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Objective: The 2-year risk of psychosis in persons whomeet
research criteria for a high-risk syndrome is about 15%225%;
improvements in risk prediction accuracy would benefit the
development and implementation of preventive interven-
tions. The authors sought to assess polygenic risk score (PRS)
predictionof subsequentpsychosis inpersonsathigh risk and
to determine the impact of adding the PRS to a previously
validated psychosis risk calculator.

Methods: Persons meeting research criteria for psychosis
high risk (N=764) and unaffected individuals (N=279) were
followed for up to 2 years. The PRS was based on the latest
schizophrenia and bipolar genome-wide association stud-
ies. Variables in the psychosis risk calculator included
stressful life events, trauma, disordered thought content,
verbal learning, information processing speed, and family
history of psychosis.

Results: For Europeans, the PRS varied significantly by group
and was higher in the psychosis converter group compared
with both the nonconverter and unaffected groups, but was
similar for the nonconverter group compared with the un-
affected group. For non-Europeans, the PRS varied signifi-
cantly by group; the difference between the converters and

nonconverters was not significant, but the PRS was signifi-
cantly higher in converters than in unaffected individuals, and
it did not differ between nonconverters and unaffected in-
dividuals. The R2liability (R

2 adjusted for the rate of disease risk
in the population being studied, here assuming a 2-year
psychosis risk between 10% and 30%) for Europeans varied
between 9.2% and 12.3% and for non-Europeans between
3.5% and 4.8%. The amount of risk prediction information
contributed by the addition of the PRS to the risk calculator
was less than severity of disordered thoughts and similar toor
greater than for other variables. For Europeans, the PRS was
correlated with risk calculator variables of information pro-
cessing speed and verbal memory.

Conclusions: The PRS discriminates psychosis converters
from nonconverters and modestly improves individualized
psychosis risk prediction when added to a psychosis risk
calculator. The schizophrenia PRS shows promise in en-
hancing risk prediction in persons at high risk for psychosis,
although its potential utility is limited by poor performance in
persons of non-European ancestry.
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Schizophrenia affects about 1% of the general population (1).
Typically emerging in late adolescence and early adulthood,
the disorder is often chronic and disabling (2). Research
criteria based on clinical features identify persons with an
approximate 15%225% risk of developing a psychotic dis-
order in 2 years (3–9). While about 200-fold higher than the
2-year risk of about 0.1% in adolescents and young adults, this
level of prediction accuracy is still not optimal for the de-
velopment and implementation of preventive interventions.
Psychosis risk prediction improves when factors such as
neurocognitive function (10–12), language patterns (13, 14),
decline in social functioning (11, 12, 15), severity of specific

symptoms (11, 16–19), stressful events, and traumahistory (11,
20) are considered. In previous work, we developed a psy-
chosis risk prediction model that included such clinical and
historical variables. This model improved psychosis risk
prediction in two separate cohorts of persons at high risk for
psychosis, with areas under the receiver operating curve of
0.71 (11) and 0.74 (21).

Until recently, the defining feature of genetic risk was a
family history of psychosis; however, most people who de-
velop schizophrenia do not have a family history of the
disorder (22). Incorporating a robust measure of genetic risk
into existing psychosis risk prediction models offers a
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possibility of further improvements. Genome-wide associa-
tion studies (GWASs) have identified many common genetic
variants that are associated with an increased risk of schizo-
phrenia (23), facilitating the development of polygenic risk
scores (PRSs) for schizophrenia and other polygenic traits and
disorders. Such PRSs reflect the cumulative genome-wide
impact of common genetic variation on a given phenotype
into a single measure of genetic risk. Studies have found that
PRSs differentiated individuals already diagnosed with
schizophrenia from unaffected individuals (22, 24–27), and
various polygenic analyses have become standard tools for
dissecting risk for polygenic disorders and related traits (28).

Our aim in this study was to validate the schizophrenia
PRSpredictionof subsequentpsychosis in a cohort ofpersons
at high risk based on clinical features. In addition, we ex-
amined the predictive value of a bipolar PRS. For compari-
sons with published schizophrenia studies, we compared the
PRS in clinical high-risk individuals who developed psy-
chosis with that in unaffected individuals. We further de-
termined the impact of adding the PRS to our previously
validated psychosis risk calculator.

