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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 disorder, unaffected siblings, and healthy controls.
Methods. This cross-sectional sample consisted of 1,261 patients, 1,282 unaffected siblings, and 1,525 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 dimensions (symptom and disability) was analyzed by applying regression models in each
group (patients, siblings, and 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 results remained the same after adjusting for PRS-SCZ. The degree of
associations of ES-SCZ with both symptom and disability dimensions were higher in unaffected 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 transdiagnostic clinical staging models, and
personalizing clinical management.

Introduction

Schizophrenia spectrum disorders are complex heterogeneous disor-
ders characterized by positive and negative psychotic symptoms,
accompanied by deviations in cognition and functioning. The under-
lying etiopathology involves a multitude of genetic factors [1] and
several environmental exposures [2] and their interactions [3–5]. These
risk factors for schizophrenia spectrum disorders not only increase
susceptibility to psychosis but may also influence prognosis and out-
comes of schizophrenia spectrumdisorders. In this regard, these factors
may explain heterogeneous outcomes and varying illness trajectories
observed across the psychosis spectrum [6].

Several studies have investigated the role of environmental
exposures underlying the heterogeneity of outcome in schizophre-
nia spectrum disorder. These studies have particularly focused on
the impact of childhood adversities and cannabis use on various
outcome measures in schizophrenia spectrum disorders. Child-
hood trauma was associated with a higher number of hospitaliza-
tions, lower overall functioning scores, and lower quality of life
scores in patients with schizophrenia [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 trauma [8]. A recent meta-analysis of
12 studies examining the association between childhood adversity
and treatment outcomes in patients diagnosed with psychotic
disorders indicates that childhood 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 population [10], as well as its
relation with service engagement and medication adherence in
patient populations [11].

Studies focusing on cannabis use in patients with schizophrenia
show that cannabis 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 psychosis [12–
14]. Another study revealed that premorbid cannabis use was
associated with more severe psychotic symptoms, earlier age of
onset, and impaired functioning [15]. 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 disorder.

Recently, we have estimated a cumulative environmental expo-
sure score for schizophrenia, the exposome score for schizophrenia
(ES-SCZ), which takes into account the interdependency of envi-
ronmental exposures [16] and therefore prevents overestimation of
each exposure’s effect size for schizophrenia risk [17]. Our recent
findings demonstrate that ES-SCZ has a good discriminative func-
tion (AUC = 84) for identifying schizophrenia, as well as for
stratifying psychosis risk in the general population [18,19]. Further-
more, we have shown that ES-SCZ is associated with several psy-
chiatric diagnoses and other medical outcomes in the general
population [18]. In our longitudinal study of ES-SCZ in a 9-year
population-based prospective cohort, we have demonstrated that
ES-SCZ is associated withmental and physical health outcomes and
moderates the impact of stressful life events onmental and physical
well-being in the general population [20]. These findings suggest
that ES-SCZ, similar to polygenic risk score for schizophrenia (PRS-
SCZ), can provide potential utility in the context of risk stratifica-
tion and outcome prediction.

In this study, we therefore aimed to investigate whether ES-SCZ
was associated with global functioning in patients with a schizo-
phrenia spectrum disorder. To test and replicate our findings, we
analyzed independent datasets derived from two studies that fol-
lowed uniform assessment schedules: the European Network of
National Networks Studying 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 mental 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 spectrum disorder.

Methods

Data on patients diagnosed with schizophrenia spectrum disorders,
their unaffected siblings, and healthy controls were derived from
the “vulnerability and severity” Work Package 6 (WP6) of the
EUGEI [21] collected in Turkey, Spain, and Serbia. Data collection
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was carried out by psychiatrists, psychologists, or trained research
assistants who followed on-site training sessions and annual online
training modules to maintain high inter-rater reliability [21,22]. The
baselinewave of theGROUP study, collected in theNetherlands, was
used for replication in an independent dataset. Both projects (EUGEI
andGROUP)were approved by theMedical EthicsCommittees of all
participating sites and conducted in accordance with the Declaration
ofHelsinki. All respondents providedwritten informed consent, and,
in the case of minors, such a consent was also obtained from parents
or legal guardians. Details of the GROUP and EUGEI projects were
provided elsewhere [21,22].

