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Measurement error in polygenic indices (PGls) attenuates the estimation of
their effects in regression models. We analyze and compare two approaches
addressing this attenuation bias: Obviously Related Instrumental Variables
(ORIV) and the PGI Repository Correction (PGI-RC). Through simulations, we
show that the PGI-RC performs slightly better than ORIV, unless the prediction
sample is very small (N <1000) or when there is considerable assortative
mating. Within families, ORIV is the best choice since the PGI-RC correction
factor is generally not available. We verify the empirical validity of the simu-
lations by predicting educational attainment and height in a sample of siblings
from the UK Biobank. We show that applying ORIV between families increases
the standardized effect of the PGI by 12% (height) and by 22% (educational
attainment) compared to a meta-analysis-based PGlI, yet estimates remain
slightly below the PGI-RC estimates. Furthermore, within-family ORIV regres-
sion provides the tightest lower bound for the direct genetic effect, increasing
the lower bound for the standardized direct genetic effect on educational
attainment from 0.14 to 0.18 (+29%), and for height from 0.54 to 0.61 (+13%)
compared to a meta-analysis-based PGI.

Genome-wide association studies (GWASs) have firmly established
that, with few exceptions, most human (behavioral) traits are highly
“polygenic”’—that is, influenced by many individual genetic variants,
each with a very small effect size>. A natural consequence of this has
been the widespread adoption of so-called polygenic indices (PGIs),
weighted sums aggregating the small effects of numerous genetic
variants (single-nucleotide polymorphisms (SNPs)), which enable out-
of-sample genetic prediction of complex traits®>. It is common prac-
tice to meta-analyze GWAS summary statistics from as many samples
as possible to foster the identification of genome-wide significant
SNPs'. Through the law of large numbers, this strategy has also proven

to be very effective in reducing measurement error in the PGl and thus
to boost the power and accuracy for analyses involving PGIs*. PGls are
now able to explain a non-negligible proportion of the variance in
health and behavioral traits®.

Empirically constructed PGls are nonetheless a noisy proxy for the
true latent PGI (i.e., the “additive SNP factor,” defined as the best linear
predictor of the phenotype from the measured genetic variants®)
because, amongst other reasons, the GWAS underlying the construc-
tion of the PGl is based on a finite sample’®, The noise in the GWAS
coefficients translates into noisy measures of the PGl and leads to what
is typically known as “attenuation bias” (i.e., a bias towards zero) in the
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coefficient of a PGl in a regression. As a result, the predictive power of
today’s PGls is still substantially smaller than the SNP-based heritability
estimates, which constitute an upper bound for the predictive power
of PGIs’. For example, the current predictive power, or variance
explained in the phenotype (R?), of the educational attainment (EA) PGI
is about 12-16%'°, whereas the SNP-based heritability is estimated to be
in the range 22-28%""". Importantly, the returns to increasing GWAS
sample size in terms of gaining predictive power of the PGI are rapidly
decreasing'*". For example, for a trait with a SNP-heritability of 25%, it
takes a sample of -1 million to construct a PGI explaining 20%, but it
would take a 7-fold increase in discovery sample size to achieve an R? of
24% (see Eq. (1) below with M~70,000). Hence, reducing measure-
ment error in the conventional way of meta-analyzing ever-larger dis-
covery samples has rapidly diminishing payoffs.

There is a burgeoning body of papers exploiting PGls in medicine,
biology, and the social sciences. In many applications, the goal is to
estimate the regression coefficient of the true latent PGI. Taking the EA
PGI as an example, a non-exhaustive list of applications includes (i)
studies estimating the pathways through which the EA PGl influences
lifetime outcomes including speech and reading skills' or wealth
accumulation”; (ii) studies that estimate direct genetic effects using
within-family estimation to understand the mechanisms through
which molecular differences translate into education differences'; (iii)
studies that investigate gene-environment interplay in EA%, (iv) stu-
dies that investigate intergenerational persistence of education®%;
and (v) studies including a PGI as a control variable to reduce omitted
variable bias or improve precision?*. While there have been important
advances in our understanding of how functional priors and optimiz-
ing construction methods can enhance the predictive power of a given
PGI* ¥, most existing applications still employ a (meta-analysis based)
PGI without applying a correction for measurement error.

Recent studies have laid out the advantages of a measurement
error correction and either suggested OLS estimates that have
undergone some reasonable correction for attenuation®”® or IV
estimation” to deal with measurement error in the PGI. First, DiPrete
et al.”’ suggested an instrumental variables (IV) approach to reduce
measurement error in the PGl as a by-product of their Genetic
Instrumental Variable (GIV) method. The intuition of the IV approach is
simple: when we split the GWAS discovery sample into two, we can
obtain two PGls that both proxy the same underlying “true” PGI. For
example, when splitting the UK Biobank (UKB) at random into two
discovery samples, both resulting PGls approximate the same true
latent PGI. Hence, theoretically, their correlation should be 1. However,
in practice, their correlation will be smaller than 1 since the GWAS
sample sizes used to construct these PGls are finite and therefore each
PGl will be subject to measurement error. In case (i) of polygenicity, (ii)
the sources of measurement error are independent, and (iii) the rela-
tive variance of measurement error in the PGl is the same across the
two discovery samples, then the correlation between the two PGls
reveals the degree of measurement error. The IV approach in turn uses
this information to correct (or “scale”) the observed association
between the PGl and the outcome. Second, Becker et al.° developed an
approach to disattenuate estimated effects of the PGl on a trait, on the
basis of external information of the trait’s SNP-based heritability (see
also ref. 28). Intuitively, in this approach the SNP-based heritability is
estimated in a first step, after which the coefficient of the PGl is re-
scaled to match this SNP-based heritability in a second step. Since this
approach was proposed alongside the introduction of the PGI repo-
sitory project®, we will refer to this approach as the PGI repository
correction (PGI-RC).

In this study, we use simulations and empirical analyses to com-
pare the IV and PGI-RC approach to reduce attenuation bias in analyses
involving PGIs. Our goal is to estimate a coefficient that is free from
attenuation bias due to measurement error in a PGI. As such, we are not
primarily interested in boosting the out-of-sample predictive power of

a given PGl (in terms of e.g., the R?) for which ever-increasing GWAS
discovery samples remain important. We are also not primarily inter-
ested in estimating the direct (or “causal”) effect of a PGI. In between-
family designs, PGls typically capture not only effects of inherited
variation (direct effects), but also effects of population stratification,
demography, and relatives (so-called indirect genetic effects)*. In the
simulations, we compare the performance of a meta-analysis based PGI
(benchmark) to (1) results obtained using an IV approach®, which
relies on two PGls constructed from two non-overlapping GWASs, and
(2) the PGI repository correction®. For the IV approach, we avoid the
arbitrary choice of selecting one PGI as the independent variable and
the other as IV by using the recently developed Obviously-Related
Instrumental Variables (ORIV) technique®. In our comparison of the
benchmark, ORIV, and PGI-RC we consider various degrees of (i)
genetic nurture (i.e., the effect of parental genotype on the child’s
outcomes), (ii) assortative mating, and (iii) genetic correlation across
discovery and prediction samples. In turn, in the empirical application,
we compare the benchmark, ORIV, and PGI-RC using data on height
and educational attainment from the sibling sample of the UK
Biobank*”. We conclude that ORIV is preferred over the PGI-RC if the
prediction sample is very small (N <1000), when there is assortative
mating, and in within-family designs. For small discovery samples, or
when there is imperfect genetic correlation between the discovery and
prediction sample, PGI-RC is the preferred choice.

Results

Simulation study

To compare the performance of meta-analysis, ORIV, and the PGI-RC
to estimate the standardized effect of the PGI on an outcome variable,
we developed a general-purpose Python tool called GNAMES (Genetic-
Nurture and Assortative-Mating-Effects Simulator). This tool allows
users to efficiently simulate multi-generational genotype and pheno-
type data under genetic nurture (GN) effects and assortative mating
(AM). The GNAMES tool itself, a description of its technical details, and
a tutorial, are freely available on the following GitHub repository:
https://github.com/devlaming/gnames.

