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Disease and Polygenic Architecture: Avoid
Trio Design and Appropriately Account
for Unscreened Control Subjects for Common Disease

Wouter J. Peyrot,1.2* Dorret 1. Boomsma,*> Brenda W.J.H. Penninx,! and Naomi R. Wray2*

Genome-wide association studies (GWASs) are an optimal design for discovery of disease risk loci for diseases whose underlying genetic
architecture includes many common causal loci of small effect (a polygenic architecture). We consider two designs that deserve careful
consideration if the true underlying genetic architecture of the trait is polygenic: parent-offspring trios and unscreened control subjects.
We assess these designs in terms of quantification of the total contribution of genome-wide genetic markers to disease risk (SNP herita-
bility) and power to detect an associated risk allele. First, we show that trio designs should be avoided when: (1) the disease has a lifetime
risk > 1%; (2) trio probands are ascertained from families with more than one affected sibling under which scenario the SNP heritability
can drop by more than 50% and power can drop as much as from 0.9 to 0.15 for a sample of 20,000 subjects; or (3) assortative mating
occurs (spouse correlation of the underlying liability to the disorder), which decreases the SNP heritability but not the power to detect a
single locus in the trio design. Some studies use unscreened rather than screened control subjects because these can be easier to collect;
we show that the estimated SNP heritability should then be scaled by dividing by (1 — K x u)? for disorders with population prevalence
K and proportion of unscreened control subjects u. When omitting to scale appropriately, the SNP heritability of, for example, major

depressive disorder (K = 0.15) would be underestimated by 28% when none of the control subjects are screened.

Optimal experimental design of genetic studies of disease
for discovery of associated loci depends on the underlying
genetic architecture of the trait. Although the true genetic
architecture of the trait is usually not known, different
experimental designs aim at exposing causal loci of
differing population frequencies. For example, the optimal
experimental design to detect de novo mutations is a trio
design in which affected probands and their parents are
genotyped.' In contrast, genome-wide association studies
(GWAS:s) are an optimal design for a genetic architecture
that includes many common causal loci of small effect
(a polygenic architecture). Here, we consider two designs
of GWASs, which we show deserve careful consideration:
designs based on parent-offspring trios and designs based
on unscreened control subjects. We assess these designs
in terms of quantification of the total contribution to dis-
ease risk of genome-wide genetic markers, via estimation
of so-called SNP heritability,” and the power to detect an
associated risk allele.

Our study is motivated by experiences with GWAS de-
signs for psychiatric disorders, but our results are parame-
terized based on baseline disease risk and heritability, and
are, therefore, applicable to the full range of diseases and
disorders with a polygenic genetic architecture of underly-
ing risk. For psychiatric disorders, GWASs have had vari-
able success in detecting genome-wide significant com-
mon SNPs. On the one hand, 108 significant loci were
recently found for schizophrenia (SCZ [MIM: 181500]) in
a sample comprising 36,989 case subjects,” whereas only
two loci were found in one study on major depressive dis-
order (MDD [MIM: 608516])* but none in another,® no loci

for attention-deficit/hyperactivity disorder (ADHD [MIM:
143465)),° and only single-study genome-wide significant
loci for autism spectrum disorder (ASD [MIM: 209850]).”°
Sample size is pivotal in explaining this discrepancy,
because much smaller numbers of cases were included for
MDD (5,303 and 9,240, respectively), ADHD (2,960), and
ASD (2,705, 1,984, and 1,553, respectively) than for SCZ.
Other contributing factors have, nevertheless, been pro-
posed, such as the impact of de novo mutations in
ASD'?'! (although these are expected to explain only a
small proportion of variation),'? lower family-based herita-
bility of MDD (~0.4 versus ~0.8 for SCZ, ASD, and ADHD,
assuming a similar genetic architecture between disor-
ders),'* and higher prevalence and greater heterogeneity
of MDD.'* Here, we show that the trio design, which is
regularly applied in ASD and ADHD, and use of unscreened
control subjects deserves careful consideration in the
context of an underlying polygenic architecture, which is
an important consideration for design of future studies
that strive to increase sample size.'®

The impact of trio design and the use of unscreened con-
trol subjects on the SNP heritability have, to the best of our
knowledge, not yet been described, probably because the
methods for estimation of SNP heritability were developed
only in recent years.'®'” The impact on the power to
detect a single locus has, on the other hand, been studied
in the pre-GWAS era of candidate genes,'®*! but we could
find no clear-cut comparison of the power to detect an
associated risk allele with trio studies versus screened con-
trol studies, and we will therefore also give an overview of
these differences. We investigate the trio design and the
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use of unscreened control subjects by analytical derivation
followed by simulation studies to validate theory. Assorta-
tive mating (correlation in liability between spouses) is
included in our trio design analyses, because this has
been reported for a range of psychiatric disorders.”” >
For example, a spouse correlation on the social responsive-
ness scale (a quantitative measure of autistic traits) of 0.29
has been reported in a population sample”* and of 0.26 in
parents of ASD probands.”” For ADHD a spouse correlation
of 0.11 on the ADHD index in population samples has
been reported.”® In trio designs, genotypes of proband
cases are compared to genotypes of pseudocontrol subjects
(the non-transmitted parental alleles).