Patients were diagnosed with schizophrenia spectrum disorders
according to the Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition, Text Revision (DSM-IV-TR), which was fur-
ther validated using the Operational Criteria Checklist for Psychotic
and Affective Illness [23] in EUGEI-WP6, and the Schedules for
Clinical Assessment in Neuropsychiatry [24] or the Comprehensive
Assessment of Symptoms and History [25] in GROUP. The average
duration of illness in EUGEI-WP6 since the first contact withmental
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 psychotic disorder
due to anothermedical condition, a history of head injurywith loss of
consciousness, and an intelligence quotient <70 were exclusion
criteria for all participants. The EUGEI-WP6 consisted of 1,261
patients, 1,282 unaffected siblings of these patients, and 1,525 healthy
controls (Table 1). Only the patient population of the GROUP
sample at baseline (n = 1,119) served as the replication dataset
(Table 1) given that the Global Assessment of Functioning (GAF)
was not applied to siblings andhealthy controls in theGROUP study.

Measurements

Functioning scores
Functioning was assessed using the GAF scale [26,27]. The GAF is a
well-known standard rating scale to measure social, occupational,

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 inmental
health and capability of coping. The validity study of the GAF in the
DSM-IV-TR has demonstrated that the GAF scale is valid for
assessing the symptom and disability dimensions [28,29].

Exposome score for schizophrenia
To estimate the cumulative environmental load, we calculated the
ES-SCZ based on our formerly validated estimates [17]. Conforming
to our previous studies [4,17], we constituted the ES-SCZby 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 (emo-
tional 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 analyses [3,4,17] are provided below.

Childhood adversity was assessed using the Childhood Trauma
Questionnaire Short Form (CTQ-SF) [30]. This form consists of
28 items, rated on a 5-point Likert scale, measuring five domains of
maltreatment (emotional and physical neglect; and emotional,
physical, and sexual abuse). The psychometric characteristics of
the translated versions (Spanish, Turkish, Dutch, and Serbian) of
the CTQ have been comprehensively studied [31–33]. To dichot-
omize each childhood adversity domain (0 = “absent” and
1 = “present”), consistent with previous work in the EUGEI
[3,4,34], we used the following cutoff 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 (modified version) [35] in EUGEI-WP6 and the
Composite International Diagnostic Interview (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”;

Table 1. Sample characteristics.

EUGEI GROUP (replication)a

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)

Abbreviations: EUGEI, the European Network of National Networks Studying Gene–Environment Interactions in Schizophrenia; ES-SCZ, exposome score for schizophrenia; GAF, Global
Assessment of Functioning; GROUP, the Genetic Risk and Outcome of Psychosis.
aThe patient population of the GROUP served as the replication dataset.
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5 = “everyday”) and CIDI (0 = “none”; 1 = “less than weekly”;
2 = “weekly”; 3 = “daily”) are Likert-type scales. Following previous
work [3,4,37–39], a binary regular cannabis use variable was con-
structed by using the cutoff 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 sites [40], the high-risk birth period
was the winter solstice (December–March).

Hearing impairment in the last 12 months was assessed using a
self-report evaluation (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 17 [41,42]. The RBQ measures the severity of the bullying
experience as 0 = “none”, 1 = “some” (no physical injuries)”,
2 = “moderate” (minor injuries or transient emotional reactions)”,
and 3 = “marked” (severe and frequent physical or psychological
harm). By using the cutoff point ≥1, childhood bullying was
dichotomized as 0 = “absent” and ≥1 = “present”, conforming to
previous studies [3,4,17].

