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Contemporary genomic studies of complex traits, such as genome-wide association 
studies and polygenic index (PGI) analyses, frequently include the principal components 
of the genotype matrix (PCs) among their adjustments for population stratification. In 
this paper, we explore the extent to which we may be discounting direct genetic effects 
by adjusting for PCs. Using family-based models that control for parental genotype in 
the UK Biobank, we find that PCs capture direct genetic effects on all nine phenotypes 
we tested. These effects are generally small, and extremely similar to the population 
effects of the same PCs. This suggests that PC adjustment indeed diminishes, albeit 
very slightly, signals of direct genetic effects. Furthermore, we find that adjusting for 
PCs does not meaningfully alter estimates of the effect of the current PGIs within 
families. Our findings suggest that, for the phenotypes and populations studied here, 
direct genetic effects captured by PCs are modest, and adjusting for PCs does not seem 
to lead to meaningful attenuation in PGI estimates.

sociogenomics | population stratification | population structure | polygenic scores | polygenic indices

 Since at least 2006 (1), including principal components (PCs) of the genotype matrix as 
covariates has been widely used as an adjustment for population stratification when con-
ducting genome-wide association studies (GWAS) and polygenic index analyses— replacing 
the genomic control approach (2). Population stratification refers to when population 
structure (i.e., differences in allele frequencies within different subpopulations) causes bias 
in genetic analyses due to its correlation with phenotypic differences through genetic 
background and/or environmental confounding (3). Not properly accounting for popu-
lation stratification can lead to results that overstate the role of genetic effects, which 
become confounded by environmental factors (or even other genetic loci through 
long-range linkage disequilibrium) (1, 4, 5).

 Over the past decade, linear mixed models (LMMs) have increasingly supplemented 
or, in some cases replaced, PC adjustment as the preferred approach for population struc-
ture adjustment in GWAS (3, 6–8). Conceptually, the two approaches are closely related: 
PCs are the leading eigenvectors of the genomic relatedness matrix (GRM), and LMMs 
model phenotypes with random effects whose covariance structure is given by the GRM. 
Despite the growing prominence of mixed models, PCs remain embedded in many analysis 
pipelines, often used alongside LMMs, and continue to be standard covariates in polygenic 
prediction. At the same time, recent work has noted that jointly adjusting for both PCs 
and a random effect proportional to the GRM does not necessarily improve control for 
population structure and can, in some settings, introduce redundancy or additional noise, 
since the GRM already spans the space of genetic PCs (6, 9). In addition, new methods 
for conducting GWAS in diverse-ancestry samples also utilize PCs to detect ancestry-specific 
effects (10). Given this continued prevalence, understanding the extent to which PC 
adjustment captures genuine genetic signals rather than confounding remains practically 
important.

 PCs have a number of desirable features, including their ease of computation and their 
tendency to correspond to the geographic distribution of populations (11–14). As such, 
over the past two decades PCs have gained popularity in the population genetics literature. 
Statistically adjusting for PCs is useful in addressing confounding—by either environ-
mental factors or other genetic factors (5, 15, 16). However, the extent to which doing 
so also attenuates causal genetic effect estimates is unknown. Here, we ask how much of 
the direct genetic signal is lost when we adjust for PCs? That is, there may be alleles that 
display systematic differences across major axes of ancestry (and thus evince high loadings 
on PC vectors) with direct genetic effects. We define direct genetic effects as the causal 
effects of an individual’s genotype on their phenotype. Within the potential outcomes 
framework, these effects are interpreted as comparisons of outcomes under different genetic 
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realizations while holding parental genotype and any environmen-
tal conditions associated with that genotype fixed (17). While the 
top genetic PCs often correlate strongly with the distribution of 
individuals across environments, we might expect some direct 
causal signal to also be captured by these axes of variation among 
subgroups of people, whether because of genetic drift, assortative 
mating, or selective pressures. Changes in environmental effects, 
in fact, may induce genetic selection to restore optimal fitness; 
this would, in turn, lead to changes in allele frequency along the 
same dimensions as the “confounding” environmental differ-
ence—i.e., the PC space (3, 18, 19). In other words, genetic 
effects—to the extent that causal variants have differentiated across 
ancestry groups due to selection or drift—may lie along the very 
PCs that we purge as confounds in the typical GWAS or polygenic 
analyses.

 With this in mind, the present paper evaluates the extent to 
which genetic PCs capture direct genetic effects on certain phe-
notypes. We examine both additive and (additive-by-additive) 
interaction effects. We then assess whether our estimates of poly-
genic effects within family models meaningfully change when 
adjusting for the direct effects captured by PCs. We consider nine 
complex phenotypes in our analyses, including body mass index 
(BMI), birthweight, number of cigarettes smoked per day, diastolic 
blood pressure, drinks per week, height, number of children ever 
born, having seen a general practitioner (GP) or a psychologist 
for depression, and number of years of schooling completed (fol-
lowing the coding scheme in ref. 20) which we henceforth refer 
to as educational attainment. 

Background

 Genetic PCs are commonly used as indices of genetic population 
structure (21, 22). As of 2022, ref. 23 reports up to 216,000 
genetics or genomic research articles using them. PCs, in general, 
are vectors that result from a technique meant to reduce the 
dimensionality of the data while retaining most of the information 
(24). When applied to population genetic data, PC analysis max-
imizes the allelic variance that can be captured in a given number 
of variables (or components), under the constraints that the var-
iables are 1) linear combinations of the underlying normalized 
allele counts and 2) linearly independent of each other. For exam-
ple, in the White British subsample of the UK Biobank (UKB), 
the first PC tends to distinguish between those born in England 
vs. those born in Scotland and the second PC tends to distinguish 
between those born in Wales vs. those born in England or Scotland 
(SI Appendix, Fig. S3). In principle, including all PCs would span 
the entire genotype matrix and absorb all additive genetic variance. 
In practice, however, analyses typically adjust for a limited number 
of top PCs. The UKB provides 40 PCs, though previous work 
suggests only the top 7 replicate in held-out samples (25), with 
perhaps 16 capturing genuine structure (23) and higher-order PCs 
appearing to reflect local linkage disequilibrium rather than ances-
try and fail to replicate in held-out samples.

 Some have argued that even 40 PCs may be insufficient (26), 
while others question whether PC adjustment is necessary at all, 
especially when using mixed models (6). This raises an empirical 
question: How much direct genetic signal lies along the top PCs 
that are routinely adjusted for and does adjusting for them atten-
uate genuine genetic signals?

 The concern that adjusting for population structure may atten-
uate genuine genetic signals is, at its core, an instance of the 
well-known problem of collinearity among predictors in regres-
sion. When two predictors are correlated (here, a causal SNP and 
a PC), a regression model will distribute the explained variance 

between them and potentially attenuate the estimated effect of 
the causal variant. Because PCs are eigenvectors of the genome-wide 
covariance matrix, any SNP that has experienced allele frequency 
differentiation across subpopulations will generally exhibit some 
correlation with the top PCs (27). For most SNPs this collinearity 
is modest, but it can be substantial for variants that have under-
gone strong differentiation—such as those near LCT  (lactase per-
sistence) or SLC24A5  (skin pigmentation)—which load heavily 
on top PCs in European samples (28, 29).

 In the mixed model literature, this problem is referred to as 
proximal contamination (30). The random effect that captures 
background genetic covariance can absorb signals from causal 
variants, particularly when those variants contribute to the covar-
iance structure being modeled (31, 32). This concern has moti-
vated leave-one-chromosome-out (LOCO) approaches (32), 
which exclude the focal chromosome when estimating background 
effects, thereby preventing the tested SNP from contaminating its 
own control. Even so, residual correlation among genetic effects 
induced by population structure or assortative mating can persist 
under LOCO because of long-range linkage disequilibrium, par-
ticularly for highly polygenic and phenotypically assorted traits 
such as educational attainment and height (6). However, proximal 
contamination is not limited to mixed models. Indeed, when PCs 
are included as fixed-effect covariates, they may absorb a portion 
of the effect of any causal SNP that loads on those PCs (32). The 
question we address empirically is as follows: how large is this 
attenuation in practice, and does it meaningfully affect polygenic 
prediction and GWAS estimates?  

Analytic Strategy

 Simply regressing various phenotypes on the top genetic PCs in 
a sample of unrelated individuals is problematic. By picking up 
population structure, PCs also capture environments shared by 
those in a given subpopulation—everything from differences in 
inherited wealth by region (33) to biased treatment by teachers 
(34) or employers (35) based on characteristics associated with 
different regions of the UK, such as, say, an accent. Indeed, this 
is precisely the reason that PCs are used as covariates in GWAS 
and PGI analyses. Because PCs pick up population structure, 
however, straightforward estimation of their effects on phenotypes 
is difficult.

 More precisely, because PCs are eigenvectors of the genome-wide 
covariance matrix, any PC–phenotype association in population 
models could reflect either genuine polygenic signal (i.e., the 
summed effects of causal variants that have differentiated across 
ancestry groups) or environmental confounding correlated with 
ancestry. Our within-family design distinguishes these sources. 
Siblings share a family environment but differ in their PC values 
due to Mendelian segregation, so any within-family PC–phenotype 
association must reflect genetic signals rather than shared environ-
mental factors. By conditioning on mid-parent PCs, we isolate the 
genetic component of PC–phenotype associations from the shared 
family environment and population-level confounding.

 Our approach therefore rests on first purging, as much as 
possible, the possibility of confounding from our models before 
estimating the direct genetic effects captured by PCs. We do so 
in two ways. First, we deploy PCs computed in a relatively homo-
geneous sample by limiting our analyses to the White British 
subsample of the UKB. Since siblings with parents of more dis-
tinct ancestries are likely to have higher discordance on their 
PCs (as well as higher heterozygosity rates), the results may be 
driven by these individuals in our sample, who may differ from 
others on unobserved characteristics. We address this concern D
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by restricting the sample to sibling sets in which both individuals 
are classified as White British by the UKB. This classification 
follows UKB’s standard procedure, which combines self-reported 
ancestry with the exclusion of individuals who are outliers in the 
genetic PC space.

 However, even with a relatively homogeneous sample, popula-
tion stratification may still be at play; for example, in the United 
Kingdom, people of primarily Scottish ancestry, and people of 
primarily English ancestry, have both different average physical 
and cultural environments and different allele frequencies. We 
therefore run within-family models to minimize the extant asso-
ciation of confounding factors. Family-based models are generally 
accepted to yield genetic estimates that are less susceptible to envi-
ronmental and genetic confounding (36). Siblings share the same 
parental gene pool (as well as cultural patrimony and family envi-
ronment), meaning that genetic differences between them—
whether at a single locus or summarized via a PGI or PC—is the 
result of the random assignment of alleles during meiotic recom-
bination and segregation. Thus, estimating the effects of PCs using 
within-family models provides estimates of direct genetic effects 
that are not affected by environmental confounds. That said, envi-
ronmental processes which mediate the effects of genetic popula-
tion structure are still considered direct genetic effects under the 
potential outcomes framework (17). Put differently, whereas pas-
sive gene–environment correlations serve as potential confounders 
of genetic effects, active, and evocative gene–environment corre-
lations instead represent environmental mechanisms of genetic 
effects. For example, ref. 37 reported that sibling differences in 
the educational attainment polygenic score induced migratory 
differences—for instance, the sibling with the higher polygenic 
score moving to a more socioeconomically advantaged neighbor-
hood in adulthood—which, in turn, shaped sibling differences in 
BMI. Thus, a portion of the direct genetic effects on BMI were 
mediated by the way in which one’s DNA selected them into 
environments with different BMI-associated risk factors.

 However, while less susceptible to bias than population-based 
analyses, family models can still be susceptible to genetic con-
founding on a given chromosome—i.e., linkage of nonlocal but 
same-chromosome loci due to assortative mating or selection and 
the extent to which their estimates can be generalized to the pop-
ulation of interest is unclear (38, 39). Even within family models, 
genome-wide measures (such as PGIs or, in this case, PCs) cannot 
be interpreted as the average treatment effect (ATE) since genetic 
effects are likely heterogeneous by environments and genotypes 
are nonrandomly distributed across those environments (specifi-
cally, families differ in their heterozygosity rates across loci) (40). 
Here, however, we are not interested in identifying the ATE esti-
mates of each PC on a phenotype, but instead whether PCs in 
general capture direct genetic effects.

 Traditional approaches to within-family analysis rely on sibling 
models which, in effect, regress sibling differences in phenotype 
on sibling differences in polygenic index. While effective at remov-
ing environmental confounding, these approaches can suffer from 
low statistical power. This low statistical power results from a com-
bination of two factors: 1) the reduced amount of genetic variation 
within families and 2) the relative paucity of data of dyadic genetic 
data within families (i.e., parent–child pairs and/or sibling pairs). 
For instance, though the UKB has roughly 500,000 genotyped 
individuals, it has only about 22,000 sibling pairs (and even fewer 
parent–child pairs).

 Leveraging features of Mendelian inheritance in order to impute 
missing genotypes, by contrast, has been shown to increase power 
by increasing the effective sample size (40). Specifically, we use 
ref. 40’s method for nonlinearly imputing missing parental 

genomes using genotyped sibling pairs. Because each nontwin 
sibling’s autosomal genotype in a family is effectively a random 
draw from the parents’ genotypes, it is possible to use observed 
sibling genotypes to work backward and partially recover parental 
genotypes.

 In the UKB, families vary in the missingness of parental geno-
types. In cases where both mother and father are missing, ref. 40’s 
approach infers the same genotype for each parent. To ensure that 
the results are applicable to all patterns of parental missingness, 
we calculate the mid-parent genotype—i.e., the average genotype 
of the two parents—for each family. When both parents are miss-
ing, the mid-parent genotype is the same as the average of each 
of their individual imputed genotypes. When one parent is miss-
ing, the mid-parent genotype is the average between the imputed 
parent’s genotype and the observed parent’s genotype. And when 
both are present in the data, it is the average of their observed 
genotypes.

 We calculate PGIs for nine different phenotypes based on the 
most recent population-based (as opposed to within-family) 
GWASs for each phenotype and the first 40 genetic PCs for both 
siblings and mid-parents. This, in turn, allows us to condition on 
the mid-parental PGI and PCs in our various regression models. 
The coefficient on the child’s PGI or PC can consequently be 
interpreted as a genetic association attributable to the child, above 
and beyond any environmental information captured by the 
parental controls. Note that while conditioning on mid-parent 
genotype reduces the variance uniquely attributable to the child’s 
genotype, the regression coefficient is an unbiased estimate of the 
direct effect (see ref. 40 for formal derivation).  

Data and Measures

 Our data come from the UKB, a national biomedical database 
collected in the United Kingdom that links participants’ genotypes 
to a broad questionnaire about their physical and mental health, 
behaviors, and demographics. The full UKB has more than 
500,000 respondents from a wide range of social and ethnic back-
grounds, including a subsample of 408,219 respondents who are 
White British (see ref. 41 for how these individuals were classified). 
For most of our analyses, we focus on the subset of respondents 
who have at least one parent or sibling in the data and were iden-
tified as White British (n = 38,738) following the procedure 
described below.

 To prepare the genetic data, we applied a standard protocol for 
genetic quality control. We restricted the genotype data to SNPs 
with a minor allele frequency of at least 0.05, filtered out individ-
ual genotypes with high rates of missingness (>10%), removed 
SNPs that violated the expectations of the Hardy–Weinberg equi-
librium [±20% from HWE (42)], and dropped individuals who 
had a mismatch between their self-reported sex and their XY 
chromosome composition. Finally, as part of calculating PCs, we 
performed genetic pruning and removed long-range linkage dis-
equilibrium regions, described below, which has been shown to 
be important for capturing ancestry within homogeneous popu-
lations (43). After applying these quality control filters, 118,270 
SNPs remained for subsequent genetic analyses.

 To identify related individuals, we utilized the KING software 
package. KING infers identity-by-descent information using SNP 
data, thereby allowing unrelated individuals to be reliably separated 
from related individuals of varying degrees. Monozygotic twins, half 
siblings, and first, second, and third-degree cousins were removed 
from the analyses. We then distinguished sibling pairs and parent–
child pairs (who we henceforth refer to as our sibling and family 
sample) from the unrelated individuals remaining in the data. D
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Accurately estimating genetic PCs depends on having first removed 
cryptically related individuals from the genotype matrix. For this 
reason, although our core analyses focus on the sibling and family 
sample, PCs were first estimated on the sample of unrelated White 
British individuals. We then project individuals from the sibling 
and family sample into this PC space.

 More specifically, we calculated the genetic PCs for sibling 
and mid-parent genotypes in three steps. First, we used the 
bigsnpr package in R to clump SNPs that are in linkage disequi-
librium (LD), remove long-range LD regions, and then estimate 
the first 40 PCs for all White British unrelated individuals in 
the UKB (41, 43). We then identified outliers along these 40 
PCs, removed them from the data, and recalculated the PCs 
using this more homogeneous set of unrelated individuals. 
Finally, we projected the sibling and mid-parent genotypes onto 
this PC space to obtain their loadings along these 40 PCs using 
bigsnpr’s OADP (Online Augmentation, Decomposition, and 
Procrustes) projection which has been shown to have no visible 
shrinkage bias when applied to the UKB (43). OADP corrects 
for projection bias in three steps. First, new individuals are tem-
porarily appended to the reference data via a low-rank augmen-
tation to approximate the covariance structure that would have 
been obtained had the target samples been included in the orig-
inal decomposition. Second, an efficient low-rank update of the 
eigendecomposition is performed. This yields analytically cor-
rected PC coordinates that adjust for the shrinkage inherent in 
out-of-sample projection. Third, because the augmented decom-
position may introduce small rotations relative to the original 
reference space, a Procrustes transformation aligns the updated 
coordinates back to the reference PCA.

 By projecting our siblings and family sample onto the PC space 
of the unrelated individuals, we ensure the PCs pick up broader 
genetic structure in the White British population (rather than 
artifactual genetic structure mechanically present in close rela-
tives). In SI Appendix, we provide evidence that we are indeed 
picking up broader genetic structure in the White British popu-
lation by examining the spatial autocorrelation of all 40 PCs across 
the United Kingdom according to respondent region of birth and 
that our core findings hold up even when using the PCs provided 
by the UKB, which include individuals of all represented ances-
try groups.

 We calculated PGIs in two ways. The first approach mimics 
how PGIs are traditionally constructed in the literature—using 
population GWASs. We first identified summary statistics from 
the largest available GWAS for each phenotype that excludes the 
UKB related sample: height (44), BMI (45), birth weight (46), 
number of cigarettes per day (47), diastolic blood pressure (48), 
drinks per week (47), educational attainment (16), number of 
children ever born (49), and depression (50). All variables are 
standardized before regressions. Because height is strongly influ-
enced by sex, creating a bimodal or platykurtic distribution that 
violates Normality assumptions, we standardize height separately 
for men and women. The height, diastolic blood pressure, and 
depression GWASs removed related individuals (including UKB 
siblings) as part of their quality control procedures and so we 
construct PGIs in our sibling sample using these summary statis-
tics. For the remaining phenotypes—BMI, birthweight, drinks 
per week, number of cigarettes per day, educational attainment, 
and number of children ever born–we used GWAS summary sta-
tistics that excluded the UKB entirely. We used PRScs to adjust 
the GWAS summary statistics to account for the linkage disequi-
librium structure of the UKB sample. Finally, we used the PGI 
construction script provided by ref. 40 to construct PGIs for 
probands (siblings) and the mid-parent in each family.

 While using the common approach to PGI construction 
makes our results directly applicable to previous work, a poten-
tial issue with this approach is that population-based GWASs—
though all include some adjustment for population stratification— 
can vary in the homogeneity of their samples, type of adjustment 
used (PCs vs. LMMs), and in relevant cases, how many PCs are 
adjusted for. We therefore also conducted our own GWAS for 
each phenotype using a sample of unrelated White British indi-
viduals in the UKB as our discovery sample, adjusting for the 
first 40 White British PCs for the proband. By comparing these 
two different approaches, we can be sure that any differences we 
see in the results are not due to different choices in how popu-
lation stratification is accounted for at the GWAS stage. The 
steps for constructing the PGI after having run our GWASs are 
the same as in the traditional approach that uses external GWASs. 
The results from using our own GWAS can be found in 
SI Appendix, Table S5.  

Model Specifications

 To evaluate the direct genetic effects of PCs and how their inclu-
sion in models affects PGI estimates, we ran three different sets 
of regression models.

 We refer to the first set of models as within-family PC models. 
In these models, we directly evaluate the effect of PCs on our nine 
phenotypes while adjusting for mid-parent PCs to account for 
family structure. We begin by defining a base model that includes 
the first 40 mid-parent PCs, as well as the age, sex, genotyping 
array, and UKB assessment center of the proband. We then incre-
mentally add proband PCs to the model and evaluate how their 
addition affects variance explained by the model (R2 ), using an 
F-test to determine whether any incremental gains in R2  are sta-
tistically significant.

 The base model can be formalized as the following, for individ-
ual  i    in family  j   :

﻿﻿   

 where  Yij    is the phenotype,  mid -PCv
j
    is the  vth    midparental genetic 

PC,  �    is the intercept term, where  �Xij    represents control variables 
(sex, age, genotyping array, and assessment center) and their coef-
ficients, γv  is the coefficient for the v﻿th  mid-parent PC.

 To this base model, we add the proband genetic PCs (where 
﻿PCw

ij
    is the  wth    genetic PC). The coefficient δ captures the effect 

of the proband PC, and ϵij is the error term. For example, in the 
first set of models building on the base model, we add PC 1:

﻿﻿   

 The model with proband  PC 1
ij
    shown in Eq. 2 is then compared 

to the base model in Eq. 1 using incremental R2  and an F-test. In 
subsequent regressions, we continue to add the next PC until all 
40 proband PCs are in the model.

﻿﻿   

 where k  ranges from 1 to 40 across model specifications. Each 
model with k  proband PCs is compared to the model with k –1 
proband PCs using incremental R2 and an F-test. Because each 

[1]Yij = � + �Xij +

40
∑

v=1

�vmid -PC
v
j + �ij,

[2]Yij = � + �Xij +

40
∑

v=1

�vmid -PC
v
j + �1PC

1
ij + �ij.

[3]Yij = � + �Xij +

40
∑

v=1

�vmid -PC
v
j +

k
∑

w=1

�wPC
w
ij + �ij,
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model includes all previous PCs, a comparison with the base 
model would not allow us to identify the marginal impact of 
adding each PC. Comparing sequential models ensures that our 
incremental R2 results capture the gains to explained variance 
from adding each proband PC. 

Interaction Effects. In addition to the additive models of PCs 
reported above, we also examined whether PCs exhibit interaction 
effects for the different phenotypes considered here. While GWAS 
and PGI analyses typically adjust for main effects of PCs, they 
do not include nonlinear functional forms. So, this portion of 
the analysis does not inform the question of whether including 
PCs leads to attenuation of direct genetic effects in GWAS 
or PGI models but rather asks if dimensions of population 
structure interact in ways that impact phenotypes through direct 
genetic effects.

 The number of potential cross-PC combinations is extremely 
large [considering just the possible bivariate combinations between 
the 40 proband PCs would lead to  

(

40

2

)

= 780    regressions]. We 
therefore focus exclusively on bivariate interactions between the 
first eight PCs, in addition to squared terms for each of the first 
eight PCs to test quadratic effects for our nine phenotypes. We 
also include the bivariate interactions between each PC and the 
phenotype’s relevant PGI.

 Here, for each bivariate combination, we compare the amount 
of additional variance that is explained when moving from an 
additive to an interaction model. That is, we compare a purely 
additive version of each model, where all proband PCs, parental 
PCs, and proband controls were included, to a model where two 
proband PCs are also interacted. For example, in the case of  PC 1

ij
    

and  PC 2
ij
 , the model fit of Eq. 5 was compared to that of Eq. 4:

﻿﻿  

﻿﻿   

 In the case of quadratic effects, instead of two PCs, the inter-
action term is a squared term of that particular PC for the proband.  

Changes in PGI Estimates. Finally, we assess whether the effects 
of PGIs on a phenotype meaningfully change when we add 
proband PCs to within-family models. We use a test from ref. 51 
for evaluating the significance of changes in coefficient magnitudes 
between nested models. If we are concerned about the attenuation 
of direct genetic signal, we should see the magnitude of PGI 
estimates significantly change once proband PCs are included in 
within-family models.

 Within-family models are less prone to confounding (with the 
caveats discussed above). Still, PGIs constructed with weights from 
population (i.e., between-family) GWASs contain both environ-
mental and genetic confounding, and even within-family models 
cannot be interpreted as only including direct genetic effects. 
Including PCs in the model may affect the PGI models either 
through absorbing direct genetic effects, or residual confounding 
that exists in the PGIs. Here, we ask whether the PGI estimates 
meaningfully change when accounting for the direct effects of PCs 
on the phenotypes by absorbing direct, indirect, or confounding 

effects present in the PGI. We chose to use population-level, rather 
than sibling, GWASs for the construction of the PGIs to make 
these analyses relevant to the largest number of researchers possi-
ble. Although sibling GWASs continue to increase in size, they 
still lack power, and thus many researchers opt for better-powered 
GWASs conducted on population samples. In addition, they do 
not yet exist for all the phenotypes considered here.

 Again, we compare a model with proband PCs to a base model 
without them. The base model is as follows:

﻿﻿  

  where  Yij    is the phenotype,  PGIij    is the proband’s PGI for the 
relevant phenotype, mid-PGIj   is the mid-parent PGI for the phe-
notype. Sex, age, the genotyping array, and UKB assessment center 
of the proband are included as controls as  �Xij . λ1  and λ2  are the 
coefficients for the mid-parent and proband PGI, respectively.

 To this base model, we add the PCs of the proband. Where k  
ranges from 1 to 40 across model specifications, each model with 
﻿k  proband PCs is compared to the model with k –1 proband PCs 
to test whether the PGI coefficient changes. To assess the total 
impact of adding proband PCs, we compare the PGI estimate 
from the final model (with all 40 proband PCs) to that of the 
base model.

﻿﻿   

 Because we are running dozens of regressions per phenotype, 
we use the Bonferroni correction to adjust P﻿-values to account for 
the increased likelihood of Type I errors arising from multiple 
comparisons. Within a set of models (additive, interaction, PGI), 
the original P﻿-values obtained from each individual regression are 
multiplied by the total number of regressions conducted for that 
type. A coefficient is considered statistically significant if its 
Bonferroni-adjusted P﻿-value is less than or equal to the significance 
threshold of 0.05.   

Results

 We first report results from the additive models examining the 
direct effects of proband PCs on our phenotypes of interest (Eqs. 
1–3). We interpret these as direct genetic effects because the mod-
els include both proband and mid-parent PCs, allowing us to 
capture within-family variation that controls for genetic ancestry 
and shared family environment. In Fig. 1, we report incremental 
R2  values across different model specifications. This provides a 
sense of how much of the overall variance in these phenotypes is 
explained by the first 40 proband PCs, parental PCs, and proband 
and parental PCs combined. The amount of variance captured by 
PCs (proband, parental, and both) varies meaningfully by pheno-
type. We use an ANOVA to test whether adding PCs significantly 
improved variance explained. Our ANOVA tests demonstrate that 
for all nine phenotypes full models incorporating both proband 
and parental PCs significantly improved variance explained com-
pared to models with only age, sex, array, assessment center, and 
parental PCs (P  < 0.001 for all phenotypes after Bonferroni cor-
rection). Although statistically significant, these improvements 
were modest in magnitude, suggesting that while PCs do capture 
some direct genetic effects, they explain only a small portion of 
phenotypic variation (see SI Appendix, Table S1 for numerical 
values of R2 ).          