In the simulations, we partition simulated genotype and pheno-
type data into three sets: two sets with equal sample size to perform
non-overlapping GWASs (discovery) and one set to construct PGls
(prediction). For both sets of GWAS results, we construct a separate
PGI. In addition, we also construct a PGl based on the meta-analysis of
the two GWASs, in line with the common practice of using the largest
possible discovery sample to construct a PGI. Since the SNP effect sizes
are simulated to be independent, the PGI simply equals the sum of the
SNPs, weighted by the respective GWAS coefficients.

In our setup, every family has two children. Importantly, in the
GWASs, data for only one sibling per family are used, and so the
resulting PGls are based on between-family GWAS results, as is com-
mon in the literature (but see Howe et al.*° for a recent exception). The
outcome of each simulation is a data file with the individual’s ID, the
father and mother’s ID, a simulated outcome, two PGls constructed
from the two non-overlapping GWAS discovery samples, and the meta-
analysis PGI. Further details of the simulation design are provided in
Supplementary Methods 1.

The simulations are calibrated based on educational attainment
(EA), but we show that our conclusions hold for traits with a different
level of heritability in Supplementary Results 2. The SNP-based herit-
ability is approximately equal to 25% for EA in most samples' ™. Hence,
we fix the SNP-based heritability of the outcome at 25%. In turn, we use
different settings that vary in terms of:

* The prediction sample—To create realistic variation in predic-
tion sample sizes we vary Nprediction in the range (1000; 2000;
4000; 8000; 16,000). For example, a recent study on EA*
employs prediction samples of similar sizes (the Dunedin Study
(N=2810), the Environmental Risk Longitudinal Twin (E-Risk)

Nature Communications | (2023)14:4473


https://github.com/devlaming/gnames

Article

https://doi.org/10.1038/s41467-023-40069-4

Study (N=1860), AddHealth (N=5526), the Wisconsin Long-
itudinal Study (WLS, N=7111) and the Health and Retirement
Study (HRS, N = 8546)).

* The size of the GWAS discovery sample—As described in
refs. 7,8, the predictive power of a PGl mainly depends on the
variance explained by each SNP, and the ratio of the GWAS dis-
covery sample to the number of SNPs. In particular, under the
assumption that all SNPs explain an equal proportion of the SNP-
based heritability, De Vlaming et al. (Eq. 2)** approximate the
predicted R? of a given PGl as

VI O
G C)

where I3, is the SNP-based heritability, M is the number of SNPs
and Ngwas denotes the GWAS discovery sample size. To maintain
a manageable simulation space, we hold the number of SNPs
fixed at M=5000, and set h%,,=0.25. In order to simulate
realistic levels of predictive power for a PG, we use Ngwas in the
range (2000; 4000; 8000; 16,000; 32,000). These values for the
GWAS discovery samples then respectively generate an
expected R? of 2.3% (i.e., close to the PGI performance in the
first EA GWAS, EAL*), 4.2% (-EA2,%), 7.1%, 11.1% (-EA3,>°) and
15.4% (-EA4,'°). To verify that our results are not sensitive to
downsizing both M and Ngwas for computational reasons, we
also analyze an additional setting with M=100,000 and
Nowas =100,000. The results remain very similar, see Supple-
mentary Results 2.

* The presence of genetic nurture—We hold hZ,, (i.e., the SNP-
heritability) constant at 0.25 in each generation. In the presence of
genetic nurture, the estimated SNP-based heritability is however a
combination of direct genetic effects and genetic nurture”. If the
direct genetic effects and genetic nurture components are
independent, the heritability is given by: thP = h*+0.5n2, where
h? denotes the phenotypic variance accounted for by direct
genetic effects, and n? denotes the phenotypic variance
accounted for by genetic nurture. In scenarios without genetic
nurture, we fix the SNP-based heritability at h2y,=h*=0.25. In
scenarios with genetic nurture, we set h*=0.2 and n?=0.1 such
that the genetic nurture is half the size of the direct genetic effect.
This parametrization is again loosely following empirical evidence
for EA, where the indirect genetic effect represents roughly half of
the additive SNP factor'®*,

* Thedegree of assortative mating—We vary assortative mating on
the outcome variable (i.e., the phenotypic correlation between
mates) between 0 and 1 in increments of 0.25. Plausible levels of
assortative mating on education vary between 0.1 and 0.6,

* The genetic correlation—We vary the genetic correlation
between the GWAS discovery samples and the prediction sample
between 0.25 and 1 in increments of 0.25, where the two GWAS
discovery samples have a perfect genetic correlation. An
imperfect genetic correlation may for example arise if the dis-
covery GWAS is performed in a UK sample and the prediction is
performed in a non-UK sample. Additionally, we vary the genetic
correlation between discovery sample 1 and discovery sample 2
from 0.25 to 1linincrements of 0.25, where we maintain a perfect
genetic correlation between discovery sample 2 and the
prediction sample.

RY(PGLY y=h2yp

For each scenario, we perform 100 simulation replications
(“runs”), and we average the results over these runs. In all scenarios, we
estimate (i) a linear regression of the outcome on the meta-analysis
PGI; (ii) ORIV, on basis of a two-stage least squares (2SLS) regression

where we simultaneously use both independent PGls as instrumental
variables for each other; and (iii) the PGI-RC where we scale the coef-
ficient obtained under (i) by the estimated SNP-based heritability. The
SNP-based heritability is estimated in the prediction sample using
MGREML  (Multivariate Genome-based Restricted Maximum
Likelihood)". In these GREML analyses, individuals with a genetic
relatedness larger than 0.05 are excluded.

The default PGI-RC estimator ignores the estimation error in the
estimation of the scaling factor (as acknowledged on p.14 of the Sup-
plementary Information of Becker et al.). This may lead to anti-
conservative standard errors, and in the univariate case the true
standard error is equal to the standard error of the square root of the
estimated SNP-heritability. We will therefore present both the default
PGI-RC (“PGI-RC (Default)”) application, as well as the PGI-RC that
incorporates the uncertainty in the scaling factor (“PGI-RC (GREML
unc.)”). Details of the estimation procedures can be found in Methods.

Our main evaluation criterion is the resulting point estimate and
95% confidence interval of the estimated coefficient, to compare the
bias of a particular method from the known true coefficient. The true
coefficient is that of a PGI constructed based on an infinitely large
between-family GWAS. However, in order to balance bias as well as
precision, in Supplementary Results 1 we additionally present the root
mean squared error, which is a function of both the bias as well as the
variance.

Variation in prediction sample size. Figure 1 shows the coefficient
estimates and their 95% confidence intervals for a meta-analysis PGI,
ORIV, and the PGI-RC for varying sample sizes of the prediction sam-
ple. The estimates derive from our baseline scenario (no genetic nur-
ture, no assortative mating) and where the GWAS sample size is held
constant such that the resulting meta-analysis PGI roughly corre-
sponds to EA4 (i.e., R-squared ~ 15.4%). Since we simulated a scenario
without genetic nurture and assortative mating, the between-family
(Fig. 1a) and within-family (Fig. 1b) analyses target the same coefficient
(i.e., a SNP-based heritability of 0.25, or a standardized coefficient of
0.5; see “Methods”).

Judging from the point estimates, in a between-family setting,
ORIV and the PGI-RC clearly outperform a meta-analysis PGI, with
limited differences between them in this scenario. An increasing pre-
diction sample size shrinks the confidence intervals but leaves the
coefficients largely unaffected. One notable exception is that for a
small prediction sample size (N <1000), the PGI-RC slightly under-
estimates the true coefficient. When using a small prediction sample,
the uncertainty in the PGI-RC (GREML unc.) is considerably larger than
suggested in the default application PGI-RC (default). With a relatively
large GWAS sample, the RMSE for ORIV tends to be slightly smaller
than for the PGI-RC (see Supplementary Table 2 in Supplementary
Results 1).

In a within-family design, the PGI-RC is not available. Confidence
intervals are clearly larger within families than between families, since
the variation in the PGI is more limited, but again shrink with an
increasing prediction sample size. Similar to the between-family ana-
lysis, within-family ORIV is consistent and clearly outperforms a meta-
analysis based PGl in this scenario.

