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Abstract 17 

 18 

Fields as diverse as human genetics and sociology are increasingly using polygenic scores based 19 

on genome-wide association studies (GWAS) for phenotypic prediction. However, recent work has 20 

shown that polygenic scores have limited portability across groups of different genetic ancestries, 21 

restricting the contexts in which they can be used reliably and potentially creating serious 22 

inequities in future clinical applications. Using the UK Biobank data, we demonstrate that even 23 

within a single ancestry group, the prediction accuracy of polygenic scores depends on 24 

characteristics such as the age or sex composition of the individuals in which the GWAS and the 25 

prediction were conducted, and on the GWAS study design. Our findings highlight both the 26 

complexities of interpreting polygenic scores and underappreciated obstacles to their broad use. 27 

 28 

 29 

 30 
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 2 

Introduction 31 

 32 

Genome-wide association studies (GWAS) have now been conducted for thousands of human 33 

complex traits, revealing that the genetic architecture is almost always highly polygenic, i.e., that 34 

the bulk of the heritable variation is due to thousands of genetic variants, each with tiny marginal 35 

effects (Boyle, Li, and Pritchard 2017; Bulik-Sullivan et al. 2015). These findings often make it 36 

difficult to interpret the molecular basis for variation in a trait, but they lend themselves more 37 

immediately to another use: phenotypic prediction. Under the assumption that alleles act 38 

additively, a “polygenic score” (PGS) can be created by summing the effects of the alleles carried 39 

by an individual; this score can then be used to predict that individual’s phenotype (Lynch and 40 

Walsh 1998; Gibson 2008; Kathiresan et al. 2008). For highly heritable traits, such scores already 41 

provide informative predictions in some contexts: for example, prediction accuracies are 24.4% 42 

for height (Yengo et al. 2018) and up to 13% for educational attainment (Lee et al. 2018). 43 

 44 

This genomic approach to phenotypic prediction has been rapidly adopted in three distinct fields. 45 

In human genetics, PGS have been shown to help identify individuals that are more likely to be at 46 

risk of diseases such as breast cancer (e.g., Khera et al. 2018; Inouye et al. 2018; Mavaddat et al. 47 

2019; Khera et al. 2019). Based on these findings, a number of papers have advocated that PGS 48 

be adopted in designing clinical studies, and by clinicians as additional risk factors to consider in 49 

treating patients (Khera et al. 2018; Torkamani, Wineinger, and Topol 2018). In human 50 

evolutionary genetics, several lines of evidence suggest that adaptation may often take the form of 51 

shifts in the optimum of a polygenic phenotype and hence act jointly on the many variants that 52 

influence the phenotype (Pritchard and Di Rienzo 2010; Berg and Coop 2014; Hoellinger, 53 

Pennings, and Hermisson 2019). In this context, PGS are used to examine the evolutionary history 54 

of the set of alleles known to impact a complex trait of interest, e.g., height (Berg and Coop 2014; 55 

Field et al. 2016; Berg et al. 2019; Uricchio et al. 2019; Edge and Coop 2019; Speidel et al. 2019). 56 

Finally, in various disciplines of the social sciences, PGS are increasingly used to distinguish 57 

environmental from genetic sources of variability (Conley 2016), as well as to understand how 58 

genetic variation among individuals may cause heterogeneous treatment effects when studying 59 

how an environmental influence (e.g., a schooling reform) affects an outcome (such as BMI) 60 

(Barcellos, Carvalho, and Turley 2018; Davies et al. 2018). In these applications, the premise is 61 
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that PGS will “port” well across groups—that is that they remain predictive not only in samples 62 

very similar to the ones in which the GWAS was conducted, but also in other sets of individuals 63 

(henceforth “prediction sets”). 64 

 65 

As recent papers have highlighted, however, PGS are not as predictive in individuals whose genetic 66 

ancestry differs substantially from the ancestry of individuals in the original GWAS (reviewed in 67 

Martin et al. 2019). As one illustration, PGS calculated in the UK Biobank predict phenotypes of 68 

individuals sampled in the UK Biobank better than those of individuals sampled in the BioBank 69 

Japan Project: for instance, the incremental 𝑅" for height is approximately 11% in the UK versus 70 

3% in Japan (Martin et al. 2019). Similarly, using PGS based on Europeans and European-71 

Americans, the largest educational attainment GWAS to date (“EA3”) reported an incremental 𝑅" 72 

of 10.6% for European-Americans but only 1.6% for African-Americans (Lee et al. 2018). 73 

 74 

To date, such observations have been discussed mainly in terms of population genetic factors that 75 

reduce portability (Martin et al. 2017, 2019; Kim et al. 2018; Duncan et al. 2018; Francisco and 76 

Bustamante 2018; Sirugo, Williams, and Tishkoff 2019). Notably, GWAS does not pinpoint causal 77 

variants, but instead implicates a set of possible causal variants that lie in close physical proximity 78 

in the genome. The estimated effect of a given SNP depends on the extent of linkage disequilibrium 79 

(LD) with the causal sites (Pritchard and Przeworski 2001; Bulik-Sullivan et al. 2015). Thus, LD 80 

differences between populations that arose from their distinct demographic and recombination 81 

histories will lead to variation in the prediction accuracy of phenotypes across populations 82 

(Rosenberg et al. 2018). Because of their distinct demographic histories, populations also differ in 83 

the allele frequencies of causal variants. This problem is particularly acute for alleles that are rare 84 

in the population in which the GWAS was conducted but common in the population in which the 85 

trait is being predicted. Such variants are likely to have noisy effect size estimates in the estimation 86 

sample or may not be included in the PGS at all, and yet they contribute substantially to heritability 87 

in the target population. Furthermore, causal loci or effect sizes may differ among populations, for 88 

instance if the effect of an allele depends on the genetic background on which it arises (e.g., 89 

Adhikari et al. 2019). For all these reasons, we should expect PGS to be less predictive across 90 

ancestries.  91 

 92 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 7, 2019. ; https://doi.org/10.1101/629949doi: bioRxiv preprint 

https://doi.org/10.1101/629949
http://creativecommons.org/licenses/by/4.0/


 4 

In practice, given that most individuals (79%) included in current GWAS are of European ancestry 93 

(Popejoy and Fullerton 2016; Martin et al. 2019), PGS are systematically more predictive in 94 

