0) across 5 domains before age 16) using a questionnaire based on the
NEMESIS-1 trauma questionnaire2. Subjects were asked whether they experienced emotional neglect, psychological abuse, peer
victimization, physical abuse or sexual abuse. Each of the five childhood adversity domains was binary coded (absent = “0” and
present = “1”).

Cannabis Exposure
Cannabis use was assessed with the section Illegal Substance Use of the CIDI 3.0 at baseline (T0; lifetime). If subjects reported
cannabis use, they were rated on frequency of use in the period of most frequent use on a scale of 1 (never) to 7 (every day). Consistent
with previous work3,4, a binary variable (absent = “0” and present = “1”) was constructed by using the cut-off value of once per week
or more in the period most frequent use.

Hearing impairment
Baseline hearing impairment was based on self-reported hearing impairment in the last 12 months (absent = “0” and present = “1”).

Winter-birth
In accordance with previous studies investigating the association between season of birth and schizophrenia in the Northern
hemisphere sites5, the high-risk birth period was defined based on the winter solstice (December-March), and a binary winter-birth
exposure was constructed (absent = “0” and present = “1”).

Genotyping procedures, quality control, imputation, and polygenic risk score (PRS) calculation
A. Target Genotype Data Processing

1. Genotyping procedures and quality control steps before imputation.
NEMESIS-2 samples were genotyped on an IPMCN chip (Institute of Psychological Medicine and Clinical Neurology, Cardiff
University), which was custom-made for EUGEI (588,628 genotyped variants for 4,043 participants).6 Quality control (QC) was
done using PLINK v1.9 7 as follows. There were 3,861 samples matching with phenotypes. Single nucleotide polymorphisms (SNPs)
and samples with call rates below 95% and 98%, respectively, were removed. A strict SNP QC only for subsequent sample QC steps
was conducted. This involved a minor allele frequency (MAF) threshold > 10% and a Hardy-Weinberg equilibrium (HWE) P-value
> 10-5, followed by linkage disequilibrium (LD) based SNP pruning (R2 < 0.5). This resulted in ~60K SNPs to assess sex errors
(n=145), heterozygosity (F< 5xSD the standard deviation (SD), n= 73), and relatedness by pairwise identity by descent (IBD) values
> 0.1 (n= 170). Genetic outliers (n=154) were identified by principal component analysis (PCA, see below). In total, 3,104
individuals passed these QC steps. After removing failing samples (n = 757), a regular SNP QC was performed (SNP call rate>95%,
HWE p>1e-06, MAF> 0.16%; as the IPMCN chip contains many rare variants, half the SNPs would have been removed if we had
applied MAF> 1%; therefore, we loosened MAF threshold to 0.16% =10/(2*sample size of 3,104)). Next, strand ambiguous SNPs
and duplicate SNPs were removed, resulting in a total of 298,104 genotyped variants.

2. Imputation on Michigan server.
The QC-ed dataset was chunked by chromosome, and then converted into *.VCF files. The Michigan server was used for imputation
with the following settings: reference panel as HRC R1.1 2016; phasing as Eagle v2.3; population as European; model as QC &
imputation. The imputation resulted in 47,101,073 single nucleotide polymorphisms (SNPs). The general imputation quality is
shown in eFigure 1.
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3. Quality control after imputation.
Poor quality SNPs were excluded: multi-allelic SNPs, SNPs with a minor allele frequency (MAF)<0.0016 or INFO<0.3, and strand
ambiguous AT/CG SNPs. The VCF dosage files were converted into PLINK format dosage files. Finally, 10,356,437 SNPs and
3,104 individuals remained. For hard call (best guess) genotypes, an additional SNP QC (INFO>0.8 and HWE>10-6) was
performed, resulting in 6,436,459 SNPs.

4. Principle components analyses (PCA).
The principal components (PCs) analyses within NEMESIS-2 samples, and NEMESIS-2 samples along with Hapmap38 populations
were conducted by EIGENSTRAT9. A strict selection for SNPs with overlap with Hapmap3 SNPs was conducted: 1. MAF>0.05
and HWE>0.001; 2. Removal of 24 long LD regions (eTable 1); 3. LD pruning with an R2 of 0.5; which resulted in 40,732 best
quality genotyped SNPs used to calculate genetic PCs. PCs were firstly calculated with HapMap3 population to exclude European
ethnic outliers: exceeding 5 times the standard deviation of Utah residents with Northern and Western European ancestry from the
CEPH collection (CEU) and Toscani in Italia (TSI) populations for the first 2 PCs (eFigure 2). The first 2 PCs explained > 84.3%
of the total. In total, 141 individuals were excluded from this dataset. Secondly, another PCA was conducted using the same SNPs
(n=40,732) but calculated only in NEMESIS-2. The first 2 PCs explained >30% of the total. Another 13 individuals were considered
as ethnic outliers by the first 2 PCs exceeding 5 times the standard deviation in the NEMESIS-2 sample. In the end, 3,104 individuals
remained. Compared with the self-report ethnic information, 93.75% of our ethnic-QCed samples are self-reported as “Dutch”. We
think some people may have understood the question as: “where were you born?”, since non-former colony countries have 0
deviations from genetic QC, while former colonies have substantial deviations. In total, 154 samples were identified as European
ethnic outliers and excluded. After post-imputation quality control steps, PCA was conducted using the same SNPs (n=40,732)
within NEMESIS-2 samples (n=3,104). These PCs were then used as covariates in analyses to correct for population stratification.

eFigure 1. Correlation of SNPs MAF from NEMESIS-2 dataset with the reference MAF
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B. Training schizophrenia GWAS summary statistic processing and calculating polygenic risk score for schizophrenia
We used recent GWASs of schizophrenia10 for PRS calculations11. As a quality control for PRS calculation, the SNPs that overlapped
between the GWASs summary statistics (training datasets) and our dataset were extracted. Then, insertions or deletions, ambiguous
SNPs, SNPs with minor allele frequency (MAF) <0.01 and imputation quality (R2) < 0.8 in both training and target datasets were
excluded. To account for complicated LD structure of SNPs in the genome, these SNPs were clumped in two rounds using PLINK
1.90b3z12 according to previously established methods13,14; round 1 with the default parameters (physical distance threshold 250kb
and LD threshold (R2) 0.5); round 2 with a physical distance threshold of 5,000kb and LD threshold (R2) 0.2. Additionally, we
excluded all SNPs in genomic regions with strong or complex LD structures (e.g. the MHC region on chromosome 6; eTable 1).
The odds ratios (ORs) were reported in the summary statistics, and were log-converted to beta values as effect sizes. Sample overlap
between NEMESIS-2 data with schizophrenia GWAS cohort (PCG and CLOZUK cohorts) is unlikely since all samples belong to
different cohorts. We constructed PRS based on schizophrenia risk alleles weighted by their schizophrenia increasing effect estimate
using the Purcell et al. method 7,15, i.e. using PLINK’s score function. PRS was calculated for 3,104 samples (those remaining after
QC). Informed by the PGC analyses, PRS for schizophrenia with a significance cut-off P < 0.05 was used in the main analyses to
achieve a balance between the number of false-positive and true-positive risk alleles16.
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eFigure 2. First 2PCs of NEMESIS-2 samples with Hapmap 3 before exclusion of
ethnic outliers
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The sensitivity measures
Polygenic risk score for schizophrenia at P-threshold of < 0.1
Given that the analyses of PRS-SCZ with a P-threshold of < 0.1 (PRS-SCZ0.1) on the current phenotypes (mental and physical
health; eTable 3) showed slightly better performance in this sample, we repeated the analyses with PRS-SCZ0.1.

The sum score of adulthood stressful life events
By using nine life events listed in the “Brugha Life events section”17 (eTable 2), a sum score of stressful life events (tSLEs) was
generated.

The independent and dependent adulthood stressful life events
The recent SLEs were categorized into independent (iSLEs, items 1–4 in the eTable 2) and dependent (dSLEs, items 5–9 in the
eTable 2) based on previous studies17-20

Polygenic risk score for major depressive disorder
By applying the same methodology as described above for the construction of PRS-SCZ, we generated the polygenic risk score for
major depressive disorder (PRS-MDD) at P-threshold 0.05 21.

Exposome score for schizophrenia without cannabis use history
We applied the same methodology as described above for the construction of ES-SCZ after leaving cannabis use history out to
estimate exposome score for schizophrenia without cannabis use history (ES-SCZ(no cannabis)) using a total of seven exposures including
hearing impairment, winter-birth, and five childhood adversity domains (sexual, physical and psychological abuse along with
emotional neglect and bullying).

eTable 1: The complex-LD regions (build GRCh37) removed for PCA analysis
Chromosome Base pair start Base pair end

6 25392021 33392022
8 111930824 114930824
11 46043424 57243424
1 48287980 52287979
2 86088342 101041482
2 134666268 138166268
2 183174494 190174494
3 47524996 50024996
3 83417310 86917310
3 88917310 96017310
5 44464243 50464243
5 97972100 100472101
5 128972101 131972101
5 135472101 138472101
6 56892041 63942041
6 139958307 142458307
7 55225791 66555850
8 7962590 11962591
8 42880843 49837447
10 36959994 43679994
11 87860352 90860352
12 33108733 41713733
12 111037280 113537280
20 32536339 35066586
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Narrow mental and physical health
The Short-Form-36 Health Survey (SF-36)22 consists of nine subscales, each scale ranging from poor (0) to good (100) functioning.
Based on the Short-Form-36 Health Survey manual23, narrow dimensions of mental health (mental health and role limitations due
to emotional problems scales) and physical health (physical functioning, role limitation due to physical health problems, and bodily
pain) were calculated.

eTable 2 List of stressful life events
Items Frequencya

(1) Serious illness or injury to subject 10.19%
(2) Serious illness or injury to a close relative 29.20%
(3) Death of first-degree relative including child or spouse 14.02%
(4) Death of close family friend or second degree relative 32.76%
(5) Separation due to marital difficulties 5.45%
(6) Broke off a steady relationship 6.36%
(7) Serious problem with a close friend, neighbor or relative 7.31%
(8) Subject sacked from job 6.98%
(9) Major financial crisis 5.33%

aData from surveys of 6646 participants at four time points (T0, T1, T2, and T3), yielding a total of 20,574 observations for analyses
in the ‘long’ format.

eTable 3 Explained variance (R2) of baseline mental and physical health for different polygenic risk score P-
thresholds and environmental exposures

Mental health Physical health

B P-value R2 (%) B P-value R2 (%)

Polygenic risk score for schizophrenia at
different P-thresholdsa

   5·10-8 -0.32 0.19 0.17 -0.26 0.40 0.55

   5·10-5 -0.34 0.16 0.18 -0.29 0.35 0.55

   5·10-3 -0.64 0.009 0.33 -0.49 0.12 0.60

   0.05 -0.85 < 0.001 0.50 -0.49 0.12 0.60

   0.1 -0.86 < 0.001 0.51 -0.57 0.07 0.63

   0.5 -0.80 0.001 0.45 -0.54 0.09 0.62

Recent stressful life events -6.27 < 0.001 5.04 -6.83 < 0.001 3.73

Exposome score for schizophrenia -3.23 < 0.001 5.47 -3.17 < 0.001 3.22
a adjusted for three principal components; B: regression coefficient from the regression models at baseline; R2: Explained variance by
R-squared in %
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Abstract
BBaacckkggrroouunndd:: Psychosis spectrum disorder has a complex pathoetiology characterized by a
network of environmental and genetic vulnerabilities. The present study aims to investigate
the role of gene-environment interaction using aggregate scores of genetic (polygenic risk
score: PRS-SCZ) and environment liability for schizophrenia (exposome score: ES-SCZ)
across the psychosis continuum.
MMeetthhooddss:: The sample consisted of 1699 patients, 1753 unaffected siblings, and 1542 healthy
comparison participants. The Structured Interview for Schizotypy-Revised (SIS-R) was
administered to analyze scores of total, positive, and negative schizotypy in siblings and
healthy comparison participants. PRS-SCZ was trained using the PGC2 results. Guided by
the approach validated in a large international study, ES-SCZ was trained and validated in
two independent subsamples of the current dataset.
RReessuullttss:: Both genetic and environmental vulnerability were associated with case-control
status. Furthermore, there was evidence for additive interaction between PRS-SCZ and ES-
SCZ increasing the odds for schizophrenia spectrum diagnosis (relative excess risk due to
interaction = 6.79, [95% CI: 3.32, 10.26], P < 0.001). In siblings and healthy comparison
participants, PRS-SCZ and ES-SCZ were associated with all SIS-R dimensions and evidence
was found for an interaction between PRS-SCZ and ES-SCZ on the total (B = 0.006
[95%CI: 0.003, 0.009], P < 0.001), positive (B = 0.006 [95%CI: 0.002, 0.009], P = 0.002),
and negative (B = 0.006, [95%CI: 0.004, 0.009], P < 0.001) schizotypy dimension.
CCoonncclluussiioonnss:: The interplay between exposome load and schizophrenia genetic liability
contributing to psychosis across the spectrum of expression provide further empirical support
to the notion of etiological continuity underlying an extended psychosis phenotype.