 We further assessed the regression coefficients of proband and 
parental PCs to phenotypic variation. To do so, we conducted a set 

[4]Yij = � + �Xij +

40
∑

v=1

�vmid -PC
v
j +

40
∑

w=1

�wPC
w
ij + �ij,

[5]

Yij=�+�Xij+

40
∑

v=1

�vmid -PC
v
j

+

40
∑

w=1

�wPC
w
ij +�(PC 1

ij ×PC2
ij)+�ij.

[6]Yij = � + �Xij + �1mid -PGIj + �2PGIj + �ij,

[7]Yij = � + �Xij + �1mid -PGIj + �2PGIj +

k
∑

w=1

�wPC
w
ij + �ij.
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of ANOVAs to compare models with only age + sex + array + 
assessment center to ones where we add 40 proband PCs and 40 
parental PCs separately. Compared to the base model, adding 40 
parental PCs significantly improved model fit for all nine pheno-
types. Similarly, adding 40 proband PCs significantly improved 
model fit for all phenotypes. For the sake of visual clarity, these tests 
are not shown in Fig. 1. These models are less causally identified 
and are only meant to establish a baseline to show which phenotypes 
seem to be affected by population structure more broadly.

﻿Fig. 2 plots the relationship between within-family and 
population-level effect estimates of PCs across all nine phenotypes, 
measured in SD units. Within-family models examine siblings who 
share genetic ancestry but differ in specific PC values due to random 
Mendelian segregation, thereby adjusting for population stratifica-
tion and family environment. If the PC effects observed in a sample 
of unrelated people (here referred to as the population effect) pri-

marily reflect environmental confounding related to ancestry,  
we would expect these effects to be very low or absent in the 
within-family analysis. Conversely, if we observe similar effect esti-
mates in both approaches, it suggests that population-level PC 
associations are not primarily driven by confounding but instead 
reflect actual causal genetic variation captured by these PCs. The 
strong association between estimates as indicated by the best fit line 
in Fig. 2 indicates that population-level PC associations substan-
tially reflect direct genetic signal, not solely confounding factors.          

﻿Fig. 3 presents a more granular view of the effects (in SD) of 
the first eight PCs across all nine phenotypes. Within-family 
effects (orange) and population effects (black) are shown side by 
side which allows for comparison of their respective magnitudes 
and statistical significance. The figure reveals several important 
patterns. First, we observe substantial overlap between within- 
family and population estimates across most PCs and phenotypes, 

Fig. 1.   Incremental R2 across different model types and phenotypes. Incremental R2 over the base model containing only age, sex, array, and assessment 
center is reported across different model specifications. An ANOVA was used to compare the full model (parental PCs + proband PCs + controls) to the model 
with parental PCs + additional covariates. 95% CI for the resulting R2 values were estimated via bootstrapping with 10,000 resamplings each. Additional 
Covariates include age, sex, array, and UKB assessment center. Asterisks reflect the degree of statistical significance for the ANOVA: *P < 0.05, **P < 0.01, and 
***P < 0.001. Incremental R2 values used to produce this figure are reported in SI Appendix, Table S1.
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Fig. 2.   Comparing within-sibship effects 
and population effects of PCs, across 
phenotypes. Within-sibship vs. popula-
tion effects of 40 PCs on phenotypes (in 
SD units) are plotted along with the best 
fit regression line. The population mod-
els include controls and all 40 proband 
PCs and use the unrelated White British 
subsample. The within-family models use 
the White British sibling subsample and 
include controls, all 40 proband PCs, and 
all 40 parental PCs. Across phenotypes, 
effects of PCs for the two different mod-
els are highly overlapping, with the ex-
ception of some lower-order PCs (1 to 5).D
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which confirms the findings from Fig. 2. Second, the effects are 
generally modest in magnitude. Third, we observe phenotype- 
specific patterns—height shows the most consistent and strongest 
effects across multiple PCs, with PCs 1, 2, 3, and 5 all showing 
significant effects in both modeling approaches. Educational 
attainment, BMI, number of children ever born, drinks per week, 
and cigarettes per day similarly show significant effects for a hand-
ful of PCs. Several traits like BMI, birthweight, and having seen 
a GP or a psychologist for depression have some PCs (particularly 
PC1) that show significant effects in population models but dis-
appear in within-family models, suggesting that these specific 
associations may reflect environmental and genetic confounding 
correlated with ancestry rather than direct genetic effects. The 
complete set of results for all 40 PCs is available in SI Appendix, 
Fig. S1, but the most consistent and strongest effects are concen-
trated in these first 8 PCs shown here.          

 Next, we turn to examining which specific sets of PCs contrib-
ute most significantly to explaining phenotypic variation. To do 
so, we examine the incremental gain in R2  that results from adding 
different numbers of proband PCs to the models. These are based 
on models represented in Eqs. 1–3. Table 1 reports the incremen-
tal R2 values and their corresponding Bonferroni-corrected P﻿-values. 
For each model, the comparison is made against a version with one 
fewer proband PCs, allowing us to isolate the contribution of each 
specific PC. The results are reported in ascending order according 
to their Bonferroni-corrected P﻿-values and we only report models 
that reach statistical significance after Bonferroni correction.

 After Bonferroni correction for multiple testing, all phenotypes 
except having seen a doctor or a general practicioner for depression 
exhibit significant effects for at least one PC. Height exhibits the 
greatest number of significant effects with four, including PC 1 
(ΔR2 = 0.99%, P  < 0.001), PC 2 (ΔR2 = 0.72%, P  < 0.001), PC 
5 (ΔR2 = 0.58%, P  < 0.001) and PC 25 (ΔR2 = 0.54%, P  < 0.001). 
Educational attainment (PC 4: ΔR2 = 0.72%, P  < 0.001 and PC 
5: ΔR2 = 0.51%, P  < 0.01), Drinks Per Week (PC 3: ΔR2 = 0.88%, 

﻿P  < 0.001 and PC 5: ΔR2 = 0.39%, P  < 0.05), and Cigarettes Per 
Day (PC 14: ΔR2 = 1.26%, P  < 0.05 and PC 24: ΔR2 = 1.64%, 
﻿P  < 0.001) each exhibit significant effects for two PCs. The remain-
ing four phenotypes have one significant effect each, PC 3 for 
BMI (ΔR2 = 1.37%, P  < 0.01), PC 5 for Number of Children 

Fig. 3.   Comparing within-
sibship effects of PCs to 
their population effects, by 
phenotype. SD change in 
phenotype by PCs (point es-
timate ± 95% CI) are plotted 
in population models (black) 
and in within-family models 
(orange). The nine panels 
correspond to the nine dif-
ferent phenotypes included 
in this study. GP stands for 
General Practitioner and 
“Doc” refers to doctor. The 
population models include 
controls and all 40 proband 
PCs and use the unrelated 
White British subsample. CI 
are not corrected for mul-
tiple testing, as the figure 
is meant to enable a de-
scriptive assessment of the 
extent to which the within-
family and population ef-
fects of PCs overlap. The 
within-family models use 
the White British sibling sub-
sample and include controls, 
all 40 proband PCs, and all 
40 parental PCs. For the sake 
of brevity, the first 8 PCs are 
plotted here; SI  Appendix, 
Fig. S1 plots all 40 PCs.

Table 1.   Significant effects of PCs in additive models

Phenotype PC set
Incremental 

R2 (%)
Bonferroni 

corrected P-value

Height PC 1 0.99 0.000000003
Drinks Per Week PC 3 0.88 0.000000640
Height PC 2 0.72 0.000001492
Education PC 4 0.72 0.000033242
Height PC 5 0.58 0.000042823
Number of 

Children Ever 
Born

PC 5 0.83 0.000090007

Height PC 25 0.54 0.000093426
Cigarettes Per 

Day
PC 24 1.64 0.000723978

Education PC 5 0.51 0.002076287
Diastolic BP PC 10 0.62 0.002627839
BMI PC 3 1.37 0.002932015
Cigarettes Per 

Day
PC 14 1.26 0.013664052

Birthweight PC 31 1.40 0.014467315
Drinks Per Week PC 5 0.39 0.021389807
This table shows additive within-family models of PCs predicting phenotypes. The per-
cent increase in incremental R2 and the Bonferroni corrected P-values of those effects are 
reported. Incremental R2 was calculated with reference to the base model excluding the 
relevant proband PCs, but including 40 parental PCs as well as age, sex, array, and assess-
ment center of proband as controls. Significant effects are found for height, educational 
attainment, drinks per week, number of children ever born, birthweight, and BMI. Models 
that failed to reach Bonferroni-corrected statistical significance are excluded from this 
table but can be found in SI Appendix, Table S2.D
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Ever Born (ΔR2 = 0.83%, P  < 0.001), PC 10 for Diastolic  
BP (ΔR2 = 0.62%, P  < 0.01), and PC 31 for Birthweight  
(ΔR2 = 1.40%, P  < 0.05).

 Our analysis of incremental R2 across PC sets shows that direct 
genetic effects captured by population structure are primarily con-
centrated in the first few PCs. Across all nine phenotypes, 30% 
of significant associations in within-family models (26 out of 86 
significant hits before Bonferroni correction) come from just the 
first 8 PCs, and 63% (54 out of 86) from the first 20 PCs. By 

implication, if attenuation of direct genetic effects by including 
PCs is indeed a concern, including a smaller number of PCs 
should do very little to counter it. 

Interaction Effects of PCs. We next examine interaction effects. 
There is no a priori reason to suspect a linear association between 
axes of population structure and phenotypes. We focus on two 
types of nonlinear effects: quadratic terms (PC2) to detect U-
shaped relationships, and bivariate interactions between PCs or 
between PCs and PGIs to identify joint effects that differ from 
the sum of their parts.

﻿Table 2 presents the results of these interaction models, report-
ing incremental R2 values and Bonferroni-corrected P﻿-values for 
models that reached statistical significance. Interaction models 
(Eq. 5) are compared against an additive base model with the same 
parental genetic variables as well as the proband’s added rather 
than multiplied (Eq. 4).

 We find evidence of nonlinear effects across multiple pheno-
types. Quadratic effects are particularly pronounced for PC2 on 
educational attainment (ΔR2 = 0.59%, P  < 0.001) and number 
of children ever born (ΔR2 = 0.46%, P  < 0.05) as well as for PC4 
on birthweight (ΔR2 = 1.39%, P  < 0.05), and drinks per week 
(ΔR2 = 0.4%, P  < 0.05), suggesting that genetic variants associ-
ated with this dimension of UK population structure have non-
linear effects on these traits.

 Cross-PC interactions reveal additional complexity in the genetic 
architecture of these traits. For educational attainment, we find 
significant interactions emerge between PC1 and PC2 (ΔR2 = 
1.42%, P  < 0.0001) and between PC2 and PC3 (ΔR2 = 0.61%,  
﻿P  < 0.001). Other phenotypes also exhibit significant interaction 
effects, including number of children ever born (PC 2 × PC 7: ΔR2 =  
0.46%, P  < 0.05) and seen doc/GP for depression (PC 2 × PC 4: 
ΔR2 = 0.91%, P  < 0.01). Overall, we find evidence for nonlinear 
effects of population structure as summarized by PCs.  

Table 2.   Significant interaction effects of PCs

Phenotype PC set
Incremental 

R2 (%)
Bonferroni corrected 

P-value

Education PC 1 × PC 2 1.42 0.000000000011030
Education PC 2 × PC 3 0.61 0.000264787306113
Education PC 2 × PC 2 0.59 0.000450359432356
Seen Doc/GP 

for 
Depression

PC 2 × PC 4 0.91 0.001205138442653

Birthweight PC 4 × PC 4 1.39 0.017639535960627
Drinks Per 

Week
PC 4 × PC 4 0.40 0.020759163563980

Number of 
Children Ever 
Born

PC 2 × PC 7 0.46 0.043354177229531

Number of 
Children Ever 
Born

PC 2 × PC 2 0.46 0.048838279663295

This table shows interaction, within-family models of PCs predicting phenotypes, along 
with the percent increase in incremental R2, and the Bonferroni corrected P-values of 
those effects are reported. Incremental R2 was calculated with reference to the base mod-
el excluding the relevant interaction for the (set of) proband PC(s) or PGI, but including the 
same additive proband and parental PC(s) or PGI as well as age, sex, array, and assess-
ment center as controls. Significant effects are found for educational attainment, height, 
drinks per week, depression, birthweight, number of children ever born and diastolic 
blood pressure. Models that failed to reach Bonferroni-corrected statistical significance 
are excluded from this table but can be found in SI Appendix, Table S3. GP stands for Gen-
eral Practitioner and “Doc” refers to doctor.

Fig. 4.   Change in PGI effect on 
outcome with and without con-
trols for PCs, within-family mod-
els. The within-family SD change 
in the relevant effect of each PGI 
is shown on each phenotype 
(point estimate ± 95% CI). GP 
stands for General Practitioner 
and “Doc” refers to doctor. The 
base models (age + sex + array 
+ assessment center) are plotted 
in black, and models including 40 
PCs in addition to the base mod-
el are plotted in orange. None of 
the differences between the PGI 
estimates in the base and 40 PCs 
models are significantly differ-
ent, according to the test devel-
oped in ref. 51.
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PGI Models. Finally, we examine whether PGI estimates (based 
on the largest available population GWAS, excluding the UKB 
related sample) are affected when proband PCs are included in 
our additive models (Eqs. 6 and 7). The results are visualized in 
Fig. 4 (see SI Appendix, Table S4 for statistical tests). Across the 
board, we find that the addition of PCs does not substantially 
or significantly change coefficient estimates. These results imply 
that while PCs may capture some modest direct genetic effects, 
we are not attenuating our PGI estimates by adjusting for them. 
We find similar results using PGIs from standardized GWASs that 
we constructed ourselves using the UKB unrelated population 
(more information on those GWASs can be found in SI Appendix). 
There, again, we find no significant or substantial differences in 
PGI estimates before and after the inclusion of PCs. Finally, in 
SI Appendix, we show that adjusting for proband PCs in within-
family GWAS similarly does not substantially influence GWAS 
effect sizes.

Conclusion

 We asked to what extent adjustment for population stratification 
through genetic PCs attenuates direct genetic effect signals in 
GWAS and polygenic prediction models. Because PCs summarize 
genome-wide genetic covariance, some overlap with polygenic 
effects on heritable traits is to be expected. We indeed found that 
PCs significantly, albeit modestly capture direct genetic effects 
(Table 1 and Fig. 3). The question that remains is whether this 
overlap is large enough to meaningfully attenuate genetic effect 
estimates in practice. Our findings suggest it is not (Fig. 4). While 
we did find that top PCs show significant within-family effects 
on height and, to a lesser extent, educational attainment and a 
few other phenotypes, the magnitudes are modest.

 Beyond additive effects, we also examined nonlinear relation-
ships between PCs and phenotypes (Table 2). Previous work has 
found little evidence of dominance effects at individual loci, 
including a dominance GWAS for educational attainment that 
identified no genome-wide significant SNPs (20). At the level of 
PCs, however, we find some evidence of quadratic effects, particu-
larly on education, birthweight, drinks per week, and number of 
children ever born. For education, depression, and number of 
children ever born, we also found significant PC-by-PC interac-
tion effects.

 To what extent does PC adjustment attenuate estimates of direct 
genetic effects? We find minimal attenuation at both the PGI and 
SNP level. Adding PCs to within-family PGI prediction models 
does not substantially change PGI coefficients—this held for PGIs 
based on published GWASs (which varied in cohort homogeneity 
and PC adjustments) and for PGIs we constructed from GWASs 
in the unrelated UKB sample. At the SNP level, within-family 
GWAS estimates with and without PC adjustment were nearly 
identical across all phenotypes (SI Appendix, Tables S6 and S7).

 Many of the significant effects of PCs found here are for height 
and educational attainment. Why might this be the case? One 
explanation is that both of these traits have been shown to be 
highly heritable and we may be more powered to detect effects. It 
could also be due to drift, directional, or stabilizing selection. As 
previous work has shown (14), under a wide range of evolutionary 
models, two genetic groups (however defined) are expected to 
diverge somewhat in polygenic effects. The within-family estimates 
of PCs might also be inflated by linkage of alleles on the same 
chromosome brought about by assortative mating (52). Indeed, 
height and especially educational attainment show some of the 

highest levels of assortative mating, both phenotypically and gen-
otypically (52–54). Assortative mating and selection have in turn, 
been shown to be linked (55); and a number of studies have 
identified height as a phenotype that likely experienced recent 
polygenic adaptation within European populations (56).

 Recent studies (57) have conducted within family GWASs for 
25 phenotypes and found that height, educational attainment, 
and fertility behaviors see the most attenuation in their direct 
genetic effect estimates (compared to results from traditional 
between-family GWAS models; see figure in ref. 57. This attenu-
ation, especially for more socially mediated phenotypes like edu-
cational attainment, is likely due to dynastic confounding of the 
genetic effects [e.g., generational advantage being passed down 
alongside genes (58)], and to a lesser extent indirect genetic effects 
[i.e., environmentally mediated effects of the shared genes of the 
proband’s relatives (59, 60)]. However, the attenuation could also 
reflect genetic differences across subpopulations that result from 
selection, drift, or assortative mating. If rates of mating across 
these subpopulations are low, then within-family designs will not 
be able to detect such effects. Thus, while within-family GWAS 
has long been preferable to GWAS with PC-controls among unre-
lated individuals for the prevention of false positives resulting from 
population structure, our results suggest that both approaches may 
sometimes result in false negatives (albeit of relatively modest 
magnitude). It could be for the same reasons that we find only 
modest differences between the within-family GWASs with and 
without adjusting for PCs (SI Appendix, Tables S6 and S7). That 
being said, there is good reason to adjust for confounding, even 
at the cost of losing a modest degree of direct genetic signal. Future 
studies can aim to tease apart genetic from nongenetic contribu-
tions to population structure. Our findings may be specific to the 
population studied. Our main analyses focused on the White 
British subsample of the UKB. The sensitivity analyses using the 
full UKB sample yielded similar results (SI Appendix, Tables S8–
S11), though the UKB remains predominantly European. 
Whether these findings generalize to more ancestrally diverse 
cohorts remains an open question. Finally, our findings speak 
specifically to PC adjustment; we do not address alternative 
approaches such as mixed models, and ongoing methodological 
questions about the optimal construction of PCs and GRMs, 
including how variant frequency and demographic history influ-
ence their ability to capture structure (e.g., refs. 61 and 62).    

Data, Materials, and Software Availability. Data cannot be shared. UK 
Biobank Data (63) are available to researchers through an application process. 
We are not allowed to share them.
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Table S1: R2 across different model types and phenotypes  

  Age + Sex + Array 

+ Assessment 

Center 

40 Proband PCs + controls 40 Parental PCs + controls Full Model 

  (1) (2) (3) (4) 

BMI 0.016 0.019 0.018 0.020 

Height* 0.051 0.059 0.058 0.061 

Educational Attainment  0.046 0.049 0.049 0.051 

Num Children Ever Born 0.038 0.040 0.040 0.041 

Cigarettes per day  0.014 0.017 0.017 0.018 

Drinks per Week 0.047 0.050 0.050 0.052 

Diastolic BP 0.042 0.043 0.043 0.044 

Depression 0.028 0.030 0.029 0.031 

Birthweight 0.022 0.024 0.025 0.026 

Notes: R2 across different model specifications is reported. The rows correspond to the phenotypes (the outcomes in 

the regressions), and the columns correspond to the variables included in the model. Controls refer to age, sex, 

array, and assessment center. Full Model includes age, sex, array, assessment center, 40 parental PCs and 40 

proband PCs. 

* Height was standardized for males and females separately. 

 

 

Table S2: Percent change in R2 when adding proband PCs to within-family 

models 

Phenotype PC set 

Incremental 

R2 (%) 

Bonferroni corrected p-

value 

BMI PCs 1-4 1.7276 0.0044 

BMI PCs 5-8 1.9852 0.0006 

BMI PCs 9-12 0.5848 1.0000 

BMI PCs 13-16 1.1917 0.1078 

BMI PCs 17-20 0.0456 1.0000 

BMI PCs 21-24 0.6854 1.0000 

BMI PCs 25-28 0.8061 1.0000 

BMI PCs 29-32 0.3701 1.0000 

BMI PCs 33-36 0.4567 1.0000 

BMI PCs 37-40 0.8144 1.0000 

Height PCs 1-4 1.8069 0.0000 

Height PCs 5-8 0.7426 0.0000 

Height PCs 9-12 0.3646 0.1225 

Height PCs 13-16 0.3806 0.0834 

Height PCs 17-20 0.1693 1.0000 

Height PCs 21-24 0.2797 0.7256 

Height PCs 25-28 0.5866 0.0007 
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Height PCs 29-32 0.0505 1.0000 

Height PCs 33-36 0.1879 1.0000 

Height PCs 37-40 0.0427 1.0000 

Education PCs 1-4 1.0937 0.0000 

Education PCs 5-8 0.6533 0.0026 

Education PCs 9-12 0.4796 0.0603 

Education PCs 13-16 0.1292 1.0000 

Education PCs 17-20 0.3320 0.8240 

Education PCs 21-24 0.5164 0.0279 

Education PCs 25-28 0.1180 1.0000 

Education PCs 29-32 0.1822 1.0000 

Education PCs 33-36 0.0511 1.0000 

Education PCs 37-40 0.1117 1.0000 

Number of Children Ever Born PCs 1-4 0.5570 0.1240 

Number of Children Ever Born PCs 5-8 1.1010 0.0000 

Number of Children Ever Born PCs 9-12 0.2923 1.0000 

Number of Children Ever Born PCs 13-16 0.5061 0.2217 

Number of Children Ever Born PCs 17-20 0.5757 0.0768 

Number of Children Ever Born PCs 21-24 0.1024 1.0000 

Number of Children Ever Born PCs 25-28 0.3515 1.0000 

Number of Children Ever Born PCs 29-32 0.4096 0.8060 

Number of Children Ever Born PCs 33-36 0.0078 1.0000 

Number of Children Ever Born PCs 37-40 0.0350 1.0000 

Cigarettes Per Day PCs 1-4 1.2610 0.1983 

Cigarettes Per Day PCs 5-8 0.5496 1.0000 

Cigarettes Per Day PCs 9-12 0.1591 1.0000 

Cigarettes Per Day PCs 13-16 1.4148 0.0670 

Cigarettes Per Day PCs 17-20 0.4899 1.0000 

Cigarettes Per Day PCs 21-24 1.6618 0.0120 

Cigarettes Per Day PCs 25-28 1.0562 0.4629 

Cigarettes Per Day PCs 29-32 0.5253 1.0000 

Cigarettes Per Day PCs 33-36 0.7152 1.0000 

Cigarettes Per Day PCs 37-40 0.1967 1.0000 

Drinks Per Week PCs 1-4 1.0407 0.0000 

Drinks Per Week PCs 5-8 0.4798 0.0485 

Drinks Per Week PCs 9-12 0.2484 1.0000 

Drinks Per Week PCs 13-16 0.1635 1.0000 

Drinks Per Week PCs 17-20 0.0469 1.0000 

Drinks Per Week PCs 21-24 0.1856 1.0000 

Drinks Per Week PCs 25-28 0.0027 1.0000 
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Drinks Per Week PCs 29-32 0.1960 1.0000 

Drinks Per Week PCs 33-36 0.3361 0.6337 

Drinks Per Week PCs 37-40 0.0778 1.0000 

Diastolic BP PCs 1-4 0.4154 0.8291 

Diastolic BP PCs 5-8 0.0923 1.0000 

Diastolic BP PCs 9-12 0.6434 0.0290 

Diastolic BP PCs 13-16 0.4105 0.8297 

Diastolic BP PCs 17-20 0.3848 1.0000 

Diastolic BP PCs 21-24 0.2995 1.0000 

Diastolic BP PCs 25-28 0.0865 1.0000 

Diastolic BP PCs 29-32 0.3452 1.0000 

Diastolic BP PCs 33-36 0.2608 1.0000 

Diastolic BP PCs 37-40 0.1902 1.0000 

Seen Doc/GP for Depression PCs 1-4 0.4604 1.0000 

Seen Doc/GP for Depression PCs 5-8 0.5360 1.0000 

Seen Doc/GP for Depression PCs 9-12 0.2046 1.0000 

Seen Doc/GP for Depression PCs 13-16 0.3292 1.0000 

Seen Doc/GP for Depression PCs 17-20 0.5523 1.0000 

Seen Doc/GP for Depression PCs 21-24 0.1958 1.0000 

Seen Doc/GP for Depression PCs 25-28 0.7896 0.0791 

Seen Doc/GP for Depression PCs 29-32 0.7606 0.1011 

Seen Doc/GP for Depression PCs 33-36 0.4808 1.0000 

Seen Doc/GP for Depression PCs 37-40 0.2666 1.0000 

Birthweight PCs 1-4 0.6585 1.0000 

Birthweight PCs 5-8 0.4870 1.0000 

Birthweight PCs 9-12 0.0543 1.0000 

Birthweight PCs 13-16 0.4327 1.0000 

Birthweight PCs 17-20 1.0322 1.0000 

Birthweight PCs 21-24 0.5136 1.0000 

Birthweight PCs 25-28 0.1450 1.0000 

Birthweight PCs 29-32 2.9265 0.0000 

Birthweight PCs 33-36 0.2101 1.0000 

Birthweight PCs 37-40 0.2399 1.0000 

Notes: Percent change in R2, when adding proband PCs compared to the base model (age + sex + array + 

assessment center + parental PCs), for each phenotype are reported. PCs are added in bundles of 4, cumulatively. 