European-ancestry individuals than among other people. As a consequence, the clinical 95 

applications and scientific understanding to be gained from PGS will predominantly and unfairly 96 

benefit a small subset of humanity. A number of papers have therefore highlighted the importance 97 

of expanding GWAS efforts to include more diverse ancestries (Martin et al. 2018, 2019; Wojcik 98 

et al. 2018; Sirugo, Williams, and Tishkoff 2019).  99 

 100 

Importantly, factors other than ancestry could also impact the accuracy and portability of PGS. For 101 

example, the educational attainment of an individual depends not only on their own genotype, but 102 

on the genotypes of their parents, due to nurturing effects (Kong et al. 2018), and of their peers, 103 

due to social genetic effects (Domingue et al. 2018), as well as of course on non-genetic factors. 104 

Also, traits such as height and educational attainment show strong patterns of assortative mating, 105 

which can distort estimated effect sizes in GWAS (Domingue et al. 2014; Robinson et al. 2017; 106 

Ruby et al. 2018). To what extent these effects remain the same across cultures and environments 107 

is unknown, but if they differ, so will the prediction accuracy. More generally, while we still know 108 

little about GxE (genotype-environment interactions) in humans, GxE effects are well-documented 109 

in other species—notably in experimental settings—and would further reduce the portability of 110 

PGS across environments (Lynch and Walsh 1998; Gibson 2008). In addition, environmental 111 

variance could differ between groups, which would change the proportion of the variance in the 112 

trait explained by a PGS (i.e., the prediction accuracy) even in the absence of genetic differences 113 

or GxE effects. Finally, PGS for some traits may include a component of environmental or cultural 114 

confounding associated with population structure (Berg et al. 2019; Sohail et al. 2019; Haworth et 115 

al. 2019; Lawson et al. 2019). This source of confounding can increase or decrease prediction 116 

accuracy, depending on the structure in the prediction samples. 117 

 118 

Given these considerations, it is important to ask to what extent PGS are portable among groups 119 

within the same ancestry. To explore this question, we stratified the subset of UK Biobank samples 120 

designated as “White British” (WB) according to some of the standard sample characteristics of 121 

GWAS studies: the ages of the individuals, their sex, and socio-economic status. We chose to focus 122 

on these particular characteristics because they vary widely among GWAS samples depending on 123 
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sample ascertainment procedures. Furthermore, these characteristics have been shown to influence 124 

heritability for some traits in a study of a subset of the UK Biobank (Ge et al. 2017), raising the 125 

possibility that these choices also influence prediction accuracy. Indeed, for three example traits, 126 

we show that there exist major differences in the prediction accuracy of the PGS among these 127 

groups, even though they share highly similar genetic ancestries. For a variety of traits, we further 128 

demonstrate that prediction accuracy differs markedly depending on whether the GWAS is 129 

conducted in unrelated individuals or in pairs of siblings, even when controlling for the precision 130 

of the estimates. This finding is again unexpected under standard GWAS assumptions; it 131 

underscores the importance of genetic effects that are included in estimates from some study 132 

designs and not others and highlights underappreciated challenges with GWAS-based phenotypic 133 

prediction.  134 

 135 

At present, it is difficult to fully determine the reasons why we see such variable prediction 136 

accuracy across these strata and study designs. Contributing factors probably include indirect 137 

genetic effects from relatives, assortative mating, varying levels of environmental variance, GxE 138 

interaction effects and perhaps undetected environmental confounding. Nonetheless, our results 139 

make clear that the prediction accuracy of PGS can be affected in unpredictable ways by known—140 

and presumably unknown—factors in addition to genetic ancestry. 141 

 142 

Results 143 

 144 

Sample characteristics of the GWAS and prediction set can influence prediction accuracy 145 

even within a single ancestry  146 

We examined how PGS for a few example traits port across samples that are of similar genetic 147 

ancestry but differ in terms of some common study characteristics, e.g., the male:female ratio 148 

(henceforth “sex ratio”), age distribution, or socio-economic status (SES). To this end, we limited 149 

our analysis to the largest subset of individuals in the UKB with a relatively homogeneous 150 

ancestry: 337,536 unrelated individuals that were characterized by the UKB as “White British” 151 

(WB) (Bycroft et al. 2017). In all analyses, we further adjusted for the first 20 principal 152 

components of the genotype data, to account for any population structure within this set of 153 

individuals (Materials and Methods).  154 
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 155 

In all analyses, we randomly selected a subset of individuals to be the prediction set; we then 156 

conducted GWAS using the remaining individuals and built a PGS model by LD-based clumping 157 

of the associations (Materials and Methods). To examine the reliability of the prediction, we 158 

considered the incremental 𝑅", i.e., the 𝑅" increment obtained when adding the PGS to a model 159 

with only covariates (referred to as “prediction accuracy” henceforth).  Whether this measure is 160 

appropriate depends on how PGS are to be used; it is not an obvious choice in human genetics, 161 

where the goal is often to identify individuals at high risk of developing a particular disease (i.e., 162 

in the tail of the polygenic score distribution). Nonetheless, because it has been widely reported in 163 

discussions of portability across genetic ancestries (e.g., Lee et al. 2018; Martin et al. 2019), we 164 

also used it here.  165 

 166 

As a first case, we considered the prediction accuracy of a PGS for diastolic blood pressure in 167 

prediction sets stratified by sex, motivated by reports that variation in this trait may arise for 168 

somewhat distinct reasons in the two sexes (Reckelhoff 2001; Zhou et al. 2017). We randomly 169 

selected males and females as prediction sets (20K individuals each), and used the rest of the 170 

individuals for GWAS, matching the numbers of females and males in the GWAS set. Adjusting 171 

for mean sex effects and medication use (see Materials and Methods), the prediction accuracy is 172 

about 1.31-fold higher for females than for males (Mann-Whitney 𝑝 = %.' ⋅ %)*%%; Fig. 1A). Thus, 173 

despite equal representation of males and females in the GWAS set, the prediction accuracy varies 174 

depending on the sex ratio of prediction samples. To examine this further, we repeated the same 175 

analysis but performed the GWAS in only one sex. When the GWAS is conducted only in females, 176 

the prediction accuracy is about 1.43-fold higher for females than for males; in turn, when GWAS 177 

was done in only males, the prediction accuracy in both sexes is similar, as well as somewhat 178 

decreased (Fig. 1B).  179 
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 180 
Figure 1: Variable prediction accuracy of polygenic scores within an ancestry group.  Shown are incremental 𝑅" values (i.e., 181 
the increment in 𝑅" obtained by adding a polygenic score predictor to a model with covariates alone) in different prediction sets. 182 
Each box and whiskers plot is computed based on twenty choices of estimation and prediction sets. Thick horizontal lines denote 183 
the medians  (A,C,E). The polygenic scores were estimated in large samples of unrelated WB individuals. Phenotypes were then 184 
predicted in distinct samples of unrelated WB individuals, stratified by sex (A), age (C) or Townsend deprivation index, a measure 185 
of SES (E).  (B,D,F) Same as in A,C,E, but here the polygenic scores are based on a GWAS in a sample limited to one sex, age or 186 
SES group.  When the GWAS is performed in the group that showed higher prediction accuracy in A,C,E (women, young, low 187 
SES), the qualitative trend is the same; but when the GWAS is performed in men, old or high SES, prediction accuracy is diminished 188 
and similar across groups. 189 