SNP Heritability Calculations

The SNP heritability estimates the total proportion of vari-
ance tagged by common SNPs from a genome-wide associ-
ation study.”'® If samples with GWAS data are population
saArznples, then the variance estimated on the observed scale
(h,) is expressed V\Ll;(h the Robertson’s transformation on
the liability scale (h;) as”®

E,Z = ﬁj@, (Equation 1)
where z denotes the height of the standard normal density
function at the threshold corresponding to a baseline dis-
ease risk K. Quantification on the liability scale is most
interpretable because it allows direct comparisons of esti-
mates of heritability from family data that are reported
on this scale to estimates of variance explained by individ-
ual genome-wide significant loci. However, usually GWAS
samples are oversampled for case subjects compared to
population samples and the transformation of proportion
of VarianceAezlttributable to SNPs estimated from case-con-
trol data (h,..) must also account for the proportion of

OCC)
cases in the sample P by**’

~2  ~2 K(1-K)’

h, = hmp(1 P (Equation 2)

which reduces to Equation 1 when the sample is
a population sample and P = K. However, these trans-
formations assume that control subjects are screened.
To account for control subjects being unscreened,
we define F as the proportion of falsely classified
control sub]'ects, F :Nfalse amtrols/ (Nfalse controls+ante controls):
Nfaise controts/ Neontrots- We closely followed the derivations of
Golan et al. (paragraphs 1.2 and 1.3 of their Supplemental
Materials)?” to derive an updated equation (Table S1)
validated by simulation (Table S2),

h,2 = hja_ K -K) Y (Equation 3)
P(1-P)(1-F)z

which reduces to Equation 2 when F = 0 and control sub-
jects are screened. If a proportion u of the control subjects
are a random sample from the population, then one can

assume that F = Ku. Therefore, if it is unknown whether
control subjects are screened or not, the potential underes-
timation when all Contrcllzsub]'ects are unscreened (u = 1)
of the SNP heritability h;, estimated from the standard
Equation 2 can be assessed as ﬁ, (1 — K)* and thus depends
on baseline risk K. In trio designs where probands are ascer-
tained randomly, the pseudocontrol subjects are equiva-
lent to unscreened control subjects under a polygenic
model (Figure S1).

For the trio design, the SNP heritability was derived for
a disease parameterized with normally distributed pheno-
typic () and genetic (G) liabilities with means E(l) =
E(G) = 0 and variances V; = 1 and V5 = h,z, the true her-
itability on the liability scale in the parental generation.”®
Under the liability-threshold model, individuals are
deemed affected when their liability (/) is larger than
threshold (T) such that P(I > T|I~ N(0,1)) = K. Parental
assortative mating was taken into account by parameter-
izing a spouse liability correlation of p; and genetic corre-
lation of pg = h?p,.”® The E(G) of proband case subjects
and pseudocontrol subjects were derived by considering
the variance-covariance matrix of I and G of individuals
that could contribute to a trio design (proband, sibling,
mother, father, pseudocontrol). To account for the
affected proband, the variance-covariance matrix of
random families was conditioned on the proband being
affected by accounting for the reduction in variance as a
result of the Bulmer effect”” in related individuals
described by Tallis.*” To account for a second affected sib-
ling, the variance-covariance matrix was further condi-
tioned on the sibling also being affected. Details of these
derivations are provided in the Supplemental Methods
and were validated with a simulation study in R (Tables
S3 and S4).

Figure 1A displays the SNP heritability assessed from un-
screened control subjects (Figure 1A, dashed line), which
is equivalent to estimates from pseudocontrol subjects
from random families with at least one affected proband
(Figure 1A, dotted line) and screened control subjects
(Figure 1, solid lines). Although the standard transforma-
tion (Equation 2) applied toA%lerive estimates of SNP herita-
bility on the liability scale (/) is expected to give unbiased
estimates of the true SNP heritability when case subjects
are randomly ascertained and control subjects are screened
(Figure 1A, solid line), the transformation underestimates
h,2 by a factor (1 — K)?> when diseases are common (high
K) and control subjects are unscreened or are pseudocon-
trol subjects (Figure 1A, dashed and dotted line). The estl-
mated heritability from the Equation 2 transformation h !
severely underestimates #? when data result from a trio
design with probands ascertained from gultiplex families
(Figure 1B, dotted line), for example, h; = 0.31 for K =
0.05 and h? = 0.5, because the mean liability of pseudo-
control subjects is greater than the average in the popula-
tion and so the contrast in genetic values between case sub-
jects and pseudocontrol subjects is less than between case
subjects and screened control subjects (Table 1, additional
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Figure 1. Relationship between the True SNP Heritability and Its Estimates Based on the Standard Transformation with Equation 2
from Trio Data, Screened Controls, and Unscreened Controls

The SNP heritability ﬁ,z that would be estimated based on the standard liability transformation equation (Equation 2) for GWASs using
pseudocontrol subjects (dotted lines), unscreened control subjects (dashed lines), and screened control subjects (solid lines) compared
to the true parental SNP heritability /? for designs based on randomly ascertained proband families (A), families with an additional
affected sibling (B), in the context of parental assortative mating with a correlation on the liability scale of p; = 0.3 (C), and families
with an additional affected sibling in the context of parental assortative mating (D) for disorders with lifetime risk K = 0.01, 0.05,
and 0.15. The pseudocontrol subjects of random proband families are equivalent to unscreened control subjects (dashed and dotted lines

~2

overlap in A), and the slope of these lines are defined by (1 — K)?, i.e., the underestimation of /2, when mistakenly applying Equation 2
rather than Equation 3 to transform the heritability on the observed scale to the liability scale when none of the control subjects are
screened.
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Table 1.