KKeeyywwoorrddss: Genetics, Environment, Psychosis, Schizotypy
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Introduction
Psychosis spectrum ranges from serious, enduring and disabling illness to transient,
subthreshold psychotic experiences in non-clinical populations.1 Psychosis spectrum
represents with a wide range of symptoms including aberrant thinking and reasoning,
perceptual abnormalities, cognitive disturbance, as well as motivational and social deficits.
Consistent with the extended psychosis phenotype model, prevalence rates are estimated at
5-8% for psychotic experiences in the general population, 3% for clinical psychotic disorders,
and 0.5% for arguably the most severe end of the spectrum, meeting diagnostic criteria for
schizophrenia.2

The etiological and pathophysiological theories of psychosis spectrum have evolved to
encompass genetic and environmental factors and their interaction.3 The pattern of familial
clustering suggests the presence of genetic factors, with heritability estimates of up to 80%
for schizophrenia and 73% for the wider phenotype.4 More recent molecular genetic studies
have confirmed that psychosis spectrum disorder (PSD), as a common complex trait, has a
polygenic architecture, which is mainly shaped by many common allele variants with small
effect sizes that are normally distributed among the general population.5 With the advent of
the GWAS approach, the Psychiatric Genomics Consortium has identified 145 significant
loci associated with schizophrenia.6 It is now possible to calculate an individual score
summarizing the level of genetic risk for schizophrenia, known as polygenic risk score for
schizophrenia (PRS-SCZ).

Similarly, several environmental exposures have been associated with PSD, such as childhood
adversities, cannabis use, urbanicity, migration, ethnic minorities, hearing impairment, and
perinatal factors.7,8 In accordance with the diathesis-stress model, there is evidence supporting
gene-environment interaction in the etiology of schizophrenia. A recent case-control study
found evidence for additive interactions between molecular genetic liability for schizophrenia
(i.e. PRS-SCZ) and emotional abuse, emotional neglect, sexual abuse, bullying and regular
cannabis use, suggesting that a multitude of environmental factors and PRS-SCZ are
independently and jointly associated with schizophrenia. 9
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To better accommodate the multiplicity of exposures associated with schizophrenia,10 a
cumulative environmental exposure score for schizophrenia—exposome score (ES-SCZ)—
was recently designed and validated through predictive modeling approaches in training and
validation datasets of two independent cohorts that followed identical measurement methods
for environmental exposures.11 This summary measure is generated using weighted
coefficients derived from a single model to take into account the interdependency of
exposures. Therefore, ES-SCZ prevents overestimation of the weights per exposure that are
likely to occur when correlations between exposures are ignored, e.g. weighted estimates of
individuals exposures from meta-analyses or simple summation of exposures. Recent studies
indicate that the ES-SCZ is associated with psychosis risk states12 as well as mental and
physical health13 in the general population.

By leveraging aggregate scores of genetic (PRS-SCZ) and environmental liability (ES-SCZ)
in the current study, we aimed to investigate the role of gene-environment interaction across
the psychosis continuum in a multinational multicenter sample of patients diagnosed with
schizophrenia spectrum disorder, their siblings, and healthy comparison participants.

Methods
Study population

Data were derived from the Workpackage 6 (WP6) of the European Network of National
Networks studying Gene-Environment Interactions in Schizophrenia (EUGEI) and the
Genetic Risk and Outcome for Psychosis (GROUP) studies, collected using uniform
assessment schedules between 2010 and 2015 in the Netherlands, Turkey, Spain and
Serbia.14,15 Both projects were approved by the Medical Ethics Committees of all
participating sites and conducted in accordance with the Declaration of Helsinki. All
respondents provided written informed consent and, in the case of minors, such consent was
also obtained from parents or legal guardian.

EUGEI WP6 (“Vulnerability and Severity”) was a cross-sectional study that was specifically
conducted to investigate the role of gene-environment interaction of the vulnerability and
severity of schizophrenia spectrum disorder and its intermediate phenotypes in a family-based
setting. Exclusion criteria for all participants were diagnosis of psychotic disorders due to
medical condition, history of head injury with loss of consciousness, and intelligence quotient
<70.
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GROUP is a naturalistic longitudinal cohort study that started in 2004 in the Netherlands
and Dutch-speaking part of Belgium and collected data at baseline, 3 and 6 years follow-ups
over an approximate 10-year period, with the aim of studying the interplay of genetic and
environmental factors impacting vulnerability and resilience in psychotic disorders.
Individuals in the sibling group who manifested lifetime psychotic disorder over the study
period were reassigned to the patient group.

Further details of the GROUP and EUGEI projects are provided elsewhere.14,15 The current
analyses used a merged data of GROUP baseline data and EUGEI WP6 cross-sectional data
including 1699 patients, 1753 siblings, and 1542 unrelated healthy comparison participants
who were of Caucasian white ethnic origin and had available genotype data.

Outcomes

DDiiaaggnnoossiiss  ooff  sscchhiizzoopphhrreenniiaa  ssppeeccttrruumm  ddiissoorrddeerr
Patients were diagnosed with schizophrenia spectrum disorders according to the DSM-IV-
TR. The diagnosis was confirmed by the Operational Criteria Checklist for Psychotic and
Affective Illness16 in EUGEI WP6, and by the Schedules for Clinical Assessment in
Neuropsychiatry17 and the Comprehensive Assessment of Symptoms and History18 in
GROUP.

SScchhiizzoottyyppyy  ttrraaiitt
In both GROUP and EUGEI, the Structured Interview for Schizotypy-Revised (SIS-R) was
administered to siblings and healthy comparison participants. The SIS-R is a semi-structured
interview containing 20 schizotypal symptoms and 11 schizotypal signs rated on a 4-point
scale.19,20 Symptoms are defined as verbal responses to standardized questions concerning, for
example, magical ideation, illusions, and referential thinking. Signs refer to behaviors that
are rated by the interviewer such as goal-directedness of thinking and flatness of affect.
Questions and rating procedures are standardized. Guided by previous research, 31 item
scores were reduced a priori to two-dimensional scores representing the means of seven
positive schizotypy items (covering the areas of referential thinking, psychotic phenomena,
derealization, magical ideation, illusions, and suspiciousness) and eight negative /
disorganized schizotypy items (covering the areas of social isolation, sensitivity, introversion,
restricted affect, disturbances in associative and goal-directed thinking, poverty of speech,
and eccentric behavior).21,22
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Genetic and environmental liability measures

EExxppoossoommee  ssccoorree  ffoorr  sscchhiizzoopphhrreenniiaa
By using our previously validated estimates for constructing cumulative environmental load
in this dataset, we generated the ES-SCZ by summing log odds weighted environmental
exposures (each exposure defined as absent = “0” and present = “1”) including cannabis use,
hearing impairment, winter-birth, and childhood adversity domains (emotional and physical
neglect, emotional, physical and sexual abuse, and bullying). The definition of each exposure
conformed to previous work in this dataset.

Childhood adversities were assessed using the Childhood Trauma Questionnaire Short Form
(CTQ).23 This consists of 28 items, rated on a 5-point Likert scale, measuring five domains
of maltreatment (emotional and physical neglect; emotional, physical and sexual abuse). The
psychometric characteristics of the translated versions (Spanish, Turkish, Dutch and Serbian)
of the CTQ have been comprehensively studied.24-26 To dichotomize each childhood
adversity domain (0=“absent” and 1=“present”), consistent with previous work in the
EUGEI,9 we used the following cut-off scores for each domain: ≥9 for emotional abuse; ≥8
for physical abuse; ≥6 for sexual abuse; ≥10 for emotional neglect; and ≥8 for physical neglect.

Cannabis use was assessed by a modified version of the Cannabis Experiences Questionnaire27

in the EUGEI WP6 (0=“none”; 1=“only once or twice”; 2=“a few times a year”; 3=“a few
times a month”; 4=“once or more a week”; 5=“everyday”), and by the L section of the
Composite International Diagnostic Interview (CIDI)28 in the GROUP (0=“none”; 1=“less
than weekly”; 2=“weekly”; 3=“daily”). Consistent with previous work,9,29-31 a binary regular
cannabis use variable was constructed by using the cut-off value of once or more per week
during the lifetime period of most frequent use.

In accordance with previous studies investigating the association between season of birth and
schizophrenia in the Northern hemisphere sites,32 the high-risk birth period was defined
based on the winter solstice (December-March), and a binary winter-birth exposure was
constructed. Hearing impairment was defined based on self-reported hearing impairment in
the last 12 months (0=“absent” and 1=“present”).

The history of bullying by peers (emotional, psychological or physical violence) before 17
years of age was assessed using the short version of the Retrospective Bullying Questionnaire
(RBQ),33,34 that measures the severity of the bullying experience: 0=“none”; 1=“some (no
physical injuries)”; 2=“moderate (minor injuries or transient emotional reactions)”;
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3=“marked (severe and frequent physical or psychological harm)”. Exposure to childhood
bullying was dichotomized using ≥1 as the cut-off point (0=“absent” and ≥1=“present”).

Polygenic risk score for schizophrenia

Samples of all individuals were genotyped at Cardiff University Institute of Psychological
Medicine and Clinical Neurology, using custom Illumina HumanCoreExome-24 BeadChip
genotyping arrays containing probes for 570 038 genetic variants (Illumina, San Diego, CA).
Genotype data were called using the GenomeStudio package and transferred into PLINK
format for further analysis. Quality control was conducted in PLINK v1.0735 or with custom
Perl scripts. Variants with call rate <98% were excluded from the dataset. Hardy–Weinberg
Equilibrium p value was calculated separately in Turkish, northern European and southern
European samples. Variants with Hardy–Weinberg Equilibrium p value <1 × 10−6 in any of
these three regions were excluded from the dataset. After QC, 559 505 variants remained.
Samples with call rate <98% were excluded from the dataset. A linkage disequilibrium pruned
set of variants was calculated using the – indep-pairwise command in PLINK (maximum r2
= 0.25, window size = 500 SNPs, window step size = 50 SNPs) and used for further analyses.
Homozygosity F values were calculated using the – het command in PLINK, and outlier
samples (F < −0.11 or F > 0.15) were excluded. e genotypic sex of samples was calculated
from X chromosome data using the – check-sex command in PLINK, and samples with
different genotypic sex to their database sex were excluded. Identity-by-descent (IBD) values
were calculated for the sample in PLINK. Samples with one or more siblings among the
genotyped samples according to the database but no identified genotypic siblings (defined as
PI-HAT >0.35 and <0.65) were excluded. After these were removed from consideration,
samples with two or more siblings in the database that were not supported by the genotypic
data were also excluded. After visually observing clustering of errors by genotyping chip, we
decided to exclude chips with a high proportion of errors. All samples on chips with five or
more sample exclusions due to heterozygosity or call rate (out of 12 possible samples) were
excluded. All samples on chips with four or more sample exclusions due to sex or relative
checks were also excluded unless their identity was corroborated by concordance between
database and genotype relatedness data with a sample on another chip.

Principal components (PCs) were calculated in PLINK using LD pruned variants after
combining the dataset with the Thousand Genomes reference dataset. Due to the inherently
multi-population nature of the dataset and the variety of possible analyses, no exclusions were
made to the whole dataset based on this analysis; population effects were corrected for
separately in individual analyses.
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After quality control, genotypes were imputed on the Michigan Imputation Server using the
Haplotype Reference Consortium reference panel (version 1.1) and the programs Eagle for
haplotype phasing and Minimac3 for imputation.36,37 After imputation, variants with an
imputation r2 > 0.6, MAF > 0.1% and call rate >99% were retained (8 277 535 variants).
Best-guess genotypes were generated from genotype probabilities using PLINK.

PRS-SCZ was constructed using summary statistics from the PGC2 genome-wide association
study in both samples.5 Clumping was performed in imputed best-guess genotypes for each
dataset using PLINK (maximum r2 = 0.2, window size = 500 kb, minimum MAF = 10%,
minimum INFO score = 0.7), and variants within regions of long-range LD around the
genome (including the MHC) excluded.38 PRS-SCZ were then constructed from best-guess
genotypes using PLINK at 10 different p-value thresholds (PT = 1, 0.5, 0.3, 0.2, 0.1, 0.05,
0.01, 1 × 10−4, 1 × 10−6, 5 × 10−8). Consistent with previous research in the field39,40 and
previous work in this dataset, we used PT = 0.05 for our primary analysis, as this threshold
explained the most variation in the phenotype in the PGC2 analysis.5

Statistical Analysis

Stata software version 15.0 was used for the analysis.41 Supplementary Table S1 reports
missing data. The analyses were conducted on both multiple imputed data and raw data.
Under the assumption of missing at random, the multiple imputation chained equation42

was applied with 20 imputations restricted to in-range values (relative efficiency ≥ 99%). ES-
SCZ was calculated after imputing missing values of the environmental exposures (cannabis
use, hearing impairment, winter-birth, and childhood adversity domains). All the analyses
were run on multiple imputed data and pooled using Rubin’s rules.43 To test gene-
environment interaction, additive models were chosen over multiplicative models prior to
data collection (EUGEI consortium meeting, December 14, 2013), consistent with previous
work.9 For all analyses, random intercept multilevel mixed regression models, taking into
account clustering of participants within countries, were applied. Models including PRS-
SCZ were a priori adjusted for ancestry using 10 PCs and adjusted models included age and
sex as covariates. The nominal significance threshold was set to P=0.05.

