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GENERAL INTRODUCTION
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The challenges of psychosis research: a heterogeneous phenotype with multi-

factorial complex pathoetiology

According to DSM-5, schizophrenia is a mental disorder marked by social/occu-

pational functional impairments and characterized by the experience of at least 

two of the following symptoms over a period of one month: hallucinations, de-

lusions, disorganized speech, disorganized or catatonic behavior, and negative 

symptoms, with at least one of these symptoms should be delusions, hallucina-

tions, or disorganized speech1. However, research suggests that schizophrenia 

only represents the most severe outcome of psychosis, with 70% of psychotic 

disorders not captured by the diagnosis of schizophrenia, and therefore, com-

monly overlooked in the literature2. Psychosis spectrum may better capture psy-

chosis expression across a severity spectrum from subtle psychosis experiences 

to the diagnosis of schizophrenia as the most severe outcome, with psychosis 

spectrum disorder as an umbrella clinical diagnostic category3. Furthermore, 

both clinical observations and research findings indicate that psychosis expres-

sion is not an isolated phenomenon and co-occurs with other symptom dimen-

sions such as affective dysregulation, cognitive impairment, and negative symp-

toms that vary in symptom pattern as well as severity forming a heterogeneous 

multidimensional psychopathology phenotype3-5. The heterogeneous nature of 

psychosis spectrum phenotype accompanied with the multifactorial complex 

pathoetiology makes psychosis research extremely challenging. For instance, 

the attenuated form of positive psychosis expression (i.e., psychotic experien-

ces) had a bidirectional temporal relation with most mental disorders6. Additio-

nally, poor outcome and functional impairment have been affected by increasing 

levels of psychosis admixture including nonpsychotic disorders7-9. The complex 

interplay between multidimensional psychopathology and etiological factors 

adds another layer of difficulty for psychosis research, such that the association 

of psychosis expression with environmental and familial risks is dependent on 

the dimensions of psychosis spectrum disorder10.
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The pathoetiology of psychosis spectrum disorder

Decades of research suggests that genetic as well as environmental factors 

are involved in the development of psychosis spectrum disorder; however, 

the complex pathoetiological mechanisms remain to be understood11. Studies 

aiming to understand the genetic background of psychosis spectrum disorder 

initially focused on twin and family study designs. These studies estimated that 

the heritability of schizophrenia is around 79%12. However, owing to perpetual 

advancements in molecular genetics, researchers attempted to identify genes 

underlying psychosis spectrum disorder, first with single candidate gene stu-

dies, and more recently, with genome-wide association studies. Based on these 

findings from genome-wide association studies, now calculating the polygenic 

risk score for schizophrenia is possible. This score, weighted sum score of trait 

alleles, captures molecular genetic vulnerability for schizophrenia13. Although 

SNP-based heritability is estimated to be around 24%, the polygenic risk score 

for schizophrenia can only explain 7.7% of the variance in the liability attribu-

table to schizophrenia13. Both SNP-based heritability and genetic liability cap-

tured by the polygenic risk score for schizophrenia are considerably lower than 

the 79% heritability estimated in family studies, and therefore indicate a large 

heritability gap, which may, at least, be partly explained by the contribution of 

environmental exposures.

Along with the efforts in dissecting genetic mechanism and discovering genes 

or gene clusters that can explain the development of schizophrenia, there is an 

active effort in identifying non-genetic and modifiable environmental exposures. 

Over decades of research suggest that environmental exposures that are shown 

to associate with increased risk of developing psychosis are childhood adversi-

ties (e.g., sexual abuse, emotional neglect), peer-bullying, urban environment, 

ethnic minority status, immigration, hearing impairment, cannabis use, obstetric 

and pregnancy complications, and season of birth14,15.

1



14

Environment is as much, if not more complex than genetics underlying psychosis 

spectrum disorder. In general, several observations regarding the effect of envi-

ronmental exposures on psychosis need to be highlighted. First, environmental 

factors are not specific but are often associated with pluripotent psychopatho-

logy10,16-18. Second, environmental exposures are time sensitive. Especially during 

critical neurodevelopmental periods, environmental exposures may impact the 

brain, neurocognition, affect, and social cognition19,20. For example, cannabis use 

in adolescence is associated with a higher risk for developing psychosis than the 

use in older ages21. Third, environmental exposures correlate with each other, as 

seen in associations such as that between childhood trauma and adolescent can-

nabis use 10,16,18,22. Sexual and physical abuse which are childhood adversity types 

are correlated with each other. The severity of the outcome will be more severe 

in people who exposed to both sexual abuse and physical abuse23,24. Fourth, the 

severity of the number of environmental exposures is an important factor for 

the development of psychopathology and the severity of the outcome. For ins-

tance, the risk of developing mental disorders increases in individuals who have 

been exposed to more childhood trauma25. In other words, environmental expo-

sures and psychosis related outcomes show a dose-response relationship26,27.

Embracing the exposome paradigm to study the contribution of environment 

in psychosis

When investigating the role of environmental exposures in psychiatric disorders, 

research has so far focused on the effect of single environmental factors on men-

tal health outcomes28. However, this approach is a limited representation of the 

exposome that entails the entirety of the network of life-course environmental 

exposures. Christopher Wild first introduced the concept of the exposome to 

capture non-genetic factors as a complement to the genome29. The difference 

of the exposome from the genome is that it is dynamic and includes all non-ge-

netic exposures an individual is exposed to during their life; from the pre/peri-
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natal period to death. Exposome involves internal, specific external, and gene-
ral external factors with overlapping categories30. Hormones, inflammation, gut 
microbiota and metabolism endogenous factors, are internal conditions which 
affect the cellular environment. The specific external exposures are diet, smo-
king, infections, pollutants, and chemical exposures, while the general external 
domain consists of factors such as urbanicity, education, stress, and financial sta-
tus31. These are also determinants of health 32. The exposome paradigm provi-
des a framework to capture the complex interplay of environmental exposures, 
especially for epidemiological studies that collect multilevel, and multidimensi-
onal data33. Several characteristics, such as integrating and investigating multi-
dimensional information of exposures and outcomes, distinguish the exposome 
approach from traditional methods in epidemiology31,34. Recently, Guloksuz et 
al. introduced the exposome paradigm to study the environmental origins of ps-
ychiatric disorders28. Chapter 2 summarizes recent findings from emerging expo-
some research in psychiatry and finally discuss the future of exposome research 
for psychiatry.

Predictive performance of the exposome score for schizophrenia

In recent years, there has been an active effort in constructing aggregate risk 
scores to capture environmental vulnerability to psychosis, which is similar to 
polygenic risk for schizophrenia that captures genetic liability. Chapter 3 discus-
ses different approaches to estimate aggregate environmental risk scores for 
psychosis. Traditionally, to estimate the totality of environmental vulnerability, 
researchers simply summed up dichotomized environmental exposures10,35-37. 
In chapter 3 findings from these studies suggest that the severity of psycho-
pathology and clinical features are contingent on the degree of environmental 
vulnerability, but this approach of simple summation does not take into account 
the varying degrees of risk weights of each exposure. For instance, emotional 
abuse, peer bullying, and hearing impairment are all related to an increased 
risk for developing schizophrenia, but their odds ratios are different from each 

other as shown in meta-analyses38,39. Guided by this notion, researchers adopted 

1
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an approach that uses meta-analytical estimates to measure a weighted sum 

of dichotomized environmental exposures that have been associated with schi-

zophrenia. The first example of this approach used the following environmental 

exposures to estimate “the poly-environmental risk score” for schizophrenia: 

childhood adversities (i.e., sexual and physical abuse, neglect, and parent de-

ath), cannabis abuse, advanced paternal age, urban upbringing, obstetric and 

perinatal complications, and winter birth. In young relatives of individuals di-

agnosed with schizophrenia, 14% of the variance for psychosis transition was 

explained by the poly-environmental risk score40. Although environmental risk 

scores calculated based on the meta-analytical estimates consider the different 

weights of environmental exposures, they do not take into account the interde-

pendence between exposures41.

To tackle the interdependence between exposures, Pries et al. have develo-

ped an environmental liability score that takes into account that environmental 

exposures (i.e. childhood adversity, cannabis use, hearing impairment, winter 

birth) are correlated and  that each exposure has a varying degree of risk weight 

that is not entirely independent of other exposures42. By using predictive mode-

ling approaches, they constructed a cumulative environmental risk score (the 

exposome score for schizophrenia) including childhood adversities (bullying, 

emotional abuse, physical abuse, sexual abuse, emotional neglect, and physi-

cal neglect), hearing impairment, winter birth, cannabis use42. This study used 

two independent datasets: European Network of National Networks studying 

Gene-Environment Interactions in Schizophrenia (training dataset) and Genetic 

Risk and Outcome of Psychosis (validation dataset). To construct the exposo-

me score for schizophrenia, multivariate statistical models were applied in the 

training dataset including patients diagnosed with schizophrenia and healthy 

controls, while the independent validation dataset consisted of patients, the-

ir unaffected siblings, and healthy controls. Logistic regression, Gaussian Naïve 

Bayes, the least absolute shrinkage and selection operator (LASSO), and Ridge 
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penalized classification models were applied to the training dataset to estimate 

to what degree each environmental exposure contributes to the environmental 

liability for schizophrenia in a case-control design. In all models, binary envi-

ronmental exposures were independent variables and binary case-control status 

was the dependent variable. The coefficients of binary exposures estimated in 

the training dataset were used to calculate the weighted sum of the exposures 

according to each predictive model in the independent validation dataset. The 

performances of cumulative environmental scores for schizophrenia from each 

model were also compared with environmental sum scores (sum of dichotomi-

zed exposures) that were generated by simply adding each binary exposure per 

individual as 0 = absent and 1 = present and using the meta-analytical estimates 

(sum scores weighted by estimates from meta-analyses) for each exposure42. 

Chapter 3 describes and compares approaches for estimating environmental 

liability score for schizophrenia; simple environmental sum scores, meta-analy-

sis-based environmental risk score, and the exposome score for schizophrenia. 

The performance of environmental risk scores derived from each model were 

tested using predictive performance indicators: the area under the receiver 

operating characteristic (ROC), accuracy (ACC), sensitivity, specificity, and Nagel-

kerke’s pseudo R2. The environmental risk scores generated based on Logistic 

regression, LASSO, and Ridge penalized classification models performed similar-

ly good. The environmental risk scores derived from models that assume that 

exposures are independent, such as Gaussian Naïve Bayes, on the other hand, 

showed worse performances. The simple summation of exposures and the envi-

ronmental risk scores using meta-analytical estimates had the worst performan-

ce42. In the end, the environmental risk score derived from logistic regression 

was preferred over others methods when exploring the characteristics of the 

exposome score for schizophrenia in the follow-up analyses since logistic reg-

ression is an easily accessible method. In the independent validation dataset, 

the exposome score for schizophrenia distinguished patients with schizophrenia 

1
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from controls42. Furthermore, findings showed a dose-response effect of expo-

some score for schizophrenia increasing the odds of psychosis expression, such 

that patients had higher exposome score for schizophrenia compared with sib-

lings, while siblings had higher exposome score for schizophrenia compared with 

controls42. These findings showed that the exposome score for schizophrenia as 
an aggregate measure of environmental liability for schizophrenia can be useful 
for predicting and understanding environmental origins of psychosis spectrum 
disorder. Building upon this research, chapter 4 investigated the discriminative 
function of the exposome score for schizophrenia in identifying schizophrenia, 
as well the psychosis risk stratification properties of the exposome score for sc-
hizophrenia in the general population.

Similar to the different environmental exposures comprising the exposome sco-
re for schizophrenia18,28, the exposome score for schizophrenia per se is not spe-
cifically associated with the diagnosis of schizophrenia but also with schizotypy 
in healthy controls and unaffected siblings43, and psychosis risk in the general 
population44. Furthermore, recent research shows that the exposome score for 
schizophrenia is not only associated with psychosis dimension but also more 
broadly with mental and physical health outcomes in the general population44,45. 
Therefore, in light of emerging evidence, to further understand the relationship 
between the exposome score for schizophrenia and psychopathology, chapter 
4 examined the association of the exposome score for schizophrenia with other 
nonpsychotic mental disorders (e.g., depression, anxiety disorder), traits (e.g., 
neuroticism), suicide, as well as other medical conditions such as ulcers, intesti-
nal disorder, asthma, migraine in the general population.

Utilizing the exposome score for schizophrenia to predict functioning in psy-
chotic disorders

Global functioning is a general construct that covers areas from being able to 
manage the basic principles of personal care to coping with life challenges, and 
should include the measurement of types of functioning46. When there is a posi-
tive association in a health condition with the environmental and personal con-
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text , the individual has high level functionionality47. For this reason, it can be 

said that individuals with high functioning will have more participation in life and 

will perform better in their roles in society48.

Psychosis spectrum disorder has a wide variety of clinical representations ran-

ging from complete remission to chronic course and significant functional impa-

irment 49. Functional impairment to varying degrees in individuals with psychosis 

spectrum disorder is the rule rather than the exception. Functional impairment 

may occur even at the early phases of psychosis and rates of functional remis-

sion and recovery vary50-55. Poor social functioning appears to be a baseline risk 

factor that can be used to identify first-episode patients at risk of developing 

negative symptoms56. Although antipsychotic medication can effectively reduce 

positive psychotic symptoms, the degree of functional impairment may remain 

the same after the treatment57-59. Therefore, there is need to understand under-

lying mechanisms of functioning and functional impairment in psychosis spect-

rum disorder. This is crucial for treatments to achieve better outcomes across 

the psychosis spectrum60-62.

Most environmental exposures that play a role in the development of psychosis 

also cause impairment in quality of life and functioning. For instance, studies 

show associations between cannabis use and decreased psychosocial functio-

ning in psychosis63. One of the reasons for the impact of cannabis use on dete-

rioration in psychosocial functioning might be the fact that cannabis users com-

pared with non-users had higher risk for relapse and higher positive symptom 

severity64. Similar to cannabis use, childhood adversity is not only associated 

with psychosis spectrum disorder but also functioning. First-episode psychosis 

with a history of childhood trauma shows lower remission rates and slower im-

provement in global functioning after treatment compared to psychosis without 

a history of childhood trauma65,66. Furthermore, childhood trauma is associated 

with an increased number of hospitalizations, poorer functional outcomes, and 

decreased quality of life in individuals with psychosis spectrum disorder66-69. In 

1



20

patients with schizophrenia, having a history of sexual abuse is related to more 

severe positive symptoms, poorer response to treatment, and impairment in 

social and job-related functioning70-73.

In light of these findings that indicate the importance of environmental expo-

sures’ influence on global clinical outcomes, such as functioning, and combined 

with recent evidence showing the promise of exposome score for schizophrenia 

in risk stratification and outcome, chapter 5 investigated the association betwe-

en the exposome score for schizophrenia and functioning in patients with schi-

zophrenia spectrum disorder, their siblings, and healthy controls. Building upon 

this research, chapter 6 investigated, for the first time, temporal, and cross-sec-

tional associations of the exposome score for schizophrenia with symptom seve-

rity and functioning that cover social, occupational, and psychological domains 

in a first episode psychosis cohort.

Thesis outline

The main aim of the current thesis is to explore the predictive ability of the 

exposome score for schizophrenia (an index of environmental liability to schi-

zophrenia) in the general population and individuals with psychosis spectrum. 

Chapter 2 summarizes how the exposome paradigm might offer a unique pers-

pective to embrace the complexity of the environment underlying psychiatric 

disorders and discusses recent findings from emerging exposome research in 

psychiatry and the future of exposome research.  Chapter 3 presents the expo-

some score for schizophrenia (ES-SCZ; aggregated environmental score) which 

was calculated by adopting the exposome paradigm and discusses and summa-

rizes approaches which were used to estimate environmental risk score for schi-

zophrenia; simple environmental sum scores (sum of dichotomized exposures), 

meta-analysis-based environmental risk score (sum scores weighted by estima-

tes from meta-analyses), and the exposome score for schizophrenia. In chapter 

4, the psychosis risk stratification properties, and the predictive capacity of the 
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exposome score for schizophrenia for identifying schizophrenia in the general 

population is investigated. Chapter 5 reports findings from a study investigating 
the association between functioning and ES-SCZ in patients with schizophrenia, 
unaffected siblings of patients, and healthy controls. Chapter 6 presents findin-
gs from a study examining the longitudinal association between the exposome 
score for schizophrenia and functioning, personal and social functionality, and as 
well as clinical features in patients with first episode psychosis.

1
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Abstract

There is an active interest in understanding the relationship between mental 
disorders and exposures that are modifiable and potentially preventable. Howe-
ver, the complexity of environment, involving many causal and noncausal pat-
hways, makes research extremely challenging. To tackle these challenges, we 
have recently proposed the use of exposome paradigm. The exposome repre-
sents the totality of exposures in a lifetime from conception onward. The fra-
mework offers a solution to handle the complexity of all “non-genetic” factors. 
The exposome approach has recently been adopted to construct an exposome 
score for schizophrenia (ES-SCZ). Findings demonstrate that ES-SCZ can be used 
for risk stratification, adjusting for cumulative environmental load in statistical 
testing, and collecting risk enriched cohorts. Increasing data availability will help 
improve ES-SCZ that can be used in staging models to enhance clinical characte-
rization and outcome forecasting. Although an aggregate score (ES-SCZ) already 
provides several practical benefits for research practice, the exposome paradigm 
offers much more. Agnostic exposure-wide analyses might be the first step to 
mapping the exposome of mental disorders. These analyses not only help dis-
tinguish genuine signals from selective reporting but also uncover novel risk and 
resilience factors. The exposome approach will also increase our understanding 
into the differential impact of environment on mental health across geographi-
cal settings and ethnic communities. We are in the early phases of exposome 
research in psychiatry; however, if successfully applied, exposome framework 
is poised to embrace complexity and enable advanced analytical solutions to 
harness ever-growing data to gain insight into the complex dynamic network of 
exposures.
Key words:  Exposome, risk, environment, epidemiology, schizophrenia, gene–
environment interaction

2



32



33

Introduction

“The	contrast	between	genetic	and	environmental,	between	nature	and	nurture,	
is	not	a	contrast	between	fixed	and	changeable.	It	is	a	fallacy	of	biological	deter-
minism	to	say	that	if	differences	are	in	the	genes,	no	change	can	occur.”	Richard	
C.	Lewontin1.

Mental disorders have complex pathoetiology involving genetic and environ-
mental risk factors, as well as their interactions2. In the last 20 years, the field 
of psychiatric genetics has gone through a major restructuring to embrace the 
complexity of the genome that involve many gene variants of small effect that 
likely operate on interwoven biological machinery regulated by not a single 
gene but many genes operating harmoniously in large biological pathways and 
networks. To understand the molecular genetic background of mental disorders, 
the Psychiatric Genomics Consortium, adopting the international consortium 
model, has collected ever-growing samples to take advantage of the ever-advan-
cing high-throughput techniques in genome-wide association studies (GWAS)3. 
Environmental research in psychiatry is as much, if not more, challenging than 
psychiatric genomics research. To tackle the challenges of investigating the en-
vironment, Guloksuz et al. has recently proposed the use of the exposome pa-
radigm—in the same manner with psychiatric genomics research—to better un-
derstand the role of the environment in psychiatric disorders4.
In this article, following a brief summary of the role of the environment in men-
tal health outcomes, we first introduce the exposome paradigm and discuss why 
it might offer a unique perspective to embrace the complexity of the environ-
ment underlying psychiatric disorders. We then summarize recent findings from 
emerging exposome research in psychiatry and finally discuss the future of expo-
some research.

The role of environment in mental disorders

In a lifetime, an individual is exposed to a multitude of environmental exposu-
res such as psychological trauma, noise, air pollution, weather conditions, green 
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space that could be predisposing, precipitating, and perpetuating risk factors, 
as well as protecting resilience factors for mental health outcomes5-7. There is 
an active increasing interest in understanding the relationship between mental 
disorders and environmental exposures as they are modifiable and potentially 
preventable. However, funding spent on investigating environmental exposures 
has been lacking considerably. Nevertheless, a growing number of studies have 
investigated the role of environmental exposures in the pathoetiology of mental 
disorders. These studies have identified several environmental exposures rela-
ted to mental health outcomes, such as poor prenatal environment (e.g. poor 
nutrition, exposure to drugs or toxins, and maternal infections or stress), birth 
complications, preterm delivery, brain trauma, socioenvironmental exposures 
(e.g., socioeconomic disadvantages, poverty, urbanicity, immigration, and social 
isolation), psychological trauma (e.g. parental neglect, physical, emotional, and 
sexual abuse, as well as exposure to bullying), lack of stimulation, general adver-
sity, drug abuse, and recent stressful life events8-12.

Environmental exposures may operate through various biological pathways and 
may also induce epigenetic modifications to alter behavioral phenotypes. For 
instance, environmental exposures, such as cannabis use and childhood adver-
sity, may predispose to schizophrenia by increasing the susceptibility to stress 
and altering presynaptic dopaminergic functions13. Each environmental exposu-
re can be a source of stress, which per se plays a role in the development of 
many mental disorders, from depression to schizophrenia14,15.

The complexity of the environment, involving many causal and noncausal pat-
hways, makes environmental research extremely challenging16. For instance, su-
icide risk is increased by environmental factors, such as personal characteristics 
and adverse life events, whereas suicide risk can be buffered by exposure to 
green space that is associated with less air pollution17, which increases the risk 
of cardiovascular disease, a risk factor for depression per	se.18. Some of the en-
vironmental exposures not only increase the risk of mental disorders but also 
influence progression, prognosis, and outcomes. For instance, childhood trauma 
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is associated with an increase in the number of hospitalizations, a decrease in 
the levels of functioning and quality of life, and predicted higher emotional dist-
ress and positive symptoms in patients with schizophrenia19. Another layer of 
complexity is the time-specificity of environmental vulnerability such that expo-
sures during a neurodevelopmental period often have a greater impact. In this 
respect, cannabis use before the age of 16 years old increases the likelihood 
of psychosis by 4.6, whereas cannabis use after this sensitive period increases 
the risk by 1.820. There exists a dose-dependent relationship between exposures 
and mental health outcomes: the greater the exposure (in magnitude and du-
ration), the higher the likelihood of mental disorders. The risk of schizophrenia 
and other psychosis-related outcomes was the highest in the heavy cannabis 
users compared to the nonusers.21 Furthermore, the majority of environmental 
exposures are not unique to a specific behavioral phenotype such that cannabis 
abuse is not associated with psychosis spectrum disorder but also with anxiety, 
depression, and bipolar disorders, as well as their subtle expressions in the ge-
neral population22. In this regard, there is also some evidence suggesting that 
exposure to environmental risk factors increases the connectivity across the sy-
mptom network and eventually leads to development of a clinical syndrome that 
requires medical care23-27.

The exposome paradigm

In 2005, Christopher Wild proposed the exposome framework to study the 
role of the environment (all non-genetic factors from conception onwards) in 
health and disease processes28. Miller and Jones (2014) refined the exposome 
framework to include “the aggregate measure of environmental influences and 
related biological responses throughout the lifelong”29. Exposome consists of 
three overlapping categories, which are the general external, specific external, 
and internal30. The general external domain encompasses factors such as urba-
nity, social capital, and stress, whereas the specific external domain includes fa-
ctors such as diet, smoking, infections, pollutants, and chemical exposures. The 
internal domain comprises endogenous factors such as gut microbiota, oxidative 
stress, and metabolism31.
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The exposome research paradigm takes into account the complex and dyna-
mic interaction between exposures, and aims to complement the genome28. 
The exposome framework offers an agnostic approach to refine findings from 
previous hypothesis-driven epidemiological studies and aims to lay the groun-
dwork for future hypothesis-testing studies. However, compared with traditional 
hypothesis testing epidemiological studies, evaluating the exposome requires 
much larger sample sizes with enough power to handle the multiplicity as well 
as advanced statistical methods and computational power to process multimo-
dal, multilevel, and multidimensional data32. Furthermore, the longitudinal and 
dynamic nature of environmental exposures adds an additional layer of comp-
lexity for exposome research compared with genomic research31. To meet these 
requirements, there is growing investment in exposome-themed research initi-
atives33.

The need for exposome paradigm in environmental research of mental disor-
ders

Until recently, environmental research in psychiatry has investigated exposures 
in isolation by examining the association of a single environmental exposure 
(e.g. childhood adversity) with a single outcome (e.g. depression)4. However, 
accumulating evidence shows that exposures are not phenotype specific, mea-
ning that an exposure such as childhood adversity is associated with a multitude 
of mental disorders including depression, anxiety, mania, and psychosis (Figu-
re 1A)16. Furthermore, environmental exposures are not independent entities. 
There are causal and noncausal associations, as well as interactions between 
exposures. For instance, cannabis use, an environmental risk factor for psycho-
sis, is associated significantly with other known risk factors for psychosis, such 
as childhood adversity and urbanicity in the general population (Figure 1B)16. 
Childhood adversities, as well as different domains of childhood adversities (e.g., 
emotional and sexual abuse), are similarly interlinked (Figure 1A).  Urbanicity is 
an environmental exposure defined at the superordinate level and associated 
with higher rates of other individual level risk factors for psychosis (e.g. immig-
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rant status, cannabis use, and poor living conditions) that are more frequent in 
metropolitan areas.34

The exposome framework offers a convenient alternative to handle the comp-
lexity of all the “non-genetic” factors that compose a dynamic network of expo-
sures and phenotypes35. Over the last decade, the exposome paradigm has 
gained momentum with the availability of large datasets and increased compu-
tational power. Environmental research in psychiatry has only recently embraced 
the exposome paradigm—particularly to construct a cumulative environmental 
risk load that is the environment equivalent of genetic risk score.