Mean Genetic Liabilities and SNP Heritability Estimated from the Standard Transformation with Equation 2 from GWAS using

Trio Design, Screened Control Subjects, or Unscreened Control Subjects for Actual Parental Heritability 0.5

Mean Genetic Liability (E(G))

Control EIZ Assessed from Proband
K h? Parents Case Screened Unscreened Pseudo Screened Unscreened Pseudo
Random Proband Families
0.01 0.5 1.333 -0.013 0.000 0.000 0.500 0.490 0.490
0.05 0.5 1.031 —0.054 0.000 0.000 0.500 0.451 0.451
0.15 0.5 0.777 -0.137 0.000 0.000 0.500 0.361 0.361
Additional Sibling Affected
0.01 0.5 1.634 —-0.013 0.000 0.543 0.749 0.736 0.328
0.05 0.5 1.275 —0.054 0.000 0.424 0.750 0.690 0.307
0.15 0.5 0.972 —-0.137 0.000 0.323 0.735 0.565 0.251
Parental Assortative Mating
0.01 0.5 1.386 —0.016 0.000 0.097 0.542 0.530 0.459
0.05 0.5 1.075 —0.060 0.000 0.075 0.547 0.490 0.424
0.15 0.5 0.812 —0.148 0.000 0.057 0.552 0.395 0.341
Additional Sibling Affected and Parental Assortative Mating
0.01 0.5 1.706 —-0.016 0.000 0.670 0.818 0.803 0.296
0.05 0.5 1.335 —0.060 0.000 0.525 0.826 0.756 0.278
0.15 0.5 1.021 —0.148 0.000 0.402 0.818 0.624 0.230

The mean genetic liabilities £(G) are displayed for probands, unrelated screened control subjects, unrelated unscreened control subjects, and their pseudocontrol
subjects as well as the SNP heritability /1, estimated from Equation 2 from comparing case subjects to these three sets of control subjects, for different parame-
terization of baseline disease risk K and a fixed underlying heritability of h? = 0.5. The probands are parameterized in line with Figure 1 to be selected from random
proband families (Figure 1A), families with an additional affected sibling (Figure 1B), families in the context of parental assortative mating (Figure 1C), and families
with an additional affected sibling in the context of assortative mating (Figure 1D), respectively.

sibling affected), which is not fully compensated by the
fact that case subjects from multiplex families have higher
mean liability than randomly selected case subjects
(Table 1, random proband families). In contrast, when
case subjects are selected from multiplex families and con-
trol subjects are screened, the estimated SNP heritability
based on the standeggl transformation is an overestimate
of hl2 (for example, h, = 0.75 for K = 0.05 and h? = 0.5).
When control subjects are unscreened, the SNP heritability
is found between the SNP heritabilities from screened and
pseudocontrol subjects (Figure 1, dashed lines), when SNP
heritabilities are estimated by Equation 2. In the context of
assortative mating, a trio design comparison _of probands
to pseudocontrol subjects yields decreased Ez (Figure 1G;
Table 1, parental assortative mating; spouse correlation
pr = 0.3). Again, comparing the probands to screened
control subjects (from the offspring generation) does in
fact overestimate the heritability in the parent generation
h?; this is, however, a well-known consequence of assorta-
tive mating and is not restricted to the trio design
(VG,ofﬁspring = VG,parents + (1/2)/7(},parenrs VCv“polrents)-Z9 The most
pronounced difference between screened and pseudocon-
trol control subjects is found for probands with an addi-
tional affected sibling in the context of parental assortative

mating (Figure 1D; Table 1, additional sibling affected and
parental assortative mating).

Power Calculations

The power to detect an associated risk allele in a case-con-
trol association test follows from the non-centrality param-
eter NCP of the y? test statistic. This NCP is expressed in
terms of sample size N, proportion of case subjects in the
study v, the allele frequency in case subjects p.,s., the allele
frequency in control subjects p.ono, and the mean allele
frequency in the sample p = Vpease + (1 — V)Peontror aS