For the case-control analyses, consistent with previous analyses,9 ES-SCZ and PRS-SCZ were
dichotomized at the quartile cut-off points based on the control distribution within each
country (to account for differences between countries that may arise due to ethnic and
geographical variation). The highest quartile was considered the binary risk state for
schizophrenia (hereafter: PRS-SCZ75 and ES-SCZ75). Multilevel logistic regression models
were applied to test the independent and joint effects of PRS-SCZ75 and ES-SCZ75
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(independent variables) on the diagnosis of schizophrenia (i.e. case-control status; dependent
variable). Departure from additivity was tested using the relative excess risk due to interaction
(RERI).44,45 RERI greater than zero was defined as a positive deviation from additivity, and
considered significant when the 95% CI did not contain zero. Conforming to early work in
this sample, we applied the delta method to calculate the RERI using the ORs derived from
the model.9

In unaffected siblings and healthy comparison participants, the effects of continuous
measures of PRS-SCZ, ES-SCZ, and their interaction on continuous measures of schizotypy
dimensions (total, positive, and negative; dependent variables) were tested with multilevel
linear regression models, where the coefficient of the product term (PRS-SCZ*ES-SCZ)
reflects the departure from additivity.46

Results
Sample demographic data, SIS-R scores, PRS-SCZ75 and ES-SCZ75 distributions are reported
in Table 1. Missing data are reported in the Supplementary material (Table S1). PRS-SCZ
explained 15% of the variance in case-control status (OR = 1.30 [95% CI: 1.25 – 1.34], P
<0.001) and 20% after adjusting for age, sex and country (OR = 1.30 [95% CI: 1.26, 1.35],
P <0.001). ES-SCZ explained 28% of the variance in case-control status (OR = 2.52 [95%
CI: 2.29 – 2.78], P <0.001) and 33% after adjusting for age, sex, and country (OR = 2.40
[95% CI: 2.17, 2.66], P <0.001). There was no evidence for gene‐environment correlation,
as PRS‐SCZ75 was not strongly or significantly associated with ES-SCZ75 in the control group
(OR = 1.08 [95% CI: 0.78, 1.51], P = 0.635), neither after adjusting for age and sex (OR =
1.08 [95% CI: 0.78, 1.51], P = 0.638).

Table 1 Sample characteristics
Patients
n = 1699

Siblings
n = 1753

Controls
n = 1542

Total
N = 4994

Age Mean (S.D.) 31.49 (8.95) 31.73 (9.62) 33.45 (10.62) 32.18 (9.76)

Sex % female 30.02 53.17 50.58 44.49

SIS-R total Mean (S.D.) - 0.39 (0.33) 0.23 (0.24) 0.32 (0.30)a

SIS-R positive Mean (S.D.) - 0.41 (0.42) 0.24 (0.31) 0.33 (0.38)a

SIS-R negative Mean (S.D.) - 0.38 (0.34) 0.23 (0.24) 0.31 (0.31)a

PRS-SCZ75 % > 75th 45.44 33.09 23.74 34.40

ES-SCZ75 % > 75th 58.79 36.30 21.88 37.64
awithin siblings and controls groups (3295 individuals); ES-SCZ75: exposome score for schizophrenia (75% cut-point); N: number
of individuals; PRS-SCZ75: polygenic risk score for schizophrenia (75% cut-point); S.D.: standard deviation; SIS-R: The Structured
Interview for Schizotypy – Revised.
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Main and joint effects of PRS-SCZ75 and ES-SCZ75 on case-control status

PRS-SCZ75 was associated with case status (OR = 2.91 [95% CI: 2.48, 3.40], P <0.001;
adjusted for age and sex: OR = 2.85 [95% CI: 2.43, 3.35], P <0.001); and ES-SCZ75 was
associated with case status (OR = 4.99 [95% CI: 4.22, 5.90], P < 0.001, adjusted for age and
sex: OR = 4.90 [95% CI: 4.14, 5.81], P <0.001). There was evidence for a positive additive
interaction between PRS-SCZ75 and ES-SCZ75 (RERI = 7.29 [95% CI: 3.73, 10.85], P
<0.001), also after adjusting for age and sex (Table 2 and Figure 1). Results from the analyses
using unimputed data corroborated these results and are reported in the Supplementary
material (Table S2 and Figure S3).

Table 2 Interaction of PRS-SCZ75 and ES-SCZ75 on case-control status

PRS-SCZ75 = 0 PRS-SCZ75 = 1

Odds ratio (95% CI) Odds ratio (95% CI) RERI (95%CI)

ES-SCZ75 = 0 1.0
2.79 (2.24-3.47)

P < 0.001
6.79 (3.32-10.26)

P < 0.001
ES-SCZ75 = 1

4.86 (3.92-6.02)
P < 0.001

13.44 (10.21-17.69)
P < 0.001

Adjusted for sex, age and ten principal components; CI: confidence interval; ES-SCZ75: exposome score for schizophrenia (75%
cut-point); PRS-SCZ75: polygenic risk score for schizophrenia (75% cut-point); RERI: relative excess risk due to interaction.

Main and joint effects of continuous PRS-SCZ and ES-SCZ on SIS-R
dimensions

PRS-SCZ was significantly associated with the SIS-R dimensions in the unaffected sibling /
healthy comparison participants sample (total: B= 0.011 [95%CI: 0.006, 0.015], P <0.001;
positive:  B = 0.012 [95%CI: 0.007, 0.018], P <0.001; negative: B = 0.010 [95%CI: 0.005,
0.014], P <0.001) also after adjusting for age and sex (Table 3). ES-SCZ was also significantly
associated with the SIS-R dimensions (total: B = 0.088 [95%CI: 0.078, 0.098], P <0.001;
positive: B = 0.103 [95%CI: 0.090, 0.116], P <0.001; negative: B = 0.074 [95%CI: 0.064,
0.085], P <0.001), also after adjusting for age and sex (Table 3).

There was evidence for a significant interaction between ES-SCZ and PRS-SCZ on the SIS-
R dimensions (total: B = 0.006 [95% CI: 0.003, 0.009], P <0.001); positive: B = 0.005 [95%
CI: 0.002, 0.009], P = 0.002); and negative: B = 0.006 [95% CI: 0.003 – 0.009], P <0.001),
also after adjusting for age and sex (Table 3). Results from the analyses in unimputed data
confirmed the results in imputed data and are reported in the Supplementary material (Table
S4).
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Table 3 Main and joint effects of PRS-SCZ and ES-SCZ on SIS-R scores.

Psychopathology
measures

Main effect PRS-SCZ a Main effect ES-SCZ Interaction a

B 95% CI P-value B 95% CI P-value B 95% CI
P-

value

SIS-R total 0.011
0.007 -
0.015 <0.001 0.088

0.078 -
0.098 <0.001 0.006

0.003 -
0.009 <0.001

SIS-R positive 0.012
0.007 -
0.018 <0.001 0.103

0.091 -
0.116 <0.001 0.006

0.002 -
0.009 0.002

SIS-R negative 0.010
0.005 -
0.014 <0.001 0.074

0.064 -
0.085 <0.001 0.006

0.004 -
0.009 <0.001

All analyses were adjusted for age and sex, a additionally adjusted for ten principal components; B: regression coefficient from the
multilevel model; CI: confidence interval; ES-SCZ: exposome score for schizophrenia; PRS-SCZ: polygenic risk score for
schizophrenia; SIS-R: The Structured Interview for Schizotypy – Revised.
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Unexposed PRS-SCZ75 ES-SCZ75 Both

RERI = 6.79

Unexposed PRS-SCZ75 ES-SCZ75 Interaction

Figure 1 Additive effect of the polygenic risk score for schizophrenia, 75% cut-point (PRS-SCZ75), and the
exposome score for schizophrenia, 75% cut-point (ES-SCZ75) on case-control status,  adjusted for age, sex and ten
principal components; RERI: relative excess risk due to interaction
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Discussion
To the best of our knowledge, this is the first study testing the role of gene-environment
interaction using aggregate scores of environmental and genetic liability across the spectrum
of psychosis expression. In the case-control design, we found evidence for additive interaction
between PRS-SCZ and ES-SCZ increasing the odds for schizophrenia. Similarly, evidence
emerged for an interaction between PRS-SCZ and ES-SCZ on schizotypal traits when
investigating GxE interaction in the group of non-ill siblings and healthy comparison
participants.

By using aggregate scores for genetic and environmental liability for schizophrenia, we
provided further support for the role of gene-environment interaction in schizophrenia9 and
replicated recent findings of suggestive, but not nominally statistically significant, additive
interaction between PRS-SCZ and environmental risk score for schizophrenia in a first
episode psychosis cohort.47 When PRS-SCZ75 and ES-SCZ75 were analyzed as binary modes
of risk factors, the RERI was 6.79 and the corresponding 95% CI was above 2, suggesting a
“mechanistic” interaction, which means that the risk of developing schizophrenia for some
individuals exists only when both genetic and environmental risks are present together but
not when either genetic or environmental risk is present alone.

In a previous study, we demonstrated that the extent of subthreshold phenotypic expression
of schizophrenia polygenic risk is contingent on having a sibling with psychotic disorder,
suggesting a gene–environment interaction underlying schizotypy expression.21 In the light
of this new evidence, we tested for the first time the putative role of gene–environment
interaction in schizotypy traits. In line with our previous inference, we have now
demonstrated that molecular genetic liability for schizophrenia moderates the effect of
environmental liability for schizophrenia on phenotypic expression of overall, positive, and
negative schizotypy traits in non-ill participants. Although much research has investigated
the role of familial sensitivity to individual environmental exposures (e.g. cannabis use and
childhood adversities) underlying subclinical psychosis expression,3,48 only few studies have
utilized PRS to investigate the role of GxE in intermediate psychotic phenotypes.49 A recent
study from the 1966 Northern Finland Birth Cohort showed that high birth weight, a risk
factor for familial schizophrenia in this cohort, increased the association between PRS-SCZ
and social anhedonia, suggesting gene-environment interaction.50 Similarly, a study
conducted in a general population twin cohort demonstrated that while PRS-SCZ was not
independently associated with affective dysregulation and psychosis proneness, PRS-SCZ
increased sensitivity to the effect of childhood adversities on affective dysregulation and
psychosis proneness.51 Although not a direct test of gene-environment interaction, a study of
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healthy young males assessed during their compulsory military service showed that there was
a negative association between PRS-SCZ and positive schizotypy at military induction
(stressful condition) but not at follow-up, providing further support for the key role of
environment in the phenotypic expression of schizotypy traits.52 Taken together, although
warranting further replication in independent cohorts, these findings imply that the
phenotypic expression of schizotypical traits involve underlying genomic liability for
schizophrenia that operates, at least in part, through sensitizing individuals to the exposome.

The major strengths related to the study population were twofold: sufficient sample size to
detect gene-environment interactions and access to comprehensive genotype, phenotype, and
exposure data collected through validated interviews conducted by trained psychiatrists,
psychologists or research assistants. Further, ES-SCZ was constructed using predictive
modelling that mutually adjusted for the interdependency of exposures to prevent
overestimation of the weights per exposure. ES-SCZ was fully compatible with this study
population and clearly outperformed other aggregate scores that were based on meta-
analytical estimates or simple summation of exposures as shown previously.
Notwithstanding, ES-SCZ was limited by the degree to which exposures were available in
the dataset, and therefore did not include other exposures that might be of importance, such
as obstetric and pregnancy complications. The cross-sectional design did not allow for
investigating the dynamic nature of gene-environment interaction over time.

In conclusion, we have shown that the interplay between exposome load and genetic liability
for schizophrenia contributes to phenotypical expression of psychosis across the extended
phenotype. Our findings provide further empirical support to the notion of etiological
continuity of psychosis spectrum and paves the way for future longitudinal studies of
schizotypy traits in the general population.
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Supplementary material

Supplementary table S1 Missing data
Cases

n = 1699
Siblings
n = 1753

Controls
n = 1542

Total
N = 4994

SIS-R total score - 88 (5.0%) 10 (0.7%) 98 (3.0%)a

SIS-R positive score - 35 (2.0%) 8 (0.5%) 43 (1.3%)a

SIS-R negative score - 96 (5.5%) 13 (0.8%) 109 (3.3%)a

Cannabis use 158 (9.3%) 109 (6.2%) 44 (2.9%) 311 (6.2%)

Bullying 321 (18.9%) 320 (18.3%) 226 (14.7%) 867 (17.4%)

Emotional abuse 384 (22.6%) 268 (15.3%) 91 (5.9%) 743 (14.9%)

Physical abuse 372 (21.9%) 248 (14.2%) 78 (5.1%) 698 (14.0%)

Sexual abuse 367 (21.6%) 260 (14.8%) 89 (5.8%) 716 (14.3%)

Emotional neglect 384 (22.6%) 278 (15.9%) 89 (5.8%) 751 (15.0%)

Physical neglect 373 (22.0%) 273 (15.6%) 84 (5.5%) 730 (14.6%)

Winter birth 62 (3.7%) 90 (5.1%) 32 (2.1%) 184 (3.7%)

Hearing impairment 102 (6.0%) 44 (2.5%) 39 (2.5%) 185 (3.7%)
a percentage within siblings and controls groups (3295 individuals); N: number of observations; SIS-R: The Structured Interview
for Schizotypy – Revised.