Estimating cumulative environmental risk score for mental disorders

Researchers have so far used a variety of approaches to examine the combi-
ned effect of different environmental exposures associated with mental disor-
ders25,36-38. The majority used a simple total score of environmental risk loading, 
which was often calculated by simply summing up each environmental factor. 
However, this approach fails to acknowledge the different magnitude of risk att-
ributable to each exposure. For instance, although obstetric complications, can-
nabis use, and childhood bullying are all significantly associated with schizoph-
renia, individual studies and meta-analyses show that the effect size estimates 
of risk for schizophrenia are different for each exposure10.

To overcome the limitation of simple score that overlooks the varying effect sizes 
of environmental exposures, previous research employed estimates from me-
ta-analyses to generate a weighted environmental sum scores, such as a “pol-
yenvironmental risk score for schizophrenia”39. In this study, polyenvironmental 
risk score for schizophrenia that was calculated using a weighted sum score of 
binary environmental risk factors for schizophrenia that include cannabis abu-
se, winter-birth, advanced paternal age, urbanicity, obstetric complications, and 
childhood adversities (i.e. sexual and physical abuse, neglect, and parent death) 

explained 14% of the variance for transition to psychosis in young relatives of 
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individuals with schizophrenia39. Few studies employed a similar approach to 
calculate a meta-analyses-based environmental risk score for schizophrenia inc-
luding ordinal and binary categorized set of exposures, with an explained varian-
ce of around 4.6% in simulated data40 and 8.4% in a sample of individuals with 
first episode psychosis and healthy controls41. By using a weighted sum, a me-
ta-analyses-based environmental risk score appears to provide a better estima-
te than an environmental sum-score; however, this approach, similar to simple 
summation, overlooks the interdependency of environmental exposures.

To tackle these challenges, we recently estimated the exposome score for schi-
zophrenia (ES-SCZ) using a predictive modeling approach to estimate and test 
the ES-SCZ in two independent datasets42. We first applied a multivariable model 
that takes into account correlation between exposures in a case-control samp-
le to estimate the risk of each exposure for schizophrenia including cannabis 
use, winter-birth, hearing impairment, childhood bullying, and five domains of 
childhood adversities (emotional abuse and neglect, physical abuse and negle-
ct, and sexual abuse). Subsequently, by using these estimates from the training 
sample, we calculated the weighted ES-SCZ in an independent validation data-
set. Our findings showed that the exposome score for schizophrenia were more 
accurate and more sensitive than the environmental sum score and the meta-a-
nalyses-based environmental risk score calculated in the same dataset42. Furt-
hermore, the predictive metrics of the environmental risk score calculated using 
the estimates from the Gaussian Naive Bayes confirmed that the assumption of 
independent effects in fact led to reduction in performance.

Predictive performance of exposome score for schizophrenia

Following up the construction of the ES-SCZ, we have extensively tested its pre-
dictive performance in the general population, as well as its utility in clinical 
samples. In accordance with our initial findings showing a gradient increase of 
schizophrenia risk as a function of the ES-SCZ, we revealed that ES-SCZ was also 
associated with the psychosis risk level in the general population43,44. These fin-
dings suggest that ES-SCZ can be used to stratify psychosis risk in the general po-



39

pulation. Furthermore, ES-SCZ showed a good performance (Area Under Curve 
= 84) for identifying schizophrenia in the general population44. However, ES-SCZ 
was not only associated with schizophrenia but also other mental disorders. Alt-
hough the associations of ES-SCZ with other phenotypes were weaker than that 
with schizophrenia, these findings show that ES-SCZ would yield only minimal 
benefit for distinguishing schizophrenia from other mental disorders, such as 
bipolar disorder44.

In accordance with these findings, we showed that higher ES-SCZ predicted po-
orer broad mental and physical well-being in a longitudinal population cohort 
assessed over 9 years in the Netherlands45. Guided by these promising findings 
from the general population, we tested whether ES-SCZ was associated with glo-
bal functioning in individuals with schizophrenia46. Our findings that were also 
replicated in an independent sample revealed that ES-SCZ could be an indicator 
of poor functioning in individuals with schizophrenia that is independent of the 
genetic risk score for schizophrenia. We also observed this association between 
functioning and ES-SCZ in the siblings of individuals with schizophrenia and he-
althy controls.

Taken together, these findings demonstrate that ES-SCZ can be used for risk stra-
tification, adjusting for cumulative environmental load in statistical comparison 
models, and collecting samples with increased environmental liability for schi-
zophrenia. Increasing data availability in the future will help improve ES-SCZ that 
can be integrated in clinical staging models to enhance clinical characterization, 
outcome forecasting, and clinical management47.

Exposome approach to test gene-environment and environment-environment 
interactions

Recently, Guloksuz et al. showed—for the first time—evidence for an additive 

interaction between polygenic risk score for schizophrenia and several environ-

mental exposures (cannabis use, childhood bullying, sexual abuse, emotional 
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abuse, and emotional neglect) to increase schizophrenia risk48. In light of the-
se findings, a follow-up study for the first time tested the gene-environment 
interaction using both cumulative scores of genetic and environmental risk for 
schizophrenia (i.e. PRS-SCZ and ES-SCZ)49. The cross-sectional case-control analy-
sis provided further evidence for gene-environment interaction increasing the 
likelihood of schizophrenia. Furthermore, the analysis of unaffected participants 
revealed that PRS-SCZ moderated the association between ES-SCZ and subtle 
psychosis expression including overall, positive, and negative schizotypy traits—
indicative of gene-environment interaction that contributes to psychosis pheno-
type across the spectrum49. Although there was no gene–environment correla-
tion (i.e. correlation between PRS-SCZ and ES-SCZ) detected in this study, future 
studies should measure the degree of gene-environment correlation, as some 
of these exposures may be partly explained by hereditary predisposition50. For 
instance, the genetic predisposition for psychosis may be posing  a risk for can-
nabis use and a risk for the development of psychosis independently51. However, 
a recent study applying a within-subject design in a longitudinal cohort showed 
that cannabis use appears to be causally related to the incidence of attenuated 
psychotic experiences52. With each individual serving as their control, the wit-
hin-subject design provides the advantage of eliminating the necessity of taking 
into account the confounding by any fixed characteristic that includes genetics 
as well.

A recent prospective cohort study of Dutch general population tested whether 
environmental predisposition to schizophrenia, estimated as the ES-SCZ, incre-
ased the impact of recent stressful life events as precipitating factors for poor 
health outcomes at the population level.  In accordance with the diathesis stress 
theory, both ES-SCZ and stressful life events were independently and interacti-
vely associated with poor mental and physical health in the general population, 
with environmental predisposition to schizophrenia increasing the stress sensi-
tivity to adverse life events45.

Recently, a series of studies systematically investigated the role of exposome in 
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youth suicidal behavior in the United States. By analyzing data derived from the 
Philadelphia Neurodevelopmental Cohort, Barzilay et al. dissected the interac-
tive components of exposome underlying suicidal behavior53. Findings from this 
diverse US community population revealed that that the association of suici-
dal behavior with assaultive trauma was moderated by the neighborhood-level 
socioeconomic status (SES), with youths from higher SES were more prone to 
the impact of assaultive trauma on suicidal behavior, thereby indicating a stress 
inoculation in those from low SES. A recent study analyzing the Adolescent Brain 
and Cognitive Development study collected in the US showed that the associ-
ation of racial/ethnic discrimination with suicidality was over and above other 
components of exposome of suicide, as well as other types of discrimination54. 
African American children were exposed to more racial/ethnic discrimination, 
which was strongly associated with suicidal behavior independent of other soci-
oenvironmental and demographic risk factors.

Future directions for exposome research in psychiatry

There is a need to identify and modify environmental risk factors to improve 

2
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mental well-being at the population level. The exposome paradigm offers a ho-
listic approach to understand the complex, intertwined, and dynamic role of the 
environment in human health. The exposome approach has recently been adop-
ted in research investigating the role of environment in mental disorders and 
successfully applied to construct an exposome score for schizophrenia that con-
sisted of previously identified exposures, such as cannabis use and childhood ad-
versities. As we outlined, although an aggregate environmental risk score, such 
as ES-SCZ, already provides several practical benefits for research methodology, 
the exposome paradigm offers much more to explore the environmental origins 
of mental health outcomes.

Our understanding of the role of environment in mental well-being remains limi-
ted to a handful of exposures that have been identified in hypothesis-driven can-
didate exposure studies. In this respect, agnostic exposure-wide analyses might 
be the first step to mapping the exposome of mental disorders. The exposure-wi-
de analyses not only help distinguish genuine signals from selective reporting 
but also uncover novel environmental risk and resilience factors. However, the 
quality and the quantity of the available data have been major limiting factors.  
In the future, large population cohort studies may provide rich longitudinal data 
with deep-phenotyping essential to capture the dynamic and interactive attribu-
tes of the environment. To increase harmonization and comparability across stu-
dies, conventions for measuring exposures should be reconciled and followed in 
the exposome research of behavioral phenotypes. By embracing the totality of 
the environment, the exposome approach will also increase our understanding 
into the differential impact of environmental exposures on mental health across 
geographical settings and ethnic communities55.

A major challenge in exposome research is the successful mapping of observati-
onal findings to mechanistic underpinnings of environmental vulnerability in the 
biopsychosocial context. Therefore, a multidisciplinary teamwork (e.g., psychi-
atry, neurosciences, epidemiology, and social sciences) is essential to integrate 
with other multilevel -omics (e.g., genomics, epigenomics) and apply systems 
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biology to disentangle the underlying biological mechanisms. For instance, envi-
ronmental risk factors may predispose to psychosis by creating susceptibility to 
stress and disturbing presynaptic dopaminergic functions13. Furthermore, accu-
mulating evidence suggests that inflammation might be a shared final pathway 
for total exposomic vulnerability to psychosis spectrum disorder21, whereas the-
re might also be biologically distinct mechanisms for individual exposures, such 
as cannabis.

Conclusion

We are still in the early phases of exposome research in psychiatry; however, if 
successfully applied, the exposome framework is poised to embrace complexity 
and enable advanced analytical solutions to harness ever-growing rich data to 
gain insight into the complex dynamic network of exposures. Furthermore, a 
single metric of cumulative environmental vulnerability for mental disorders, 
such as the exposome score for schizophrenia, has the potential to help achieve 
better prediction models. Large, international, collaborative, and multidiscipli-
nary consortiums, akin to the Psychiatric Genomics Consortium, are required to 
achieve the ambitious goal of unraveling the environmental origins of mental 
disorders.

Figure legend

Figure 1 demonstrates the correlation globes of childhood trauma (A) and can-
nabis use (B) in the Netherlands Mental Health Survey and Incidence Study-2 
(NEMESIS-2)56,57. Only statistically significant correlations are shown (P < .05). 
The line thickness marks the magnitude of the correlation. The green lines indi-
cate positive correlations. The red lines indicate negative correlations.

2



44

References

1.	 Lewontin	 R.	 Biology	 as	 ideo-
logy:	 The	 doctrine	 of	DNA.	House	 of	
Anansi;	1996.

2.	 Caspi	 A,	 Moffitt	 TE.	 Gene–
environment	 interactions	 in	 psychi-
atry:	 joining	 forces	 with	 neuroscien-
ce.	 Nature	 Reviews	 Neuroscience.	
2006;7(7):583-590.

3.	 Sullivan	 PF,	 Agrawal	 A,	 Bulik	
CM,	 et	 al.	 Psychiatric	 Genomics:	 An	
Update	 and	 an	 Agenda.	 American	
Journal	of	Psychiatry.	2018;175(1):15-
27.

4.	 Guloksuz	 S,	 van	Os	 J,	 Rutten	
BP.	The	exposome	paradigm	and	the	
complexities	 of	 environmental	 rese-
arch	 in	 psychiatry.	 JAMA	 psychiatry.	
2018;75(10):985-986.

5.	 Dzhambov	AM,	Markevych	 I,	
Tilov	 B,	 et	 al.	 Pathways	 linking	 resi-
dential	noise	and	air	pollution	to	men-
tal	ill-health	in	young	adults.	Environ-
mental	research.	2018;166:458-465.

6.	 Helbich	 M.	 Toward	 dynamic	
urban	environmental	exposure	assess-
ments	in	mental	health	research.	En-
vironmental	Research.	2018;161:129-
135.

7.	 Snijders	 C,	 Pries	 L-K,	 Sgam-
meglia	N,	et	al.	Resilience	against	tra-
umatic	 stress:	 current	 developments	
and	future	directions.	Frontiers	in	psy-
chiatry.	2018;9:676.

8.	 Klomek	 AB,	 Sourander	 A,	
Elonheimo	 H.	 Bullying	 by	 peers	 in	
childhood	 and	 effects	 on	 psychopat-
hology,	 suicidality,	 and	 criminality	 in	
adulthood.	The	Lancet	Psychiatry.	

2015;2(10):930-941.
9.	 Van	Os	J,	Kenis	G,	Rutten	BPF.	

The	 environment	 and	 schizophrenia.	
Nature.	2010;468(7321):203-212.

10.	 Belbasis	 L,	 Köhler	 C,	 Stefanis	

N,	 et	 al.	 Risk	 factors	 and	 peripheral	
biomarkers	 for	 schizophrenia	 spect-
rum	 disorders:	 an	 umbrella	 review	
of	 meta-analyses.	 Acta	 Psychiatrica	
Scandinavica.	2018;137(2):88-97.

11.	 Köhler	 CA,	 Evangelou	 E,	
Stubbs	B,	et	al.	Mapping	 risk	 factors	
for	depression	across	the	lifespan:	An	
umbrella	review	of	evidence	from	me-
ta-analyses	and	Mendelian	 randomi-
zation	 studies.	 Journal	 of	 Psychiatric	
Research.	2018;103:189-207.

12.	 Sideli	 L,	 Murray	 RM,	 Schim-
menti	 A,	 et	 al.	 Childhood	 adversity	
and	 psychosis:	 a	 systematic	 review	
of	 bio-psycho-social	 mediators	 and	
moderators.	 Psychological	 medicine.	
2020;50(11):1761-1782.

13.	 Howes	 OD,	 McCutcheon	 R,	
Owen	MJ,	Murray	RM.	The	role	of	ge-
nes,	stress,	and	dopamine	in	the	deve-
lopment	 of	 schizophrenia.	 Biological	
psychiatry.	2017;81(1):9-20.

14.	 McEwen	BS.	The	brain	 is	 the	
central	organ	of	stress	and	adaptati-
on.	Neuroimage.	2009;47(3):911-913.

15.	 Cohen	 S,	 Janicki-Deverts	 D,	
Miller	 GE.	 Psychological	 stress	 and	
disease.	 Jama.	 2007;298(14):1685-
1687.

16.	 Guloksuz	 S,	 Rutten	 BP,	 Pries	
L-K,	 et	 al.	 The	 complexities	 of	 evalu-
ating	 the	 exposome	 in	 psychiatry:	
a	 data-driven	 illustration	 of	 chal-
lenges	 and	 some	 propositions	 for	
amendments.	 Schizophrenia	 bulletin.	
2018;44(6):1175-1179.

17.	 Helbich	 M,	 De	 Beurs	 D,	
Kwan	M-P,	 O’Connor	 RC,	 Groenewe-
gen	 PP.	 Natural	 environments	 and	
suicide	 mortality	 in	 the	 Netherlan-
ds:	 a	 cross-sectional,	 ecological	
study.	 The	 Lancet	 Planetary	 Health.	
2018;2(3):e134-e139.



45

18.	 Wang	 R,	 Xue	 D,	 Liu	 Y,	 Liu	 P,	
Chen	H.	The	relationship	between	air	
pollution	 and	 depression	 in	 China:	 is	
neighbourhood	 social	 capital	 protec-
tive?	International	journal	of	environ-
mental	 research	 and	 public	 health.	
2018;15(6):1160.

19.	 Baudin	G,	Godin	O,	Lajnef	M,	
et	al.	Differential	effects	of	childhood	
trauma	and	cannabis	use	disorders	in	
patients	suffering	from	schizophrenia.	
Schizophrenia	 Research.	 2016;175(1-
3):161-167.

20.	 Arseneault	 L,	 Cannon	 M,	
Poulton	 R,	 Murray	 R,	 Caspi	 A,	 Mof-
fitt	 TE.	 Cannabis	 use	 in	 adolescen-
ce	 and	 risk	 for	 adult	 psychosis:	 lon-
gitudinal	 prospective	 study.	 BMJ.	
2002;325(7374):1212-1213.

21.	 Radhakrishnan	 R,	 Wilkinson	
ST,	D’Souza	DC.	Gone	to	pot–a	review	
of	 the	association	between	 cannabis	
and	psychosis.	Frontiers	in	psychiatry.	
2014;45:54.

22.	 Uher	R,	Zwicker	A.	Etiology	in	
psychiatry:	 embracing	 the	 reality	 of	
poly-gene-environmental	 causation	
of	 mental	 illness.	 World	 Psychiatry.	
2017;16(2):121-129.

23.	 Isvoranu	 A-M,	 Borsboom	 D,	
van	Os	 J,	 Guloksuz	 S.	 A	 network	 ap-
proach	 to	 environmental	 impact	 in	
psychotic	 disorder:	 brief	 theoretical	
framework.	 Schizophrenia	 Bulletin.	
2016;42(4):870-873.

24.	 Guloksuz	 S,	 van	 Nierop	 M,	
Bak	 M,	 et	 al.	 Exposure	 to	 environ-
mental	 factors	 increases	connectivity	
between	symptom	domains	in	the	ps-
ychopathology	network.	BMC	psychi-
atry.	2016;16(1):1-10.

25.	 Pries	 L.	 Evidence	 That	 En-

vironmental	 and	 Familial	 Risks	 for	
Psychosis	 Additively	 Impact	 a	 Multi-
dimensional	 Subthreshold	 Psychosis	
Syndrome.	 Schizophrenia	 Bulletin.	
2018;44(4):710.

26.	 Radhakrishnan	 R,	 Gulok-
suz	 S,	 Ten	Have	M,	et	al.	 Interaction	
between	 environmental	 and	 fami-
lial	 affective	 risk	 impacts	 psychosis	
admixture	 in	 states	 of	 affective	 dys-
regulation.	 Psychological	 medicine.	
2019;49(11):1879-1889.

27.	 Guloksuz	 S,	 van	 Nierop	 M,	
Lieb	 R,	 van	Winkel	 R,	Wittchen	 H-U,	
van	Os	 J.	Evidence	that	 the	presence	
of	psychosis	 in	nonpsychotic	disorder	
is	environment-dependent	and	medi-
ated	by	severity	of	non-psychotic	ps-
ychopathology.	Psychological	Medici-
ne.	2015;45:2389-2401.

28.	 Wild	 CP.	 Complementing	 the	
genome	 with	 an	 “exposome”:	 the	
outstanding	 challenge	 of	 environ-
mental	exposure	measurement	in	mo-
lecular	 epidemiology.	 Cancer	 Epide-
miology	 and	 Prevention	 Biomarkers.	
2005;14(8):1847-1850.

29.	 M i l -
ler	 GW,	 Jones	
DP.	 The	 nature	
of	 nurture:	 re-
fining	 the	 de-

finition	 of	 the	
exposome.	 Toxi-
cological	sciences.	
2014;137(1):1-
2.

30.	 Rappaport	SM,	Smith	MT.	En-
vironment	and	disease	risks.	 science.	
2010;330(6003):460-461.

31.	 Wild	CP.	The	exposome:	from	
concept	 to	 utility.	 International	 jour-
nal	 of	 epidemiology.	 2012;41(1):24-
32.

32.	 Manrai	AK,	Cui	 Y,	Bushel	PR,	
et	 al.	 Informatics	 and	 data	 analytics	
to	support	exposome-based	discovery	

2



46

for	 public	 health.	 Annual	 review	 of	
public	health.	2017;38:279-294.

33.	 Stingone	 JA,	Buck	 Louis	GM,	
Nakayama	 SF,	 et	 al.	 Toward	 greater	
implementation	of	the	exposome	re-
search	paradigm	within	environmen-
tal	 epidemiology.	 Annual	 review	 of	
public	health.	2017;38:315-327.

34.	 Plana-Ripoll	 O,	 Pedersen	
CB,	 McGrath	 JJ.	 Urbanicity	 and	 risk	
of	 schizophrenia—new	 studies	 and	
old	 hypotheses.	 JAMA	 Psychiatry.	
2018;75(7):687-688.

35.	 Guloksuz	S,	Pries	L,	Van	Os	J.	
Application	 of	 network	 methods	 for	
understanding	mental	 disorders:	 pit-
falls	 and	promise.	Psychological	me-
dicine.	2017;47(16):2743-2752.

36.	 Stepniak	B,	Papiol	S,	Hammer	
C,	 et	al.	Accumulated	environmental	
risk	 determining	 age	 at	 schizophre-
nia	 onset:	 a	 deep	 phenotyping-ba-
sed	 study.	 The	 Lancet	 Psychiatry.	
2014;1(6):444-453.

37.	 Neilson	E,	Bois	C,	Gibson	J,	et	
al.	Effects	of	environmental	risks	and	
polygenic	 loading	 for	 schizophrenia	
on	 cortical	 thickness.	 Schizophrenia	
research.	2017;184:128-136.

38.	 Barzilay	R,	Calkins	ME,	Moo-
re	TM,	et	al.	Association	between	tra-
umatic	stress	load,	psychopathology,	
and	 cognition	 in	 the	 Philadelphia	
Neurodevelopmental	Cohort.	Psycho-
logical	 medicine.	 2019;49(2):325-
334.

39.	 Padmanabhan	 JL,	 Shah	 JL,	
Tandon	 N,	 Keshavan	 MS.	 The	 “pol-
yenviromic	 risk	 score”:	 aggregating	
environmental	 risk	 factors	 predicts	
conversion	to	psychosis	in	familial	hi-
gh-risk	 subjects.	 Schizophrenia	 rese-

arch.	2017;181:17-22.
40.	 Vassos	 E,	 Sham	 P,	 Kempton	

M,	et	al.	The	Maudsley	environmental	
risk	score	for	psychosis.	Psychological	
medicine.	2020;50(13):2213-2220.

41.	 Mas	 S,	 Boloc	 D,	 Rodríguez	
N,	 et	 al.	 Examining	 Gene–Environ-
ment	 Interactions	 Using	 Aggregate	
Scores	 in	 a	 First-Episode	 Psycho-
sis	 Cohort.	 Schizophrenia	 bulletin.	
2020;46(4):1019-1025.

42.	 Pries	L-K,	Lage-Castellanos	A,	
Delespaul	P,	et	al.	Estimating	exposo-
me	score	for	schizophrenia	using	pre-
dictive	modeling	approach	in	two	in-
dependent	samples:	the	results	from	
the	EUGEI	study.	Schizophrenia	bulle-
tin.	2019;45(5):960-965.

43.	 Guloksuz	S,	Pries	LK,	Have	M,	
et	 al.	 Association	 of	 preceding	 psy-
chosis	 risk	 states	 and	 non-psychotic	
mental	 disorders	 with	 incidence	 of	
clinical	 psychosis	 in	 the	 general	 po-
pulation:	 a	 prospective	 study	 in	 the	
NEMESIS-2	cohort.	World	Psychiatry.	
2020;19(2):199-205.

44.	 Pries	L-K,	Erzin	G,	Van	Os	J,	et	
al.	 Predictive	 Performance	 of	 Expo-
some	 Score	 for	 Schizophrenia	 in	 the	
General	 Population.	 Schizophrenia	
Bulletin.	2021;47(2):277-283.

45.	 Pries	L-K,	van	Os	J,	Ten	Have	
M,	et	al.	Association	of	recent	stressful	
life	 events	with	mental	 and	 physical	
health	in	the	context	of	genomic	and	
exposomic	liability	for	schizophrenia.	
JAMA	 Psychiatry.	 2020;77(12):1296-
1304.

46.	 Erzin	G,	Pries	L-K,	Van	Os	J,	et	
al.	Examining	the	association	betwe-
en	exposome	score	for	schizophrenia	
and	functioning	in	schizophrenia,	sib-



47

lings,	 and	 healthy	 controls:	 results	
from	the	EUGEI	study.	European	Psyc-
hiatry.	2021:1-33.

47.	 Maj	M,	van	Os	J,	De	Hert	M,	et	
al.	The	clinical	characterization	of	the	
patient	with	primary	psychosis	aimed	
at	 personalization	 of	 management.	
World	Psychiatry.	2021;20(1):4-33.

48.	 Guloksuz	S,	Pries	LK,	Delespa-
ul	P,	et	al.	Examining	the	independent	
and	 joint	 effects	 of	molecular	 gene-
tic	 liability	 and	 environmental	 expo-
sures	 in	 schizophrenia:	 results	 from	
the	 EUGEI	 study.	 World	 Psychiatry.	
2019;18(2):173-182.

49.	 Pries	 L-K,	 Dal	 Ferro	 G,	 van	
Os	 J,	 et	 al.	 Examining	 the	 indepen-
dent	and	joint	effects	of	genomic	and	
exposomic	 liabilities	 for	 schizophre-
nia	 across	 the	 psychosis	 spectrum.	
Epidemiology	 and	 psychiatric	 scien-
ces.	2020;29.

50.	 Kendler	KS,	Baker	JH.	Genetic	
influences	 on	 measures	 of	 the	 envi-
ronment:	 a	 systematic	 review.	 Psy-
chological	medicine.	2007;37(5):615-
626.