METHODS

The North American Prodrome Longitudinal Study, phase
2 (NAPLS-2) (29), is a 2-year, eight-site study of predictors
and mechanisms of conversion to psychosis that included
764 high-risk and 279 unaffected comparison subjects. Each
site’s institutional review board approved the study, and
participants provided written informed consent or assent,
with a parent or guardian consenting for participants under
age 18.

Raters used the Structured Interview for Psychosis-Risk
Syndromes (SIPS) (30, 31) to determinewhether participants
met the Criteria for Psychosis-Risk States. Most of the high-
risk group (93%) met the criteria for attenuated psychosis
(unusual beliefs, paranoia, grandiosity, perceptual abnor-
malities, and/or disorganized communication); 4% met cri-
teria involving family history of psychosis and significant
functional deterioration over the past year. Psychosis con-
version was defined by the “presence of psychosis” criteria
(30, 31) (psychotic-severity positive symptoms that are se-
riously disorganizing or dangerous, and occur at least 1 hour/
day on average 4 days a week) and diagnosis based on the
Structured Clinical Interview for DSM-IV-TR Axis I Dis-
orders (32). Follow-ups occurred at 6-month intervals, and
the date of conversion was estimated by clinical interview
and/or medical records. Unaffected comparison subjects did
not meet high-risk criteria and had no personal or family
history of a psychotic disorder. Parental education was rated
on a scale ranging from 1 to 9 (see Table 1 for details).

DNA Analysis
Rutgers University’s RUCDR Repository and the University
of North Carolina’s Genomics Core sent DNA extracted from
blood to the Broad Institute for analysis with the Illumina

PsychArray, version 2, following standard protocols. Analysis
of raw data followed the RICOPILI (Rapid Imputation and
Computational Pipeline for Genome-Wide Association
Studies) pipeline (33). Imputation used IMPUTE2 and the
1000 Genomes Project phase 1 reference panel. The Broad
Institute provided both hard-call data and raw dosage data
for further analyses. Further quality control included de-
termination of cryptic relatedness with the KING software
package (34).

Data Analysis
Calculation of the PRS. We calculated the PRS from the
schizophrenia GWAS results from the Psychiatric Genomics
Consortium (PGC) (23). Based on the raw summary statistics,
thePGCprovides a list of linkage-disequilibriumprunedSNP
association statistics (https://www.med.unc.edu/pgc/). The
PRS is a sum of the number of reference alleles weighted by
the natural logarithm of the published odds ratio. We in-
cluded imputed SNPs with INFO score.0.8 and a reported
p value #0.05 (23). In addition, we conducted exploratory
analyses to examine the impact of varying the p value cutoff.

We constructed a bipolar PRS on the basis of the most
recent GWAS results (35). Since clumped summary statistics
were not available,wefiltered on INFO score.0.9 andminor
allele frequency.0.01. We removed variant indels, strand-
ambiguous SNPs, and duplicated SNPs. We performed
clumping based on 500 kb andR2=0.25 using theNAPLS data
set as a reference. We used the resulting summary statistics
for PRS scoring as above.

Forprincipal component analyses,wemerged theNAPLS-
2 hard-call and 1000 Genomes Project phase 1 results, re-
moved mismatching SNPs (N=704) and SNPs with Hardy-
Weinberg equilibrium (HWE) p values ,131023, and kept
SNPsdetected inall persons (sharedSNPs, 516,485), followed
by linkage disequilibrium pruning (window size=50, step
size=5, R2=0.2), leaving 77,223 variants. A post hoc analysis
revealed that the findings were robust to HWE thresholds,
both with the overall sample and within the subgroup of
European participants (the only subgroup large enough for
separate analysis). SettingHWE to amore lenient p,131025

produced a PRS that was highly correlated with the main
analysis PRS (Pearson R2=0.97), and the logistic regression
results were virtually identical. Similarly, within the Euro-
pean subgroup, the PRS assuming HWE p,131025 was
highly correlated with that derived with HWE p,131023

(Pearson R2. 0.99), and again the logistic regression results
were virtually identical.