( case pcontral)z

NCP =
(1= 7) (s + s

(Equation 4)

and the power as P(x > vNCP+ x7 | z~ N(0,1)), where
xr is the z -value quantile-function of the standard normal
distribution for the desired significance threshold, here set
ato =5 x 10~® (xp = —5.45). The power of different experi-
mental designs is reflected in the appropriate expressions of
Pease A0 Peonror- We parameterize a disease with a baseline
lifetime disease risk K, a di-allelic locus with risk allele fre-
quency P(B) = p, non-risk allele frequency P(b) =g =1 — p,
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Figure 2. Power to Detect a Single Risk Variant in Association Studies of 10,000 Case Subjects that Use a Trio Design, Screened Con-

trol Subjects, or Unscreened Control Subjects

Power of association analysis comparing 10,000 probands to 10,000 screened control subjects (solid line), 10,000 unscreened control
subjects (dashed), 20,000 unscreened control subjects (dot-dashed), and 10,000 pseudocontrol subjects (dotted) to detect a single asso-
ciated risk variant for a risk allele with frequency p = 0.2, for a baseline disease risk K = 0.01, 0.05, and 0.15. Power was estimated for risk
variants with underlying additive effect (RRgp = RR%,) for random ascertainment of probands (A) and probands from families with an
additional affected sibling (B). Note that pseudocontrol subjects from random families are equivalent to unscreened control subjects
and that the dotted and dashed lines in (A) overlap. The variation explained on the liability scale was approximated by
h2 s =2p(1 — p)(RRpp — 1)2/i2, where i equals z/K the mean liability of probands, and z the height of the standard normal density func-
tion at the threshold corresponding with disease of lifetime risk K.

relative risk of heterozygotes RRp, = P(Disease|Bb)/
P(Disease|bb), and relative risk of the homozygotes
RRpp = P(Disease | BB) /P(Disease | bb).*"** When control
subjects are screened, power follows from puse =
kpsRRppp(1 + p(RRpp — 1))/K, where kp, = P(Disease|bb) =
K/(q* + 2pqRRgy + p?RRgp) and peonwor = (1 — KppRRpp)
p(1 = p) + (1 — kpRRep)p?)/(1 — K),** which agrees with
the genetic power calculator of Purcell et al.** When control
subjects are unscreened, the power of an association study is
expressed by Equation 4 with p.o,u0 = p. For the trio design,
power was assessed by substituting in Equation 4 the allele
frequency in probands and pseudocontrol subjects (the
non-transmitted alleles of the parents). When trios are ascer-
tained from families with an additional affected sibling or
when there is assortative mating, the risk allele frequency
in control subjects can be derived from combined and con-
ditional genotype frequencies of an individual, the affected
sibling, and the parents. Under assortative mating, expres-
sions are dependent on spouse liability correlation piiapiis,
which results in the correlation between the parental geno-
tyPes as piocus = Priaitiey Mpeus- - 1t follows that assortative mat-
ing (for example, pjigpiiiry = 0.3) has no impact on the power
to detect a single locus for loci typical of polygenic architec-
ture that explain less than 1% of variation (pjqs = 0.3 X

0.01 = 0.003).”® When assuming a small RRg, typical of
complex genetic disease and a multiplicative model on the
disease scale (RRgs = RR%,, implying additively on the un-
derlyingrisk scale), the variance attributable to the risk locus
can be approximated by h?,,. =2pq(RRg, — 1)*/i2 with i =
z/K the mean liability of case subjects and z the height of
the standard normal density function at the threshold corre-
sponding to a baseline disease risk K.** The expressions to
derive allele frequencies in trios are closed but complex
(Supplemental Methods) and were validated by simulation
(Table S5).

Figure 2 displays the power to detect an associated risk
allele for probands from random trios with an affected pro-
band (Figure 2A) and multiplex trios with an additional
affected sibling (Figure 2B), when the risk allele has a fre-
quency of P(B) = p = 0.2 for disorders with baseline risk
K = 0.01, 0.05, and 0.15 in a sample of n = 10,000 trios
(probands versus pseudcontrol subjects) against RRg;, given
an underlying additive effect (RRgz = RR%,) (dotted line).
Note that pseudocontrol subjects from random families
are equivalent to unscreened control subjects (Figure S1),
which are displayed in Figure 2 for 10,000 unscreened con-
trol subjects (dashed line) and 20,000 unscreened control
subjects (dot-dashed line) compared to 10,000 probands.
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Table 2.

Maximum Power Difference between Trio Design and Screened Control Subject Studies with 20,000 Subjects

Allele Frequencies

Power (n = 20,000) n (Power = 0.8)

K RRg,, Proband Pseudo Screened Pseudo Screened Pseudo Screened
Proband from Random Proband Families

0.01 1.147 0.223 0.200 0.200 0.56 0.58 25,226 24,714
0.05 1.144 0.222 0.200 0.199 0.51 0.63 26,327 23,712
0.15 1.135 0.221 0.200 0.196 0.39 0.74 29,670 21,297
Proband from Families with an Additional Affected Sibling

0.01 1.115 0.228 0.209 0.200 0.17 0.91 39,201 17,307
0.05 1.113 0.227 0.209 0.199 0.15 0.92 40,533 16,923
0.15 1.108 0.226 0.208 0.197 0.11 0.94 44,574 15,945

The loci with allele frequency p = 0.2 from Figure 2 that result in most pronounced decrease in power for pseudocontrol compared to screened control studies for a
sample of 10,000 case subjects and 10,000 control subjects are displayed in detail. The power difference depends on the baseline disease risk K, its effect size RRgp,
and whether the probands are from random proband families or families with an additional affected sibling (compare to solid and dotted lines, respectively,
in Figure 2). For these loci, the allele frequencies in probands, pseudocontrol subjects, and screened control subjects is displayed, as well as the power given a
sample size of n = 20,000 (50% case subjects) and the required sample size to obtain a power of 0.8. Note that pseudocontrol subjects from random families

are equivalent to unscreened population control subjects.