51.	 Henquet	 C,	Di	 Forti	M,	Mor-
rison	 P,	 Kuepper	 R,	Murray	 RM.	Ge-
ne-Environment	 Interplay	 Between	
Cannabis	 and	 Psychosis.	 Schizophre-
nia	Bulletin.	2008;34(6):1111-1121.

52.	 Van	Os	J,	Pries	L-K,	Ten	Have	
M,	 et	 al.	 Schizophrenia	 and	 the	 En-
vironment:	 Within-Person	 Analyses	
May	be	Required	to	Yield	Evidence	of	
Unconfounded	and	Causal	Associati-
on—The	Example	of	Cannabis	and	Ps-
ychosis.	Schizophrenia	Bulletin.	2021.

53.	 Barzilay	 R,	 Moore	 TM,	 Cal-
kins	 ME,	 et	 al.	 Deconstructing	 the	
role	of	the	exposome	in	youth	suicidal	

ideation:	 Trauma,	 neighborhood	 en-
vironment,	 developmental	 and	 gen-
der	 effects.	 Neurobiology	 of	 Stress.	
2021:100314.

54.	 Argabright	ST	VE,	Moore	TM,	
et	 al.	 Association	 between	 discrimi-
nation	stress	and	suicidality	 in	prea-
dolescent	children.	2021.

55.	 Burkhard	 C	 CS,	 Barzilay	 R,	
Radhakrishan	R,	Guloksuz	S.	Need	for	
ethnic	and	population	diversity	in	ps-
ychosis	research.	2021.

56.	 De	Graaf	R,	Ten	Have	M,	van	
Dorsselaer	S.	The	Netherlands	mental	
health	 survey	 and	 incidence	 study-2	
(NEMESIS-2):	 Design	 and	 methods.	
International	 journal	 of	 methods	 in	
psychiatric	research.	2010;19(3):125-
141.

57.	 de	Graaf	R,	Ten	Have	M,	van	
Gool	 C,	 van	 Dorsselaer	 S.	 Prevalen-
ce	 of	 mental	 disorders	 and	 trends	
from	1996	to	2009.	Results	from	the	
Netherlands	 Mental	 Health	 Survey	
and	 Incidence	 Study-2.	 Social	 psyc-
hiatry	 and	 psychiatric	 epidemiology.	
2012;47(2):203-213.

2



48



                           CHAPTER 3
ESTIMATING AGGREGATE ENVIRON-

MENTAL RISK SCORE IN PSYCHIATRY: 
THE EXPOSOME SCORE FOR  

SCHIZOPHRENİA

Lotta Katrin Pries, Gamze Erzin,
Bart PF Rutten, Jim Van Os, Sinan Guloksuz

Frontiers in Psychiatry 2021; 12: 671334: 1-7



50



51

Abstract

To understand the role of environment in the pathoetiology of psychosis spe-
ctrum disorders, research has thus far mainly investigated the effects of single 
exposures in isolation, such as the association between cannabis use and schi-
zophrenia. However, this approach fails to acknowledge the complexity of the 
exposome, which represents the totality of the environment involving many 
exposures over an individual’s lifetime. Therefore, contemporary research adop-
ting the exposome paradigm has aimed at capturing the combined effect of dif-
ferent environmental exposures by utilizing an aggregate environmental vulne-
rability score for schizophrenia: the exposome score for schizophrenia. Here, we 
attempt to provide a comprehensive overview of studies applying the exposome 
score for schizophrenia. First, we describe several approaches estimating expo-
somic vulnerability for schizophrenia, which falls into three categories: simple 
environmental sum scores (sum of dichotomized exposures), meta-analysis-ba-
sed environmental risk score (sum scores weighted by estimates from meta-a-
nalyses), and the exposome score (sum score weighted by estimates from an 
analysis in an independent training dataset). Studies show that the exposome 
score for schizophrenia that assumes interdependency of exposures performs 
better than scores that assume independence of exposures, such as the envi-
ronmental sum score and the meta-analysis-based environmental risk score. 
Second, we discuss findings on the pluripotency of the exposome score for sc-
hizophrenia and summarize findings from gene-environment studies using the 
exposome score for schizophrenia. Finally, we discuss possible scientific, clinical, 
and population-based applications of exposome score for schizophrenia, as well 
as limitations and future directions for exposome research to understand the 
etiology of psychosis spectrum disorders.

Key words: exposome, prediction, risk, environment, schizophrenia, psychosis, 
gene-environment
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“Those	who	 study	 the	 complex	 interplay	 of	 cause	 and	 effect	 in	 the	 history	 of	
the	Universe	say	that	this	sort	of	thing	is	going	on	all	the	time,	but	that	we	are	
powerless	to	prevent	it.	‘It’s	just	life,’	they	say”1.

Introduction

Psychosis spectrum disorders (PSD) have a complex pathoetiology involving ge-

netic and environmental factors. To understand the genetic background of PSD, 

research moved from hypothesis-driven candidate gene studies to agnostic ge-

nome-wide association studies2. Eventually, increasing availability of low-cost 

genome-wide genotyping and larger samples have made it possible to calcu-

late a weighted sum score of trait alleles that captures molecular measures of 

genetic vulnerability for schizophrenia: polygenic risk score for schizophrenia 

(PRS-SCZ)2. However, studies indicate that the molecular genetic vulnerability 

for schizophrenia captured by PRS-SCZ only explains 7.7% of the variance in lia-

bility attributable to schizophrenia, with the SNP-based heritability being around 

24%2. These are considerably below the 60-80% heritability estimates previously 

demonstrated in family and twin studies3-6. This “heritability gap” is a strong indi-

cator that at least part of the pathoetiology for schizophrenia may be explained 

by environmental factors7, besides other explanation such as gene-gene intera-

ctions.

Traditionally, epidemiological studies investigating the contribution of the en-

vironment to PSD have focused on distinct environmental factors, each inves-

tigated in isolation8. Umbrella reviews show that environmental factors such as 

childhood adversity (e.g. sexual or physical abuse), cannabis use, urbanicity, so-

cial defeat (i.e. migration status, ethnical minority), obstetric complications, and 

season of birth are associated with PSD9,10. Furthermore, research shows that 

the exposure to a higher number of environmental factors is indicative of the 

outcome severity11,12.
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However, these approaches are not designed to capture the exposome, which 

is the entirety of environmental factors an individual is exposed to throughout 

their life8,13. Furthermore, the dependency (i.e. correlation) between different 

environmental exposures should be taken into account. Research investigating 

the moderating and mediating effects of environmental exposures has shown 

that the network of environmental exposures works in concert to give rise to 

psychosis expression14-16. Environmental factors are bidirectionally interlinked, 

such that cannabis use is associated with childhood adversity12, which is among 

other exposures associated with stressful events later in life17. The effects of ur-

banicity variables (e.g. population density, social fragmentation and deprivation) 

may be confounded or modified by individual level factors such as cannabis use, 

social adversity, exclusion, and discrimination that are observed more frequent-

ly in large cities than rural areas18. Different childhood adversity types, such as 

sexual and physical abuse, are inter-correlated, with co-occurrence being indi-

cative of the severity of the outcome19,20. Around 47.9% of individuals who are 

exposed to sexual abuse will be exposed to re-victimization later in life21. A study 

investigating the “vibration of effects” (i.e. the amount of fluctuation of results 

from different model specifications) showed that results in analytical models of 

exposures were dependent on the model specifications, such as the inclusion of 

different sets of variables8. These findings show that environmental vulnerability 

for PSD cannot be understood in isolation. Therefore, the exposome framework 

has recently been adopted in environmental research.

In this mini review, we aim to discuss findings from research investigating the 

exposome in relation to PSD, with a particular focus on estimating an aggre-

gate environmental vulnerability score for schizophrenia (exposome score for 

schizophrenia: ES-SCZ)22. We will first introduce the different approaches for es-

timating exposomic liability for schizophrenia and discuss their advantages and 

limitations. We will then discuss the pluripotency of the exposome score for 

schizophrenia and findings from gene-environment studies using the ES-SCZ. We 

will discuss the potential utility of the ES-SCZ at research, clinical, and public he-
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alth settings. Finally, we will outline future directions for exposome research to 

dissect the complexity of the environment in the pathogenesis/etiology of PSD.

Estimating an aggregate environmental risk score for schizophrenia

To capture the combined effect of different environmental exposures, resear-
chers used simple summation scores that are generated by adding up each di-
chotomized environmental variable11,12,23,24. These studies revealed that such a 
cumulative environmental risk was associated with increased severity of psycho-
pathology and clinical features. However, the simple summation of exposures 
as a risk score fails to capture the varying degrees of risk attributable to each 
exposure for psychosis liability. For instance, peer bullying, emotional abuse, 
and hearing impairment are all associated with an increased likelihood for sc-
hizophrenia diagnosis. However, the meta-analytical estimates suggest that the 
odds ratio for bullying (OR=2.39)25 is smaller than those for other environmental 
exposures, such as emotional abuse (OR = 3.40)25 and hearing impairment (OR = 
3.15)26. In this regard, by handling exposures equally, the simple summation of 
exposures fails to acknowledge the magnitude of each exposure’s risk.

To take into account different weights of environmental exposures, previous 
work used coefficients derived from meta-analyses to calculate weighted sum 
scores, albeit with different sets of variables22,27,28. Padmanabhan et al., 201728 
were the first to use meta-analytical estimates to calculate a weighted sum score 
of dichotomized environmental exposures including childhood adversities (i.e. 
sexual and physical abuse, neglect, and parent death), cannabis abuse, advan-
ced paternal age, urban upbringing, obstetric and perinatal complications, and 
winter-birth associated with schizophrenia. The “polyenvironmental risk score” 
explained 14% of the variance for psychosis conversion in young relatives of 
individuals diagnosed with schizophrenia28. A similar estimate of R2=13% for a 
meta-analysis-based environmental risk score (including childhood adversities, 
hearing impairment, bullying, cannabis use, and winter-birth) was found for the 
diagnosis of schizophrenia spectrum disorder in a case-control study22, whereas 
another study indicated a lower R2	of around 4.6%27 using a slightly different ap-
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proach with estimates derived from meta-analyses of ordinal and dichotomized 
variables in a simulated dataset. Further, using the same approach as the latter 
researchers, in a sample with first episode psychosis patients and healthy cont-
rols, this meta-analyses-based environmental risk score explained 8.4% of the 
variance in case-control status29. Although the meta-analytical approach takes 
into account different weights of environmental exposures, it fails to embrace 
the interdependency (i.e. correlation) between exposures, similar to the envi-
ronmental sum-score.

To overcome these limitations, Pries et. al., 201922 constructed the exposome 
score for schizophrenia (ES-SCZ) that took correlations between exposures into 
account. In this study, several prediction models (logistic regression (LR), Ga-
ussian Naive Bayes (GNB), the least absolute shrinkage and selection operator 
(LASSO), and Ridge penalized classification (RIDGE) were applied in a case-cont-
rol sample to derive weighted risk per exposure including five domains of chil-
dhood adversities (emotional, sexual and physical abuse along with emotional 
and physical neglect), bullying, cannabis use, winter-birth, and hearing impa-
irment. In an independent validation dataset, the estimates from each model 
were subsequently used to calculate the weighted ES-SCZ along with the simple 
sum score and an environmental risk score using estimates from meta-analy-
ses. The environmental risk scores derived from the models that took interde-
pendencies (LR, LASSO, RIDGE) between environmental exposures into account 
performed better in regard to accuracy and sensitivity, in comparison to those 
assuming independent effects of each exposure: the score based on GNB es-
timates, the simple summation, and meta-analytical estimates. Given equally 
good model performances of LR, LASSO, and RIDGE, the ES-SCZ was calculated 
based on estimates from the more accessible model (LR) and were used for sub-
sequent analyses. For a comparison of the sum score, the meta-analysis-based 
environmental risk score, and the ES-SCZ in regard to limitations and performan-
ce see Table 1. The ES-SCZ was able to discriminate patients with a diagnosis of 
schizophrenia, their siblings, and healthy controls in the validation dataset. The 
follow-up study using data from an independent general population cohort li-
kewise revealed that the performance of ES-SCZ for identifying clinical psychosis 
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diagnosis was better than the environmental sum score and the environmen-
tal score derived from meta-analytical estimates30. Furthermore, within a large 
international sample with patients diagnosed with schizophrenia and healthy 
controls, the ES-SCZ explained 28% of the variance (Nagelkerke’s pseudo R2) in 
case-control status and 33% after adjusting for age, sex, and country, whereas 
the PRS-SCZ explained 15% (adjusted for 10 principal components) and 20% af-
ter additionally adjusting for age, sex, and country31.

Table 1 overview and comparison of environmental aggregate scores

E n v i r o n m e n t a l 
aggregate scores

Limitations ROC Accuracy E x p l a i n e d 
variance

Sum score Does not take into account different weights 
of environmental exposures
Does not take into account correlation 
between environmental exposures
Limited to assessed environmental exposu-
res in the test sample

0.71 0.67 17%

Meta-analysis-ba-
sed score

Does not take into account correlation 
between environmental exposures
Limited to assessed environmental exposu-
res in samples used in the meta-analyses 
and the test sample

0.69 0.62 13%

Exposome score 
for schizophrenia

Limited to assessed environmental expo-
sures in the training sample and the test 
sample

0.73 0.68 21%

Results are from Pries et. al., 201922 analyses associating a simple sum score, a score based on meta-analyses, 
and ES-SCZ including the same environmental exposures (i.e. childhood adversities, cannabis use, hearing im-
pairment, and winter-birth) with (schizophrenia-)case-control status; ES-SCZ: exposome score for schizophre-
nia; ROC: area under the receiver operating characteristic curve, Explained variance: Nagelkerke’s pseudo R2

Is the exposome score for schizophrenia phenotype-specific?

It has been argued that environment (e.g. childhood adversity) impacts 
psychosis expression across the psychosis spectrum, from subclinical ps-
ychotic experiences to most severe clinical outcomes, such as schizoph-
renia25. In accordance, findings revealed that ES-SCZ was associated not 
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only with schizophrenia diagnosis but also with schizotypy in healthy 
comparisons and unaffected siblings31. Furthermore, in the general popu-
lation, ES-SCZ was associated with the psychosis risk strata: the higher the 
ES-SCZ, the greater the psychosis risk level32.

Evidence indicates that exposomic vulnerability for schizophrenia is not 
only etiologically continuous with psychosis spectrum but also associated 
with pluripotent psychopathology that cuts across traditional diagnoses 
(e.g. depression and anxiety). Previous research showed that environ-
mental factors that have previously been associated with psychosis and 
that are incorporated in the ES-SCZ, such as childhood adversities and 
cannabis use, are associated with expression of mental and physical he-
alth problems, as well as with multidimensional expression of psychopat-
hology8,13,19. In line with these findings, a recent study found that ES-SCZ 
was temporally linked to general mental and physical health outcomes 
in the general population33. Similarly, another study revealed that ES-SCZ 
was also associated with increased risk for various mental disorders (e.g., 
depression, anxiety, and alcohol use disorders), personality traits (i.e. 
neuroticism and extraversion), and medical complaints including migra-
ine, asthma, and ulcers30.

Utilizing exposome score for schizophrenia to explore diathesis–stress model

Epidemiological studies consistently show that environmental factors 
have an influence on mental health outcomes, with the degrees of impact 
varying across people. These differences may be explained by the diathe-
sis-stress theory34 that posits that a combination of genetic and environ-
mental factors modulate the development of more severe psychopatho-
logy. More specifically, genetic and early environmental vulnerabilities 
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may make an individual more susceptible to environmental exposures 
later in life.

In accordance with the diathesis-stress model, a recent study showed 
that childhood adversity and cannabis use interacted with PRS-SCZ inc-
reasing the likelihood to develop schizophrenia35. Guided by these fin-
dings, the follow-up study analyzed the interaction between PRS-SCZ and 
ES-SCZ in association with schizophrenia diagnosis using a case-control 
design and in association with schizotypy in siblings of patients with sc-
hizophrenia and healthy controls31. Findings from these studies, showing 
that the relative excess risk due to the interaction were above 2, suggest 
that “mechanistic” interaction drives the liability for schizophrenia. This 
means that both genetic and environmental risk should be present for 
some individuals to develop schizophrenia36. In line with these findings,  
PRS-SCZ showed a “mechanistic” interaction with a meta-analyses-based 
environmental risk score in a sample of patients with first episode psy-
chosis and healthy controls29. Overall, findings from these studies support 
the idea that genomic and exposomic vulnerability interactively influence 
psychosis expression across the spectrum from the “soft-phenotypes” de-
tected in the general population to clinical disorders.

In accordance with the two-hit model as discussed above, early environ-
mental predisposition, such as childhood adversity, may moderate the 
response to environmental exposure later in life, such as stressful life 
events. A recent population-based prospective cohort study examining 
the two-hit model revealed that environmental predisposition for schi-
zophrenia captured by the ES-SCZ increased the detrimental impact of 
recent stressful life events on mental and physical health outcomes, the-
reby suggesting an environment-environment interaction33. These findin-
gs highlight the need to investigate the interplay between early environ-
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mental exposure load and temporally proximal environmental exposures 
to better understand the complex etiology of PSD.

Future directions

Embracing the exposome paradigm opens up the opportunity for scienti-
fic, clinical, and population-based endeavors. Among others, a cumulative 
environmental metric, such as the ES-SCZ, may be used for environmental 
error adjustment in statistical modeling in epidemiological studies. This 
may improve the statistical power for epidemiological studies, which in 
turn, may help to further dissect the etiology of psychopathology. Furt-
hermore, combining exposomic and genomic vulnerability for schizoph-
renia might deepen our current understanding of the complex etiology 
of PSD. In this regard, to test gene-environment interaction, additive mo-
dels might be preferable to multiplicative models as they optimally cap-
ture biological synergy37 and may help to form public health decisions in 
accordance with the sufficient cause framework38,39.

Eventually, ES-SCZ may be used for selective risk-enrichment to target se-
lective smaller samples with heightened environmental risk, ultimately 
giving the opportunity to conduct expensive, experimental or time-con-
suming trajectory studies that are aimed to explore risk and resilience 
mechanisms. Furthermore, future approaches incorporating exposomic 
information within electronic health records or health screenings may 
potentially help healthcare providers identify vulnerable individuals who 
need further support during stressful periods. In this regard, as the effect 
of ES-SCZ is non-specific, it is plausible to argue that in these risk-enriched 
samples, it might be more fruitful to evaluate the trajectory of multidi-
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mensional psychopathology rather than the trajectory of traditional diag-
nostic categories such as schizophrenia.

Although the ES-SCZ offers great opportunities for future studies, several 
limitations and possible improvements need to be mentioned. Successful 
application of aggregate environmental scores such as the ES-SCZ are de-
pendent on the availability of similar assessment of environmental expo-
sures in the training and validation datasets. In this regard, ES-SCZ was li-
mited to nine environmental exposures that were available in the training 
and validation datasets; and therefore, the application of ES-SCZ has been 
confined to cohorts with similar assessment protocols for exposures. Of 
note, these limitations are not unique to ES-SCZ but also registered in en-
vironmental scores that use estimates derived from other studies, such as 
meta-analyses. In addition to the nine environmental exposures included 
in the ES-SCZ, an extended coverage of exposome domains that inclu-
de correlates such as psycho-social, lifestyle (e.g. smoking40), chemical, 
peripheral (e.g. inflammatory) markers41, malnutrition (especially prena-
tal), vitamin D levels40, and metabolic changes42 would provide a more 
complete ES-SCZ and might benefit the predictive power of the ES-SCZ. 
However, it should be noted that this would decrease the applicability of 
the ES-SCZ as most of these markers and environmental correlates are not 
available uniformly across the cohorts; and some of them, such as pre-, 
perinatal period adversities, are challenging to reliably collect retrospec-
tively without access to detailed medical records that have been recorded 
at birth. Future cohort studies should pay specific attention to collecting 
consistent data in deeply phenotype cohorts to increase data harmoniza-
tion efforts13.
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Adding pairwise interactions of exposures may further improve the per-
formance of ES-SCZ. However, with the inclusion of different correlates 
of PSD and pairwise interactions, more complex modeling (e.g. penalized 
classification models) of these exposures might be necessary22. Further-
more, so far, the ES-SCZ represents vulnerability for schizophrenia. Other 
factors that “protect” or buffer vulnerability may also be identified and 
investigated43-45. Future studies will need to evaluate how vulnerability, 
protective, and resilience factors work together forming the exposome.

As known exposures impacting PSD are still limited and no major advan-
ces in the field have been observed recently, agnostic exposure-wide 
analytical approaches that take into account of inter-correlation may pro-
vide further understanding of other, so far, unknown factors that also co-
ver other domains of the exposome such as internal (e.g. inflammation) 
and external (e.g. chemical, lifestyle, psycho-social) correlates13. In this 
regard, similar to previous studies in other phenotypes such as HIV46 and 
diabetes47, depression48, and childhood behavior49, our research group is 
currently conducting a systematic exposome-wide investigation of corre-
lates of psychosis expression in the UK Biobank.

Research on exposomic vulnerability has been largely conducted in 
cross-sectional designs. Prospective analyses may be especially fruitful 
to disentangle the effects of the exposome on the trajectory of mental 
health outcomes over time. Studies found that the proximity of stressors 
can be an important factor for determining their impact on psychopatho-
logy33. Furthermore, stressors during sensitive periods of neurodevelop-
ment may play a crucial role in determining the trajectory of mental health 
outcomes40. Therefore, approaches that take into account time-sensitive 
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effects are warranted to advance this new field of exposomic research.

Conclusion

Identifying modifiable environmental factors is crucial for improving men-
tal health outcomes. The exposome paradigm may further advance the 
progress to gaining insight into the complex dynamic network of envi-
ronment underlying the pathoetiology of psychosis spectrum disorder. 
Furthermore, integrating individual-level environmental vulnerability (i.e. 
ES-SCZ) into risk models that may offer potential benefits. Future research 
should aim at expanding and refining exposomic liability for psychosis by 
identifying other, so far, unknown exposures, integrating resilience fac-
tors, and employing more complex time-sensitive modeling of exposures.
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Abstract

Previously, we established an estimated exposome score for schizophrenia (ES-
SCZ) as a cumulative measure of environmental liability for schizophrenia to use 
in gene-environment interaction studies and for risk stratification in population 
cohorts. Hereby, we examined the discriminative function of ES-SCZ for identif-
ying individuals diagnosed with schizophrenia spectrum disorder in the general 
population by measuring the area under the receiver operating characteristic 
curve (AUC). Furthermore, we compared this ES-SCZ method to an environmen-
tal sum score (Esum-SCZ) and an aggregate environmental score weighted by 
the meta-analytical estimates (Emet-SCZ). We also estimated odds ratios and 
Nagelkerke’s R2 for ES-SCZ in association with psychiatric diagnoses and other 
medical outcomes. ES-SCZ showed a good discriminative function (AUC=0.84) 
and statistically significantly performed better than both Esum-SCZ (AUC=0.80) 
and Emet-SCZ (AUC=0.80). At optimal cut-point, ES-SCZ showed similar perfor-
mance in ruling out (LR− = 0.20) and ruling in (LR+ = 3.86) schizophrenia. ES-SCZ 
at optimal cut-point showed also a progressively greater magnitude of associati-
on with increasing psychosis risk strata. Among all clinical outcomes, ES-SCZ was 
associated with schizophrenia diagnosis with the highest odds ratio (OR=2.76, 
P<0.001) and greatest explained variance (R2=14%), followed by bipolar disorder 
(OR=2.61, P<0.001, R2=13.01%) and suicide plan (OR=2.44, P<0.001, R2=12.44%). 
Our findings from an epidemiologically representative general population co-
hort demonstrate that an aggregate environmental exposure score for schizoph-
renia constructed using a predictive modeling approach—exposome score for 
schizophrenia—has the potential to improve risk prediction and stratification for 
research purposes and may help gain insight into multicausal etiology of psycho-
pathology.

Keywords: Exposome, risk score, schizophrenia, environment, psychosis, predi-
ction
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Introduction

Schizophrenia spectrum disorder is a heterogeneous phenotype with a comp-

lex pathoetiology that involves a multitude of genetic and environmental risk 

factors and their interaction1. The progress of genome-wide association studies 

(GWAS) has paved the way for polygenic risk estimation of schizophrenia (pol-

ygenic risk score [PRS]: a weighted sum of trait-associated alleles) to measure 

molecular genetic liability as a single metric2. The recent release of the Psychi-

atric Genomics Consortium (PGC3) shows that PRS for schizophrenia (PRS-SCZ) 

explains up to 7.7% of variation on the liability scale to schizophrenia3. Recent 

studies investigating the electronic health records in the United States showed 

that PRS-SCZ was associated with schizophrenia diagnosis in the population4,5. 

Of PRS for mental disorder phenotypes that have been approximated thus far, 

PRS-SCZ seems to be the most outstanding for testing PRS-based prediction for 

population risk stratification and clinical applications. However, PRS-SCZ	 is	not	

distinctly	associated	with	 schizophrenia	but	also	several psychiatric and other 

medical conditions4,6,7, subclinical multidimensional phenotypes7-10, as well as 

general mental and physical health outcomes11,12.

Schizophrenia spectrum disorder, similar to its polygenic composition, has been 

associated with several environmental exposures including cannabis use, chil-

dhood adversities (e.g., sexual abuse, peer-bullying, emotional neglect), obs-

tetric and pregnancy complications, proxies of social exclusion (e.g., ethnic mi-

nority, hearing impairment immigration), and season of birth (winter-birth)13. 