  190 
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We then considered two other cases, evaluating prediction accuracy in groups stratified by age for 191 

BMI1 and by adult socio-economic status (SES) for years of schooling, using the Townsend 192 

deprivation index as a measure; our choices were motivated by prior evidence suggesting that these 193 

characteristics of the GWAS can influence heritability (Branigan, McCallum, and Freese 2013; 194 

Conley et al. 2015; Belsky et al. 2018; Ge et al. 2017; Elks et al. 2012).  We withheld a random set 195 

of 10K individuals in each quartile of age and SES for prediction and performed GWAS using the 196 

remaining individuals, matching the sample sizes across quartiles in the GWAS set. Similar to our 197 

observation for diastolic blood pressure, the prediction accuracy varies across prediction sets: it is 198 

1.25-fold higher for BMI in the youngest quartile compared to the oldest (Mann-Whitney 𝑝 = %.+ ⋅199 

%)*,; Fig. 1C), and 1.69-fold higher for years of schooling in the lowest SES quartile compared 200 

to the highest (Mann-Whitney 𝑝 = %.' ⋅ %)*%%; Fig. 1E). Furthermore, the differences across 201 

groups are again sensitive to the choice of the GWAS set: the differences are marked when GWAS 202 

is restricted to the youngest quartile for BMI and the lowest SES quartile for years of schooling, 203 

but diminished when the GWAS is performed in the oldest and the highest SES quartiles for BMI 204 

and years of schooling, respectively (Figs. 1D,F). These results remained qualitatively unchanged 205 

when we used 𝑅" instead of incremental 𝑅" to measure prediction accuracy (Fig. S1).   206 

 207 

In these analyses, we used a p-value threshold of %)*' for inclusion of a SNP in the PGS. The 208 

choice of how stringent to make the GWAS p-value threshold is important but somewhat arbitrary, 209 

with approaches ranging from requiring genome-wide significance to including all SNPs (Weedon 210 

et al. 2008; Pharoah et al. 2008; Euesden, Lewis, and O’reilly 2014; Vilhjálmsson et al. 2015; Ware 211 

et al. 2017; Mostafavi et al. 2017; Speidel et al. 2019). Often, this threshold is chosen to maximize 212 

prediction accuracy in an independent validation set. When the goal is to compare prediction 213 

performance across different groups, there is no obvious optimal choice of the p-value threshold2. 214 

As we show, however, the qualitative trends reported in Fig. 1 do not depend on the p-value 215 

threshold choice (Fig. S2).  216 

 217 

                                                
1 Since the UK Biobank participants were enrolled within about a five-year span, differences in age could in principle also be 
reflective of cohort effects.  
2 The optimal p-value in this context will differ across studies, as it depends not only on the genetic architecture and heritability of 
the trait, but also on the GWAS sample size, i.e., power (Dudbridge 2013). 
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These results pertain to three exemplar traits and do not speak to the prevalence of this 218 

phenomenon. Nonetheless, they demonstrate that the portability of a polygenic score can vary 219 

markedly depending on sample characteristics of both the original GWAS and the prediction set, 220 

even within a single ancestry, and that the variation in prediction accuracy across strata can be 221 

substantial; in fact, on the same order as reported for different continental ancestries within the UK 222 

Biobank (Martin et al. 2019). As one example, the prediction accuracy in East Asian samples, 223 

averaged across a number of traits, is about half of that in European samples when GWAS was 224 

European-based; when the GWAS is done in the lowest SES group for years of schooling, 225 

prediction accuracy in the highest SES group is less than half of that in the lowest SES (Fig. 1F). 226 

Moreover, whereas for these traits, we had prior information about which characteristics may be 227 

relevant, other aspects that vary across sets of individuals are undoubtedly important as well (e.g., 228 

smoking behavior may modify genetic effects on lipid traits; Bentley et al. 2019), and for any 229 

given trait of interest, much less may be known a priori. 230 

 231 

Possible explanations for the variable prediction accuracy 232 

Our goal in this paper is to highlight that prediction accuracies can vary across groups of highly 233 

similar ancestry, rather than to investigate the likely causes for any particular phenotype. 234 

Nonetheless, it is worth noting a couple of possibilities. Perhaps the simplest explanation for our 235 

findings is that prediction accuracies vary only because of differences in the extent of 236 

environmental variance, while the genetic variance is more or less constant. Indeed, the SNP 237 

heritabilities vary markedly across strata (see also Ge et al. 2017), and the prediction accuracies 238 

track heritability differences (Fig. 2A,B,C). For all three traits, however, the estimated SNP 239 

heritability increases or remains the same with increasing phenotypic variance, in contrast to what 240 

would be expected under a model with a fixed genetic variance across strata (Fig. 2D,E,F).  241 

 242 

Another possibility is that there is an interaction between genetic effects and sample 243 

characteristics, for instance that different sets of genetic variants contribute to blood pressure levels 244 

in males and females or to BMI across different stages of life3. This explanation is not supported 245 

                                                
3 Although such interactions could in some contexts be thought of as reflecting GxE, we use the term sample characteristic rather 
than “environment”, as environment has different meaning across disciplines, referring in some contexts only to factors that are 
“exogenous” to genetics. Viewed in this lens, SES in adulthood cannot be interpreted as exogenous, because it is in part determined 
by educational achievement, which is itself influenced by genetic factors, and similarly it is questionable whether age or sex are 
environments.  
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by bivariate LD-score regression, which indicates that the genetic correlations across strata are 246 

close to 1 (Table S2; Materials and Methods). Yet when we re-estimate individual SNP effects 247 

in the prediction sets for SNPs ascertained in the original GWAS, the estimated effects of trait-248 

increasing alleles are larger in the groups with higher prediction accuracy (Fig. S3; Materials and 249 