We removed related individuals from the 1000 Genomes
Project sample on the basis of the provided “cryptic re-
latedness” file (N=32), leaving 1,060 subjects. We conducted
principal component analysis by projecting each subject’s
genotype to the 1000 Genomes Project cohort. A scatterplot
of the first and second principal components showed that
persons from the NAPLS-2 and 1000 Genomes Project with
the same self-reported ancestry clustered similarly (see
Figure S1 in the online supplement).
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We categorized individuals with values $20.01 for the
first principal component and values#20.026 for the second
principal component as European, and the remaining indi-
viduals as non-European. There was no difference in the

proportion of Europeans among high-risk converters (26%)
and nonconverters (24%) (Fisher’s exact test, two-tailed,
p=0.7) and high-risk converters and unaffected individuals
(32%) (p=0.2).

TABLE 1. Demographic and clinical characteristics of included and excluded participants in analysis 1: impact of PRS on psychosis risk
prediction in persons at clinical high risk and unaffected comparison subjectsa

Clinical High Risk, Psychosis
Converter Clinical High Risk, Nonconverter Unaffected Comparison Subjects

Characteristic
Excludedb

(N=14) Included (N=80)
Excludedc

(N=422)
Included
(N=248)

Excludedd

(N=63)
Included
(N=216)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age (years) 16.90 4.01 18.27 3.50 18.24 4.15 19.09 4.53 19.21 4.48 19.91 4.71
Maternal educatione 6.23 1.42 6.54 1.73 6.29 1.66 6.35 1.54 6.97 1.47 6.79 1.49
Paternal educatione 5.62 1.89 6.42 1.78 6.20 1.77 6.28 1.66 6.61 1.56 6.51 1.68

N % N % N % N % N % N %

Male 9 64.3 50 62.5 238 56.5 138 55.6 32 50.8 109 50.5
Family history of psychosis 2 14.3 16 20.3 54 12.9 45 18.1
Psychiatric diagnoses
Schizophrenia spectrum

disordersf
7 50.0 34 40.0

Psychosis not otherwise
specified

6 42.9 28 35.0

Major depression with
psychosis

0 0.0 1 1.3

Bipolar disorder with
psychosis

0 0.0 6 7.5

Unknown 1 7.1 11 13.7

Self-reported ancestry
European 6 42.9 47 58.8 252 60.0 136 54.8 31 49.2 121 56.0
African (e.g., African, African

Caribbean)
1 7.1 11 13.8 53 12.6 53 21.4 6 9.5 42 19.4

Interracial 4 28.6 10 12.5 50 11.9 33 13.3 12 19.0 17 7.9
Central or South American 2 14.3 2 2.5 22 5.2 8 3.2 5 7.9 8 3.7
SouthAsian (e.g., East Indian,

Pakistani, Sri Lankan)
1 7.1 3 3.8 8 1.9 6 2.4 1 1.6 7 3.2

East Asian (e.g., Chinese,
Japanese, Korean)

0 0.0 4 5.0 22 5.2 7 2.8 5 7.9 17 7.9

First Nations (e.g., North
American Indian, Métis,
Inuit)

0 0.0 1 1.2 7 1.7 3 1.2 1 1.6 3 1.4

Native Hawaiian/Pacific
Islander

0 0.0 1 1.2 1 0.2 1 0.4 1 1.6 0 0.0

West/Central Asian and
Middle Eastern (e.g.,
Egyptian, Lebanese,
Emirati [United Arab
Emirates], Afghan, Iranian)

0 0.0 1 1.2 5 1.2 1 0.4 1 1.6 1 0.5

Missing 0 0.0 0 0.0 1 0.0 0 0.0 0 0.0 0 0.0

a There were no significant differences between excluded and included individuals in any of the three groupings except in age for the clinical high-risk
nonconverter group (p=0.014) and in self-reported ancestry for the unaffected comparison group (p=0.05).

b Reasons for exclusion among psychosis converters: no DNA sample available (N=12), did not meet high-risk criteria from the Criteria for Psychosis-Risk States
(N=2).

c Reasons for exclusion amongnonconverters: sibling exclusion (N=3), only did notmeet high-risk criteria from theCriteria for Psychosis-Risk States (N=6), only no
DNA sample available (N=25), only less than 2 years of follow-up (N=239), no DNA sample available and did not meet high-risk criteria from the Criteria of
Psychosis-Risk States (N=3), less than 2 years of follow-up and did not meet high-risk criteria from the Criteria of Psychosis Risk States (N=5), less than 2 years of
follow-up and no DNA sample available (N=131), less than 2 years of follow-up and sibling exclusion (N=5), less than 2 years of follow-up and no DNA sample
available and did not meet high-risk criteria from the Criteria of Psychosis-Risk States (N=5).