They portray the effect of PC n:n+4 while controlling for PCs 1:n. Bonferroni-corrected p-values are reported for 

model comparisons using F-tests.  
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Table S3: Percent change in R2 in bivariate interaction and quadratic models 

of PCs 1-8 and PGIs 

Phenotype PC set 

Incremental R2 

(%) 

Bonferroni corrected p-

value 

BMI PC 1 x PC 2 0.0097 1.0000 

BMI PC 1 x PC 3 0.0338 1.0000 

BMI PC 1 x PC 4 0.0503 1.0000 

BMI PC 1 x PC 5 0.0000 1.0000 

BMI PC 1 x PC 6 0.0843 1.0000 

BMI PC 1 x PC 7 0.3546 1.0000 

BMI PC 1 x PC 8 0.0381 1.0000 

BMI PC 2 x PC 3 0.0257 1.0000 

BMI PC 2 x PC 4 0.0150 1.0000 

BMI PC 2 x PC 5 0.0274 1.0000 

BMI PC 2 x PC 6 0.0777 1.0000 

BMI PC 2 x PC 7 0.0048 1.0000 

BMI PC 2 x PC 8 0.0019 1.0000 

BMI PC 3 x PC 4 0.0366 1.0000 

BMI PC 3 x PC 5 0.0213 1.0000 

BMI PC 3 x PC 6 0.4516 1.0000 

BMI PC 3 x PC 7 0.2101 1.0000 

BMI PC 3 x PC 8 0.0250 1.0000 

BMI PC 4 x PC 5 0.1083 1.0000 

BMI PC 4 x PC 6 0.0301 1.0000 

BMI PC 4 x PC 7 0.2015 1.0000 

BMI PC 4 x PC 8 0.0159 1.0000 

BMI PC 5 x PC 6 0.0054 1.0000 

BMI PC 5 x PC 7 0.0851 1.0000 

BMI PC 5 x PC 8 0.4317 1.0000 

BMI PC 6 x PC 7 0.1168 1.0000 

BMI PC 6 x PC 8 0.0008 1.0000 

BMI PC 7 x PC 8 0.1424 1.0000 

BMI 

PC 1 x Proband 

PGI 0.0422 1.0000 

BMI 

PC 2 x Proband 

PGI 0.0000 1.0000 

BMI 

PC 3 x Proband 

PGI 0.2343 1.0000 

BMI 

PC 4 x Proband 

PGI 0.0297 1.0000 

BMI 

PC 5 x Proband 

PGI 0.0341 1.0000 

BMI 

PC 6 x Proband 

PGI 0.0846 1.0000 
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BMI 

PC 7 x Proband 

PGI 0.0000 1.0000 

BMI 

PC 8 x Proband 

PGI 0.1644 1.0000 

BMI PC 1 x PC 1 0.0095 1.0000 

BMI PC 2 x PC 2 0.0631 1.0000 

BMI PC 3 x PC 3 0.0863 1.0000 

BMI PC 4 x PC 4 0.0431 1.0000 

BMI PC 5 x PC 5 0.0385 1.0000 

BMI PC 6 x PC 6 0.0503 1.0000 

BMI PC 7 x PC 7 0.0087 1.0000 

BMI PC 8 x PC 8 0.1484 1.0000 

Height PC 1 x PC 2 0.0149 0.1029 

Height PC 1 x PC 3 0.0000 1.0000 

Height PC 1 x PC 4 0.0043 1.0000 

Height PC 1 x PC 5 0.0000 1.0000 

Height PC 1 x PC 6 0.0028 1.0000 

Height PC 1 x PC 7 0.0002 1.0000 

Height PC 1 x PC 8 0.0010 1.0000 

Height PC 2 x PC 3 0.0128 0.2812 

Height PC 2 x PC 4 0.0026 1.0000 

Height PC 2 x PC 5 0.0000 1.0000 

Height PC 2 x PC 6 0.0008 1.0000 

Height PC 2 x PC 7 0.0000 1.0000 

Height PC 2 x PC 8 0.0000 1.0000 

Height PC 3 x PC 4 0.0047 1.0000 

Height PC 3 x PC 5 0.0113 0.5800 

Height PC 3 x PC 6 0.0003 1.0000 

Height PC 3 x PC 7 0.0015 1.0000 

Height PC 3 x PC 8 0.0006 1.0000 

Height PC 4 x PC 5 0.0008 1.0000 

Height PC 4 x PC 6 0.0001 1.0000 

Height PC 4 x PC 7 0.0009 1.0000 

Height PC 4 x PC 8 0.0038 1.0000 

Height PC 5 x PC 6 0.0014 1.0000 

Height PC 5 x PC 7 0.0046 1.0000 

Height PC 5 x PC 8 0.0010 1.0000 

Height PC 6 x PC 7 0.0025 1.0000 

Height PC 6 x PC 8 0.0055 1.0000 

Height PC 7 x PC 8 0.0094 1.0000 

Height 

PC 1 x Proband 

PGI 0.0001 1.0000 
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Height 

PC 2 x Proband 

PGI 0.0030 1.0000 

Height 

PC 3 x Proband 

PGI 0.0014 1.0000 

Height 

PC 4 x Proband 

PGI 0.0027 1.0000 

Height 

PC 5 x Proband 

PGI 0.0009 1.0000 

Height 

PC 6 x Proband 

PGI 0.0000 1.0000 

Height 

PC 7 x Proband 

PGI 0.0015 1.0000 

Height 

PC 8 x Proband 

PGI 0.0032 1.0000 

Height PC 1 x PC 1 0.0038 1.0000 

Height PC 2 x PC 2 0.0049 1.0000 

Height PC 3 x PC 3 0.0011 1.0000 

Height PC 4 x PC 4 0.0006 1.0000 

Height PC 5 x PC 5 0.0014 1.0000 

Height PC 6 x PC 6 0.0043 1.0000 

Height PC 7 x PC 7 0.0008 1.0000 

Height PC 8 x PC 8 0.0005 1.0000 

Education PC 1 x PC 2 1.4166 0.0000 

Education PC 1 x PC 3 0.0206 1.0000 

Education PC 1 x PC 4 0.0261 1.0000 

Education PC 1 x PC 5 0.0000 1.0000 

Education PC 1 x PC 6 0.0125 1.0000 

Education PC 1 x PC 7 0.1413 1.0000 

Education PC 1 x PC 8 0.0683 1.0000 

Education PC 2 x PC 3 0.6106 0.0002 

Education PC 2 x PC 4 0.0132 1.0000 

Education PC 2 x PC 5 0.1560 1.0000 

Education PC 2 x PC 6 0.0519 1.0000 

Education PC 2 x PC 7 0.0024 1.0000 

Education PC 2 x PC 8 0.0003 1.0000 

Education PC 3 x PC 4 0.2414 0.6414 

Education PC 3 x PC 5 0.0270 1.0000 

Education PC 3 x PC 6 0.0508 1.0000 

Education PC 3 x PC 7 0.0521 1.0000 

Education PC 3 x PC 8 0.0182 1.0000 

Education PC 4 x PC 5 0.1710 1.0000 

Education PC 4 x PC 6 0.0993 1.0000 

Education PC 4 x PC 7 0.0190 1.0000 

Education PC 4 x PC 8 0.0172 1.0000 
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Education PC 5 x PC 6 0.2417 0.6376 

Education PC 5 x PC 7 0.0697 1.0000 

Education PC 5 x PC 8 0.0126 1.0000 

Education PC 6 x PC 7 0.1722 1.0000 

Education PC 6 x PC 8 0.0755 1.0000 

Education PC 7 x PC 8 0.1557 1.0000 

Education 

PC 1 x Proband 

PGI 0.0365 1.0000 

Education 

PC 2 x Proband 

PGI 0.0546 1.0000 

Education 

PC 3 x Proband 

PGI 0.0043 1.0000 

Education 

PC 4 x Proband 

PGI 0.0000 1.0000 

Education 

PC 5 x Proband 

PGI 0.3162 0.5276 

Education 

PC 6 x Proband 

PGI 0.0057 1.0000 

Education 

PC 7 x Proband 

PGI 0.0271 1.0000 

Education 

PC 8 x Proband 

PGI 0.0077 1.0000 

Education PC 1 x PC 1 0.0068 1.0000 

Education PC 2 x PC 2 0.5858 0.0004 

Education PC 3 x PC 3 0.1305 1.0000 

Education PC 4 x PC 4 0.3210 0.1101 

Education PC 5 x PC 5 0.0455 1.0000 

Education PC 6 x PC 6 0.0261 0.2517 

Education PC 7 x PC 7 0.0042 1.0000 

Education PC 8 x PC 8 0.0025 1.0000 

Number of Children Ever Born PC 1 x PC 2 0.3527 0.2468 

Number of Children Ever Born PC 1 x PC 3 0.2149 1.0000 

Number of Children Ever Born PC 1 x PC 4 0.1290 1.0000 

Number of Children Ever Born PC 1 x PC 5 0.0000 1.0000 

Number of Children Ever Born PC 1 x PC 6 0.0551 1.0000 

Number of Children Ever Born PC 1 x PC 7 0.0916 1.0000 

Number of Children Ever Born PC 1 x PC 8 0.0364 1.0000 

Number of Children Ever Born PC 2 x PC 3 0.1080 1.0000 

Number of Children Ever Born PC 2 x PC 4 0.1770 1.0000 

Number of Children Ever Born PC 2 x PC 5 0.0297 1.0000 

Number of Children Ever Born PC 2 x PC 6 0.0057 1.0000 

Number of Children Ever Born PC 2 x PC 7 0.4636 0.0347 

Number of Children Ever Born PC 2 x PC 8 0.0082 1.0000 

Number of Children Ever Born PC 3 x PC 4 0.0074 1.0000 

Number of Children Ever Born PC 3 x PC 5 0.0004 1.0000 
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Number of Children Ever Born PC 3 x PC 6 0.0322 1.0000 

Number of Children Ever Born PC 3 x PC 7 0.0104 1.0000 

Number of Children Ever Born PC 3 x PC 8 0.1796 1.0000 

Number of Children Ever Born PC 4 x PC 5 0.0017 1.0000 

Number of Children Ever Born PC 4 x PC 6 0.1564 1.0000 

Number of Children Ever Born PC 4 x PC 7 0.0003 1.0000 

Number of Children Ever Born PC 4 x PC 8 0.0308 1.0000 

Number of Children Ever Born PC 5 x PC 6 0.0885 1.0000 

Number of Children Ever Born PC 5 x PC 7 0.0077 1.0000 

Number of Children Ever Born PC 5 x PC 8 0.0560 1.0000 

Number of Children Ever Born PC 6 x PC 7 0.0105 1.0000 

Number of Children Ever Born PC 6 x PC 8 0.1043 1.0000 

Number of Children Ever Born PC 7 x PC 8 0.0003 1.0000 

Number of Children Ever Born 

PC 1 x Proband 

PGI 0.0700 1.0000 

Number of Children Ever Born 

PC 2 x Proband 

PGI 0.0511 1.0000 

Number of Children Ever Born 

PC 3 x Proband 

PGI 0.0043 1.0000 

Number of Children Ever Born 

PC 4 x Proband 

PGI 0.0969 1.0000 

Number of Children Ever Born 

PC 5 x Proband 

PGI 0.0649 1.0000 

Number of Children Ever Born 

PC 6 x Proband 

PGI 0.0180 1.0000 

Number of Children Ever Born 

PC 7 x Proband 

PGI 0.0658 1.0000 

Number of Children Ever Born 

PC 8 x Proband 

PGI 0.0023 1.0000 

Number of Children Ever Born PC 1 x PC 1 0.1043 1.0000 

Number of Children Ever Born PC 2 x PC 2 0.4569 0.0391 

Number of Children Ever Born PC 3 x PC 3 0.0638 1.0000 

Number of Children Ever Born PC 4 x PC 4 0.0019 1.0000 

Number of Children Ever Born PC 5 x PC 5 0.1528 1.0000 

Number of Children Ever Born PC 6 x PC 6 0.1290 1.0000 

Number of Children Ever Born PC 7 x PC 7 0.0226 1.0000 

Number of Children Ever Born PC 8 x PC 8 0.1996 1.0000 

Cigarettes Per Day PC 1 x PC 2 0.1890 1.0000 

Cigarettes Per Day PC 1 x PC 3 0.0333 1.0000 

Cigarettes Per Day PC 1 x PC 4 0.0928 1.0000 

Cigarettes Per Day PC 1 x PC 5 0.0000 1.0000 

Cigarettes Per Day PC 1 x PC 6 0.4926 1.0000 

Cigarettes Per Day PC 1 x PC 7 0.0198 1.0000 

Cigarettes Per Day PC 1 x PC 8 0.6452 0.9233 

Cigarettes Per Day PC 2 x PC 3 0.0025 1.0000 
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Cigarettes Per Day PC 2 x PC 4 0.1887 1.0000 

Cigarettes Per Day PC 2 x PC 5 0.1957 1.0000 

Cigarettes Per Day PC 2 x PC 6 0.0063 1.0000 

Cigarettes Per Day PC 2 x PC 7 0.0624 1.0000 

Cigarettes Per Day PC 2 x PC 8 0.0083 1.0000 

Cigarettes Per Day PC 3 x PC 4 0.0069 1.0000 

Cigarettes Per Day PC 3 x PC 5 0.0290 1.0000 

Cigarettes Per Day PC 3 x PC 6 0.0576 1.0000 

Cigarettes Per Day PC 3 x PC 7 0.4963 1.0000 

Cigarettes Per Day PC 3 x PC 8 0.2152 1.0000 

Cigarettes Per Day PC 4 x PC 5 0.1774 1.0000 

Cigarettes Per Day PC 4 x PC 6 0.0063 1.0000 

Cigarettes Per Day PC 4 x PC 7 0.0253 1.0000 

Cigarettes Per Day PC 4 x PC 8 0.2274 1.0000 

Cigarettes Per Day PC 5 x PC 6 0.0209 1.0000 

Cigarettes Per Day PC 5 x PC 7 0.2392 1.0000 

Cigarettes Per Day PC 5 x PC 8 0.1634 1.0000 

Cigarettes Per Day PC 6 x PC 7 0.0086 1.0000 

Cigarettes Per Day PC 6 x PC 8 0.7274 0.4860 

Cigarettes Per Day PC 7 x PC 8 0.0758 1.0000 

Cigarettes Per Day 

PC 1 x Proband 

PGI 0.0148 1.0000 

Cigarettes Per Day 

PC 2 x Proband 

PGI 0.1639 1.0000 

Cigarettes Per Day 

PC 3 x Proband 

PGI 0.1283 1.0000 

Cigarettes Per Day 

PC 4 x Proband 

PGI 0.9446 1.0000 

Cigarettes Per Day 

PC 5 x Proband 

PGI 0.0896 1.0000 

Cigarettes Per Day 

PC 6 x Proband 

PGI 0.1601 1.0000 

Cigarettes Per Day 

PC 7 x Proband 

PGI 0.0533 1.0000 

Cigarettes Per Day 

PC 8 x Proband 

PGI 0.0437 1.0000 

Cigarettes Per Day PC 1 x PC 1 0.1705 1.0000 

Cigarettes Per Day PC 2 x PC 2 0.1907 1.0000 

Cigarettes Per Day PC 3 x PC 3 0.1944 1.0000 

Cigarettes Per Day PC 4 x PC 4 0.6380 0.9776 

Cigarettes Per Day PC 5 x PC 5 0.0729 1.0000 

Cigarettes Per Day PC 6 x PC 6 0.0928 1.0000 

Cigarettes Per Day PC 7 x PC 7 0.0012 1.0000 

Cigarettes Per Day PC 8 x PC 8 0.0301 1.0000 

Drinks Per Week PC 1 x PC 2 0.2128 1.0000 
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Drinks Per Week PC 1 x PC 3 0.1760 1.0000 

Drinks Per Week PC 1 x PC 4 0.2075 1.0000 

Drinks Per Week PC 1 x PC 5 0.0000 1.0000 

Drinks Per Week PC 1 x PC 6 0.0036 1.0000 

Drinks Per Week PC 1 x PC 7 0.0078 1.0000 

Drinks Per Week PC 1 x PC 8 0.0643 1.0000 

Drinks Per Week PC 2 x PC 3 0.2034 1.0000 

Drinks Per Week PC 2 x PC 4 0.0827 1.0000 

Drinks Per Week PC 2 x PC 5 0.0120 1.0000 

Drinks Per Week PC 2 x PC 6 0.0471 1.0000 

Drinks Per Week PC 2 x PC 7 0.0448 1.0000 

Drinks Per Week PC 2 x PC 8 0.0173 1.0000 

Drinks Per Week PC 3 x PC 4 0.0322 1.0000 

Drinks Per Week PC 3 x PC 5 0.0074 1.0000 

Drinks Per Week PC 3 x PC 6 0.0745 1.0000 

Drinks Per Week PC 3 x PC 7 0.0193 1.0000 

Drinks Per Week PC 3 x PC 8 0.0328 1.0000 

Drinks Per Week PC 4 x PC 5 0.0050 1.0000 

Drinks Per Week PC 4 x PC 6 0.0222 1.0000 

Drinks Per Week PC 4 x PC 7 0.0049 1.0000 

Drinks Per Week PC 4 x PC 8 0.0014 1.0000 

Drinks Per Week PC 5 x PC 6 0.0093 1.0000 

Drinks Per Week PC 5 x PC 7 0.0470 1.0000 

Drinks Per Week PC 5 x PC 8 0.0005 1.0000 

Drinks Per Week PC 6 x PC 7 0.0397 1.0000 

Drinks Per Week PC 6 x PC 8 0.0001 1.0000 

Drinks Per Week PC 7 x PC 8 0.0075 1.0000 

Drinks Per Week 

PC 1 x Proband 

PGI 0.0130 1.0000 

Drinks Per Week 

PC 2 x Proband 

PGI 0.1354 1.0000 

Drinks Per Week 

PC 3 x Proband 

PGI 0.0007 1.0000 

Drinks Per Week 

PC 4 x Proband 

PGI 0.0943 1.0000 

Drinks Per Week 

PC 5 x Proband 

PGI 0.0236 1.0000 

Drinks Per Week 

PC 6 x Proband 

PGI 0.0732 1.0000 

Drinks Per Week 

PC 7 x Proband 

PGI 0.0104 1.0000 

Drinks Per Week 

PC 8 x Proband 

PGI 0.0025 1.0000 

Drinks Per Week PC 1 x PC 1 0.0823 1.0000 

Drinks Per Week PC 2 x PC 2 0.0947 1.0000 
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Drinks Per Week PC 3 x PC 3 0.1738 1.0000 

Drinks Per Week PC 4 x PC 4 0.3988 0.0166 

Drinks Per Week PC 5 x PC 5 0.0007 1.0000 

Drinks Per Week PC 6 x PC 6 0.2075 1.0000 

Drinks Per Week PC 7 x PC 7 0.1464 1.0000 

Drinks Per Week PC 8 x PC 8 0.0035 1.0000 

Diastolic BP PC 1 x PC 2 0.0604 1.0000 

Diastolic BP PC 1 x PC 3 0.0041 1.0000 

Diastolic BP PC 1 x PC 4 0.0105 1.0000 

Diastolic BP PC 1 x PC 5 0.0000 0.2726 

Diastolic BP PC 1 x PC 6 0.0419 1.0000 

Diastolic BP PC 1 x PC 7 0.2470 1.0000 

Diastolic BP PC 1 x PC 8 0.0271 1.0000 

Diastolic BP PC 2 x PC 3 0.3504 0.2439 

Diastolic BP PC 2 x PC 4 0.0127 1.0000 

Diastolic BP PC 2 x PC 5 0.0001 1.0000 

Diastolic BP PC 2 x PC 6 0.0056 1.0000 

Diastolic BP PC 2 x PC 7 0.0251 1.0000 

Diastolic BP PC 2 x PC 8 0.0398 1.0000 

Diastolic BP PC 3 x PC 4 0.0078 1.0000 

Diastolic BP PC 3 x PC 5 0.1270 1.0000 

Diastolic BP PC 3 x PC 6 0.1537 1.0000 

Diastolic BP PC 3 x PC 7 0.0002 1.0000 

Diastolic BP PC 3 x PC 8 0.0486 1.0000 

Diastolic BP PC 4 x PC 5 0.0872 1.0000 

Diastolic BP PC 4 x PC 6 0.0839 1.0000 

Diastolic BP PC 4 x PC 7 0.0266 1.0000 

Diastolic BP PC 4 x PC 8 0.0105 1.0000 

Diastolic BP PC 5 x PC 6 0.0001 1.0000 

Diastolic BP PC 5 x PC 7 0.0155 1.0000 

Diastolic BP PC 5 x PC 8 0.1261 1.0000 

Diastolic BP PC 6 x PC 7 0.0527 1.0000 

Diastolic BP PC 6 x PC 8 0.1926 1.0000 

Diastolic BP PC 7 x PC 8 0.1379 1.0000 

Diastolic BP 

PC 1 x Proband 

PGI 0.1020 1.0000 

Diastolic BP 

PC 2 x Proband 

PGI 0.1791 1.0000 

Diastolic BP 

PC 3 x Proband 

PGI 0.0396 1.0000 

Diastolic BP 

PC 4 x Proband 

PGI 0.0190 1.0000 
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Diastolic BP 

PC 5 x Proband 

PGI 0.0110 1.0000 

Diastolic BP 

PC 6 x Proband 

PGI 0.0221 1.0000 

Diastolic BP 

PC 7 x Proband 

PGI 0.0178 1.0000 

Diastolic BP 

PC 8 x Proband 

PGI 0.0148 1.0000 

Diastolic BP PC 1 x PC 1 0.1137 1.0000 

Diastolic BP PC 2 x PC 2 0.4014 0.0979 

Diastolic BP PC 3 x PC 3 0.0070 1.0000 

Diastolic BP PC 4 x PC 4 0.0751 1.0000 

Diastolic BP PC 5 x PC 5 0.0208 1.0000 

Diastolic BP PC 6 x PC 6 0.0105 1.0000 

Diastolic BP PC 7 x PC 7 0.0007 1.0000 

Diastolic BP PC 8 x PC 8 0.1920 1.0000 

Seen Doc/GP for Depression PC 1 x PC 2 0.0305 1.0000 

Seen Doc/GP for Depression PC 1 x PC 3 0.0025 1.0000 

Seen Doc/GP for Depression PC 1 x PC 4 0.0000 1.0000 

Seen Doc/GP for Depression PC 1 x PC 5 0.0000 1.0000 

Seen Doc/GP for Depression PC 1 x PC 6 0.0514 1.0000 

Seen Doc/GP for Depression PC 1 x PC 7 0.0541 1.0000 

Seen Doc/GP for Depression PC 1 x PC 8 0.0060 1.0000 

Seen Doc/GP for Depression PC 2 x PC 3 0.2574 1.0000 

Seen Doc/GP for Depression PC 2 x PC 4 0.9138 0.0010 

Seen Doc/GP for Depression PC 2 x PC 5 0.0003 1.0000 

Seen Doc/GP for Depression PC 2 x PC 6 0.0092 1.0000 

Seen Doc/GP for Depression PC 2 x PC 7 0.0240 1.0000 

Seen Doc/GP for Depression PC 2 x PC 8 0.0211 1.0000 

Seen Doc/GP for Depression PC 3 x PC 4 0.0610 1.0000 

Seen Doc/GP for Depression PC 3 x PC 5 0.1876 1.0000 

Seen Doc/GP for Depression PC 3 x PC 6 0.1437 1.0000 

Seen Doc/GP for Depression PC 3 x PC 7 0.0310 1.0000 

Seen Doc/GP for Depression PC 3 x PC 8 0.0081 1.0000 

Seen Doc/GP for Depression PC 4 x PC 5 0.0000 1.0000 

Seen Doc/GP for Depression PC 4 x PC 6 0.0030 1.0000 

Seen Doc/GP for Depression PC 4 x PC 7 0.0028 1.0000 

Seen Doc/GP for Depression PC 4 x PC 8 0.0178 1.0000 

Seen Doc/GP for Depression PC 5 x PC 6 0.0579 1.0000 

Seen Doc/GP for Depression PC 5 x PC 7 0.0153 1.0000 

Seen Doc/GP for Depression PC 5 x PC 8 0.2670 1.0000 

Seen Doc/GP for Depression PC 6 x PC 7 0.0087 1.0000 
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Seen Doc/GP for Depression PC 6 x PC 8 0.0320 1.0000 

Seen Doc/GP for Depression PC 7 x PC 8 0.0068 1.0000 

Seen Doc/GP for Depression 

PC 1 x Proband 

PGI 0.0191 1.0000 

Seen Doc/GP for Depression 

PC 2 x Proband 

PGI 0.0000 1.0000 

Seen Doc/GP for Depression 

PC 3 x Proband 

PGI 0.0224 1.0000 

Seen Doc/GP for Depression 

PC 4 x Proband 

PGI 0.0159 1.0000 

Seen Doc/GP for Depression 

PC 5 x Proband 

PGI 0.0124 1.0000 

Seen Doc/GP for Depression 

PC 6 x Proband 

PGI 0.0046 1.0000 

Seen Doc/GP for Depression 

PC 7 x Proband 

PGI 0.0002 1.0000 

Seen Doc/GP for Depression 

PC 8 x Proband 

PGI 0.0449 1.0000 

Seen Doc/GP for Depression PC 1 x PC 1 0.0189 1.0000 

Seen Doc/GP for Depression PC 2 x PC 2 0.2642 1.0000 

Seen Doc/GP for Depression PC 3 x PC 3 0.1227 1.0000 

Seen Doc/GP for Depression PC 4 x PC 4 0.0276 1.0000 

Seen Doc/GP for Depression PC 5 x PC 5 0.2300 1.0000 

Seen Doc/GP for Depression PC 6 x PC 6 0.0000 1.0000 

Seen Doc/GP for Depression PC 7 x PC 7 0.0206 1.0000 

Seen Doc/GP for Depression PC 8 x PC 8 0.0680 1.0000 

Birthweight PC 1 x PC 2 0.0304 1.0000 

Birthweight PC 1 x PC 3 0.0539 1.0000 

Birthweight PC 1 x PC 4 0.1066 1.0000 

Birthweight PC 1 x PC 5 0.0000 1.0000 

Birthweight PC 1 x PC 6 0.1303 1.0000 

Birthweight PC 1 x PC 7 0.0139 1.0000 

Birthweight PC 1 x PC 8 0.0457 1.0000 

Birthweight PC 2 x PC 3 0.3843 1.0000 

Birthweight PC 2 x PC 4 0.1839 1.0000 

Birthweight PC 2 x PC 5 0.2342 1.0000 

Birthweight PC 2 x PC 6 0.5972 1.0000 

Birthweight PC 2 x PC 7 0.0497 1.0000 

Birthweight PC 2 x PC 8 0.0004 1.0000 

Birthweight PC 3 x PC 4 0.1161 1.0000 

Birthweight PC 3 x PC 5 0.0031 1.0000 

Birthweight PC 3 x PC 6 0.0372 1.0000 

Birthweight PC 3 x PC 7 0.7965 0.6892 

Birthweight PC 3 x PC 8 0.0914 1.0000 

Birthweight PC 4 x PC 5 0.2991 1.0000 
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Birthweight PC 4 x PC 6 0.2860 1.0000 

Birthweight PC 4 x PC 7 0.0003 1.0000 

Birthweight PC 4 x PC 8 0.0950 1.0000 

Birthweight PC 5 x PC 6 0.1392 1.0000 

Birthweight PC 5 x PC 7 0.3050 1.0000 

Birthweight PC 5 x PC 8 0.0178 1.0000 

Birthweight PC 6 x PC 7 0.1465 1.0000 

Birthweight PC 6 x PC 8 0.0388 1.0000 

Birthweight PC 7 x PC 8 0.4974 1.0000 

Birthweight 

PC 1 x Proband 

PGI 0.1330 1.0000 

Birthweight 

PC 2 x Proband 

PGI 0.2228 1.0000 

Birthweight 

PC 3 x Proband 

PGI 0.1734 1.0000 

Birthweight 

PC 4 x Proband 

PGI 0.1153 1.0000 

Birthweight 

PC 5 x Proband 

PGI 0.1346 1.0000 

Birthweight 

PC 6 x Proband 

PGI 0.0006 1.0000 

Birthweight 

PC 7 x Proband 

PGI 0.0224 1.0000 

Birthweight 

PC 8 x Proband 

PGI 0.0001 1.0000 

Birthweight PC 1 x PC 1 0.1423 1.0000 

Birthweight PC 2 x PC 2 0.2304 1.0000 

Birthweight PC 3 x PC 3 0.0210 1.0000 

Birthweight PC 4 x PC 4 1.3882 0.0141 

Birthweight PC 5 x PC 5 0.0011 1.0000 

Birthweight PC 6 x PC 6 0.1066 1.0000 

Birthweight PC 7 x PC 7 0.0916 1.0000 

Birthweight PC 8 x PC 8 0.1094 1.0000 

Notes: Percent change in R2 compared to the base model are reported for the different interaction models for each 

phenotype. In addition to proband controls (sex, age, array, and assessment center), base models include all mid-

parental PCs and proband PCs and the relevant PGI if in the model. Bonferroni-corrected p-values are reported for 

model comparisons using F-tests. 
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Examining the change in PGI estimates when adjusting for the 

direct effects of PCs 
 

Having established a modest direct effect of PCs on select phenotypes, we examine whether 

including PCs as controls in within-family PGI prediction models, leads to a significant change 

in the estimate of the PGI. Table S4 reports p-values from the Clogg, Petkova, and Haritou tests 

(1) comparing PGI coefficients before and after adding PCs. None of the comparisons are 

statistically significant, which show that while PCs have a small direct effect on some 

phenotypes, adjusting for them does not impact PGI estimates in any meaningful way. 