Methods). A possible way to reconcile these findings is if effect sizes are highly correlated but 250 

systematically larger in the groups with higher prediction accuracy. 251 

 252 

Other factors complicate interpretation, however, and may also contribute to our observations. In 253 

particular, for the case of educational attainment, conditioning on adult SES induces a form of 254 

range restriction, which could contribute to variable prediction accuracy across strata. We note, 255 

however, that we see highly variable prediction accuracies across SES strata even when the GWAS 256 

is conducted in all individuals (Fig. 1E); in that regard, our approach mimics what happens in 257 

practice when polygenic scores are used to predict phenotypes in a sample with a smaller range of 258 

SES (e.g., Rimfeld et al. 2018). More generally, although this type of range restriction is artificially 259 

amplified in our example, SES differences will often be a problem for GWAS in which the sample 260 

is not representative of the population; for instance, the most recent major GWAS of educational 261 

attainment (Lee et al. 2018) included numerous medical data sets and the 23andMe data set, which 262 

are not representative of the national population.  263 

 264 

Another potentially important factor is that the adjustment for PCs may not be a sufficient control 265 

for the different ways in which population structure can confound GWAS results (Vilhjálmsson 266 

and Nordborg 2013), leading to variable prediction accuracy across strata if they differ in their 267 

population structure. To examine this possibility, we repeated the analysis in Figs. 1B,D,F but 268 

using a linear mixed model (LMM) approach (including PCs among other covariates; see 269 

Materials and Methods), and obtained qualitatively similar results (Fig. S4). Although not a 270 

perfect fix (Listgarten, Lippert, and Heckerman 2013; Mathieson and McVean 2013), the fact that 271 

we obtain similar results using PCs and LMM suggests that confounding due to population 272 

stratification in the UK Biobank alone does not explain the variable prediction accuracies across 273 

strata.  274 
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 275 
Figure 2: Differences in environmental variance alone do not explain the variable prediction accuracy.  (A,B,C) The x-axes 276 
show heritability estimates (± SE) based on LD-score regression in each set. The y-axes show incremental 𝑅" values as in Fig 277 
1A,C,E. ‘Q’ denotes quartile of age and SES in (B) and (C), respectively. Throughout, prediction accuracy largely tracks SNP 278 
heritability.  (D,E,F) The x-axes show phenotypic variance estimates (± SE) across strata after adjusting for covariates (sex, age 279 
and 20 PCs). If the heritability differences across strata are due to differences in environmental variance alone, with genetic variance 280 
constant, then heritability should be inversely proportional to phenotypic variance. However, the best fitting model for this inverse 281 
proportionality (dashed line) provides a poor fit.  282 
 283 
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Potential portability obstacles explored through a comparison of standard and family-based 284 

GWAS  285 

Beyond sample characteristics, a number of factors may shape the portability of scores across 286 

groups of similar ancestry. Standard GWAS is done in samples of individuals that deliberately 287 

exclude close relatives; as implemented, it detects direct effects of the genetic variants, but can 288 

also detect any indirect genetic effects of parents, siblings, or peers, effects of assortative mating 289 

among parents, and potentially environmental differences associated with fine scale population 290 

structure (Kong et al. 2018; Young et al. 2018; Lee et al. 2018; Trejo and Domingue 2019; Berg et 291 

al. 2019). Given that many of these effects are likely to be culturally mediated (e.g., Robinson et 292 

al. 2017; Ruby et al. 2018; Selzam et al. 2019), it seems plausible that they may vary within as 293 

well as across groups of individuals with different ancestries. To the extent that they contribute to 294 

GWAS estimates and hence to PGS, they may lead to differences in the prediction accuracy in 295 

samples unlike the original GWAS.  296 

 297 

To demonstrate that these considerations are not just hypothetical, we compared the prediction 298 

accuracy when the PGS is trained on “unrelated” individuals such as those used in a standard 299 

GWAS to one obtained from a sibling-based (or “sib-based”) GWAS (Materials and Methods). 300 

In the latter, genotype differences between sibs—a result of random Mendelian segregation in the 301 

parents—are tested for association with the phenotypic difference between them. Because the tests 302 

depend on phenotypic differences between siblings who, of course, have the same parents, these 303 

tests are conditioned on the parental genotypes. Hence, they exclude many of the indirect effects 304 

signals that may be picked up in standard GWAS (Supplementary Materials). Differences 305 

between standard and sib-based GWAS are thus informative about the relative importance of 306 

factors other than direct genetic effects (Wood et al. 2014; Trejo and Domingue 2019; Lee et al. 307 

2018; Berg et al. 2019; Selzam et al. 2019). 308 

 309 

A challenge in this comparison is that the UKB contains about 22K sibling pairs, about 19K of 310 

which fall in the designation “White British” (WB). The siblings are similar to the unrelated 311 

individuals in terms of ages, SES distributions and genetic ancestries (Figs. S5,S6) but include a 312 

higher proportion of females; this difference is unlikely to influence our analyses (see below). 313 

While a large number, 19K pairs is still too few to have adequate power to discover trait-associated 314 
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SNPs, when compared to a standard GWAS using the much larger sample of unrelated WB 315 

individuals (~340K).  316 

 317 

To increase power and enable a direct comparison between the two designs, we split the SNP 318 

ascertainment and effect estimation steps as follows (Fig. 3A): we identified SNPs using a standard 319 

GWAS with a large sample size (median ~270K across the traits considered) (see Materials and 320 

Methods). We then estimated the effect of each significant SNP using (i) a sib-based association 321 

test and (ii) a standard association test. We chose the size of the estimation set in (ii) such that the 322 

median standard error of effect estimates in (i) and (ii) is approximately equal. We then compared 323 

the prediction accuracy of the two PGS obtained in this way (“standard PGS” and “sib-based 324 

PGS”) in an independent prediction set of unrelated individuals; as we show in the Supplementary 325 

Materials, our approach leads to highly similar prediction accuracies of the two approaches under 326 

a model with direct effects only (see Materials and Methods for details)4.  A further advantage is 327 

that the two scores are compared for the same set of SNPs, such that LD patterns and allele 328 

frequencies do not come into play. 329 

 330 

We applied the approach to 22 traits, focusing on traits with relatively high heritability estimates 331 

as well as social and behavioral traits that have been the focus of recent attention in social sciences. 332 