d Reasons for exclusion for unaffected individuals: sibling exclusion (N=11), no DNA sample available (N=52).
e Parental education is scaled from 1 to 9, where 1=no schooling, 2=some primary school, 3=completed primary school, 4=some high school, 5=completed high
school, 6=some college/technical school/undergraduate, 7=completed college/technical school/undergraduate, 8=some graduate/professional school, and
9=completed graduate/professional school.

f Schizophrenia spectrum disorders included schizophrenia, schizophreniform disorder, schizoaffective disorder, and delusional disorder.
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For stratified analyses, the PRS was the residual from the
linear regression model of the first 10 principal components
projected to the 1000 Genomes Project cohort for non-
Europeans and the residual from the linear regression
model of the within-European first 10 principal components
forEuropeans. For combinedanalyses ofEuropeans andnon-
Europeans, the PRS was the residual from the 10 principal
components projected to the 1000 Genomes Project cohort.

Analysis 1: impact of PRS on psychosis risk prediction in
persons at clinical high risk. We excluded high-risk partici-
pants who did not meet the high-risk criteria from the Cri-
teria for Psychosis-Risk States (21 participants exclusively
met alternative criteria: schizotypy and age ,18 years),
participants without DNA samples, high-risk nonconverters
who did not complete the 2-year study, and one randomly
selected sibling of 17 sibling pairs, leaving 80 converters,
248 nonconverters, and 216 unaffected individuals. Table 1
compares the baseline characteristics of included and ex-
cluded participants, and the table footnotes provide details
about reasons for exclusion.

We conducted analyses and produced figures with R
(https://www.r-project.org/) and RStudio (https://rstudio.
com/) using the rms (https://cran.r-project.org/web/packages/
rms/index.html), Hmisc (https://cran.r-project.org/web/
packages/Hmisc/index.html), survminer, (https://cran.r-project.
org/web/packages/survminer/index.html) and tidyverse
(https://dplyr.tidyverse.org/) packages. We compared PRS
means by group and ancestry with analysis of variance and
t tests and used logistic regression for our main analyses.
Discrimination, reflecting how well the PRS differentiates
converters from nonconverters, was evaluated by the area
under the receiver operating curve (AUC) and explained
variance with the Nagelkerke R2 calculated on the liability
scale (R2

liability) (36), which is adjusted to the estimated
disease risk in the population being studied. For high-risk
converter-nonconverter comparisons, we calculated the
NagelkerkeR2assuming 10%,20%, and30%conversionrates,
as these reflect the range of reported estimates of 2-year
psychosis risk (4, 19). For comparisons of converters with
unaffected individuals, we assumed the population risk to be
1% (37). For comparisons of high-risk nonconverters to un-
affected individuals, we guesstimated the population risk of
developing a high-risk syndrome to be 5%.

Wereport results stratifiedbyEuropeanandnon-European
ancestry, as the stratified analysis suggested that the effects of
the PRS were greater for Europeans than non-Europeans,
likely a consequence of the development of the PRS with
mainly European individuals, as linkage disequilibrium and
polymorphism heterogeneity are known to differ by ancestry.
Furthermore, previous studies with larger sample sizes in-
dicate significant effect modification by ancestry (38, 39).

We used 1,000 bootstrap resamples to adjust our dis-
crimination estimates for “optimism,” the overestimation of
effects that typicallyoccurswithsingle estimates fromthe full
data set (40).

Analysis 2: impact of adding PRS to clinical risk prediction
models. We used a time-to-event approach to evaluate the
impact of adding the PRS to the psychosis risk calculator
among the same participants used to develop the calculator
(11) (demographic characteristics are summarized inTableS1
in the online supplement), stratified on European and non-
European ancestry. For these analyses, 147 of the 742 par-
ticipants who met high-risk criteria from the Criteria for
Psychosis-RiskStateswere excludedbecause theirpostbaseline
status was unknown, leaving 595 participants (238 Europeans,
357 non-Europeans). Participants were systematically followed
until conversion to psychosis or up to 24 months; eight par-
ticipants (four European, four non-European) who con-
verted after 24 months were considered nonconverters for
2-year survival analyses; 84 participants (33 European,
51 non-European) were considered converters.