Table S4: P-values of comparisons of PGI coefficients before and after adding 

PCs to within-family models 
      

Phenotype Comparison P-value 

BMI Base vs. 1 PC 0.99576 

BMI 1 PC vs. 2 PCs 0.99685 

BMI 2 PCs vs. 3 PCs 0.99858 

BMI 3 PCs vs. 4 PCs 0.99127 

BMI 4 PCs vs. 5 PCs 0.99272 

BMI 5 PCs vs. 6 PCs 0.99869 

BMI 6 PCs vs. 7 PCs 0.99835 

BMI 7 PCs vs. 8 PCs 0.99379 

BMI 8 PCs vs. 9 PCs 0.99956 

BMI 9 PCs vs. 10 PCs 0.99855 

BMI 10 PCs vs. 11 PCs 0.99942 

BMI 11 PCs vs. 12 PCs 0.99770 

BMI 12 PCs vs. 13 PCs 0.99388 

BMI 13 PCs vs. 14 PCs 0.99836 

BMI 14 PCs vs. 15 PCs 0.99804 

BMI 15 PCs vs. 16 PCs 0.99865 

BMI 16 PCs vs. 17 PCs 0.99872 

BMI 17 PCs vs. 18 PCs 0.99937 

BMI 18 PCs vs. 19 PCs 0.99926 

BMI 19 PCs vs. 20 PCs 0.99819 

BMI 20 PCs vs. 21 PCs 0.99973 

BMI 21 PCs vs. 22 PCs 0.99909 

BMI 22 PCs vs. 23 PCs 0.99975 

BMI 23 PCs vs. 24 PCs 0.99411 

BMI 24 PCs vs. 25 PCs 0.98197 

BMI 25 PCs vs. 26 PCs 0.99982 

BMI 26 PCs vs. 27 PCs 0.99982 

BMI 27 PCs vs. 28 PCs 0.99931 

BMI 28 PCs vs. 29 PCs 0.99939 

BMI 29 PCs vs. 30 PCs 0.99790 

BMI 30 PCs vs. 31 PCs 0.99864 

BMI 31 PCs vs. 32 PCs 0.99820 

BMI 32 PCs vs. 33 PCs 0.99749 

BMI 33 PCs vs. 34 PCs 0.99932 

BMI 34 PCs vs. 35 PCs 0.99876 

BMI 35 PCs vs. 36 PCs 0.99628 
BMI 36 PCs vs. 37 PCs 0.99990 

BMI 37 PCs vs. 38 PCs 0.99812 

BMI 38 PCs vs. 39 PCs 0.99999 
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BMI 39 PCs vs. 40 PCs 0.99404 

BMI Base vs. 40 PCs 0.95935 

Height Base vs. 1 PC 0.94504 

Height 1 PC vs. 2 PCs 0.99000 

Height 2 PCs vs. 3 PCs 0.99301 

Height 3 PCs vs. 4 PCs 0.99385 

Height 4 PCs vs. 5 PCs 0.97241 

Height 5 PCs vs. 6 PCs 0.99875 

Height 6 PCs vs. 7 PCs 0.99950 

Height 7 PCs vs. 8 PCs 0.99798 

Height 8 PCs vs. 9 PCs 0.99903 

Height 9 PCs vs. 10 PCs 0.99870 

Height 10 PCs vs. 11 PCs 0.98992 

Height 11 PCs vs. 12 PCs 0.99993 

Height 12 PCs vs. 13 PCs 0.99872 

Height 13 PCs vs. 14 PCs 0.99231 

Height 14 PCs vs. 15 PCs 0.99914 

Height 15 PCs vs. 16 PCs 0.99958 

Height 16 PCs vs. 17 PCs 0.99975 

Height 17 PCs vs. 18 PCs 0.99946 

Height 18 PCs vs. 19 PCs 0.99798 

Height 19 PCs vs. 20 PCs 0.99619 

Height 20 PCs vs. 21 PCs 0.99715 

Height 21 PCs vs. 22 PCs 0.99057 

Height 22 PCs vs. 23 PCs 0.99781 

Height 23 PCs vs. 24 PCs 0.99995 

Height 24 PCs vs. 25 PCs 0.99337 

Height 25 PCs vs. 26 PCs 0.99958 

Height 26 PCs vs. 27 PCs 0.99947 

Height 27 PCs vs. 28 PCs 0.99889 

Height 28 PCs vs. 29 PCs 0.99416 

Height 29 PCs vs. 30 PCs 0.99872 

Height 30 PCs vs. 31 PCs 0.98180 

Height 31 PCs vs. 32 PCs 0.99848 

Height 32 PCs vs. 33 PCs 0.99852 

Height 33 PCs vs. 34 PCs 0.99953 

Height 34 PCs vs. 35 PCs 0.99929 

Height 35 PCs vs. 36 PCs 0.99932 

Height 36 PCs vs. 37 PCs 0.99716 

Height 37 PCs vs. 38 PCs 0.99876 

Height 38 PCs vs. 39 PCs 0.99938 

Height 39 PCs vs. 40 PCs 0.99955 

Height Base vs. 40 PCs 0.88830 

Education Base vs. 1 PC 0.99856 

Education 1 PC vs. 2 PCs 0.99815 

Education 2 PCs vs. 3 PCs 0.99969 

Education 3 PCs vs. 4 PCs 0.96864 

Education 4 PCs vs. 5 PCs 0.97730 

Education 5 PCs vs. 6 PCs 0.99793 

Education 6 PCs vs. 7 PCs 0.99980 

Education 7 PCs vs. 8 PCs 0.99916 

Education 8 PCs vs. 9 PCs 0.98833 

Education 9 PCs vs. 10 PCs 0.99359 

Education 10 PCs vs. 11 PCs 0.99654 

Education 11 PCs vs. 12 PCs 0.99628 

Education 12 PCs vs. 13 PCs 0.99936 
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Education 13 PCs vs. 14 PCs 0.98672 

Education 14 PCs vs. 15 PCs 0.99909 

Education 15 PCs vs. 16 PCs 0.99987 

Education 16 PCs vs. 17 PCs 0.99824 

Education 17 PCs vs. 18 PCs 0.99993 

Education 18 PCs vs. 19 PCs 0.99896 

Education 19 PCs vs. 20 PCs 0.99978 

Education 20 PCs vs. 21 PCs 0.98035 

Education 21 PCs vs. 22 PCs 0.99578 

Education 22 PCs vs. 23 PCs 0.99926 

Education 23 PCs vs. 24 PCs 0.99301 

Education 24 PCs vs. 25 PCs 0.99330 

Education 25 PCs vs. 26 PCs 0.99943 

Education 26 PCs vs. 27 PCs 0.99985 

Education 27 PCs vs. 28 PCs 0.99947 

Education 28 PCs vs. 29 PCs 0.99781 

Education 29 PCs vs. 30 PCs 0.99379 

Education 30 PCs vs. 31 PCs 0.99988 

Education 31 PCs vs. 32 PCs 0.98285 

Education 32 PCs vs. 33 PCs 0.99908 

Education 33 PCs vs. 34 PCs 0.99988 

Education 34 PCs vs. 35 PCs 0.99912 

Education 35 PCs vs. 36 PCs 0.99895 

Education 36 PCs vs. 37 PCs 0.99975 

Education 37 PCs vs. 38 PCs 0.99991 

Education 38 PCs vs. 39 PCs 0.99977 

Education 39 PCs vs. 40 PCs 0.99988 

Education Base vs. 40 PCs 0.86793 

Number of Children Ever Born Base vs. 1 PC 0.99046 

Number of Children Ever Born 1 PC vs. 2 PCs 0.99984 

Number of Children Ever Born 2 PCs vs. 3 PCs 0.99899 

Number of Children Ever Born 3 PCs vs. 4 PCs 0.99742 

Number of Children Ever Born 4 PCs vs. 5 PCs 0.98961 

Number of Children Ever Born 5 PCs vs. 6 PCs 0.99596 

Number of Children Ever Born 6 PCs vs. 7 PCs 0.99937 

Number of Children Ever Born 7 PCs vs. 8 PCs 0.99972 

Number of Children Ever Born 8 PCs vs. 9 PCs 0.99927 

Number of Children Ever Born 9 PCs vs. 10 PCs 0.99918 

Number of Children Ever Born 10 PCs vs. 11 PCs 0.99682 

Number of Children Ever Born 11 PCs vs. 12 PCs 0.99832 

Number of Children Ever Born 12 PCs vs. 13 PCs 0.99992 

Number of Children Ever Born 13 PCs vs. 14 PCs 0.99889 

Number of Children Ever Born 14 PCs vs. 15 PCs 0.99353 

Number of Children Ever Born 15 PCs vs. 16 PCs 0.99296 

Number of Children Ever Born 16 PCs vs. 17 PCs 0.99996 

Number of Children Ever Born 17 PCs vs. 18 PCs 0.98680 

Number of Children Ever Born 18 PCs vs. 19 PCs 0.99597 

Number of Children Ever Born 19 PCs vs. 20 PCs 0.99949 

Number of Children Ever Born 20 PCs vs. 21 PCs 0.99879 

Number of Children Ever Born 21 PCs vs. 22 PCs 0.99924 

Number of Children Ever Born 22 PCs vs. 23 PCs 0.99511 

Number of Children Ever Born 23 PCs vs. 24 PCs 0.99943 

Number of Children Ever Born 24 PCs vs. 25 PCs 0.99923 

Number of Children Ever Born 25 PCs vs. 26 PCs 0.99831 

Number of Children Ever Born 26 PCs vs. 27 PCs 0.99969 

Number of Children Ever Born 27 PCs vs. 28 PCs 0.99663 
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Number of Children Ever Born 28 PCs vs. 29 PCs 0.99867 

Number of Children Ever Born 29 PCs vs. 30 PCs 0.99667 

Number of Children Ever Born 30 PCs vs. 31 PCs 0.99660 

Number of Children Ever Born 31 PCs vs. 32 PCs 0.99951 

Number of Children Ever Born 32 PCs vs. 33 PCs 0.99982 

Number of Children Ever Born 33 PCs vs. 34 PCs 0.99778 

Number of Children Ever Born 34 PCs vs. 35 PCs 0.99998 

Number of Children Ever Born 35 PCs vs. 36 PCs 0.99943 

Number of Children Ever Born 36 PCs vs. 37 PCs 0.99873 

Number of Children Ever Born 37 PCs vs. 38 PCs 0.99174 

Number of Children Ever Born 38 PCs vs. 39 PCs 0.99934 

Number of Children Ever Born 39 PCs vs. 40 PCs 0.99928 

Number of Children Ever Born Base vs. 40 PCs 0.97529 

Cigarettes Per Day Base vs. 1 PC 0.98474 

Cigarettes Per Day 1 PC vs. 2 PCs 0.99932 

Cigarettes Per Day 2 PCs vs. 3 PCs 0.99967 

Cigarettes Per Day 3 PCs vs. 4 PCs 0.99543 

Cigarettes Per Day 4 PCs vs. 5 PCs 0.99661 

Cigarettes Per Day 5 PCs vs. 6 PCs 0.99144 

Cigarettes Per Day 6 PCs vs. 7 PCs 0.99953 

Cigarettes Per Day 7 PCs vs. 8 PCs 0.99718 

Cigarettes Per Day 8 PCs vs. 9 PCs 0.99940 

Cigarettes Per Day 9 PCs vs. 10 PCs 0.99883 

Cigarettes Per Day 10 PCs vs. 11 PCs 0.99953 

Cigarettes Per Day 11 PCs vs. 12 PCs 0.99985 

Cigarettes Per Day 12 PCs vs. 13 PCs 0.99960 

Cigarettes Per Day 13 PCs vs. 14 PCs 0.98335 

Cigarettes Per Day 14 PCs vs. 15 PCs 0.99971 

Cigarettes Per Day 15 PCs vs. 16 PCs 0.99665 

Cigarettes Per Day 16 PCs vs. 17 PCs 0.99480 

Cigarettes Per Day 17 PCs vs. 18 PCs 0.99980 

Cigarettes Per Day 18 PCs vs. 19 PCs 0.99970 

Cigarettes Per Day 19 PCs vs. 20 PCs 0.99994 

Cigarettes Per Day 20 PCs vs. 21 PCs 0.99903 

Cigarettes Per Day 21 PCs vs. 22 PCs 0.99762 

Cigarettes Per Day 22 PCs vs. 23 PCs 0.99975 

Cigarettes Per Day 23 PCs vs. 24 PCs 0.99518 

Cigarettes Per Day 24 PCs vs. 25 PCs 0.99882 

Cigarettes Per Day 25 PCs vs. 26 PCs 0.99807 

Cigarettes Per Day 26 PCs vs. 27 PCs 0.99731 

Cigarettes Per Day 27 PCs vs. 28 PCs 0.99223 

Cigarettes Per Day 28 PCs vs. 29 PCs 0.99992 

Cigarettes Per Day 29 PCs vs. 30 PCs 0.99697 

Cigarettes Per Day 30 PCs vs. 31 PCs 0.99961 

Cigarettes Per Day 31 PCs vs. 32 PCs 0.99663 

Cigarettes Per Day 32 PCs vs. 33 PCs 0.99941 

Cigarettes Per Day 33 PCs vs. 34 PCs 0.99622 

Cigarettes Per Day 34 PCs vs. 35 PCs 0.99486 

Cigarettes Per Day 35 PCs vs. 36 PCs 0.99882 

Cigarettes Per Day 36 PCs vs. 37 PCs 0.99969 

Cigarettes Per Day 37 PCs vs. 38 PCs 0.99974 

Cigarettes Per Day 38 PCs vs. 39 PCs 0.99952 

Cigarettes Per Day 39 PCs vs. 40 PCs 0.99979 

Cigarettes Per Day Base vs. 40 PCs 0.95604 

Drinks Per Week Base vs. 1 PC 0.98945 

Drinks Per Week 1 PC vs. 2 PCs 0.99885 
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Drinks Per Week 2 PCs vs. 3 PCs 0.98632 

Drinks Per Week 3 PCs vs. 4 PCs 0.99864 

Drinks Per Week 4 PCs vs. 5 PCs 0.96771 

Drinks Per Week 5 PCs vs. 6 PCs 0.99655 

Drinks Per Week 6 PCs vs. 7 PCs 0.99726 

Drinks Per Week 7 PCs vs. 8 PCs 0.99967 

Drinks Per Week 8 PCs vs. 9 PCs 0.99946 

Drinks Per Week 9 PCs vs. 10 PCs 0.99873 

Drinks Per Week 10 PCs vs. 11 PCs 0.99917 

Drinks Per Week 11 PCs vs. 12 PCs 0.99908 

Drinks Per Week 12 PCs vs. 13 PCs 0.99745 

Drinks Per Week 13 PCs vs. 14 PCs 0.99171 

Drinks Per Week 14 PCs vs. 15 PCs 0.99987 

Drinks Per Week 15 PCs vs. 16 PCs 0.99980 

Drinks Per Week 16 PCs vs. 17 PCs 0.99932 

Drinks Per Week 17 PCs vs. 18 PCs 0.99807 

Drinks Per Week 18 PCs vs. 19 PCs 0.99741 

Drinks Per Week 19 PCs vs. 20 PCs 0.99514 

Drinks Per Week 20 PCs vs. 21 PCs 0.99885 

Drinks Per Week 21 PCs vs. 22 PCs 0.99928 

Drinks Per Week 22 PCs vs. 23 PCs 0.99848 

Drinks Per Week 23 PCs vs. 24 PCs 0.99868 

Drinks Per Week 24 PCs vs. 25 PCs 0.99944 

Drinks Per Week 25 PCs vs. 26 PCs 0.99715 

Drinks Per Week 26 PCs vs. 27 PCs 0.99988 

Drinks Per Week 27 PCs vs. 28 PCs 0.99951 

Drinks Per Week 28 PCs vs. 29 PCs 0.99943 

Drinks Per Week 29 PCs vs. 30 PCs 0.99984 

Drinks Per Week 30 PCs vs. 31 PCs 0.99564 

Drinks Per Week 31 PCs vs. 32 PCs 0.98878 

Drinks Per Week 32 PCs vs. 33 PCs 0.99788 

Drinks Per Week 33 PCs vs. 34 PCs 0.99739 

Drinks Per Week 34 PCs vs. 35 PCs 0.99968 

Drinks Per Week 35 PCs vs. 36 PCs 0.99703 

Drinks Per Week 36 PCs vs. 37 PCs 0.99969 

Drinks Per Week 37 PCs vs. 38 PCs 0.99999 

Drinks Per Week 38 PCs vs. 39 PCs 0.99908 

Drinks Per Week 39 PCs vs. 40 PCs 0.99981 

Drinks Per Week Base vs. 40 PCs 0.89939 

Diastolic BP Base vs. 1 PC 0.99748 

Diastolic BP 1 PC vs. 2 PCs 0.99949 

Diastolic BP 2 PCs vs. 3 PCs 0.99910 

Diastolic BP 3 PCs vs. 4 PCs 0.98620 

Diastolic BP 4 PCs vs. 5 PCs 0.99899 

Diastolic BP 5 PCs vs. 6 PCs 0.99858 

Diastolic BP 6 PCs vs. 7 PCs 0.99956 

Diastolic BP 7 PCs vs. 8 PCs 0.99830 

Diastolic BP 8 PCs vs. 9 PCs 0.99989 

Diastolic BP 9 PCs vs. 10 PCs 0.98490 

Diastolic BP 10 PCs vs. 11 PCs 0.99943 

Diastolic BP 11 PCs vs. 12 PCs 0.99892 

Diastolic BP 12 PCs vs. 13 PCs 0.99841 

Diastolic BP 13 PCs vs. 14 PCs 0.99984 

Diastolic BP 14 PCs vs. 15 PCs 0.99610 

Diastolic BP 15 PCs vs. 16 PCs 0.99890 

Diastolic BP 16 PCs vs. 17 PCs 0.99803 
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Diastolic BP 17 PCs vs. 18 PCs 0.99975 

Diastolic BP 18 PCs vs. 19 PCs 0.99886 

Diastolic BP 19 PCs vs. 20 PCs 0.99806 

Diastolic BP 20 PCs vs. 21 PCs 0.99378 

Diastolic BP 21 PCs vs. 22 PCs 0.99829 

Diastolic BP 22 PCs vs. 23 PCs 0.99737 

Diastolic BP 23 PCs vs. 24 PCs 0.99840 

Diastolic BP 24 PCs vs. 25 PCs 0.99882 

Diastolic BP 25 PCs vs. 26 PCs 0.98759 

Diastolic BP 26 PCs vs. 27 PCs 0.99684 

Diastolic BP 27 PCs vs. 28 PCs 0.99980 

Diastolic BP 28 PCs vs. 29 PCs 0.99909 

Diastolic BP 29 PCs vs. 30 PCs 0.99947 

Diastolic BP 30 PCs vs. 31 PCs 0.99847 

Diastolic BP 31 PCs vs. 32 PCs 0.99958 

Diastolic BP 32 PCs vs. 33 PCs 0.99986 

Diastolic BP 33 PCs vs. 34 PCs 0.99940 

Diastolic BP 34 PCs vs. 35 PCs 0.99561 

Diastolic BP 35 PCs vs. 36 PCs 0.99825 

Diastolic BP 36 PCs vs. 37 PCs 0.99927 

Diastolic BP 37 PCs vs. 38 PCs 0.99407 

Diastolic BP 38 PCs vs. 39 PCs 0.99910 

Diastolic BP 39 PCs vs. 40 PCs 0.99950 

Diastolic BP Base vs. 40 PCs 0.97406 

Seen Doc/GP for Depression Base vs. 1 PC 0.99960 

Seen Doc/GP for Depression 1 PC vs. 2 PCs 0.99852 

Seen Doc/GP for Depression 2 PCs vs. 3 PCs 0.98136 

Seen Doc/GP for Depression 3 PCs vs. 4 PCs 0.98192 

Seen Doc/GP for Depression 4 PCs vs. 5 PCs 0.99549 

Seen Doc/GP for Depression 5 PCs vs. 6 PCs 0.99936 

Seen Doc/GP for Depression 6 PCs vs. 7 PCs 0.99852 

Seen Doc/GP for Depression 7 PCs vs. 8 PCs 0.99981 

Seen Doc/GP for Depression 8 PCs vs. 9 PCs 0.99953 

Seen Doc/GP for Depression 9 PCs vs. 10 PCs 0.99572 

Seen Doc/GP for Depression 10 PCs vs. 11 PCs 0.99963 

Seen Doc/GP for Depression 11 PCs vs. 12 PCs 0.99510 

Seen Doc/GP for Depression 12 PCs vs. 13 PCs 0.99907 

Seen Doc/GP for Depression 13 PCs vs. 14 PCs 0.99988 

Seen Doc/GP for Depression 14 PCs vs. 15 PCs 0.99834 

Seen Doc/GP for Depression 15 PCs vs. 16 PCs 0.99903 

Seen Doc/GP for Depression 16 PCs vs. 17 PCs 0.99808 

Seen Doc/GP for Depression 17 PCs vs. 18 PCs 0.99788 

Seen Doc/GP for Depression 18 PCs vs. 19 PCs 0.99889 

Seen Doc/GP for Depression 19 PCs vs. 20 PCs 0.99949 

Seen Doc/GP for Depression 20 PCs vs. 21 PCs 0.99626 

Seen Doc/GP for Depression 21 PCs vs. 22 PCs 1.00000 

Seen Doc/GP for Depression 22 PCs vs. 23 PCs 0.99745 

Seen Doc/GP for Depression 23 PCs vs. 24 PCs 0.99911 

Seen Doc/GP for Depression 24 PCs vs. 25 PCs 0.99928 

Seen Doc/GP for Depression 25 PCs vs. 26 PCs 0.98576 

Seen Doc/GP for Depression 26 PCs vs. 27 PCs 0.99330 

Seen Doc/GP for Depression 27 PCs vs. 28 PCs 0.99882 

Seen Doc/GP for Depression 28 PCs vs. 29 PCs 0.99862 

Seen Doc/GP for Depression 29 PCs vs. 30 PCs 0.99952 

Seen Doc/GP for Depression 30 PCs vs. 31 PCs 0.99975 

Seen Doc/GP for Depression 31 PCs vs. 32 PCs 0.99844 
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Seen Doc/GP for Depression 32 PCs vs. 33 PCs 0.99938 

Seen Doc/GP for Depression 33 PCs vs. 34 PCs 0.99766 

Seen Doc/GP for Depression 34 PCs vs. 35 PCs 0.98859 

Seen Doc/GP for Depression 35 PCs vs. 36 PCs 0.99734 

Seen Doc/GP for Depression 36 PCs vs. 37 PCs 0.99933 

Seen Doc/GP for Depression 37 PCs vs. 38 PCs 0.99364 

Seen Doc/GP for Depression 38 PCs vs. 39 PCs 0.99991 

Seen Doc/GP for Depression 39 PCs vs. 40 PCs 0.99677 

Seen Doc/GP for Depression Base vs. 40 PCs 0.98718 

Birthweight Base vs. 1 PC 0.99992 

Birthweight 1 PC vs. 2 PCs 0.99903 

Birthweight 2 PCs vs. 3 PCs 0.99735 

Birthweight 3 PCs vs. 4 PCs 0.99730 

Birthweight 4 PCs vs. 5 PCs 0.99927 

Birthweight 5 PCs vs. 6 PCs 0.99990 

Birthweight 6 PCs vs. 7 PCs 0.99668 

Birthweight 7 PCs vs. 8 PCs 0.99749 

Birthweight 8 PCs vs. 9 PCs 0.99681 

Birthweight 9 PCs vs. 10 PCs 0.99924 

Birthweight 10 PCs vs. 11 PCs 0.99986 

Birthweight 11 PCs vs. 12 PCs 0.99994 

Birthweight 12 PCs vs. 13 PCs 0.99989 

Birthweight 13 PCs vs. 14 PCs 0.99974 

Birthweight 14 PCs vs. 15 PCs 0.98774 

Birthweight 15 PCs vs. 16 PCs 0.99651 

Birthweight 16 PCs vs. 17 PCs 0.99834 

Birthweight 17 PCs vs. 18 PCs 0.99998 

Birthweight 18 PCs vs. 19 PCs 0.99184 

Birthweight 19 PCs vs. 20 PCs 0.99548 

Birthweight 20 PCs vs. 21 PCs 0.99891 

Birthweight 21 PCs vs. 22 PCs 0.99885 

Birthweight 22 PCs vs. 23 PCs 0.99909 

Birthweight 23 PCs vs. 24 PCs 0.99649 

Birthweight 24 PCs vs. 25 PCs 0.99726 

Birthweight 25 PCs vs. 26 PCs 0.99931 

Birthweight 26 PCs vs. 27 PCs 0.99818 

Birthweight 27 PCs vs. 28 PCs 0.99739 

Birthweight 28 PCs vs. 29 PCs 0.99578 

Birthweight 29 PCs vs. 30 PCs 0.99839 

Birthweight 30 PCs vs. 31 PCs 0.99412 

Birthweight 31 PCs vs. 32 PCs 0.99938 

Birthweight 32 PCs vs. 33 PCs 0.99817 

Birthweight 33 PCs vs. 34 PCs 0.99327 

Birthweight 34 PCs vs. 35 PCs 0.99650 

Birthweight 35 PCs vs. 36 PCs 0.99962 

Birthweight 36 PCs vs. 37 PCs 0.99990 

Birthweight 37 PCs vs. 38 PCs 0.99945 

Birthweight 38 PCs vs. 39 PCs 0.99940 

Birthweight 39 PCs vs. 40 PCs 0.99893 

Birthweight Base vs. 40 PCs 0.99618 

Notes: P-values are reported from tests comparing PGI estimates (constructed using the largest available 

population GWAS estimates that exclude the UKB related sample) before and after the inclusion of proband PCs. 

Models adjust for the relevant parental PGI, age, sex, array, and assessment center. We used Clogg, Petkova, and 

Haritou tests for regression coefficient comparisons. None of the comparisons are statistically significant.  
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Constructing PGI using GWAS conducted in unrelated sample of the UKB 
 

As a sensitivity check, we ran GWASs in the unrelated white British sample of the UKB for the 

nine phenotypes using the same procedure across all phenotypes. Sex, age, array, and 40 PCs 

calculated in the White British subsample were included as controls in the GWAS. Standard 

quality controls measures were performed prior to GWAS: we included SNPs with MAF of at 

least 5%, excluded individuals with more than 10% missingness and with discordant reported 

and biological sex, and excluded SNPs that violate HWE test with p-value of <1e-6. 
 

We then ran models where we included mid-parent and proband PGI for a given phenotype, and 

we tested whether the coefficient changed once we included proband PCs in bundles of 4. Table 

S5 reports the p-values of Clogg, Petkova, and Haritou tests for regression coefficient 

comparison. None of the comparisons are statistically significant. 
 