For the majority of the traits, such as diastolic blood pressure, BMI, and hair color, the prediction 333 

accuracies of standard and sib-based PGS were similar, as expected under standard GWAS 334 

assumptions and as observed for two traits simulated under these assumptions (Fig. 3B). However, 335 

for a range of social and behavioral traits, such as years of schooling completed, pack years of 336 

smoking and age at first sexual intercourse, the prediction accuracy of the sib-based PGS was 337 

substantially lower than that of the standard PGS (Fig. 3B). It was also significantly lower for two 338 

morphological traits, height and whole body water mass. 339 

 340 

A number of factors could contribute to the difference between prediction accuracies for PGS 341 

based on sibs versus unrelated individuals, including residual effects of population stratification, 342 

indirect genetic effects from parents and assortative mating. The relative importance of each factor 343 

                                                
4 Because the first step of our study design is to identify SNPs that are associated with the trait in a large set of unrelated individuals 
and we subsequently match the sampling variances of sib and standard GWAS, rather than identify distinct sets of SNPs separately 
in the two designs, the ratio of prediction accuracies that we obtain cannot be directly compared to those reported in other studies. 
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will vary across traits (Rosenberg et al. 2018; Kong et al. 2018; Haworth et al. 2019; Ruby et al. 344 

2018; Selzam et al. 2019); for educational attainment, this gap is likely to reflect at least in part 345 

the documented contribution of indirect genetic effects to the standard PGS (Lee et al. 2018; Kong 346 

et al. 2018; Young et al. 2018). We show in the Supplementary Materials that in the presence of 347 

indirect genetic effects mediated through parents, standard PGS outperforms sib-based PGS unless 348 

direct and indirect effects are strongly anticorrelated (Fig. S7), which seems unlikely to be the case 349 

for years of schooling. The difference in the performance of sib-based and standard PGS observed 350 

for other social and behavioral outcomes, such as household income and age at first sexual 351 

intercourse (Fig. 3B), may reflect a similar phenomenon. An additional contribution to divergent 352 

prediction accuracies could come from sibling indirect effects, which contribute differentially to 353 

standard and sibling-based PGS.  354 

 355 

For height, there may be an important contribution of assortative mating to the difference in 356 

prediction accuracies (Wood et al. 2014; Robinson et al. 2017; Lee et al. 2018). In the 357 

Supplementary Materials, we show that under a simple model of positive assortative mating 358 

(mating of similar individuals), the prediction accuracy based on a standard PGS is better than that 359 

of a sib-based PGS (Fig. S8). The difference in the performance of sib-based and standard PGS 360 

observed for whole body water mass (Fig. 3B) could possibly reflect the same underlying effects 361 

of assortative mating, especially considering the high genetic correlation between the two traits 362 

(by bivariate LD score regression, 𝜌/ ≈ ).11, 𝑝 < %)*3)). We further confirmed that the difference 363 

in the sex ratio of the siblings and unrelated individuals, mentioned earlier, has a negligible effect 364 

on these differences (Fig. S9). 365 

 366 

 367 

 368 
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 369 
Figure 3: Comparison of prediction accuracy of standard and sib-based polygenic scores.  (A) After ascertaining SNPs in a 370 
large sample of unrelated individuals, we estimated the effect of these SNPs with a standard regression using unrelated individuals 371 
and, independently, using sib-regression.  We then used the polygenic scores for prediction in a third sample of unrelated 372 
individuals.  We chose the sample size of the standard PGS estimation set such that median effect estimate SEs are equal in the two 373 
designs, thereby ensuring equal prediction accuracy under a vanilla model with no indirect effects or assortative mating. Numbers 374 
in parentheses are median sample size in each set across 22 traits in Table S1 (see Table S3 for sample sizes for each trait). (B) 375 
Ratio of prediction accuracy in the two designs across 22 traits. For each trait, we performed 10 resampling iterations of unrelated 376 
individuals into three sets for discovery, estimation and prediction (small points).  Large points show mean values. (C-H) We 377 
repeated this procedure with different discovery-set p-value thresholds for including a SNP in the polygenic score. The higher the 378 
p-value threshold is, the more SNPs are included.  For each p-value threshold, points show 10 iterations as described and lines 379 
show mean values. Shown are a subset of traits, with traits appearing in (B) but not shown here presented in Fig. S10. 380 
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Thus, in comparisons of the prediction accuracies for PGS derived from standard and sib-based 381 

association tests, many traits, notably behavioral ones, show substantial differences in 382 

performance. We caution that while lower prediction accuracies for PGS based on sib-based 383 

GWAS suggest that assortative mating or indirect effects play a substantial role, the magnitude of 384 

the ratio also depends on other features of the comparison like the sample sizes used (see 385 

Supplementary Materials).  By matching the sampling errors of the two approaches (Fig. 3A), 386 

we ensure that prediction accuracies are comparable in the absence of complications such as 387 

assortative mating or indirect effects. But in the presence of these complications, the relative 388 

prediction accuracies will depend on sample sizes and on the contributions of environmental, direct 389 

and indirect genetic components to phenotypic variance. Indeed, we show in the Supplementary 390 

Materials that in the presence of indirect genetic effects or assortative mating, the difference in 391 

prediction accuracies between the two approaches stems in part from the noise-to-signal ratio for 392 

sib-based versus standard GWAS. An implication is that the gap between the prediction accuracy 393 

of sib-based and standard PGS should depend on the number of SNPs included in the polygenic 394 

scores (Figs. S7,S8).  395 

 396 

Motivated by these considerations, we examined how the prediction accuracy varies when 397 

progressively relaxing the GWAS p-value threshold for inclusion of SNPs, i.e., when including 398 

more weakly associated SNPs in the PGS. (In Fig. 3B, results are shown for the p-value threshold 399 

that maximizes the prediction accuracy of the standard PGS, replicating the practice when 400 

comparing populations of different ancestry (Martin et al. 2019).) For hair color and blood 401 

pressure, there is little to no difference in prediction accuracy between the two estimation methods, 402 

regardless of the number of SNPs included in the score (Figs. 3C,D). In contrast, for height and 403 

whole body water mass, although standard and sib-based PGS perform similarly when based on 404 

the most significantly associated SNPs, standard PGS progressively outperforms sib-based PGS 405 

when more SNPs are included (Figs. 3E,F). Similarly, the difference in prediction accuracy 406 

between sib-based and standard PGS changes markedly for years of schooling, household income 407 

and other social and behavioral traits (Figs. 3G,H and S10). The growing gap in performance with 408 

increasing p-value threshold likely reflects a combination of an increasing noise-to-signal ratio in 409 

the sib-based PGS (see Supplementary Materials) and changes in the relative importance of 410 

direct effects versus other factors such as indirect parental effects and assortative mating.  411 
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 412 