The solid line on each graph is the power for 10,000 pro-
bands compared to 10,000 unrelated screened control sub-
jects. Figure 2A shows that there is little to be gained in
screening control subjects for diseases of lifetime morbid
risk < 1%, but for more common disorders (such as
ADHD and MDD), there is an important gain in power,
which can also be gained by increasing the number of un-
screened control subjects. When trios come from families
with an additional affected sibling, the case subjects have
an increased probability of carrying the risk allele and so
when matched with screened control subjects, there is a
gain in power compared to random ascertainment of case
subjects (solid line in Figure 2B versus solid line in
Figure 2A). For example, when p = 0.2, RRp, = 1.2, then
Pprovana 8 = 0.248 and pyropana 4 = 0.231, respectively
(these frequencies do not depend on K). However, when
the association study is of case subjects from multiplex
families compared to pseudocontrol subjects, there is little
gain in power compared to trios based on randomly
selected case subjects (dotted line in Figure 2B versus
dotted line in Figure 2A), because the pseudocontrol sub-
jects also have increased probability of carrying the risk
allele (ppseudocontrol B = 0.215 and ppxeudocontrol A= 02) The
maximum power difference between using screened and
pseudocontrol subjects depends on RRgy,, K, sample size,
and whether probands are ascertained randomly or from
families with an additional affected sibling (Table 2),
but is found for a sample comprising 20,000 subjects at
RRpp = 1.11 and K = 0.15 for probands with additional
affected siblings, under which scenario a total sample
size of n = 15,945 is needed when control subjects are
screened versus n = 44,574 for the pseudocontrol trio
design, respectively, to obtain a power of 0.8. For un-
screened control subjects (equivalent to pseudocontrol
subjects from random families), the most pronounced
decrease in power in a sample of 20,000 subjects is found

for a locus with RRg;, = 1.14 in disease with K = 0.15 where
unscreened control subjects yield a power of 0.39 and
screened control subjects a power of 0.74. As expected,
the impact of using screened control subjects is higher
for more common disorders. Allele frequencies in pro-
bands, pseudocontrol subjects, and screened control sub-
jects for all Figure 2 scenarios are presented in Figure S2.
Furthermore, the power differences between pseudocon-
trol and screened control studies are consistent for other
risk allele frequencies, e.g., p = 0.6 (Figure S3) underlying
actual recessive (RRp, = 1; Figure S4) and dominant
(RRp, = RRpp; Figure S5) effects. In addition, to select
only trios with unaffected parents has no impact on power
of pseudocontrol studies, because although the risk allele
frequency in pseudocontrol subjects decreases, the fre-
quency in case subjects decreases proportionally
(Figure S6). When unscreened control subjects are much
easier to obtain then screened control subjects, the loss
of power due to not screening can be balanced by
increasing the number of unscreened control subjects,
which is illustrated for different numbers of unscreened
control subjects in Figure S7. Note that Equation 4 defines
a limit to the power-gain from increasing the number of
unscreened control subjects, but that when increasing
number of unscreened control subjects from 10,000 to
20,000, the loss of power due to not screening is balanced
for all scenarios under consideration here. In Figure 2,
the additional x axis is variance explained by the locus,
and therefore the results generalize to many combinations
of p and RRp, that together explain the same locus vari-
ance.’’ Although association studies have similar power
to detect a locus based on RRp), regardless of baseline dis-
ease risk K, the variance explained by a locus is much larger
for high K. Therefore, to detect a risk allele that explains
the same proportion of genetic variance, a much larger
sample size is needed for larger K (Figure 3).
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Figure 3. Power to Detect an Associated Locus by the Propor-
tion of Variation It Explains

The power to detect an associated locus depends on the propor-
tion of variation it explains on the liability scale h2 ,, the baseline
disease risk K, and is displayed for random case versus screened
control. For a locus with the same h2_, larger sample sizes are

1 ’
required for larger K. h2 . can be agf;sroximated by 2p(1 - p)

(RRp, — 1)%/i%, where i equals z/K the mean liability of probands,
and z the height of the standard normal density function at the
threshold corresponding with disease of lifetime risk K. The (com-
plex) relation between allele frequency p, RRp,, and the non-cen-
trality parameter NCP given h?__ results in an identical relation

locus
2 .
between power and hj,,, for varying p.

To summarize our findings, our results generate two
important conclusions that trio-based samples and un-
screened control subjects for common diseases deserve
careful consideration when the underlying genetic archi-
tecture is highly polygenic. We have quantified this in
two ways, first by the underestimation of SNP heritability
through application of the inappropriate transformation
equation, and second by power calculations of association
analysis. We derived a transformation equation for the
SNP heritability that is appropriate for unscreened control
samples (Equation 3).