The psychosis risk calculator variables included age at
baseline, number of undesirable stressful life events (Re-
search Interview Life Events Scale) (41), trauma history
(ChildhoodTrauma andAbuse Scale) (42), sumof SIPS items
P1 and P2 (unusual thought content and suspiciousness,
respectively, rescored to range from 0 to 3, with non-
prodromal severity levels rescored to 0), verbal learning
(Hopkins Verbal Learning Test–Revised, sum of trials 1–3)
(43), processing speed (Brief Assessment of Cognition in
Schizophrenia, symbol coding test), past-year decline in
social function (Global Functioning: Social) (44), and family
history of psychotic disorders in first-degree relatives
(Family Interview for Genetic Studies) (45, 46).

Several variables had missing values (verbal learning, N=21;
symbol coding test, N=22; stressful life events, N=69; family
history of psychosis, N=2; decline in social function, N=1;
traumas, N=82; PRS,N=84). Becausemissing datamay produce
biases and reduces sample size, for risk prediction modeling in
the original publication andhere,we imputedmissing datawith
multivariate imputation by chained equations (47). With
chained equations, the missing variable is predicted by itera-
tively cycling regression models conditional on all other vari-
ables in the model. We repeated this procedure in 15
bootstrapped resamples, using the Hmisc R algorithm are-
gImpute.We then evaluatedmodelswith theHmiscR algorithm
fit.mult.impute applied to Cox proportional hazard models, thus
adjusting variance and covariance estimates for imputation.

The likelihood ratio chi-square test was used to test the
effect of adding variables to a model. We quantified the
amount of added predictive information as the variance of
predicted conversion probability in the risk calculator model
alone (VRC) comparedwith the risk calculatormodel plus the
PRS (VRC+PRS) as (12VRC/VRC+PRS) (https://www.fharrell.
com/post/addvalue/).

RESULTS

Psychosis Conversion in Persons at Clinical High Risk
The average values for the PRS varied by group (F=9.4,
p=0.0001) and were higher for high-risk converters
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compared with nonconverters (t=2.8, p=0.005) and un-
affected individuals (t=4.1, p=0.0001) (Figure 1). The mean
PRSwas higher for nonconverters comparedwith unaffected
individuals (t=1.9, p=0.05). The PRSdid not differ by ancestry
(F=0.01, p=0.9), butfindingswere stronger forEuropean than
non-European participants. For Europeans, the PRS varied
by group (F=5.9, p=0.003) and was significantly higher in
converters than in nonconverters (t=2.9, p=0.006) and un-
affected individuals (t=3.8, p=0.0003), but it was similar for
nonconverters compared with unaffected individuals (t=1.3,
p=0.2). In non-Europeans, the mean PRS varied by group
(F=3.7, p=0.03). The difference between converters and
nonconverters was not significant (t=1.7, p=0.09), but the
mean PRS was significantly higher in converters than in
unaffected individuals (t=2.3, p=0.03), and it did not differ
between nonconverters and unaffected individuals (t=1.0,
p=0.3). Moreover, we observed no significant difference in
PRS values between nonconverters who completed the
2-year follow-up and those who did not (t=0.8, p=0.4).

ThePRSpredicted2-yearpsychosis conversion inpersons
who met high-risk criteria from the Criteria of Psychosis-
Risk States (Table 2). The PRS performed better for persons
of European ancestry than for those of non-European an-
cestry; the AUC was higher for Europeans (0.65) than for
non-Europeans (0.59), aswas theR2

liability, ranging from9.2%
to 12.3% for Europeans and 3.5% to 4.8% for non-Europeans.

Thirty-four converters had a schizophrenia spectrum
diagnosis (eight European, 26 non-European), and 35 con-
verters had a non–schizophrenia spectrum psychosis
(19 European and 16 non-European) (see Table 1). In non-
Europeans, the PRS effect was greater in persons with
schizophrenia spectrum disorders (Wald Z=2.29, p=0.03)
compared with those with non-schizophrenia psychoses
(Wald Z=20.42, p=0.67). In Europeans, the PRS effect fell
short of significance for the eight participants diagnosedwith
schizophrenia (Wald Z=1.39, p=0.16) but was significant for
the 26 participants diagnosed with non-schizophrenia psy-
choses (Wald Z=2.34, p=0.02).