These environmental factors are often correlated to a degree and comprise a 

network at population level: the exposome14,15. To supplement PRS-SCZ in ge-

ne-environment interaction studies and risk stratification in population cohorts, 

we have estimated an exposome score for schizophrenia (ES-SCZ) as a cumula-

tive measure of environmental liability for schizophrenia16. Recently, we have 

demonstrated that the ES-SCZ is associated with psychosis risk states17 as well as 

mental and physical health in the general population12.
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In the present study, we aimed to examine the discriminative function of ES-

SCZ for identifying individuals diagnosed with schizophrenia spectrum disorder 

in the general population by measuring the area under the receiver operating 

characteristic (ROC), sensitivity, specificity, and positive and negative likelihood 

ratios. We also estimated odds ratios and Nagelkerke’s R2 for ES-SCZ in associati-

on with psychiatric diagnoses and other medical outcomes.

Methods

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. A mul-

tistage random sampling procedure was applied to ensure representativeness of 

the sample in terms of age (between the ages of 18 and 65 at baseline), region, 

and population density. Dutch illiteracy was an exclusion criterion. Details of NE-

MESIS-2 were provided elsewhere18,19. 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; inter-

view duration: 83 minutes), and 86.8% (n = 4,007; interview duration: 102 minu-

tes), respectively. Rates at baseline reflect lifetime occurrence; rates at T1 to T3 

reflect 3-year interval (T0-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 characteristics20. 

For this cross-sectional analysis, data from baseline (n = 6646) were utilized.
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Exposome Score

The exposome score in the current analyses was calculated based on our pre-
viously validated estimates16 for constructing cumulative environmental load. 
Using the log odds from our previous report, we generated the ES-SCZ by sum-
ming 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 (Supp-
lementary methods and Supplementary table 1). For comparison, an environ-
mental sum score (hereafter, Esum-SCZ) by adding each binary exposure per 
individual as 0 = absent and 1 = present (ranging from 0 to 8) and an aggregate 
environmental score weighted by the meta-analytical estimates for each expo-
sure (hereafter, Emet-SCZ) conforming to a previous study were generated21.

Outcomes

Non-clinician, trained interviewers applied the Composite International Diag-
nostic Interview (CIDI) version 3.022,23 To examine the discriminative function 
of ES-SCZ for identifying individuals diagnosed with schizophrenia spectrum di-
sorder, lifetime Diagnostic	and	Statistical	Manual	of	Mental	Disorders,	Fourth 
Edition (DSM-IV) diagnosis of schizophrenia at baseline was used. To examine 
the association of ES-SCZ with clinical risk strata, we used psychosis risk strata 
that were previously defined based on the degree of positive psychotic sympto-
matology, help-seeking attempt, antipsychotic treatment, and service use and 
admission for psychotic symptomatology. Psychosis risk strata consisted of five 
distinct categories (no-risk, low-risk, moderate-risk, high-risk, and clinical psy-
chosis). For further details see elsewhere17. For outcome-wide association of ES-
SCZ, we used lifetime diagnoses of DSM-IV disorders, lifetime suicide thoughts, 
plans, and attempts, self-reported chronic somatic health problems in the last 12 
months and general traits of neuroticism and extraversion as listed (Supplemen-

tary method and Supplementary table 1).
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Statistical analyses

All analyses were performed using Stata, version 1624. P	< 0.05 (2-tailed) was 
considered nominally statistically significant. To determine the discriminative 
function of ES-SCZ for identifying individuals diagnosed with schizophrenia, re-
ceiver operating characteristic (ROC) analysis was performed using the ROCREG 
command25 that applies a nonparametric estimator of the 95% confidence inter-
vals around the area under the ROC curve (AUC) using a bootstrap method (n = 
1000 repetitions). The ROCCOMP command was used to compare the ROC areas 
of ES-SCZ, Esum-SCZ, and Emet-SCZ26. By applying the ROCTAB command, the 
optimal cut-point for ES-SCZ was estimated using the Liu method that maximi-
zes the product of sensitivity and specificity27. The sensitivity, specificity, correct 
classification rate, positive (LR+) and negative likelihood ratios (LR–) were repor-
ted. Given the covariates may influence the discriminative function of ES-SCZ, 
we performed ROC analysis controlled for the covariates (age, sex, and educati-
on) using the CTRLCOV option28. We performed multinomial logistic regression 
models using the MLOGIT command to analyze the association of ES-SCZ at op-
timal cut-point with psychosis risk strata (“no-risk” group as the reference). Fi-
nally, we applied logistic regression models to test the association of ES-SCZ with 
psychiatric diagnoses and other medical outcomes. Unadjusted odds ratio (OR) 
with corresponding 95% CI, and Nagelkerke’s R2 of ES-SCZ were reported for each 
model. Each model was also controlled for covariates (age, sex, and education).

Results

Baseline frequencies of demographic variables, exposures, outcome variables, 
and missing values of the total sample are shown in the Supplementary table 1. 
At baseline, 43 individuals (0.7%) were diagnosed with a lifetime schizophrenia 
spectrum disorder.

Predictive	performance	of	the	ES-SCZ
Distinguishing individuals diagnosed with schizophrenia spectrum disorder from 
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controls, the unadjusted ROC analyses indicated the highest AUC of 0.84 (95% 
CI: 0.77; 0.91) for the ES-SCZ, whereas AUCs were similar for Emet-SCZ with 0.80 
(95% CI: 0.73; 0.87) and for Esum-SCZ with 0.80 (95% CI: 0.72; 0.87). AUCs com-
parisons demonstrated a significant difference between ES-SCZ and Emet-SCZ 
(x2 = 7.29, P = 0.007), as well as between ES-SCZ and Esum-SCZ (x2 = 6.66, P = 
0.010). No significant difference was found between Emet-SCZ and Esum-SCZ (x2 
= 0.14, P = 0.711). For visualization, covariate-adjusted ROC of ES-SCZ against a 
reference line is shown in Figure 1.

Figure 1 ROC of ES-SCZ on schizophrenia spectrum disorder

Adjusted for sex, age (continuous), and four-level education (1- primary school, 2- lower secondary education, 
3- higher secondary education, 4- higher professional education); Dashed line indicates the reference line.

Table 1 reports the sensitivity, specificity, likelihood ratios and classification ac-
curacy at the >50%, >75% and the optimal cut-point for the ES-SCZ. The models 
indicated higher sensitivity (84.62% to 89.74%) relative to specificity (43.73% to 
78.06%), with the classification accuracy varying between 44.04% and 78.10%. 
At the optimal cut-point (3.22), ES-SCZ showed high sensitivity (84.62%) and 
specificity (78.06), with 78.10% correct classification. The positive and negative 
likelihood ratios were 3.86 and 0.20, respectively.

4
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Table 1 Predictive ability of ES-SCZ on schizophrenia spectrum disorder at different cut-points	 Association	
between	ES-SCZ	and	psychosis	risk	strata

Cut-po-
ints

Sensitivity 
%

Specificity % Positive likelihood 
ratio

Negative likeliho-
od ratio

Correctly 
classified 
%

< 50% 2.03 89.74 43.73 1.59 0.23 44.04

< 75% 2.86 84.62 73.67 3.21 0.21 73.74

Optimal 
cut-point

3.22 84.62 78.06 3.86 0.20 78.10

ES-SCZ at the optimal cut-point was significantly associated with the low-risk, 
moderate-risk, high-risk, and clinical psychosis strata (Table 2). Additional post 
hoc group comparisons across strata showed significant differences for the low-
risk vs. moderate-risk, low-risk vs. high-risk, low-risk vs. clinical psychosis, mode-
rate vs. high-risk, and moderate vs. clinical psychosis. The comparison between 
high-risk vs. clinical psychosis was not significantly different. The results were 
similar in the covariate-adjusted analyses (Supplementary table 2).

Table 2 Associations between ES-SCZ and psychosis risk strata

Reference group (‘no-risk’) Psychosis low-risk 
state

Psychosis  
moderate-risk state

Psychosis  
high-risk state

RRR 95% CI P Wald 
χ2

P Wald χ2 P Wald χ2 P

Psychosis low-risk 
state

1.53 1.23 to 1.90 <0.001

Psychosis modera-
te-risk state

2.79 2.17 to 3.89 <0.001 13.64 <0.001

Psychosis high-risk 
sate

4.06 3.15 to 5.23 <0.001 35.18 <0.001 4.52 0.033

Clinical psychosis 7.27 3.58 to 14.73 <0.001 17.34 <0.001 6.35 0.012 2.35 0.125

CI: Confidence Interval; ES-SCZ: Exposome score for schizophrenia; RRR: relative risk ratio; Reference group = 
84.1%; Psychosis low-risk state = 6.9%; Psychosis moderate-risk state = 4.3%; Psychosis high-risk state = 4.1%; 
Clinical psychosis = 0.5%.

Association	between	ES-SCZ	and	multiple	outcomes
In the univariate analyses, ES-SCZ was significantly (Bonferroni corrected P < 
0.05/33) associated with 23 out of 33 outcomes (Figure 2), while the multivaria-
te analyses indicated that ES-SCZ was significantly associated with 25 outcomes 
(Supplementary figure 1). Table 3 shows the outcome-wide association of ES-
SCZ. Unadjusted significant odds ratios varied between 0.89 to 2.76, with the 
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explained variance varying between 0.28% to 14.03%. The association between 
ES-SCZ and schizophrenia spectrum disorder indicated the highest odds ratio 
(OR = 2.76 [95% CI: 2.20; 3.46],	P < 0.001) with an explained variance of 14.03%. 
This was followed by bipolar disorder (OR = 2.61 [95% CI: 2.19; 3.10], P < 0.001, 
R2 = 13.01%), suicide plan (OR = 2.44 [95% CI: 2.16; 2.75], P < 0.001, R2 = 12.44%), 
suicidal thoughts (OR = 2.39 [95% CI: 2.19; 2.60], P < 0.001, R2 = 13.58%), and 
suicide attempt (OR = 2.24 [95% CI: 1.95; 2.57], P < 0.001, R2 = 9.46%). The analy-
ses adjusted for covariates showed similar results for the top five associations 
(Supplementary table 3): schizophrenia spectrum disorder (OR = 2.71 [95% CI: 
2.16; 3.40], P < 0.001, R2	 = 15.87%), bipolar disorder (OR = 2.59 [95% CI: 2.17; 
3.09], P < 0.001, R2 = 14.69%), suicide plan (OR = 2.46 [95% CI: 2.17; 2.78], P < 
0.001, R2 = 12.88%), suicidal thoughts (OR = 2.41 [95% CI: 2.21; 2.64, P < 0.001, 
R2 = 14.08%), and suicide attempt (OR = 2.24 [95% CI: 1.95; 2.57, P < 0.001, R2 = 
10.56%).

Figure 2 Unadjusted variances and odds ratios of the association between ES-SCZ and multiple mental and 
physical health
outcomes

The figure shows 23 significant associations after Bonferroni correction (P	< 0.05/33); COPD: Chronic obstructi-
ve pulmonary disease; OR: odds ratio; ES-SCZ: Exposome score for schizophrenia; R2: Nagelkerke’s R2

4
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Table 3 Unadjusted outcome-wide association of ES-SCZ

Outcome variable OR 95% CI P R2

Extraversion 0.89 0.83 to 0.95 < 0.001 0.28

Poor Eyesight 0.90 0.57 to 1.44 0.666 0.05

High Blood Pressure 0.98 0.88 to 1.08 0.652 0.01

Cancer 1.12 0.85 to 1.48 0.429 0.09

Diabetes 1.13 0.97 to 1.32 0.108 0.15

Thyroid Abnormality 1.15 0.98 to 1.35 0.097 0.18

Minor Depressive Disorder 1.15 0.98 to 1.35 0.081 0.19

Heart Disease 1.20 0.96 to 1.49 0.105 0.27

Joint Wear 1.20 1.06 to 1.36 0.004 0.40

Back Pain or Hernia 1.25 1.11 to 1.40 < 0.001 0.61

Joint Inflammation 1.26 1.09 to 1.46 0.002 0.57

Alcohol Abuse 1.32 1.22 to 1.43 < 0.001 1.31

COPD 1.35 1.17 to 1.57 < 0.001 1.01

Other Physical Problems 1.38 1.26 to 1.51 < 0.001 1.58

Migraine 1.39 1.23 to 1.58 < 0.001 1.34

Asthma 1.42 1.25 to 1.61 < 0.001 1.52

Intestinal Disorder 1.49 1.23 to 1.80 < 0.001 1.62

Antisocial Personality Disorder 1.51 1.29 to 1.77 < 0.001 1.89

Ulcers 1.52 1.14 to 2.02 0.005 1.51

Specific Phobia 1.59 1.46 to 1.74 < 0.001 3.52

Panic Disorder 1.59 1.42 to 1.79 < 0.001 2.93

Neuroticism 1.73 1.62 to 1.85 < 0.001 6.39

Generalized Anxiety Disorder 1.79 1.61 to 1.99 < 0.001 5.11

Major Depressive Disorder 1.80 1.68 to 1.93 < 0.001 7.03

Dysthymia 1.95 1.62 to 2.35 < 0.001 5.37

Alcohol Dependence 1.95 1.67 to 2.29 < 0.001 5.77

Agoraphobia 1.99 1.69 to 2.34 < 0.001 6.04

Social Phobia 2.01 1.85 to 2.18 < 0.001 8.79

Suicide Attempt 2.24 1.95 to 2.57 < 0.001 9.46

Suicidal Thoughts 2.39 2.19 to 2.60 < 0.001 13.58

Suicide Plan 2.44 2.16 to 2.75 < 0.001 12.44

Bipolar Disorder 2.61 2.19 to 3.10 < 0.001 13.01

Schizophrenia Spectrum Disorder 2.76 2.20 to 3.46 < 0.001 14.03

23 significant associations after Bonferroni correction (P	< 0.05/33); CI: Confidence interval; COPD: Chronic 

obstructive pulmonary disease; OR: odds ratio; ES-SCZ: Exposome score for schizophrenia; R2: Nagelkerke’s R2
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Discussion

In this study, we investigated the discriminative capacity and risk stratification 
properties of ES-SCZ in the general population. Our findings were that ES-SCZ 
showed a good discriminative function (AUC: 84) for identifying schizophrenia 
in the general population. The AUC comparison showed that ES-SCZ significantly 
performed better than both the Esum-SCZ (AUC: 80) and Emet-SCZ (AUC: 80). At 
optimal cut-point, ES-SCZ showed similar performance in ruling out (LR− = 0.20) 
and ruling in (LR+ = 3.86) schizophrenia. ES-SCZ at optimal cut-point showed 
a progressively greater magnitude of association with increasing psychosis risk 
strata.

This is the first study investigating the discriminative function of an aggregate 
environment risk score for schizophrenia, the ES-SCZ, which is generated using 
a training sample to estimate the sum of the weighted effect sizes of environ-
mental exposures. Unlike other previous approaches, the ES-SCZ uses estima-
tes from the multivariate model that takes into account the interdependency of 
exposures. ES-SCZ showed significantly better discriminative function than the 
Esum-SCZ and Emet-SCZ. This finding provides further support that approaches 
that take into account the correlation between exposures prevent overestimati-
on of the weights per exposure and achieve better predictive performance than 
those assuming independence (e.g. simple summation of exposures or weighted 
estimates of individuals exposures from meta-analyses)16. The finding should be 
anticipated given the fact environmental risk factors for mental disorder phenot-
ypes, such as schizophrenia, are often linked with each other through causal and 
non-causal paths observed in the general population14.

Our findings showed that although AUC results are generally considered very 
good for values between 0.8 and 0.9, ES-SCZ at optimal cut-point generated 
small to moderate changes in probability for predicting schizophrenia. There 
have been no comparable studies for ES-SCZ; according to a proposed guideline 
for a clinically relevant risk prediction, the LRs should be optimally over 10 for 

4
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LR+ and under 0.1 for LR-  for decisive shifts from pretest to posttest probabi-
lity29. Therefore, ES-SCZ cannot provide risk prediction utility that is required for 
predicting individual diagnosis in the general population. However, as an envi-
ronmental liability index for schizophrenia, ES-SCZ may offer improved solutions 
in research settings. First, ES-SCZ can be particularly useful for risk stratificati-
on in large population datasets as evidenced by our present findings showing 
a progressively greater magnitude of association between increasing psychosis 
risk strata and ES-SCZ at the optimal cut-point. Second, ES-SCZ may be useful for 
risk-enrichment to target selective smaller samples for expensive, experimental 
or time-consuming methods. Finally, the quantification of environmental liabi-
lity as a single metric enhances statistical power over multiple testing of each 
exposure12,30. Certainly, the integration of ES-SCZ with electronic health records 
and molecular genetic markers, such as PRS-SCZ, has the potential to boost pre-
diction in the future.

ES-SCZ was associated with schizophrenia diagnosis with the highest OR (2.76) 
and greatest explained variance (Nagelkerke R2 = 14%) among all outcomes. 
However, in line with converging evidence suggesting that environmental expo-
sures are not distinctly associated with psychosis spectrum phenotype only but 
instead are more universally related to broad psychopathology12,31,32, ES-SCZ was 
also associated with several psychiatric diagnoses and other medical outcomes 
in the general population. It should be noted that results on physical and men-
tal health outcomes may not be directly comparable as mental disorders ref-
lect lifetime diagnoses, whereas physical health outcomes reflect the previous 
12-month period.

Pleiotropy is a rule rather than an exception for psychiatric diagnoses and beha-
vioral phenotypes as also demonstrated in GWAS33. Similar to PRS-SCZ, ES-SCZ 
can provide only little to no benefit in discriminating schizophrenia from another 
adjacent diagnostic category, such as bipolar disorder. However, it may be used 
for risk stratification of broader mental ill health in the general population.
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A major strength of our approach was constructing ES-SCZ in independent tra-

ining and validation case-control samples and consequently testing ES-SCZ in a 

large population dataset derived from the same country of origin with matching 

environmental assessment. However, several limitations should be noted. Alt-

hough the random sampling procedure applied in this dataset increases epide-

miological representativeness, individuals who refrained from participating in 

this study (e.g. because of trust issues) may be slightly underrepresented. Addi-

tionally, ES-SCZ is inherently limited to the exposure estimates derived from the 

original model using reliably measured and equally available exposures in the 

training and the validation case-control samples. Several other exposures asso-

ciated with schizophrenia can be considered for addition to ES-SCZ. However, 

some of these exposures are largely unavailable in collected or ongoing cohort 

studies, such as obstetric and pregnancy complications, which are also extremely 

difficult to reliably assess without detailed birth records and maternal interviews 

and therefore impossible to collect in retrospect. Furthermore, some of these 

exposures, such as urbanicity, do not display a consistent association with ps-

ychosis phenotypes across countries and ethnic groups34. Also, given the lower 

predictive performance of genetic scores due to limited population diversity in 

GWAS35, the addition of some exposures such as ethnic minority and migration 

may decrease the utility of ES-SCZ when integrated with genetic data. Although 

generating a universal environmental loading score is extremely challenging, inc-

reasing efforts to harmonization of available samples and determining a limited 

set of measures for core environmental assessment for epidemiological cohorts 

will pave the way for wider application15,36.

In conclusion, our findings from an epidemiologically representative general po-

pulation cohort demonstrate that an aggregate environmental exposure score 

for schizophrenia constructed using a predictive modeling approach—exposo-

me score for schizophrenia—has the potential to improve risk prediction and 

stratification for research purposes and may help gain insight into multicausal 

etiology of pluripotent psychopathology.

4
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Supplementary Methods. Calculations and Measures

The estimation of exposome score for schizophrenia

By using our previously validated estimates for constructing cumulative environ-
mental 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 do-
mains (sexual, physical and psychological abuse along with emotional neglect 
and bullying)1. A total of eight exposures were used for estimating ES-SCZ. For 
ease of interpretation, a constant of 2 is added to 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 questi-
onnaire2. Subjects were asked whether they experienced emotional neglect, 
psychological abuse, peer maltreatment, 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”).

4
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Winter-birth
In accordance with previous studies investigating the association between sea-
son 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”).

Outcome variables

Neuroticism and extraversion
Neuroticism and extraversion were assessed with the Eysenck Personality Ques-
tionnaire - Revised Short Scale (EPQ-RSS)6. The binary extraversion and neuro-
ticism scores were dichotomized as present when participants scored ≥11 and 
≥3 on the continuous scale, respectively. This scoring was chosen so that around 
33% of individuals were scored 1 for these variables.

Mental Disorders
Nonclinician, trained interviewers applied the Composite International Diagnos-
tic Interview (CIDI) version 3.0 to assess lifetime diagnoses of DSM-IV disorders, 
lifetime suicide thoughts, plans, and attempts7,8.

Somatic health problems
Self-reported chronic somatic health problems were assessed in the last 12 
months with a standard checklist2: Asthma, Chronic obstructive pulmonary di-
sease (COPD), heart disease or heart attack, high blood pressure, gastric and 
intestinal ulcers, intestinal disorder, diabetes, thyroid abnormalities, back pain 
or hernia, joint wear, joint inflammation, migraine, malignancy or cancer, poor 
eyesight, and other physical problems.
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Supplementary table 1 Baseline frequencies of demographic variables, exposures, outcome variables and mis-
sing values of the total sample

Variables Frequencies Missing values

Demographics

Age mean (SD) 44.26 (12.54) -

Sex -

Male 2974 (44.75%)

Female 3672 (55.25%)

Education (4-level) -

Primary school 332 (5.00%)

Lower secondary education 1826 (27.48%)

Higher secondary education 2145 (32.28%

Higher professional education 2343 (35.25%)

Exposome scores

Exposome score mean (SD) 2.52 (0.83) 380 (5.72%)

Meta-analyses exposome score mean (SD) 2.09 (0.15) 380 (5.72%)

Sum score mean (SD) 1.03 (1.22) 380 (5.72%)

Outcome variables

Extraversion 2147 (33.07%) 154 (2.32%)

Neuroticism 2358 (36.25%) 142 (2.14%)

Schizophrenia spectrum disorder 43 (0.70%) 515 (7.75%)

Bipolar disorder 82 (1.23%)

Major depressive disorder 1309 (19.70%)

Minor depressive disorder 198 (2.98%)

Dysthymia 91 (1.37%)

Social phobia 619 (9.31%)

Specific phobia 552 (8.31%)

Panic disorder 261 (3.93%)

Generalized anxiety disorder 304 (4.57%)

Agoraphobia 110 (1.66%)

Alcohol dependence 113 (1.70%)

Alcohol abuse 825 (12.41%)

Antisocial personality disorder 157 (2.36%)

Suicidal thoughts 566 (8.52%)

4
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Suicide plan (only asked when suicidal thoughts) 199 (2.99%)

Suicide attempt (only asked when suicidal thoughts) 149 (2.24%)

Asthma 259 (3.98%) 140 (2.11%)

Chronic obstructive pulmonary disease (COPD) 185 (2.84%) 140 (2.11%)

Heart disease or heart attack 95 (1.46%) 140 (2.11%)

High blood pressure 653 (10.04%) 140 (2.11%)

Gastric and intestinal ulcers 42 (0.65%) 140 (2.11%)

Intestinal disorder 99 (1.52%) 140 (2.11%)

Diabetes 218 (3.35%) 140 (2.11%)

Thyroid abnormality 183 (2.81%) 140 (2.11%)

Back pain or hernia 371 (5.70%) 140 (2.11%)

Joint wear 307 (4.72%) 140 (2.11%)

Joint inflammation 199 (3.06%) 140 (2.11%)

Migraine 248 (3.81%) 140 (2.11%)

Malignancy or cancer 63 (0.97%) 140 (2.11%)

Poor eyesight 32 (0.49%) 140 (2.11%)

Other physical problems 535 (8.22%) 140 (2.11%)
SD: Standard deviation

Supplementary table 2 Adjusted associations between ES-SCZ and psychosis risk strata

Reference group (‘no-risk’) Psychosis low-
risk state

Psychosis 
moderate-risk 
state

Psychosis 
high-risk sate

RRR 95% CI P Wald 
χ2

P Wald χ2 P Wald χ2 P

Psychosis low-risk state 1.52 1.22 to 1.90 <0.001

Psychosis moderate-risk state 2.68 2.08 to 3.44 <0.001 12.03 <0.001

Psychosis high-risk sate 3.85 2.97 to 4.99 <0.001 31.01 <0.001 4.21 0.040

Clinical psychosis 6.92 3.40 to 14.09 <0.001 16.24 <0.001 6.23 0.013 2.36 0.124

Adjusted for sex, age (continuous), and four-level education (1- primary school, 2- lower secondary education, 
3- higher secondary education, 4- higher professional education); CI: Confidence Interval; ES-SCZ: Exposome 
score for schizophrenia; RRR: relative risk ratio

Supplementary figure 1 Adjusted variances and odds ratios of the association between ES-SCZ and multiple 

mental and physical health outcomes
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The figure shows 25 significant associations after Bonferroni correction (P < 0.05/33); Adjusted for sex, age 
(continuous), and four-level education (1- primary school, 2- lower secondary education, 3- higher secondary 
education, 4- higher professional education); COPD: Chronic obstructive pulmonary disease; ES-SCZ: Exposo-
me score for schizophrenia; OR: Odds ratio; R2: Nagelkerke’s R2

4
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Supplementary table 3 Adjusted outcome-wide associations of ES-SCZ

Outcome variable OR 95% CI P R2

Extraversion 0.86 0.80 to 0.92 < 0.001 3.95

Poor Eyesight 0.96 0.60 to 1.53 0.866 2.65

High Blood Pressure 1.07 0.97 to 1.19 0.179 16.45

Thyroid Abnormality 1.15 0.98 to 1.36 0.095 9.20

Minor Depressive Disorder 1.17 0.99 to 1.37 0.059 0.79

Cancer 1.20 0.90 to 1.59 0.215 7.63

Diabetes 1.28 1.09 to 1.50 0.002 13.63

Back Pain or Hernia 1.29 1.15 to 1.44 < 0.001 2.92

Joint Inflammation 1.31 1.12 to 1.52 < 0.001 6.21

Joint Wear 1.31 1.15 to 1.49 < 0.001 14.05

Migraine 1.34 1.18 to 1.52 < 0.001 6.86

Heart Disease 1.37 1.10 to 1.71 0.005 12.54

Asthma 1.38 1.21 to 1.56 < 0.001 2.57

Alcohol Abuse 1.38 1.27 to 1.50 < 0.001 10.83

Other Physical Problems 1.39 1.26 to 1.52 < 0.001 2.27

COPD 1.41 1.21 to 1.63 < 0.001 6.90

Antisocial Personality Disorder 1.49 1.27 to 1.76 < 0.001 4.74

Intestinal Disorder 1.54 1.27 to 1.86 < 0.001 3.90

Ulcers 1.56 1.17 to 2.09 0.003 3.38

Specific Phobia 1.58 1.45 to 1.73 < 0.001 5.74

Panic Disorder 1.60 1.42 to 1.80 < 0.001 3.91

Neuroticism 1.71 1.60 to 1.83 < 0.001 9.98

Generalized Anxiety Disorder 1.79 1.61 to 2.00 < 0.001 6.18

Major Depressive Disorder 1.82 1.69 to 1.95 < 0.001 10.27

Dysthymia 1.94 1.61 to 2.34 < 0.001 7.25

Agoraphobia 1.99 1.69 to 2.35 < 0.001 9.13

Social Phobia 2.00 1.84 to 2.17 < 0.001 9.05

Alcohol Dependence 2.03 1.73 to 2.39 < 0.001 11.29

Suicide Attempt 2.24 1.95 to 2.57 < 0.001 10.56

Suicidal Thoughts 2.41 2.21 to 2.64 < 0.001 14.08

Suicide Plan 2.46 2.17 to 2.78 < 0.001 12.88

Bipolar Disorder 2.59 2.17 to 3.09 < 0.001 14.69

Schizophrenia Spectrum Disorder 2.71 2.16 to 3.40 < 0.001 15.87

25 significant associations after Bonferroni correction (P < 0.05/33); Adjusted for sex, age (continuous), and 
four-level education (1- primary school, 2- lower secondary education, 3- higher secondary education, 4- hi-
gher professional education); CI; Confidence interval; COPD: Chronic obstructive pulmonary disease; ES-SCZ: 
Exposome score for schizophrenia; OR: Odds ratio; R2: Nagelkerke’s R2
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Abstract

Background: A cumulative environmental exposure score for schizophrenia 
(exposome score for schizophrenia: ES-SCZ) may provide potential utility for risk 
stratification and outcome prediction. Here, we investigated whether ES-SCZ 
was associated with functioning in patients with schizophrenia spectrum disor-
der, unaffected siblings, and healthy controls.