Variation in GWAS sample size. Figure 2 shows the corresponding
figure from the same scenario but now holding the prediction sample
size constant at N=16,000 and varying the GWAS sample size such
that the R-squared of the meta-analysis PGI varies from 2.3% (EA1) to
15.4% (EA4). Whereas a meta-analysis PGI clearly benefits from an
increased GWAS sample size, for a relatively large prediction sample
size of N=16,000 both ORIV and the PGI-RC are approximately
unbiased irrespective of the GWAS sample size. The PGI-RC shows a
narrower confidence interval compared with ORIV, even when taking
into account uncertainty in the GREML estimates, with the difference
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becoming smaller for larger GWAS discovery samples (see also Sup-
plementary Table 3 in Supplementary Results 1).

Variation in both prediction and GWAS sample size. In Table 1 we
vary both the GWAS as well as the prediction sample size simulta-
neously. In particular, we compare the performance of a relatively
small GWAS sample size, calibrated to be resulting in an R-squared of
4.2% (roughly EA2) for different prediction sample sizes, and a rela-
tively large GWAS sample size, calibrated to be resulting in an R-
squared of 15.4% (roughly EA4), again for different prediction sample
sizes. As expected, when the GWAS sample size increases, the coeffi-
cient of a meta-analysis PGl comes closer to the true value (0.5), but
even for a relatively large GWAS sample size it is still considerably
biased. As before, an increasing prediction sample size does not
decrease the bias in the coefficient of a meta-analysis PGI, but only
shrinks the confidence interval.

ORIV is somewhat biased when both the GWAS sample and the
prediction sample are relatively small. This is not surprising, since it is

well known that the bias of IV is inversely proportional to the first-stage
F-statistic***’, As we derive in the “Methods” section, in this context,
the first-stage F-statistic is given by (see Eq. (25) for a derivation):

F corr(PGly LPGLY (N —2)
1— corr(PGI,PGl,)*

@)

Thus, the bias in ORIV is determined by the correlation between the
two PGIs, as well as the prediction sample size N. The correlation
between the two PGls is determined directly by the R-squared of the
independent PGlIs (see Egs. (10) and (17) in the “Methods” section).
Therefore, with a small GWAS sample size and a small prediction
sample size, ORIV is biased. Interestingly, when either the GWAS
sample size increases (i.e., moving from EA2 to EA4 while holding
constant the prediction sample at N=1000) or the prediction sample
size increases (i.e., moving from N=1000 to N=4000 or N=16,000
while holding the GWAS discovery sample constant), ORIV quickly
converges to the true point estimate.
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Table 1| Estimated coefficients for the Polygenic Index (PGI) in the baseline scenario (no genetic nurture, no assortative

mating; between-family analyses only)

GWAS Prediction sample Meta-analysis ORIV PGI-RC PGI-RC
(Default) (GREML unc.)
~EA2 N=1000 0.209 0.522 0.414 0.414
(0.147-0.271) (0.015-1.029) (0.287-0.542) (0.000-0.828)
~EA2 N=4000 0.205 0.501 0.497 0.497
(0.174-0.237) (0.294-0.708) (0.421-0.573) (0.339-0.655)
~EA2 N=16,000 0.204 0.500 0.500 0.500
(0.188-0.219) (0.403-0.598) (0.462-0.539) (0.443-0.558)
~EA4 N=1000 0.392 0.505 0.472 0.472
(0.334-0.450) (0.417-0.593) (0.402-0.542) (0.024-0.920)
~EA4 N=4000 0.386 0.497 0.500 0.500
(0.357-0.415) (0.453-0.541) (0.463-0.538) (0.381-0.619)
~EA4 N=16,000 0.387 0.499 0.500 0.500
(0.373-0.402) (0.477-0.521) (0.481-0.519) (0.456-0.544)

Notes: Data are presented as the estimated coefficients +/- 1.96 times the standard error (95% confidence interval) for the Polygenic Index (PGI) using OLS regression on a meta-analysis based PGI
(column 3), a 2SLS regression using ORIV (column 4), the default PGI-RC procedure (column 5), and the PGI-RC procedure, taking into account uncertainty in the GREML estimates (column 6). The
GWAS discovery sample is set such that the resulting meta-analysis PGl has an R? of 4.2% (~EA2) and 15.4% (~EA4). The true coefficient is 0.5. The simulation results are based on 100 replications.

In this baseline scenario, the point estimates of the PGI-RC are
largely independent of the GWAS sample size, but are very sensitive to
a small prediction sample. The picture that emerges from Table 1 is
that the PGI-RC outperforms ORIV when the prediction sample size is
relatively large but the GWAS sample size is small; whereas ORIV tends
to outperform the PGI-RC when the GWAS sample size is large but the
prediction sample is relatively small. In case both the GWAS and pre-
diction samples are small, both methods tend to estimate biased
coefficients surrounded by wide confidence intervals, although the
RMSE is still comfortably below that of a meta-analysis PGI (see Sup-
plementary Table 4 in Supplementary Results 1).

Genetic nurture. When genetic nurture is present, the results (Fig. 3
and Supplementary Table 5 in Supplementary Results 1) very much
resemble those obtained in the baseline case (Figs. 1 and 2). The
coefficient of a meta-analysis PGl is consistently attenuated; ORIV and
the PGI-RC both accurately target the correct point estimate, but
confidence intervals are wide for the PGI-RC in small prediction sam-
ples, and for ORIV in small discovery samples. Since the results with
and without genetic nurture are very similar, we confirm the earlier
finding that confounding factors at the GWAS stage do not bias the
ORIV and PGI-RC estimates in targeting the additive SNP factor
between families?. The most important difference is that with genetic
nurture, the between- and within-family results are starting to diverge.
In within-family designs, ORIV continues to outperform a meta-
analysis PG, yet slightly underestimates the true coefficient because of
the noise introduced in the PGI since the GWAS did not control for
genetic nurture (see Methods for a more extensive discussion).

Assortative mating. Figure 4 shows the results for varying levels of
assortative mating. In the top two panels we do not include genetic
nurture, while in the bottom two panels we do model genetic nurture in
addition to assortative mating,. Interestingly, whereas ORIV is consistent
in the presence of assortative mating, the PGI-RC estimator is biased
and overestimates the true coefficient (see also Supplementary Table 6
in Supplementary Results 1). This is not surprising, as the PGI-RC relies
on an estimate of the SNP-based heritability obtained using GREML,
which is known to be biased when assortative mating is present***.
The simulations are designed such that the true coefficient does
not change with increasing levels of assortative mating (AM). This is
achieved by standardizing the true PGI to mean zero and unit variance
in each generation of the forward simulation, and then assigning effect

VK to this standardized PGI. This approach keeps the “con-
temporary” heritability fixed and gives a clear target coefficient.
Without standardization in each generation, the target coefficient is
expected to increase with increasing levels of AM, as the genetic var-
iance and heritability of the trait increase®. Similar to our baseline
simulation, in Supplementary Results 2 we provide simulation results
showing that, also without standardization, ORIV provides consistent
estimates, whereas the PGI-RC overestimates the true coefficient.

Genetic nurture and assortative mating. In our simulations, we draw
independent effect sizes for the direct genetic effects and the genetic
nurture components in the founding population, such that the direct
genetic and genetic nurture components are independent. However,
when modeling genetic nurture and assortative mating simulta-
neously, over generations, a correlation emerges between the direct
genetic effects and the genetic nurture effects (see Supplementary
Methods 1 for details). This implies that the SNP heritability and
thereby the target coefficient for the PGl are no longer an additive sum
of direct genetic effects and genetic nurture effects, but also include a
positive covariance among them. This covariance becomes larger
when the degree of assortative mating increases, driving up the target
coefficient (dashed line in panel c) when assortative mating is stronger.
Interestingly, we find that in between-family analyses ORIV continues
to target the correct coefficient, yet as before, the PGI-RC system-
atically overestimates the target coefficient in the presence of assor-
tative mating (see also Supplementary Table 6 in Supplementary
Results 1). As expected, performing a within-family analysis (panel d)
largely purges the bias induced by genetic nurture and assortative
mating, with again ORIV providing a conservative estimate of the
direct genetic effect in within-family analyses.