We explored the impact of choosing different GWAS
significance thresholds for the PRS. Our results generalized
well across different p value cutoffs, especially highly poly-
genic scores including SNPs with minimal association (see
Table S2 in the online supplement).

Since schizophrenia and bipolar disorder have a high ge-
neticcorrelationandoverlap insymptoms(48),wecomputeda
bipolar PRS based on the latest bipolar GWAS (35) across a
range of GWAS significance thresholds, from 131028 to 0.1.
We observed no effect of the bipolar PRS in predicting psy-
chosis conversion (e.g., with bipolar thresholded at p,0.05,
p=0.8 for Europeans) (see Table S3 in the online supplement).

PRS in High-Risk Converters Compared With
Unaffected Comparison Subjects
The PRS discriminated clinical high-risk converters from
unaffected comparison subjects for bothEuropeans and non-
Europeans (Table 2). Discrimination (AUC) and R2

liability

were higher in the European (0.70 and 0.12, respectively)
compared with the non-European (0.62 and 0.03, re-
spectively) subgroups.

PRS in Clinical High-Risk Nonconverters Compared
With Unaffected Comparison Subjects
The PRS did not differentiate high-risk nonconverters from
unaffected comparison subjects in both Europeans and non-
Europeans, and the R2

liability was less than 1% (Table 2).

Impact of IncludingPRS in thePsychosisRiskCalculator
As noted, we previously reported on a psychosis risk calcu-
lator based on variables gleaned from the literature and
readily obtainable in general clinical settings; we validated
the performance of the psychosis risk calculator in the
NAPLS-2 cohort (11) as well as in a second cohort of clinical
high-risk individuals (21).

When used alone in a survival model, the PRS predicted,
although short of significantly, 2-year risk of psychosis in
Europeans (Wald Z=1.58, p=0.10) and non-Europeans (Wald
Z=1.86, p=0.06). The C-index (analogous to the AUC) for the
PRS alonewas 0.62 in Europeans and 0.57 in non-Europeans.
The Nagelkerke R2 was 0.03 for Europeans and 0.01 for non-
Europeans.Thehazard ratio for themodelwith thePRSalone
was 1.47 (95% CI=0.91, 2.37) in Europeans and 1.86 (95%
CI=0.98, 2.23) in non-Europeans.

Overall (19), and in Europeans and non-European sub-
groups, the 2-year conversion rate was 16%. As shown in

FIGURE 1. Box plot of distribution of the polygenic risk score (PRS)
among high-risk converters and nonconverters to psychosis and
unaffected individuals, of European and non-European ancestrya
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a European and non-European ancestry was assigned on the basis of the
first and second principal components (see the Methods section; see
also Figure S1 in the online supplement). The horizontal lines indicate
themedian, and the width of the box plot reflects the relative number of
participants in each group.
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Figure 2, for bothEuropeans andnon-Europeans, conversion
rates were highest for persons with PRS scores greater than
1.5 standard deviations from the mean, intermediate for
persons with PRS scores between the mean and 1.5 standard
deviations above the mean, and lowest for persons with
scores less than the mean.

Theperformance of the risk calculatormodel plus thePRS
was better than the performance of the risk calculator model
without the PRS (Europeans: likelihood ratio x2=2.9, p=0.09;
non-Europeans: likelihood ratio x2=1.9, p=0.17), suggesting
that the PRS may add predictive value. Family history was
included in the risk calculator as a proxy for genetic risk, but
removing family history from the risk calculator model in-
cluding the PRS did not affect model performance for Eu-
ropeans (likelihood ratio x2=0.73, df=1, p=0.39); the effect
in non-Europeans approached significance (likelihood ratio
x2=2.83, df=1, p=0.09). The PRS was higher in persons with a
family history of psychosis than in persons without a family
history; the differences approached significance for non-
Europeans (t=21.6, p=0.10) but not for Europeans (t=21.1
p=0.3).