Supplementary table S2 Interaction of PRS-SCZ75 and ES-SCZ75 on case-control status in unimputed data

PRS-SCZ75 = 0 PRS-SCZ75 = 1

N case/control
Odds ratio
(95%CI)

N case/control
Odds ratio
(95%CI)

RERI (95%CI)

ES-SCZ75 = 0 216/680 1.0 164/216
2.52 (1.92-3.31)

P < 0.001
6.64

(2.33-10.95)
P = 0.003ES-SCZ75 = 1 309/188

5.33 (4.14-6.87)
P < 0.001

233/63
13.49 (9.57-19.02)

P < 0.001
Adjusted for sex, age and ten principal components; CI: confidence interval; ES-SCZ75: exposome score for schizophrenia (75%
cut-point); PRS-SCZ75: polygenic risk score for schizophrenia (75% cut-point); RERI: relative excess risk due to interaction.
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Supplementary figure S3 Joint effects of PRS-SCZ75 and ES-SCZ75 on case-control status in unimputed data

Additive effect of the polygenic risk score for schizophrenia, 75% cut-point (PRS-SCZ), and the exposome score for
schizophrenia, 75% cut-point (ES-SCZ) on case-control status; adjusted for age, sex and ten principal components;
RERI: relative excess risk due to interaction.

Supplementary table S4 Main and joint effects of PRS-SCZ and ES-SCZ on SIS-R scores in unimputed data

Psychopathology
measures

Main effect PRS-SCZb Main effect ES-SCZ Interactionb

B 95% CI P-value B 95% CI P-value B 95% CI P-value

Unadjusted

    SIS-R total  0.011 0.006 - 0.015 <0.001 0.091 0.079 - 0.102 <0.001 0.005 0.002 - 0.008 0.001

    SIS-R positive 0.012 0.007 - 0.018 <0.001 0.101 0.087 - 0.106 <0.001 0.004 0.000 - 0.008 0.027

    SIS-R negatie 0.009 0.005 - 0.013 <0.001 0.078 0.066 - 0.090 <0.001 0.006 0.003 - 0.009 <0.001

Adjusteda

    SIS-R total  0.011 0.006 - 0.015 <0.001 0.091 0.080 - 0.103 <0.001 0.005 0.002 - 0.008 0.001

    SIS-R positive 0.012 0.007 - 0.018 <0.001 0.102 0.087 - 0.117 <0.001 0.004 0.001 - 0.008 0.024

    SIS-R negative 0.009 0.005 - 0.014 <0.001 0.079 0.066 - 0.091 <0.001 0.006 0.003 - 0.009 <0.001

aAdjusted for age and sex, b adjusted for ten principal components; B: regression coefficient from the multilevel model; CI: confidence
interval; ES-SCZ: exposome score for schizophrenia; PRS-SCZ: polygenic risk score for schizophrenia; SIS-R: The Structured
Interview for Schizotypy – Revised.
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CChhaapptteerr  1111: GGeenneerraall  DDiissccuussssiioonn

CHAPTER 11
GENERAL DISCUSSION
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The overall aim of this thesis was to examine large epidemiological datasets to understand
processes and mechanisms that underlie the etiology of psychosis spectrum disorder (PSD).
In the first part of this thesis, multidimensional psychopathology and related processes at
population level were evaluated. In the second part of this thesis, the contribution of
environmental and genetic factors on psychosis expression across the psychosis spectrum was
tested. I developed and applied novel analytical tools to—for the first time—evaluate the
exposomic and genomic liability network contributing to pluripotent psychopathology.

How does subclinical psychosis expression relate to the development of
psychosis spectrum?

There is an active discussion on how subclinical psychopathology develops into clinical
manifestation of psychosis phenotypes1-3. Although accumulating evidence suggests that
positive psychosis expression is observed in nonpsychotic disorders1,3 and the general
population4,5, the literature draws attention to the restrictive concept of schizophrenia and
positive psychosis expression as its most characteristic symptom1,3,6.

At-risk approaches build up on the prototypic concepts of psychotic disorders and rely greatly
on attenuated positive psychosis expression1,7. However, studies evaluating the utility of the
high-risk concept are conducted in risk-enriched samples and therefore provide limited
insight into the utility of these concepts for preventive measures in the general population1.
Therefore, cchhaapptteerr  22 conducts the first prospective epidemiological analyses of the clinical-
high risk approach in the general population. The results demonstrate that the psychosis
high-risk state was associated with a high relative risk to develop clinical psychosis outcome.
However, due to its low prevalence in the general population, the population attributable
fraction (PAF) shows that the fraction of clinical psychosis that could have been prevented if
the high-risk state was successfully treated or prevention measures were set up, was relatively
low. These results demonstrate the "prevention paradox" associated with early intervention
of high-risk approaches.

The study also suggests that prevention approaches focusing on a broader multidimensional
pathology, including especially psychosis expression, mood disorders and drug use disorders,
might be a more effective strategy for population-based intervention than the restrictive focus
on attenuated positive psychosis expression. Further, correlated symptom dimensions of PSD
not only include positive psychotic symptoms (hallucinations and delusions) but also
affective dysregulation (depression, mania), negative symptoms as well as motivational
impairment (avolition or amotivation), and alterations in cognitive processing2.

11

147488 Pries BNW.indd   207147488 Pries BNW.indd   207 05-11-2020   09:5605-11-2020   09:56



208

The results in cchhaapptteerr  33 support the conceptual shift to focus on multidimensional
psychopathology and genetic as well as nongenetic factors. In line with converging evidence
8-11, I demonstrate that several symptom dimensions (i.e. affective dysregulation, cognition
alteration, negative symptoms), especially affective dysregulation, intensify the effect of
environmental exposure and proxy genetic risk on positive psychosis expression. The study
supports the notion of an affective pathway to psychosis phenotypes: under the influence of
genetic and nongenetic factors, affective dysregulation may be complicated by aberrant
salience attribution, which eventually may develop into clinical psychoses expression through
the influence of the same genetic and nongenetic factors9,12.

To further explore underlying mechanisms and processes associated with intermediate
phenotypes and multidimensional psychopathology, cchhaapptteerr  44 reviewed recent findings
from the TwinssCan project. TwinssCan is a longitudinal general population twin cohort of
young adults and adolescents, aiming to capture early psychopathological expression before
the onset of clinical phenotypes. The review highlights important findings on the
contribution of environmental and genetic factors on subclinical expression of psychosis and
affective phenotypes as well as neurocognitive intermediate processes, such as salience
attribution, reward sensitivity, and stress sensitivity. Further, the cohort provides tools to
assess macro (e.g. monthly) as well as micro (e.g. momentary) level psychopathological
changes.

CChhaapptteerr  55 covers one of the studies conducted in the TwinssCan project, investigating
possible neurocognitive mechanisms associated with positive psychosis expression. Previous
studies suggest that salient attribution measured by the white noise task may cause speech
illusions by increasing perceptual expectations in clinical samples 13-15. However, findings in
nonclinical samples remain inconclusive when assessing sensory processing by means of the
white noise task 13,14,16,17. These differences may be due to variations in methodology and
sample characteristics. Therefore, the current study compared different methodological
approaches13,14 in one general population cohort. The results do not suggest that a processing
bias of sensory information during the white noise task is associated with trait expression of
psychosis experiences (assessed with the Community Assessment of Psychic Experiences;
CAPE and Structured Interview for Schizotypy—Revised; SIS-R) in the general population.
Therefore, it supports the notion that mechanisms associated with psychosis expression may
be different in clinical and general populations.
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Several aspects need to be considered that may distinguish between subgroups perceiving
speech illusions. Some studies suggest that speech illusions with affective rather than neutral
valence might be associated with psychosis expression 17,18, although this was not indicated
in the current study. Further, as above-mentioned, psychosis expression may be complicated
by environmental and genetic vulnerability, as well as multidimensional pathology.
Therefore, the intermediate phenotype assessed through the white noise paradigm might
likewise be dependent on these factors. Testing this hypothesis, we recently applied the white
noise task in an international sample with patients diagnosed with schizophrenia, unaffected
siblings, and healthy controls19. The results indeed suggest that the association between
speech illusions and group status (with different levels of proxy genetic risk) were dependent
on trait expression of psychotic experiences (assessed with CAPE), cognitive alterations, and
childhood adversity19.

In accordance with the literature, this thesis demonstrates that the presence of positive
psychosis experiences in the general population may be associated with multidimensional
psychopathology and in turn psychosis admixture may indicate severity of
psychopathology9,11,20-25. While positive psychosis expression may indicate the potential risk
to develop clinical psychopathology, several subgroups emerge4: psychosis expression in 80%
of individuals in the general population is transitory, only 20% experience persistent
psychosis expression, and 7% of psychotic experiences at baseline may evolve into clinical
psychosis phenotypes4. For the individuals who develop clinical syndromes, persistent
psychosis expression may have been accompanied with environmental and genetic liability,
which contributes to the expression of clinical psychopathology.

Does the network of genetic and environmental factors contribute to the
development of pluripotent psychopathology?

There is increasing and active interest to understand the influence of the pleiotropic effects
of genetic and nongenetic factors on psychopathology. The second part of the dissertation
includes several articles on the joint and independent contribution of genetic and
environmental exposure on the development of pluripotent psychopathology.

In accordance with previous studies26,27, cchhaapptteerr  77 indicates that polygenic risk for
schizophrenia is associated with a diagnosis for schizophrenia. Estimates on the explained
variance in this case-control sample were similar to previously reported estimates27,28.
Furthermore, the study’s results are in line with previous studies showing associations
between the polygenic risk score for schizophrenia (PRS-SCZ) and disorder-related
phenotypes: A recent longitudinal study following individuals with a first-admission

11
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psychosis over 20 years, showed that PRS-SCZ was associated with more severe negative
symptoms, greater illness severity, and worse cognition at follow ups12. In another study PRS-
SCZ was linked to treatment response29.

However, an increasing number of studies also indicate low specificity of PRS-SCZ26,30 and
transdiagnostic properties of genetic liability for schizophrenia28,31. PRS-SCZ is not
specifically associated with a psychosis phenotype but is also commonly associated with the
diagnosis of non-psychotic disorders26,28,30, medical conditions26,28, and low quality of life32.

To further understand the contribution of PRS-SCZ to PSD, investigating its effect on the
early stages of psychopathology at population level is crucial. In the general population, the
relationship between PRS-SCZ and symptom dimensions does not seem to follow a simple
logic. According to the study presented in cchhaapptteerr  66, there was no direct effect of PRS-SCZ
on daily variations of psychosis expression and negative affect, while the results suggest a
positive association between PRS-SCZ and positive affect. As this was the first study
investigating PRS-SCZ and momentary variation of psychosis proneness and affective
dysregulation using ecological momentary assessment (EMA), it is difficult to compare the
results of this study to the literature on macro level psychopathology. However, studies
commonly show inconsistent results on the association between PRS-SCZ and the expression
of specific psychosis symptom dimensions28,33-41. Several studies could not detect an
association between PRS-SCZ and psychosis expression34,37,38,40 and others even suggested a
negative association between PRS-SCZ and schizotypy35,38.

PRS-SCZ estimates might be associated with pluripotent psychopathology28,34,35,42-44. This is
in line with the study presented in cchhaapptteerr  99 indicating that PRS-SCZ in the general
population is predictive of the development of nonspecific health problems, especially mental
health. Thus, it is possible that in the general population, PRS-SCZ effects pluripotent
psychopathology, and that other co-occurring factors may contribute to more severe
outcomes and eventually the development of psychosis symptoms.

A significant part of pathoetiology may be explained by the influence of environment factors
and gene-environment interaction. Stress-vulnerability models45 suggest that underlying
genetic liability could make individuals more vulnerable to the effects of environmental
exposures. In this regard, there was some evidence that PRS-SCZ interacts with
environmental exposures (e.g. intra-uterine environmental exposure, exposure to early life
cannabis use, or childhood adversity) on the development of schizophrenia46 and
neuroimaging intermediate phenotypes such as cortical maturation47 or functional
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connectivity density48. However, a previous pilot study49 could not detect an interaction
between childhood adversity and PRS-SCZ on the development of schizophrenia. With a
sample size of 80 patients and 110 healthy controls, latter insignificant result may be due to
low power.

CChhaapptteerr  66 presents findings from the first systematic approach to test the interaction between
PRS-SCZ and different environmental exposures (i.e. childhood adversities, cannabis use,
winter birth, hearing impairment) on the development of schizophrenia in a large
international case-control sample. The results suggest additive interactions between PRS-
SCZ and the presence of lifetime regular cannabis use as well as exposure to early-life
adversities (sexual abuse, emotional abuse, emotional neglect, and bullying). A “mechanistic”
interaction50 was indicated for emotional and sexual abuse, meaning some individuals may
only develop a diagnosis of schizophrenia if both the genetic and nongenetic exposures are
present.

These results were supported in cchhaapptteerr  1100 which shows a “mechanistic” interaction between
the exposome score for schizophrenia and PRS-SCZ on case-control status as well as
schizotypy in healthy controls and unaffected siblings of patients. In line with this, an
independent study also found an additive interaction between PRS-SCZ and aggregate
environmental risk on the diagnosis of schizophrenia51. This line of research strongly supports
the idea that the development of PSD is driven by a combination of environmental and
genetic vulnerabilities.

