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Abstract

Polygenic risk scores (PRS) have potential utility as biomarkers of psychiatric disorders. However, the potential utility of some PRS has been much clearer than others. The schizophrenia PRS has been consistently associated with diagnosis, symptom severity, and other correlates of schizophrenia. Yet despite the close genetic correlation (rg=0.69) between bipolar disorder and schizophrenia, the bipolar (BP) PRS has been inconstantly associated with clinical course and outcomes. We hypothesize that common sample selection strategies induce collider bias between the SZ and BP PRS, in turn moderating the association between the BP PRS and clinical outcomes. Collider bias is illustrated in three effects. First, it is shown that clinical characteristics used in sample ascertainment (i.e. case status, treatment history) are a function of the SZ and BP PRSs. Second, selecting on these clinical characteristics attenuates the correlation between the BP and SZ PRSs. Third, selection on these clinical characteristics in turn moderates the association between the BP PRS and clinical outcomes. Effects were tested in three samples: UK Biobank (N=337,420), a population-based sample; PsyCourse (N=1,594), a case-control cohort of individuals with mood and psychotic disorders; and the Suffolk County Mental Health Cohort (N=378), a first-admission psychosis cohort. In all three samples, SZ and BP PRSs were significantly correlated with case status or treatment history. In addition, correlations between SZ and BP PRS were attenuated in samples selected by case status or treatment history. Finally, conditioning analyses on case status moderated, and in some cases reversed, associations between the BP PRS and clinical outcomes. It is important to understand the impact of this and other forms of selection bias in evaluating PRS as biomarkers of psychiatric disorders, particularly when the intended application is populations enriched for high genetic risk. 



Introduction
Polygenic risk scores (PRS) show promise as biomarkers of illness onset and course. PRS are the weighted sum of single nucleotide polymorphisms (SNPs) carried by an individual, quantifying an individual’s predisposition to a given phenotype explained by common genetic variants (1–3). PRS have proved to be clinically useful biomarkers of multiple somatic illnesses including inflammatory bowel disease, coronary artery disease, breast cancer, and type II diabetes (4–6). Women of European ancestry with PRS in the top percentile have 3-fold increased risk of breast cancer compared to those 40-60th percentile (7). PRS for coronary artery disease provide incremental utility in predicting illness onset relative to well-validated clinical models (8,9). There is hope that the utility of PRS for somatic medicine will extend to psychiatry, especially for psychotic disorders (10), where genetic risk is a substantial proportion of total risk.
The SZ PRS is associated with case-control status and diagnostic changes (11,12), response to antipsychotic treatment (13), and symptom course following first admission (11). Given the high genetic correlation between bipolar disorder and schizophrenia (rg=0.69; 14), one would expect the BP PRS would also predict these outcomes. However, while the schizophrenia (SZ) PRS is reliably associated with psychosis phenotypes and endophenotypes, the performance of the bipolar (BP) PRS varies considerably across samples (see Table 1 for a literature review). In population and case-control studies, the bipolar disorder polygenic risk score (BP PRS) has been consistently associated with diagnostic status and its correlates. The BP PRS discriminates between cases and controls (15–17). Multiple population-based studies identify an association between the BP PRS and intelligence (18–22). Overall, of 22 population-based or case control studies in Table 1, 16 (73%) reported significant results in the anticipated direction. However, a majority of studies in clinical samples 
	Table 1. Studies of BP and SZ PRSs association with correlates of bipolar disorder

	Study
	Reference #
	N
	BP PRS Association
	Sig
	SZ PRS Association
	Sig

	Case only
	
	
	
	
	
	

	Ahangari (2022)
	(23)
	539
	More severe manic symptoms
	Yes
	
	

	Bigdeli (2024)
	(24)
	9,356
	Suicidal behavior or ideation
	No
	Suicidal behavior or ideation
	No

	David (2023)
	(25)
	1,042
	Lower depressive symptoms
	Yes*
	More positive formal thought disorder
	Yes

	
	
	
	More severe positive symptom
	No
	More severe positive symptom
	Yes

	
	
	
	More severe positive formal thought disorder
	Yes
	More severe positive formal thought disorder
	Yes

	Dwyer (2020)
	(26)
	765
	Illness course
	No
	Illness course
	No

	Ferraro (2020) a
	(27)
	802
	Cognitive function
	No
	Cognitive function
	No

	Kalman (2022)
	(28)
	954
	Greater number of hospitalizations
	Yes
	Greater number of hospitalizations
	Yes

	Kalman (2019)
	(29)
	1,995
	Earlier age of onset
	No
	Earlier age of onset
	No

	Kampe (2024)
	(30)
	10,403
	Number and length of psychiatric hospitalizations
	No
	Number and length of psychiatric hospitalizations
	Yes