Table S5: P-values from comparisons of PGI coefficients before and after 

adding PCs to within-family models (self-constructed GWAS) 

Phenotype Comparison P-value 

BMI Base vs. 1 PC 0.993767684 

BMI 1 PC vs. 2 PCs 0.998962397 

BMI 2 PCs vs. 3 PCs 0.999072551 

BMI 3 PCs vs. 4 PCs 0.993584233 

BMI 4 PCs vs. 5 PCs 0.997608302 

BMI 5 PCs vs. 6 PCs 0.996798319 

BMI 6 PCs vs. 7 PCs 0.996808341 

BMI 7 PCs vs. 8 PCs 0.99486722 

BMI 8 PCs vs. 9 PCs 0.9979299 

BMI 9 PCs vs. 10 PCs 0.997115561 

BMI 10 PCs vs. 11 PCs 0.998189573 

BMI 11 PCs vs. 12 PCs 0.996933197 

BMI 12 PCs vs. 13 PCs 0.998176041 

BMI 13 PCs vs. 14 PCs 0.999942073 

BMI 14 PCs vs. 15 PCs 0.993595305 

BMI 15 PCs vs. 16 PCs 0.999143742 

BMI 16 PCs vs. 17 PCs 0.99606123 

BMI 17 PCs vs. 18 PCs 0.999902566 

BMI 18 PCs vs. 19 PCs 0.999485174 

BMI 19 PCs vs. 20 PCs 0.997938687 

BMI 20 PCs vs. 21 PCs 0.99341678 

BMI 21 PCs vs. 22 PCs 0.997791167 

BMI 22 PCs vs. 23 PCs 0.999996671 

BMI 23 PCs vs. 24 PCs 0.994629162 

BMI 24 PCs vs. 25 PCs 0.993226483 

BMI 25 PCs vs. 26 PCs 0.999950482 

BMI 26 PCs vs. 27 PCs 0.999959143 

BMI 27 PCs vs. 28 PCs 0.999389557 

BMI 28 PCs vs. 29 PCs 0.997526927 

BMI 29 PCs vs. 30 PCs 0.996458464 

BMI 30 PCs vs. 31 PCs 0.999998091 

BMI 31 PCs vs. 32 PCs 0.999255006 

BMI 32 PCs vs. 33 PCs 0.999731603 

BMI 33 PCs vs. 34 PCs 0.998532753 

BMI 34 PCs vs. 35 PCs 0.999972777 
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BMI 35 PCs vs. 36 PCs 0.991263537 

BMI 36 PCs vs. 37 PCs 0.993337609 

BMI 37 PCs vs. 38 PCs 0.999621342 

BMI 38 PCs vs. 39 PCs 0.999664966 

BMI 39 PCs vs. 40 PCs 0.992510322 

BMI Base vs. 40 PCs 0.963532624 

Height Base vs. 1 PC 0.9943399 

Height 1 PC vs. 2 PCs 0.986866448 

Height 2 PCs vs. 3 PCs 0.999437105 

Height 3 PCs vs. 4 PCs 0.996448676 

Height 4 PCs vs. 5 PCs 0.988805024 

Height 5 PCs vs. 6 PCs 0.997620817 

Height 6 PCs vs. 7 PCs 0.996849561 

Height 7 PCs vs. 8 PCs 0.999032289 

Height 8 PCs vs. 9 PCs 0.999903511 

Height 9 PCs vs. 10 PCs 0.998891678 

Height 10 PCs vs. 11 PCs 0.99397378 

Height 11 PCs vs. 12 PCs 0.995570689 

Height 12 PCs vs. 13 PCs 0.99897397 

Height 13 PCs vs. 14 PCs 0.996699756 

Height 14 PCs vs. 15 PCs 0.999011632 

Height 15 PCs vs. 16 PCs 0.998100567 

Height 16 PCs vs. 17 PCs 0.995835469 

Height 17 PCs vs. 18 PCs 0.998129039 

Height 18 PCs vs. 19 PCs 0.998140606 

Height 19 PCs vs. 20 PCs 0.993527058 

Height 20 PCs vs. 21 PCs 0.994124351 

Height 21 PCs vs. 22 PCs 0.989965203 

Height 22 PCs vs. 23 PCs 0.999787977 

Height 23 PCs vs. 24 PCs 0.993449821 

Height 24 PCs vs. 25 PCs 0.993794413 

Height 25 PCs vs. 26 PCs 0.999945348 

Height 26 PCs vs. 27 PCs 0.998618923 

Height 27 PCs vs. 28 PCs 0.998552426 

Height 28 PCs vs. 29 PCs 0.998250757 

Height 29 PCs vs. 30 PCs 0.997927137 

Height 30 PCs vs. 31 PCs 0.999918308 

Height 31 PCs vs. 32 PCs 0.999087129 

Height 32 PCs vs. 33 PCs 0.999448761 

Height 33 PCs vs. 34 PCs 0.991686709 

Height 34 PCs vs. 35 PCs 0.999699706 

Height 35 PCs vs. 36 PCs 0.999589902 

Height 36 PCs vs. 37 PCs 0.999091592 

Height 37 PCs vs. 38 PCs 0.998331632 

Height 38 PCs vs. 39 PCs 0.999792895 

Height 39 PCs vs. 40 PCs 0.999839905 

Height Base vs. 40 PCs 0.991809491 

Education Base vs. 1 PC 0.996476338 

Education 1 PC vs. 2 PCs 0.998016604 

Education 2 PCs vs. 3 PCs 0.999875182 

Education 3 PCs vs. 4 PCs 0.980359994 

Education 4 PCs vs. 5 PCs 0.993849233 

Education 5 PCs vs. 6 PCs 0.991808089 

Education 6 PCs vs. 7 PCs 0.999936401 

Education 7 PCs vs. 8 PCs 0.999850262 

Education 8 PCs vs. 9 PCs 0.990570694 
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Education 9 PCs vs. 10 PCs 0.994494922 

Education 10 PCs vs. 11 PCs 0.99960458 

Education 11 PCs vs. 12 PCs 0.997617696 

Education 12 PCs vs. 13 PCs 0.993479026 

Education 13 PCs vs. 14 PCs 0.994250051 

Education 14 PCs vs. 15 PCs 0.999167711 

Education 15 PCs vs. 16 PCs 0.999368911 

Education 16 PCs vs. 17 PCs 0.99915203 

Education 17 PCs vs. 18 PCs 0.999910757 

Education 18 PCs vs. 19 PCs 0.997837835 

Education 19 PCs vs. 20 PCs 0.999916829 

Education 20 PCs vs. 21 PCs 0.982017859 

Education 21 PCs vs. 22 PCs 0.99756363 

Education 22 PCs vs. 23 PCs 0.999721214 

Education 23 PCs vs. 24 PCs 0.995386659 

Education 24 PCs vs. 25 PCs 0.997981968 

Education 25 PCs vs. 26 PCs 0.999552116 

Education 26 PCs vs. 27 PCs 0.998438116 

Education 27 PCs vs. 28 PCs 0.999846568 

Education 28 PCs vs. 29 PCs 0.999399838 

Education 29 PCs vs. 30 PCs 0.996672511 

Education 30 PCs vs. 31 PCs 0.999036369 

Education 31 PCs vs. 32 PCs 0.990633848 

Education 32 PCs vs. 33 PCs 0.999869928 

Education 33 PCs vs. 34 PCs 0.99990411 

Education 34 PCs vs. 35 PCs 0.999826352 

Education 35 PCs vs. 36 PCs 0.999972046 

Education 36 PCs vs. 37 PCs 0.999614359 

Education 37 PCs vs. 38 PCs 0.999786524 

Education 38 PCs vs. 39 PCs 0.99871994 

Education 39 PCs vs. 40 PCs 0.999201938 

Education Base vs. 40 PCs 0.947414291 

Number of Children Ever Born Base vs. 1 PC 0.987621759 

Number of Children Ever Born 1 PC vs. 2 PCs 0.999349897 

Number of Children Ever Born 2 PCs vs. 3 PCs 0.998689132 

Number of Children Ever Born 3 PCs vs. 4 PCs 0.994489151 

Number of Children Ever Born 4 PCs vs. 5 PCs 0.984671522 

Number of Children Ever Born 5 PCs vs. 6 PCs 0.997873763 

Number of Children Ever Born 6 PCs vs. 7 PCs 0.999621152 

Number of Children Ever Born 7 PCs vs. 8 PCs 0.999502245 

Number of Children Ever Born 8 PCs vs. 9 PCs 0.998765828 

Number of Children Ever Born 9 PCs vs. 10 PCs 0.994277799 

Number of Children Ever Born 10 PCs vs. 11 PCs 0.999581671 

Number of Children Ever Born 11 PCs vs. 12 PCs 0.998019985 

Number of Children Ever Born 12 PCs vs. 13 PCs 0.998627744 

Number of Children Ever Born 13 PCs vs. 14 PCs 0.999824757 

Number of Children Ever Born 14 PCs vs. 15 PCs 0.995206991 

Number of Children Ever Born 15 PCs vs. 16 PCs 0.997498701 

Number of Children Ever Born 16 PCs vs. 17 PCs 0.995392872 

Number of Children Ever Born 17 PCs vs. 18 PCs 0.996580899 

Number of Children Ever Born 18 PCs vs. 19 PCs 0.999573104 

Number of Children Ever Born 19 PCs vs. 20 PCs 0.999723466 

Number of Children Ever Born 20 PCs vs. 21 PCs 0.996994431 

Number of Children Ever Born 21 PCs vs. 22 PCs 0.999268745 

Number of Children Ever Born 22 PCs vs. 23 PCs 0.999328808 

Number of Children Ever Born 23 PCs vs. 24 PCs 0.99948058 
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Number of Children Ever Born 24 PCs vs. 25 PCs 0.999800119 

Number of Children Ever Born 25 PCs vs. 26 PCs 0.999879719 

Number of Children Ever Born 26 PCs vs. 27 PCs 0.999863238 

Number of Children Ever Born 27 PCs vs. 28 PCs 0.994254667 

Number of Children Ever Born 28 PCs vs. 29 PCs 0.997992195 

Number of Children Ever Born 29 PCs vs. 30 PCs 0.995953102 

Number of Children Ever Born 30 PCs vs. 31 PCs 0.998918809 

Number of Children Ever Born 31 PCs vs. 32 PCs 0.999703041 

Number of Children Ever Born 32 PCs vs. 33 PCs 0.999917429 

Number of Children Ever Born 33 PCs vs. 34 PCs 0.999789154 

Number of Children Ever Born 34 PCs vs. 35 PCs 0.999784956 

Number of Children Ever Born 35 PCs vs. 36 PCs 0.997122881 

Number of Children Ever Born 36 PCs vs. 37 PCs 0.998775759 

Number of Children Ever Born 37 PCs vs. 38 PCs 0.996596586 

Number of Children Ever Born 38 PCs vs. 39 PCs 0.998870169 

Number of Children Ever Born 39 PCs vs. 40 PCs 0.99985961 

Number of Children Ever Born Base vs. 40 PCs 0.995484332 

Cigarettes Per Day Base vs. 1 PC 0.993328989 

Cigarettes Per Day 1 PC vs. 2 PCs 0.996114033 

Cigarettes Per Day 2 PCs vs. 3 PCs 0.999319401 

Cigarettes Per Day 3 PCs vs. 4 PCs 0.996262557 

Cigarettes Per Day 4 PCs vs. 5 PCs 0.987508192 

Cigarettes Per Day 5 PCs vs. 6 PCs 0.998556224 

Cigarettes Per Day 6 PCs vs. 7 PCs 0.999304004 

Cigarettes Per Day 7 PCs vs. 8 PCs 0.996152417 

Cigarettes Per Day 8 PCs vs. 9 PCs 0.999978956 

Cigarettes Per Day 9 PCs vs. 10 PCs 0.997840675 

Cigarettes Per Day 10 PCs vs. 11 PCs 0.999983741 

Cigarettes Per Day 11 PCs vs. 12 PCs 0.999949095 

Cigarettes Per Day 12 PCs vs. 13 PCs 0.998556119 

Cigarettes Per Day 13 PCs vs. 14 PCs 0.99547804 

Cigarettes Per Day 14 PCs vs. 15 PCs 0.999860198 

Cigarettes Per Day 15 PCs vs. 16 PCs 0.998891876 

Cigarettes Per Day 16 PCs vs. 17 PCs 0.997544843 

Cigarettes Per Day 17 PCs vs. 18 PCs 0.999982125 

Cigarettes Per Day 18 PCs vs. 19 PCs 0.999945935 

Cigarettes Per Day 19 PCs vs. 20 PCs 0.999998648 

Cigarettes Per Day 20 PCs vs. 21 PCs 0.998257748 

Cigarettes Per Day 21 PCs vs. 22 PCs 0.998805762 

Cigarettes Per Day 22 PCs vs. 23 PCs 0.999989185 

Cigarettes Per Day 23 PCs vs. 24 PCs 0.998680864 

Cigarettes Per Day 24 PCs vs. 25 PCs 0.998930699 

Cigarettes Per Day 25 PCs vs. 26 PCs 0.9996099 

Cigarettes Per Day 26 PCs vs. 27 PCs 0.994104538 

Cigarettes Per Day 27 PCs vs. 28 PCs 0.992477158 

Cigarettes Per Day 28 PCs vs. 29 PCs 0.999989582 

Cigarettes Per Day 29 PCs vs. 30 PCs 0.997433347 

Cigarettes Per Day 30 PCs vs. 31 PCs 0.999215301 

Cigarettes Per Day 31 PCs vs. 32 PCs 0.999838978 

Cigarettes Per Day 32 PCs vs. 33 PCs 0.999893929 

Cigarettes Per Day 33 PCs vs. 34 PCs 0.99916915 

Cigarettes Per Day 34 PCs vs. 35 PCs 0.997129455 

Cigarettes Per Day 35 PCs vs. 36 PCs 0.995822973 

Cigarettes Per Day 36 PCs vs. 37 PCs 0.999833638 

Cigarettes Per Day 37 PCs vs. 38 PCs 0.9978532 

Cigarettes Per Day 38 PCs vs. 39 PCs 0.99895079 
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Cigarettes Per Day 39 PCs vs. 40 PCs 0.998710705 

Cigarettes Per Day Base vs. 40 PCs 0.976639329 

Drinks Per Week Base vs. 1 PC 0.997362076 

Drinks Per Week 1 PC vs. 2 PCs 0.98442748 

Drinks Per Week 2 PCs vs. 3 PCs 0.990350813 

Drinks Per Week 3 PCs vs. 4 PCs 0.990545189 

Drinks Per Week 4 PCs vs. 5 PCs 0.998976253 

Drinks Per Week 5 PCs vs. 6 PCs 0.999579461 

Drinks Per Week 6 PCs vs. 7 PCs 0.999455574 

Drinks Per Week 7 PCs vs. 8 PCs 0.99983958 

Drinks Per Week 8 PCs vs. 9 PCs 0.999855989 

Drinks Per Week 9 PCs vs. 10 PCs 0.999202265 

Drinks Per Week 10 PCs vs. 11 PCs 0.988651877 

Drinks Per Week 11 PCs vs. 12 PCs 0.999464462 

Drinks Per Week 12 PCs vs. 13 PCs 0.994289659 

Drinks Per Week 13 PCs vs. 14 PCs 0.994593963 

Drinks Per Week 14 PCs vs. 15 PCs 0.999927655 

Drinks Per Week 15 PCs vs. 16 PCs 0.999208707 

Drinks Per Week 16 PCs vs. 17 PCs 0.999692875 

Drinks Per Week 17 PCs vs. 18 PCs 0.99707087 

Drinks Per Week 18 PCs vs. 19 PCs 0.998655941 

Drinks Per Week 19 PCs vs. 20 PCs 0.999670547 

Drinks Per Week 20 PCs vs. 21 PCs 0.99967929 

Drinks Per Week 21 PCs vs. 22 PCs 0.997059208 

Drinks Per Week 22 PCs vs. 23 PCs 0.999286014 

Drinks Per Week 23 PCs vs. 24 PCs 0.995806502 

Drinks Per Week 24 PCs vs. 25 PCs 0.999817601 

Drinks Per Week 25 PCs vs. 26 PCs 0.994537613 

Drinks Per Week 26 PCs vs. 27 PCs 0.999828127 

Drinks Per Week 27 PCs vs. 28 PCs 0.999796562 

Drinks Per Week 28 PCs vs. 29 PCs 0.995072372 

Drinks Per Week 29 PCs vs. 30 PCs 0.999788116 

Drinks Per Week 30 PCs vs. 31 PCs 0.997796468 

Drinks Per Week 31 PCs vs. 32 PCs 0.99583344 

Drinks Per Week 32 PCs vs. 33 PCs 0.996979374 

Drinks Per Week 33 PCs vs. 34 PCs 0.999680883 

Drinks Per Week 34 PCs vs. 35 PCs 0.999303437 

Drinks Per Week 35 PCs vs. 36 PCs 0.99777391 

Drinks Per Week 36 PCs vs. 37 PCs 0.999787048 

Drinks Per Week 37 PCs vs. 38 PCs 0.99883507 

Drinks Per Week 38 PCs vs. 39 PCs 0.999869908 

Drinks Per Week 39 PCs vs. 40 PCs 0.999672763 

Drinks Per Week Base vs. 40 PCs 0.969437391 

Diastolic BP Base vs. 1 PC 0.996529406 

Diastolic BP 1 PC vs. 2 PCs 0.999702428 

Diastolic BP 2 PCs vs. 3 PCs 0.999395278 

Diastolic BP 3 PCs vs. 4 PCs 0.991184269 

Diastolic BP 4 PCs vs. 5 PCs 0.998213445 

Diastolic BP 5 PCs vs. 6 PCs 0.997997995 

Diastolic BP 6 PCs vs. 7 PCs 0.997385673 

Diastolic BP 7 PCs vs. 8 PCs 0.997906988 

Diastolic BP 8 PCs vs. 9 PCs 0.999970434 

Diastolic BP 9 PCs vs. 10 PCs 0.997440364 

Diastolic BP 10 PCs vs. 11 PCs 0.995587153 

Diastolic BP 11 PCs vs. 12 PCs 0.999961543 

Diastolic BP 12 PCs vs. 13 PCs 0.99377375 
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Diastolic BP 13 PCs vs. 14 PCs 0.999516648 

Diastolic BP 14 PCs vs. 15 PCs 0.999376998 

Diastolic BP 15 PCs vs. 16 PCs 0.999558668 

Diastolic BP 16 PCs vs. 17 PCs 0.998204684 

Diastolic BP 17 PCs vs. 18 PCs 0.999967125 

Diastolic BP 18 PCs vs. 19 PCs 0.995682884 

Diastolic BP 19 PCs vs. 20 PCs 0.998928982 

Diastolic BP 20 PCs vs. 21 PCs 0.999283704 

Diastolic BP 21 PCs vs. 22 PCs 0.994399754 

Diastolic BP 22 PCs vs. 23 PCs 0.99758018 

Diastolic BP 23 PCs vs. 24 PCs 0.999015825 

Diastolic BP 24 PCs vs. 25 PCs 0.999485618 

Diastolic BP 25 PCs vs. 26 PCs 0.997151893 

Diastolic BP 26 PCs vs. 27 PCs 0.998439928 

Diastolic BP 27 PCs vs. 28 PCs 0.999897889 

Diastolic BP 28 PCs vs. 29 PCs 0.994756383 

Diastolic BP 29 PCs vs. 30 PCs 0.996194698 

Diastolic BP 30 PCs vs. 31 PCs 0.999740465 

Diastolic BP 31 PCs vs. 32 PCs 0.99378906 

Diastolic BP 32 PCs vs. 33 PCs 0.999817235 

Diastolic BP 33 PCs vs. 34 PCs 0.999778979 

Diastolic BP 34 PCs vs. 35 PCs 0.999851708 

Diastolic BP 35 PCs vs. 36 PCs 0.999301697 

Diastolic BP 36 PCs vs. 37 PCs 0.999164301 

Diastolic BP 37 PCs vs. 38 PCs 0.998772218 

Diastolic BP 38 PCs vs. 39 PCs 0.992831658 

Diastolic BP 39 PCs vs. 40 PCs 0.99901073 

Diastolic BP Base vs. 40 PCs 0.960091782 

Seen Doc/GP for Depression Base vs. 1 PC 0.999860166 

Seen Doc/GP for Depression 1 PC vs. 2 PCs 0.999790664 

Seen Doc/GP for Depression 2 PCs vs. 3 PCs 0.995674086 

Seen Doc/GP for Depression 3 PCs vs. 4 PCs 0.995333065 

Seen Doc/GP for Depression 4 PCs vs. 5 PCs 0.999949976 

Seen Doc/GP for Depression 5 PCs vs. 6 PCs 0.999161663 

Seen Doc/GP for Depression 6 PCs vs. 7 PCs 0.995412228 

Seen Doc/GP for Depression 7 PCs vs. 8 PCs 0.999694668 

Seen Doc/GP for Depression 8 PCs vs. 9 PCs 0.999322489 

Seen Doc/GP for Depression 9 PCs vs. 10 PCs 0.999635728 

Seen Doc/GP for Depression 10 PCs vs. 11 PCs 0.998454558 

Seen Doc/GP for Depression 11 PCs vs. 12 PCs 0.995337301 

Seen Doc/GP for Depression 12 PCs vs. 13 PCs 0.999596887 

Seen Doc/GP for Depression 13 PCs vs. 14 PCs 0.997159546 

Seen Doc/GP for Depression 14 PCs vs. 15 PCs 0.997359314 

Seen Doc/GP for Depression 15 PCs vs. 16 PCs 0.999362698 

Seen Doc/GP for Depression 16 PCs vs. 17 PCs 0.998731599 

Seen Doc/GP for Depression 17 PCs vs. 18 PCs 0.996690764 

Seen Doc/GP for Depression 18 PCs vs. 19 PCs 0.998708106 

Seen Doc/GP for Depression 19 PCs vs. 20 PCs 0.999378153 

Seen Doc/GP for Depression 20 PCs vs. 21 PCs 0.996486901 

Seen Doc/GP for Depression 21 PCs vs. 22 PCs 0.99590233 

Seen Doc/GP for Depression 22 PCs vs. 23 PCs 0.999553873 

Seen Doc/GP for Depression 23 PCs vs. 24 PCs 0.998504601 

Seen Doc/GP for Depression 24 PCs vs. 25 PCs 0.998916061 

Seen Doc/GP for Depression 25 PCs vs. 26 PCs 0.995242035 

Seen Doc/GP for Depression 26 PCs vs. 27 PCs 0.997320955 

Seen Doc/GP for Depression 27 PCs vs. 28 PCs 0.998008185 
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Seen Doc/GP for Depression 28 PCs vs. 29 PCs 0.996820506 

Seen Doc/GP for Depression 29 PCs vs. 30 PCs 0.999917852 

Seen Doc/GP for Depression 30 PCs vs. 31 PCs 0.998532011 

Seen Doc/GP for Depression 31 PCs vs. 32 PCs 0.99262366 

Seen Doc/GP for Depression 32 PCs vs. 33 PCs 0.997136539 

Seen Doc/GP for Depression 33 PCs vs. 34 PCs 0.999008252 

Seen Doc/GP for Depression 34 PCs vs. 35 PCs 0.99568213 

Seen Doc/GP for Depression 35 PCs vs. 36 PCs 0.995515462 

Seen Doc/GP for Depression 36 PCs vs. 37 PCs 0.999817749 

Seen Doc/GP for Depression 37 PCs vs. 38 PCs 0.997722935 

Seen Doc/GP for Depression 38 PCs vs. 39 PCs 0.999622892 

Seen Doc/GP for Depression 39 PCs vs. 40 PCs 0.999047592 

Seen Doc/GP for Depression Base vs. 40 PCs 0.980621853 

Birthweight Base vs. 1 PC 0.998072163 

Birthweight 1 PC vs. 2 PCs 0.985809623 

Birthweight 2 PCs vs. 3 PCs 0.998666237 

Birthweight 3 PCs vs. 4 PCs 0.99849339 

Birthweight 4 PCs vs. 5 PCs 0.999725837 

Birthweight 5 PCs vs. 6 PCs 0.998414791 

Birthweight 6 PCs vs. 7 PCs 0.999626932 

Birthweight 7 PCs vs. 8 PCs 0.999426937 

Birthweight 8 PCs vs. 9 PCs 0.997289462 

Birthweight 9 PCs vs. 10 PCs 0.999969063 

Birthweight 10 PCs vs. 11 PCs 0.999997888 

Birthweight 11 PCs vs. 12 PCs 0.999981775 

Birthweight 12 PCs vs. 13 PCs 0.999501315 

Birthweight 13 PCs vs. 14 PCs 0.998941803 

Birthweight 14 PCs vs. 15 PCs 0.994787299 

Birthweight 15 PCs vs. 16 PCs 0.984050224 

Birthweight 16 PCs vs. 17 PCs 0.998647015 

Birthweight 17 PCs vs. 18 PCs 0.999369433 

Birthweight 18 PCs vs. 19 PCs 0.999752053 

Birthweight 19 PCs vs. 20 PCs 0.995767264 

Birthweight 20 PCs vs. 21 PCs 0.999227823 

Birthweight 21 PCs vs. 22 PCs 0.999898273 

Birthweight 22 PCs vs. 23 PCs 0.99183978 

Birthweight 23 PCs vs. 24 PCs 0.997291343 

Birthweight 24 PCs vs. 25 PCs 0.999178095 

Birthweight 25 PCs vs. 26 PCs 0.999992157 

Birthweight 26 PCs vs. 27 PCs 0.997909277 

Birthweight 27 PCs vs. 28 PCs 0.998074831 

Birthweight 28 PCs vs. 29 PCs 0.996480046 

Birthweight 29 PCs vs. 30 PCs 0.998346979 

Birthweight 30 PCs vs. 31 PCs 0.999640607 

Birthweight 31 PCs vs. 32 PCs 0.999983875 

Birthweight 32 PCs vs. 33 PCs 0.998874469 

Birthweight 33 PCs vs. 34 PCs 0.997034562 

Birthweight 34 PCs vs. 35 PCs 0.998523658 

Birthweight 35 PCs vs. 36 PCs 0.999675547 

Birthweight 36 PCs vs. 37 PCs 0.998872579 

Birthweight 37 PCs vs. 38 PCs 0.999206644 

Birthweight 38 PCs vs. 39 PCs 0.997859792 

Birthweight 39 PCs vs. 40 PCs 0.998265457 
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Birthweight Base vs. 40 PCs 0.998764462 

Notes: P-values are reported from tests comparing PGI estimates (constructed using GWAS estimates from the 

White British unrelated sample) before and after the inclusion of proband PCs. Models adjust for the relevant 

parental PGI, age, sex, array, and assessment center. We used Clogg, Petkova, and Haritou tests for regression 

coefficient comparisons. None of the comparisons are statistically significant.  

Examining the change in SNP-level estimates when adjusting for the 

direct effects of PCs 

 

In addition to examining the impact of PCs on PGI estimates, we also performed analyses to 

assess their impact on SNP-level estimates in within-family GWAS. To fit the within-family 

GWAS, we use the approach outlined by ref. 2, which decomposes genetic associations into 

between-family and within-family components. However, rather than include PCs in the within-

family GWAS models, we estimated both the between- and within-family components in models 

with and without PCs controlled, allowing us to assess their impact, if any, on estimated SNP 

effects.  