Imperfect genetic correlation. Figure 5 shows the sensitivity of the
between-family approaches to an imperfect genetic correlation
between the GWAS and prediction samples (Fig. 5a) and between two
GWAS samples that are meta-analyzed or used for ORIV (Fig. 5b). For a
meta-analysis based PGI, these two settings are closely related because
an imperfect genetic correlation between two GWAS samples by
definition implies an imperfect genetic correlation with the prediction
sample. The results show that both a meta-analysis PGI as well as ORIV
are very sensitive to an imperfect genetic correlation between the
discovery and prediction sample (see also Supplementary Table 7 in
Supplementary Results 1 for the corresponding RMSE values). In
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results are based on 100 replications.

contrast, the PGI-RC procedure is not sensitive at all since it re-scales a
particular coefficient with the SNP-based heritability in the prediction
sample. For a lower genetic correlation across the two discovery
samples, the PGI-RC is completely insensitive, and ORIV is remarkably
robust against deviations from a perfect genetic correlation between
the two GWAS discovery samples. For a genetic correlation between
the two GWAS samples of 0.75, ORIV is consistent, and even when the
genetic correlation is as low as 0.5, the ORIV 95% confidence interval
still includes the true coefficient.

Summary. The simulations suggest that it is virtually always beneficial
to apply a measurement error correction compared to just using a
meta-analysis based PGI. We find that both the PGI-RC as well as ORIV
outperform the benchmark in all scenarios. Comparing among them,
the PGI-RC is particularly valuable in between-family analyses when the
GWAS discovery sample is very small (i.e., when the predictive power
of a PGl is low) or when there exists an imperfect genetic correlation
between the discovery and prediction sample (i.e., when the effects of
SNPs on the outcome are very different across the discovery and
prediction sample). In the presence of assortative mating, however,
the PGI-RC is both more biased and less precise than ORIV. Moreover,
the PGI-RC tends to be imprecise in case of small (i.e., N<1000) pre-
diction samples, and its confidence intervals are wider than those of
ORIV when incorporating the uncertainty of the SNP-based heritability
estimates. In those cases, as well as in within-family settings where the

PGI-RC correction is generally not available, ORIV seems the preferred
alternative.

Empirical illustration

In this section, we use OLS (using a meta-analysis based PGI), ORIV, and
the PGI-RC to predict EA and height in a subsample of European
ancestry siblings in the UK Biobank (N=35,282). In the prediction
sample, we first residualized the outcomes EA and height for sex, year
of birth, month of birth, sex interacted with year of birth, and the first
40 principal components of the genetic relationship matrix. For both
EA and height, we consider three PGls: (i) a PGl based on the UKB
discovery sample that excludes siblings and their relatives; (ii) a PGI
based on the 23andMe, Inc. sample (EA) or the GIANT consortium
(height; ref. 46); and (iii) a PGI based on a meta-analysis of (i) and (ii). In
addition, we construct two additional PGls on the basis of randomly
splitting the UKB discovery sample into two equal halves. All PGIs are
constructed with the LDpred software®” using as parametrization a
default prior value of 1. We standardize the PGls to have mean O and
standard deviation 1 in the analysis sample. The standardization of the
PGI has the advantage that the square of its estimated coefficient in a
univariate regression is equal to the R-squared (see “Methods”).
Additionally, by standardizing a given PGl we can interpret the
resulting coefficient as a one standard deviation increase in the true
latent PGl (i.e., the additive SNP factor). More details on the variables
and their construction can be found in Supplementary Methods 2.
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Table 2 | Results of the OLS and IV regressions explaining (residualized and standardized) educational attainment

oLs oLs oLS ORIV ORIV PGI-RC PGI-RC
(UKB) (23andMe) (Meta-analysis) (2-sample) (Split-sample) (default) (GREML unc.)
Between-family results
Polygenic index 0.258*** 0.218*** 0.276*** 0.337*** 0.323*** 0.394*** 0.394***
(0.005) (0.005) (0.005) (0.007) (0.007) (0.007) (0.024)
First-stage estimate 0.498*** 0.489***
(0.005) (0.005)
First-stage F-statistic 11,919 11,061
Incremental R? 6.7% 4.7% 7.6%
Family fixed effects NO NO NO NO NO NO NO
N 35,282 35,282 35,282 35,282 35,282 35,282 35,282
Within-family results
Polygenic index 0.124*** 0.115*** 0.142*** 0.184*** 0.170***
(0.009) (0.009) (0.009) (0.012) (0.013)
First-stage estimate 0.460*** 0.436***
(0.006) (0.006)
First-stage F-statistic 6068 5158
Incremental R? 1.5% 1.3% 2.0%
Family fixed effects YES YES YES YES YES
N 35,282 35,282 35,282 35,282 35,282

Notes: *p value < 0.10; **p value < 0.05; ***p value < 0.01 of a two-sided t test (OLS, PGI-RC) or two-sided z-test (ORIV) without adjustments for multiple comparisons. In all regressions the dependent
variable is residualized educational attainment (EA, standardized to have mean O and standard deviation 1), where the residuals are obtained from a regression of EA on sex, year of birth, month of
birth, sex interacted with year of birth, and the first 40 principal components of the genetic relationship matrix. Standard errors are robust and clustered at the family level, and in case of ORIV also at
the individual level. OLS (UKB) refers to the model with the PGI constructed using the UKB non-sibling (i.e., excluding all siblings and their relatives) sample. OLS (23andMe) refers to the model with
the PGI constructed using the 23andMe summary statistics. OLS (Meta-analysis) uses a PGI constructed using a meta-analysis of GWAS summary statistics of the UKB non-sibling sample and the
23andMe sample. ORIV (2-sample) refers to a 2SLS estimation using the PGls from the UKB non-sibling sample and 23andMe as instrumental variables for each other. ORIV (Split-sample) refers to a
2SLS estimation where the summary statistics derive from a random split of the UKB sample. PGI-RC refers to the PGl repository correction, where (default) refers to the conventional application of
the method, whereas (GREML unc.) refers to the case where we incorporate the uncertainty in the estimation of the SNP-based heritability.

SNP-based heritability. Using LDSC and GREML, we estimate the SNP-
based heritability of EA in the prediction sample to be 0.162 (s.e. 0.027)
and 0.155 (s.e. 0.019), respectively, which is somewhat lower than esti-
mates from other samples in the literature. For height, the SNP-based
heritability is estimated to be 0.497 (s.e. 0.039) using LDSC, and 0.530
(s.e. 0.020) using GREML. These results were obtained using one ran-
domly selected sibling per family in the sibling subsample (N=18,989
for EA, N=18,913 for height). To obtain the LDSC estimate, the GWAS
summary statistics were computed using FastGWA®™. In the GREML
analysis*’, the analysis sample was slightly lower (N=17,696 for EA,
N=17,849 for height) because we excluded closely related individuals
using the default relatedness cut-off of 0.025. These SNP-based herit-
abilities are a useful benchmark, as they constitute an upper bound on
the R* we can achieve in our sample using a PGI°. The SNP-based her-
itabilities additionally are a crucial input for disattenuating the OLS
estimator in the PGI-RC®. In fact, in the univariate case, the SNP-based
heritability obtained using GREML is actually the PGI-RC estimate.

Educational attainment (EA). Table 2 shows the results of regressions
of residualized years of education (EA) (standardized to have mean O
and standard deviation 1 in the sample) on the various PGls. Figure 6a
visualizes the results in terms of estimated heritability (i.e., the square
of the standardized PGI coefficient). Meta-analyzing summary statis-
tics from independent samples increases the standardized effect size
and associated predictive power of the PGl compared with using the
individual PGls. That is, the PGI based on the meta-analysis of the UKB
sample (excluding siblings and their relatives) and 23andMe delivers a
standardized effect size of 0.276 (Column 3), implying an estimated
heritability of 7.6%. This estimate is clearly higher than the effect sizes
and heritability estimates obtained when using the UKB or 23andMe
samples on their own (Columns 1 and 2; and the first two estimates of
Fig. 6a). Nevertheless, the meta-analysis PGI still delivers an R? that is

substantially below the estimates of the SNP-based heritability of
15.5-16.0%.