In summary, the differences between the prediction accuracies of standard and sib-GWAS seen for 413 

a number of traits (Fig. 3B) demonstrate that standard GWAS estimates often include a substantial 414 

contribution of factors other than direct effects. In these cases, even if the power to detect direct 415 

effects were comparable, standard GWAS would lead to higher prediction accuracy than sib-416 

GWAS. In some contexts that may be a sufficient reason to rely on PGS derived from standard 417 

GWAS. However, that gain stems from the inclusion of factors such as indirect effects and 418 

assortative mating that are likely to be modulated by SES, environment and culture (Selzam et al. 419 

2019; Stulp et al. 2017). Thus, the increased prediction accuracy likely comes at a cost of not 420 

always porting well across groups, even of the same ancestry, in ways that may be difficult to 421 

anticipate. 422 

 423 

Implications 424 

Although the conversation around the portability of PGS has largely focused on genetic ancestries, 425 

our results show that prediction accuracy can also differ, at times to a comparable extent, among 426 

groups of similar ancestry—even due to basic study design differences such as age and sex 427 

composition. If only due to increased environmental variance, such decreased accuracy would be 428 

acceptable, at least for certain applications. But as we have shown, differences in the degree of 429 

environmental variance are not the primary explanation for the patterns we report (Fig. 2), and 430 

other factors, including differences in the magnitude of genetic effects among groups, indirect 431 

effects and assortative mating, also lead to differences in the prediction accuracy of PGS, in ways 432 

that may make applications of phenotypic prediction problematic, even within a single ancestry 433 

group.  434 

 435 

Following the discussion of portability across ancestries, we have focused on incremental R2 as a 436 

measure of portability, and it remains unknown to what extent the same issues also impact the use 437 

of PGS in reliably identifying individuals in the tails of the distribution, i.e., those at elevated risk 438 

of developing a disease—the main application of PGS in human genetics, as distinct from social 439 

science or evolutionary biology. Nonetheless, the same concerns are likely to apply, especially 440 

when the magnitude of genetic effects depends on GWAS characteristics. 441 

 442 
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In any case, these results make clear that the question of the domain over which a PGS applies is 443 

not just about population genetic parameters such as LD patterns and allele frequencies or GxG 444 

effects but also the extent of environmental variance, GxE, as well as the contribution of direct 445 

effects versus indirect effects, assortative mating and environmental confounding. An important 446 

implication is that differences in prediction accuracies among groups with distinct ancestries 447 

cannot be interpreted exclusively or even primarily in terms of population genetic parameters when 448 

these groups differ dramatically in their SES (Chetty et al. 2018; Conley 2010; Nuru-Jeter et al. 449 

2018; Reich 2017) and other factors that may affect portability—especially when the relative 450 

contribution of these factors to GWAS signals remains unknown. Thus, efforts to conduct GWAS 451 

in groups that vary in ancestry and geographic locations will need to be accompanied by a careful 452 

examination of variation in portability along other dimensions. 453 

 454 

In that regard, it is worth noting that while classical twin studies were often constituted to be 455 

representative of a reference population (often national in nature) (Branigan, McCallum, and 456 

Freese 2013; Polderman et al. 2015), the same is not true of most contemporary human genetic 457 

datasets, which are skewed towards medical case-control studies, biobanks that are opt-in (and 458 

thus tend to be wealthier and better educated than the population average) or direct-to-consumer 459 

proprietary genetic databases (which are even more skewed along these dimensions) (Lee et al. 460 

2018). For instance, individuals in UK Biobank have higher SES than the rest of the British 461 

population (Fry et al. 2017) and are presumably self-selected for a certain level of interest in 462 

biomedical research. These factors alone raise challenges as to the broad portability of PGS derived 463 

from them.  464 

 465 

One fruitful way forward may be to study data from related individuals, in which it should be 466 

possible to decompose the components of the signals identified in GWAS into direct and indirect 467 

effects, the degree of assortative mating and the contribution of residual stratification (Young et al. 468 

2018; Kong et al. 2018; Zhang et al. 2015). Not only will this decomposition help us to better 469 

interpret the results of GWAS and the resulting PGS, it will make it possible to examine under 470 

which circumstances, and for which phenotypes, components port more reliably to other sets of 471 

individuals, both unrelated and related. Ultimately, we envisage that in order to be broadly 472 

applicable, GWAS-based phenotypic prediction models will need to include not only a PGS but 473 
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some study characteristics, other social and environmental measures and, perhaps crucially, their 474 

interactions.  475 

 476 

Materials and Methods 477 
 478 

UK Biobank  479 
 480 

The UK Biobank (UKB) is a large study of about half a million United Kingdom residents, 481 

recruited between 2006 to 2010 (Bycroft et al. 2017). In addition to genetic data, hundreds of 482 

phenotypes were collected through measurements and questionnaires at assessment centers, and 483 

by accessing medical records of the participants.  484 

 485 

Inclusion criteria 486 

 487 

In this study, we focused on 408,494 participants who passed quality control (QC) measures 488 

provided by UKB; specifically, for whom the reported sex (QC parameter “Submitted.Gender”) 489 

matched their inferred sex from genotype data (QC parameter “Inferred.Gender”); who were not 490 

identified as outliers based on heterozygosity and missing rate (QC parameter 491 

“het.missing.outliers”==0); and did not have an excessive number of relatives in the database (QC 492 

parameter “excess.relatives”==0). We further restricted ourselves to those individuals identified 493 

by UKB to be of “White British” (WB) ancestry (QC parameter 494 

“in.white.British.ancestry.subset”==1), which is a label that refers to those who, when given a set 495 

of choices, self-reported to be of “White” and  “British” ethnic backgrounds and, in addition, were 496 

tightly clustered in a principal component analysis of the genotype data, as detailed in (Bycroft et 497 

al. 2017). For a given trait, we further conditioned on individuals for which measurement or report 498 

of the trait value was available. 499 

 500 

  501 
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Phenotype data 502 
 503 

We focused on 22 traits, including a range of well-studied physical, social, behavioral and health-504 

related outcomes for which significant SNP heritabilities have been documented (see Table S1 for 505 

a complete list of phenotypes, and their corresponding UK data field number). We calculated the 506 

phenotype “years of schooling” by converting the maximal educational qualification of the 507 

participants to years following Okbay et al. (Okbay et al. 2016) (Table S4). For diastolic blood 508 

pressure, pulse rate, and forced vital capacity, we took the average of the first two rounds of 509 

measurement taken during the same examination at UKB assessment centers. We adjusted the 510 

diastolic blood pressure levels for blood pressure lowering medication following Evangelou et al. 511 