In the general populations, initial studies investigating GxE on the development of psychosis
phenotypes tested the interaction between candidate genes52,53 or proxy genetic risk9,53-55 and
environmental exposures. The study presented in cchhaapptteerr  33 shows that the effect of
environmental and proxy genetic factors on psychosis expression is additive and indicate a
dose-response relationship between the number of exposures and presence of psychosis
expression. Furthermore, there is some support for stress-vulnerability models and GxE
applying PRS for major depressive disorder on depression outcome56-58. However, so far, only
a few studies tested GxE in the general population using the PRS-SCZ.

Two of these studies are presented in this thesis: The study presented in cchhaapptteerr  66 tests
whether PRS-SCZ interacts with early and late stressors (childhood adversity and minor
daily-life stressors) on mental processes in the largest ever EMA data collected in the general
population. While PRS-SCZ does not interact with daily-life stressors, it interacts with
childhood adversity on pluripotent psychopathology. This is in line with findings from

11
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cchhaapptteerr  99: PRS-SCZ does not interact with recent stressful life events on mental or physical
health. In accordance with the neurodevelopmental hypothesis59,60, the results may suggest
that especially early-life exposures in neurodevelopmentally sensitive periods contribute to
the development of mental ill health. The findings help to understand the effects of the
complex interactions between environmental and genetic factors on nonspecific health
outcomes in the general population.

Does the exposome score for schizophrenia affect pluripotent
psychopathology?

Converging evidence supports the notion that environmental factors such as obstetric
complications, childhood adversity, peer-bullying, urban environment, proxy of social
exclusion, cannabis use, and winter-birth contribute to the development of PSD and
extended to this subclinical psychosis expression3,61,62. While studies suggest a dose-response
relationship between exposures and psychopathological outcome (see cchhaapptteerr  33 and 25,63,64),
researchers commonly focus on one exposure at a time. These studies do not take into
account of the dependent effect of individual exposures forming a network of interconnected
environmental exposures, the exposome65,66.

The work in this thesis contributes greatly to the conceptualization and understanding of the
exposome. In cchhaapptteerr  88, predictive modelling approach was applied to calculate and validate
an exposome score for schizophrenia in two independent cohorts with individuals diagnosed
with schizophrenia and healthy controls. The study shows that exposures are not independent
and that a score taking into account of the dependent effect of various exposures is best
equipped to assess environmental liability for schizophrenia. Further, in the independent test
sample, the exposome score was able to distinguish between cases, unaffected siblings, and
healthy controls.

In cchhaapptteerr  22, the exposome score was applied to validate psychosis-risk states in the general
population; exposomic liability indicated increased risk for clinical psychosis. Furthermore,
cchhaapptteerr  1100 showed that the exposome score was associated with schizotypy in healthy
controls and unaffected siblings of patients with schizophrenia and cchhaapptteerr  99 demonstrates
that the exposome score for schizophrenia also pleiotropically associates with mental and
physical health in the general population. These results are in concordance with studies
indicating the nonspecific effect of environmental exposures commonly associated with PSD.
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In support of the stress-vulnerability model45, an increasing number of studies suggest that
early environmental exposures may intensify the effects of stressful life events later in life67-74.
This is also supported by the study presented in cchhaapptteerr  66, which provided evidence that
childhood adversity and daily-life stressors pleiotropically interact in driving emotional
dysregulation and subtle psychosis expression in daily life. Furthermore, the prospective study
in cchhaapptteerr  99 indicates that the interaction between the exosome score and stressful events
later in life predicts mental as well as physical health in the general population. The findings
demonstrate that early and late environmental exposures interact and contribute to the
development of pluripotent psychopathology.

Methodological considerations and future directions

The thesis provides important findings on the early manifestation of pluripotent
psychopathology. However, further studies in deeply phenotyped, independent prospective
cohorts are essential. Intermediate phenotypes as well as genetic and environmental factors
need to be assessed to study trajectories from subtle psychosis expression to the development
of the clinical syndrome. In this thesis several experimental approaches are introduced to
assess intermediate phenotypes and future studies using these tools may shed further light on
mechanisms and intermediate phenotypes associated with pluripotent psychopathology.

To deepen our understanding on the effects of genetic and environmental liability, the
findings in the current thesis need to be replicated. Despite numerous studies focusing on
PRS-SCZ within clinical and non-clinical populations, results cannot yet be translated into
clinical practice. So far, research was not able to identify polygenic risk as a biomarker for
PSD and related disorders. It is possible that more complex models will have to be applied
to explain the liability for clinical outcomes. To understand the biological processes
associated with genetic mechanisms, studying the effect of specific biological pathways, also
in interaction with corresponding environmental exposure (e.g. Childhood adversity x
Glucocorticoid pathway), on the development of PSD is essential. Likewise, new integrative
approaches assessing the complete network of genetic, epigenetic and exposomic factors will
increase our knowledge base. While the current studies did not indicate a gene-environment
correlation between different environmental exposures and PRS-SCZ, it is possible that
polygenic risk may drive individuals to higher exposure of other environmental exposures
such as urbanicity75. Therefore, for more complex models of genetic and environmental
liability, including more environmental exposures, correlations between factors might need
to be taken into account.

11
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The thesis contributes greatly to the understanding of the exposome. However, the inclusion
of environmental exposures was restricted to available exposures within the used datasets.
Extending the exposome could greatly contribute to its predictive power. In this regard, these
studies indicate that environmental exposures might intensify each other’s effect and that
exposures at different time points (e.g. developmental sensitive times) may be weighted
differently. Future research may take into account of interactions between exposures and
temporal proximity.

Further, to fully understand mental ill health and pluripotent psychopathology, studies may
not only focus on “risk” factors, but also factors promoting resilience. Studies previously
indicated that psychological factors such as social support and having a purpose in life may
promote resilience (see Appendix). Likewise, genetic and epigenetic factors can influence
resilience against stress (see Appendix).

Future research on resilience may greatly benefit from methodological approaches presented
in this thesis, that is the calculation of the exposome score for resilience and GxE focusing
on resilience promoting markers. However, due to its dynamic and active nature, with
individuals following different trajectories and interactively responding to environmental
exposures, the study of resilience presents several methodological challenges (as indicated in
the Appendix). Future research needs to take into account of the dynamic nature of resilience
by prospectively investigating the response to well-defined stress exposure. Building up on
research presented in this thesis, combining information on “risk” and “protective” factors
will further increase our understanding of the development pluripotent psychopathology.

Conclusion

In conclusion, findings from the first part of the thesis give support to the notion that the
development of psychosis phenotypes may be understood by the study of multidimensional
psychopathology. Furthermore, studies on the early stages of psychopathology in the general
population add to a better understanding of the underlying mechanisms contributing to
psychosis expression along the spectrum. This includes concurrence of symptom dimensions
as well as the driving force of genetic and environmental contributions to subclinical
psychosis expression, affective dysregulation, negative symptoms and cognitive impairment.

The studies in the second part of the thesis contribute greatly to the understanding of genetic
and environmental liability for clinical as well as subclinical psychosis phenotypes. The results
support the notion that in the general population, genetic and environmental exposure may
non-specifically affect pluripotent psychopathology. Furthermore, complication through
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psychosis admixture (especially with affective dysregulation) and the same genetic and
environmental exposures may lead to the development of more severe outcomes and
eventually psychosis syndrome. Analyses on GxE and the exposome for schizophrenia
indicate that the whole network of environmental and genetic liability needs to be taken into
account to understand psychosis phenotypes along the spectrum.
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Abstract
Given the high prevalence of stress-related mental disorders, their impact on person, family,
and society and the paucity of treatment options for most of these disorders, there is currently
a pressing need for innovative approaches to deal with these issues and enhance well-being.
One approach which has received increasing attention over the last decade is to shift our
scientific and clinical focus from risk factors for psychopathology to factors promoting
resilience and mental well-being. In order to summarize and evaluate the current state of
scientific affairs on the biological basis of resilience, we provide an overview of the literature
on animal and human studies of resilience. Because resilience can only truly be
operationalized through longitudinal data collection and analyses, we focus primarily on
longitudinal studies. This review shows that the concept of resilience is currently being
operationalized, measured and even defined in widely variable manners, both within animal
and human studies. We further provide an overview of existing and new strategies that could
help promote resilience and which are proposed to be implemented more often in clinical
situations. Finally, we summarize the challenges the field is facing and provide
recommendations for future research.

KKeeyywwoorrddss:: resilience, stress, prospective longitudinal studies, resilience-promoting
interventions, review
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Introduction
Over the past decade, research on resilience has received increasing attention. The
heightened interest in understanding and promoting resilience is not surprising given that in
Europe alone, anxiety disorders and major depressive disorder were among the most frequent
mental disorders in 2011 with a 12-month prevalence of 14% (corresponding to 61.5 million
individuals) and 6.9% (30.3 million), respectively1. This is not much different than the
prevalence of these disorders in North America and many other parts of the world. Moreover,
a recent meta-analysis showed that relapse rates in patients suffering from depression remain
high and that long-term effects of conventional treatment options are not always
encouraging2. These findings call for additional strategies and alternative interventions
needed to prevent disease development and boost resilience.

Here, we conceptualize resilience as being an active and dynamic process through which
a person adaptively overcomes a stressful or difficult situation or recovers swiftly from a
period of ill-health3. Thus, resilience is not a passive reaction to an adverse situation, nor
is it merely the reverse side of post-traumatic stress disorder (PTSD) or the absence of
symptomatology3, 4. Research on resilience is facing several challenges of which the most
fundamental one consists of the enormous heterogeneity in defining and
operationalizing resilience. Indeed, some researchers will conceptualize resilience as being
a personality trait while others will use the terms outcome, coping strategy or dynamic
process (see 5 for a critical overview of different theories on resilience).

Such discrepancies impede its measurement and further hinder the comparison of
obtained results across resilience studies. Therefore, the following proposals have recently
been formulated to guide future resilience research; (i) the fast recovery of mental health
following stress exposure reflects a dynamic adaptation process, resilience should not be
understood as a personality trait, the result of a specific genotype or other hardwired
characteristics, there is a strong need for prospective longitudinal studies, and (iv)
resilience can only be operationalized following a stressful period or event3. Such stressors
can refer to various types of (potentially) traumatic or life-threatening events, injury,
illness, or difficult life circumstances such as unemployment, grief or divorce. Although
most individuals recover promptly following trauma exposure, gaining a deeper
understanding of the mechanisms underlying resilience could be of use to those more at
risk of developing a stress-related disorder.
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Following the conceptualization of resilience as proposed by Kalisch et al.3, the main aim
of the present review is to summarize the findings from key longitudinal animal and
human studies on resilience. Furthermore, we propose strategies aiming to promote
resilience, discuss limitations and challenges of current resilience research, and suggest
future directions to help this field evolve.

Resilience studies
Over the past years, most resilience studies used cross-sectional designs. However,
susceptibility and resilience to past or ongoing stress are hard to capture when assessing
mental health at one time point only. Moreover, these designs do not allow for the
exclusion of baseline differences between subjects which further impairs obtaining a
comprehensive interpretation of the obtained findings. Using a longitudinal design
enables one to assess dynamic behavioral and biological fluctuations over time, enabling
investigations of (baseline) predictors of differential susceptibility to future stress. This is
highly relevant, especially in light of at-risk jobs where trauma exposure is more
prevalent. In order to take this into account, the first part of this review only includes
prospective longitudinal animal and human studies, i.e., studies in which the
individuals’ mental health or the animals’ behavioral or physiological state were
quantitatively assessed before the (natural or experimental) stress exposure and at least once
after this period. Expanding on the review by Kalisch et al.3, the literature was searched for
studies published in 2017 which fulfilled several criteria. First, we only included studies in
which the severity and duration of the stress exposure was precisely quantified. For the
human studies specifically, we only included studies in which the baseline assessments of
predictors of mental health were recorded. In addition, and as postulated by Kalisch et
al.3 , in susceptible individuals, the severity of the stress exposure had to positively
correlate with the development of mental health problems. Studies were also only
considered when including adults and the study groups consisted of 30 subjects or more3.
Since stress responses in children vary depending on their developmental stage,
discussing these findings would require a different focus which does not fit within the
scope of the present review. Finally, it needs to be noted that no systematic search of the
literature was performed given the wide variety of terms used by researchers to describe
resilience.
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Animal studies

In animal research, resilient phenotypes are often identified based on specific behavioral
outcomes following a well-defined period of experimentally induced stress. Specifically, those
animals showing a fast recovery from a stressful manipulation are said to be resilient.
Although caution and critical evaluation of the observed phenotypes are needed when
interpreting and translating the obtained findings, these models can provide us with some of
the molecular underpinnings of differential susceptibility to stress. Using the above-
mentioned eligibility criteria, we identified six studies which can be found in Table 1. Studies
sharing similar features are discussed together in the next paragraphs.