The use of trio designs most commonly occurs for pediat-
ric diseases and disorders in which it is relatively easy to
obtain blood samples from parents. Trio designs are needed
to detect de novo causal mutations,** to determine accu-
rately phased haplotypes,®* and to undertake parent-of-
origin analyses implied by a hypothesis of parental
imprinting.>® Trio designs have also been considered for
detection of gene-environment interaction.’**” In the
pre-GWAS era, trio designs were recommended to protect
against potential bias from population stratification,' and
although this quality is also sometimes promoted for trio
GWAS, with genome-wide SNP data, other strategies, such
as genomic principal components*® or mixed model associ-
ation analysis,*” appropriately account for population strat-
ification without the need to incur 50% higher costs by
genotyping three samples to generate two genomes. While
acknowledging the benefits of parent-offspring trios under
some experimental paradigms, trio-design GWASs have
been undertaken without full regard of the implications

to power under the genetic architecture implicated by the
GWAS paradigm. We draw the following conclusions.

(1) If the case probands of trios are ascertained
randomly, then the resulting case-pseudocontrol
study is equivalent to a case-unscreened control
design under a polygenic genetic architecture and
has little impact on the SNP heritability and power
for disorders that are less common, but for more
common disorders there is important decrease in
SNP heritability (Figure 1A) and loss of power
(Figure 2A), inadvertently contributing to the
missing heritability problem. For example, in a
study on MDD (lifetime risk K ~ 0.15)"**” where
all control subjects are unscreened, the SNP herita-
bility (say 0.3) would reduce by a factor of 0.72
(0.72 x 0.3 = 0.22) (hence underestimated by
28%) when not accounting for the unscreened con-
trol subjects (i.e., applying Equation 2 rather than
Equation 3). For disorders such as MDD, even
when control subjects have been screened, it is
likely that some control subjects remain misclassi-
fied, because onset can occur throughout the life-
time. Naturally, it should also be noted that when
super-control subjects are used (control subjects
screened to be at the lower end of the liability distri-
bution, for example based on low scores for the per-
sonality trait neuroticism in the context of MDD),
SNP heritability estimates based on the standard
transformation equation would be biased upward.
The loss of power due to including unscreened con-
trol subjects can be compensated by increasing
the number of control subjects (Figures 2 and S7),
in particular in the context of the continuously
decreasing costs for genotyping, but this requires
caution when estimating the SNP heritability,
because Equation 3 should then be applied rather
than the standard Equation 2.

(2) If case probands are ascertained from multiplex
families, then the SNP heritability and power of
GWASs are substantially reduced when using pseu-
docontrol subjects even for less-common disorders
(see Figures 1B and 2B, respectively; modeled on
families with two affected siblings). Even in the
absence of deliberate ascertainment of multiplex
families, studies are likely to be biased by self-ascer-
tainment because parents from multiplex families
might be more concerned with the genetic origins
of the disorder. In fact, 43.6% of the 1,369 families
included in the Autism Genome Project (AGP) had
two or more children affected with ASD while
counting up to third-degree relatives.” However,
the proportion of multiplex families is often not
reported, as is the case for the family-based
studies,”’** contributing to the most recent
ADHD meta-analysis,® which leaves the loss in po-
wer due to included multiplex families unknown,
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but likely. In addition, in a number of families with
a first affected child, parents will stop having chil-
dren, so that a second affected child is never
observed. Our results are consistent with the sim-
plex versus multiplex and simulation results of
Klei et al. in analyses of ASD samples.**

(3) Assortative mating considerably decreases the SNP
heritability assessed from trio design compared
to screened control subjects also for small K
(Figure 1C), but it does not impact the power to
detect a single locus under a polygenic model,
because of the small proportions of variation ex-
plained by single loci (<1%). Assortative mating is
possibly common for psychiatric disorders**>°
and needs to be considered when interpreting SNP
heritability in general and for trio design in partic-
ular. These results and point (2) could explain why
lower SNP-based heritabilities were found in the
ADHD pseudocontrol samples from the Psychiatric
Genomics Consortium compared to case-control
samples (see Table S5 of Lee et al.).'*

We also take the opportunity to re-emphasize that
parameterization of power in terms of genotype relative
risk can be misleading because the same RRg;, operating
in common disease implies a much higher proportion of
variance explained by the locus compared to a locus oper-
ating in a less common disease. For example, when the risk
allele has frequency p = 0.2 and effect size RRg, = 1.1, the
locus explains 0.05%, 0.08%, and 0.13% of the variance in
disease liability for a disorder of frequency K = 0.01, 0.05,
and 0.15, respectively. Hence, to detect a locus that ex-
plains the same proportion of variance in liability, much
larger samples are needed for common disorders (Figure 3).
For example, samples of n = 4,059 (50% case subjects, 50%
screened control subjects) are needed to detect a locus that
explains 0.5% of the variance in liability for a disorder
lifetime risk K = 0.01 (RRpp = 1.39), compared to samples
of n = 9,181 when the disorder risk is K = 0.15 (RRg;, =
1.21). Similar arguments have been used to explain that
much larger GWAS samples are needed for MDD compared
to schizophrenia.*®