	Liebers (2021)
	(19)
	1,773
	BP diagnosis
	Yes
	BP diagnosis
	Yes

	Lopes (2020)
	(31)
	3,369
	Suicide attempts
	No
	-
	

	Richards (2020)
	(32)
	3,034
	Cognitive function
	No
	Cognitive function
	No

	Rodriguez (2022)a
	(33)
	573
	Greater odds of affective psychosis relative to non-affective psychosis
	Yes
	Greater odds of non-affective psychosis relative to MDD with psychosis
	Yes

	
	
	
	Lower odds of family history of bipolar disorder
	Yes*
	Higher  odds of family history of bipolar disorder
	Yes

	Schubert (2021)
	(34)
	2,283
	Response to lithium
	No
	Response to lithium
	Yes

	Song (2024)
	(35)
	7,757
	Higher chance of remission
	Yes* 
	Lower chance of remission
	Yes 

	
	
	
	Improved functioning
	Yes* 
	Worse functioning
	Yes 

	Case-control
	
	
	
	
	
	

	Ferraro (2020)a
	(27)
	2,065
	Cognitive function
	Yes
	Cognitive function
	Yes

	Hafeman (2025)
	(36)
	
	
	
	
	

	Rodriguez (2022)a
	(33)
	1,578
	Affective psychosis
	Yes
	Affective psychosis 
	Yes

	
	
	
	Non-affective psychosis
	No
	Non-affective psychosis
	Yes

	Segura (2022)
	(37)
	383
	Psychosis
	Yes
	Psychosis
	Yes

	Smigielski (2021)
	(15)
	1,580
	BP diagnosis
	Yes
	BP diagnosis
	No

	
	
	
	More severe positive symptoms
	No
	More severe positive symptoms
	Yes

	
	
	
	Greater general psychopathology
	No
	Greater general psychopathology
	Yes

	Population
	
	
	
	
	
	

	Askeland (2023)
	(38)
	28 001 
	Conduct difficulties
	Yes 
	-
	

	
	
	
	Oppositional defiant difficulties 
	Yes 
	-
	

	Bigdeli
	(39)
	399,715
	BP diagnosis
	Yes
	SZ diagnosis
	Yes

	Cabrera-Mendoza
	(40)
	518,612
	Suicide attempt
	Yes
	Suicide attempt
	Yes

	Hosang (2022)
	(41)
	8 568
	Greater hypomania
	No
	Greater hypomania
	Yes

	Gui (2022)
	(18)
	4 722
	Cognitive function
	No
	Cognitive function
	Yes

	
	
	147 175
	Cognitive function
	Yes
	Cognitive function
	Yes

	Lake (2024)
	(17)
	96,002
	BP diagnosis
	Yes
	SZ diagnosis
	Yes

	Liebers (2016)
	(16)
	8 616
	Cognitive function
	No
	Cognitive function
	Yes

	Loughnan (2022)
	(20)
	5 204
	Cognitive function
	Yes
	Cognitive function
	Yes

	Mistry (2019)
	(21)
	6 555 – 7 405
	Cognitive function
	Yes
	Cognitive function
	Yes

	Mistry (2019)
	(42)
	2 654 – 6 111
	Greater hypomania
	Yes
	-
	

	Sanchez-Ruiz (2024)
	(43)
	53 386
	BP diagnosis 
	Yes 
	-
	

	Wu (2024)
	(22)
	106,806
	Greater educational attainment
	Yes
	Greater educational attainment
	Yes*

	
	
	
	Higher MMSE score
	Yes
	Lower MMSE score
	Yes

	Note. Literature search was performed by reviewing all studies citing major GWAS of bipolar disorder: Mullins (2021) and Stahl (2019). Studies were included if they estimated the association between the BP PRS and a phenotype associated with bipolar disorder. A minimum sample size of 194 was required for studies of continuous phenotypes and 394 for dichotomous phenotypes, to ensure 80% power to detect an effect of Cohen’s d=0.20. Superscripts indicate analyses of different samples reported in the same publication. *Association is in opposite direction of what would be hypothesizes based on clinical research. PRS = Polygenetic Risk Scores, SZ = Schizophrenia Disorder, BP = Bipolar Disorder, MDD = Major Depressive Disorder, Superscript "a" denotes studies with different analyses of the same or substantially overlapping sample. ‡ = SZ PRS non-significant association with Catatonia among African ancestry cases