Column 4 of Table 2 shows the ORIV estimates employing the PGls
obtained from UKB and 23andMe as instrumental variables for each
other. The ORIV standardized effect estimate is 0.337. Whereas the R
of an IV regression is not meaningful*’, we can estimate the implied
heritability izSNP by squaring the coefficient, which gives 11.4%. While,
unlike in the simulations, we do not know the true standardized effect
size, it is reassuring that the implied heritability estimate is close to our
empirical estimates of the SNP-based heritability of 15.5% (s.e. 1.9%;
GREML) and 16.2% (s.e. 2.7%; LDSC), with the confidence intervals
overlapping. In Column 5, we additionally present the ORIV results
based on two PGls that were constructed using two random halves of
the UKB discovery sample. The IV assumptions are more likely to hold
in this scenario since the samples are equally sized and they originate
from the exact same environmental context. In particular, we estimate
the genetic correlation between the 23andMe and UKB summary sta-
tistics to be 0.878 (s.e. 0.011), whereas the genetic correlation between
the split-sample UKB summary statistics is 1.000 (s.e. <0.001). The
resulting coefficient and implied heritability of 10.4% of the split-
sample ORIV are only slightly below the two-sample ORIV results in
Column 4, and considerably higher than the estimate obtained with
the meta-analysis PGI.

When comparing ORIV to the PGI-RC, which in this univariate
context equals the GREML estimate, we observe that the ORIV esti-
mators are somewhat below the PGI-RC estimates (i.e., ORIV estima-
tors may exhibit some bias). At the same time, when accounting for the
uncertainty in the GREML estimate of the heritability h3,, that
underlies the PGI-RC (column 7 of Table 2 and bottom row of Fig. 6a),
the precision of ORIV estimators is considerably higher (i.e., ORIV
estimators have lower variance). Hence, there is a bias-variance trade-
off between ORIV and the PGI-RC in this context.
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attainment (EA) and b height. n = 35,282 independent individuals. The implied
heritability is computed on the basis of the square of the standardized coefficients
(see Eq. (24)), and its standard error is obtained using the Delta method. Rest as in
Table 2.

The results in the bottom panel of Table 2 are obtained using
regressions that include family fixed effects. This approach only relies
on within-family variation in the PGls and therefore uncovers direct
genetic effects®. It bears repeating that in this context the PGI-RC
cannot be applied, and so the relevant comparison here is between
regular OLS and ORIV. The standardized effect estimates are sub-
stantially smaller within-families than they are between-families. This
finding reflects an upward bias in the between-family estimates as a
result of population phenomena, most notably genetic nurture™">,
More specifically, in line with the literature®®****, our within-family
ORIV estimates are around 45% smaller than the between-family ORIV
estimates. As in the between-family analyses, applying ORIV within-
families increases the coefficient of the PGl compared to a meta-
analysis or using standalone individual PGIs. ORIV estimates the stan-
dardized direct genetic effect to be 0.184 (using PGI from two samples
—UKB and 23andMe) and 0.170 (using split-sample UKB PGls). This
estimate may still be prone to attenuation bias since the PGIs are based
on a GWAS that did not consider indirect genetic effects from relatives
(see also “Methods”)™?®, but this estimate does represent a tighter
lower bound on the direct genetic effect.

Height. Table 3 and Fig. 6b present the results of the regressions with
height as the outcome variable. The standardized effect sizes for
height are considerably larger than for EA, consistent with the higher
heritability of height. For example, a meta-analysis PGl based upon the
UKB and the GIANT consortium GWAS summary statistics reaches a
standardized effect size of 0.583, which corresponds to an incremental
R-squared of 34%. It is also noteworthy that for height the between- and
within-family results do not differ as much as they do for EA. Again, this
is in line with the literature™ which generally finds genetic nurture to be
more important for behavioral outcomes such as EA than for anthro-
pometric outcomes like height.

Despite the differences in heritability and in the role of genetic
nurture, we reach similar conclusions for height as for EA in the
comparison of OLS (meta-analysis), ORIV, and the PGI-RC. The two-
sample ORIV estimation is 25% (between-family) and even 30% (within-
family) higher when using ORIV compared to a meta-analysis PGI. The
confidence interval for the PGI-RC incorporating uncertainty in
the GREML estimate is again larger than the confidence interval of the
ORIV estimate, yet the point estimate of the PGI-RC is significantly
higher than the one for ORIV. In the within-family analysis, ORIV deli-
vers the tightest lower bound on the direct genetic effect for height,
which is estimated to be above 0.6. With height being a typical trait to

test new quantitative genetics methodologies*’, these empirical find-
ings build confidence that our conclusions from the simulations apply
more broadly.

Assortative mating. As shown in the simulations, depending on the
degree of assortative mating, the SNP-based heritability may be over-
estimated, and hence the PGI-RC could be overestimating the true
effect size more severely than ORIV. With EA being a trait that exhibits
a considerable degree of assortative mating®****, it is not entirely clear
whether the estimated SNP-based heritability of 15.5% (and corre-
sponding standardized effect of -0.4) is the correct target, or that it is
overestimating the true effect. Similarly, estimates of assortative
mating for height are in the order of 0.23%, again leaving potential for
bias in the GREML estimates that underlie the PGI-RC. For this reason,
in Supplementary Results 3, we compare the relative performance of
ORIV and the PGI-RC for a trait with a similar level of heritability but
that exhibits considerably less assortative mating: diastolic blood
pressure (DBP)*. In line with the absence of assortative mating, the
between-family and within-family results are highly concordant in case
of DBP. Similar to the results for EA and height, ORIV increases the
estimated coefficient by 27% compared to an OLS regression on basis
of the meta-analyzed PGI. Again similar to EA and height, the con-
fidence interval around the PGI-RC estimates is wider, but ORIV tends
to produce slightly lower point estimates than the PGI-RC. In sum, it
seems that our empirical findings are not driven by assortative mating
in EA or height.

Discussion
The increasing availability of genetic data over the last decade has
stimulated genetic discovery in GWAS studies and has led to increases
in the predictive power of polygenic indices (PGls). Phenotypes such
as educational attainment (EA) and height are currently at a critical
turning point at which boosting the GWAS sample size further will
only increase the predictive power of the PGls at a marginal and
diminishing rate. As a result, for the foreseeable future, regressions
involving PGlIs will be subject to an attenuation bias resulting from
measurement error in the estimated GWAS coefficients. In this study,
we compared two approaches that attempt to overcome attenuation
bias in the estimated regression coefficients of a PGl: Obviously-
Related Instrumental Variables (ORIV) and the PGI Repository Cor-
rection (PGI-RC).

Extensive simulations show that in between-family analyses, the
comparison of ORIV versus the PGI-RC is subject to a bias-variance
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Table 3 | Results of the OLS and IV regressions explaining (residualized and standardized) height

oLs oLs oLs ORIV ORIV PGI-RC PGI-RC
(UKB) (GIANT) (Meta-analysis) (2-sample) (Split-sample) (default) (GREML unc.)
Between-family results
Polygenic index 0.579*** 0.450*** 0.583*** 0.652*** 0.625*** 0.728*** 0.728***
(0.005) (0.005) (0.005) (0.006) (0.006) (0.006) (0.014)
First-stage estimate 0.622*** 0.586***
(0.004) (0.004)
First-stage F-statistic 27,261 20,792
Incremental R? 33.5% 20.3% 34.0%
Family fixed effects NO NO NO NO NO NO NO
N 35,282 35,282 35,282 35,282 35,282 35,282 35,282
Within-family results
Polygenic index 0.521*** 0.415*** 0.537*** 0.614*** 0.571***
(0.007) (0.007) (0.007) (0.008) (0.009)
First-stage estimate 0.600*** 0.558***
(0.005) (0.005)
First-stage F-statistic 15,735 11,150
Incremental R? 27.1% 17.2% 28.9%
Family fixed effects YES YES YES YES YES
N 35,282 35,282 35,282 35,282 35,282