To the best of our knowledge, the impact of the trio
design and use of unscreened control subjects on the
SNP heritability has not yet been addressed, but our power
analyses build upon a rich literature exploring the charac-
teristics of family-based association studies in the pre-
GWAS era. Ferreira et al. showed that the trio-based trans-
mission disequilibrium test (TDT) has less power when an
additional (non-genotyped) sibling is affected compared
to random families with one affected sibling.'® Li et al.,"’
Risch and Teng,*® and Risch®’ showed that case-control
studies are generally more powerful when case subjects
are from families with an additional affected sibling,
which is in line with our results (Figure 2B compared to
Figure 2A). Teng and Risch found that family-based ap-
proaches have less power than case-unrelated control stra-

tegies for families with multiple affected siblings.?® Of
note, our paper focuses on the pseudocontrol trio design,
because this is how the trio design is typically applied in
GWASs; however, the TDT has often been applied for
candidate genes and could yield more power for rare disor-
ders as has been indicated by Laird et al.>' The power to
detect a locus with the use of unscreened control subjects
can readily be calculated with the online power calculator
of Purcell et al.>* or the Quanto software from Gauder-
man.*® Nevertheless, our study adds also to the current
literature on the power to detect a single locus, because
we directly compare pseudocontrol studies to screened
control studies for multiplex families and assortative mat-
ing. As expected, there is overall similarity between conse-
quences of design for the power to detect a single risk
variant and expected SNP heritability, but in this study
we have formalized these expectations and also shown
that such similarity does not hold when considering assor-
tative mating that impacts the estimated SNP heritability
but not in power to detect a single risk variant.

To conclude, we advise against the use of trio designs for
disorders with a polygenic genetic architecture, such as
psychiatric disorders, and we advise careful consideration
when using unscreened control subjects for prevalent dis-
orders, because these designs can result in an underesti-
mated SNP heritability and decreased power to detect an
associated risk allele.
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Figure S1. Pseudocontrols of random families with at least one affected proband case are equal to
unscreened controls.
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Pseudocontrols of random families with at least one affected proband case are equal to unscreened
controls (i.e. population mean) as displayed for the allele frequency of single loci of different effect-size
(first two rows) and the mean genetic liability E(G) (population mean equals 0) for variable heritability
hZ(bottom row) and different baseline population risk K. The equivalence is exact and follows from the
closed formulas provided in the R scripts, but is non-trivial to display in equations, because multiple
sequential probabilities were needed to derive at the allele frequency and mean genetic liability in
pseudocontrols. The equivalence can be understood intuitively by realizing that the non-transmitted
alleles of random proband family are, in fact, part of the population background.



Figure S2. Power to detect a single SNP in trio-design and unscreened control studies, p=0.2
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Power to detect a single SNP with risk allele frequency p = 0.2 for case vs screened controls (solid
grey line) and case vs pseudocontrol (dotted grey line). The allele frequencies of proband cases are
displayed as the red solid line, the allele frequency of screened controls as the solid blue line, and the
allele frequency of pseudocontrols in the dotted blue line. The allele frequencies of pseudocontrols
from proband random families equal unscreened population controls, which is reflected by the
horizontal blue dotted lines at 0.2 in Panel A. Note that the grey lines equal the solid and dotted lines
in Main Figure 2; the unscreened controls are not displayed in the Supplemental Figures, because

they will always have an allele frequency equal to the population frequency.



Figure S3. Power to detect a single SNP in trio-design and unscreened control studies, p=0.6
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The power is displayed for a risk allele with frequency p=0.6, and results indicate that the conclusions
do not depend on the allele frequency (noting that in Figure S2 a locus with p=0.2 was displayed). See
the legend of Figure S2 for details.



Figure S4. Power in trio design to detect SNP with underlying recessive effect
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Power to detect the additive effect a single SNP with risk allele frequency p = 0.2 with an underlying
recessive effect for case vs screened controls (solid grey line) and case vs pseudocontrol (dotted grey
line). The allele frequency of cases is displayed as the red solid line, the allele frequency of screened
controls as the solid blue line, and the allele frequency of pseudocontrols in the dotted blue line. Note
that the RRyj; are being displayed for a larger range than in Figure S2 (1.9 > 1.182 = 1.39), i.e. an

actual recessive allele results in less power given RRygp.



Figure S5. Power in trio design to detect SNP with underlying dominant effect
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Power to detect the additive effect a single SNP with risk allele frequency p = 0.2 with an actual
dominant effect for case vs screened controls (solid grey line) and case vs pseudocontrol (dotted grey
line). The allele frequency of cases is displayed as the red solid line, the allele frequency of screened
controls as the solid blue line, and the allele frequency of pseudocontrols in the dotted blue line. Note
that the RRyj; are being displayed for a smaller range than in Figure S2 (1.3 < 1.182 = 1.39), i.e. a

dominant allele results in more power given RRg.