observe no effect of the BP PRS (5 of 18 studies listed in Table 1 report significant effects in hypothesized direction, 28%). Studies in clinical samples have detected no association between the BP PRS and general intelligence (27,32), age of onset (29), response to lithium (34), suicide attempts (24,31) or clinical subgroups derived from symptom and cognitive profiles (26). Four studies (22%) report effects opposite of what clinical research would hypothesize. In one analysis, the BP PRS was inversely associated with depression symptoms (25), despite the common comorbidity of mania and depression. In another large study of cases, a higher BP PRS was associated with higher odds of remission between episodes, and better functioning (35). In another, the BP PRS was inversely associated with a family history of bipolar disorder (33). 
In general, associations between the BP PRS and phenotypes of bipolar and psychotic disorders are more robust in population and case-control samples than among cases. This trend is highlighted in two studies in which analyses were conducted in both the full sample and in cases only. Rodriguez and colleagues (33) found that in the combined sample of cases and controls, the BP PRS predicted both affective and non-affective diagnoses. However, among cases the BP PRS was associated with lower odds of bipolar disorder. Similarly, the BP PRS was sensitive to differences in cognitive trajectories in a case-control sample, but not among cases (27). It is unlikely these patterns are due to insufficient statistical power. Both studies had a large number of cases (N>800), and the SZ PRS remained a significant predictor of poor clinical outcomes in case-only analyses (19,25,28,30,33–35). A lack of statistical power also fails to account for multiple reverse effects of the BP PRS. 
We hypothesize that inconsistent associations between the BP PRS and clinical outcomes reflects collider bias. Collider bias occurs when one or more predictors are associated with a variable—the collider—upon which subsequent analyses are conditioned. In the present context, the SZ and BP PRS are predictors of case and treatment status, factors that become colliders in case-only analyses. Collider bias manifests in two ways: it can induced or attenuate correlations between predictors, and when one predictor impacts outcomes beyond variance mediated by the collider, can result in an apparent protective effect of other predictors (see Figure 1 for a schematic and simulation of these effects). Collider bias has been shown to skew effects in gene association studies (44), studies of gene-environment interactions (45), and associations between PRSs and phenotype in both simulations (33) and in electronic medical record data (34). However, prior analyses have not explored how collider bias impacts the potential use of PRS for prognostication. We hypothesize that 1) both the BP and SZ PRS are associated with clinical factors commonly used in sample ascertainment; 2) selection on these factors attenuates the correlation between the schizophrenia (SZ) and BP PRS (Figure 1A and 1B), and consequently; 3) selection on case status markedly changes and can even reverse the effect of BP PRS on outcomes (Figure 1C). These effects are demonstrated in three independent samples: the population-based sample (UK Biobank), a case-control cohort of individuals with psychotic and mood disorders (PsyCourse), and a longitudinal first-admission psychosis cohort (Suffolk County Mental Health Project). 
 COLLIDER BIAS		1
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Figure 1. Impact of collider bias on PRS correlations and PRS-trait associations
[image: A diagram of a selection and selection

Description automatically generated]
Note. Panel 2A. Both genetic risk for schizophrenia and bipolar disorder (SZ and BP PRS, respectively) are associated with the odds of selection, in this case, hospitalization for psychosis. Hospitalization is the “collider”, and selection on this factor attenuates the association between PRSs. If the SZ PRS has a stronger association with course of illness than the BP PRS, collider bias also impacts the association between the BP PRS and outcomes, with the consequence that the BP PRS appears protective. Panel 2B. Data are simulated from a multivariate normal distribution, with a correlation between genetic risk scores of r = 0.5. Individuals are selected into the “case” or “inpatient” samples as a probabilistic function of the sum of their genetic risk. Stratifying the sample to cases or inpatients attenuates the correlation between genetic risk scores. Panel 2C. Data are simulated from a multivariate normal distribution in which the association between the SZ PRS and psychosocial function (r = -0.3) is stronger than that between the BP PRS and psychosocial function (r = -0.1). Collider bias attenuates the association between the BP PRS and psychosocial function.