Notes: *p value < 0.10; **p value < 0.05; ***p value < 0.01 of a two-sided t test (OLS, PGI-RC) or two-sided z-test (ORIV) without adjustments for multiple comparisons. In all regressions the dependent
variable is residualized height (standardized to have mean O and standard deviation 1), where the residuals are obtained after a regression of height on controlling for sex, year of birth, month of birth,
sex interacted with year of birth, and the first 40 principal components of the genetic relationship matrix. Standard errors are robust and clustered at the family level, and in case of ORIV also at the
individual level. OLS (UKB) refers to the model with the PGI constructed using the UKB non-sibling (i.e., excluding all siblings and their relatives) sample. OLS (GIANT) refers to the model with the PGI
constructed using the GIANT summary statistics. OLS (Meta-analysis) uses a PGl constructed using a meta-analysis of GWAS summary statistics of the UKB non-sibling sample and the GIANT sample.
ORIV (2-sample) refers to a 2SLS estimation using the PGIs from the UKB non-sibling sample and Giant as instrumental variables for each other. ORIV (Split-sample) refers to a 2SLS estimation where
the summary statistics derive from a random split of the UKB sample. PGI-RC refers to the PGl repository correction, where (default) refers to the conventional application of the method, whereas
(GREML unc.) refers to the case where we incorporate the uncertainty in the estimation of the SNP-based heritability.

trade-off that will differ across applications. The PGI-RC performs
especially well (in terms of Root Mean Squared Error) compared with
ORIV when there exists imperfect genetic correlation between the
discovery and prediction sample, or when the GWAS discovery sample
is relatively small. These conclusions hold even when incorporating the
additional uncertainty induced by first estimating the SNP-based her-
itability. However, when a sizable discovery sample is available that has
a near-perfect genetic correlation with the prediction sample, ORIV
tends to perform better than the PGI-RC. Moreover, when there exists
considerable assortative mating on the basis of the outcome variable,
ORIV also tends to perform significantly better compared with the PGI-
RC. In within-family analyses, ORIV is the most convenient way of
estimating direct genetic effects. The simulations suggest that apply-
ing ORIV within-families provides consistent estimates in the absence
of genetic nurture and assortative mating, and tightens the lower
bound on the direct genetic effects in the presence of genetic nurture
and assortative mating.

We empirically tested these predictions using UK Biobank data
on educational attainment (EA) and height and largely confirm the
simulation results. Both ORIV and the PGI-RC outperform a meta-
analysis based PGl in terms of bias and RMSE. Among them, in our
application, ORIV tends to underestimate the SNP-heritability some-
what (11% versus 15% for EA, and 43% versus 53% for height), but tends
to have smaller standard errors than the PGI-RC, especially when the
PGI-RC incorporates the uncertainty in the GREML estimates of the
SNP-based heritability. On the basis of within-family analyses, in our
application, ORIV estimated the standardized direct genetic effect to
be around 0.18 for EA and 0.6 for height, respectively a 30% (EA) and
14% (height) increase compared with a meta-analysis PGI. Similar
findings for diastolic blood pressure provide reassurance that assor-
tative mating on EA and height was not driving these empirical
findings.

In sum, the application of the PGI-RC or ORIV in empirical appli-
cations requires a careful assessment of the setting in which the cor-
rection is applied. From a practical point of view, it is a particular
advantage of ORIV that it can be easily implemented in all standard
statistical software packages (see https://github.com/geighei/ORIVfor
implementations in STATA and R). Moreover, ORIV does not require
external information on the SNP-based heritability. This feature makes
ORIV particularly attractive for within-family studies aiming to esti-
mate direct genetic effects, because SNP-based heritability estimates
do not solely capture direct genetic effects, but also incorporate
indirect genetic effects from relatives, assortative mating, and popu-
lation stratification®”. Whereas Young et al.”’ and Eilertsen et al.®
developed approaches for separating direct and indirect genetic
effects, both methods require genetic data from unrelated individuals
and both of their parents, samples of which are currently very rare.
Hence, ORIV is more flexible since it does not require external infor-
mation on the “true” level of disattenuation, which is hard to obtain in
within-family settings or for traits that are subject to considerable
assortative mating.

There are alternative approaches to deal with measurement
error than those analyzed in this study. Simulation-extrapolation
(SIMEX)®>%* is an approach that also exploits external information on
the SNP-based heritability, somewhat similar to the PGI-RC®, yet
relying on simulations. The advantage of ORIV over SIMEX is that it
does not require external information or simulations, and can also
be applied within-families. Notable other techniques to deal with
measurement error are the Generalized Method of Moments
(GMM*®*) and Structural Equation Modeling (SEM**). Since IV can
be seen as a special case of GMM and SEM models**°, the differ-
ences between the approaches are typically negligible in linear
models. The distributional assumptions are somewhat stronger in
SEM compared with 1V, and including family fixed effects tends to be
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cumbersome® . A possible advantage of SEM is however its flex-
ibility in allowing the factor loadings of the two individual PGIs to be
different. This could be especially relevant when the sample sizes
and/or genetic correlation with the prediction sample differ sub-
stantially across two GWAS discovery samples. An extensive com-
parison of ORIV versus (genomic) SEM or GMM is beyond the scope
of this paper, but we anticipate that differences will typically be
small unless the precision of the two independent PGls differs
substantially.

Whereas we have shown that both ORIV as well as the PGI-RC
are superior to a regular meta-analysis PGl in terms of overcoming
attentuation bias, this does not mean that further collection of
additional genotyped samples is useless. In contrast, larger sample
sizes are essential in identifying specific genetic variants that affect
the phenotype of interest, allowing one to investigate the biological
mechanisms driving these effects. Further, whereas the PGI-RC
and ORIV are useful “scaling tools” to estimate the regression
coefficient of the latent “true” PGI, they do not boost the predictive
power of a PGI in out-of-sample applications. Finally, applying
measurement error corrections using ORIV or the PGI-RC are not a
substitute for within-family GWASs. The collection of family sam-
ples is the only way to explicitly control for the indirect genetic
effects from relatives that plague the interpretation of the effects of
PGIs in between-family studies. The collection of genetic data of
family samples is on the rise’®, but their sample sizes are still com-
paratively small. The results of the present study suggest that the
application of ORIV could help to reduce attenuation bias in
regression coefficients for PGls constructed using the results of
within-family GWASs.

Methods

Conceptual model

Consider a simple linear fixed effects model in which a dependent
variable Y (e.g., educational attainment) is influenced by many genetic
variants:

J
Y=a+) BSNP; +& 3)
j=1
where J is the number of genetic variants (single-nucleotide poly-
morphisms, SNPs) included, SNP; represents the number of effect
alleles an individual possesses at Iocu51, and ﬁGWAS is the coefficient of
SNP,j. The true data generating process would also include the effects
of maternal and paternal SNPs, because only conditional on parental
genotypes the variation in SNPs is random and hence exogenous. We
discuss the use of family data briefly below, but ignore the effects of
parental genotype as well as environmental factors in the following
discussion for simplicity.
The dependent variable Y is assumed to be standardized with
mean zero and standard deviation 1 (gy=1). The true latent polygenic
index PGI is then defined as:

J
PGI'= Y B7***sNp;. (4)
j=1
If we would observe the true polygenic index PGI', then running the
OLS regression

Y=a+pPGl +¢ ®)
yields
- Cov(Y,PGI’) _ Cov(a+BPGI +£PGI) _ PG, 5
V(PGI) Tper Thor

where 8 measures what happens to the outcome Y when the true
latent PGI" increases with 1 unit in the analysis sample. Since a 1 unit
increase in the PGI is not straightforward to interpret, researchers are
typically more interested in Bx 0, i.e., a one standard deviation
increase in the true PGI. This estimate can be obtained by standar-
dizing the PGl:

« PGl — ppy
p(;lst:w,

Opar
where pi,. is the mean of the true PG, and o, is the standard
deviation of the true PGl If we now run the regression
Y=a+ B, PGl +¢, then the resulting estimator is:

. Cov(Y,PGL,)

Bou= V(PGL,)

=Cov | a+BPGI +¢, PO = Hpar
Opcr )

2

o .+
—R_PGI _ —
=p Oper =B0p; =By

Apart from an arguably easier interpretation, the standardization of
the PGI has the added advantage that there is a close connection
between the estimated coefficient and the R-squared of this univariate
regression. That is, in a univariate regression, the R-squared measures
the squared correlation between the outcome and the independent
variable, and it can be compared to the upper bound represented by
the SNP-based heritability.