 

Specifically, to conduct the within-family GWAS, for individual j in sibship i, we estimated two 

models per phenotype: 

 

(1)  𝑃ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑖𝑗 ~ 𝐺𝑖𝑗
𝐶 + 𝐺𝑖

𝐹 + 𝑆𝑒𝑥𝑖𝑗 + 𝐴𝑔𝑒𝑖𝑗 + 𝜖𝑖𝑗  

(2)       𝑃ℎ𝑒𝑛𝑜𝑡𝑦𝑝𝑒𝑖𝑗 ~ 𝐺𝑖𝑗
𝐶 + 𝐺𝑖

𝐹 + 𝑆𝑒𝑥𝑖𝑗 + 𝐴𝑔𝑒𝑖𝑗 + ∑ 𝑃𝐶𝑖𝑗
𝑣40

𝑣=1  + 𝜖𝑖𝑗   

 

where 𝐺𝑖
𝐹  is the mean family genotype for sibship i over n siblings;  𝐺𝑖𝑗

𝐶  is the genotype of 

sibling j in sibship i centered around 𝐺𝑖
𝐹  and 𝑃𝐶𝑖𝑗

𝑣  represents the 𝑣𝑡ℎ  principal component. Thus, 

𝐺𝑖
𝐹captures between-family genetic effects, while 𝐺𝑖𝑗

𝐶  captures within-family genetic effects. We 

further clustered standard errors at the family level to account for the fact that siblings may 

cluster nonrandomly within families. 

 

To quantify the impact of principal component adjustment on genetic effect estimates, we again 

use the Clogg, Petkova, and Haritou test for evaluating the significance of changes in coefficient 

magnitudes between nested models. Significant tests (p < 5 × 10-8) indicate that principal 

component adjustment meaningfully alters genetic effect estimates. 

 

Second, we estimated the overall attenuation of genetic effect estimates that results from 

controlling for genetic principal components for each phenotype. To do so, we adapted the 

shrinkage analysis from ref. 2. For each phenotype, we calculated inverse variance weighted 

(IVW) summary scores using the set of genetic variants found to be significantly associated with 

each phenotype in the standard GWASs fit to the white British unrelated sample of the UK 

Biobank described earlier in this SI. We then computed two scores: one using effect estimates 

from the model without PC adjustment and another using estimates from the PC-adjusted model. 

Shrinkage was calculated as the proportional decrease, representing the percentage reduction in 

effect sizes when principal components are included. Standard errors for the shrinkage estimates 

were calculated using the delta method. This approach allows us to quantify of how much 
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genetic associations are attenuated due to the inclusion of PCs, with positive shrinkage values 

indicating that PC adjustment reduces effect estimates. 

 

Table S6 summarizes the SNP-by-SNP results for each phenotype. Across all nine phenotypes, 

0% of SNPs showed significant differences between PC-adjusted and non-PC-adjusted estimates. 

Further, correlations between PC-adjusted and non-PC-adjusted effect estimates were 

consistently high (mean r > 99%), indicating PC adjustment has minimal impact on association 

magnitudes. Table S7 reports the shrinkage results. Estimates of shrinkage range from 0% to 4%, 

with education seeing the largest amount of shrinkage. None of the shrinkage effects are 

significantly different than zero.  

 

Table S6: Sibling GWAS results by phenotype 

Phenotype 
% 

Significant 

Within-family 

effect size 

correlations 

Between-family 

effect size 

correlations 

Height 0.0% 0.997 0.971 

BMI 0.0% 0.998 0.995 

Educational Attainment 0.0% 0.999 0.994 

Current Smoking 0.0% 0.993 0.999 

Drinks per Week 0.0% 0.999 0.998 

Seen doctor or GP for 

depression 
0.0% 0.999 

0.994 

Number of Children 0.0% 0.999 0.998 

Birthweight 0.0% 0.998 0.997 

Diastolic BP 0.0% 0.999 0.998 

Note: Significant tests defined as p < 5 × 10-8. Effect size correlation reflects correlation between PC-adjusted and 

non-PC-adjusted estimates. 

Table S7: Shrinkage by phenotype 

Phenotype Shrinkage Lower CI Upper CI 

Education 0.044 -0.19 0.277 

Birthweight 0.009 -0.426 0.444 

Height 0.005 -0.041 0.05 

Diastolic BP 0.004 -0.137 0.146 

BMI 0.003 -0.088 0.095 

Seen Doc/GP for 

Depression 0.003 -0.322 0.329 

Cigarettes Per Day 0.003 -0.758 0.764 

Drinks Per Week 0.001 -0.354 0.356 

Number of Children Ever 

Born -0.018 -0.506 0.469 

Note: None of the shrinkage are significantly different from zero 
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Figure S1: Comparing within-sibship effects of 40 PCs to their population effects by phenotype 

 
Notes: Standard deviation change in phenotype by PCs (point estimate ∓ 95% confidence interval) are plotted in 

population models (black) and in within-family models (orange). The nine panels correspond to the nine different 

phenotypes included in this study. The population models include controls and all 40 proband PCs and use the 

unrelated White British subsample. The within-family models include the sibling subsample and include controls, all 

40 proband PCs, and all 40 parental PCs. 
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Sensitivity analysis using the PCs fit to the entire UK Biobank 

sample 
 

To ensure that our results were robust to the kind of PCs included, and given that many 

researchers use the default PCs provided by the UK Biobank to control for population structure, 

we compared our White British (WB) PCs with the 40 PCs provided by the UK Biobank and 

which were fit to the entire UK Biobank sample (after QC) and re-ran all results using the UKB 

PCs. More details about the PCs provided by the UKB and how they were constructed can be 

found here: https://www.nature.com/articles/s41586-018-0579-z 

 

We begin by examining the correlation between the WB PCs, described in detail in the main text, 

and the PCs provided by the UKB. The correlations for the first 10 of our WB PCs and the first 

20 of the UKB’s PCs can be found in Figure S2. All other correlations are near zero and not 

reported here. The first WB PC is most correlated with the 5th UKB PC, White British PC 2 with 

UKB PC 9, White British PC 3 with UKB PC 11, White British PC 4 with UKB PC 16, and 

White British PC 5 with UKB PC 14.  
 

Figure S2: Comparing White British PCs to PCs fit to the entire UKB sample 

as provided by the UKB 

 
 

Geographical Clustering of WB PCs 

 

Next, to ensure that our WB PCs were indeed picking up population structure, we examined 

whether they exhibited meaningful geographic clustering in the UK based on the birthplace of 

UKB respondents. Previous work has shown that the UKB’s PCs exhibit such clustering.3 Plots 

of the average values for the first 5 WB PCs across regions in the UK can be found in Figure S3.  

 

https://www.nature.com/articles/s41586-018-0579-z
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Overall, they exhibit distinct and unique geographic clustering patterns. PC 1 of the White 

British population is highest in the Northern Isles of Scotland and lowest in South and Southwest 

England, and therefore appears to capture the presence of Anglo-Saxon ancestry which 

distinguishes the English from the Scottish and Welsh (4). The second PC is highest in Wales 

and lowest in Scotland. Wales is historically known to have been less affected by Anglo-Saxon 

migration in England and have relatively well-preserved Brythonic Celtic ancestral signature (5). 

PC 3 has higher values for Northern Wales and northern inland areas of England such as 

Cheshire, Greater Manchester and Derbyshire. The rest of England and Scotland have lower 

loadings on PC 3. PC 4 distinguishes North from South Wales. Some previous work has linked 

this subtle population structure to the existence of ancient Welsh kingdoms, such as Gwynedd in 

the north and Dyfed in the south (https://peopleofthebritishisles.web.ox.ac.uk/population-

genetics). Finally, PC 5 distinguishes Southern England from the rest of the UK.  

https://peopleofthebritishisles.web.ox.ac.uk/population-genetics
https://peopleofthebritishisles.web.ox.ac.uk/population-genetics
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Figure S3: Average White British PCs by UKB region according to 

respondent birthplace 

 

 
 

 

All WB PCs exhibit some geographic clustering. Following ref. 3, we examined whether the 

spatial autocorrelation is significantly greater than zero for each PC using Moran’s I. Moran’s I 

ranges from -1 to 1, with positive values signaling spatial clustering on a variable of interest and 

negative values signaling dispersion. The empirical p-values for the various Moran’s I statistics 

were derived using a permutation test, described in ref. 3 in which the average PCs were 

permuted across regions 10,000 times. Overall, 36 out of 40 of the WB PCs exhibit significant 

spatial autocorrelation. The Moran’s I statistics for each WB PC can be found in Figure S4. 
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Figure S4: Spatial autocorrelation statistics (Moran’s I) for each of the 40 WB 

PCs 

 

 
 

 

Last, we re-ran the main results using the UKB-provided PCs. The results are presented in 

Tables S8-S11. They confirm the main results: evidence for causal effects of PCs on our nine 

phenotypes but of small magnitude, limited evidence for interaction effects, and no evidence that 

controlling for PCs impacts PGI estimates.  

 

Table S8: R2 across different model types and phenotypes  

         

  Age + Sex + Array 

+ Assessment 

Center 

40 Proband PCs + controls 40 Parental PCs + controls Full Model 

  (1) (2) (3) (4) 

BMI 0.016 0.018 0.020 0.021 

Height* 0.051 0.060 0.058 0.062 

Educational Attainment  0.046 0.051 0.049 0.053 

Num Children Ever Born 0.038 0.040 0.040 0.041 

Current Smoking 0.014 0.016 0.017 0.018 

Drinks per Week 0.047 0.050 0.050 0.051 

Diastolic BP 0.042 0.043 0.043 0.045 

Depression 0.028 0.029 0.030 0.031 
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Birthweight 0.022 0.024 0.026 0.027 

 

 

Table S9: Percent change in R2 when adding proband UKB-provided PCs to 

within-family models 

Phenotype PC 

Incremental R2 

(%) 

Bonferroni 

corrected p-value 

BMI PC 1 0.0011 0.8956 

BMI PC 2 0.0329 0.4749 

BMI PC 3 0.0192 0.5850 

BMI PC 4 0.0969 0.2203 

BMI PC 5 0.0017 0.8700 

BMI PC 6 0.0396 0.4329 

BMI PC 7 0.1904 0.0855 

BMI PC 8 0.1842 0.0905 

BMI PC 9 0.9787 0.0001 

BMI PC 10 0.4496 0.0078 

BMI PC 11 0.5377 0.0035 

BMI PC 12 0.1157 0.1749 

BMI PC 13 0.0760 0.2712 

BMI PC 14 0.2241 0.0588 

BMI PC 15 0.0399 0.4245 

BMI PC 16 0.0356 0.4510 

BMI PC 17 0.3704 0.0150 

BMI PC 18 0.0140 0.6352 

BMI PC 19 0.0836 0.2469 

BMI PC 20 0.0231 0.5425 

BMI PC 21 0.0246 0.5295 

BMI PC 22 0.0011 0.8960 

BMI PC 23 0.0723 0.2811 

BMI PC 24 0.0863 0.2388 

BMI PC 25 0.2462 0.0466 

BMI PC 26 0.2503 0.0445 

BMI PC 27 0.0578 0.3338 

BMI PC 28 0.0663 0.3004 

BMI PC 29 0.0498 0.3692 

BMI PC 30 0.1824 0.0856 

BMI PC 31 0.2585 0.0405 

BMI PC 32 0.1165 0.1685 

BMI PC 33 0.1695 0.0966 



 39 

BMI PC 34 0.1091 0.1821 

BMI PC 35 0.3522 0.0165 

BMI PC 36 0.0270 0.5057 

BMI PC 37 0.5778 0.0021 

BMI PC 38 0.3462 0.0169 

BMI PC 39 0.6675 0.0009 

BMI PC 40 0.0575 0.3275 

Height PC 1 0.0015 0.7913 

Height PC 2 0.0273 0.2548 

Height PC 3 0.0007 0.8533 

Height PC 4 0.1096 0.0225 

Height PC 5 1.3568 0.0000 

Height PC 6 0.0143 0.4069 

Height PC 7 0.6524 0.0000 

Height PC 8 0.0004 0.8827 

Height PC 9 0.7006 0.0000 

Height PC 10 0.0015 0.7896 

Height PC 11 0.5665 0.0000 

Height PC 12 0.2622 0.0003 

Height PC 13 0.0238 0.2782 

Height PC 14 0.2752 0.0002 

Height PC 15 0.0114 0.4534 

Height PC 16 0.0590 0.0874 

Height PC 17 0.0294 0.2275 

Height PC 18 0.0405 0.1564 

Height PC 19 0.0031 0.6965 

Height PC 20 0.0000 0.9736 

Height PC 21 0.1793 0.0029 

Height PC 22 0.0941 0.0306 

Height PC 23 0.0242 0.2723 

Height PC 24 0.0002 0.9248 

Height PC 25 0.3669 0.0000 

Height PC 26 0.0104 0.4721 

Height PC 27 0.1268 0.0119 

Height PC 28 0.1014 0.0243 

Height PC 29 0.0671 0.0668 

Height PC 30 0.0292 0.2263 

Height PC 31 0.2895 0.0001 

Height PC 32 0.0698 0.0610 

Height PC 33 0.4358 0.0000 
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Height PC 34 0.1112 0.0177 

Height PC 35 0.0457 0.1282 

Height PC 36 0.1548 0.0051 

Height PC 37 0.0015 0.7854 

Height PC 38 0.0209 0.3038 

Height PC 39 0.1511 0.0056 

Height PC 40 0.0272 0.2402 

Education PC 1 0.0135 0.4662 

Education PC 2 0.0083 0.5672 

Education PC 3 0.0012 0.8268 

Education PC 4 0.3205 0.0004 

Education PC 5 0.1007 0.0463 

Education PC 6 0.0000 0.9738 

Education PC 7 0.1017 0.0451 

Education PC 8 0.0028 0.7412 

Education PC 9 0.0523 0.1505 

Education PC 10 0.1943 0.0056 

Education PC 11 0.1348 0.0209 

Education PC 12 0.0291 0.2823 

Education PC 13 0.0136 0.4624 

Education PC 14 1.9850 0.0000 

Education PC 15 0.0277 0.2899 

Education PC 16 0.4433 0.0000 

Education PC 17 0.0005 0.8893 

Education PC 18 0.5341 0.0000 

Education PC 19 0.1508 0.0130 

Education PC 20 0.3009 0.0004 

Education PC 21 0.1099 0.0335 

Education PC 22 0.0059 0.6226 

Education PC 23 0.2735 0.0008 

Education PC 24 0.0030 0.7230 

Education PC 25 1.3046 0.0000 

Education PC 26 0.1853 0.0053 

Education PC 27 0.0128 0.4631 

Education PC 28 0.0701 0.0863 

Education PC 29 0.0143 0.4381 

Education PC 30 0.0258 0.2982 

Education PC 31 0.2396 0.0015 

Education PC 32 0.5224 0.0000 

Education PC 33 0.0147 0.4297 
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Education PC 34 0.0300 0.2597 

Education PC 35 0.0008 0.8520 

Education PC 36 0.1958 0.0040 

Education PC 37 0.0958 0.0437 

Education PC 38 0.0005 0.8793 

Education PC 39 0.2901 0.0004 

Education PC 40 0.3066 0.0003 

Number of Children Ever Born PC 1 0.1060 0.0653 

Number of Children Ever Born PC 2 0.0009 0.8654 

Number of Children Ever Born PC 3 0.0148 0.4907 

Number of Children Ever Born PC 4 0.0496 0.2071 

Number of Children Ever Born PC 5 0.0249 0.3716 

Number of Children Ever Born PC 6 0.0387 0.2647 

Number of Children Ever Born PC 7 0.0439 0.2350 

Number of Children Ever Born PC 8 0.0005 0.8961 

Number of Children Ever Born PC 9 0.0213 0.4082 

Number of Children Ever Born PC 10 0.0103 0.5653 

Number of Children Ever Born PC 11 0.9567 0.0000 

Number of Children Ever Born PC 12 0.0001 0.9547 

Number of Children Ever Born PC 13 0.0820 0.1028 

Number of Children Ever Born PC 14 0.9774 0.0000 

Number of Children Ever Born PC 15 0.0132 0.5097 

Number of Children Ever Born PC 16 0.0441 0.2289 

Number of Children Ever Born PC 17 0.1322 0.0372 

Number of Children Ever Born PC 18 0.0000 0.9854 

Number of Children Ever Born PC 19 0.1013 0.0679 

Number of Children Ever Born PC 20 0.1421 0.0305 

Number of Children Ever Born PC 21 0.0740 0.1184 

Number of Children Ever Born PC 22 0.1847 0.0136 

Number of Children Ever Born PC 23 0.0024 0.7786 

Number of Children Ever Born PC 24 0.0850 0.0938 

Number of Children Ever Born PC 25 0.0937 0.0782 

Number of Children Ever Born PC 26 0.0001 0.9625 

Number of Children Ever Born PC 27 0.4355 0.0001 

Number of Children Ever Born PC 28 0.0494 0.2001 

Number of Children Ever Born PC 29 0.0117 0.5323 

Number of Children Ever Born PC 30 0.0235 0.3766 

Number of Children Ever Born PC 31 0.0026 0.7677 

Number of Children Ever Born PC 32 0.0195 0.4198 

Number of Children Ever Born PC 33 0.0462 0.2150 
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Number of Children Ever Born PC 34 0.0917 0.0806 

Number of Children Ever Born PC 35 0.0779 0.1069 

Number of Children Ever Born PC 36 0.0111 0.5434 

Number of Children Ever Born PC 37 0.0023 0.7812 

Number of Children Ever Born PC 38 0.1264 0.0399 

Number of Children Ever Born PC 39 0.3405 0.0007 

Number of Children Ever Born PC 40 0.0507 0.1923 

Cigarettes Per Day PC 1 0.0228 0.5864 

Cigarettes Per Day PC 2 0.4511 0.0154 

Cigarettes Per Day PC 3 0.0604 0.3744 

Cigarettes Per Day PC 4 0.1128 0.2245 

Cigarettes Per Day PC 5 0.3880 0.0242 

Cigarettes Per Day PC 6 0.3999 0.0219 

Cigarettes Per Day PC 7 0.2101 0.0959 

Cigarettes Per Day PC 8 1.0352 0.0002 

Cigarettes Per Day PC 9 0.0105 0.7083 

Cigarettes Per Day PC 10 0.2343 0.0768 

Cigarettes Per Day PC 11 0.2296 0.0795 

Cigarettes Per Day PC 12 0.7822 0.0012 

Cigarettes Per Day PC 13 0.0099 0.7147 

Cigarettes Per Day PC 14 0.1417 0.1661 

Cigarettes Per Day PC 15 0.0811 0.2946 

Cigarettes Per Day PC 16 0.1463 0.1590 

Cigarettes Per Day PC 17 0.0576 0.3765 

Cigarettes Per Day PC 18 0.0163 0.6381 

Cigarettes Per Day PC 19 0.1482 0.1559 

Cigarettes Per Day PC 20 0.0493 0.4129 

Cigarettes Per Day PC 21 0.0019 0.8732 

Cigarettes Per Day PC 22 0.3492 0.0292 

Cigarettes Per Day PC 23 0.0078 0.7437 

Cigarettes Per Day PC 24 0.0490 0.4132 

Cigarettes Per Day PC 25 0.0081 0.7394 

Cigarettes Per Day PC 26 0.0477 0.4192 

Cigarettes Per Day PC 27 0.0218 0.5846 

Cigarettes Per Day PC 28 0.1842 0.1124 

Cigarettes Per Day PC 29 0.5086 0.0083 

Cigarettes Per Day PC 30 0.1155 0.2072 

Cigarettes Per Day PC 31 0.0345 0.4901 

Cigarettes Per Day PC 32 0.1657 0.1305 

Cigarettes Per Day PC 33 0.0128 0.6745 
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Cigarettes Per Day PC 34 0.0084 0.7328 

Cigarettes Per Day PC 35 0.0059 0.7749 

Cigarettes Per Day PC 36 0.3846 0.0211 

Cigarettes Per Day PC 37 0.0821 0.2856 

Cigarettes Per Day PC 38 0.1053 0.2264 

Cigarettes Per Day PC 39 0.5195 0.0072 

Cigarettes Per Day PC 40 0.0003 0.9463 

Drinks Per Week PC 1 0.0287 0.2812 

Drinks Per Week PC 2 0.0129 0.4697 

Drinks Per Week PC 3 0.1532 0.0127 

Drinks Per Week PC 4 0.0994 0.0445 

Drinks Per Week PC 5 0.0461 0.1712 

Drinks Per Week PC 6 0.0790 0.0730 

Drinks Per Week PC 7 0.0184 0.3870 

Drinks Per Week PC 8 0.0273 0.2915 

Drinks Per Week PC 9 0.1906 0.0053 

Drinks Per Week PC 10 0.2221 0.0026 

Drinks Per Week PC 11 0.2496 0.0014 

Drinks Per Week PC 12 0.0000 0.9744 

Drinks Per Week PC 13 0.0311 0.2588 

Drinks Per Week PC 14 0.5132 0.0000 

Drinks Per Week PC 15 0.0239 0.3211 

Drinks Per Week PC 16 0.0002 0.9347 

Drinks Per Week PC 17 0.0003 0.9139 

Drinks Per Week PC 18 0.0761 0.0764 

Drinks Per Week PC 19 0.0258 0.3016 

Drinks Per Week PC 20 0.0017 0.7906 

Drinks Per Week PC 21 0.1593 0.0103 

Drinks Per Week PC 22 0.0617 0.1102 

Drinks Per Week PC 23 0.0791 0.0703 

Drinks Per Week PC 24 0.0040 0.6847 

Drinks Per Week PC 25 0.0879 0.0563 

Drinks Per Week PC 26 0.0079 0.5670 

Drinks Per Week PC 27 0.0247 0.3113 

Drinks Per Week PC 28 0.0433 0.1804 

Drinks Per Week PC 29 0.0038 0.6896 

Drinks Per Week PC 30 0.0361 0.2207 

Drinks Per Week PC 31 0.0050 0.6486 

Drinks Per Week PC 32 0.1857 0.0055 

Drinks Per Week PC 33 0.0132 0.4584 
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Drinks Per Week PC 34 0.0059 0.6200 

Drinks Per Week PC 35 0.0010 0.8361 

Drinks Per Week PC 36 0.0416 0.1885 

Drinks Per Week PC 37 0.3705 0.0001 

Drinks Per Week PC 38 0.0001 0.9440 

Drinks Per Week PC 39 0.0000 0.9935 

Drinks Per Week PC 40 0.0099 0.5193 

Diastolic BP PC 1 0.0000 0.9821 

Diastolic BP PC 2 0.0044 0.7042 

Diastolic BP PC 3 0.0433 0.2325 

Diastolic BP PC 4 0.0666 0.1387 

Diastolic BP PC 5 0.2686 0.0029 

Diastolic BP PC 6 0.0208 0.4072 

Diastolic BP PC 7 0.0013 0.8334 

Diastolic BP PC 8 0.1997 0.0102 

Diastolic BP PC 9 0.0410 0.2441 

Diastolic BP PC 10 0.0978 0.0719 

Diastolic BP PC 11 0.0417 0.2397 

Diastolic BP PC 12 0.1119 0.0540 

Diastolic BP PC 13 0.0000 0.9728 

Diastolic BP PC 14 0.0075 0.6183 

Diastolic BP PC 15 0.0803 0.1025 

Diastolic BP PC 16 0.1286 0.0387 

Diastolic BP PC 17 0.0527 0.1853 

Diastolic BP PC 18 0.0818 0.0989 

Diastolic BP PC 19 0.0145 0.4863 

Diastolic BP PC 20 0.0054 0.6701 

Diastolic BP PC 21 0.3529 0.0006 

Diastolic BP PC 22 0.0005 0.8958 

Diastolic BP PC 23 0.0022 0.7872 

Diastolic BP PC 24 0.0585 0.1619 

Diastolic BP PC 25 0.5665 0.0000 

Diastolic BP PC 26 0.0981 0.0691 

Diastolic BP PC 27 0.1615 0.0196 

Diastolic BP PC 28 0.0199 0.4124 

Diastolic BP PC 29 0.0104 0.5528 

Diastolic BP PC 30 0.1096 0.0544 

Diastolic BP PC 31 0.0017 0.8097 

Diastolic BP PC 32 0.0953 0.0725 

Diastolic BP PC 33 0.0013 0.8347 
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Diastolic BP PC 34 0.0019 0.8013 

Diastolic BP PC 35 0.0622 0.1468 

Diastolic BP PC 36 0.0210 0.3993 

Diastolic BP PC 37 0.1092 0.0544 

Diastolic BP PC 38 0.2486 0.0037 

Diastolic BP PC 39 0.0077 0.6085 

Diastolic BP PC 40 0.0656 0.1352 

Seen Doc/GP for Depression PC 1 0.0208 0.4847 

Seen Doc/GP for Depression PC 2 0.0026 0.8058 

Seen Doc/GP for Depression PC 3 0.0049 0.7335 

Seen Doc/GP for Depression PC 4 0.2127 0.0255 

Seen Doc/GP for Depression PC 5 0.1654 0.0486 

Seen Doc/GP for Depression PC 6 0.0011 0.8696 

Seen Doc/GP for Depression PC 7 0.2905 0.0089 

Seen Doc/GP for Depression PC 8 0.0096 0.6336 

Seen Doc/GP for Depression PC 9 0.0459 0.2976 

Seen Doc/GP for Depression PC 10 0.0613 0.2288 

Seen Doc/GP for Depression PC 11 0.0331 0.3761 

Seen Doc/GP for Depression PC 12 0.0466 0.2938 

Seen Doc/GP for Depression PC 13 0.0065 0.6958 

Seen Doc/GP for Depression PC 14 0.4440 0.0012 

Seen Doc/GP for Depression PC 15 0.0342 0.3674 

Seen Doc/GP for Depression PC 16 0.0444 0.3044 

Seen Doc/GP for Depression PC 17 0.0011 0.8712 

Seen Doc/GP for Depression PC 18 0.0015 0.8479 

Seen Doc/GP for Depression PC 19 0.1455 0.0628 

Seen Doc/GP for Depression PC 20 0.0033 0.7783 

Seen Doc/GP for Depression PC 21 0.5708 0.0002 

Seen Doc/GP for Depression PC 22 0.0325 0.3777 

Seen Doc/GP for Depression PC 23 0.1289 0.0788 

Seen Doc/GP for Depression PC 24 0.3167 0.0058 

Seen Doc/GP for Depression PC 25 0.0487 0.2787 

Seen Doc/GP for Depression PC 26 0.0728 0.1853 

Seen Doc/GP for Depression PC 27 0.0001 0.9642 

Seen Doc/GP for Depression PC 28 0.2757 0.0099 

Seen Doc/GP for Depression PC 29 0.1433 0.0627 

Seen Doc/GP for Depression PC 30 0.1236 0.0836 

Seen Doc/GP for Depression PC 31 0.0571 0.2393 

Seen Doc/GP for Depression PC 32 0.1618 0.0475 

Seen Doc/GP for Depression PC 33 0.1732 0.0402 
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Seen Doc/GP for Depression PC 34 0.0033 0.7778 