Genetic data processing and polygenic risk score for
schizophrenia
Samples of all individuals were genotyped at the Cardiff University
Institute of Psychological Medicine and Clinical Neurology, using
custom Illumina HumanCoreExome-24 BeadChip genotyping
arrays containing probes for 570,038 genetic variants (Illumina,
SanDiego, CA). Genotype datawere called using theGenome Studio
package and transferred into PLINK format for further analysis.
Quality control was conducted in PLINK v1.07 [43] or with custom
Perl scripts. Variants with call rate <98% were excluded from the
dataset. Hardy–Weinberg equilibrium p-value was calculated sepa-
rately 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, 559,505 variants remained.

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

Identity-by-descent values were calculated for the sample in
PLINK. Samples with one or more siblings among the genotyped
samples according to the database but no identified genotypic
siblings (defined as PI-HAT >0.35 and <0.65) were excluded. After
these were removed from consideration, samples with two or more
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 ormore sample exclusions
due to sex or relative checks were also excluded, unless their identity
was corroborated by concordance between database and genotype
relatedness data with a sample on another chip.

Genetic ancestry principal components (PCs) were calculated
by conducting a PC analysis (i.e., a dimensionality-reduction
method) in PLINK using LD pruned variants after combining
the dataset with the Thousand Genomes reference dataset. Due to
the inherently multipopulation 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, geno-
types were imputed on the Michigan Imputation Server using the
Haplotype Reference Consortium reference panel (version 1.1)
and the programs Eagle for haplotype phasing and Minimac3 for
imputation [44,45]. After imputation, variants with an imputation
r2 > 0.6, minor allele frequency (MAF) >0.1%, and call rate >99%
were retained (8,277,535 variants). Best-guess genotypes
were generated from genotype probabilities using PLINK.
PRS-SCZ was constructed using summary statistics from the
Psychiatric Genomics Consortium genome-wide association
study, excluding samples present in the GROUP data [1]. Clump-
ing was performed in imputed best-guess genotypes for each
dataset using PLINK (maximum r2 = 0.2; window size = 500 kb;
minimum MAF = 10%; minimum imputation information
score = 0.7), and variants within regions of long-range LD around
the genome (including the human major histocompatibility com-
plex) were excluded [46]. PRS-SCZ was then constructed from
best-guess genotypes using PLINK at 10 different p-value thresh-
olds (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 field [47,48],
we used p = 0.05 for our primary analysis, as this threshold
explained most variation in the phenotype in the Psychiatric
Genomics Consortium analysis [1].

Statistical analyses

Stata software version 16.0 was used for the analysis [49]. Supple-
mentary Table S1 reports missing data for the EUGEI and
GROUP datasets, separately. The analyses were conducted on
both multiple imputed data and raw data. Following the previous
analyses in this dataset [3,4], the multiple imputation chained
equation [50] including all variables included in the analyses was
applied with 20 imputations restricted to in-range values (relative
efficiency ≥99%). Data were separately imputed for the subsam-
ples with genetic information. ES-SCZ was calculated after imput-
ing missing values of the environmental exposures (cannabis use,
hearing impairment, winter-birth, and childhood adversity
domains). All the analyses were run on multiple imputed data
and pooled using Rubin’s rules [51].

Analyses were stratified by the subgroups: patients, unaffected
siblings, and healthy controls. The SUEST and LINCOM com-
mands were applied to compare coefficient differences between
groups. All analyses were a priori adjusted for age, sex, and educa-
tion (1 = “No qualification,” 2 = “With qualification (secondary),”
3 = “Tertiary,” 4 = “Vocational,” and 5 = “University”). Analyses in
the EUGEI dataset were additionally adjusted for country (Turkey,
Spain, and Serbia). The sensitivity analyses adjusted for genetic
vulnerability for schizophrenia (PRS-SCZ) were restricted to par-
ticipants 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 relation-
ship between ES-SCZ and GAF was constructed. Prediction 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 Supplementary Table S1.