Measurement error in the polygenic index
In practice, any estimated PGl is a proxy for the true latent polygenic
index PGI because it is measured with error:

PGI=PGI +v, v~N(0,0%)
where we assume that the measurement error v is classical in the sense
that it is uncorrelated to the error term in Eq. (3). If we estimate the
regression Y=a+pBPGl+¢g, then measurement error in the PGI
attenuates the coefficient of the PGl on Y:

2
Cov(a+BPGI +¢,PGl +v) /3 Ovar

V(PGI +1) 02 +02

-~ Cov(Y,PGl) _
B=—wan - Y

If—as is common in the literature—the observed PGl is standardized to
obtain PGl it follows that:

PGl +v

PGl —pipg; _ PGl _ _ ®
+02 \/0§GI,+U,§

o\

The resulting standardized coefficient of PGl on Y'is given by

PG] +v
B COV(Y PG[S[) PGI -+
st™ V(PGly,) 1 9)

2
GPGI =B, Opcr B,
ot

/2 /52 2

UPGI Obar +oy
Note that standardizing the observed PGI with respect to its own
standard deviation is a combination of standardizing with respect to
the standard deviation of the true PGI as well as the standard deviation
of measurement error (see also ref. 28). Therefore, Eq. (9) shows that
the estimate should be interpreted as the effect of a 1 standard
deviation increase in the observed PGI (and not the true latent PGI).
Hence, this estimate does not just underestimate the true j coefficient

PGl =

Cov (a +BPGI +¢,
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due to measurement error but should also be interpreted on a differ-
ent scale than the effect of the true PGI**7°,
Equation (9) can be rewritten as:

2 2
UPGI - ﬁst - R

2 2~ 2 2
Oper ¥00 Bse h

10)

where we have used that the square of the standardized coefficient
provides an estimate of the heritability. Hence, Eq. (10) shows that the
bias in OLS is determined by the ratio of the estimated R-squared over
the SNP-based heritability.

PGI repository correction (PGI-RC)

Becker et al.° exploit their equivalent of Eq. (10) to directly derive an
estimator that corrects for measurement error. The authors invert
Eq. (10) and take the square root to obtain a disattenuation factor:

Hgyp _ an

Opgr

In turn, they suggest—in the univariate case—to multiply the estimated
coefficient B, of the standardized PGI by the disattenuation factor to
obtain effects of the true PGI (they call this the “the additive SNP
factor”) free from measurement error:

2 0% _.+o2
Be hSNP =B, Opar PGl
S
o .+02  Opcr 12)

PG
:ﬁst'

This procedure conveniently ensures that the estimated effect of the
PGl is equal to the estimated SNP-based heritability, which the
developers suggest to obtain using GREML. Hence, the bias of
the product estimator in Eq. (12) is zero if the GREML assumptions
are met and the researcher can compute the SNP-based heritability in
the same sample as where the analysis is conducted.

The standard error of the PGI-RC estimator is discussed in the
Supplementary Information of Becker et al.. When treating the factor

\/hayp/R? as a fixed non-stochastic scaling term, the variance can be

derived as:
2 2 2
(ﬁsr\/hSNP> \/h;’;”’ Var( St)\lh;’;”’

13)
ey ()
R2 st
and the resulting standard error is then simply given by
e h .
( o SNP) | se. (Be) (14)

That is, both the coefficient as well as the standard error of the original
standardized coefficient are simply scaled by the same factor

\/hayp/R2. This standard error is treated as the default and also
implemented in the accompanying software.

However, as acknowledged in the Supplementary Information
(Section 5, pages 14 and 15) of Becker et al.°, in practice the scaling

factor is not a fixed immutable statistic, but rather a stochastic factor
that is estimated in a first step. Hence, the true standard error of the

PGI-RC equals the standard error of the square root of the SNP-based
heritability obtained through GREML. Using the Delta method, this
leads to a standard error

as)

In our simulations as well as empirical applications, we report both
standard errors (Egs. (14) and (15)) to allow for an accurate comparison
across methods. In rare cases, in a very small prediction sample, the
estimated SNP heritability in our simulations is estimated to be very
small. This results in a huge standard error as can be seen in Eq. (15). To
avoid that these rare cases have a large influence on our mean com-
parisons, we ignore runs that produce a SNP-based heritability lower
than 0.01.

Instrumental variables
An alternative way of addressing measurement error is instrumental
variables (IV regression). It has long been recognized in the econo-
metrics literature””’* that when at least two independent measures of
the same construct (independent variable) are available, it is possible
to retrieve a consistent effect of this construct on an outcome through
IV estimation.

In terms of formulas, if we have two measures for the true PGI*,

PGl =PGlI*+v; and PGl =PGI*+v,, with Cov(v;,v,)=0 and
0’2’1 = i = g_% Then
0127611 PG, T
CoV(PGl, PGly) = Cov(PGI' +14,PGI +1,)=Cov(PGI PGl ) =02 ;;  (16)
2
o2 .
Corr(PGI, PGly) = SOVPCILPCL) _ Tpg 17)

2 2
Opc1,Opal, Oper 1O

Hence, the correlation between the two PGls can be used to correct for
the attenuation bias that plagues the interpretation of the OLS esti-
mates in Eq. (7). More formally, if we use PGl, as an instrumental variable
(IV) for PGl,, then the IV estimator is the ratio of the reduced form
(regression of Y on PGl,) and the first stage (regression on PGl; on PGl,):

v Colrrh) oy (a +BPGI +¢&,PGI + l/z)
_ ey as)
Cov (PGL;,PGl,) . .
™ Cov <PGl +1,,PGI +u2)
ﬁ PGl — (19)

PGI

As a consequence, IV regression is able to estimate the unstandardized
coefficient of the true latent PGl in a consistent way. But since
unstandardized coefficients are hard to interpret, one is typically more
interested in the standardized coefficient. In this case, the IV estimator

is given by:
PG+,
NI
PGl

Cov(vpal,,)  Cov <0( +BPGI +e¢,

AV _ V(PGly5) -
St ™ Cov (PGlyy,PGlyg)
TTVPGLy) PGl _ PGl +v; (20)

Cov PGl ty,
NN
=B /52
=p O +02 2 fopq.

Importantly, the standardized IV estimator is not equal to the effect of
a one standard deviation increase in the true PGI since the PGl is
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standardized with respect to the standard deviation of the observed
instead of the true latent PGI. As a result, IV overestimates the true
standardized coefficient. However, a way to retrieve the effect of a
1 standard deviation increase in the true latent PGl would be to scale
the standardized IV coefficient:

IV

By =Bopg; -

Opgr
2 + 02
V Oper * v

Although the scaling factor is unobserved, an estimate is given by the
square root of the correlation between the two PGls (see Eq. (17)).
Alternatively, one could also divide the observed standardized poly-
genic indices PGl i and PGI, ;; by the same scaling factor:

@n

PG+,
PGI VP2t PGl +v
PG]I L= > st _ OI:’GI — 1 . (22)
’ PGI” PGI" Opgr ’
02 . +02 02 . +02
PGI v PGl v
PGl +v,
PGl V2 +% PGl +v
PGl,,=— 2t =V rd 7 2 (23)
4 PGI PGl GP G
o2 . +o2 02 +o2
PGl Y PGl Y

If we then base the IV estimator upon these scaled polygenic indices
PGl . and PGl, ., then the resulting estimator is given by

. 2
Cov (Y,PGl, ) * PGl +v, e
BV _ TVRGL) Cov (a+pPCl +¢, %ar /- B ear
* 7 Cov(PGly, PGl ) PGl +1, PGl +v, TP
L T2 ) Cov (—1 —_ ol 24
V(PGly, ) %%t " Opar [z 24
PGI
=B0pcr = By-

In sum, an IV estimate of the true standardized effect size can be
obtained by (i) dividing the two independent standardized PGls by the
square root of their correlation, and (ii) using these scaled PGls as
instrumental variables for each other. This newly derived scaling factor
avoids having to rescale regression estimates ex post to retrieve the
estimated heritability as is done for example in ref. 29. In Supple-
mentary Results 3, we show that our ORIV estimates are not biased
when applying the between-family correlation between PGls in the
within-family analyses.