(Evangelou et al. 2018) by shifting the values upward by 10 mm Hg for individuals taking 512 

medication. For hand grip strength, we took the average of the measurements for the two hands. 513 

The phenotype “household income” was defined as the average total household income before tax 514 

reported by the participants, categorized into five categories: less than £18,000, £18,000 to 515 

£29,999, £30,000 to £51,999, £52,000 to £100,000, and more than £100,000. For a subset of 516 

individuals, multiple measurements of a phenotype were provided, corresponding to multiple visits 517 

to UKB assessment centers; in those cases, we used the measurements during the first visit.  518 

 519 

Genotype data 520 
 521 

UKB participants were genotyped on either of two similar genotyping arrays, UK Biobank Axiom 522 

and UK BiLEVE arrays, at a total of ~850K markers. We focused on autosomal bi-allelic SNPs 523 

shared between both arrays, and used plink v. 1.90b5 (Chang et al. 2015) to filter SNPs with calling 524 

rate >0.95, minor allele frequency >10-3, and Hardy-Weinberg equilibrium test p-val>10-10 among 525 

the WB samples, resulting in 616,323 SNPs.  526 

 527 

GWAS and trait prediction methods 528 
 529 

GWAS by sample characteristics  530 

We focused on a set of 337,536 WB samples that were identified by the UKB to be “unrelated” 531 

(sample QC parameter “used.in.pca.calculation”==1 as provided by UKB), defined such that no 532 
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pairs of individuals are inferred to be 3rd degree relatives or closer. We split the sample into non-533 

overlapping sets of individuals by one of the following factors: age at recruitment (in years), sex, 534 

and Townsend deprivation index at recruitment (used as a proxy for socioeconomic status or SES). 535 

For the Townsend deprivation index and age, we divided into four sets: Q1 [minimum value, first 536 

quartile], group 2 (first quartile, second quartile], group 3 (second quartile, third quartile], and 537 

group 4 (third quartile, maximum value]. We randomly selected 10K samples in each SES and age 538 

group, and 20K of males and 20K of females as held-out prediction sets, and performed GWAS 539 

using the remaining samples, matching sample sizes across groups in the GWAS set. We performed 540 

nine GWAS: for years of schooling in SES Q1 and SES Q4 (sample size 73,298 for each), and in 541 

the pooled sample of all four groups (sample size 293,192); for body mass index (BMI) in Q11 542 

and Q4 (sample size 72,343 for each), and in pooled sample of all four groups (sample size 543 

272,508); and for diastolic blood pressure in males and females (sample size 122,791 for each), 544 

and in a pooled sample of males and females (sample size 245,582). We performed all GWAS 545 

using plink v. 2.0 (with flag: --linear), adjusting for sex, age and first 20 PCs as covariates. PCs are 546 

principal components of all genotype data, not just WB, as provided by UKB. For a subset of cases, 547 

(where GWAS was performed in samples restricted by characteristics described above), we 548 

additionally performed association tests using a linear mixed model (LMM) as implemented in 549 

BOLT-LMM v. 2.3.2 (Loh et al. 2015), using LD scores computed from 1000 Genomes European-550 

ancestry samples, with sex, age and first 20 PCs as covariates. The GWAS summary statistics were 551 

used to construct PGS for the samples in the prediction sets.  552 

 553 

To better understand the performance of PGS across the strata  (see “Possible explanations for 554 

the variable prediction accuracy”), we estimated the mean effect sizes of significant SNPs in 555 

each strata. To avoid overfitting, we first performed an association test in the pooled sample of all 556 

strata; then for significantly associated SNPs, we re-estimated the effect sizes in each of the strata. 557 

We performed 20 iterations of all above steps (Fig. 1, Fig. S1-S4). 558 

 559 

We also considered two binary phenotypes (i) attained a college degree or not and (ii) attained any 560 

degree or not, for the analysis of educational attainment by SES (as described above for years of 561 

schooling), confirming that our analysis is robust to how education phenotype is coded (Fig. S11).  562 
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For these traits we used a logistic regression model for GWAS (using plink v. 2.0 with flag: --563 

logistic). 564 

 565 

Standard versus sibling-based regression   566 

We used the genetic relatedness information provided by UKB to infer sibling pairs among the 567 

WB samples. Following Bycroft et al. (2017), we marked pairs with %
"4/"

< 𝜙 < %
"3/"

 and IBS0 > 568 

0.0012 as siblings, where 𝜙 is the estimated kinship coefficient and IBS0 is the fraction of loci at 569 

which individuals share no alleles. By this approach, we identified 19,335 sibling pairs including 570 

35,464 individuals across 17,305 families. For a given trait, we included pairs with the property 571 

that trait values for both individuals were reported. We then formed two sets of individuals: 572 

“Siblings” set, including the sibling pairs randomly sampled to include only one pair per family, 573 

and an “Unrelateds” set, including the unrelated individuals identified by the UKB (see section 574 

GWAS by sample characteristics above), but excluding the Siblings and 7,409 individuals that 575 

were related to the Siblings (3rd degree or closer).   576 

 577 

We focused on 22 traits (Table S1) and two simulated traits (see below). For each trait, we first 578 

downsampled the Unrelateds to a sample size 𝑛∗	such that the median standard error of effect 579 

estimates roughly matched the median standard error in the sibling-based regression (see 580 

“Estimating	𝑛∗” below). We then divided the Unrelateds set into three non-overlapping sets: after 581 

sampling 𝑛∗ individuals (Unrelateds-𝑛∗ set), we randomly split the rest of the Unrelateds set into 582 

an Unrelateds-prediction set (10% of the samples) to be used as a sample for trait prediction 583 

(“prediction set”), and an unrelated individuals discovery set (90% of the samples) to be used for 584 

the discovery of trait associated variants (see Table S3 for sample sizes in each set). For each trait, 585 

we performed standard GWAS in the Unrelateds-discovery set, and ascertained SNPs by 586 

thresholding on association p-values. We then estimated the effect sizes for these ascertained SNPs 587 

in two ways: by a sibling-based association test in the Siblings set (using plink v. 1.90b5’s QFAM 588 

procedure; flag: --qfam), and by a standard association test in the Unrelateds-𝑛∗ set (using plink v. 589 