Methods: This cross-sectional sample consisted of 1261 patients, 1282 unaffe-
cted siblings, and 1525 healthy controls. The Global Assessment of Functioning 
(GAF) scale was used to assess functioning. ES-SCZ was calculated based on our 
previously validated method. The association between ES-SCZ and the GAF di-
mensions (symptom and disability) was analyzed by applying regression models 
in each group (patients, siblings, controls). Additional models included polygenic 
risk score for schizophrenia (PRS-SCZ) as a covariate.

Results: ES-SCZ was associated with the GAF dimensions in patients (symptom: B 
= -1.53, P-value=0.001; disability: B = -1.44, P-value=0.001), siblings (symptom: B 
= -3.07, P-value<0.001; disability: B = -2.52, P-value<0.001), and healthy controls 
(symptom: B = -1.50, P-value<0.001; disability: B = -1.31, P-value<0.001). The re-
sults remained the same after adjusting for PRS-SCZ. The degree of associations 
of ES-SCZ with both symptom and disability dimensions were higher in unaffec-
ted siblings than in patients and controls. By analyzing an independent dataset 
(the Genetic Risk and Outcome of Psychosis study), we replicated the results 
observed in the patient group.

Conclusions: Our findings suggest that ES-SCZ shows promise for enhancing risk 
prediction and stratification in research practice. From a clinical perspective, ES-
SCZ may aid in efforts of clinical characterization, operationalizing transdiagnos-
tic clinical staging models, and personalizing clinical management.

Key words: Environment; psychosis; childhood trauma; cannabis; functioning; 
outcome.
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INTRODUCTION

Schizophrenia spectrum disorders are complex heterogeneous disorders cha-
racterized by positive and negative psychotic symptoms, accompanied by de-
viations in cognition and functioning. The underlying etiopathology involves a 
multitude of genetic factors1 and several environmental exposures2 and their 
interactions3-5. These risk factors for schizophrenia spectrum disorders not only 
increase susceptibility to psychosis but may also influence prognosis and outco-
mes of schizophrenia spectrum disorders. In this regard, these factors may exp-
lain heterogeneous outcomes and varying illness trajectories observed across 
the psychosis spectrum6.
Several studies have investigated the role of environmental exposures underlying 
the heterogeneity of outcome in schizophrenia spectrum disorder. These studies 
have particularly focused on the impact of childhood adversities and cannabis 
use on various outcome measures in schizophrenia spectrum disorders. Childho-
od trauma was associated    with a higher number of hospitalizations, lower 
overall functioning scores, and lower quality of life scores in patients with schi-
zophrenia 7. Similarly, another study showed that patients who were exposed to 
sexual or physical abuse before the age of 11 years had poorer functioning levels 
compared to patients without childhood trauma8. A recent meta-analysis of 12 
studies examining the association between childhood adversity and treatment 
outcomes in patients diagnosed with psychotic disorders indicates that childho-
od adversity is associated with poorer treatment outcomes (OR=1.51, 95% CI: 
1.08-2.10)9. These findings should come as no surprise given the wide-ranging 
impact of childhood trauma (i.e. sexual abuse) on mental and physical outcomes 
in the general population10, as well as its relation with service engagement and 
medication adherence in patient populations11.
Studies focusing on cannabis use in patients with schizophrenia show that canna-
bis use is associated with decreased functioning, reduced service engagement, 
and poor treatment outcomes in schizophrenia spectrum disorder; and that 
reducing cannabis use improves global functioning scores in patients with psy-
chosis12-14. Another study revealed that premorbid cannabis use was associated 
with more severe psychotic symptoms, earlier age of onset, and impaired functi-
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oning15. Notwithstanding the need for high-quality evidence from large cohorts, 
it appears from these observations that the assessment of lifetime exposures to 
environmental risk (or protective) factors may provide guidance for prediction of 
illness course and clinical and functional outcomes in schizophrenia spectrum di-
sorder. Recently, we have estimated a cumulative environmental exposure score 
for schizophrenia, the exposome

score for schizophrenia (ES-SCZ), which takes into account the interdependen-
ce of environmental exposures16 and therefore prevents overestimation of each 
exposure’s effect size for schizophrenia risk17. Our recent findings demonstrate 
that ES-SCZ has a good discriminative function (AUC=84) for identifying schi-
zophrenia, as well as for stratifying psychosis risk in the general population18,19. 
Furthermore, we have shown that ES-SCZ is associated with several psychiatric 
diagnoses and other medical outcomes in the general population18. In our lon-
gitudinal study of ES-SCZ in a 9-year population-based prospective cohort, we 
have demonstrated that ES-SCZ is associated with mental and physical health 
outcomes and moderates the impact of stressful life events on mental and phy-
sical well-being in the general population20. These findings suggest that ES-SCZ, 
similar to polygenic risk score for schizophrenia (PRS-SCZ), can provide potential 
utility in the context of risk stratification and outcome prediction.

In this study, we therefore aimed to investigate whether ES-SCZ was associa-
ted with global functioning in patients with a schizophrenia spectrum disorder. 
To test and replicate our findings, we analyzed independent datasets derived 
from two studies that followed uniform  assessment schedules: the European 
Network of National Networks Gene-Environment Interactions in Schizophrenia 
(EUGEI) and the Genetic Risk and Outcome of Psychosis (GROUP). Furthermore, 
in light of our previous findings that showed a broader impact of ES-SCZ on men-
tal and physical outcomes, we additionally analyzed the association of ES-SCZ 
with global functioning in siblings of these patients and healthy control groups, 
and subsequently compared those with that in patients with schizophrenia spe-
ctrum disorder.
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METHODS

Data on patients diagnosed with schizophrenia spectrum disorders, their unaf-
fected siblings, and healthy controls were derived from the “vulnerability and 
severity” Work-package 6 (WP6) of the European Network of National Networks 
studying Gene-Environment Interactions in Schizophrenia (EUGEI)21 collected in 
Turkey, Spain and Serbia. Data collection was carried out by psychiatrists, psy-
chologists, or trained research assistants who followed on-site training sessions 
and annual online training modules to maintain high inter-rater reliability21,22. 
The baseline wave of the Genetic Risk and Outcome of Psychosis (GROUP) study, 
collected in the Netherlands, were used for replication in an independent da-
taset. Both projects (EUGEI and GROUP) were approved by the Medical Ethics 
Committees of all participating sites and conducted in accordance with the Dec-
laration of Helsinki. All respondents provided written informed consent, and in 
the case of minors, such a consent was also obtained from parents or legal gu-
ardians. Details of the GROUP and EUGEI projects were provided elsewhere21,22.

Patients were diagnosed with schizophrenia spectrum disorders according to 
the DSM-IV-TR, which was further validated using the Operational Criteria Che-
cklist for Psychotic and Affective Illness23  in EUGEI-WP6,  and  the  Schedules  
for  Clinical  Assessment  in  Neuropsychiatry24 or the Comprehensive Assess-
ment of Symptoms and History25 in GROUP. The average duration of illness in 
EUGEI-WP6 since the first contact with mental health services was 9.9 years. 
Healthy controls who had no lifetime psychotic disorder history were collected 
from the same population as the patients. For all participants, a diagnosis of ps-
ychotic disorder due to another medical condition, a history of head injury with 
loss of consciousness, and an intelligence quotient <70 were exclusion criteria 
for all participants.

The EUGEI-WP6 consisted of 1261 patients, 1282 unaffected siblings of these 
patients, and 1525 healthy controls (Table 1). Only the patient population of the 
GROUP sample at baseline (n = 1119) served as the replication dataset (Table 
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1) given that the GAF were not applied to siblings and healthy controls in the 
GROUP study.

Measurements

Functioning	scores
Functioning was assessed using the Global Assessment of Functioning (GAF) 
scale26,27.  The GAF is a well-known standard rating scale to measure social, oc-
cupational, and psychological functioning. The GAF score varies from 1 to 100, 
higher scores reflecting an increase in mental health and capability of coping 
and lower scores reflecting a decrease in mental health and capability of coping. 
The validity study of the GAF in the Diagnostic and Statistical Manual of Mental 
Disorders (DSM), Fourth Edition has demonstrated that the GAF scale is valid for 
assessing the symptom and disability dimensions28,29.

Exposome	Score	for	Schizophrenia
To estimate the cumulative environmental load, we calculated the ES-SCZ based 
on our formerly validated estimates17. Conforming to our previous studies 4,17, we 
constituted 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). For 
ease of interpretation, a constant of 2 is added to ES-SCZ. The assessments and 
definitions of environmental exposures conforming to previous analyses3,4,17 is 
provided below.

Childhood adversity was assessed using the Childhood Trauma Questionnaire 
Short Form (CTQ)30. This form consists of 28 items, rated on a 5-point Likert sca-
le, 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 studied31-33. To dichotomize each childhood adversity domain 
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(0=“absent” and 1=“present”), consistent with previous work in the EUGEI3,4,34, 
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 using the Cannabis Experiences Questionnaire (mo-
dified version)35 in EUGEI-WP6 and the Composite International Diagnostic In-
terview (CIDI) (L section)36 in GROUP. The Cannabis Experiences Questionnaire 
(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 CIDI  (0=“none”; 1=“less 
than weekly”; 2=“weekly”; 3=“daily”) are Likert type scales. Following previous 
work3,4,37-39 a binary regular cannabis use variable was constructed by using the 
cut-off value of one or more per week during the lifetime period most frequent 
use.

Conforming to previous studies exploring the association between the season of 
birth and schizophrenia spectrum disorder in the Northern hemisphere sites40, 
the high-risk birth period was the winter solstice (December-March).

Hearing impairment in the last 12 months was assessed using a self-report eva-
luation (0=“absent” and 1=“present”)3.

The short version of Retrospective Bullying Questionnaire (RBQ) was used to 
evaluate the history of exposure to childhood bullying (emotional, psychological, 
or physical violence) before the age of 1741,42. The RBQ measures the severity of 
the bullying experience as 0=“none”; 1=“some” (no physical injuries)”; 2=“mo-
derate” (minor injuries or transient emotional reactions)”; 3=“marked” (severe 
and frequent physical or psychological harm). By using the cut-off point≥1, chil-
dhood bullying was dichotomized as 0=“absent” and ≥1=“present”, conforming 
to previous studies3,4,17.

Genetic	data	processing	and	polygenic	risk	score	for	schizophrenia

5
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Samples of all individuals were genotyped at Cardiff University Institute of Psy-
chological Medicine and Clinical Neurology, using custom Illumina HumanCo-
reExome-24 BeadChip genotyping arrays containing probes for 570038 genetic 
variants (Illumina, San Diego, CA). Genotype data were called using the Genome 
Studio package and transferred into PLINK format for further analysis Quality 
control was conducted in PLINK v1.0743 or with custom Perl scripts. Variants 
with call rate <98% were excluded from the dataset. Hardy-Weinberg equi-
librium 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 
quality control, 559505 variants remained.

Samples with call rate <98% were excluded from the dataset. A linkage disequi-
librium (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 cal-
culated 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 data-
base 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 exclu-
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sions 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.

Genetic ancestry principal components (PCs) were calculated by conducting 
a principal component analysis (i.e., a dimensionality-reduction method) in 
PLINK using linkage disequilibrium (LD) pruned variants after combining the 
data set with the Thousand Genomes reference data set. 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 imputation44,45. After imputation, variants 
with an imputation r2>0.6, minor allele frequency (MAF) >0.1% and call rate 
>99% were retained (82 77 535 variants). Best-guess genotypes were generated 
from genotype probabilities using PLINK. PRS-SCZ was constructed using sum-
mary statistics from the Psychiatric Genomics Consortium genome-wide associa-
tion study, excluding samples present in the GROUP data1. Clumping was perfor-
med in imputed best-guess genotypes for each dataset using PLINK (maximum 
r2=0.2, window size=500kb, minimum MAF=10%, minimum imputation infor-
mation (INFO) score=0.7), and variants within regions of long-range LD around 
the genome (including the human major histocompatibility complex) were exc-
luded46. PRS-SCZ was then constructed from best-guess genotypes using PLINK 
at ten 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 field47,48, we used 
p=0.05 for our primary analysis, as this threshold explained most variation in the 
phenotype in the Psychiatric Genomics Consortium analysis1.

Statistical analyses

Stata software version 16.0 was used for the analysis49. Supplementary Table S1 
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reports missing data for the EUGEI and GROUP dataset, separately. The analyses 
were conducted on both multiple imputed data and raw data. Following the pre-
vious analyses in this dataset3,4

the multiple imputation chained equation50 including all variables included in 
the analyses was applied with 20 imputations restricted to in-range values (re-
lative efficiency ≥ 99%). Data were separately imputed for the subsamples with 
genetic information. 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 rules51.
Analyses were stratified by the subgroups: Patients, unaffected siblings, and he-
althy controls. The SUEST and LINCOM commands were applied to compare co-
efficient differences between groups. All analyses were a priori adjusted for age, 
sex, and education (1-No qualification, 2-With qualification (secondary), 3-Terti-
ary, 4-Vocational, 5-University). Analyses in the EUGEI dataset were additionally 
adjusted for country (Turkey, Spain, Serbia). The sensitivity analyses adjusted 
for genetic vulnerability for schizophrenia (PRS-SCZ) were restricted to partici-
pants of white ethnic origin. For replication in the baseline data from patients 
of the GROUP study, we performed the same models except the adjustment for 
country as GROUP was a Dutch national study. For visualization, a scatter plot 
that displayed the relationship between ES-SCZ and GAF was constructed. Predi-
ction lines and 95% confidence interval were retrieved and reported in Figure 1.
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RESULTS
Table 1 reports the demographic characteristics and the frequencies of exposure and outcome per dataset. 

Missing values per dataset are shown in the Supplementary Table S1.

Table 1 Sample characteristics

EUGEI GROUP (replication)*

Control Sibling Patients Patients

Age in mean (SD) 33.9 (10.4) 34.1 (9.4) 33.7 (8.6) 27.6 (8.0)

Sex

Male 771 (50.62%) 586 (45.82%) 840 (66.67%) 852 (76.14%)

Female 752 (49.38%) 693 (54.18%) 420 (33.33%) 267 (23.86%)

Education

1 28 (1.89%) 35 (2.81%) 57 (4.72%) 151 (13.90%)

2 303 (20.45%) 213 (17.11%) 278 (23.03%) 341 (31.40%)

3 260 (17.54%) 227 (18.23%) 320 (26.51%) 270 (24.86%)

4 425 (28.68%) 325 (26.10%) 356 (29.49%) 281 (25.87%)

5 466 (31.44%) 445 (35.74%) 196 (16.24%) 43 (3.96%)

ES-SCZ in mean (SD) 2.7 (0.8) 3.1 (1.0) 3.8 (1.2) 4.4 (1.4)

GAF Symptom in mean (SD) 87.6 (6.8) 82.0 (12.6) 51.0 (17.7) 55.9 (16.0)

GAF Disability in mean (SD) 88.7 (6.0) 84.4 (11.8) 52.0 (17.9) 54.5 (16.2)
EUGEI: The European Network of National Networks Gene-Environment Interactions in Schizophrenia, ES-SCZ: 
Exposome score for schizophrenia, GAF: Global Assessment of Functioning, GROUP: The Genetic Risk and 
Outcome of Psychosis
*The patient population of the GROUP served as the replication dataset.

Association	between	ES-SCZ	and	GAF	dimensions	in	the	EUGEI	dataset

Stratified analyses of patients, siblings, and healthy controls indicated that ES-
SCZ was associated with the GAF dimensions in patients (symptom: B = -1.53 
[95% CI -2.43; -0.64], P value = 0.001; disability: B = -1.44 [95% CI -2.30; -0.58], 
P-value = 0.001), siblings (symptom:B = -3.07 [95% CI -3.75; -2.39], P-value < 
0.001; disability: B = -2.52 [95% CI -3.19; -1.85], P-value

<0.001) and healthy controls (symptom: B = -1.50 [95% CI -1.98; -1.03], P-value 
<0.001; disability: B = -1.31 [95% CI -1.75; -0.87], P-value <0.001).

The degree of association between ES-SCZ and the GAF symptom dimension was 
the highest in unaffected siblings, followed by patients and controls: -3.07, -1.53, 
and -1.50, respectively. Group comparison showed that there were significant 
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differences between controls and siblings (B = 1.57 [95% CI 0.49; 2.65], P-value = 
0.004) and between siblings and patients (B = -1.54 [95% CI -2.70; -0.38], P-value 
= 0.010), whereas controls and patients were not statistically significantly diffe-
rent (B = 0.03 [95% CI -1.16; 1.23], P-value = 0.958).

The degree of association between ES-SCZ and the GAF disability dimension was 
the highest in siblings, followed by patients and controls: -2.52, -1.44, and -1.31, 
respectively. Group comparison showed that there were significant differences 
between controls and siblings (B = 1.21 [95% CI 0.22; 2.20], P-value = 0.017), 
whereas siblings and patients (B = -1.08 [95% CI -2.24; 0.08], P-value = 0.067), 
as well as controls and patients (B = 0.13 [95% CI -0.91; 1.17], P-value = 0.806) 
were not statistically significantly different. The results remained the same after 
adjusting for PRS-SCZ and ten PCs (Table 2 and Table 3). Furthermore, the analy-
ses using unimputed data confirmed the results (Table 4 and Table 5 for analyses 
adjusted for genetic vulnerability), with the exception of the association betwe-
en ES-SCZ and disability: the comparison between siblings and patients in the 
unadjusted unimputed data became significant. Furthermore, the comparison 
between controls and siblings as well as siblings and patients in the genetically 
adjusted analyses of the association between ES-SCZ and symptoms in the unim-
puted data became trend significant (Table 3). For visualization, Figure 1 shows 

the linear prediction lines from a scatter plot of ES-SCZ on GAF dimensions per 

group.
Table 2 Results of the models adjusted for PRS-SCZ from the imputed datasets  All analyses were adjusted for 
age, sex, and education (1-

GAF symptoms GAF disability

Coefficient 95% CI P-value Coefficient 95% CI P-value

EUGEI

Patients -1.60 -2.51 to -0.69 0.001 -1.58 -2.48 to -0.68 0.001

Siblings -3.08 -3.81 to -2.35 <0.001 -2.52 -3.21 to -1.83 <0.001

Controls -1.58 -2.19 to -0.97 <0.001 -1.26 -1.76 to -0.76 <0.001

GROUP (replication) *

Patients -1.57 -2.58 to -0.55 0.003 -1.45 -2.51 to -0.39 0.007

No qualification, 2-With qualification (secondary), 3-Tertiary, 4-Vocational, 5-University), polygenic risk score 
for schizophrenia and 10 principle components. Analyses in the EUGEI were additionally adjusted for country 
(Turkey, Spain, Serbia); CI: Confidence interval, EUGEI: The European Network of National Networks Gene-En-
vironment Interactions in Schizophrenia, GAF: Global Assessment of Functioning, GROUP: The Genetic Risk and 
Outcome of Psychosis, PRS-SCZ: Polygenic risk score for schizophrenia.
*The patient population of the GROUP served as the replication dataset.
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Table 3 The comparison of the degree of the association between ES-SCZ and functioning across groups

GAF Symptoms GAF Disabilities

Siblings Patients Siblings Patients

Coef-
ficient

95% CI P-value Coeffi-
cient

95% CI P-value Coeffi-
cient

95% CI P-value Coeffi-
cient

95% CI P-value

Controlsa 1.50 0.25; 
2.75

0.019 0.03 -1.22; 
1.28

0.968 1.26 0.19; 
2.33

0.021 0.32 -0.74; 
1.39

0.552

Siblingsa - - - -1.47 -2.72; 
-0.23

0.020 - - - -0.94 -2.17; 
0.29

0.136

Controlsb 1.39 0.04; 
2.75

0.043 -0.27 -1.64; 
1.09

0.694 1.33 0.08; 
2.57

0.037 -0.35 -1.57; 
0.87

0.572

Siblingsb - - - -1.67 -3.14; 
-0.19

0.027 - - - -1.68 -3.18; 
-0.17

0.029

Controlsc 1.29 0.24; 
2.81

0.097 -0.06 -1.56; 
1.44

0.935 1.34 0.04; 
2.64

0.044 0.13 -1.12; 
1.38

0.838

Siblingsc - - - -1.35 -2.92; 
0.22

0.092 - - - -1.21 -2.81; 
0.39

0.139

Comparisons between controls vs siblings, siblings vs patients, and controls vs patients; CI: Confidence interval, 
ES-SCZ: Exposome score for
schizophrenia, GAF: Global Assessment of Functioning, PRS-SCZ: Polygenic risk score for schizophrenia.
aResults of the models adjusted for PRS-SCZ from the imputed dataset bResults of the models from the unim-
puted dataset cResults of the models adjusted for PRS-SCZ from the unimputed dataset
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Figure 1 shows linear prediction lines with 95% confidence interval of a scatter plot of the exposome score 
for schizophrenia (ES-SCZ; higher scores reflect an increase of environmental vulnerability) on the symptom 
and disability dimensions of the Global Assessment of Functioning (GAF; higher scores reflect an increase in 
functioning) scale per group (Controls, Siblings, and Patients).

Replication	of	the	association	between	ES-SCZ	and	GAF	dimensions	in	the	GROUP	
dataset
The investigation of the association between ES-SCZ and GAF dimensions in the 
GROUP dataset showed that ES-SCZ was associated with the GAF symptom di-
mension (B = -1.80 [95% CI -2.57; -1.03], P-value <0.001) and the disability di-
mension (B = -1.63 [95% CI -2.40; -0.86], P-value <0.001) in patients. The results 
remained the same when adjusting for genetic vulnerability for schizophrenia 
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(Table 2). The analyses using unimputed data confirmed the association betwe-
en ES-SCZ and the GAF symptom dimension (Table 4 and Table 5).

Table 4 Results of the models from the unimputed datasets

GAF symptom GAF disability

Coefficient 95% CI P-value Coefficient 95% CI P-value

EUGEI

Patients -1.50 -2.54 to -0.47 0.005 -1.14 -2.20 to -0.09 0.033

Siblings -3.17 -3.93 to -2.42 <0.001 -2.82 -3.56 to -2.09 <0.001

Controls -1.78 -2.20 to -1.35 <0.001 -1.50 -1.88 to -1.11 <0.001

GROUP (replication) *

Patients -1.39 -2.50 to -0.28 0.014 -1.01 -2.11 to 0.09 0.071

All analyses were adjusted for age, sex, and education (1-No qualification, 2-With qualification (secondary),
3-Tertiary, 4-Vocational, 5-University).
Analyses in the EUGEI were additionally adjusted for country (Turkey, Spain, Serbia);
CI: Confidence interval;
EUGEI: The European Network of National Networks
Gene-Environment Interactions in Schizophrenia,
GAF: Global Assessment of Functioning, GROUP: The Genetic Risk and Outcome of Psychosis.
*The patient population of the GROUP served as the replication dataset.