Methods
UK Biobank Data
Subjects
Data are drawn from UK Biobank, a population-based cohort of approximately 500,000 individuals recruited from the UK (46). Participants were between 40-69 years old during the recruitment phase, which spanned 2006-2010. All participants provided written informed consent. The protocol was approved by the North West Multi-Centre Ethics Committee. Analyses were conducted under UK Biobank project 55741. 
Phenotypes
Since participants were recruited through their registration with the National Health Service, all UK Biobank participants had linked medical record data. Psychotic disorder diagnoses were abstracted from inpatient hospitalizations (fields 41202 and 41203 for primary diagnoses and 41204 and 41205 for secondary diagnoses), death certificates (fields 40001 and 40002), and self-reported diagnoses (fields 20002 and 20544). Table S1 lists specific codes designated as psychotic disorders. A broader index of severity was operationalized as the total number of times a psychotic disorder diagnosis appeared across any of the diagnostic variables listed. 
Genotypes
Genotyping and quality control procedures for UK Biobank are described in (46). Participants were genotyped on either the Applied Biosystems UK BiLEVE Axiom Array or the Applied Biosystems UK Biobank Axiom Array by Affymetrix. DNA was extracted from whole blood collected on participants’ visit to the UK Biobank assessment center. Samples were genotyped in 106 batches, and checks were performed to exclude variants (0.97%) that differed between arrays or batches. Samples with a high degree of missingness, heterozygosity, or sex aneuploidy were excluded (0.3%). Principal components analysis was used to identify individuals with relatively similar ancestry, who self-reported as white British (fields 22020 and 22006, respectively). This subsample of 337,420 unrelated individuals were used in the reported analyses. 
Genotype data provided by UK Biobank were filtered to exclude rare variants (MAF < 1%), poorly genotyped variants (>2% missing), and variants out of Hardy-Weinberg equilibrium (HWE < 5 x 10-6). PRS were calculated from the largest schizophrenia and bipolar GWAS available (14,47), from which UK Biobank data was excluded. PRS were calculated using Plink 1.9 (48) based on the intersection of 1,594,895 variants appearing in both GWAS summary statistics. No p-value threshold was applied. Variants correlated >0.1 within 250 kilobase of leading variants were clumped, resulting in SZ and BP PRS based on 458,652 and 458,798 variants, respectively. PRS were regressed on the first 10 principal components of population stratification, and the residuals normalized for subsequent analyses.
PsyCourse Data
Subjects
Replication data are drawn from the PsyCourse Study, a longitudinal study of individuals with severe mental disorders from the psychotic-to-affective continuum and community controls conducted from a network of sites in Germany and Austria. The study protocol was approved by the respective ethics committee for each study center, and written informed consent was obtained from each study participant. The sample used in this study consists of 1308 individuals with a schizophrenia spectrum diagnosis (schizophrenia, schizoaffective disorder, or brief psychotic disorder), bipolar disorder I and II, or recurrent major depression, and 466 control individuals. For details see Budde and colleagues (49).
Phenotypes
[bookmark: _Hlk160705937]Participants were assessed four times at 6-month intervals, covering the 18 months following enrollment. Participants’ current psychiatric treatment was assessed at each follow-up (variables v1_cur_psy_trm, v2_cur_psy_trm, v3_cur_psy_trm, and v4_cur_psy_trm). This variable was coded as 1 if a participant received inpatient care at any interval, and 0 otherwise. Psychosis was assessed by the SCID-IV (50). Among cases, 43.8% had experienced one or more psychiatric hospitalizations during the study interval. Among cases, 67.1% had a lifetime history of psychosis.
Genotypes
Genetic data was derived from venous blood. Samples were genotyped on the Infinium Global Screening Array (versions 1 and 3). After standard quality control procedures, genotypes were imputed against the 1000 Genomes Phase 3 reference panel (51) using SHAPEIT2 and IMPUTE2 (52,53). Variants with imputation quality <0.8 were not included in downstream analyses. Principal components of genetic covariance were computed using Plink 1.9 (48). Individuals more than three standard deviations from the mean on any of the first three principal components of ancestry were excluded from the analysis, yielding a final sample size of 1,594 (1190 cases and 404 controls). SZ and BP PRS were estimated using the same summary statistics and procedures used in UK Biobank, with 160,555 and 160,738 variants from the SZ and BP summary statistics, respectively, intersecting with the imputed genetic data. PRS were regressed on the first 10 principal components of population stratification, and the residuals normalized for subsequent analyses.
Suffolk County Data
Subjects
[bookmark: _Hlk127794378]Data are drawn from the Suffolk Health County Mental Health Project, a first-admission psychosis cohort recruited between 1989 and 1995 from all 12 inpatient psychiatric units located in Suffolk County, New York (54). The baseline wave includes 628 participants, representing a 72% response rate among eligible individuals. The inclusion criteria were: first admission for psychosis in the past 6 months, English-language comprehension, residence in Suffolk County, IQ > 70, and age 15 to 60 years. The Stony Brook University Committee on Research Involving Human Subjects and the participating hospital’s review boards authorized the study every year. Written consent was obtained from all the participants or their parents in the case of a minors aged from 15-17 years. At the 20-year follow-up, 261 demographically matched, never-psychotic adults were recruited from the same zip codes as cases. The present analyses are based on DNA collected at the 20-year follow-up. Table S2 reports a comparison between those cases who were genotyped and those who were not (all never-psychotic controls were genotyped). These groups did not differ except in age, as older participants were more likely to have died prior to the 20-year follow-up, and therefore were not genotyped. Outcomes were assessed at the 25-year follow-up. Ratings were made based on all data collected during the follow-up assessment, including the structured clinical interview, neuropsychological assessment, collateral interview, and medical records.
Phenotypes