2.0). Subsequently, for each set of ascertained SNPs in the Unrelateds-discovery set, two PGS were 590 

constructed for the samples in the Unrelateds-prediction set (see Fig. 3A for overview of the 591 

pipeline). We performed 10 iterations of the above sampling, ascertainment and estimation steps. 592 

 593 
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Estimating 𝒏∗ 594 

In order to compare the performance of sibling-based and standard GWAS designs, we wanted to 595 

match both analyses to have similar prediction accuracy under a vanilla model of no assortative 596 

mating, population structure stratification or indirect effects. In the Supplementary Materials, 597 

we show that this could be achieved by matching median effect estimate standard errors. For each 598 

trait, we therefore calculated 𝑛∗, the sample size of a standard GWAS that yields roughly equal 599 

standard errors in the standard and sibling-based regressions. Specifically, for each trait, we first 600 

performed sibling-based GWAS in the Siblings using plink’s QFAM procedure (using the flag: --601 

qfam mperm=100000 emp-se). We then randomly sampled a range of sample sizes from the set of 602 

Unrelateds, from 5K to 20K in 1K increments. Following Wood et al. (Wood et al. 2014), for each 603 

sample size, we performed a standard GWAS, and investigated the linear relationship between the 604 

square root of the sample size and the inverse of the median standard error of the effect size 605 

estimates. We then used this linear relationship to estimate the sample size of a standard GWAS 606 

that corresponds to the inverse of the median standard error of the effect sizes estimate in the 607 

sibling-based GWAS.  608 

 609 

All standard association tests were performed using plink v. 2.0 (using the flag: --linear), adjusting 610 

for sex, age and first 20 PCs as covariates. For sibling-based association tests we first residualized 611 

the phenotypic values on the same covariates, and then regressed the sibling differences in 612 

residuals on sibling genotypic differences using plink’s QFAM procedure as described above.  613 

 614 

We also considered a version of the analysis described above, in which we first residualized the 615 

phenotypes on covariates in the pooled sample of all WB individuals, and then ran the pipeline on 616 

the residuals without further adjustment for covariates in the GWAS or prediction evaluation. As 617 

shown in Fig. S12, this approach produced results that are qualitatively the same to what we 618 

present in Fig. 3. 619 

 620 

Simulated traits 621 

We wanted to check that given the study design described above, sibling-based and standard 622 

GWAS perform similarly with respect to trait prediction, under the vanilla model of no population 623 

stratification, assortative mating or indirect genetic effects (Fig. 3). To this end, we simulated two 624 
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traits with (i) heritability ℎ" = ).4 and 𝑚 = %),))) causal loci, and (ii) heritability ℎ" = ).4 and 625 

𝑚 = %,))),))) causal SNPs. 626 

 627 

We randomly selected the causal SNPs from a set of 10,879,183 imputed SNPs, considering that 628 

most causal variants are plausibly not directly genotyped on SNP arrays. We used a set of SNPs 629 

that passed quality control procedures by the Neale lab (http://www.nealelab.is/uk-biobank), 630 

namely autosomal SNPs, imputed using the haplotype reference consortium (HRC) panel, which 631 

have INFO score > 0.8 and have minor allele frequency > 10-4; we further limited the SNP set to 632 

ones that were bi-allelic in the WB sample. As in Martin et al. (Martin et al. 2017), we randomly 633 

assigned effect sizes to these causal SNPs as 𝛽~𝑁 A), B
"

C
D, and zero for non-causal SNPs. We then 634 

calculated genetic component of the trait, 𝑔, for all WB samples under an additive model by 635 

summing the allelic counts weighted by their effect sizes using plink (using the flag: --score). 636 

Allelic counts were determined by converting imputation dosages to genotype calls with no hard 637 

calling threshold. We also assigned environmental contributions as 𝜀~𝑁(),% − ℎ"), and then 638 

constructed the PGS for each individual, 639 

𝑔 =J𝛽K𝑋K
C

KM%

, 640 

where 𝑋K	is the number of minor alleles at SNP 𝑖 carried by the individual, and the trait value for 641 

the individual is calculated as the sum of genetic and environmental contributions: 642 

𝑦 = √ℎ" 	Q
𝑔 − �̅�
𝜎/

T + √% − ℎ" 	V
𝜀 − 𝜀̅
𝜎W

X	643 

where bars represent averages, 𝜎/ is the standard deviation of PGS across individuals and 𝜎W is the 644 

standard deviation of environmental contributions across individuals. These simulated traits were 645 

then analyzed using the same pipelines as the other traits (e.g., adjusting for covariates etc.). 646 

Importantly, SNP discovery and effect size estimations in GWAS were performed without 647 

knowledge of the causal SNPs.    648 

 649 

Polygenic score (PGS) construction and trait prediction  650 

For all GWAS designs described above, we used p-value thresholding followed by clumping to 651 

choose sets of roughly independent SNPs to build PGS. We considered a logarithmically-spaced 652 
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range of p-values: 10-8, 10-7, 10-6, 10-5, 10-4, 10-3, and 10-2 (or a subset if no SNP reached that 653 

significance level). We then used plink’s clumping procedure (using the flag: --clump) with LD 654 

threshold 𝑟" < 0.1 (using 10,000 randomly selected unrelated WB samples as a reference for LD 655 

structure) and physical distance threshold of >1MB. The selected SNPs were then used to calculate 656 

PGS for individuals in the prediction sets, by summing the allelic counts weighted by their 657 

estimated effect sizes (log of the odds ratios in the case of binary traits) using plink (using the flag: 658 

--score). We calculated the incremental 𝑅": we first determined 𝑅" in a regression of the phenotype 659 

to the covariates, and then calculated the change in 𝑅" when including the PGS as a predictor. For 660 

binary traits, we calculated incremental Nagelkerke’s 𝑅". 661 

 662 
Estimating heritability and genetic correlation  663 

We calculated SNP heritability across sex, age and SES groups for diastolic blood pressures, BMI 664 

and years of schooling, respectively (as described in the section “GWAS by sample 665 

characteristics”) as well as genetic correlations across pairs of groups: we first performed GWAS 666 

using all unrelated WB individuals in each group. We then used the GWAS summary statistics to 667 

perform LD-score regression with LD scores computed from the 1000 Genomes European-668 

ancestry samples (Bulik-Sullivan et al. 2015). We also calculated genetic correlation between 669 

height and whole body water mass, using all unrelated WB individuals for GWAS. 670 

 671 
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