 

Table 5 Results of the models adjusted for PRS-SCZ from the unimputed datasets

GAF symptoms GAF disability

Coefficient 95% CI P-value Coefficient 95% CI P-value

EUGEI

Patients -1.75 -2.87 to -0.63 0.002 -1.48 -2.61 to -0.35 0.011

Siblings -3.10 -3.91 to -2.29 <0.001 -2.68 -3.48 to -1.89 <0.001

Controls -1.81 -2.31 to -1.31 <0.001 -1.35 -1.76 to -0.94 <0.001

GROUP (replication)*

Patients -2.04 -3.53 to -0.54 0.008 -1.23 -2.77 to 0.31 0.116

All analyses were adjusted for age, sex, and education
(1-No qualification, 2-With qualification (secondary), 3-Tertiary, 4-Vocational, 5-University),
polygenic risk score for schizophrenia and 10 principle components.
Analyses in the EUGEI were additionally adjusted for country (Turkey, Spain, Serbia);
CI: Confidence interval,
EUGEI: The European Network of National Networks Gene-Environment Interactions in Schizophrenia,
GAF: Global Assessment of Functioning, GROUP: The Genetic Risk and Outcome of Psychosis,
PRS-SCZ: Polygenic risk score for schizophrenia.
*The patient population of the GROUP served as the replication dataset.
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DISCUSSION

This study examined whether the cumulative environmental load for schizophre-
nia (exposome score for schizophrenia: ES-SCZ) was associated with global func-
tioning in patients diagnosed with schizophrenia spectrum disorder, unaffected 
siblings, and healthy controls, respectively. We found that ES-SCZ was associa-
ted with the GAF symptom and disability dimensions in all three groups. These 
findings remained consistent in the models adjusted for PRS-SCZ. By analyzing 
an independent dataset with identical assessment measures, we replicated the 
results observed in the patient group. Furthermore, our secondary analysis re-
vealed that the degree of associations of ES-SCZ with both the symptom and 
the disability dimensions of the GAF were higher in unaffected siblings than in 
patients and healthy participants.

Utilizing the exposome score for schizophrenia

Our findings—replicated in two independent samples—indicate that ES-SCZ mi-
ght be a marker for poor functioning in patients diagnosed with schizophrenia 
spectrum disorder. These findings suggest that ES-SCZ is not only linked to an 
increased risk for psychosis expression across the extended psychosis phenoty-
pe4,17 but may also be related to the severity of functional disability. Furthermore, 
findings from the models adjusted for PRS-SCZ demonstrate that the associati-
on between ES-SCZ and functioning outcomes are not reducible to the indivi-
dual-level genomic risk score for schizophrenia that has previously been linked 
to poor outcome in schizophrenia52-54. Therefore, it appears that an outcome 
prediction model that supplements PRS-SCZ with ES-SCZ is likely to yield better 
predictive performance than a pure genetic prediction. As a potential marker of 
functioning, ES-SCZ can be used for the severity stratification in large scale clini-
cal trials and observational studies19. Furthermore, ES-SCZ can be integrated into 
clinical characterization55 and future transdiagnostic staging models56. However, 
prospective controlled studies, ideally conducted in first episode psychosis (FEP) 
cohorts, are required to assess the prognostic performance of ESC-SCZ for pre-
dicting outcome in psychotic disorders. In the future, our research group, there-
fore, aims to systematically test the performance of ES-SCZ using prognostic mo-
deling analyses in a pragmatic, multicenter, single-blind randomized controlled 
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trial of FEP patients (the HAMLETT-OPHELIA study) that is scheduled to follow 
up 512 FEP patients over four years57, with the primary aims of optimizing tailo-
red treatment to inform early intervention strategies and personalized medicine 
efforts in FEP. The ultimate goal of this project would be to improve multi-level 
forecasting by integrating individual-level genomic and exposomic information 
with rich clinical, existential, and social data to entangle the complexity underl-
ying outcome heterogeneity in psychosis.

Our findings also demonstrate that ES-SCZ may be beneficial for identifying poor 
functioning not only in patients diagnosed with schizophrenia spectrum disor-
der but also in their unaffected siblings and healthy control participants. These 
findings echo findings from previous research showing a temporal association 
of ES-SCZ with broad mental and physical health outcomes in a 9-year popu-
lation-based prospective cohort20. Previous research similarly showed that ES-
SCZ was associated with a multitude of mental disorders, including depression, 
anxiety, and alcohol use disorders, traits such as neuroticism, as well as other 
medical outcomes such as asthma, migraine, and ulcers18. These results are in-
deed anticipated given that each environmental exposure as a constituent of 
ES-SCZ (e.g., childhood adversities, cannabis use, and childhood bullying) has 
been individually linked to poor mental and physical well-being in addition to 
multidimensional psychopathology16,58-60.

Finally, our secondary analysis showed that the degree of association between 
ES-SCZ and GAF functioning scores was greater in siblings than in patients and 
healthy controls. These results were consistent with previous findings of an in-
vestigation of PRS-SCZ in the EUGEI and GROUP datasets that revealed an associ-
ation of PRS-SCZ with subthreshold psychosis phenotypes in unaffected siblings 
but not in healthy participants61. In siblings, who share genetic composition lar-
gely with patients, environment may be a more important factor for determining 
the level of functioning62. Furthermore, the differences found between unaffec-
ted siblings, healthy controls, and patients might be driven by specific patterns 
of gene-environment and environment-environment interactions. It is possible 
that unmeasured genetic and environmental vulnerability, which impact especi-
ally individuals with high ES-SCZ, might drive this stronger association in siblings. 
One of these unmeasured environmental vulnerabilities might be the fact that 
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siblings grew up with a relative with mental health problems which can repre-
sent a strong adversity and make individuals more susceptible to the effects of 
environmental exposures later in life.

Strengths and limitations

The major strengths of our study were the use of two large independent data-
sets for test and replication, and the uniform measurement schedule and similar 
sampling strategy in both datasets. Furthermore, we used ES-SCZ that was previ-
ously constructed, validated, and demonstrated to perform better than other cu-
mulative environmental scores in our study population4,17,18. However, it should 
be noted that ES-SCZ was limited by the availability of exposure assessment, and 
therefore did not include all known environmental exposures relevant for risk 
or course, such as obstetric and pregnancy complications, as well as exposures 
such as ethnic minority and migration that were deliberately excluded to increa-
se the utility of ES-SCZ in applications combined with genetic data17. Finally, our 
findings were based on cross-sectional analysis; therefore, future longitudinal 
studies are required to assess the prognostic performance of ES-SCZ.

Conclusion

In conclusion, our findings showing an association between ES-SCZ and functio-
ning outcomes suggest that ES-SCZ shows promise for enhancing risk prediction 
and stratification in research practice. From a clinical perspective, ES-SCZ, a cu-
mulative exposure score, may aid in efforts of clinical characterization, operati-
onalizing future transdiagnostic clinical staging models, and personalizing the 
clinical management plan. Furthermore, as the effects of ES-SCZ on functioning 
outcomes were not reducible to the individual-level genomic risk score for sc-
hizophrenia, for future studies, supplementing PRS-SCZ with ES-SCZ is likely to 
yield better predictive performance than a pure genetic prediction.
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Supplementary table S1 Missing data

EUGEI GROUP (replication)*

Age 0% 0%

Sex 0% 0%

Education 3.15% 2.95%

GAF symptoms 7.63% 11.89%

GAF disability 7.85% 11.89%

Components of ES-SCZ

Cannabis use 8.10% 2.23%

Bullying 8.39% 45.13%

Emotional abuse 11.47% 33.24%

Physical abuse 9.97% 33.15%

Sexual abuse 10.54% 32.98%

Emotional neglect 11.37% 34.05%

Physical neglect 10.96% 33.15%

Winter birth 5.29% 0%

Hearing impairment 2.19% 11.71%

PRS-SCZ 16.37% 46.20%

ES-SCZ: Exposome score for schizophrenia, EUGEI: The European Network of National Networks Gene-
Environment Interactions in Schizophrenia, GAF: Global Assessment of Functioning, GROUP: The Genetic Risk 
and Outcome of Psychosis, PRS-SCZ: Polygenic risk score for schizophrenia.
*The patient population of the GROUP served as the replication dataset.
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Abstract

Background: Evidence suggests that environmental factors not only increase 
psychosis liability but also influence prognosis and outcomes of psychotic disor-
ders. We investigated temporal and cross-sectional associations of a weighted 
score of cumulative environmental liability for schizophrenia—the exposome 
score for schizophrenia (ES-SCZ)—with functioning in first episode psychosis 
(FEP).

Methods: Data were derived from the baseline and 1-month assessments of 
the Athens FEP Research Study that enrolled 225 individuals with FEP. The Glo-
bal Assessment of Functioning (GAF) and the Personal and Social Performance 
Scale (PSP) were used to measure social, occupational, and psychological func-
tioning. The ES-SCZ was calculated based on the previously validated method.
Results: ES-SCZ was associated with the total scores of GAF and PSP at baseline 
and 1-month assessments. These findings remained significant when accoun-
ting for several associated alternative explanatory variables, including other 
environmental factors (obstetric complications, migration, ethnic minority), 
clinical characteristics (duration of untreated psychosis, symptom severity, pre-
vious antipsychotic use), and family history of psychosis, demonstrating that 
the association between ES-SCZ and functioning is over and above other risk 
factors and cannot be explained by symptom severity alone. Functioning im-
proved from baseline to 1-month assessment, but no significant ES-SCZ-by-time 
interaction was found on functioning, indicating that functioning changes were 
not contingent on ES-SCZ.
Conclusions: Our findings suggest that rather than a predictor of functional 
improvement, ES-SCZ represents a stable severity indicator that captures poor 
functioning in early psychosis. Environmental risk loading for schizophrenia (ES-
SCZ) can be beneficial for clinical characterization and incorporated into trans-
diagnostic staging models.
Key words: Outcome; functioning; environment; cannabis use; childhood tra-
uma; psychosis
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Introduction

Psychosis spectrum disorder is a complex syndrome with a wide variety of cli-
nical representations that follow diverse illness trajectories and outcomes after 
the first episode of psychosis (FEP), ranging from complete remission to chronic 
course and significant functional impairment1. Functional impairments including 
social, occupational, and independent living activities emerge during the ear-
ly phases of psychosis and functional remission and recovery rates vary over 
time2-7. Therefore, major goals of FEP management include not only relapse pre-
vention at the symptom level but also functional remission and quality of life 
improvement.

Prognosticating psychosocial functioning trajectories can help improve outco-
mes by early individualized interventions targeting functional improvement. 
To this end, efforts have recently been made to develop multivariate models 
prognosticating functional outcomes, as well as short-term clinical remission8,9. 
Clinical features such as duration of untreated psychosis, negative symptoma-
tology, and neurocognitive status are associated with functioning at onset and 
functional recovery over the course of FEP4,10-14.Evidence suggests that environ-
mental exposures, which form a complex and dynamic mutually interconnected 
network15, are directly as well as indirectly associated with outcomes in FEP. For 
instance, childhood trauma is significantly associated with reduced global fun-
ctioning and more severe clinical symptoms among individuals with FEP16. Can-
nabis use in individuals with FEP has been linked to specific domains of social 
role functioning, such as economic and social activities, after two years of follow 
up17. Evidence also suggests that modifying these factors, for example reducing 
cannabis use, could prevent worse outcomes in FEP18.

A growing body of evidence suggests that a cumulative environmental liability 
score of schizophrenia can be beneficial for predicting transition to psychosis 
in at-risk for psychosis populations19, as well as capturing stress sensitivity to 
adverse life events20, identifying schizophrenia21, and psychosis risk stratification 
in the general population22. The findings of a recent cross-sectional analysis rep-
licated in two independent samples showed that a weighted score of cumulative 
environmental liability for schizophrenia, the exposome score for schizophrenia 
(ES-SCZ), was associated with global functioning in patients diagnosed with schi-
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zophrenia spectrum disorder23. However, these findings were based on cross-se-
ctional analyses in individuals diagnosed with schizophrenia. To our knowledge, 
no longitudinal study analyzed the temporal association between ES-SCZ and 
clinical outcomes including symptom severity and clinical functioning in FEP.

In this study, our aim was to investigate, for the first time, temporal and cross-se-
ctional associations of ES-SCZ with symptom severity and functioning that covers 
social, occupational, and psychological domains. The use of a prospective co-
hort of individuals with FEP that collected detailed information on clinical featu-
res, functional measures, and environmental exposures over a year provided a 
unique opportunity to minimize the confounding of prior treatment when anal-
yzing ES-SCZ (environmental predisposition proxy for psychosis) as an indicator 
of poor functioning.

Methods

Study	population	and	design

The Athens FEP Research Study enrolled patients with FEP consecutively from 
the emergency departments of five different psychiatric hospitals (Eginition Uni-
versity Hospital, 414 Military Hospital, Atticon University Hospital, Sismanogli-
on General Hospital and Sotiria General Hospital). Inclusion criteria were the 
presence of FEP at age 16-45 years and a maximum of two weeks of exposure 
to antipsychotics. Individuals with psychotic disorders due to another medical 
condition or acute intoxication, IQ < 70, developmental disorders, and kinship 
with an enrolled participant were excluded from the study. All participants were 
screened using the diagnostic interview for psychosis24. The sample was collec-
ted between March 2015 and March 2020. Of 279 identified individuals eligible 
for the study, 225 were included. Interviews at baseline, 1-month, and 1-year 
were conducted by clinically qualified researchers with psychiatric or neuropsy-
chological specializations who were also formally trained by authorized trainers 
to apply the assessment instruments. In expert consensus meetings, involving 
the principal investigators and the research associate assigned with each case, 
ICD-1025, DSM-IV-TR26 and DSM-527 diagnoses were determined at 1-month and 
1-year follow up visits. The clinical, environmental, and other psychometric me-
asurement tools were compatible with those used in the European Network of 

6
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National Schizophrenia Networks studying Gene-Environment interactions28. 
The Research Ethics Committees of the five participating hospitals approved the 
study protocol. A signed informed consent was collected from all individuals. 
More details of the study design were provided elsewhere29.

Functioning	outcomes

Consistent with previous work23, the primary outcome of this study was global 
functioning that was assessed using the Global Assessment of Functioning Scale 
(GAF) and the Personal and Social Performance Scale (PSP). The GAF scale is 
a well-known standard rating instrument to measure social, occupational, and 
psychological functioning30. GAF scores range from 0 to 100. Higher scores in 
the GAF total score reflect an increase in mental health and coping ability, and 
lower scores reflect a decrease in mental health and coping capacity31,32. The PSP 
measures functioning across four domains: social useful activities, personal and 
social relationships, self-care, and disturbing and aggressive behavior. The PSP 
total score is a single overall rating from 1 to 100. Higher scores in the PSP total 
score indicate better personal and social functionality33.

Exposome	score	for	schizophrenia

With exception of hearing impairment, which was not collected in the Athens 
FEP Research Study, the assessments and definitions of environmental exposu-
res were consistent with previous work23,34,35 and included binary-coded (absent 
or present) cannabis use, winter-birth, childhood adversity domains (emotional 
and physical neglect, emotional, physical, and sexual abuse) and bullying. ES-SCZ 
was calculated by summing log-odds weighted environmental exposures based 
on our formerly validated estimates35 and a constant of 2 was added to ES-SCZ 
in accordance with previous reports23,34 to facilitate interpretation given that an 
individual might theoretically (although highly unlikely) have a negative value for 
ES-SCZ if exposed to only physical abuse, which received a negative coefficient 
in the multivariable prediction model. ES-SCZ: ((cannabis use*1.31) + (winter 
birth*0.03) +*(emotional abuse*0.78) + (physical abuse*-0.39) + (sexual abu-
se*0.86) + (emotional neglect*0.44) + (physical neglect*0.25) + (bullying*1.35) 
+ 2). Details are provided in the Supplementary file.
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Clinical	measures	and	risk	factors
The Positive and Negative Syndrome Scale (PANSS) is a widely used rating scale 
that consists of 30-items to assess signs and symptoms of schizophrenia across 
three domains: positive (7 items), negative (7 items) and general psychopatho-
logy (16 items)36. The validated Greek version of PANSS was used37. Each item 
measures the psychopathology severity on a 7-point Likert scale (1 = absent, 
2 = minimal, 3 = mild, 4 = moderate, 5 = moderate-severe, 6 = severe, 7 = extre-
me). The sum-scores for each domain thus range between 7 and 49 for the po-
sitive and negative symptom domains and between 16 and 112 for the general 
psychopathology domain. Duration of illness, duration of untreated psychosis 
(DUP), and antipsychotic treatment history were evaluated with the Notting-
ham Onset Schedule38 at baseline using all the available information from family 
members, health care providers and the medical records. Other environmental 
and familial risk factors for psychosis included in the present analyses as covari-
ates were the sum score of obstetric and perinatal complications assessed using 
the Lewis Murray scale39, family history of schizophrenia spectrum disorder 
assessed using the Family Interview for Genetic Studies (FIGS)40, and ethnicity 
using native language as a proxy (Greek vs others).

Statistical	analyses

Stata software version 16.041 was used for all analyses. A P-value of <.05 was 
considered nominally statistically significant. The analyses were limited to base-
line and 1-month assessments as the attrition rate at 1-year was 60%. Cross-sec-
tional linear regression analyses were applied to assess the association between 
ES-SCZ and functioning at baseline and 1-month follow-up. Three models ad-
justing for 1) demographic variables including age, sex, and education; 2) de-
mographic variables and risk factors including migration status, obstetric comp-
lications, ethnicity, and family history of schizophrenia spectrum disorder; and 
3) demographic variables and other risk factors and clinical features including 
PANSS total score (at baseline or 1-month follow-up), previous antipsychotic use 
and DUP were applied, sequentially. To calculate the relative contribution of the 
ES-SCZ and each group of covariates (i.e., demographic variables, other risk fac-
tors, clinical features) to the R2 statistic at baseline, the shapely decomposition 
(Stata shapley2) command was applied to the analyses using the third model. 
Subsequently, multilevel linear regression analyses were applied to test the lon-

6
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gitudinal association between ES-SCZ and functioning as well as clinical features 
(i.e., PANSS domains). To model the course of functioning and clinical features 
over time (from baseline to 1-month follow-up) the effects of the ES-SCZ-by-time 
interaction, ES-SCZ, and time were analyzed42,43. Given the hierarchical structure 
of the data, multilevel mixed-effect models were applied to cluster the multiple 
assessments per individual. The three above-mentioned models were analyzed 
sequentially. Of note, when applying model 3, analyses including the PANSS do-
mains as dependent variable were not adjusted for the PANSS total score.

Results

Table 1 reports demographic characteristics, clinical features, as well as baseline 
outcome variables and missing values. Supplementary table 1 reports the frequ-
encies of the exposure components of ES-SCZ, and Table 2 reports assessment of 
outcome variables at 1-month follow-up.

Table 1 Demographic characteristics, clinical features, outcome variables and missing values at baseline

Variables At baseline Missing n (%)

Age in mean (SD) 26.0 (7.6) 1 (0.4%)

Sex 0 (0%)

Male 151 (67.1%)

Female 74 (32.9%)

Education years in mean (SD) 13.7 (2.5) 3 (1.3%)

Migration 0 (0%)

Yes 30 (13.3%)

No 195 (86.7%)

Native language 1 (0.4%)

Greek 216 (96.4%)

Other 8 (3.6%)

Antipsychotics 0 (0%)

Yes 77 (34.2%)

No 148 (65.8%)

1st degree family history of psychosis 6 (2.7%)

Yes 33 (15.1%)
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No 186 (84.9%)

DUP (weeks) in mean (SD) 31.3 (63.4) 2 (0.9%)

Obstetric complications in mean (SD) 1.3 (3.2) 24 (10.7%)

Any obstetric complications 24 (10.7%)

Present 59 (29.4%)

Absent 142 (70.6%)

ES-SCZ in mean (SD) 3.8 (1.2) 22 (9.8%)

GAF total in mean (SD) 41.3 (15.1) 17 (7.6%)

PSP total in mean (SD) 38.0 (15.4) 32 (14.2%)

Socially useful activities 3.6 (1.3) 30 (13.3%)

Personal and social relationships 3.5 (1.2) 30 (13.3%)

Self-care 2.1 (1.4) 30 (13.3%)

Disturbing and aggressive behavior 1.7 (1.5) 30 (13.3%)

PANSS total in mean (SD) 97.8 (23.41) 1 (0.4%)

Positive symptoms 28.3 (6.9) 0 (0%)

Negative symptoms 20.2 (8.4) 1 (0.4%)

General symptoms 49.3 (13.6) 0 (0%)

DUP: Duration of untreated psychosis; ES-SCZ: Exposome score for schizophrenia; GAF: The Global Assessment 
of Functioning scale; PANSS: The Positive and Negative Syndrome Scale; PSP: The Personal and Social Perfor-
mance scale; SD: Standard deviation

Table 2 Outcome variables and missing values at 1-month follow-up

1-month follow-up assessment Missing n (%)

GAF total in mean (SD) 60.0 (13.7) 22 (9.8%)

PSP total in mean (SD) 57.5 (15.9) 35 (15.6%)

Socially useful activities 2.5 (1.2) 33 (14.7%)

Personal and social relationships 2.4 (1.2) 34 (15.1%)

Self-care 1.2 (1.3) 33 (14.7%)

Disturbing and aggressive behavior 0.5 (0.9) 33 (14.7%)

PANSS total in mean (SD) 59.3 (20.0) 2 (0.9%)

Positive symptoms 14.4 (5.9) 2 (0.9%)

Negative symptoms 14.4 (7.0) 2 (0.9%)

General symptoms 30.4 (9.8) 2 (0.9%)

   GAF: The Global Assessment of Functioning scale; PANSS: The Positive and Negative Syndrome Scale; PSP: 
The Personal and Social Performance scale

Association	between	ES-SCZ	and	functioning	at	baseline	and	1-month	follow-up	
assessments

6
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The investigation of the association between ES-SCZ and GAF at baseline showed 
that ES-SCZ was associated with the GAF total score in model 1 that was adjus-
ted for age, sex, and education (B = -2.29 [95% CI -4.05; -0.52], P-value = 0.011). 
The results remained significant in model 2 that additionally included other risk 
factors (B = -2.23 [95% CI -4.12; -0.35], P-value = 0.021) and in the fully adjus-
ted model 3 that additionally included clinical features (B = -2.01 [95% CI -3.88; 
-0.13], P-value = 0.036). The analyses using the GAF total score at 1-month fol-
low-up visit as the outcome converged with the results from the baseline data 
(Table 3), with the exception of the association between ES-SCZ and the GAF 
total score in model 3 that was not nominally statistically significant. The relative 
contribution to explained variance (R2) indicated that model 3 explained 15.2% 
of the variance in GAF total score at baseline, of which around 38.9% was explai-
ned by clinical features, 21.9% by ES-SCZ, 21.4% by other risk factors, and 17.9% 
by demographic variables (Supplementary table 2).

The investigation of the association between ES-SCZ and PSP at baseline likewise 
showed that ES-SCZ was associated with the PSP total score in model 1 (B = -2.68 
[95% CI -4.61; -0.75], P-value = 0.007). The results remained significant in model 
2 (B = -2.40 [95% CI -4.35; -0.45], P-value = 0.016) and in the fully adjusted model 
3 (B = -2.31 [95% CI -4.29; -0.33], P-value = 0.022). The analyses on functioning 
at 1-month follow-up confirmed the result (Table 3), except for the association 
between ES-SCZ and PSP total score in model 3 that was not nominally statisti-
cally significant. The relative contribution to explained variance (R2) indicated 
that model 3 explained 8.7% of the variance in PSP total score at baseline, of 
which around 40.9% was explained by ES-SCZ, 29.7% by other risk factors, 22.8% 
by clinical features, and 6.6% by demographic variables (Supplementary table 
2). Of note, due to rounding, these numbers diverge from a total sum of 100%.

Subsequent analyses of the PSP subdomains revealed that ES-SCZ was signifi-
cantly associated with socially useful activities as well as personal and social re-
lationships in all the models, whereas the association with self-care as well as 
disturbing and aggressive behavior were not statistically significant in either of 
the models (Table 3). The analyses on the subdomains of PSP at 1-month fol-
low-up confirmed the results, except for the association between ES-SCZ and so-
cially useful activities as well as personal and social relationships in model 3 that 
were not nominally statistically significant (Table 3). The relative contribution 
to R2 (supplementary table 2) indicated that model 3 explained 15.9%, 10.5%, 
17.9%, and 12.7% of the variance in PSP socially useful activities, personal and 
social relationships, self-care, disturbing and aggressive behavior at baseline, 
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respectively. Of this, the relative contribution of ES-SCZ was the largest for the 
explained variance of socially useful activities (38.2%) and personal and social 
relationships (53.2%), while the relative contribution of ES-SCZ was the lowest 
for self-care (4.9%) as well as disturbing and aggressive behavior (0.4%).