Since environments differ, the best linear genetic predictor (i.e.,
the true latent PGI) may however differ across samples. This would
imply that the genetic correlation between the two samples would be
lower than 1 for a particular outcome variable. This can be tested, for
example with LDSC”>. LDSC can also be used to estimate the cross-trait
LDSC intercept. With a trend towards ever-larger GWAS meta-analyses
and reuse of genetic data, it is important to verify that GWAS summary
statistics used to create the two independent PGls are not computed
from partially overlapping samples (or from sets of individuals that are
related to each other). Using two PGls based on such related GWAS
summary statistics would be in violation of the ORIV assumptions. The
cross-trait LDSC intercept can be used to test for sample overlap,
although the precise threshold depends on the GWAS samples sizes
and the heritability of the trait’®. In our study, the LDSC cross-trait
intercepts do not cross the critical threshold. Moreover, in the UKB
split-sample analyses, the GWAS samples do not contain related indi-
viduals (see Supplementary Methods 2).

Bias in IV. Instrumental Variable regression provides consistent esti-
mates, yet it is biased in small samples with the bias in IV regression
inversely related to the first-stage F-statistic with a factor roughly
equal to 1/F****, The F-statistic in a univariate regression is equal to the
square of the t-statistic of the first-stage coefficient 7. Therefore, in

this context:

(25)
_PIN-2)

1-7°
_ Corr(PGl,PGL)*(N — 2)

1— Corr(PGl;,PGl,)?

Where 7 is the first-stage coefficient, and we have used the fact that the
PGIs are standardized such that the coefficient 7 represents the
correlation between the two PGls. Hence, the performance of (OR)IV
depends on the correlation between the two PGls. This correlation is a
function of the measurement error of the independent PGls (see
Eq. (17)). Equation (25) also implies that, like OLS, the performance of
(OR)IV is (largely) independent of the absolute values of § and vac/“
Unlike OLS, the bias of (OR)IV decreases with the prediction sample
size N.

Obviously-related instrumental variables

The most efficient implementation of the proposed IV estimator is the
recently proposed technique “Obviously-Related Instrumental Vari-
ables” (ORIV) by ref. 31. The idea is to use a “stacked” model

(v)= (o) 8 pars ) v

where one instruments the stack of estimated PGls ( Eg:l"' > with the
matrix 2
PGl, . Oy
Oy PGl ,

in which N is the number of individuals and Oy an N x1 vector with
zero’s. The implementation of ORIV is straightforward: simply create a
stacked dataset and run a Two-Stage Least Squares (2SLS) regression
while clustering the standard errors at the individual level. In other
words, replicate the dataset creating two values for each individual,
and then generate two variables (i.e., an independent variable and an
instrumental variable) that alternatively take the value of PGl; . and
PGl .. The resulting estimate is the average of the estimates that one
would get by instrumenting PGl by PGl,., and vice versa. This
procedure makes most efficient use of the information in the two
independent PGls and avoids having to arbitrarily select one PGl as IV
for the other. Family fixed effects can also be included in the model, in
which case one should include a family-stack fixed effect in order to
conduct only within-family comparisons within a stack of the data.
Standard errors should then be clustered at both the family as well as
the individual level. Supplementary Results 3 illustrates the benefits of
applying ORIV over regular IV in terms of point estimates, and a slight
improvement in precision. Example syntax in STATA and R is available
on our Github webpage https://github.com/geighei/ORIV.

(26)

@7)

Within-family analysis

So far, we have ignored the potential influence of parental genotype on
the individual’'s outcome. Controlling for parental genotype is impor-
tant since the genotype of the child is only truly random conditional on
parental genotype. In other words, the only relevant omitted variables
in a regression of an outcome on the child’s genotype are the genotype
of the father and the mother. Leaving parental genotype out is not
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innocuous. As evidenced by several studies showing the difference
between between-family and within-family analyses™, the role of par-
ental genotype can be profound. Another way of showing this is by
studying the effect of non-transmitted alleles of parents on their chil-
dren’s outcomes®, to estimate so-called genetic nurture. The true data
generating process (DGP) may therefore be:

J J J
Y=a+ BIOSNP+ D B SSNPT + Y B MASSNP M e, (28)
j=1 j=1 j=1

where the superscripts F and M denote father and mother, respec-
tively. When the true DGP is governed by Eq. (28), B7""* will be esti-
mated with bias in case Eq. (3) is used in a GWAS. A simple solution
would be to control for parental genotype or family fixed effects in the
GWAS phase. However, with the recent exception of*°, GWAS dis-
covery samples with sufficient parent-child trios or siblings are
typically not available. Hence, a researcher often has no option but
to work with the “standard GWAS” coefficients that are obtained with
Eq. (3) and that produce a biased PGI. Given this empirical reality, it is
also the approach we adopt in our simulations.

In a between-family design, the bias in the coefficient of the
resulting PGI tends to be upward, as the coefficients of the individuals
and his/her parents are typically of the same sign®. However, inter-
estingly, when the conventional PGl is used in a within-family design,
the bias is downward. The intuition is that when a conventional GWAS
(i.e., a GWAS that does not control for parental genotype) is used in its
construction, a PGI reflects direct genetic effects as well as indirect
genetic effects (e.g., genetic nurture) arising from parental genotype.
When applying these PGIs within-families, some of the differences in
the PGI across siblings therefore spuriously reflect the effects of par-
ental genotype, whereas in fact their parental genotype is identical.
Hence, genetic nurture can be seen as measurement error in the PGI
when applied in within-family analyses, leading to an attenuation bias™.

A final source of downward bias could stem from indirect genetic
effects, sometimes referred to as social genetic effects’®”, e.g., arising
from siblings. For example, consider a case with two siblings where there
is a direct effect y; of one’s sibling’s SNP on the outcome of the other:

J J
Yyj=a;+ Z B;SNP; + Z V;SNPy; +&;
Jj=1 Jj=1
J J
Yy=a;+ Z BjSNP,; + Z V;SNPy; +&5;.
j=1 j=1

When taking sibling differences to eliminate the family fixed effects,
we obtain:

fy= 1= 30060 (58P 5N ) e -4).

Since sibling effects are again likely to have the same sign as the direct
effect, sibling effects cause a downward bias in the estimated effect of
one’s own SNP, as measured by f;. Again, the only way to overcome this
source of bias is to include the parental genotype in the GWAS, since
conditional on the parental genotype, the genotypes of siblings are
independent.

In sum, within-family analyses are the gold standard to estimate
direct genetic effects, free from bias arising from the omission of
parental genotype. However, when using a family fixed effects strategy
on the basis of a PGI from a conventional GWAS that did not include
parental genotype, the direct genetic effect is biased downward as a
result of measurement error, genetic nurture effects and social genetic
effects’®. Therefore, this approach provides a lower bound estimate on
the direct genetic effects.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

This research has been conducted using the UK Biobank resource
(Application number 41382). UK Biobank data can be applied for
through  https://www.ukbiobank.ac.uk/enable-your-research/apply-
for-access. The polygenic indices were constructed using the UK Bio-
bank, the GIANT summary statistics available at https://portals.
broadinstitute.org/collaboration/giant/index.php/GIANT_consortium_
data files, and the 23andMe summary statistics. The 23andMe sum-
mary statistics are only available to qualified researchers under an
agreement with 23andMe that protects the privacy of the 23andMe
research participants. For more information, visit https://research.
23andme.com/collaborate/#dataset-access/. All results supporting the
findings described in this manuscript are available in the article and its
Supplementary Information files and from the corresponding author
upon request.

Code availability

All syntax and details on the simulation analyses are available on
https://github.com/devlaming/gnames. All syntax for the empirical
analyses can be found on https://github.com/geighei/ORIV.
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