Remission. Symptomatic remission was operationalized according Andreasen’s definition (55). Symptom severity was measured using the Scale for the Assessment of Positive Symptoms (SAPS; 56) and the Scale for the Assessment of Negative Symptoms (SANS; 57). To be considered remitted, the following symptoms had to be rated as mild or better (2 on a scale where 0 corresponds to no symptoms and 5 corresponds to severe symptoms): hallucinations, delusions, bizarre behavior, formal thought disorder, affective flattening, alogia, avolition-apathy, and anhedonia-asociality. Symptoms were rated over the past month. 
Recovery. Recovery was operationalized according to Liberman’s definition (58). Symptoms were assessed using eight ratings from the Brief Psychiatric Rating Scale (59). For a participant to be defined as “recovered”, they had to have scores of “moderate” or better on ratings of conceptual disorganization, mannerisms and posturing, grandiosity, suspiciousness, hallucinatory behavior, unusual thought content, blunted affect, and emotional withdrawal. Psychosocial functioning was assessed based on two ratings from the Quality of Life in Schizophrenia scale (60). Participants needed a rating of three or higher on ratings of social activity and accomplishment, or be employed part-time, or a part-time student, to be considered psychosocially recovered. Symptoms and functioning were assessed over the past month. 
Global Assessment of Functioning. Global Assessment of Functioning (GAF) ratings were made for the best month of the year preceding the interview, by consensus rating of psychiatrists using all available information. 
Symptom Severity. Symptom severity at the 25-year follow up was assessed using the SAPS (56). Items from the SAPS were scored into 2 factor-analytically derived subscales, described in Kotov (61). Reliability of subscales was high (α for reality distortion=[0.82-0.85], disorganization=[0.70-0.77]). 
Role Functioning. Role functioning was assessed using item 4, level of accomplishment, from the QLS (60). 
Social Performance. Ability to manage day-to-day activities was measured using the University of California San Diego Performance-Based Skill Assessment (UPSA), a behavioral test of community living (62).  Participants role-play tasks such as making daily and urgent calls, performing shopping tasks, money manipulation, and reading maps and schedules. 
Residential & Economic Independence. Residential independence was defined as not being reliant on agencies or other people to arrange for a residence. Economic independence was similarly defined as not being reliant on another person or agency to maintain one’s finances.
Genotypes
DNA was extracted from peripheral lymphocytes and genotyped using the Illumina PsychArray-8 platform containing 571,054 markers. Standard quality control procedures were performed to exclude SNPs with minor allele frequency (MAF) <1%, genotyping failure >5%, Hardy-Weinberg equilibrium p<1E-6, mismatch between recorded and genotyped sex, as well as related individuals (π̂>.20, in which case the relative with the lower call rate was dropped). SNP imputation was conducted with Beagle version 5.4 (63), against the full 1000 Genomes phase 3 reference panel (51). The imputed SNPs underwent another round of quality control in which SNPs with missing data >10%, Hardy-Weinberg equilibrium p<10-6, and imputation information score <0.8 were excluded, yielding 6.58M high quality biallelic SNPs. 
The SZ and BP PRS were calculated using the same summary statistics and methods used in the UK Biobank and PsyCourse datasets, resulting in SZ and BP PRS based on the 594,136 and 594,123 variants, respectively, that intersected with imputed genotype data. A schizophrenia versus bipolar PRS was also calculated based results on from Ruderfer and colleagues (64). Analyses were restricted to participants of European ancestry, defined as being within the first 3 standard deviations of the first ten principal components of ancestry, and participants' EUR ancestry score <0.8. PRS were regressed on the first 10 principal components of population stratification, and the residuals normalized for subsequent analyses. 
Statistical Analysis
	In all samples, demographic differences were analyzed using the Student t-test for continuous variables and the chi-square test for categorical variables. 
The association between the SZ and BP PRS and factors on which samples were stratified was evaluated using t-tests between diagnostic groups, with the effect size expressed as Cohen’s d, and Spearman correlations (ρ) between PRS and ordinal phenotypes. 
The effect of sample stratification on the correlation between the SZ and BP PRS was estimated using Pearson correlations between the two PRS. In UK Biobank, this correlation was estimated in the full sample (N=337,420), individuals with a primary diagnosis of a psychotic disorder from an inpatient encounter (N=989), and individuals with at least 1 (N=1,784) or 2 (N=673) psychotic disorder diagnoses recorded in the electronic medical record, death certificate, or by self-report. In PsyCourse, this correlation was estimated in the combined case-control sample (N=1,594), among those who experienced psychotic symptoms and had at least one (N=378) and at least two (N=42) psychiatric hospitalizations. In the Suffolk County Mental Health Project, this correlation was estimated in the combined case-control sample (N=378) and in cases only (N=199).
Among cases from the Suffolk County Mental Health Project (N=199), associations between 25-year outcomes and genetic risk were analyzed using Poisson and negative binomial regression for count outcomes. When exponentiated, regression coefficients from these models are equivalent to relative risks (RR), and are reported as such. Logistic regression was used for binary outcomes. Exponentiated regression coefficients from logistic regressions are equivalent to odds ratios (OR), and are reported as such. 
Results
Association between genetic risk and clinical phenotypes used in sample selection
	The UK Biobank analysis sample was 53.8% female (N female=181,201) and age 56.9 (SD=8.0) at recruitment, on average. Both the SZ and BP PRS were associated with a primary diagnosis of a psychotic disorder (Cohen’s d=0.52 [0.45-0.58] and 0.44 [0.37-0.50] respectively), as well as the total number of psychotic disorder diagnoses recorded across the medical record, death certificates, and by self-report (ρ=0.03 [0.03-0.04] and 0.03 [0.02-0.03] respectively).
	Demographics of the PsyCourse Study are reported in Table 2. Both the SZ and BP PRS were associated with psychotic disorder diagnosis (Cohen’s d=0.67 [0.60-0.74] and 0.66 [0.59-0.73], respectively) and hospitalization (Cohen’s d=0.31 [0.24-0.38] and 0.30 [0.23-0.37]).