IInnffllaammmmaattoorryy  MMaarrkkeerrss
One study examined acoustic startle responses (which has been related to PTSD) in rats
before and after exposure to a single episode of inescapable footshocks and 1-min
reminders for the next 6 weeks10. Rats exhibiting a high baseline startle response showed
a significantly higher startle response following the period of exposure. Interestingly, rats
showing an increased startle response at baseline also exhibited elevated plasma
corticosterone levels at follow-up as compared to the rats with low baseline startle
responses (although it should be noted that corticosterone levels were not measured prior
to the experimental manipulation). Links between increased corticosterone levels and
stress-induced behavioral phenotypes have also been observed in other studies8, 9. One of
these studies investigated whether longitudinal changes in blood corticosterone levels
were associated with measures of differential susceptibility to stress in mice8. The authors
found that mice with an increase in plasma corticosterone levels upon 2 weeks of
repeated restraint stress exposure showed significant weight loss over the course of the
experiment as well as anxiety-related behaviors at follow-up as measured through the
Elevated Plus Maze (EPM) and Open Field Test (OFT). These mice were thus
characterized as being susceptible while more resilient mice were identified when showing
(i) a decrease in corticosterone levels from baseline to follow-up, (ii) a stable body weight,
and (iii) no anxiety-related behavior. Furthermore, the authors found that corticosterone
levels at baseline predicted the extent of change in corticosterone levels during stress
exposure and correlated with behavioral measures at follow-up. Another study used a
repeated social defeat stress paradigm of 10 days and showed that those mice that later
became susceptible to stress exposure had higher baseline levels of leukocytes7. Moreover,
in response to acute stress and prior to the repeated stress exposure paradigm,
the same mice exhibited higher levels of the pro-inflammatory cytokine interleukin-6
(IL-6). Together, these results suggest that baseline levels of specific inflammatory
markers might predict differential susceptibility to future stress exposure in mice.
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Table 1 Longitudinal animal studies assessing biological outcomes associated with differential
susceptibility to stress

References Species and sex Stressor
Outcome of

interest
Main finding

Chen et al.6 Male Sprague–
Dawley rats

7 days of chronic social
defeat stress

Circulating
miRNAs (tail

blood)

↓ Pre-stress miR-24-2-5p, miR-27a-
3p, miR-30e-5p, miR-362-3p,

associates with future vulnerability to
chronic social stress.

↓ Post-stress miR-139-5p, miR-28-
3p, miR-326-3p, miR-99b-5p

associates with ongoing resilience.

Hodes et al.7 Male CD45.1+/CD
45.2+ C57BL/6

mice

10 days of repeated
social defeat stress

Blood leukocytes
and IL-6 levels

Higher pre-stress leukocyte levels in
mice that later became stress
vulnerable. Higher IL-6 levels

following acute stress, only in those
mice that later became stress

vulnerable.

Kim et al. 8 Male C57BL/6N
mice

Chronic restraint stress Plasma
corticosterone

Longitudinal changes in
corticosterone reflect differential
stress susceptibility and pre-stress
corticosterone predicts post-stress

susceptibility or resilience.

Magalhaes et
al.9

Male Wistar rats 3 weeks of chronic
unpredictable stress

Neuroimaging—
functional

connectivity and
structural changes

Pre-stress differences in functional
connectivity in brainstem-limbic area

between susceptible and resilient
rats.

Rasmussen et
al.10

Male Wistar rats Inescapable footshock
+ weekly 1-min

reminders for 6 weeks

Acoustic startle
response

↑ Pre-stress acoustic startle response
= ↑ post-stress plasma corticosterone

levels and ↑ post-stress acoustic
startle response.

Tse et al.11 Male C57BL/6
mice

10 days of chronic social
defeat stress

Hippocampal
volume

↑ Post-stress left hippocampal volume
in resilient and control mice.

Studies were listed in alphabetical order based on the surname of the first author. miRNAs: microRNAs. IL-6: interleukin-6.
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MMiiccrrooRRNNAAss
Only one prospective study examined the potential of microRNAs (miRNAs) to
distinguish resilient and vulnerable animals6. miRNAs are small, non-coding RNAs
which are involved in the post-transcriptional regulation of gene expression12.
miRNAs have been widely studied in cancer and cardiovascular disease as potential
biomarkers, but less is known regarding their involvement in mental disorders.
6 examined whether miRNAs could serve as biomarkers of resilience or vulnerability to
stress by using a chronic social defeat paradigm in rats that lasted for 7 days. Rats showing
little or no avoidance behavior when encountering an unfamiliar rat in its own cage were
identified as being resilient while susceptible rats spent less time interacting with the
novel rat as compared to controls. The authors found that susceptible rats had lower
baseline blood circulating levels of miR-24-2-5p, miR-27a-3p, miR-30e-5p, and miR-
362-3p compared to unexposed controls. However, the more resilient rats had lower
levels of blood circulating levels of miR-139-5p, miR-28-3p, miR-326-3p, miR-99b-5p
at follow-up as compared to controls. At both time points, no differences in miRNA
expression were found between resilient and susceptible animals. These results pinpoint
a number of candidate microRNA species which could, at least in part, regulate
vulnerability to future stress or reflect ongoing resilience to chronic social stress in rats.

NNeeuurrooiimmaaggiinngg  DDaattaa
Using magnetic resonance imaging (MRI) in mice, Tse et al. were the first to assess changes
in hippocampal volume prior to and following stress exposure11. The authors identified
susceptible and resilient animals based on their behavioral profiles in the social defeat
paradigm. Following stress exposure, approximately half of the mice were classified as
susceptible to stress, while the other half was more resilient. In contrast to the susceptible
mice which showed no hippocampal volume increase over time, resilient and non-stressed
control mice showed an increase in the left hippocampal volume from baseline to post-stress
exposure, suggesting that normal hippocampal growth was impaired in susceptible animals
only. Intriguingly, a positive correlation was observed between hippocampal volume at
baseline and social avoidance behavior at follow-up. These findings suggest that differences
in hippocampal volumes could be associated with vulnerability to future stress in mice, which
is further supported by similar findings in humans13.

More recently, another study assessed structural changes more broadly along with
alterations in the brain’s functional connectome upon stress exposure9. In this study, rats
underwent a chronic unpredictable stress protocol for 3 weeks. Blood corticosterone
levels, MRI scans and anxiety-related behaviors (measured through the EPM) were measured

147488 Pries BNW.indd   230147488 Pries BNW.indd   230 05-11-2020   09:5605-11-2020   09:56



231

before, 7 and 21 days after exposure to stress. The authors categorized the stress-exposed rats
into susceptible and resilient groups based on aberrant behavior and plasma corticosterone
levels. Those rats expressing lower levels of post-exposure corticosterone in combination
with minimal anxiety-like behavior were categorized as being resilient. Among a broad
variety of structural and functional alterations induced by stress, it was found that
baseline differences in functional connectivity measures of a specific brainstem-limbic
network were able to distinguish the resilient and susceptible groups, with susceptible
rats showing lower functional connectivity compared to the resilient ones. It is worth
mentioning that in humans, distinct patterns of brain activity have also been linked to
PTSD and treatment response14-16. Together, these results suggest that imaging data can
contribute to a better understanding of the psychopathology of PTSD and potentially
serve as a predictive biomarker of future vulnerability to stress and/or treatment response.

Human studies

Various collaborative prospective approaches are currently being conducted and
followed-up on, including longitudinal approaches such as PRISMO (“Stressgerelateerd
Militia Onderzoek”)17-21, the Marine Resiliency Study (MRS) I and II22-24, and the
prospective-longitudinal component of the Prevalence, Incidence and Determinants of
PTSD and Other Mental Disorders (PID-PTSD+3)25, 26. Following our eligibility criteria,
12 articles were identified. All dealt with deployment-related stress, i.e., long-lasting effects
of events experienced during actual combat, assault or other living conditions experienced
during deployment3. Studies sharing similar features are discussed together in the following
paragraphs and can be found in Table 2.
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Table 2 Longitudinal human studies assessing biological outcomes associated with differential
susceptibility to stress

References Sample (N)
Main

stressor
Outcome of

interest
Main finding

GENETIC
FACTORS

Clark et al. 27
RINGS; Male soldiers:

N = 253
Deployment PTSD

Met/Met and Val/Val genotypes
had stronger trauma-responses

than the Val/Met genotype.

Wald et al. 28

Israeli Defense Force; Male
soldiers:

N = 1,085
Deployment PTSD

Threat bias interacted with
combat exposure and threat bias
interacted with combat exposure

and 5-HTTLPR.

EPIGENETIC
FACTORS

Rutten et al. 20

PRISMO and MRS; Male
soldiers/marines:
N = 93, N = 98

Deployment PTSD
Genome-wide changes at 17
positions and 12 regions were
associated with PTSD status.

Schur et al. 21
PRISMO, Male soldiers:

N =92
Deployment

Mental health and
PTSD

Pre-deployment GR-1F region
(52 loci) methylation did not

predict mental health or PTSD
status.

Van Zuiden et al. 17
PRISMO Male soldiers:

N = 68
Deployment PTSD

mRNA expression of GR–α,
GR-P, GR-β, glucocorticoid-
induced leucine zipper (GILZ),

serum and glucocorticoid-
inducible kinase-1 (SGK-1), or
FKBP5 does not predict PTSD

status.

CIRCULATING
MARKERS

Inflammatory
Markers

Breen et al. 23

MRS II and MRS; Male
marines:

N = 124, N = 50
Deployment PTSD

PTSD status associated with
gene co-expression networks

related to innate immune
responses.

Eraly et al. 22
MRS, Male marines:

N = 1,719
Deployment PTSD

Baseline plasma levels of C-
reactive protein (CRP) predicted

PTSD symptoms.
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References Sample (N)
Main

stressor
Outcome of

interest
Main finding

CIRCULATING
MARKERS

Inflammatory
Markers

Smid et al. 18 PRISMO, N = 693 Deployment PTSD

Interaction between cytokine
production, stress exposure
during combat and post-

deployment stressful life events.

Torshizi et al. 24
MRS II and MRS; Male

marines: N = 124, N = 50
Deployment PTSD

PTSD status associated with
gene co-expression network
master regulators: SOX3,

TNFAIP3, TRAFD1,
POU3F3, STAT2, and PML.

Hormonal
Dysregulations

Reijnen et al. 19
PRISMO, Male soldiers:

N = 907
Deployment PTSD

No moderating effect of plasma
oxytocin and arginine

vasopressin on stress-related
PTSD development.

Steudte-Schmiedgen
et al. 25

PID-PTSD+3, Male
soldiers

N = 90; N = 80
Deployment PTSD

Decreased baseline hair cortisol
and cortisol stress predict higher

stress-related PTSD.

Trautmann et al. 26

PID-PTSD+3,
Male soldiers

N = 153, N = 145
Deployment

Alcohol
consumption

Decreased baseline hair cortisol
stress predict higher stress-

related alcohol use.

Van Zuiden et al. 17
PRISMO, Male soldiers:

N =68
Deployment PTSD

Plasma cortisol does not predict
PTSD status.

MRS, MRS II, Marine Resiliency Study I, II; PID-PTSD+3, Incidence and Determinants of PTSD and Other Mental Disorders;
PRISMO, Stressgerelateerd Militia Onderzoek; RINGS, The Readiness and Resilience in National Guard Soldiers Study. Within each
section, studies were listed in alphabetical order based on the surname of the first author.

GGeenneettiiccss
Two studies examined the longitudinal effects of genetic variations on stress-related PTSD
symptoms. Both studies focused on candidate genes, i.e., the serotonin transporter (5- HTT)
gene and catechol-O-methyltransferase (COMT) gene, which are known to affect
serotonergic and dopaminergic signaling, respectively.
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In the first study, the effects of a serotonin transporter gene-linked polymorphic region [5-
HTTLPR] and threat-related attention on post-deployment PTSD symptoms was evaluated
in 1,085 male soldiers28. PTSD symptoms and threat-related attention bias (measured with
a computerized dot-probe task) were assessed three times with the last assessment taking place
around 1 year after baseline. Combat exposure between the baseline and follow-up
assessments was inferred by using geo-operational exposure data and self-report measures
[i.e., the Combat Experiences Scale with two additional items 29]. The authors observed that
pre-deployment-threat bias interacted with combat exposure during deployment and 5-
HTTLPR in predicting post-deployment PTSD symptoms. More specifically, fewer post-
deployment PTSD symptoms after high combat exposure were found in those individuals
who displayed pre-deployment threat vigilance and had the SS/SL-G alleles (i.e., reflecting
low transcription 5-HTT) of the 5-HTTLPR genotypes. This study is particularly interesting
in highlighting the complex interaction between context, stress-exposure, attention bias and
genetics, suggesting that serotonergic transmission may be involved in the co-occurrence of
avoidance and hypervigilance symptoms in PTSD30.

In another study, 253 Iraq war veterans were assessed prior to and following a deployment
period of 16 months27. Deployment trauma was measured with the Post Deployment
Stressors subscale of the Deployment Risk and Resilience Inventory (DRRI)31 as well as by
using one additional item on sexual assault experienced during deployment. DNA was
extracted from blood or buccal swabs and was genotyped into COMT Met/Met (n = 63),
Val/Met (n = 131), or Val/Val (n = 42). Regression analyses showed that the effect of
deployment trauma on PTSD was dependent on COMT polymorphism with carriers of the
homozygous genotypes (Met/Met and Val/Val) showing more PTSD symptoms than those
carrying the heterozygous (Val/Met) genotype. This is in line with previous human and
animal studies which highlight the role of the Met/Met genotype and show some preliminary
support for the Val/Val genotype as a risk factor for the development of PTSD32-34.