Table 3 Association between ES-SCZ and functioning at baseline and 1-month follow-up assessments

Model 1 Model 2 Model 3

Coefficient 95% CI P Coefficient 95% CI P Coefficient 95% CI P

Baselinea

GAF total -2.29 -4.05 to -0.52 0.011 -2.23 -4.12 to -0.35 0.021 -2.01 -3.88 to -0.13 0.036

PSP total -2.68 -4.61 to -0.75 0.007 -2.40 -4.35 to -0.45 0.016 -2.31 -4.29 to -0.33 0.022

Socially useful activities 0.24 0.08 to 0.39 0.003 0.27 0.11 to 0.42 0.001 0.26 0.11 to 0.41 0.001

Personal and social 
relationships

0.22 0.07 to 0.36 0.003 0.23 0.08 to 0.38 0.003 0.23 0.08 to 0.38 0.003

Self-care 0.13 -0.04 to 0.29 0.135 0.09 -0.08 to 0.26 0.305 0.07 -0.10 to 0.23 0.436

Disturbing and aggressi-
ve behavior

0.08 -0.10 to 0.27 0.373 -0.02 -0.21 to 0.18 0.868 -0.02 -0.21 to 0.17 0.813

1-month follow-upb

GAF total -2.40 -4.10 to -0.70 0.006 -2.50 -4.29 to -0.70 0.007 -0.87 -2.43 to 0.70 0.277

PSP total -2.81 -4.84 to -0.79 0.007 -3.00 -5.15 to -0.86 0.006 -1.58 -3.56 to 0.39 0.115

Socially useful activities 0.19 0.04 to 0.35 0.012 0.23 0.07 to 0.39 0.004 0.13 -0.02 to 0.27 0.085

Personal and social 
relationships

0.15 0.00 to 0.30 0.048 0.17 0.01 to 0.33 0.040 0.04 -0.10 to 0.18 0.576

Self-care 0.04 -0.12 to 0.21 0.617 0.02 -0.16 to 0.19 0.853 -0.07 -0.25 to 0.11 0.459

Disturbing and aggressi-
ve behavior

-0.01 -0.13 to 0.10 0.819 -0.04 -0.17 to 0.09 0.577 -0.07 -0.20 to 0.07 0.344

CI: Confidence interval: ES-SCZ: Exposome score for schizophrenia; GAF: The Global Assessment of Functioning 
scale; PSP: The Personal and Social Performance scale

Model 1 was adjusted for age, sex, and education
Model 2 was adjusted for age, sex, education, migration, obstetric complications, first language, and family 
history
Model 3a was adjusted for age, sex, education, migration, obstetric complications, first language, family history, 
PANSS total (at baseline), antipsychotic medication, and DUP
Model 3b was adjusted for age, sex, education, migration, obstetric complications, first language, family history, 
PANSS total (at one month follow up), antipsychotic medication, and DUP

Longitudinal	association	between	ES-SCZ	and	functioning	modeling	the	trajecto-
ries	of	initial	treatment

6
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The longitudinal analyses of the association between ES-SCZ and functioning 
showed that ES-SCZ was associated with GAF total and PSP total scores in all 
models (Table 4). Subsequent analyses of the PSP subdomains revealed that ES-
SCZ was significantly associated with socially useful activities as well as personal 
and social relationships in all the models, whereas the association with self-care 
as well as disturbing and aggressive behavior were not statistically significant in 
either of the models (Table 4).

Figure 1 Longitudinal association between ES-SCZ and functioning as well as clinical features

Figure 1 shows the marginal plots of the interaction between the exposome score for schizophrenia (ES-SCZ) 
and functioning (GAF: The Global Assessment of Functioning scale; PSP: The Personal and Social Performance 
scale) as well as clinical features (PANSS: The Positive and Negative Syndrome Scale) adjusted for age, sex and 
education.
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Table 4 Longitudinal association between ES-SCZ and functioning as well as clinical features
ES-SCZ Time Interaction between ES-SCZ and 

time

Coeffi-
cient

95% CI P Coefficient 95% CI P Coeffi-
cient

95% CI P

Model 1

GAF total -2.36 -4.05 to -0.67 0.006 18.55 12.80 to 24.30 <0.001 0.04 -1.39 to 1.47 0.957

PSP total -2.69 -4.61 to -0.76 0.006 19.82 13.22 to 26.42 <0.001 -0.15 -1.79 to 1.50 0.862

Socially useful activities 0.23 0.08 to 0.38 0.003 -1.02 -1.57 to -0.47 <0.001 -0.02 -0.16 to 0.11 0.729

Personal and social 
relationships

0.21 0.07 to 0.36 0.004 -0.83 -1.35 to -0.32 0.002 -0.05 -0.18 to 0.07 0.412

Self-care 0.14 -0.03 to 0.30 0.098 -0.50 -1.05 to 0.05 0.077 -0.10 -0.24 to 0.04 0.149

Disturbing and aggressi-
ve behavior

0.09 -0.06 to 0.24 0.260 -0.84 -1.49 to -0.20 0.010 -0.10 -0.26 to 0.06 0.203

PANSS -0.39 -2.91 to 2.12 0.759 -49.13 --59.22 to 
-39.04

<0.001 2.82 0.29 to 5.35 0.029

Positive symptoms -0.03 -0.78 to 0.71 0.927 -17.09 -20.53 to 
-13.64

<0.001 0.88 0.01 to 1.74 0.046

Negative symptoms -0.17 -1.06 to 0.71 0.701 -8.50 -10.99 to -6.02 <0.001 0.67 0.05 to 1.30 0.034

General symptoms -0.18 -1.55 to 1.18 0.794 -23.58 -29.23 to 
-17.93

<0.001 1.26 -0.16 to 2.68 0.081

Model 2

GAF total -2.28 -4.06 to -0.51 0.012 19.34 13.25 to 25.42 <0.001 -0.17 -1.67 to 1.33 0.823

PSP total -2.43 -4.39 to -0.46 0.015 22.12 15.35 to 28.88 <0.001 -0.54 -2.21 to 1.13 0.525

Socially useful activities 0.25 0.10 to 0.40 0.001 -1.13 -1.72 to -0.54 <0.001 -0.001 -0.15 to 0.14 0.984

Personal and social 
relationships

0.21 0.06 to 0.36 0.005 -0.96 -1.51 to -0.41 0.001 -0.03 -0.16 to 0.11 0.689

Self-care 0.09 -0.08 to 0.26 0.303 -0.64 -1.23 to -0.05 0.034 -0.07 -0.22 to 0.07 0.333

Disturbing and aggressi-
ve behavior

0.01 -0.15 to 0.17 0.916 -1.00 -1.68 to -0.32 0.004 -0.07 -0.24 to 0.10 0.404

PANSS 0.38 -2.29 to 3.04 0.783 -49.13 -59.72 to 
-38.55

<0.001 2.76 0.13 to 5.39 0.040

Positive symptoms 0.08 -0.69 to 0.86 0.836 -17.00 -20.66 to 
-13.34

<0.001 0.85 -0.06 to 1.76 0.067

Negative symptoms 0.06 -0.88 to 1.00 0.898 -8.76 -11.45 to -6.06 <0.001 0.70 0.03 to 1.37 0.040

General symptoms 0.23 -1.20 to 1.67 0.748 -23.39 -29.20 to 
-17.59

<0.001 1.20 -0.24 to 2.65 0.102

Model 3

GAF totala -1.93 -3.60 to -0.26 0.023 8.93 2.62 to 15.23 0.006 0.42 -0.97 to 1.80 0.558

PSP totala -2.30 -4.19 to -0.40 0.018 13.88 6.57 to 21.18 <0.001 -0.09 -1.72 to 1.53 0.910

Socially useful activitiesa 0.24 0.10 to 0.39 0.001 -0.47 -1.11 to 0.16 0.143 -0.04 -0.18 to 0.10 0.592

Personal and social 
relationshipsa

0.21 0.06 to 0.35 0.004 -0.38 -0.99 to 0.23 0.219 -0.06 -0.20 to 0.07 0.383

Self-carea 0.06 -0.10 to 0.23 0.440 -0.17 -0.83 to 0.50 0.621 -0.10 -0.25 to 0.05 0.189

Disturbing and aggressi-
ve behaviora

-0.01 -0.16 to 0.15 0.941 -0.28 -0.98 to 0.42 0.427 -0.11 -0.27 to 0.04 0.161

PANSSb 0.34 -2.32 to 3.01 0.802 -49.01 -59.60 to 
-38.41

<0.001 2.75 0.12 to 5.39 0.041

Positive symptomsb 0.11 -0.66 to 0.87 0.783 -16.96 -20.63 to 
-13.29

<0.001 0.85 -0.06 to 1.76 0.068

Negative symptomsb 0.01 -0.93 to 0.95 0.978 -8.71 -11.41 to -6.02 <0.001 0.70 0.03 to 1.37 0.041

General symptomsb 0.22 -1.21 to 1.66 0.761 -23.35 -29.16 to 
-17.53

<0.001 1.20 -0.25 to 2.65 0.104

6
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CI: Confidence interval: ES-SCZ: Exposome score for schizophrenia; GAF: The Global Assessment of Functioning 
scale; PANSS: The Positive and Negative Syndrome Scale; PSP: The Personal and Social Performance scale
Model 1 was adjusted for age, sex, and education; Model 2 was adjusted for age, sex, education, migration, 
obstetric complications, first language, and family history; Model 3 a was adjusted for age, sex, education, 
migration, obstetric complications, first language, family history, PANSS total, antipsychotic medication, and 
DUP; Model 3 b was adjusted for age, sex, education, migration, obstetric complications, first language, family 
history, antipsychotic medication, and DUP

The analyses of change of GAF total and PSP total scores over time indicated 
that functioning increased from baseline assessment to the 1-month follow-up 
assessment (Table 4). The analyses of the PSP subdomains (i.e., socially useful 
activities, personal and social relationships, self-care, disturbing and aggressive 
behavior) converged with the results from the total scores and showed that the 
severity of the subdomains decreased form baseline to the 1-month follow-up 
assessment, with the exception of self-care in model 1, which was trend signifi-
cant; and the subdomain analyses in model 3, which were not nominally statis-
tically significant (Table 4).

No significant ES-SCZ-by-time interaction was found on functioning (GAF and 
PSP) in either of the models, meaning that changes in functioning were not de-
pendent on ES-SCZ (see Figure 1 for marginal plots of the analyses in model 1). 
The analyses on PSP subdomains (i.e., socially useful activities, personal and so-
cial relationships, self-care, disturbing and aggressive behavior) converged with 
the results from the total scores (Table 4).

Longitudinal	association	between	ES-SCZ	and	clinical	features	modeling	the	tra-
jectories	of	initial	treatment
The association between ES-SCZ and PANSS scores (i.e., total, negative, positive, 
and general symptoms) were not statistically significant in either of the models 
(Table 4). However, the analyses of change of PANSS subdomains over time in-
dicated that clinical features decreased from baseline to the 1-month follow-up 
assessment in all the models (Table 4).

The analyses of the PANSS total score over time indicated an ES-SCZ-by-time in-
teraction in model 1 (B = 2.82 [95% CI 0.29; 5.35], P-value = 0.029), meaning that 
the decrease of the total score over time were dependent on ES-SCZ and indivi-
duals with high ES-SCZ showed less improvement (see Figure 1 for the marginal 
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plot of the analyses in model 1). The results remained significant in model 2 (B 
= 2.76 [95% CI 0.13; 5.39], P-value = 0.040) and in the fully adjusted model 3 (B 
= 2.75 [95% CI 0.12; 5.39], P-value = 0.041) (Table 4). Furthermore, subsequent 
analyses of the PANSS subdomains (i.e., negative, positive, general symptoms) 
revealed that there were ES-SCZ-by-time interactions on negative symptoms in 
model 1 (B = 0.67 [95% CI 0.05; 1.30], P-value = 0.034), in model 2 (B = 0.70 [95% 
CI 0.03; 1.37], P-value = 0.040), and in model 3 (B = 0.70 [95% CI 0.03; 1.37], 
P-value = 0.041). Furthermore, there was a ES-SCZ-by-time interaction on positi-
ve symptoms in model 1 (B = 0.88 [95% CI 0.01; 1.74], P-value = 0.046). The re-
sults became trend significant in model 2 (B = 0.85 [95% CI -0.06; 1.76], P-value = 
0.067) and in the fully adjusted model 3 (B = 0.85 [95% CI -0.06; 1.76], P-value = 
0.068) (Table 4). The interaction between ES-SCZ and time on general symptoms 
was trend significant in model 1 (B = 1.26 [95% CI -0.16; 2.68], P-value = 0.081). 
No other statistically significant interactions were found (Table 4).

Discussion

This study investigated the cross-sectional and temporal associations of ES-SCZ 
with global functioning, personal and social functionality and symptom severity 
in a FEP cohort of mainly antipsychotic-naïve patients. We demonstrated that 
ES-SCZ was associated with overall functioning, specifically, the domains of so-
cially useful activities and personal/social relationships but not the domains of 
self-care and disturbing behavior at baseline and 1-month assessments, respec-
tively. These findings remained significant even when accounting for several as-
sociated alternative explanatory variables including other environmental expo-
sures that were previously associated with psychosis spectrum disorder, clinical 
characteristics such as DUP and symptom severity, as well as the family history 
of psychosis, demonstrating that the association between ES-SCZ and functio-
ning is over and above other risk factors and cannot be explained by symptom 
severity solely. Our longitudinal analysis investigating the change in functioning 
and symptom severity from baseline to 1-month assessment revealed evidence 
for an association of ES-SCZ with improvement in psychotic symptoms, in par-
ticular negative symptoms. These findings suggest that ES-SCZ appears to be a 
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stable trait indicator of poor functioning across time points and is related to the 
trajectory of symptomatic improvement but not functioning.

To the best of our knowledge, this is the first study examining the relationship of 
ES-SCZ with symptomatic and functional outcomes in individuals with FEP. Our 
findings replicate the results of a recent study showing strong and consistent 
association between ES-SCZ and functioning domains (GAF symptom and disa-
bility dimensions) in individuals diagnosed with schizophrenia, as well as in their 
siblings, and healthy controls23. Our current results also echo findings of previ-
ous research showing that ES-SCZ was not only related to clinical schizophrenia 
diagnosis and continuous schizotypy traits34 but also temporally associated with 
poor general mental health outcomes20,21, providing further support to the utility 
of ES-SCZ for determining the degree of mental well-being. Furthermore, we de-
monstrated that even when accounting for family history of psychotic disorders 
as a proxy of genetic liability, as well as several other known environmental risk 
factors of psychosis that were not included in ES-SCZ (i.e., obstetric complica-
tions, ethnic minority status, and migration), the relation between ES-SCZ and 
functioning remained nominally statistically significant, with no reduction in the 
magnitude of the association.

These findings are in line with recent research and confirm that the relation 
between ES-SCZ and functioning cannot be reduced to either genetic liability 
for schizophrenia or other environmental vulnerability that is not captured 
by ES-SCZ23. However, approaches that capture genetic vulnerability through 
a single metric of molecular genetic risk such as the polygenic risk score for 
schizophrenia (PRS-SCZ), may moderate the effects of ES-SCZ on functioning in 
FEP. PRS-SCZ was recently associated with illness course and treatment effects 
in FEP44. Furthermore, studies found positive additive interaction effects betwe-
en PRS-SCZ and cumulative environmental vulnerability for schizophrenia on the 
risk of schizophrenia, FEP, as well as schizotypy in siblings of patients and healthy 
controls34,45,46. Following this research line, future studies are required to furt-
her investigate whether PRS-SCZ moderates the association between ES-SCZ and 
functioning across the psychosis spectrum and evaluate the potential combined 
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value of ES-SCZ and PRS-SCZ.

Our findings derived from the final adjusted model including DUP, symptom se-
verity, and previous exposure to antipsychotics showed that ES-SCZ explained 
functioning over and above clinical representation exclusively. This was also 
supported by the evaluation of the relative contribution to the explained vari-
ance (R2) of functioning. ES-SCZ was the largest contributor for PSP total score, 
PSP socially useful activities, as well as for PSP personal and social relationships. 
Furthermore, it was the second largest contributor to GAF total scores following 
the clinical features. Our findings highlight the possible utility of assessing expo-
somic vulnerability in addition to clinical features to estimate potential illness 
trajectories within clinical settings. A recent study using the current dataset, de-
monstrated that a clinical prediction model including clinical features and other 
correlates of psychosis significantly predicted remission at 1-month follow-up47. 
It is possible that the integration of ES-SCZ into these and similar models may 
further improve prediction performance in future studies.

Our mixed model regression analyses showed that there was statistically signifi-
cant improvement in total functioning scores (both GAF and PSP) from baseline 
to 1-month assessment, with increase in functioning across all PSP domains ex-
cept the self-care category. Similar to the baseline results, ES-SCZ was associated 
with functioning scores at 1-month in all models but not with changes in functi-
oning over time. In contrast, ES-SCZ was not associated with symptom severity 
at baseline but improvement in symptom severity from baseline to 1-month as-
sessment, particularly the negative symptom domain. In the light of present fin-
dings and combined with previous evidence from the Dutch general population 
cohort study21,22 and EUGEI23, it is plausible to argue that rather than a predictor 
of functional improvement, ES-SCZ represents a severity indicator that captures 
poor functioning in psychosis spectrum disorder. In this respect, ES-SCZ can be 
beneficial for clinical characterization48 and incorporated into transdiagnostic 
staging models49.

Our findings show that the total environmental predisposition to schizophrenia 

6



140

(ES-SCZ) is not only associated with psychosis but also with the short-term ill-
ness course. However, long-term follow-up analyses are needed to investigate 
the stability of the current results given that FEP trajectories diverge over time.	
In accordance with our findings, previous research investigating exposures indi-
vidually, such as childhood adversities, has consistently shown that childhood 
adversities including bullying are associated with more severe illness course50,51 
lower rates of remission, worse outcomes52, and poor functioning in early ps-
ychosis50,53,54. Similarly, premorbid cannabis use before the onset of psychosis 
has been associated with symptom severity and poorer functioning, and this 
association was independent of present substance use and premorbid functio-
ning55. Furthermore, an aggregate environmental risk score was associated with 
transition to clinical psychosis in youth at familial high-risk for psychosis19. Taken 
together, these findings reinforce the notion that environmental exposures ac-
count for symptom severity and poorer functioning in psychosis.

Methodological	considerations
There were several strengths and limitations of our study. First, ES-SCZ was 
constructed based on the information collected using the same assessment to-
ols and the definitions that were identical to those applied in the study that 
estimated the risk of each exposure in ES-SCZ, with the exception of hearing 
impairment23,34,35. However, it is reasonable to presume that had the hearing 
impairment been measured, our findings would be even more pronounced. Se-
cond, ES-SCZ may be further enriched by inclusion of other exposures that have 
been previously associated with psychosis such as the use of other substances 
(e.g., tobacco), ethnic minority, migration, or pre-, perinatal period adversities. 
Accumulating evidence suggests that tobacco use might be associated with schi-
zophrenia56,57, with findings from Mendelian Randomization studies suggesting a 
possible causal link58. However, a major challenge of integrating tobacco use into 
a collective environmental liability index, such as the ES-SCZ, would be the very 
high correlation between cannabis use and tobacco consumption. The current 
findings suggest that the degree of the association between ES-SCZ and functi-
oning is not reduced when controlling for other environmental factors such as 
obstetric complications, ethnic minority, and migration, the inclusion of these 
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additional exposures may nevertheless increase the predictive power of ES-SCZ. 
However, it should be noted that obstetric complications are rarely available in 
ongoing cohort samples and extremely challenging to assess reliably in retros-
pect without detailed birth records. Furthermore, ethnic minority and migration 
were not included in ES-SCZ as this would diminish the application of ES-SCZ in 
different populations worldwide with lower diversity21,59, as well as decrease the 
utility of ES-SCZ when combined with PRS-SCZ in heterogenous samples given 
the low performance of PRS-SCZ in diverse samples60. Third, we analyzed both 
the identical functioning assessment (GAF) to enable a true replication of the 
previous study23 and more detailed functioning assessment (PSP) to confirm and 
extend our findings showing an association between ES-SCZ and functioning in 
a longitudinal FEP cohort. However, our analysis was limited to a relatively short 
follow-up duration (baseline and 1-month assessments) as the attrition rate at 
1-year was 60%. Future studies should conduct long-term follow-up replications 
to examine the stability of our findings across time.

Fourth, deep clinical phenotyping and rich environmental assessment allowed 
for an inclusion of several associated alternative explanatory variables to test 
the robustness of the association between ES-SCZ and functioning independent 
of clinical and other environmental features, such as pre- and perinatal risk fac-
tors61,62. However, there might still be unmeasured confounding considering the 
extensive list of factors associated with functioning. Finally, the confounding of 
antipsychotic use was negligible, as the majority of the study participants (66%) 
was medication-naïve at baseline, with the remaining subjected to only minimal 
antipsychotic exposure. Although this was a relatively large FEP cohort, larger 
samples might be required to analyze the mediators and moderators of the asso-
ciation between environmental predisposition to schizophrenia and functioning.

Conclusions
Our findings provide further support to the notion that environmental risk loa-
ding for schizophrenia (ES-SCZ) may aid in estimating the functioning over the 
course of psychotic disorder63,64. Furthermore, our findings suggest that the inf-
luence of ES-SCZ on functioning outcomes cannot be reduced to the impact of 
other known risk factors for schizophrenia or clinical characteristics. In this re-

6



142

gard, assessment of environmental risk factors for schizophrenia should be an 
integral part of the routine clinical evaluation in individuals with FEP.
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Supplementary Methods. Calculations and Measures

The estimation of exposome score for schizophrenia

With exception of hearing impairment, which was not collected in the Athens 
FEP Research Study, the assessments and definitions of environmental exposu-
res were consistent with previous work1-3 and included binary-coded (absent or 
present) cannabis use, winter-birth, childhood adversity domains (emotional 
and physical neglect, emotional, physical, and sexual abuse) and bullying. ES-SCZ 
was calculated by summing log-odds weighted environmental exposures based 
on our formerly validated estimates3 and a constant of 2 was added to ES-SCZ 
in accordance with previous reports1,2 to facilitate interpretation given that an 
individual might theoretically (although highly unlikely) have a negative value for 
ES-SCZ if exposed to only physical abuse, which received a negative coefficient 
in the multivariable prediction model. ES-SCZ: ((cannabis use*1.31) + (winter 
birth*0.03) +*(emotional abuse*0.78) + (physical abuse*-0.39) + (sexual abu-
se*0.86) + (emotional neglect*0.44) + (physical neglect*0.25) + (bullying*1.35) 
+ 2).

The CTQ was used for assessing childhood adversity4. This form includes 28 
items, and these items are rated on a 5-point Likert scale which measure five 
domains of maltreatment. These domains are emotional, physical, and sexual 
abuse, emotional and physical neglect. To dichotomize each childhood adversity 
domain as 0=“absent” and 1=“present” in accordance with previous work1,2,5,6. 
The cut-off scores are ≥ 9 for emotional abuse; ≥6 for sexual abuse; ≥8 for physi-
cal abuse; ≥8 for physical neglect; ≥10 for emotional neglect.

The Cannabis Experiences Questionnaire was used for measuring cannabis use. 
The Cannabis Experiences Questionnaire (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”) is Likert type scale. Based on previous work2,5,7-9 a binary cannabis 
use variable occurred. If cannabis use is one or more per week during the lifeti-
me period, cannabis use is accepted as ‘Yes’.

In line with previous studies investigating the relationship between the birth 
season and schizophrenia spectrum disorder in Northern Hemisphere10, the hi-
gh-risk birth period was the winter solstice (December-March). By using the cut-
off point ≥1, childhood bullying was dichotomized as 0= “absent” and ≥1=“pre-
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sent”, conforming to previous studies 2,3,5.

Antipsychotic medication

At baseline, 34% of the individuals with first episode psychosis were on antipsy-
chotics, whereas this rate was 95.5% at 1-month follow-up. The mean chlorpro-
mazine equivalent dose of the antipsychotic treatment was 402.4 at 1-month 
follow-up (SD = 225.2).

Supplementary table S1 Environmental exposures and missing values at baseline

Variables At baseline n (%) Missing n (%)

Cannabis use 7 (3.1%)

Yes 71 (32.6%)
No 147 (67.4%)
Winter-birth 6 (2.7%)

Yes 79 (36.1%)
No 140 (63.9%)
Physical abuse 5 (2.2%)

Yes 34 (15.5%)
No 186 (84.6%)
Emotional abuse 5 (2.2%)

Yes 87 (39.6%)
No 133 (60.5%)
Physical neglect 4 (1.8%)

Yes 62 (28.1%)
No 159 (72.0%)
Sexual abuse 7 (3.1%)

Yes 34 (15.6%)
No 184 (84.4%)
Emotional neglect 6 (2.7%)

Yes 113 (51.6%)
No 106 (48.4%)
Bullying 3 (1.3%)

Yes 114 (51.4%)
No 108 (48.7%)

6
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Supplementary table S2 Contributions of ES-SCZ and covariate groups to functioning

GAF to-
tal (%)

PSP total
(%)

PSP Socially use-
ful activities (%)

PSP Personal and 
social relations-
hips (%)

PSP Self-ca-
re (%)

PSP Distur-
bing and agg-
ressive beha-
vior (%)

ES-SCZ 3.3 3.6 6.1 5.6 0.9 0.0
Demographic va-
riables 2.7 0.6 0.8 0.7 3.4 1.8

Other risk factors 3.2 2.6 6.3 2.3 3.2 4.9

Clinical features 5.9 2.0 2.7 1.9 10.5 5.9

Totala 15.2 8.7 15.9 10.5 17.9 12.7

a Total contribution to R2 by ES-SCZ, demographic variables (i.e., age, sex, and education), other risk factors 
(i.e. migration status,
obstetric complications, ethnicity, and family history of schizophrenia spectrum disorder), and clinical features 
(i.e. Positive and Negative
Syndrome Scale [PANSS] total score at baseline, antipsychotic medication, and duration of untreated psychosis 
[DUP]); ES-SCZ: Exposome
score for schizophrenia, GAF: The Global Assessment of Functioning, PSP: Personal and Social Performance 
Scale; R2: Explained variance
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This thesis aims to investigate the environmental pathoetiology of psychosis spe-
ctrum disorders (PSD) embracing the exposome paradigm. The exposome cap-
tures the network of all non-genetic exposures from the pre-perinatal period to 
death. As exposures are interdependent, more comprehensive information can 
be obtained from studies embracing the exposome compared to studies that 
focus on single exposures in isolation. In this thesis, I summarize recent findings 
from emerging exposome research and discuss the future of exposome research 
for psychiatry. Furthermore, I apply and evaluate the exposome score for schi-
zophrenia (ES-SCZ), which is an aggregate risk score for schizophrenia calcula-
ted by summing weighted environmental exposures (i.e., childhood adversities, 
bullying, hearing impairment, cannabis use, season of birth). In line with previ-
ous research1, I found that ES-SCZ was associated with poor mental and physical 
health outcomes. Extending on previous studies, this thesis provides important 
findings on the environmental etiology of mental health and functional loss in 
psychosis spectrum.