	Table 2. Demographic and clinical characteristics of the PsyCourse sample

	
	Cases
	Controls
	P

	 
	(N=1,190)
	(N=404)
	

	Gender
	
	
	<0.01

	  Males N (%)
	659 (55.4%)
	167 (41.3%)
	

	  Females N (%)
	 531 (44.6%)
	237 (58.7%)
	

	Age M (SD)
	42.9 (13.1)
	36.8 (15.1)
	<0.01

	Education
	
	
	<0.01

	  No college degree
	899 (75.6%)
	194 (48.0%)
	

	  College degree
	236 (19.8%)
	176 (43.6%)
	

	  Unknown
	55 (4.6%)
	34 (8.4%)
	

	Ever hospitalized
	
	
	<0.01

	  0
	669 (56.3%)
	404 (100.0%)
	

	  1
	468 (39.3%)
	0 (0.0%)
	

	  2
	53 (4.4%)
	0 (0.0%)
	

	Ever psychotic
	
	
	

	  No
	286 (24.0%)
	NA
	

	  Yes
	799 (67.1%)
	NA
	

	  Unknown
	105 (8.8%)
	404 (100.0%)
	

	Note. The sample is entirely of European ancestry as a results of study design and genomic quality control. 


Demographic and clinical characteristics of the Suffolk County Mental Health Project participants are reported in Table 3. Both the SZ and BP PRS were associated with case status (Cohen’s d=0.75 and 0.52, respectively, both p<0.01).
	
Table 3. Demographic and clinical characteristics of the SCMHP sample 

	
	Cases
	Controls
	P

	 
	(N=199)
	(N=179)
	

	Gender
	
	
	0.84

	  Males N (%)
	112 (56.3%)
	103 (8.74%)
	

	  Females N (%)
	87 (43.7%)
	75 (41.9%)
	

	Race/Ethnicity
	
	
	N/A

	  Black
	0 (0%)
	0 (0%)
	

	  White
	196 (98.5%)
	177 (98.9%)
	

	  American Indians
	0 (0%)
	0 (0%)
	

	  Asians
	0 (0%)
	0 (0%)
	

	  More than one race
	0 (0%)
	2 (1.1%)
	

	  Other/Unknown
	3 (1.5%)
	0 (0%)
	

	Age M (SD)
	58.5 (8.7)
	60.5 (9.0)
	0.03

	Recovery N (%)
	
	
	<0.01

	  Yes
	51 (25.6%)
	109 (60.9%)
	

	  No
	105 (52.8%)
	43 (24.0%)
	

	Remission N (%)
	
	
	<0.01

	  Yes 
	37 (18.6%)
	93 (52.0%)
	

	  No
	125 (62.8%)
	38 (21.2%)
	

	GAF M (SD)
	45.1 (16.9)
	68.8 (12.2)
	

	Residential Independence N(%)
	
	
	<0.01

	  Yes
	108 (54.3%)
	147 (82.1%)
	

	  No
	55 (27.6%)
	7 (3.9%)
	

	Economic Independence N (%)
	
	
	<0.01

	  Yes
	52 (26.1%)
	135 (75.4%)
	

	  No
	111 (55.8%)
	18 (10.1%)
	

	SAPS-P M (SD)
	2.9 (5.0)
	0.1 (0.6)
	<0.01

	SAPS-D M (SD)
	5.4 (6.3)
	1.3 (2.7)
	<0.01

	Social Performance M (SD)
	40.3 (17.2)
	28.6 (9.4)
	<0.01

	Role Function M (SD)
	3.2 (1.6)
	5.4 (1.1)
	<0.01

	BP PRS
	0.3 (1.0)
	-0.3 (0.9)
	<0.01

	SZ PRS
	0.4 (0.9)
	-0.4 (1.0)
	<0.01

	BP-SZ PRS
	0.0 (0.9)
	0.0 (1.1)
	0.7

	Note. GAF=global assessment of functioning; SAPS-P= Scale for the Assessment of Positive Symptoms-Positive Symptoms; SAPS-D= Scale for the Assessment of Positive Symptoms-Disorganization; SANS-A= Scale for the Assessment of Negative Symptoms- Avolition/Apathy; SANS-E= Scale for the Assessment of Negative Symptoms- Inexpressivity.