EEppiiggeenneettiiccss
Several cross-sectional studies support the putative role of epigenetic mechanisms, especially
DNA methylation, in the impact of traumatic stress on mental health 35-38. Recently,
prospective epigenetic studies have started to investigate the links between changes in PTSD
symptom scores and changes in epigenetic profiles across the period of exposure to traumatic
stress. These studies were conducted in subsamples of the PRISMO project and focus on the
glucocorticoid receptor exon 1F (GR-1F) region and the predictive role of epigenetic markers
in PTSD. In the first study, methylation signatures of the GR-1F region (52 loci) were
quantified in peripheral blood cells of 92 Dutch military personnel which were collected
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before and after a 4-month deployment period to Afghanistan. More specifically, the authors
focused on mean methylation across all cytosine– phosphate–guanines (CpGs), the number
of methylated loci and those CpGs of which methylation was known from previous
publications to be associated with GR exon 1F mRNA expression. The latter was termed
“functional methylation”. It was found that an increase in either of the methylation levels
(i.e., mean, number, and functional) within this region was associated with increases in
PTSD symptom scores in trauma-exposed subject. Increased functional methylation was
associated with mental health. However, PTSD and mental health problems occurring 6
months post-deployment within individuals exposed to trauma were predicted by neither of
the pre-deployment methylation levels (i.e., mean, number, or functional)21.

In a recent prospective epigenetic study performed using two military cohorts20, the impact
of traumatic stress during combat on post-deployment PTSD symptoms and associated
longitudinal epigenetic changes was investigated. In a discovery sample of 93 male Dutch
servicemen [PRISMO cohort; same subjects as Schur et al. 21], specific DNA methylation
alterations were associated with the development of PTSD. This cohort displayed changes at
17 positions and 12 regions and subsequent bioinformatic analyses highlighted the role of
different pathways linked to PTSD symptomatology. Interestingly, the associations between
the development of PTSD symptoms and decreased DNA methylation at genomic regions
in ZFP57, RNF39, and HIST1H2APS2 were replicated in a male US marine cohort of MRS
with a 7-month war-zone deployment to Iraq or Afghanistan (n = 98). It is worth mentioning
that international efforts such as the Psychiatric Genomics Consortium (PGC) PTSD group,
which includes data on a large combined sample of four military studies and three civilian
cohorts (N = 1,147), might have increased statistical power to detect further relevant
epigenetic variations and thereby provide deeper insights in the near future39.

BBlloooodd  MMaarrkkeerrss
Inflammatory Markers
Upon the observation that PTSD co-occurred with peripheral inflammation in cross-
sectional studies, the question arose as to whether inflammatory markers are causally involved
in the disorder or are one of its consequences40. Since then, several prospective studies have
attempted to evaluate the causal role of various inflammatory responses in the development
of PTSD.

One study used a subset of the MRS dataset (N = 1,719) and found that in U.S. Marines,
baseline plasma levels of C-reactive protein (CRP) was a strong predictor of post- deployment
PTSD symptoms22. Another study analyzed gene co-expression profiles obtained through
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RNA sequencing of peripheral blood leukocytes from Marines belonging to the
MRS II (N = 124) and replicated the obtained findings in a separate subsample of the MRS
(N = 50). It was found that both at pre- and post-deployment, co-expression gene
networks linked to the innate immune responses, interferon signaling, and monocyte
specificity were predictive of post-deployment PTSD23. Following this and using the same
sample as Breen et al. 23, researchers 24 aimed to build upon these findings and ascertained
several master regulators driving the previously identified networks. Using ARACNe
(Algorithm for Reconstruction of Accurate Cellular Networks) and protein activity analysis
they identified SOX3, TNFAIP3, TRAFD1, POU3F3, STAT2, and PML as important
master regulators. Gene Ontology analyses enriched by TNFAIP3, TRAFD1, and PML
again pointed toward the role of the innate immune responses in the development of PTSD.

In a subsample of the PRISMO dataset (N = 693), researchers addressed the immune
activation by measuring in vitro cytokine production by leukocytes upon stimulation18.
Among other findings, the authors observed a three-way interaction between cytokine
production at 1-month post-deployment, trauma exposure during combat (assessed 1-month
post-deployment), and post-deployment stressful life events during 12 months post-
deployment on the longitudinal changes in PTSD symptoms scores as measured between 1
month and 2 years post deployment. More specifically, increased mitogen-stimulated T-cell
and innate cytokine production, greater exposure to stress during combat and during the 12-
month post-deployment period were associated with increased PTSD symptoms between 1
month and 2 years post-deployment.

Hormonal Dysregulations
Another line of studies focused on the functioning of the hypothalamic–pituitary–adrenal
(HPA) axis. In this regard, three studies investigated the links between cortisol levels and
stress exposure on the development of PTSD. Two of these studies were part of the PID-
PTSD+3 project and assessed hair cortisol concentration (HCC) and cortisol stress reactivity,
measured through saliva cortisol levels before and after the Trier Social Stress Test (TSST),
prior to and following a deployment period of ∼5 months25, 26. Their main finding
showed that when exposed to trauma, a lower baseline HCC and lower cortisol stress
level were predictive of higher post-deployment PTSD symptomatology 25 while lower
HCC predicted higher daily alcohol consumption26. In another study done in the
PRISMO cohort (N = 455), plasma cortisol levels at baseline did not predict PTSD status 6
months after a 4 months deployment period17. Next to cortisol, these researchers further
investigated other crucial molecules of the HPA axis. van Zuiden et al. evaluated the
predictive role of mRNA expression of GR–α, GR-P, GR-β, glucocorticoid-induced leucine
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zipper (GILZ), glucocorticoid-inducible kinase-1 (SGK-1), or FKBP5 in peripheral blood
mononuclear cells (PBMCs) and the number of GRs in PBMCs on post-deployment PTSD
status. Interestingly, only the number of GRs in PBMCs predicted post-deployment PTSD
status17.

Other researchers assessed whether plasma oxytocin (pOT) and arginine vasopressin (pAVP)
levels could be used as biomarkers for stress-related development of PTSD 19 in PRISMO.
By investigating a group of 907 military subjects, no effects of pOT and pAVP on post-
deployment PTSD was observed19.

Together, these studies highlight the value of prospective studies in linking circulating
markers with the development of PTSD. While the first line of evidence suggests that
elements of the immune system emerge as candidate biomarkers, there is apparent need for
replications and larger longitudinal studies to confirm and extend these initial findings.

Promoting Resilience
The previous sections provided an overview of prospective human and animal studies that
aimed at gaining knowledge of the mechanisms underlying mental illness and resilience.
Research in this field has also turned toward studying strategies which could potentially
promote mental health and boost resilience. As postulated by McEwen et al., the notion that
the brain holds the ability to successfully adapt to changing environments throughout the
life course, encourages one to develop top-down interventions encompassing mind-body
interactions in order to install fundamental changes in various aspects of one’s sense of well-
being41. Given the previously mentioned need to expand alternative add-on strategies in order
to promote resilience in today’s society, this section will cover a range of psychological,
behavioral and lifestyle interventions which aim to do so.

MMiinnddffuullnneessss  aanndd  MMeeddiittaattiioonn
Over the last few decades, meditation techniques such as loving-kindness meditation and
mindfulness meditation have been spreading in the western world. Today, mindfulness
mainly owes its popularity to Professor Jon Kabat-Zinn who reintroduced it in his
mindfulness-based stress reduction (MBSR) program. Described as the awareness that arises
through paying purposeful and non-judgemental attention to the present moment42,
mindfulness is now employed as part of standardized programs aiming to promote general
human well-being and install deeply rooted positive emotions.

Empirical evidences about the benefits of mindfulness-based programs are inciting a growing
interest in the (neuro)biological underpinnings of mindfulness. Different mindfulness
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programs have shown to impact both gray and white matter density of several brain structures
such as in the right basolateral amygdala43 and bilateral clusters within the brainstem
including the pontine tegmentum, locus coeruleus, nucleus raphe, and the sensory trigeminal
nucleus 44. Moreover, findings show that other types of mind-body interventions also
influence various parameters of the immune system. For example, one study showed that
following a yogic meditation, the activity of the proinflammatory nuclear factor-kappa beta
(NF-κB), known to have a prominent role in inflammation and stress, was reduced in
peripheral blood leukocytes as compared to baseline measures 45. Another study found an
increase in telomerase activity along with reduced levels of another inflammatory marker,
CRP, in peripheral blood mononuclear cells (PBMCs) following the same type of meditation
46. Yet another study found that by measuring gene expression in peripheral blood prior to
and following a deep relaxation session, the expression of genes associated with telomere
maintenance were enhanced at follow-up while specific genes linked to stress-related
pathways were reduced in expression47. Although interesting, it is important to note that
currently performed studies vary greatly in terms of the type of (mindfulness) meditation
used along with the research designs and (often small) sample sizes. Gaining knowledge in
the mechanisms underlying the well-documented stress-reducing and mood-enhancing
effects of meditation and mindfulness-based programs 48-51 holds the potential to further help
the design of powerful strategies in healthcare settings to promote the cultivation of a healthy
mind.

CCooggnniittiivvee  BBeehhaavviioorraall  TThheerraappyy--BBaasseedd  PPrrooggrraammss
Cognitive behavioral therapy (CBT) was originally developed by Aaron Beck to promote
mental wellness and coping resources in patients suffering from mental distress such as
depression, anxiety and chronic stress52. The idea of CBT is to modify one’s thinking and
behavioral patterns which color the way life events are being experienced. Interestingly,
combining CBT with pharmacological treatments such as cognitive enhancers (but not
anxiolytics) has been shown to improve long-term treatment efficacy and fear extinction,
potentially by enhancing memory consolidation (recently extensively reviewed in
Singewald et al. 53). In addition, conducting CBT sessions such as exposure therapy before
sleep has also been suggested to enhance treatment efficacy, raising the question whether
pharmacological approaches can be implemented to enhance memory consolidations during
sleep specifically53, 54. Another intervention targeting memory consolidation involves
playing a computer game with high visuospatial demands (e.g., Tetris) during the hours
following a traumatic event. Interestingly, this approach has recently been suggested to
disrupt the consolidation of trauma memories and lead to fewer intrusive visual
memories of the traumatic event55. In order to maximize treatment outcome,
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combinations of different behavioral approaches with or without various
pharmacological options will need further testing.

Besides its well-documented therapeutic effect in treating mental distress and some other
disorders, today’s interest in CBT is also geared toward the construction of a personal model
to boost resilience in the face of life’s obstacles without necessarily targeting a particular
mental disorder. Padesky and Mooney have proposed a CBT-based program entirely oriented
toward “resiliency” research56. Their so-called strengths-based CBT consists of four sessions
in which the therapist and the client actively collaborate to explore and reinforce positive
qualities such as interpersonal competences, self-efficacy or self-esteem. The therapist and
client co-create a personal model of resiliency by turning the previously identified strengths
into effective strategies that can be applied in everyday situations. Another CBT-based
program is the Stress Inoculation Therapy (SIT) which was first introduced in 1985 57. In
social psychology, the concept of inoculation refers to the preventive effect of brief and
moderately challenging stress exposures on one’s reaction to subsequent, more intense
stressors. More specifically, exposing animals or individuals to minor stressors has been
shown to enhance one’s resilience or “inoculate” them from later stressful situations58-60. SIT
incorporates this notion of inoculation in a psychotherapeutic intervention that combines
cognitive and behavioral methods emphasizing coping skills learning. During a SIT session,
an individual is exposed to and learns to cope with increasing amounts of stress through
productive thoughts, mental images, self-statements, and relaxation training thereby
enhancing his or her immunity to stress. Empirical evidence shows that SIT efficiently
reduces stress, anxiety and depression in cancer patients61 and effectively reduces
psychological distress up to 3 months following the sessions when delivered through two
half-day training sessions in the workplace 62.

PPhhyyssiiccaall  AAccttiivviittyy
It is commonly known that practicing regular physical exercise leads to a plethora of positive
health effects63. These benefits not only include cardiovascular and metabolic effects, but also
improvements in cognitive abilities. Previous studies on animals and humans have revealed
increases in synaptic plasticity and neurogenesis64, strengthened cortical activation when
performing a cognitively challenging task 65 and improvements in learning, slowing the
course of cognitive decline in aging 65, 66. Using a within-subject design and multiple
momentary assessments collected through experience sampling method (ESM), a diary
technique assessing daily moods and activities, one study provides support for a causal effect
of physical activity on positive affect 67. Since the extent of positive affect levels varied between
individuals based on their history of clinical depression, such findings call for individually
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tailored interventions in which clinicians could adapt the amount of physical exercise. Other
studies showed that compared to training exercises with no cognitive component, specific
exercises that promote mindfulness by means of calming techniques and cognitive strategies
such as yoga or pilates were more effective in eliciting psychological benefits such as mood
enhancements and improved executive functions over time 68-70. Mindful-based physical
activities, thus, seem to help improve breathing rate and depth 71, 72 along with heart rate 72

while lowering arousal levels 73. Further comparative trials in populations at high risk of
robust exposure to traumatic stress are needed in order to prospectively assess the putative
protective properties of these interventions on trauma-related mental ill-health.

SSoocciiaall  SSuuppppoorrtt
Several lines of evidence confirm the importance of pursuing cognitive and social activities
to maintain global mental and functional health 74-76. However, the exact biopsychological
mechanisms underlying the positive impact of social support on mental well-being and
resilience to stress still remain unclear 77. To enhance both cognitive and social aspects,
programs such as the Experience Corps have been introduced. This intergenerational
program was originally designed by Fried et al. in 1997 to promote health among the aging
population. Specifically, this program encourages adults over the age of 50 to share their skills
with children needing help at school. While students obtain greater academic outcomes,
older adults get the opportunity to enrich their lives on a social and cognitive level 78. A recent
study shows that this program further significantly slows the normal age-related decrease in
cortical and hippocampal brain volumes79.