Seen Doc/GP for Depression PC 35 0.0070 0.6805 

Seen Doc/GP for Depression PC 36 0.0030 0.7867 

Seen Doc/GP for Depression PC 37 0.0320 0.3774 

Seen Doc/GP for Depression PC 38 0.3207 0.0052 

Seen Doc/GP for Depression PC 39 0.1288 0.0761 

Seen Doc/GP for Depression PC 40 0.0197 0.4878 

Birthweight PC 1 0.2600 0.0762 

Birthweight PC 2 0.0010 0.9142 

Birthweight PC 3 0.4972 0.0141 

Birthweight PC 4 0.1117 0.2434 

Birthweight PC 5 0.3543 0.0376 

Birthweight PC 6 0.0600 0.3913 

Birthweight PC 7 0.0830 0.3132 

Birthweight PC 8 0.0090 0.7396 

Birthweight PC 9 0.3370 0.0421 

Birthweight PC 10 0.0697 0.3543 

Birthweight PC 11 0.0588 0.3951 

Birthweight PC 12 0.3426 0.0399 

Birthweight PC 13 0.0100 0.7250 

Birthweight PC 14 0.1695 0.1477 

Birthweight PC 15 0.0001 0.9722 

Birthweight PC 16 0.0730 0.3416 

Birthweight PC 17 0.0016 0.8873 

Birthweight PC 18 0.0053 0.7978 

Birthweight PC 19 0.0105 0.7177 

Birthweight PC 20 0.0333 0.5207 

Birthweight PC 21 0.0472 0.4444 

Birthweight PC 22 0.0000 0.9925 

Birthweight PC 23 0.1730 0.1430 

Birthweight PC 24 0.0262 0.5684 

Birthweight PC 25 0.0944 0.2787 

Birthweight PC 26 0.0788 0.3222 

Birthweight PC 27 0.1655 0.1512 

Birthweight PC 28 0.0152 0.6630 

Birthweight PC 29 0.5188 0.0110 

Birthweight PC 30 0.0194 0.6215 

Birthweight PC 31 0.0168 0.6465 

Birthweight PC 32 0.0752 0.3315 

Birthweight PC 33 0.0839 0.3049 
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Birthweight PC 34 0.0002 0.9653 

Birthweight PC 35 0.0702 0.3478 

Birthweight PC 36 0.0149 0.6656 

Birthweight PC 37 0.5014 0.0121 

Birthweight PC 38 0.0690 0.3504 

Birthweight PC 39 0.1791 0.1324 

Birthweight PC 40 0.1990 0.1123 

    
 

Table S10: Percent change in R2 in bivariate interaction and quadratic models 

of UKB-provided PCs 1-8 and PGIs 
 

Phenotype PC set 
Incremental R2 

(%) 

Bonferroni corrected p-

value 

BMI PC 1 x PC 2 0.001009032 1 

BMI PC 1 x PC 3 0.409155278 1 

BMI PC 1 x PC 4 0.037413952 1 

BMI PC 1 x PC 5 0 1 

BMI PC 1 x PC 6 1.218899881 0.00258161 

BMI PC 1 x PC 7 0.00252933 1 

BMI PC 1 x PC 8 0.320350368 1 

BMI PC 2 x PC 3 0.000193829 1 

BMI PC 2 x PC 4 0.085666925 1 

BMI PC 2 x PC 5 0.057132754 1 

BMI PC 2 x PC 6 0.043055375 1 

BMI PC 2 x PC 7 0.125483851 1 

BMI PC 2 x PC 8 0.085616144 1 

BMI PC 3 x PC 4 0.095155876 1 

BMI PC 3 x PC 5 0.118369089 1 

BMI PC 3 x PC 6 0.214566292 1 

BMI PC 3 x PC 7 0.001538199 1 

BMI PC 3 x PC 8 0.004143535 1 

BMI PC 4 x PC 5 0.134661572 1 

BMI PC 4 x PC 6 0.000955262 1 

BMI PC 4 x PC 7 0.019019624 1 

BMI PC 4 x PC 8 0.006953509 1 

BMI PC 5 x PC 6 0.041482954 1 

BMI PC 5 x PC 7 0.031003766 1 

BMI PC 5 x PC 8 6.55E-05 1 

BMI PC 6 x PC 7 0.062802077 1 
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BMI PC 6 x PC 8 0.012738908 1 

BMI PC 7 x PC 8 4.94E-06 1 

BMI 

PC 1 x Proband 

PGI 0.028488023 1 

BMI 

PC 2 x Proband 

PGI 0.003575673 1 

BMI 

PC 3 x Proband 

PGI 0.124457957 1 

BMI 

PC 4 x Proband 

PGI 0.173634607 1 

BMI 

PC 5 x Proband 

PGI 0.056047623 1 

BMI 

PC 6 x Proband 

PGI 0.018477944 1 

BMI 

PC 7 x Proband 

PGI 0.00078323 1 

BMI 

PC 8 x Proband 

PGI 0.071823545 1 

BMI PC 1 x PC 1 0.02628859 1 

BMI PC 2 x PC 2 0.081508817 1 

BMI PC 3 x PC 3 0.069614136 1 

BMI PC 4 x PC 4 0.609037327 0.56922573 

BMI PC 5 x PC 5 0.0937155 1 

BMI PC 6 x PC 6 0.037413952 1 

BMI PC 7 x PC 7 0.026692739 1 

BMI PC 8 x PC 8 0.000263162 1 

Height PC 1 x PC 2 0.039375505 1 

Height PC 1 x PC 3 0.002647516 1 

Height PC 1 x PC 4 0.001237834 1 

Height PC 1 x PC 5 0 1 

Height PC 1 x PC 6 0.017073958 1 

Height PC 1 x PC 7 0.157213914 1 

Height PC 1 x PC 8 0.028112181 1 

Height PC 2 x PC 3 0.0640365 1 

Height PC 2 x PC 4 0.013100473 1 

Height PC 2 x PC 5 0.00379735 1 

Height PC 2 x PC 6 0.224036702 0.29351005 

Height PC 2 x PC 7 0.043662637 1 

Height PC 2 x PC 8 0.014120697 1 

Height PC 3 x PC 4 2.01E-05 1 

Height PC 3 x PC 5 0.01396365 1 

Height PC 3 x PC 6 0.026630853 1 

Height PC 3 x PC 7 0.0003708 1 

Height PC 3 x PC 8 0.152491594 1 

Height PC 4 x PC 5 0.11818158 1 
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Height PC 4 x PC 6 0.093161987 1 

Height PC 4 x PC 7 0.014812109 1 

Height PC 4 x PC 8 0.004115815 1 

Height PC 5 x PC 6 0.188869768 0.77215712 

Height PC 5 x PC 7 0.000137372 1 

Height PC 5 x PC 8 0.000300509 1 

Height PC 6 x PC 7 0.01213241 1 

Height PC 6 x PC 8 0.013011925 1 

Height PC 7 x PC 8 0.071698823 1 

Height 

PC 1 x Proband 

PGI 0.05207553 1 

Height 

PC 2 x Proband 

PGI 0.006472524 1 

Height 

PC 3 x Proband 

PGI 0.023121973 1 

Height 

PC 4 x Proband 

PGI 0.000232759 1 

Height 

PC 5 x Proband 

PGI 0.003172275 1 

Height 

PC 6 x Proband 

PGI 0.000556004 1 

Height 

PC 7 x Proband 

PGI 1.70E-05 1 

Height 

PC 8 x Proband 

PGI 0.011612277 1 

Height PC 1 x PC 1 0.001862863 1 

Height PC 2 x PC 2 0.002234475 1 

Height PC 3 x PC 3 0.094108336 1 

Height PC 4 x PC 4 0.097132364 1 

Height PC 5 x PC 5 0.27164963 0.08041908 

Height PC 6 x PC 6 0.001237834 1 

Height PC 7 x PC 7 0.068340365 1 

Height PC 8 x PC 8 0.136518222 1 

Education PC 1 x PC 2 0.024040243 1 

Education PC 1 x PC 3 0.041692408 1 

Education PC 1 x PC 4 0.217177721 0.91412059 

Education PC 1 x PC 5 0 1 

Education PC 1 x PC 6 0.000746944 1 

Education PC 1 x PC 7 0.209849077 1 

Education PC 1 x PC 8 0.000151276 1 

Education PC 2 x PC 3 0.019037379 1 

Education PC 2 x PC 4 0.098408266 1 

Education PC 2 x PC 5 0.065679973 1 

Education PC 2 x PC 6 0.018123688 1 

Education PC 2 x PC 7 0.078001537 1 



 50 

Education PC 2 x PC 8 0.037237563 1 

Education PC 3 x PC 4 0.065621798 1 

Education PC 3 x PC 5 0.009595818 1 

Education PC 3 x PC 6 0.10328843 1 

Education PC 3 x PC 7 0.02647697 1 

Education PC 3 x PC 8 0.041394651 1 

Education PC 4 x PC 5 0.000482077 1 

Education PC 4 x PC 6 0.002008374 1 

Education PC 4 x PC 7 0.044155287 1 

Education PC 4 x PC 8 0.088500022 1 

Education PC 5 x PC 6 0.042474992 1 

Education PC 5 x PC 7 0.093833526 1 

Education PC 5 x PC 8 0.155543018 1 

Education PC 6 x PC 7 0.018014423 1 

Education PC 6 x PC 8 0.208826229 1 

Education PC 7 x PC 8 0.040699297 1 

Education 

PC 1 x Proband 

PGI 0.00596228 1 

Education 

PC 2 x Proband 

PGI 0.005009854 1 

Education 

PC 3 x Proband 

PGI 0.001772163 1 

Education 

PC 4 x Proband 

PGI 0.037816125 1 

Education 

PC 5 x Proband 

PGI 0.074395581 1 

Education 

PC 6 x Proband 

PGI 0.005193159 1 

Education 

PC 7 x Proband 

PGI 0.021106688 1 

Education 

PC 8 x Proband 

PGI 0.003962522 1 

Education PC 1 x PC 1 0.154167939 1 

Education PC 2 x PC 2 0.059668042 1 

Education PC 3 x PC 3 0.015528089 1 

Education PC 4 x PC 4 0.209792208 1 

Education PC 5 x PC 5 0.000905238 1 

Education PC 6 x PC 6 0.217177721 1 

Education PC 7 x PC 7 0.017577606 1 

Education PC 8 x PC 8 0.019684341 1 

Number of Children Ever Born PC 1 x PC 2 0.021381879 1 

Number of Children Ever Born PC 1 x PC 3 0.013051109 1 

Number of Children Ever Born PC 1 x PC 4 0.009127723 1 

Number of Children Ever Born PC 1 x PC 5 0 1 

Number of Children Ever Born PC 1 x PC 6 0.02077573 1 
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Number of Children Ever Born PC 1 x PC 7 0.045796095 1 

Number of Children Ever Born PC 1 x PC 8 0.000734063 1 

Number of Children Ever Born PC 2 x PC 3 0.079403483 1 

Number of Children Ever Born PC 2 x PC 4 0.02660325 1 

Number of Children Ever Born PC 2 x PC 5 0.075747828 1 

Number of Children Ever Born PC 2 x PC 6 0.003573091 1 

Number of Children Ever Born PC 2 x PC 7 0.163309921 1 

Number of Children Ever Born PC 2 x PC 8 9.92E-05 1 

Number of Children Ever Born PC 3 x PC 4 0.051644208 1 

Number of Children Ever Born PC 3 x PC 5 0.016628196 1 

Number of Children Ever Born PC 3 x PC 6 0.039680591 1 

Number of Children Ever Born PC 3 x PC 7 0.001175363 1 

Number of Children Ever Born PC 3 x PC 8 0.001106982 1 

Number of Children Ever Born PC 4 x PC 5 0.171086345 1 

Number of Children Ever Born PC 4 x PC 6 0.019989984 1 

Number of Children Ever Born PC 4 x PC 7 0.030447513 1 

Number of Children Ever Born PC 4 x PC 8 0.093416556 1 

Number of Children Ever Born PC 5 x PC 6 0.083192345 1 

Number of Children Ever Born PC 5 x PC 7 0.001276134 1 

Number of Children Ever Born PC 5 x PC 8 0.278814803 0.87983089 

Number of Children Ever Born PC 6 x PC 7 0.001961128 1 

Number of Children Ever Born PC 6 x PC 8 0.00588295 1 

Number of Children Ever Born PC 7 x PC 8 0.04659538 1 

Number of Children Ever Born 

PC 1 x Proband 

PGI 0.023707195 1 

Number of Children Ever Born 

PC 2 x Proband 

PGI 0.085651898 1 

Number of Children Ever Born 

PC 3 x Proband 

PGI 0.126633757 1 

Number of Children Ever Born 

PC 4 x Proband 

PGI 0.026784328 1 

Number of Children Ever Born 

PC 5 x Proband 

PGI 0.022629 1 

Number of Children Ever Born 

PC 6 x Proband 

PGI 0.000212162 1 

Number of Children Ever Born 

PC 7 x Proband 

PGI 0.008043643 1 

Number of Children Ever Born 

PC 8 x Proband 

PGI 0.001107914 1 

Number of Children Ever Born PC 1 x PC 1 0.020556574 1 

Number of Children Ever Born PC 2 x PC 2 0.002035201 1 

Number of Children Ever Born PC 3 x PC 3 0.008985165 1 

Number of Children Ever Born PC 4 x PC 4 0.138814537 1 

Number of Children Ever Born PC 5 x PC 5 0.140121948 1 

Number of Children Ever Born PC 6 x PC 6 0.009127723 1 
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Number of Children Ever Born PC 7 x PC 7 0.148359233 1 

Number of Children Ever Born PC 8 x PC 8 0.028804385 1 

Cigarettes Per Day PC 1 x PC 2 0.178758593 1 

Cigarettes Per Day PC 1 x PC 3 0.021517467 1 

Cigarettes Per Day PC 1 x PC 4 0.054883718 1 

Cigarettes Per Day PC 1 x PC 5 0 1 

Cigarettes Per Day PC 1 x PC 6 0.909731345 0.143245 

Cigarettes Per Day PC 1 x PC 7 0.038503811 1 

Cigarettes Per Day PC 1 x PC 8 0.162238017 1 

Cigarettes Per Day PC 2 x PC 3 0.074767918 1 

Cigarettes Per Day PC 2 x PC 4 0.03322241 1 

Cigarettes Per Day PC 2 x PC 5 0.422857257 1 

Cigarettes Per Day PC 2 x PC 6 0.545741284 1 

Cigarettes Per Day PC 2 x PC 7 0.170001929 1 

Cigarettes Per Day PC 2 x PC 8 0.00411755 1 

Cigarettes Per Day PC 3 x PC 4 0.124238544 1 

Cigarettes Per Day PC 3 x PC 5 0.009228449 1 

Cigarettes Per Day PC 3 x PC 6 0.197809596 1 

Cigarettes Per Day PC 3 x PC 7 0.471216248 1 

Cigarettes Per Day PC 3 x PC 8 0.020197011 1 

Cigarettes Per Day PC 4 x PC 5 0.203170597 1 

Cigarettes Per Day PC 4 x PC 6 0.09454986 1 

Cigarettes Per Day PC 4 x PC 7 0.046735801 1 

Cigarettes Per Day PC 4 x PC 8 0.011312308 1 

Cigarettes Per Day PC 5 x PC 6 0.003902086 1 

Cigarettes Per Day PC 5 x PC 7 0.376582026 1 

Cigarettes Per Day PC 5 x PC 8 0.000586314 1 

Cigarettes Per Day PC 6 x PC 7 0.015129907 1 

Cigarettes Per Day PC 6 x PC 8 0.029493379 1 

Cigarettes Per Day PC 7 x PC 8 0.123841344 1 

Cigarettes Per Day 

PC 1 x Proband 

PGI 0.042524207 1 

Cigarettes Per Day 

PC 2 x Proband 

PGI 0.059810165 1 

Cigarettes Per Day 

PC 3 x Proband 

PGI 0.000924347 1 

Cigarettes Per Day 

PC 4 x Proband 

PGI 0.027257493 1 

Cigarettes Per Day 

PC 5 x Proband 

PGI 0.02160343 1 

Cigarettes Per Day 

PC 6 x Proband 

PGI 0.091456017 1 

Cigarettes Per Day 

PC 7 x Proband 

PGI 0.003343907 1 
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Cigarettes Per Day 

PC 8 x Proband 

PGI 0.110531943 1 

Cigarettes Per Day PC 1 x PC 1 0.063475399 1 

Cigarettes Per Day PC 2 x PC 2 0.000140174 1 

Cigarettes Per Day PC 3 x PC 3 0.034733108 1 

Cigarettes Per Day PC 4 x PC 4 0.007524883 1 

Cigarettes Per Day PC 5 x PC 5 0.123558437 1 

Cigarettes Per Day PC 6 x PC 6 0.054883718 1 

Cigarettes Per Day PC 7 x PC 7 0.161094711 1 

Cigarettes Per Day PC 8 x PC 8 0.349071736 1 

Drinks Per Week PC 1 x PC 2 0.012640675 1 

Drinks Per Week PC 1 x PC 3 0.000462938 1 

Drinks Per Week PC 1 x PC 4 0.007998072 1 

Drinks Per Week PC 1 x PC 5 0 1 

Drinks Per Week PC 1 x PC 6 0.298250822 0.16450861 

Drinks Per Week PC 1 x PC 7 0.001394837 1 

Drinks Per Week PC 1 x PC 8 0.372567235 0.0315361 

Drinks Per Week PC 2 x PC 3 0.032428539 1 

Drinks Per Week PC 2 x PC 4 0.009642912 1 

Drinks Per Week PC 2 x PC 5 0.005676305 1 

Drinks Per Week PC 2 x PC 6 0.00027231 1 

Drinks Per Week PC 2 x PC 7 0.010441416 1 

Drinks Per Week PC 2 x PC 8 0.0157305 1 

Drinks Per Week PC 3 x PC 4 0.117662479 1 

Drinks Per Week PC 3 x PC 5 0.029884685 1 

Drinks Per Week PC 3 x PC 6 0.034686366 1 

Drinks Per Week PC 3 x PC 7 0.070181063 1 

Drinks Per Week PC 3 x PC 8 0.026027914 1 

Drinks Per Week PC 4 x PC 5 0.077792391 1 

Drinks Per Week PC 4 x PC 6 0.062659476 1 

Drinks Per Week PC 4 x PC 7 0.159661051 1 

Drinks Per Week PC 4 x PC 8 0.028919844 1 

Drinks Per Week PC 5 x PC 6 0.087784854 1 

Drinks Per Week PC 5 x PC 7 0.603851757 0.00020127 

Drinks Per Week PC 5 x PC 8 0.00930669 1 

Drinks Per Week PC 6 x PC 7 0.000321155 1 

Drinks Per Week PC 6 x PC 8 0.000302775 1 

Drinks Per Week PC 7 x PC 8 0.01084135 1 

Drinks Per Week 

PC 1 x Proband 

PGI 0.049598553 1 

Drinks Per Week 

PC 2 x Proband 

PGI 0.043241051 1 
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Drinks Per Week 

PC 3 x Proband 

PGI 0.126639897 1 

Drinks Per Week 

PC 4 x Proband 

PGI 0.000395145 1 

Drinks Per Week 

PC 5 x Proband 

PGI 0.006528779 1 

Drinks Per Week 

PC 6 x Proband 

PGI 0.045611309 1 

Drinks Per Week 

PC 7 x Proband 

PGI 0.110272405 1 

Drinks Per Week 

PC 8 x Proband 

PGI 0.040049911 1 

Drinks Per Week PC 1 x PC 1 0.010400682 1 

Drinks Per Week PC 2 x PC 2 0.053921116 1 

Drinks Per Week PC 3 x PC 3 0.184489579 1 

Drinks Per Week PC 4 x PC 4 0.018803924 1 

Drinks Per Week PC 5 x PC 5 0.168165464 1 

Drinks Per Week PC 6 x PC 6 0.007998072 0.2938916 

Drinks Per Week PC 7 x PC 7 0.032580879 1 

Drinks Per Week PC 8 x PC 8 7.54E-05 1 

Diastolic BP PC 1 x PC 2 0.035699112 1 

Diastolic BP PC 1 x PC 3 0.024083226 1 

Diastolic BP PC 1 x PC 4 0.02989023 1 

Diastolic BP PC 1 x PC 5 0 1 

Diastolic BP PC 1 x PC 6 0.147808454 1 

Diastolic BP PC 1 x PC 7 0.043114131 1 

Diastolic BP PC 1 x PC 8 0.00739033 1 

Diastolic BP PC 2 x PC 3 0.060404497 1 

Diastolic BP PC 2 x PC 4 0.0386777 1 

Diastolic BP PC 2 x PC 5 0.001974493 1 

Diastolic BP PC 2 x PC 6 0.063138196 1 

Diastolic BP PC 2 x PC 7 0.004267887 1 

Diastolic BP PC 2 x PC 8 0.00090029 1 

Diastolic BP PC 3 x PC 4 0.025743006 1 

Diastolic BP PC 3 x PC 5 0.057267216 1 

Diastolic BP PC 3 x PC 6 0.017269275 1 

Diastolic BP PC 3 x PC 7 0.003033864 1 

Diastolic BP PC 3 x PC 8 0.400652692 0.08788227 

Diastolic BP PC 4 x PC 5 0.222323371 1 

Diastolic BP PC 4 x PC 6 0.007477331 1 

Diastolic BP PC 4 x PC 7 0.118252484 1 

Diastolic BP PC 4 x PC 8 0.056398528 1 

Diastolic BP PC 5 x PC 6 0.24905132 1 



 55 

Diastolic BP PC 5 x PC 7 0.016570636 1 

Diastolic BP PC 5 x PC 8 0.171012977 1 

Diastolic BP PC 6 x PC 7 0.072945196 1 

Diastolic BP PC 6 x PC 8 0.001720738 1 

Diastolic BP PC 7 x PC 8 0.09950094 1 

Diastolic BP 

PC 1 x Proband 

PGI 0.033190812 1 

Diastolic BP 

PC 2 x Proband 

PGI 0.003912725 1 

Diastolic BP 

PC 3 x Proband 

PGI 0.088754799 1 

Diastolic BP 

PC 4 x Proband 

PGI 0.074094789 1 

Diastolic BP 

PC 5 x Proband 

PGI 0.160113039 1 

Diastolic BP 

PC 6 x Proband 

PGI 0.047408229 1 

Diastolic BP 

PC 7 x Proband 

PGI 0.034560878 1 

Diastolic BP 

PC 8 x Proband 

PGI 0.001966374 1 

Diastolic BP PC 1 x PC 1 0.009200266 1 

Diastolic BP PC 2 x PC 2 0.07313341 1 

Diastolic BP PC 3 x PC 3 8.82E-07 1 

Diastolic BP PC 4 x PC 4 0.028349272 1 

Diastolic BP PC 5 x PC 5 0.204950748 1 

Diastolic BP PC 6 x PC 6 0.02989023 1 

Diastolic BP PC 7 x PC 7 0.070668902 1 

Diastolic BP PC 8 x PC 8 0.518565509 0.01051881 

Seen Doc/GP for Depression PC 1 x PC 2 0.016713525 1 

Seen Doc/GP for Depression PC 1 x PC 3 0.005937124 1 

Seen Doc/GP for Depression PC 1 x PC 4 0.002881446 1 

Seen Doc/GP for Depression PC 1 x PC 5 0 1 

Seen Doc/GP for Depression PC 1 x PC 6 0.12139368 1 

Seen Doc/GP for Depression PC 1 x PC 7 0.063179584 1 

Seen Doc/GP for Depression PC 1 x PC 8 0.160226344 1 

Seen Doc/GP for Depression PC 2 x PC 3 0.000308603 1 

Seen Doc/GP for Depression PC 2 x PC 4 0.057701416 1 

Seen Doc/GP for Depression PC 2 x PC 5 0.140161666 1 

Seen Doc/GP for Depression PC 2 x PC 6 0.078094667 1 

Seen Doc/GP for Depression PC 2 x PC 7 0.040507574 1 

Seen Doc/GP for Depression PC 2 x PC 8 0.251265137 1 

Seen Doc/GP for Depression PC 3 x PC 4 0.231899327 1 

Seen Doc/GP for Depression PC 3 x PC 5 0.006767633 1 

Seen Doc/GP for Depression PC 3 x PC 6 0.034483121 1 
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Seen Doc/GP for Depression PC 3 x PC 7 0.107168304 1 

Seen Doc/GP for Depression PC 3 x PC 8 0.010442225 1 

Seen Doc/GP for Depression PC 4 x PC 5 0.004081336 1 

Seen Doc/GP for Depression PC 4 x PC 6 0.250573579 1 

Seen Doc/GP for Depression PC 4 x PC 7 0.026099911 1 

Seen Doc/GP for Depression PC 4 x PC 8 0.005912021 1 

Seen Doc/GP for Depression PC 5 x PC 6 0.26399595 1 

Seen Doc/GP for Depression PC 5 x PC 7 0.054276809 1 

Seen Doc/GP for Depression PC 5 x PC 8 0.011030512 1 

Seen Doc/GP for Depression PC 6 x PC 7 0.040187318 1 

Seen Doc/GP for Depression PC 6 x PC 8 0.161232526 1 

Seen Doc/GP for Depression PC 7 x PC 8 0.003464352 1 

Seen Doc/GP for Depression 

PC 1 x Proband 

PGI 0.046437534 1 

Seen Doc/GP for Depression 

PC 2 x Proband 

PGI 0.017693375 1 

Seen Doc/GP for Depression 

PC 3 x Proband 

PGI 0.108913803 1 

Seen Doc/GP for Depression 

PC 4 x Proband 

PGI 0.203998292 1 

Seen Doc/GP for Depression 

PC 5 x Proband 

PGI 0.014172075 1 

Seen Doc/GP for Depression 

PC 6 x Proband 

PGI 0.056321576 1 

Seen Doc/GP for Depression 

PC 7 x Proband 

PGI 0.004703193 1 

Seen Doc/GP for Depression 

PC 8 x Proband 

PGI 0.064782807 1 

Seen Doc/GP for Depression PC 1 x PC 1 0.067079291 1 

Seen Doc/GP for Depression PC 2 x PC 2 0.379963533 0.9077782 

Seen Doc/GP for Depression PC 3 x PC 3 0.000613865 1 

Seen Doc/GP for Depression PC 4 x PC 4 0.015041812 1 

Seen Doc/GP for Depression PC 5 x PC 5 0.00126663 1 

Seen Doc/GP for Depression PC 6 x PC 6 0.002881446 1 

Seen Doc/GP for Depression PC 7 x PC 7 0.009586677 1 

Seen Doc/GP for Depression PC 8 x PC 8 0.007239052 1 

Birthweight PC 1 x PC 2 0.018544385 1 

Birthweight PC 1 x PC 3 0.10233023 1 

Birthweight PC 1 x PC 4 0.156241152 1 

Birthweight PC 1 x PC 5 0 1 

Birthweight PC 1 x PC 6 0.01909707 1 

Birthweight PC 1 x PC 7 0.032167701 1 

Birthweight PC 1 x PC 8 0.006363817 1 

Birthweight PC 2 x PC 3 0.087111336 1 

Birthweight PC 2 x PC 4 0.002816875 1 
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Birthweight PC 2 x PC 5 0.896803961 0.29324331 

Birthweight PC 2 x PC 6 0.886378069 0.31491095 

Birthweight PC 2 x PC 7 1.96E-05 1 

Birthweight PC 2 x PC 8 0.040463295 1 

Birthweight PC 3 x PC 4 0.04974065 1 

Birthweight PC 3 x PC 5 0.04684226 1 

Birthweight PC 3 x PC 6 0.555164844 1 

Birthweight PC 3 x PC 7 0.107720418 1 

Birthweight PC 3 x PC 8 0.033972792 1 

Birthweight PC 4 x PC 5 0.065434269 1 

Birthweight PC 4 x PC 6 0.002696546 1 

Birthweight PC 4 x PC 7 0.179458033 1 

Birthweight PC 4 x PC 8 0.019234394 1 

Birthweight PC 5 x PC 6 0.283843222 1 

Birthweight PC 5 x PC 7 0.213492163 1 

Birthweight PC 5 x PC 8 0.061964658 1 

Birthweight PC 6 x PC 7 0.662983344 1 

Birthweight PC 6 x PC 8 0.013282515 1 

Birthweight PC 7 x PC 8 0.0038829 1 

Birthweight 

PC 1 x Proband 

PGI 5.54E-05 1 

Birthweight 

PC 2 x Proband 

PGI 0.118329731 1 

Birthweight 

PC 3 x Proband 

PGI 0.196276386 1 

Birthweight 

PC 4 x Proband 

PGI 0.045749142 1 

Birthweight 

PC 5 x Proband 

PGI 0.089793667 1 

Birthweight 

PC 6 x Proband 

PGI 0.097605674 1 

Birthweight 

PC 7 x Proband 

PGI 0.069757183 1 

Birthweight 

PC 8 x Proband 

PGI 0.173446662 1 

Birthweight PC 1 x PC 1 0.024518902 1 

Birthweight PC 2 x PC 2 0.674389081 1 

Birthweight PC 3 x PC 3 0.003044927 1 

Birthweight PC 4 x PC 4 0.023142579 1 

Birthweight PC 5 x PC 5 0.013660838 1 

Birthweight PC 6 x PC 6 0.156241152 1 

Birthweight PC 7 x PC 7 0.001343654 1 

Birthweight PC 8 x PC 8 0.001928496 1 
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Table S11: P-values of comparisons of PGI coefficients before and after 

adding UKB-provided PCs to within-family models 

      