Effect of selection on correlation of SZ and BP PRS
In the full UK Biobank sample (N=322,420), the correlation between the BP and SZ PRS was 0.41 (95% CI 0.41-0.41). Among those with a psychotic disorder diagnosis the correlation was 0.37 (N=989 [0.33-0.41]), and among those with two or more psychotic disorder diagnoses observed across medical records, this correlation fell to 0.34 [N=673 [0.27-0.41]. 
In the combined sample of cases and controls in PsyCourse, the SZ and BP PRS were closely correlated (N=1,594, r=0.51 [0.48-0.55]). Among those with a lifetime history of psychosis and at least one psychiatric hospitalization this correlation was 0.45 (N=378, [0.37-0.53]). This correlation was lowest among those with a history of psychosis and two or more psychiatric hospitalizations (N=53, r=0.25 [-0.06-0.51]). 
In the case-control cohort, the correlation between the SZ and BP PRS was 0.49 (N=378, [0.36-0.61]), which decreased to 0.31 (N=199, [0.18-0.45])in cases only. 
Effect of selection on association between SZ and BP PRS and clinical outcomes
	Table 4 reports the association between 25-year outcomes and the schizophrenia (SZ) and bipolar (BP) PRS in the combined sample of cases and controls (right side). Effect sizes are exponentiated beta coefficients, for which a value greater than one indicates a positive association and a value less than one indicates a negative association. The SZ PRS was associated with lower odds of recovery (OR=0.58, 95% CI=[0.45-0.75]), remission (OR=0.53 [0.41-0.69]), residential independence (OR=0.60 [0.44-0.81]) and economic independence (OR=0.55 [0.42-0.71]) at the 25-year follow-up. The SZ PRS predicted poorer functioning and more severe symptoms across all domains assessed.  The BP PRS had a narrower range of associations but was associated with lower odds of remission (OR=0.79 [0.62-0.99]) and economic independence (OR=0.77 [0.62-0.97]), poorer overall functioning (GAF; RR=0.94 [0.91-0.98]) role function (RR=0.94 [0.91-0.98]), and more severe psychotic symptoms (RR=1.75 [1.24-2.54]), and delusions (RR=1.24 [1.01-1.55]).


	Table 4. Effect of sample selection on genetic prediction of 25-year outcomes
	
	
	
	
	
	

	 
	Cases only
	Cases and Controls

	 
	BP PRS
	SZ PRS
	BP PRS
	SZ PRS

	 
	
	95% CL
	
	95% CL
	
	95% CL
	
	95% CL

	
	Ratio
	LL
	UL
	Ratio
	LL
	UL
	Ratio
	LL
	UL
	Ratio
	LL
	UL

	Recovery 
	1.19
	0.85
	1.68
	0.67*
	0.47
	0.95
	0.86
	0.68
	1.07
	0.58**
	0.45
	0.75

	Remission 
	1.20
	0.82
	1.74
	0.63*
	0.43
	0.92
	0.79*
	0.62
	0.99
	0.53**
	0.41
	0.69

	GAF 
	1.03
	0.97
	1.17
	0.93**
	0.88
	0.98
	0.94**
	0.91
	0.98
	0.89**
	0.85
	0.92

	Residential Independence
	1.29
	0.93
	1.80
	0.85
	0.61
	1.18
	0.91
	0.69
	1.20
	0.60**
	0.44
	0.81

	Economic Independence 
	1.29
	0.92
	1.82
	0.76
	0.54
	1.06
	0.77*
	0.62
	0.97
	0.55**
	0.42
	0.71

	SAPS-P
	1.04
	0.75
	1.45
	1.45*
	1.03
	1.99
	1.75**
	1.24
	2.54
	2.78**
	1.90
	3.96

	SAPS-D
	0.92
	0.73
	1.15
	1.16
	0.92
	1.45
	1.24*
	1.01
	1.55
	1.55**
	1.25
	1.92

	Role Function 
	1.06
	0.97
	1.17
	0.96
	0.88
	1.06
	0.94*
	0.88
	0.99
	0.88**
	0.83
	0.94

	Social Performance
	1.09*
	1.02
	1.17
	0.96
	0.89
	1.03
	0.99
	0.94
	1.04
	0.92**
	0.87
	0.96

	Note. *p<0.05, **p<0.01. For binary outcomes like recovery, remission, residential/economic independence, the coefficient is an odds ratio; For continuous variables like GAF, the coefficient is a rate ratio.