The amount of risk prediction information contributed by
the addition of the PRS to the risk calculator model was
estimated as 15% for Europeans and 7% for non-Europeans.
For comparison, the amount of added risk prediction in-
formationcontributed to theriskcalculatorby severityof sum
of SIPS items disordered thought content and paranoia was
much greater (Europeans: 68%; non-Europeans: 25%), and
the amount added by other variables was either similar or
less: decline in social function (Europeans: 5%; non-
Europeans: 8%), undesirable life events (Europeans: 0%;
non-Europeans: 7%), age (Europeans: 3%; non-Europeans:

9%), verbal learning (Europeans: 3%; non-Europeans: 0%), in-
formation processing speed (Europeans: 7%; non-Europeans:
3%), trauma history (Europeans: 0%; non-Europeans: 1%), and
family history of psychosis (Europeans: 5%; non-Europeans:
7%). Together, family history of psychosis and PRS increased
model explained variance 17% for Europeans and 9% for non-
Europeans. A less sensitive measure of change in model per-
formance, the C-index, was unchanged at 0.67 for the risk
calculator plus the PRS compared with the risk calculator
without the PRS for non-Europeans and increased from0.70 to
0.71 for Europeans.

In Europeans, the PRS was modestly correlated with
verbal memory (R2=20.14, p=0.04), information processing
speed (R2=20.13, p=0.04), and trauma history (R2=20.14,
p=0.04) but not with other risk calculator variables. In non-
Europeans, thePRSwas correlatedonlywithdecline in social
function (R2=0.14, p=0.01).

DISCUSSION

Development of preventive interventions for schizophrenia
hinges on identifying persons at elevated risk. Establishment
of symptom-based criteria for elevated psychosis risk has
been a crucial step toward this goal. The results of our study
suggest that a schizophrenia PRS may further improve
psychosis risk prediction.

We found that the schizophrenia PRS was modestly but
significantly associated with psychosis risk in persons
meeting clinical high-risk criteria, especially in persons of
European ancestry. In persons of non-European ancestry, the
predictive value of the PRS was low, likely because of the
almost exclusive use of persons of European ancestry in the

TABLE 2. Polygenic risk score and psychosis risk in individuals at clinical high risk and unaffected comparison subjectsa

Group and
Ancestry

Clinical
High-Risk
Subjects (N)

Unaffected
Comparison
Subjects (N) Odds Ratio 95% CI Wald Z p AUC

R2 for 2-Year
Population
Psychosis

Risk

R2 for 2-Year
Population
Psychosis

Risk

R2 for 2-Year
Population
Psychosis

Risk

Clinical high risk with psychosis conversion versus clinical high risk with no psychosis conversion

Risk, 10% Risk, 20% Risk, 30%

European 32 92 8.21 1.57, 43.1 2.44 0.015 0.65 0.092 0.112 0.123
Non-European 48 156 1.77 0.63, 4.94 2.00 0.046 0.59 0.035 0.043 0.048

Clinical high risk with psychosis conversion versus unaffected comparison subjects

Risk, 1%

European 32 70 22.17 3.88, 126 3.16 0.002 0.70 0.117
Non-European 48 146 2.38 0.83, 6.84 2.51 0.012 0.62 0.032

Clinical high risk with no psychosis conversion versus unaffected comparison subjects

Risk, 5%

European 92 70 1.83 0.67, 5.05 1.33 0.184 0.53 0.007
Non-European 156 146 1.44 0.70, 2.95 1.02 0.309 0.51 ,0.001

a Themain evaluation of polygenic risk score (PRS) risk predictionwas prediction of 2-year psychosis in persons at clinical high risk. A secondary analysis compared
PRS scores in persons who developed psychosis with those of unaffected comparison subjects. Individuals were considered European if the first principal
component was$–0.01 and the secondwas#–0.026, and non-European otherwise (see Figure S1 in the online supplement). The PRS odds ratio compared the
riskofpsychosisconversion inpersons in thehighestPRSquintileswith the risk in those in the lowestPRSquintiles; pvalue is for themodel containing thePRSalone.
Area under the curve (AUC) and R2liability are corrected for optimism with 1,000 bootstrapped resamples. R2liability is adjusted for estimated population risk of
psychosis.
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GWASs that generated thePRS (38, 39, 49). Studies comparing
individuals with schizophrenia to unaffected individuals
similarly find the PRS to discriminate well in Europeans, and
minimally if at all in non-Europeans (24, 49, 50).