Phenotype Comparison P-value 

BMI Base vs. 1 PC 0.997047081 

BMI 1 PC vs. 2 PCs 0.999097831 

BMI 2 PCs vs. 3 PCs 0.999932068 

BMI 3 PCs vs. 4 PCs 0.98885723 

BMI 4 PCs vs. 5 PCs 0.999655372 

BMI 5 PCs vs. 6 PCs 0.99785606 

BMI 6 PCs vs. 7 PCs 0.999029788 

BMI 7 PCs vs. 8 PCs 0.995813757 

BMI 8 PCs vs. 9 PCs 0.999031453 

BMI 9 PCs vs. 10 PCs 0.998264747 

BMI 10 PCs vs. 11 PCs 0.998913637 

BMI 11 PCs vs. 12 PCs 0.998215838 

BMI 12 PCs vs. 13 PCs 0.999561597 

BMI 13 PCs vs. 14 PCs 0.999730643 

BMI 14 PCs vs. 15 PCs 0.997502427 

BMI 15 PCs vs. 16 PCs 0.996651603 

BMI 16 PCs vs. 17 PCs 0.998135018 

BMI 17 PCs vs. 18 PCs 0.998854801 

BMI 18 PCs vs. 19 PCs 0.999493876 

BMI 19 PCs vs. 20 PCs 0.999880942 

BMI 20 PCs vs. 21 PCs 0.996608749 

BMI 21 PCs vs. 22 PCs 0.99598102 

BMI 22 PCs vs. 23 PCs 0.999911972 

BMI 23 PCs vs. 24 PCs 0.99873266 

BMI 24 PCs vs. 25 PCs 0.995488826 

BMI 25 PCs vs. 26 PCs 0.993727832 

BMI 26 PCs vs. 27 PCs 0.999639625 

BMI 27 PCs vs. 28 PCs 0.997381547 

BMI 28 PCs vs. 29 PCs 0.999849927 

BMI 29 PCs vs. 30 PCs 0.997499096 

BMI 30 PCs vs. 31 PCs 0.998881655 

BMI 31 PCs vs. 32 PCs 0.99267151 

BMI 32 PCs vs. 33 PCs 0.999564097 

BMI 33 PCs vs. 34 PCs 0.999174895 

BMI 34 PCs vs. 35 PCs 0.99709495 

BMI 35 PCs vs. 36 PCs 0.997196637 

BMI 36 PCs vs. 37 PCs 0.995364172 

BMI 37 PCs vs. 38 PCs 0.984938855 

BMI 38 PCs vs. 39 PCs 0.985521508 

BMI 39 PCs vs. 40 PCs 0.996021443 

BMI Base vs. 40 PCs 0.997067354 

Height Base vs. 1 PC 0.99906348 

Height 1 PC vs. 2 PCs 0.999296237 

Height 2 PCs vs. 3 PCs 0.999996212 

Height 3 PCs vs. 4 PCs 0.978140598 

Height 4 PCs vs. 5 PCs 0.940334819 

Height 5 PCs vs. 6 PCs 0.999880777 

Height 6 PCs vs. 7 PCs 0.99366445 

Height 7 PCs vs. 8 PCs 0.997189709 

Height 8 PCs vs. 9 PCs 0.993045281 
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Height 9 PCs vs. 10 PCs 0.999240091 

Height 10 PCs vs. 11 PCs 0.999995864 

Height 11 PCs vs. 12 PCs 0.985377333 

Height 12 PCs vs. 13 PCs 0.999447384 

Height 13 PCs vs. 14 PCs 0.987447921 

Height 14 PCs vs. 15 PCs 0.999107475 

Height 15 PCs vs. 16 PCs 0.994349862 

Height 16 PCs vs. 17 PCs 0.999552824 

Height 17 PCs vs. 18 PCs 0.998965914 

Height 18 PCs vs. 19 PCs 0.999546076 

Height 19 PCs vs. 20 PCs 0.999771563 

Height 20 PCs vs. 21 PCs 0.991676836 

Height 21 PCs vs. 22 PCs 0.999606455 

Height 22 PCs vs. 23 PCs 0.999603536 

Height 23 PCs vs. 24 PCs 0.999910883 

Height 24 PCs vs. 25 PCs 0.99610283 

Height 25 PCs vs. 26 PCs 0.999741831 

Height 26 PCs vs. 27 PCs 0.991827075 

Height 27 PCs vs. 28 PCs 0.99865351 

Height 28 PCs vs. 29 PCs 0.996329432 

Height 29 PCs vs. 30 PCs 0.999998103 

Height 30 PCs vs. 31 PCs 0.989441232 

Height 31 PCs vs. 32 PCs 0.998330483 

Height 32 PCs vs. 33 PCs 0.996265972 

Height 33 PCs vs. 34 PCs 0.996546059 

Height 34 PCs vs. 35 PCs 0.99599045 

Height 35 PCs vs. 36 PCs 0.995257629 

Height 36 PCs vs. 37 PCs 0.999935982 

Height 37 PCs vs. 38 PCs 0.999399535 

Height 38 PCs vs. 39 PCs 0.999924607 

Height 39 PCs vs. 40 PCs 0.999004114 

Height Base vs. 40 PCs 0.931729737 

Education Base vs. 1 PC 0.999409835 

Education 1 PC vs. 2 PCs 0.999814616 

Education 2 PCs vs. 3 PCs 0.999300527 

Education 3 PCs vs. 4 PCs 0.999874988 

Education 4 PCs vs. 5 PCs 0.998412282 

Education 5 PCs vs. 6 PCs 0.999985805 

Education 6 PCs vs. 7 PCs 0.995091196 

Education 7 PCs vs. 8 PCs 0.998169943 

Education 8 PCs vs. 9 PCs 0.99932034 

Education 9 PCs vs. 10 PCs 0.989100075 

Education 10 PCs vs. 11 PCs 0.999584259 

Education 11 PCs vs. 12 PCs 0.998156975 

Education 12 PCs vs. 13 PCs 0.999969284 

Education 13 PCs vs. 14 PCs 0.98700119 

Education 14 PCs vs. 15 PCs 0.998461432 

Education 15 PCs vs. 16 PCs 0.984657439 

Education 16 PCs vs. 17 PCs 0.99976969 

Education 17 PCs vs. 18 PCs 0.998980719 

Education 18 PCs vs. 19 PCs 0.998954309 

Education 19 PCs vs. 20 PCs 0.997538442 

Education 20 PCs vs. 21 PCs 0.998547138 

Education 21 PCs vs. 22 PCs 0.99924983 

Education 22 PCs vs. 23 PCs 0.996616843 

Education 23 PCs vs. 24 PCs 0.99943385 
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Education 24 PCs vs. 25 PCs 0.99314137 

Education 25 PCs vs. 26 PCs 0.99971114 

Education 26 PCs vs. 27 PCs 0.999050916 

Education 27 PCs vs. 28 PCs 0.999975611 

Education 28 PCs vs. 29 PCs 0.996071895 

Education 29 PCs vs. 30 PCs 0.997702079 

Education 30 PCs vs. 31 PCs 0.998599516 

Education 31 PCs vs. 32 PCs 0.997669264 

Education 32 PCs vs. 33 PCs 0.999858752 

Education 33 PCs vs. 34 PCs 0.998662277 

Education 34 PCs vs. 35 PCs 0.999483165 

Education 35 PCs vs. 36 PCs 0.989492125 

Education 36 PCs vs. 37 PCs 0.996809868 

Education 37 PCs vs. 38 PCs 0.99873276 

Education 38 PCs vs. 39 PCs 0.998588764 

Education 39 PCs vs. 40 PCs 0.995318724 

Education Base vs. 40 PCs 0.989478252 

Number of Children Ever Born Base vs. 1 PC 0.999951734 

Number of Children Ever Born 1 PC vs. 2 PCs 0.998614697 

Number of Children Ever Born 2 PCs vs. 3 PCs 0.997909004 

Number of Children Ever Born 3 PCs vs. 4 PCs 0.990051419 

Number of Children Ever Born 4 PCs vs. 5 PCs 0.973374569 

Number of Children Ever Born 5 PCs vs. 6 PCs 0.999026766 

Number of Children Ever Born 6 PCs vs. 7 PCs 0.999435566 

Number of Children Ever Born 7 PCs vs. 8 PCs 0.999896997 

Number of Children Ever Born 8 PCs vs. 9 PCs 0.99964607 

Number of Children Ever Born 9 PCs vs. 10 PCs 0.998774457 

Number of Children Ever Born 10 PCs vs. 11 PCs 0.991202485 

Number of Children Ever Born 11 PCs vs. 12 PCs 0.998794843 

Number of Children Ever Born 12 PCs vs. 13 PCs 0.996935908 

Number of Children Ever Born 13 PCs vs. 14 PCs 0.99206924 

Number of Children Ever Born 14 PCs vs. 15 PCs 0.999941198 

Number of Children Ever Born 15 PCs vs. 16 PCs 0.999140563 

Number of Children Ever Born 16 PCs vs. 17 PCs 0.995768337 

Number of Children Ever Born 17 PCs vs. 18 PCs 0.999854113 

Number of Children Ever Born 18 PCs vs. 19 PCs 0.99940285 

Number of Children Ever Born 19 PCs vs. 20 PCs 0.993269432 

Number of Children Ever Born 20 PCs vs. 21 PCs 0.996099023 

Number of Children Ever Born 21 PCs vs. 22 PCs 0.995686861 

Number of Children Ever Born 22 PCs vs. 23 PCs 0.999886948 

Number of Children Ever Born 23 PCs vs. 24 PCs 0.997797571 

Number of Children Ever Born 24 PCs vs. 25 PCs 0.999490892 

Number of Children Ever Born 25 PCs vs. 26 PCs 0.999703882 

Number of Children Ever Born 26 PCs vs. 27 PCs 0.992298681 

Number of Children Ever Born 27 PCs vs. 28 PCs 0.997084191 

Number of Children Ever Born 28 PCs vs. 29 PCs 0.998579262 

Number of Children Ever Born 29 PCs vs. 30 PCs 0.998604174 

Number of Children Ever Born 30 PCs vs. 31 PCs 0.99915143 

Number of Children Ever Born 31 PCs vs. 32 PCs 0.999188908 

Number of Children Ever Born 32 PCs vs. 33 PCs 0.999785994 

Number of Children Ever Born 33 PCs vs. 34 PCs 0.9999748 

Number of Children Ever Born 34 PCs vs. 35 PCs 0.994551912 

Number of Children Ever Born 35 PCs vs. 36 PCs 0.998507474 

Number of Children Ever Born 36 PCs vs. 37 PCs 0.999131065 

Number of Children Ever Born 37 PCs vs. 38 PCs 0.99854199 

Number of Children Ever Born 38 PCs vs. 39 PCs 0.977946458 
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Number of Children Ever Born 39 PCs vs. 40 PCs 0.999331477 

Number of Children Ever Born Base vs. 40 PCs 0.985051064 

Cigarettes Per Day Base vs. 1 PC 0.999614648 

Cigarettes Per Day 1 PC vs. 2 PCs 0.994423106 

Cigarettes Per Day 2 PCs vs. 3 PCs 0.999604501 

Cigarettes Per Day 3 PCs vs. 4 PCs 0.998445742 

Cigarettes Per Day 4 PCs vs. 5 PCs 0.987479982 

Cigarettes Per Day 5 PCs vs. 6 PCs 0.998551055 

Cigarettes Per Day 6 PCs vs. 7 PCs 0.995720826 

Cigarettes Per Day 7 PCs vs. 8 PCs 0.994542498 

Cigarettes Per Day 8 PCs vs. 9 PCs 0.998145325 

Cigarettes Per Day 9 PCs vs. 10 PCs 0.997299408 

Cigarettes Per Day 10 PCs vs. 11 PCs 0.999430689 

Cigarettes Per Day 11 PCs vs. 12 PCs 0.992787849 

Cigarettes Per Day 12 PCs vs. 13 PCs 0.999991939 

Cigarettes Per Day 13 PCs vs. 14 PCs 0.994177821 

Cigarettes Per Day 14 PCs vs. 15 PCs 0.997791951 

Cigarettes Per Day 15 PCs vs. 16 PCs 0.999226452 

Cigarettes Per Day 16 PCs vs. 17 PCs 0.998508122 

Cigarettes Per Day 17 PCs vs. 18 PCs 0.998822979 

Cigarettes Per Day 18 PCs vs. 19 PCs 0.995642729 

Cigarettes Per Day 19 PCs vs. 20 PCs 0.997077236 

Cigarettes Per Day 20 PCs vs. 21 PCs 0.999769718 

Cigarettes Per Day 21 PCs vs. 22 PCs 0.997037995 

Cigarettes Per Day 22 PCs vs. 23 PCs 0.99998902 

Cigarettes Per Day 23 PCs vs. 24 PCs 0.997556983 

Cigarettes Per Day 24 PCs vs. 25 PCs 0.999846308 

Cigarettes Per Day 25 PCs vs. 26 PCs 0.999931378 

Cigarettes Per Day 26 PCs vs. 27 PCs 0.999630674 

Cigarettes Per Day 27 PCs vs. 28 PCs 0.99949474 

Cigarettes Per Day 28 PCs vs. 29 PCs 0.998613919 

Cigarettes Per Day 29 PCs vs. 30 PCs 0.997835525 

Cigarettes Per Day 30 PCs vs. 31 PCs 0.99870068 

Cigarettes Per Day 31 PCs vs. 32 PCs 0.996254846 

Cigarettes Per Day 32 PCs vs. 33 PCs 0.99986574 

Cigarettes Per Day 33 PCs vs. 34 PCs 0.999792351 

Cigarettes Per Day 34 PCs vs. 35 PCs 0.999984207 

Cigarettes Per Day 35 PCs vs. 36 PCs 0.997638038 

Cigarettes Per Day 36 PCs vs. 37 PCs 0.998916457 

Cigarettes Per Day 37 PCs vs. 38 PCs 0.997616512 

Cigarettes Per Day 38 PCs vs. 39 PCs 0.991830591 

Cigarettes Per Day 39 PCs vs. 40 PCs 0.999462579 

Cigarettes Per Day Base vs. 40 PCs 0.972708745 

Drinks Per Week Base vs. 1 PC 0.991142588 

Drinks Per Week 1 PC vs. 2 PCs 0.998053038 

Drinks Per Week 2 PCs vs. 3 PCs 0.993577163 

Drinks Per Week 3 PCs vs. 4 PCs 0.989777006 

Drinks Per Week 4 PCs vs. 5 PCs 0.996892302 

Drinks Per Week 5 PCs vs. 6 PCs 0.995027773 

Drinks Per Week 6 PCs vs. 7 PCs 0.998941475 

Drinks Per Week 7 PCs vs. 8 PCs 0.997432904 

Drinks Per Week 8 PCs vs. 9 PCs 0.997502499 

Drinks Per Week 9 PCs vs. 10 PCs 0.994354516 

Drinks Per Week 10 PCs vs. 11 PCs 0.998226398 

Drinks Per Week 11 PCs vs. 12 PCs 0.999413044 

Drinks Per Week 12 PCs vs. 13 PCs 0.998203117 
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Drinks Per Week 13 PCs vs. 14 PCs 0.988789947 

Drinks Per Week 14 PCs vs. 15 PCs 0.997452868 

Drinks Per Week 15 PCs vs. 16 PCs 0.994799471 

Drinks Per Week 16 PCs vs. 17 PCs 0.999856233 

Drinks Per Week 17 PCs vs. 18 PCs 0.994774106 

Drinks Per Week 18 PCs vs. 19 PCs 0.997475117 

Drinks Per Week 19 PCs vs. 20 PCs 0.999883931 

Drinks Per Week 20 PCs vs. 21 PCs 0.99040533 

Drinks Per Week 21 PCs vs. 22 PCs 0.987972677 

Drinks Per Week 22 PCs vs. 23 PCs 0.997077825 

Drinks Per Week 23 PCs vs. 24 PCs 0.99998698 

Drinks Per Week 24 PCs vs. 25 PCs 0.997838694 

Drinks Per Week 25 PCs vs. 26 PCs 0.999039365 

Drinks Per Week 26 PCs vs. 27 PCs 0.998212232 

Drinks Per Week 27 PCs vs. 28 PCs 0.999655401 

Drinks Per Week 28 PCs vs. 29 PCs 0.999380997 

Drinks Per Week 29 PCs vs. 30 PCs 0.999438871 

Drinks Per Week 30 PCs vs. 31 PCs 0.996947942 

Drinks Per Week 31 PCs vs. 32 PCs 0.98961729 

Drinks Per Week 32 PCs vs. 33 PCs 0.99995487 

Drinks Per Week 33 PCs vs. 34 PCs 0.996895068 

Drinks Per Week 34 PCs vs. 35 PCs 0.999937941 

Drinks Per Week 35 PCs vs. 36 PCs 0.99527137 

Drinks Per Week 36 PCs vs. 37 PCs 0.99955496 

Drinks Per Week 37 PCs vs. 38 PCs 0.999949984 

Drinks Per Week 38 PCs vs. 39 PCs 0.999819825 

Drinks Per Week 39 PCs vs. 40 PCs 0.998117103 

Drinks Per Week Base vs. 40 PCs 0.986219555 

Diastolic BP Base vs. 1 PC 0.99975742 

Diastolic BP 1 PC vs. 2 PCs 0.99984619 

Diastolic BP 2 PCs vs. 3 PCs 0.99871826 

Diastolic BP 3 PCs vs. 4 PCs 0.997842841 

Diastolic BP 4 PCs vs. 5 PCs 0.999523491 

Diastolic BP 5 PCs vs. 6 PCs 0.999848716 

Diastolic BP 6 PCs vs. 7 PCs 0.999326035 

Diastolic BP 7 PCs vs. 8 PCs 0.991200834 

Diastolic BP 8 PCs vs. 9 PCs 0.998609072 

Diastolic BP 9 PCs vs. 10 PCs 0.999193839 

Diastolic BP 10 PCs vs. 11 PCs 0.999790456 

Diastolic BP 11 PCs vs. 12 PCs 0.998273027 

Diastolic BP 12 PCs vs. 13 PCs 0.9996968 

Diastolic BP 13 PCs vs. 14 PCs 0.998952924 

Diastolic BP 14 PCs vs. 15 PCs 0.999102172 

Diastolic BP 15 PCs vs. 16 PCs 0.996288023 

Diastolic BP 16 PCs vs. 17 PCs 0.99910345 

Diastolic BP 17 PCs vs. 18 PCs 0.99795154 

Diastolic BP 18 PCs vs. 19 PCs 0.999531537 

Diastolic BP 19 PCs vs. 20 PCs 0.997655469 

Diastolic BP 20 PCs vs. 21 PCs 0.992013808 

Diastolic BP 21 PCs vs. 22 PCs 0.992914998 

Diastolic BP 22 PCs vs. 23 PCs 0.995117706 

Diastolic BP 23 PCs vs. 24 PCs 0.997769365 

Diastolic BP 24 PCs vs. 25 PCs 0.990647459 

Diastolic BP 25 PCs vs. 26 PCs 0.995756687 

Diastolic BP 26 PCs vs. 27 PCs 0.994685219 

Diastolic BP 27 PCs vs. 28 PCs 0.999246923 
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Diastolic BP 28 PCs vs. 29 PCs 0.999991055 

Diastolic BP 29 PCs vs. 30 PCs 0.996211396 

Diastolic BP 30 PCs vs. 31 PCs 0.999559714 

Diastolic BP 31 PCs vs. 32 PCs 0.993168592 

Diastolic BP 32 PCs vs. 33 PCs 0.999761411 

Diastolic BP 33 PCs vs. 34 PCs 0.999525157 

Diastolic BP 34 PCs vs. 35 PCs 0.995936125 

Diastolic BP 35 PCs vs. 36 PCs 0.997472321 

Diastolic BP 36 PCs vs. 37 PCs 0.998785801 

Diastolic BP 37 PCs vs. 38 PCs 0.995824667 

Diastolic BP 38 PCs vs. 39 PCs 0.999616725 

Diastolic BP 39 PCs vs. 40 PCs 0.996398356 

Diastolic BP Base vs. 40 PCs 0.990974778 

Seen DocGP for Depression Base vs. 1 PC 0.990871846 

Seen DocGP for Depression 1 PC vs. 2 PCs 0.996780895 

Seen DocGP for Depression 2 PCs vs. 3 PCs 0.996100951 

Seen DocGP for Depression 3 PCs vs. 4 PCs 0.997168924 

Seen DocGP for Depression 4 PCs vs. 5 PCs 0.999386765 

Seen DocGP for Depression 5 PCs vs. 6 PCs 0.999538824 

Seen DocGP for Depression 6 PCs vs. 7 PCs 0.997267598 

Seen DocGP for Depression 7 PCs vs. 8 PCs 0.999913638 

Seen DocGP for Depression 8 PCs vs. 9 PCs 0.999377834 

Seen DocGP for Depression 9 PCs vs. 10 PCs 0.995327266 

Seen DocGP for Depression 10 PCs vs. 11 PCs 0.99542032 

Seen DocGP for Depression 11 PCs vs. 12 PCs 0.999151121 

Seen DocGP for Depression 12 PCs vs. 13 PCs 0.999582735 

Seen DocGP for Depression 13 PCs vs. 14 PCs 0.979351245 

Seen DocGP for Depression 14 PCs vs. 15 PCs 0.991371182 

Seen DocGP for Depression 15 PCs vs. 16 PCs 0.992319444 

Seen DocGP for Depression 16 PCs vs. 17 PCs 0.998507323 

Seen DocGP for Depression 17 PCs vs. 18 PCs 0.999224839 

Seen DocGP for Depression 18 PCs vs. 19 PCs 0.999489098 

Seen DocGP for Depression 19 PCs vs. 20 PCs 0.99937966 

Seen DocGP for Depression 20 PCs vs. 21 PCs 0.97832826 

Seen DocGP for Depression 21 PCs vs. 22 PCs 0.996392402 

Seen DocGP for Depression 22 PCs vs. 23 PCs 0.999247031 

Seen DocGP for Depression 23 PCs vs. 24 PCs 0.989663752 

Seen DocGP for Depression 24 PCs vs. 25 PCs 0.993543774 

Seen DocGP for Depression 25 PCs vs. 26 PCs 0.992971577 

Seen DocGP for Depression 26 PCs vs. 27 PCs 0.999794521 

Seen DocGP for Depression 27 PCs vs. 28 PCs 0.970888183 

Seen DocGP for Depression 28 PCs vs. 29 PCs 0.991282349 

Seen DocGP for Depression 29 PCs vs. 30 PCs 0.962856985 

Seen DocGP for Depression 30 PCs vs. 31 PCs 0.984952223 

Seen DocGP for Depression 31 PCs vs. 32 PCs 0.977829435 

Seen DocGP for Depression 32 PCs vs. 33 PCs 0.980759493 

Seen DocGP for Depression 33 PCs vs. 34 PCs 0.994179234 

Seen DocGP for Depression 34 PCs vs. 35 PCs 0.996839476 

Seen DocGP for Depression 35 PCs vs. 36 PCs 0.999589215 

Seen DocGP for Depression 36 PCs vs. 37 PCs 0.993722635 

Seen DocGP for Depression 37 PCs vs. 38 PCs 0.991971202 

Seen DocGP for Depression 38 PCs vs. 39 PCs 0.996262551 

Seen DocGP for Depression 39 PCs vs. 40 PCs 0.995265715 

Seen DocGP for Depression Base vs. 40 PCs 0.898005544 

Birthweight Base vs. 1 PC 0.998599181 

Birthweight 1 PC vs. 2 PCs 0.999688717 
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We compare the PGI coefficients before and after adding UKB PCs to within-family models using the Clogg, 

Petkova & Haritou test for regression coefficient comparisons. None of the differences between the PGI 

estimates in the base and 40 PCs models are significantly different. 

 

 

 

 

  

Birthweight 2 PCs vs. 3 PCs 0.997794596 

Birthweight 3 PCs vs. 4 PCs 0.987318598 

Birthweight 4 PCs vs. 5 PCs 0.999994608 

Birthweight 5 PCs vs. 6 PCs 0.994755816 

Birthweight 6 PCs vs. 7 PCs 0.999198258 

Birthweight 7 PCs vs. 8 PCs 0.999923959 

Birthweight 8 PCs vs. 9 PCs 0.994915283 

Birthweight 9 PCs vs. 10 PCs 0.998096411 

Birthweight 10 PCs vs. 11 PCs 0.999755224 

Birthweight 11 PCs vs. 12 PCs 0.99090426 

Birthweight 12 PCs vs. 13 PCs 0.998782476 

Birthweight 13 PCs vs. 14 PCs 0.997847082 

Birthweight 14 PCs vs. 15 PCs 0.999357366 

Birthweight 15 PCs vs. 16 PCs 0.999702755 

Birthweight 16 PCs vs. 17 PCs 0.999795919 

Birthweight 17 PCs vs. 18 PCs 0.999081718 

Birthweight 18 PCs vs. 19 PCs 0.999871226 

Birthweight 19 PCs vs. 20 PCs 0.997158784 

Birthweight 20 PCs vs. 21 PCs 0.994252453 

Birthweight 21 PCs vs. 22 PCs 0.999249447 

Birthweight 22 PCs vs. 23 PCs 0.999286479 

Birthweight 23 PCs vs. 24 PCs 0.997522297 

Birthweight 24 PCs vs. 25 PCs 0.998802062 

Birthweight 25 PCs vs. 26 PCs 0.996519478 

Birthweight 26 PCs vs. 27 PCs 0.997828879 

Birthweight 27 PCs vs. 28 PCs 0.999414037 

Birthweight 28 PCs vs. 29 PCs 0.982258544 

Birthweight 29 PCs vs. 30 PCs 0.999625505 

Birthweight 30 PCs vs. 31 PCs 0.995798925 

Birthweight 31 PCs vs. 32 PCs 0.996520611 

Birthweight 32 PCs vs. 33 PCs 0.997603248 

Birthweight 33 PCs vs. 34 PCs 0.998264281 

Birthweight 34 PCs vs. 35 PCs 0.998913164 

Birthweight 35 PCs vs. 36 PCs 0.999837238 

Birthweight 36 PCs vs. 37 PCs 0.986099364 

Birthweight 37 PCs vs. 38 PCs 0.996707664 

Birthweight 38 PCs vs. 39 PCs 0.995542944 

Birthweight 39 PCs vs. 40 PCs 0.998445625 

Birthweight Base vs. 40 PCs 0.96178089 

      



 65 

Table S12: Survey Question Items from the UK Biobank 
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