	Associations between genetic risk and 25-year outcomes estimated among cases only are reported on the left side of Table 4. In this sample, the SZ PRS still predicts worse outcomes in many domains assessed. Associations between BP PRS and nearly all 25-year outcomes changed direction, becoming protective. Most associations were not significant among except social performance, which was positively associated with the BP PRS (RR=1.09 [1.02-1.17]). 
	Table S3 reports the results of a sensitivity analysis estimating associations between the case-case BP versus SZ PRS on 25-year outcomes. The observed pattern is similar to that of the BP PRS, with greater BP versus SZ PRS associated with better 25-year outcomes among cases. 
Discussion
In three samples genetic risk was associated with clinical factors—case status or hospitalization—commonly used for sample selection. Selection on the basis of these factors attenuated the association between the BP and SZ PRS, and moderated associations between the BP and SZ PRS and 25-year outcomes in a first-admission psychosis cohort.  Below, we describe how these results are consistent with collider bias, and the implications for clinical translation of PRS in psychiatry.
Collider bias occurs when one or more predictors is associated with a factor—the collider—that is controlled for in subsequent analyses. In three independent samples, the SZ and BP PRS were associated with either case status, psychiatric hospitalization, or both, demonstrating the potential of these factors to act as colliders. Associations between the SZ and BP PRS and case status are consistent with a multidimensional liability-threshold model of psychosis, in which both the BP and SZ PRS contribute additively to the probability of surpassing a latent diagnostic threshold. Subsequent analyses demonstrated that selection on one of these colliders attenuates the correlation between the SZ and BP PRS. Conditional on case status, these risk factors are less strongly correlated than they are in the general population. Furthermore, the correlation between the SZ and BP PRS decreases as a function of the number of inpatient hospitalizations, and as a function of the number of documented psychotic disorder diagnoses. A similar pattern has been observed in developmental disorders, where common genetic risk for developmental disorders is negatively correlated with the burden of rare variants among cases (65). 
A common consequence of collider bias is induced protective effects, observed in cases where one predictor has an association with the outcome above and beyond variance explained by the collider. In the case of first-episode psychosis, the SZ PRS predicts variance in long-term outcomes above and beyond variance accounted for by diagnostic status. As a result, the BP PRS predicts better outcomes among cases. That is, in the context of a cohort with a high genetic loading for psychosis, collider bias can induce an apparent protective effect of the BP PRS. These findings explain the inconsistent associations between the BP PRS and outcomes in clinical samples (see Table 1). Associations that are significant in the general population may be non-significant, or even reversed, among cases.
[bookmark: _Hlk195112199][bookmark: _GoBack]Researchers should be cautious in drawing etiological inferences based on case-only studies, as collider bias can obscure or reverse true causal pathways if they exist. Etiological research on mechanisms of genetic risk is best performed in samples that capture the full spectrum of genetic risk. Sensitivity analyses, causal modeling, and cautious interpretation of results can help minimize the impact of collider bias on etiological research when population samples are unavailable or infeasible. In analyses of genetic structure, genetic correlations are likely to be attenuated among case-only samples, relative to case-control or population-based samples (66,67). Collider bias might thereby dampen genetic correlations and the variance accounted for by general factors. Conversely, inclusion of population-based samples in psychiatric GWAS can have a strong effect on genetic structure when a given method is shared across a subset of GWAS. For instance, an increase in self-report data in the most recent bipolar GWAS drives genetic correlations with major depression and post-traumatic stress disorders up, which also include a substantial portion of self-reported data (68). 
Although etiological research is confounded by collider bias, predictive models are not. While the term “bias” implies these results are invalid, it is more accurate to say collider bias produces counterintuitive associations between genetic risk and outcomes. Translational research on potential clinical applications of PRS need only ensure that the same forms of selection occur in both research and applied settings. These results indicate, for example, that a relatively high BP PRS may be a good prognostic marker among those admitted for first-episode psychosis. 
Limitations
	This research is limited in three ways. First, the Suffolk County sample is relatively small, which may have prevented detection of small effects. While longitudinal analyses could not be replicated in an independent sample due to lack of comparable data, the general effect of sample stratification on genetic risk were replicated. Second, prior research has demonstrated that UK Biobank participants are healthier than the UK population, and that this can bias genetic correlations (69). Since the effects observed in UK Biobank were replicated in PsyCourse, it does not appear that this has impact the conclusions that should be drawn from the analyses. Lastly, given the predominantly European ancestry composition of all three samples, the scope of this study was limited to individuals of European ancestry. GWAS in other ancestries samples are available, facilitating extension to other ancestries. 
Conclusion
Collider bias substantially impacts the association between schizophrenia and bipolar disorder PRS, as well as the association between PRS and clinical outcomes. Whereas greater genetic risk is associated with worse outcomes in a case-control sample, genetic risk for bipolar disorder predicts better outcomes among cases. Collider bias may explain the heterogeneity of effects linking the bipolar PRS to clinical outcomes. It also complicates the use of PRS for both etiological and translational research. 
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