MMeeaanniinngg  aanndd  PPuurrppoossee  iinn  LLiiffee
Programs such as the Experience Corps offer older adults a sense of meaning and purpose in
life which is a crucial component of mental health. A meta-analysis found that purpose in
life was strongly linked to social integration in a population of older individuals and was
further related to factors such as quality of life, a better health, and socioeconomic status80.
Other studies have suggested that finding a sense of purpose in life is a partial mediator of
the observed negative association between trait mindfulness and outcomes such as anxiety
and depressive symptoms 81. Having meaning to life has further been negatively associated
with suicidal ideation 82, 83 while being an important predictor of depressive symptoms84.
Taken together, these findings highlight the importance of establishing personal values and
long-term goals in order to help one overcome or prevent psychological problems.
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Discussion
As reflected by the first part of this review, there is considerable variation in the way resilience
is currently being understood, defined and measured both within animal and human studies.

In animals, the main challenge is to understand how one can identify a “resilient” animal and
how this relates to resilience in humans. Most animal studies of resilience identify resilient
animals based on the absence of stress-related behavioral features. However, when assessing
an animal’s behavior, one should evaluate both the absence of stress-related behavioral
features or biological markers, and the presence of adaptive behaviors or markers. For an
overview of studies that have started to identify such adaptive behavioral, neural and
molecular mechanisms, the reader is referred to Pfau and Russo 85 and Russo et al. 86.
Furthermore, only few animal studies have incorporated a baseline behavioral or
physiological measure in order to assess dynamic changes over time. Using cross-sectional
designs, recent studies identified distinct molecular signatures that were associated with
adaptive or maladaptive behavioral responses to stress 87-89. Adding a baseline measurement
to such approaches would be highly valuable in identifying baseline differences between
animals along with the pattern of change from pre- to post-stressor within the same animal.
Linking such markers with differential susceptibility to a stressor will further yield valuable
insights into the molecular mechanisms of resilience which, in turn, will more efficiently lead
to the identification of (a combination of) predictive biomarkers of resilience. Lastly,
researchers need to carefully reflect upon their animal model (e.g., sex, strain, and age),
phenotypes of interest and experimental designs (e.g., timing, duration, and type of stressor)
90 in order to fulfill different types of validities to make their tests and models translatable to
the clinical situation 91, 92.

In humans, although conducting prospective studies has received increasing attention, most
findings are still preliminary since replication is often lacking and most studies harbor low
effect sizes and relatively small sample sizes. It is also important to note that (i) a wide variety
of tools (which cannot be compared easily) are currently being used to measure “resilience”
of which the validity needs critical examination, (ii) the majority of resilience studies focuses
on PTSD-related outcomes instead of positive outcome measures, and (iii) most of the
studies which fulfilled the rather strict inclusion and exclusion criteria were conducted in
military cohorts. While such samples provide a unique opportunity to study the effects of
trauma exposure, they are also subjected to a natural limitation since sampling bias cannot
be excluded.
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For future studies, researchers are encouraged to include a wider range of assessments when
aiming to study and measure resilience in order to obtain a more reliable and objective
operationalization of this concept. Using several techniques such as ESM 93, in-person
interviews combined with self-evaluations or targeted questionnaires and physiological
measures including heart rate and blood pressure will allow one to obtain a more global
picture on general psychological and physiological health. Furthermore, ESM might help to
better understand processes such as inoculation during which individuals may develop
resilience through repeated stress exposure. When possible, this, again, should be embedded
within large-scale longitudinal studies since these allow tracking the stability of one’s mental
health over a specific time period. Moreover, and in order to facilitate extrapolation to the
general population, there is a strong need for the inclusion of women in these studies, which
is currently underdone 94. This is crucial when knowing that women are more likely than
men to develop stress-related mental disorders. Although this is a much broader phenomenon
within science, both in animal and human research, women are even less likely to be included
in studies using military cohorts in which they are underrepresented. An increase in the
number of studies focusing on this population will undoubtedly enhance our current
understanding of their stress responsiveness, health care and gender-specific needs. Lastly, in
the context of searching for biological underpinnings or biomarkers that reliably predict
differential susceptibility to future stress or psychological and biological resilience
mechanisms, exploring the potential to combine several predictors, e.g., genetic, epigenetic,
and/or imaging data on an individual basis is strongly encouraged. This further calls for more
large-scale brain imaging studies in order to identify the brain regions involved in stress
resilience.

Finally, establishing alternative strategies aiming to install positive emotions and improve
cognitive abilities, social interactions, feelings of purpose and meaning of life along with
physical health have obtained scientific evidence for their benefits in increasing one’s global
mental health, whilst the biological underpinning of these effects have remained
understudied thus far. Gaining a deeper understanding of the underlying mechanisms of each
of these strategies will undoubtedly aid in developing new treatment options for stress-related
disorders such as PTSD.
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12.2 Summary
In CChhaapptteerr  22, the longitudinal risk for the incidence of clinical psychosis was assesses in a
general population sample in relation to preceding psychosis risk states and DSM-IV
diagnoses of non-psychotic mental disorders (mood disorders, anxiety disorders, alcohol use
disorders, and drug use disorders). Estimated hazard ratio suggested that mood disorders,
drug use disorders, and psychosis high-risk state are important determinants for increased
risk for clinical psychosis. However, given the low prevalence of the high-risk state, the
fraction that could be prevented if the high-risk state was eliminated (population attributable
fraction) was comparatively low. Successful psychosis prevention approaches might benefit
from focusing on broad psychopathology.

In  CChhaapptteerr  33, I evaluated to what degree the association between risk factors commonly
associated with psychosis spectrum disorder (PSD; i.e. environmental and proxy genetic
factors) and psychosis expression in the general population is contingent on the presence of
other dimensions of psychopathology (i.e. affective dysregulation, negative symptoms, and
cognitive alterations). The results show a dose-response relationship between risk factors
associated with PSD and psychosis expression, with greater odds for psychosis expression
being associated with the exposure to a greater number of risk factors. Furthermore, in
support of the multidimensional approach, the effect that risk factors had on PE was
contingent on the presence of the other symptom dimensions, especially affective
dysregulation.

In  CChhaapptteerr  44,, I introduce one of the epidemiological datasets that were used in this
dissertation. The TwinssCan project is a longitudinal general population twin cohort, which
recruited from the East Flanders Prospective Twin Survey. The review highlights important
findings on the contribution of environmental and genetic factors on subclinical expression
of psychosis and affective phenotypes, focusing on macro (e.g. monthly) as well as micro (e.g.
momentary) level psychopathological changes. Furthermore, applying novel experimental
tools, studies conducted in this cohort evaluated the role of neurocognitive processes such as
salience attribution and sensitivity to social defeat in the pathway to mental ill health.

In CChhaapptteerr  55, one of the studies conducted in the TwinssCan sample is presented. Possible
due to different methodological approaches, previous studies found inconsistent results on
whether speech illusions during the white noise task are associated with subclinical expression
of psychotic symptoms in the general population. Therefore, I tested the association between
speech illusion and measurements for subclinical expression of psychotic symptoms following
two different approaches. The results suggest, that contrary to findings derived from clinical
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samples, speech illusion during the white noise task are not associated with subclinical
expression of psychotic symptoms in the general population.

CChhaapptteerr  66 presents a study testing polygenic risk score for schizophrenia (PRS-SCZ) for an
interaction with early and late stressors (childhood adversity and minor daily-life stressors) in
association with dynamic pluripotent mental processes in the largest ever EMA data collected
from the TwinssCan project. The study provided evidence that childhood adversity and early
lifetime stressors pleiotropically affect emotional dysregulation and subtle psychosis
expression in daily life. Furthermore, while PRS-SCZ does not interact with daily-life
stressors, it interacts with childhood adversity on pluripotent psychopathology. The findings
help to understand person-specific effects of the complex interactions between environmental
and genetic factors on nonspecific health outcomes.

In  CChhaapptteerr  77 the independent and joint effects of molecular genetic liability and
environmental exposures in schizophrenia was tested in a large international case-control
cohort with patients diagnosed with schizophrenia. Several environmental exposures, as well
as polygenic risk score for schizophrenia, were associated with case-status. The study
indicated a positive additive interaction between PRS-SCZ and several environmental
exposures (i.e. lifetime regular cannabis use and early-life adversities; sexual abuse, emotional
abuse, emotional neglect, and bullying). The findings suggest that some individuals may only
develop a diagnosis of schizophrenia if both the genetic and nongenetic exposures (i.e.
emotional and sexual abuse) are present.

In  CChhaapptteerr  88 the exposome score for schizophrenia (an aggregate score of environmental
liability for schizophrenia) was for the first time estimated and validated by means of
predictive modeling approach in two large independent datasets. Exposome scores for
schizophrenia were estimated using different models; logistic regression, Gaussian Naïve
Bayes, the LASSO and Ridge penalized classification models. Additionally, an exposome
score based on meta-analyses and a simple sum-score of exposures were estimated. The
findings demonstrate that a simple score based on logistic regression, which takes into
account of the dependent effect of various exposures, is best equipped to assess environmental
liability for schizophrenia in an independent test dataset. The exposome score for
schizophrenia significantly differentiated between cases, unaffected siblings, and healthy
controls in the independent test sample.

CChhaapptteerr  99 tested whether recent stressful life events interacted with indicators of genetic
liability, polygenic risk score for schizophrenia, and environmental liability, exposome score
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for schizophrenia on health outcome in the general population. Genetic and environmental
liability was associated with poorer health outcomes, especially mental health. The exposome
score moderated the association of recent stressful life events with mental and physical health,
while polygenic risk did not. The results were confirmed by several sensitivity analyses.

CChhaapptteerr  1100 investigated the contribution of the polygenic risk score and the exposome score
for schizophrenia to psychosis expression across the spectrum. Genomic and exposomic
liability were associated with a diagnosis of schizophrenia and schizotypy in healthy controls
and unaffected siblings. Furthermore, genomic liability moderated the effect of exposomic
liability on case-status and schizotypy in healthy controls and unaffected siblings. The results
support the conceptual framework of an etiological continuity across psychosis spectrum.
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12.3 Impact paragraph
Schizophrenia contributes to €93.9 billion, one of the largest portion of European healthcare
costs due to mental disorders1. In the Netherlands specifically, it accounts for 0.11% of the
GDP with an annual direct cost of $774 million2. Furthermore, schizophrenia is associated
with decreased functioning, low quality of life, and is among the top five leading causes of
disability adjusted life years (DALYs) in the age-group ranging from 15 to 44 years3.
Therefore, there is an urgent need for a breakthrough in prevention, diagnosis, and
management of schizophrenia, which can be achieved through better understanding of
pathoetiology.

The studies presented in this thesis, closely tied to the goals of the national research agenda
“Nationale Wetenschapsagenda” in the areas of “Gezondheidszorgonderzoek, preventie en
behandeling” and “Personalised medicine: uitgaan van het individu”, contributes greatly to
research on the pathoetiology of psychosis spectrum. The knowledge utilized in this thesis
can increase the efficient use of public health care tools and eventually help us to decrease
disorder-related burden and costs.

The thesis highlights the importance of the investigation of the whole network of
environmental and genomic exposures. The studies underline the opportunity centering on
modifiable environmental factors to improve population-based mental health outcomes.
Furthermore, presenting the first studies indicating gene-environment interaction (GxE) for
psychosis spectrum using exposomic and molecular genomic measures, the studies in this
thesis initiates great opportunity for subsequent research on GxE and highlight the
importance for the shift from diagnostic category based research towards the investigation of
psychosis spectrum.

Refining the toolbox for multimodal research in psychiatry, this thesis generates a
knowledgebase for national and international scientific programs of the multilevel etiology
of psychiatry. The exposome score applied in this project can be used to reduce the bias due
to environmental confounding and increase causal inference in other observational, clinical,
or experimental studies of psychotic disorders across Europe, particularly the Netherlands.
In future studies, testing the exposome paradigm in the context of biological mechanisms
and epigenomic markers will contribute to the global efforts toward a better understanding
of psychotic disorders and provide candidate biological targets and processes for translational
research. Further, as exposomic and genomic liability does not only play a critical role in
psychotic disorders but a range of mental disorders4-7, this approach may be applied to other
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large population cohorts to investigate GxE such as the NIH’s “All of US” and emerging
exposomic research endeavors8.

The integration of psychiatric epidemiology and molecular genetic markers offers potential
benefits for risk stratification and screening toward personalized medicine. Findings may aid
the global efforts toward a diagnostic classification that should ideally be driven by
neurobiological substrates and etiologic mechanisms, which in turn would accelerate the
delivery of improved health outcomes through more accurate diagnosis, preventive measures,
and treatment.

This research line can greatly contribute to the reputation and the impact of the regional
academic activities in mental health. Results from the studies presented in this thesis were
already picked up by the general public and will be discussed with patient organizations. It
will inform patients, general public, policy makers and disseminate the concept that the
expression of genetic vulnerability depends on exposure to environmental factors. Eventually,
this will greatly help patients in their understanding of their personal background of
experiencing psychosis spectrum disorder.
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