In the first part of the thesis, I introduce the exposome paradigm and discuss 
findings from recent exposome research. In the second part of the thesis, I inves-
tigate the discriminative function of ES-SCZ to identify individuals with PSD and I 
estimate the risk stratification properties of ES-SCZ in the general population. In 
the third part of the thesis, I examine the association between ES-SCZ and functi-
oning in individuals with schizophrenia, siblings, and healthy controls. Following 
this, I examine–for the first time–the longitudinal association between ES-SCZ 
and functioning as well as clinical features.

Utilizing the exposome paradigm to understand the pathoetiology of psycho-
sis spectrum disorders
The pathoetiology of PSD is complex, not fully understood, and both genetic 
and environmental exposures as well as their interactions impact the develop-
ment of PSD2. Studying the effects of modifiable and changeable environmental 
exposures on mental health is important given that they might provide potential 
intervention opportunities. However, environmental research is challenging as 
environmental exposures coexist in complex structures, are correlated with each 
other, and dynamically interact3. To overcome these challenges, Guloksuz et al. 
have recently proposed the use of the exposome paradigm to better understand 

7
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the role of non-genetic factors in psychiatric disorders3.

To give an overview of recent research developments, chapter 2 and chapter 3 
summarize and discuss findings from emerging exposome research in psychiatry. 
I describe the role of environmental etiology in mental disorders and the deve-
lopment as well as the application of the exposome paradigm. In chapter 2, I 
discuss how the exposome paradigm should be adopted in psychiatric studies to 
understand the environmental origins of mental disorders. In chapter 3, I desc-
ribe and evaluate different recent approaches to calculate exposomic vulnerabi-
lity for schizophrenia. Previously researchers applied simple environmental sum 
scores (sum of dichotomized exposures; Esum-SCZ) and meta-analysis-based 
environmental risk scores (sum scores weighted by estimates from meta-analy-
ses; Emet-SCZ). However, these approaches have different limitations: Esum-SCZ 
assumes equal contribution of the individual environmental exposures and as a 
result, does not consider the fact that environmental exposures have different 
weights4. Furthermore, Esum-SCZ as well as Emet-SCZ do not consider that envi-
ronmental exposures are correlated3. ES-SCZ (sum score weighted by estimates 
from an analysis in an independent training dataset) overcomes both of those 
limitations. Eventually, chapter 2 summarizes several studies indicating that the 
exposome approach will increase our understanding of the impact of the envi-
ronment on mental health. A single metric of cumulative environmental vulnera-
bility for mental disorders, such as ES-SCZ, shows promising results for outcome 
prognostication, risk stratification, and risk enrichment. Chapter 3 discusses fin-
dings from gene-environment studies using ES-SCZ. In the following part, I will 
describe several studies that applied and evaluated ES-SCZ.

Can the exposome score for schizophrenia predict risk for psychosis spectrum 
disorder?

As abovementioned, several approaches exist to estimate exposomic vulnerabi-
lity for schizophrenia: Esum-SCZ, Emet-SCZ, and ES-SCZ. In the first part of chap-
ter 4, the predictive performance of ES-SCZ was compared to that of the other 
environmental scores; Esum-SCZ and Emet-SCZ. The study in chapter 4 shows 
that ES-SCZ had a better predictive performance for schizophrenia in the gene-
ral population compared to Esum-SCZ and Emet-SCZ. This finding is in line with 
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a previous study comparing the performance of ES-SCZ, Esum-SCZ, and Emet-
SCZ in patients with schizophrenia and healthy controls4. The approaches that 
assume independence between environmental exposures such as Esum-SCZ 
and Emet-SCZ overestimate the weights per exposure; and ES-SCZ, which takes 
into account the correlation between exposures achieves better predictive per-
formance than Esum-SCZ and Emet-SCZ4. The findings from chapter 3 support 
a long line of research showing that environmental exposures are correlated. 
For instance, cannabis use is associated with childhood adversity5; and in turn, 
childhood adversity is associated with tobacco use and hearing impairment5. 
Furthermore, urbanicity is associated with minority status and cannabis use5,6. 
Chapter 3 highlights the fact that approaches that aim to estimate exposomic 
vulnerability for mental disorders need to take into account the interconnected 
network of exposures.

In the second part of chapter 4, it was tested whether ES-SCZ at the optimal 
cut-point can be used to predict psychosis risk. In line with previous findings, 
it was found that ES-SCZ had an increasingly greater magnitude of related to 
enhancing psychosis risk strata7. The results indicate that environmental liability 
scores for schizophrenia such as ES-SCZ may inform clinicians on whether in-
dividuals should be given priority in community-based prevention approaches. 
Furthermore, ES-SCZ may be useful for targeting selective smaller risk-enriched 
samples. It may replace the other methods such as more expensive, taking more 
time or, experimental methods.

Eventually, I investigated whether ES-SCZ was specifically associated with schi-
zophrenia. Although ES-SCZ was associated with schizophrenia diagnosis with 
the highest odds ratio and the highest explained variance (Nagelkerke R2 = 14%), 
it was also associated with other mental states (e.g., suicide thoughts, suicide 
attempts, neuroticism, and dysthymia) and with different physical complains 
(e.g., asthma, migraine, and ulcers). This finding is in line with previous resear-
ch showing that environmental vulnerability for schizophrenia is non-specifically 
associated with broad psychopathology1,8,9. For instance, individuals from the 
general population who were exposed to high environmental liability for schi-
zophrenia (i.e., assessed through ES-SCZ) show poor mental and physical he-
alth1. In line with genome-wide association studies (GWAS)10, the findings from 

7
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chapter 3 emphasize that pleiotropy is common across psychiatric disorders11 
and behavioral phenotypes12. Similar to the polygenic risk score for schizophre-
nia (PRS-SCZ), ES-SCZ does not have the clinical utility to distinguish schizophre-
nia from another adjacent diagnostic category, such as bipolar disorder. To build 
upon these findings, the following part of the thesis focuses on the association 
between ES-SCZ and outcomes of PSD.

Does the exposome score for schizophrenia impact functioning and clinical 
features in psychosis?

Environmental factors do not only impact the rate of transition to psychosis, but 
also symptomatology and functional impairments in psychosis13,14. Functional 
recovery and remission are one of the main goals of treatment. Therefore, it is 
important to understand the pathoetiology of impairment and functioning. The 
thesis includes two studies investigating the association between ES-SCZ and 
functioning as well as clinical features indicative of poor outcomes in PSD.

Chapter 5 investigates the association between ES-SCZ and global functioning 
across the psychosis spectrum. It was found that ES-SCZ was associated with 
both the symptom and the disability dimension of the Global Assessment of 
Functioning (GAF) scale in patients with PSD, siblings, and healthy controls. Furt-
hermore, the results from the patient sample were replicated in an independent 
sample (GROUP). The study in chapter 6 agrees with the findings from chapter 
5 showing that ES-SCZ was associated with global functioning in a first-episode 
psychosis (FEP) cohort. Furthermore, extending on the findings from chapter 
5 and chapter 6 shows that ES-SCZ is associated with specific subdomains of 
functioning measured with the Personal and Social Performance Scale (PSP). ES-
SCZ was associated with socially useful activities as well as personal and social 
relationships, while the association with self-care as well as disturbing and agg-
ressive behavior were not statistically significant. In combination with previous 
studies15-17, the findings from chapter 5 and 6 provide strong evidence that envi-
ronmental vulnerability for schizophrenia is not only related to an enhanced risk 
for psychosis1,4 it may also be linked to the poor functioning.

In a secondary analysis of chapter 5, it was found that ES-SCZ and functioning 
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had a stronger association in siblings compared to patients and healthy controls. 
Similarly, another study that investigated the association between subthreshold 
psychosis phenotypes and PRS found an association in siblings, but no associa-
tion in healthy controls18. These findings may indicate that other environmental 
exposures that are not included in the ES-SCZ and that are specific to relatives of 
a patient with schizophrenia (e.g., growing up with a relative with mental illness) 
as well as genetic vulnerability for schizophrenia might particularly affect the as-
sociation between ES-SCZ and functioning in siblings of patients. Future research 
on the specific pattern of environmental and genomic vulnerability is needed to 
evaluate differences between siblings, patients, and healthy controls.

In this regard, research shows that genomic vulnerability for schizophrenia is as-
sociated with poor outcomes in schizophrenia19,20. Higher PRS-SCZ is associated 
with less response to antipsychotic medication, and development of symptoma-
tology in FEP21,22.  Furthermore, it has an impact on functioning in PSD. However, 
the findings from chapter 5 and 6 did not indicate that genetic vulnerability exp-
lains the association between ES-SCZ and functioning. In chapter 5, the results 
remained the same after adjusting for PRS-SCZ. In chapter 6, family history of 
psychotic disorders, which is a proxy of genetic liability, did not explain the as-
sociation between ES-SCZ and functioning. However, studies show that PRS-SCZ 
moderates the effect of environmental vulnerability on psychosis spectrum di-
sorders21. Therefore, future research should extend these findings and examine 
whether PRS-SCZ moderates the association between ES-SCZ and functioning as 
well as clinical features.

Apart from genetic vulnerability, other factors can impact the association betwe-
en ES-SCZ and functioning. Environmental exposures that were not included in 
the ES-SCZ such as urban birth, urban living, and obstetric complications are 
directly as well as indirectly associated with functioning and outcomes in psy-
chosis23,24. Furthermore, clinical features such as duration of untreated psycho-
sis, negative symptomatology, and neurocognitive status are associated with 
functioning at onset and recovery of psychosis25-30. Therefore, chapter 6 aimed 
to minimize confounding of other potential correlates of PSD (i.e., clinical featu-
res, demographic variables, and other environmental factors) in the association 
between ES-SCZ and poor functional outcomes in FEP patients. The study was 

7
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conducted using a prospective cohort of individuals with FEP that collected de-
tailed information on clinical features, functional measures, and environmental 
exposures at baseline and one-month follow-up. Supporting the idea that ES-SCZ 
affects poor outcomes in psychosis, the association between ES-SCZ and functi-
oning remained statistically significant even after controlling for other potential 
correlates.

The longitudinal analyses showed that functioning increased and clinical fea-
tures decreased over time. Although ES-SCZ was associated with functioning 
at baseline and follow-up, no significant ES-SCZ-by-time interaction was found. 
The results indicate that ES-SCZ might be a useful tool to predict trait-level poor 
functioning in PSD. However, it is not an indicator of functional improvement. 
In combination with previous research7 showing that ES-SCZ is associated with 
psychosis risk states, the results suggest that ES-SCZ can be useful for clinical 
characterization and risk staging for research purposes31,32.

ES-SCZ was not statistically significantly associated with clinical features (i.e., Po-
sitive and Negative Syndrome Scale (PANSS) total, negative, positive, and general 
symptoms). However, ES-SCZ seemed to have had an impact on the remission 
of clinical features over time. Therefore, ES-SCZ might impact short-term illness 
courses. This result is consistent with the results of the study that found that 
treatment-resistant schizophrenia was associated with living in a rural area33.

Methodological considerations and future directions

Similar to the polygenic risk score for schizophrenia that captures molecular 
genetic vulnerability, models embracing the exposome paradigm may help to 
achieve a better understanding of the environmental vulnerability for mental 
disorders. This thesis contributes to the exposome literature and discusses the 
application of aggregate environmental risk scores such as ES-SCZ to gain insight 
into the complex dynamic network of exposures. However, the studies in the 
thesis have several limitations.

First, ES-SCZ includes a restricted number of environmental exposures that are 
limited to the available data in the original and test datasets. In the original study 
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(conducted in EUGEI and GROUP4), ES-SCZ was calculated including the following 
nine environmental exposures: cannabis use, childhood adversities (i.e., emoti-
onal neglect, emotional abuse, physical abuse, physical neglect, sexual abuse), 
peer victimization, hearing impairment, and winter birth. However, not all these 
exposures were equally available in the test datasets (i.e., the Netherlands Men-
tal Health Survey and Incidence Study-2 (NEMESİS-2) and Athens First-Episode 
Psychosis Research Study). Therefore, for the studies in chapters 4 and 6, ES-SCZ 
could not include “physical neglect” and “hearing impairment”, respectively. The 
addition of these exposures would have likely made the results in chapters 4 and 
5 more prominent as hearing impairment and physical neglect were previously 
associated with PSD and psychopathological outcomes34,35.

In addition to the included environmental exposures, ES-SCZ may be further en-
riched by the inclusion of other exposures that have been previously associated 
with psychosis such as tobacco use, ethnic minority, migration, or pre-, perinatal 
period adversities36-39. However, factors such as obstetric complications are ra-
rely reliably assessed in large cohort studies. Furthermore, ethnic minority and 
migration were not included in ES-SCZ as this would diminish the possible use 
of ES-SCZ in different populations40. It would also decrease the utility of ES-SCZ 
when combined with PRS-SCZ in heterogeneous samples given the low perfor-
mance of PRS-SCZ in ethnically diverse samples41. Eventually, some of the inclu-
ded exposures might be strongly associated with excluded exposures. The addi-
tion of these variables could cause collinearity problems. For example, tobacco 
use which is not part of ES-SCZ, is commonly associated with cannabis use5.

In chapter 6, the association between ES-SCZ and functioning was adjusted for 
other risk factors for psychosis such as obstetric complications, family history, 
and migration. ES-SCZ remained statistically significantly associated with functi-
oning. This finding indicates that ES-SCZ captures important environmental vul-
nerability for psychosis outcomes. Nonetheless, to increase the predictive power 
of ES-SCZ both for risk and outcome prediction, future researchers should aim 
to explore broad sets of correlates of PSD. In this regard, studies adopting the 
exposome approach commonly focus on a small set of known correlates. Tech-
nological advances combined with the collection of large datasets make it pos-
sible to conduct exposure-wide analyses with large sets of correlates for mental 
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health phenotypes42. The exposome research will benefit from the discoveries 
of these studies.

In addition to the variables that could be added to ES-SCZ, researchers need to 
carefully evaluate what confounders should be adjusted for in exposome rese-
arch. I adjusted for various potential confounding variables in chapter 6 (such as 
age, gender, education, family history, obstetric complications). However, other 
confounders such as the social decline43 and cognitive impairments29 might have 
had an impact on the association between ES-SCZ and functioning. Therefore, 
future studies may want to consider the possible effect of other variables that 
were not considered in the studies of this thesis.

Second, another limitation of ES-SCZ is the fact that it only includes “risk” factors 
for psychosis. For psychiatric disorders, it is important to consider not only risk 
but also protective factors. However, some of the possible protective factors are 
the absence of risk factors. For example, a study in children found that having a 
high IQ and positive atmosphere at home was related to a decreased likelihood 
of reporting psychotic symptoms in childhood44, while other studies commonly 
show that low IQ is associated with increased risk for mental health problems45. 
A maternal age of <20 is a risk factor for psychosis, while a maternal age of 20 
to 24 is protective46. Therefore, researchers will have to carefully evaluate the 
network of risk and protective factors within the exposome. Combining risk fa-
ctors with protective factors provides a more comprehensive understanding of 
the exposome in psychiatry.

Third, according to the diathesis-stress model, individuals with genetic and early 
environmental vulnerabilities are more susceptible to environmental exposures 
later in life. Therefore, it is important to not only consider the direct effects of 
exposures but also evaluate mediating and moderating effects of genomic and 
exposomic vulnerability to understand the underlying mechanisms of functio-
ning.

Fourth, the study in chapter 5 had a cross-sectional design, which provides no 
information on the causal effects of ES-SCZ on functioning. To overcome this li-
mitation, chapter 6 examined the longitudinal association between functioning 
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and ES-SCZ. Although the study was restricted to a relatively short follow-up 
duration (baseline and 1-month follow-up assessment), chapter 6 gives some 
insight into the effect of ES-SCZ on short-term illness trajectories. Future studies 
should conduct long-term follow-up replications to examine the stability of the 
findings across longer periods.

Eventually, a major strength of the thesis is the replication of the association 
between ES-SCZ and psychosis outcomes in different datasets. The consistent 
findings provide strong evidence that ES-SCZ covers important factors of exposo-
mic vulnerability for PSD. Furthermore, functioning was assessed with the same 
scale in different datasets. In chapters 5 and 6, I used the GAF scale. This scale 
is a gold standard measurement for global functioning. Furthermore, as the GAF 
does not measure specific domains of functioning, I also applied the PSP scale in 
chapter 6. Thus, I did not only replicate previous findings, but I also provided a 
deeper understanding of the association between ES-SCZ and specific domains 
of functioning.
 
Conclusion
The first and second parts of the thesis show that an aggregate environmental 
risk score for schizophrenia could be a useful tool to estimate psychosis risk. 
However, ES-SCZ like PRS-SCZ is not only associated with schizophrenia but is 
also associated with other psychiatric and physical conditions. Furthermore, the 
second part of the thesis shows that ES-SCZ is a marker for poor functioning in 
psychosis. Therefore, ES-SCZ may help understand the multicausal etiology of 
pluripotent psychopathology. Furthermore, although ES-SCZ cannot differenti-
ate schizophrenia from other diagnostic categories in the general population, 
ES-SCZ can help to estimate psychosis risk and poor outcomes of psychosis. 7
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Embracing the exposome paradigm, chapters 2 and 3 provide an overview of the 
research on the environmental pathoetiology of psychosis spectrum disorders. 
The exposome entails the network of interconnected non-genetic exposures and 
embraces the complexity of the environment underlying psychiatric disorders. 
Chapter 2 discusses recent findings from emerging exposome research as well 
as the future of exposome research in psychiatry. Chapter 3 provides a compre-
hensive overview and evaluation of aggregate environmental scores  that aim to 
capture exposomic vulnerability for schizophrenia such as the exposome score 
for schizophrenia (ES-SCZ). Furthermore, Chapter 3 discusses the pluripotency 
of exposomic vulnerability for schizophrenia and summarizes findings from ge-
ne-environment interaction studies using ES-SCZ.

The study in chapter 4 analyzed the discriminative function of ES-SCZ to identify 
schizophrenia and investigates psychosis risk stratification properties of ES-SCZ 
in the general population. The discriminative function of ES-SCZ was compared 
to that of an environmental sum score (Esum-SCZ) and an aggregate environ-
mental score weighted by meta-analytical estimates (Emet-SCZ). Eventually, the 
associations between ES-SCZ and psychiatric diagnoses as well as other medical 
outcomes were analyzed. ES-SCZ had a better discriminative function compared 
to Esum-SCZ and Emet-SCZ; and at the optimal cut point, ES-SCZ was associated 
with increased psychosis risk. Among all clinical outcomes, ES-SCZ was associ-
ated with schizophrenia diagnosis with the highest odds ratio and the greatest 
explained variance. This was followed by the association between ES-SCZ and 
bipolar disorder, suicide plan, suicidal thoughts, and suicide attempt. The results 
indicate the potential research utility of ES-SCZ for risk prediction and stratifica-
tion. Furthermore, the results may help to improve insight into the multicausal 
effect of the environment on pluripotent psychopathology.

In chapter 5, the association between ES-SCZ and global functioning in patients 
with schizophrenia spectrum disorder, unaffected siblings, and healthy controls 
was tested. The study was conducted in two independent datasets: the Europe-
an Network of National Networks Studying Gene–Environment Interactions in 
Schizophrenia (EUGEI) and the Genetic Risk and Outcome of Psychosis (GROUP). 

8
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In the EUGEI dataset, ES-SCZ was associated with the Global Assessment of Fun-
ctioning (GAF) total, symptom, and disability dimensions in patients, siblings, 
and healthy controls. The results remained the same after adjusting for genetic 
vulnerability for schizophrenia assessed through the polygenic risk score for sc-
hizophrenia (PRS-SCZ). The associations of ES-SCZ with both the symptom and 
the disability dimensions were stronger in unaffected siblings than in patients 
and controls. The result of the association between ES-SCZ and functioning was 
replicated in patients with schizophrenia from the independent GROUP dataset. 
The findings suggest that exposomic vulnerability for schizophrenia is not spe-
cifically associated with schizophrenia but affects functioning across patients, 
their siblings and controls.

The study in chapter 6 investigated the temporal and cross-sectional associati-
ons of ES-SCZ with symptom severity and functioning in first-episode psychosis 
(FEP). Functioning was measured with the GAF and the Personal and Social Per-
formance Scale (PSP). The severity of symptoms of schizophrenia was assessed 
through the Positive and Negative Syndrome Scale (PANSS). The cross-sectional 
analyses at baseline and at one-month follow-up showed that ES-SCZ was asso-
ciated with global functioning (i.e., GAF and PSP total scores) as well as specific 
functioning domains (socially useful activities and personal and social relations-
hips), also when the analyses were adjusted for different explanatory variables 
such as age, sex, education, migration, obstetric complications, first language, 
family history, PANSS total score, antipsychotic medication and duration of unt-
reated psychosis. The longitudinal analyses showed that the GAF and PSP total 
scores increased from baseline to the 1-month follow-up assessment. However, 
the changes were not dependent on ES-SCZ as no significant ES-SCZ-by-time in-
teraction on functioning was found. The analyses of clinical features over time 
showed an ES-SCZ-by-time interaction, indicating that the decrease of clinical 
features over time might be affected by environmental vulnerability for schi-
zophrenia. The results from chapter 6 are in line with the results from chapter 
5 showing that ES-SCZ is associated with poor functioning. Additionally, chapter 
6 shows that high ES-SCZ could be an indicator for poor short-term illness traje-
ctory in FEP patients.
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9.1 Impact Paragraph

Psychosis spectrum disorders (PSD) are characterized by disorganization, positi-
ve, negative, mania, and depression symptoms1. Antipsychotic drugs may help 
with improving symptoms, particularly positive psychotic symptoms, but they 
have less impact on improving loss of functioning in PSD2.This is likely due to 
the fact that the origins of functional impairment are not well understood. The 
estimated healthcare costs of mental disorders are approximately €495 billion 
in Europe. With approximately €93.9 billion, PSD is responsible for most of this 
cost3. A large part of this cost is linked to caregiver-related costs as well as the 
fact that these individuals have difficulties maintaining their own lives and show 
loss of functionality in work and social areas. The loss of functionality increases 
with an increased duration of illness. To improve prevention and treatment ap-
proaches for psychosis, it is important to understand the underlying mechanism 
of psychosis as well as associated functional impairment. In this regard, a spe-
cific focus should be on mechanisms and factors that are modifiable and pre-
ventable. Therefore, the current thesis aimed to investigate the environmental 
vulnerability of PSD. This thesis adopts the exposome approach which aims to 
include all non-genetic exposures an individual is exposed to from birth to death. 
The ambition of exposome framework is to capture the complexity and dynamic 
nature of environmental exposures.

The studies in this thesis are linked to the aims of the national and internatio-
nal research agendas such as the “personalized medicine” and make a valuab-
le contribution to the environmental research on the pathoetiology of PSD. By 
embracing the exposome paradigm, the studies in this thesis applied an aggre-
gated environmental risk score for schizophrenia, exposome score for schizoph-
renia (ES-SCZ), to understand the underlying mechanisms of PSD and functional 
disability. The thesis provides evidence that ES-SCZ predicts poor functioning 
and functionality. Findings from this thesis show that embracing the exposome 
approach instead of applying single-risk-single-outcome approaches helps bet-
ter capture environmental vulnerability for PSD and may help improve populati-
on-based mental health outcomes in the future. 9
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In line with previous findings 4,5, the results obtained from this thesis provide 
support for the clinical utility of ES-SCZ. The studies show that ES-SCZ is associa-
ted with psychosis risk strata and poor functioning. These findings suggest that 
ES-SCZ may be a useful tool to be integrated into clinical practice and provide an 
understanding of psychosis risk stages. The assessment of environmental risk fa-
ctors for schizophrenia should be an integral part of the routine clinical evaluati-
on of individuals with psychosis or high risk for psychosis. Although ES-SCZ is not 
indicative of functional improvement, it is a possible predictor of poor trait-le-
vel functioning. Therefore, it might help predict whether an individual with PSD 
has increased functional impairment. Incorporating ES-SCZ into electronic he-
alth records or health screenings may help with estimating individual-level risk. 
Furthermore, exposomic liability for schizophrenia does not only play a critical 
role for PSD, ES-SCZ is also associated with mental health and physical health6. 
Therefore, ES-SCZ can be used to understand the nature of multidimensional 
psychopathology in psychiatric disorders.

For future studies, investigating the exposome paradigm in the context of bi-
ological mechanisms such as the immune system can be a useful approach to 
understanding biological systems that are involved in the development of PSD. 
Furthermore, genomic vulnerability for schizophrenia moderates the effect of 
environmental vulnerability for schizophrenia on PSD. Therefore, gene-environ-
mental interaction studies on functioning will likely provide further understan-
ding on the complex etiology of PSD.
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