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

Stratified analyses of patients, siblings, and healthy controls indi-
cated 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 symp-
tom 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 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 different (B = 0.03 [95%CI�1.16; 1.23], p-
value = 0.958).

The degree of association between ES-SCZ and the GAF dis-
ability dimension was the highest in siblings, followed by patients
and controls: �2.52, �1.44, and �1.31, respectively. Group com-
parison 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
10 PCs (Tables 2 and 3). Furthermore, the analyses using unim-
puted data confirmed the results (Tables 4 and 5 for analyses
adjusted for genetic vulnerability), with the exception of the asso-
ciation between 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
unimputed data became trend significant (Table 3). For visualiza-
tion, Figure 1 shows the linear prediction lines from a scatter plot of
ES-SCZ on GAF dimensions per group.

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 asso-
ciated with the GAF symptom dimension (B = �1.80 [95% CI
�2.57; �1.03], p-value < 0.001) and the disability dimension
(B = �1.63 [95% CI �2.40; �0.86], p-value < 0.001) in patients.
The results remained the same when adjusting for genetic vulner-
ability for schizophrenia (Table 2). The analyses using unimputed
data confirmed the association between ES-SCZ and the GAF
symptom dimension (Tables 4 and 5).

Discussion

This study examined whether the cumulative environmental load
for schizophrenia (ES-SCZ) was associated with global functioning
in patients diagnosed with schizophrenia spectrum disorder, unaf-
fected siblings, and healthy controls, respectively. We found that
ES-SCZ was associated 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 revealed that the degree of associations of ES-SCZ with
both the symptom and disability dimensions of the GAF were
higher in unaffected siblings than in patients and healthy partici-
pants.

Utilizing the exposome score for schizophrenia

Our findings—replicated in two independent samples—indicate
that ES-SCZ might be a marker for poor functioning in patients
diagnosed with schizophrenia spectrum disorder. These findings
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Figure 1. 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 envi-
ronmental 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).
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suggest that ES-SCZ is not only linked to an increased risk for
psychosis expression across the extended psychosis phenotype
[4,17] but may also be related to the severity of functional disability.
Furthermore, findings from the models adjusted for PRS-SCZ
demonstrate that the associations between ES-SCZ and functioning

outcomes are not reducible to the individual-level genomic risk
score for schizophrenia that has previously been linked to poor
outcome in schizophrenia [52–54]. 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

Table 2. Results of the models adjusted for PRS-SCZ from the imputed datasets.

GAF symptoms GAF disabilities

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)a

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

Notes: All analyses were adjusted for age, sex, and education (1 = “No qualification,” 2 = “With qualification (secondary),” 3 = “Tertiary,” 4 = “Vocational,” and 5 = “University”), PRS-SCZ, and 10
principal components. Analyses in the EUGEI were additionally adjusted for country (Turkey, Spain, and Serbia).
Abbreviations: CI, confidence interval; EUGEI, the European Network of National Networks Studying 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.
aThe patient population of the GROUP served as the replication dataset.

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

Coefficient 95% CI p-value Coefficient 95% CI p-value Coefficient 95% CI p-value Coefficient 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

Notes: Comparisons between controls versus siblings, siblings versus patients, and controls versus patients.
Abbreviations: 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 unimputed dataset.
cResults of the models adjusted for PRS-SCZ from the unimputed dataset.

Table 4. Results of the models from the unimputed datasets.