Our psychosis risk calculator includes clinical and his-
torical factors that improve and individualize risk assessment
in persons who meet high-risk criteria (11, 21), with family
historyaproxy forgenetic risk.We found that thePRS further
improves individualizedriskassessmentaspartof apsychosis
risk calculator (although short of significance), with the
amount of added information similar to or greater than most
other risk calculator variables, including family history.
Similar to other studies (24, 26, 27, 51), and as shown in
Figure 2, the impact of the PRS on psychosis risk prediction
was greatest for those persons with PRS scores with the
highest genetic load. Given that psychosis emerges over a
20-year period, our restriction to 2-year risk prediction is a
limitation of our study (noting that eight persons who con-
verted to psychosis after 2 years were considered non-
converters in the survival analyses). Furthermore, within the
European subgroup, the PRS was correlated with both risk
calculator measures of cognition: information processing
speed and verbal memory. Further study is needed to de-
termine relationships between PRS, cognitive function do-
mains, and psychosis risk (52).

Aswas reported in afirst-episode psychosis study (24),we
found evidence of specificity of the PRS for the prediction of
schizophrenia spectrum psychoses, as the PRS better pre-
dicted schizophrenia than non-schizophrenia psychoses in
non-Europeans.However,wedidnotdetect suchadifference
in Europeans, but this is possibly a result of the small number
of Europeans with schizophrenia spectrum diagnoses (N=8).
The bipolar PRS did not predict psychosis risk.

The PRS was minimally associated with clinical high-risk
status in nonconverters compared with unaffected individ-
uals, with an R2

liability of 0.007 in Europeans and ,0.001 in
non-Europeans. Attenuated-psychosis symptoms are similar
to “psychotic-like experiences,” typically assessed by self-
report and with lifetime prevalence estimated at about 6%
(53). Consistent with our findings, a mega-analysis of three
population-based studies of self-reported psychotic-like
experiences in adolescents (N=6,297) found a significant
relationship between the schizophrenia PRS and self-
reported psychotic-like symptoms, but with a similarly
low R2

liability of 0.001 (54). These findings support the idea
that thePRS is specific for psychosis vulnerability rather than
for development of nonprogressive attenuated psychotic-like
symptoms.

We included “case-control” analyses that compared
converters to unaffected individuals, as has been done in
other studies (22–25, 27). In Europeans, the PRS R2

liability of
12% in high-risk converters compared with unaffected in-
dividuals overlaps with findings from other case-control
schizophrenia studies. For example, in a study in which
the genetic risk score was derived, the R2

liability values for
individual studies ranged from 2% to 14%, with a meta-

analyzed value of 7% (23), and in a study of first-episode
psychosis, the R2

liability was 9.4% in Europeans (24).
Further improvements in psychosis risk prediction based

on heritable factors are expected (55). Use of a schizophrenia
PRS in clinical practice hinges on improved accuracy, es-
pecially in persons of non-European ancestry, and GWASs
that include individuals from diverse populations are es-
sential (49). In addition, inherited or de novo genetic factors
such as copy number variants, methylation marks, and rare
but highly penetrant polymorphisms not captured in this
analysis of common variants could be added, and improved
algorithms to generate genetic risk scores are in development
(55–58). With further improvements and given the relatively
low cost and wide availability of genotyping, potential ap-
plications of the genetic risk scores to individualized psy-
chosis risk screening warrant further investigation.

FIGURE 2. Kaplan-Meier curves of psychosis conversion
stratified by polygenic risk score (PRS) score in Europeans and
non-Europeansa
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PRS (z−score)

Less than mean (total, N=108; converters, N=10)

Between mean and 1.5 SD above mean (total, N=109; converters, N=17)

Greater than 1.5 SD above mean (total, N=21; converters, N=6)

PRS (z−score)

Less than mean (total, N=175; converters, N=17)

Between mean and 1.5 SD above mean (total, N=153; converters, N=28)

Greater than 1.5 SD above mean (total, N=29; converters, N=6)

a For Europeans (panel A), p=0.06; for non-Europeans (panel B), p=0.048.
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