GAF symptoms GAF disabilities

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)a

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

Notes: All analyses were adjusted for age, sex, and education (1 = “No qualification,” 2 = “With qualification (secondary),” 3 = “Tertiary,” 4 = “Vocational,” and 5 = “University”). Analyses in the
EUGEI were additionally adjusted for country (Turkey, Spain, and Serbia).
Abbreviations: CI, confidence interval; EUGEI, the European Network of National Networks Studying Gene–Environment Interactions in Schizophrenia; GAF, Global Assessment of Functioning;
GROUP, the Genetic Risk and Outcome of Psychosis.
aThe patient population of the GROUP served as the replication dataset.
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genetic prediction. As a potential marker of functioning, ES-SCZ
can be used for the severity stratification in large-scale clinical
trials and observational studies [19]. Furthermore, ES-SCZ can be
integrated into clinical characterization [55] and future trans-
diagnostic staging models [56]. However, prospective controlled
studies, ideally conducted in first episode psychosis (FEP)
cohorts, are required to assess the prognostic performance of
ESC-SCZ for predicting outcome in psychotic disorders. In the
future, our research group, therefore, aims to systematically test
the performance of ES-SCZ using prognostic modeling analyses
in a pragmatic, multicenter, single-blind randomized controlled
trial of FEP patients (the HAMLETT-OPHELIA study) that is
scheduled to follow up 512 FEP patients over 40 years [57], with
the primary aims of optimizing tailored treatment to inform early
intervention strategies and personalized medicine efforts in FEP.
The ultimate goal of this project would be to improve multilevel
forecasting by integrating individual-level genomic and exposo-
mic information with rich clinical, existential, and social data to
entangle the complexity underlying outcome heterogeneity in
psychosis.

Our findings also demonstrate that ES-SCZ may be beneficial
for identifying poor functioning not only in patients diagnosedwith
schizophrenia spectrum disorder but also in their unaffected sib-
lings 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
population-based prospective cohort [20]. Previous research sim-
ilarly 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 out-
comes such as asthma, migraine, and ulcers [18]. These results are
indeed 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
psychopathology [16,58–60].

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 investigation
of PRS-SCZ in the EUGEI and GROUP datasets that revealed an
association of PRS-SCZ with subthreshold psychosis phenotypes
in unaffected siblings but not in healthy participants [61]. In
siblings, who share genetic composition largely with patients,

environment may be a more important factor for determining
the level of functioning [62]. Furthermore, the differences found
between unaffected siblings, healthy controls, and patients might
be driven by specific patterns of gene–environment and environ-
ment–environment interactions. It is possible that unmeasured
genetic and environmental vulnerability, which impact especially
individuals with high ES-SCZ, might drive this stronger associa-
tion in siblings. One of these unmeasured environmental vulner-
abilities might be the fact that siblings grew up with a relative with
mental health problems which can represent a strong adversity
and make individuals more susceptible to the effects of environ-
mental exposures later in life.

Strengths and limitations

The major strengths of our study were the use of two large inde-
pendent datasets for test and replication; and the uniform mea-
surement schedule and similar sampling strategy in both datasets.
Furthermore, we used ES-SCZ that was previously constructed,
validated, and demonstrated to perform better than other cumula-
tive environmental scores in our study population [4,17,18]. How-
ever, 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 obstet-
ric and pregnancy complications, as well as exposures such as
ethnic minority and migration that were deliberately excluded to
increase the utility of ES-SCZ in applications combined with
genetic data [17]. 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 functioning outcomes suggest that ES-SCZ shows
promise for enhancing risk prediction and stratification in research
practice. From a clinical perspective, ES-SCZ, a cumulative expo-
sure score, may aid in efforts of clinical characterization, operatio-
nalizing 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 schizophrenia, for future
studies, supplementing PRS-SCZ with ES-SCZ is likely to yield
better predictive performance than a pure genetic prediction.

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

GAF symptoms GAF disabilities

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)a

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

Notes: All analyses were adjusted for age, sex, and education (1 = “No qualification,” 2 = “With qualification (secondary),” 3 = “Tertiary,” 4 = “Vocational,” and 5 = “University”), PRS-SCZ, and 10
principal components. Analyses in the EUGEI were additionally adjusted for country (Turkey, Spain, and Serbia).
Abbreviations: CI, confidence interval; EUGEI, the European Network of National Networks Studying 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.
aThe patient population of the GROUP served as the replication dataset.
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