Figure S6. Power to detect SNP in trios with unaffected parents
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Power to detect a single SNP with risk allele frequency p = 0.2 for cases vs pseudocontrols without
conditioning on parents (solid grey line) and case vs pseudocontrol restricted to trios with unaffected
parents (dotted grey line). The allele frequency of cases from trios without conditioning on parents is
displayed as the red solid line, and the allele frequency of their pseudocontrols as the solid blue line.
The allele frequency in cases from trios with unaffected parents is displayed as the red dotted line,
and the allele frequency in their pseudocontrols as the dotted blue line. To summarize: solid=no
selection on parents; dotted=unaffected parents; grey=power; red=allele frequency case; blue=allele
frequency pseudocontrol. Note that the grey lines overlap, i.e. selecting trios with unaffected parents
does not increase power in pseudocontrol studies. Furthermore, note that for K = 0.1 and K = 0.5 the
allele frequencies are lower in trios from unaffected parents, but this difference is proportional for
cases and pseudocontrol resulting in no power-difference.



Figure S7. Power to detect a risk variant from screened vs. unscreened controls studies
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Power to detect a risk variant with risk allele frequency p = 0.2 for 10,000 proband cases vs 10,000
screened controls (solid red line) and 10,000 proband cases vs respectively 10,000 unscreened
controls (dotted line), 15,000 unscreened controls (short dashed), 20,000 unscreened controls (long

dashed), and 50,000 unscreened controls (dot-dashed).



Table S1. Values of the Haseman Elston cross-product accounting for falsely classified controls

Ytrue,i ytrue.]' Yassumed,i yassumed,j [Pij Zij
P
1 1 0 0 (1 = Passumea)F)? e
1- Passumed
1 1 0 1 (1 - Passumed)FPassumed -1
1 1 1 0 Passumed(1 - Passumed)F -1
1-P
1 1 1 1 P{fssumed —asoumed
Passumed
1 0 1 0 Passumed(1 - Passumed)(l - F) -1
P d
1 0 0 0 (1 - Passumed)F(l - Passumed)(l -F) 1_?%
assumed
0 1 0 1 (1 - Passumed)(l - F)Passumed -1
P a
0 1 0 0 1- Passumed)(l - F)(l — Passumea) F %
assumed
Passumed
0 0 0 0 ((1 - Passumed)(l - F))z

1-P assumed

To adjust the transformation from the heritability on the observed scale h? to the liability scale h? for a

Nfalse controls

proportion F = of falsely classified controls, we closely followed the derivations of Golan

Nall controls

et al, which we recommend for further reading (paragraphs 1.2 and 1.3 of their Supplemental

Materials)." The adjusted expected values of the cross-product Z;; used for Haseman Elston-

regression follow from considering the true disease status y,,,, and assumed disease status y,ssumeaq
with probabilities

Pirue = 1 & Yassumea = 1) = Pagsumed
Pirue = 1 & Yassumea = 0) = (1 — Passumea) F
Pirue = 0 & Yassumea = 0) = (1 — Passumea) (1 — F)

The 9 possible pairs, their probabilities P;; and values of cross-product Z;; are displayed in the Table.

The expected values of E[Z;;|Virye,i» Virue,j] fOllow as:

— 2]Pi“yf‘rue.i:yﬂ'ue.j:lzii|yfTu€.i=yfTu€.j=1 _ Passumed(1—Passumed) (1—F)?

IE:[Zij|.’ytrue,i = Ytrue,j = 1] = 3

Pi]‘lytrue,i=ytrue,j=l (Passumed+(1=Passumed) F)?

— Passumed(F—1)
(Passumed*+(1—Passumed)F)

IE:[Zij|.'ytrue,i * Ytrue,j]

Passume
IE:[Zij|.'ytrue,i = Ytrue,j — 0] = —gssumed

1-Passumed

Given these E|[Z;;|Yiruei Yirue,;] the derivation of Golan et al can be followed with Pgyjan = Pirye =

Prssumea + (1 — Poussumea)F 10 derive at the transformation of the observed to the liability scale as:

72 K?(1-K)?

2o _
LT P(1-P)(1-F)2z2 hOCC’ where P = Passumed-



Table S2. Simulation of falsely classified controls

Simulation parameters Haseman-Elston regression
h2.. h? (assuming F=0) h? (corrected for F)
K h? P F Mean SE Mean SE Mean SE
Parameters of Major Depressive Disorder
02 04 05 0 0.3048 0.0131 0.3983 0.0171 0.3983 0.0171
02 04 05 0.1 0.2467 0.0112 0.3224 0.0146 0.3980 0.0180
02 04 05 0.2 0.1834 0.0095 0.2396 0.0124 0.3744 0.0194
02 04 025 0 0.2288 0.0062 0.3985 0.0107 0.3985 0.0107
02 04 025 0.1 0.1795 0.0088 0.3127 0.0153 0.3861 0.0189
02 04 025 0.2 0.1545 0.0055 0.2691 0.0096 0.4204 0.0150
Parameters of Schizophrenia
0.01 08 05 0 1.4699 0.0130 0.8113 0.0072 0.8113 0.0072
0.01 08 05 0.005 1.4358 0.0116 0.7924 0.0064 0.8004 0.0065
0.01 08 0.5 0.01 1.4096 0.0157 0.7780 0.0087 0.7938 0.0089
0.01 0.8 025 0 1.0927 0.0055 0.8041 0.0040 0.8041 0.0040
0.01 0.8 025 0.005 1.0829 0.0078 0.7969 0.0057 0.8049 0.0058
0.01 08 0.25 0.01 1.0737 0.0049 0.7901 0.0036 0.8061 0.0037

K?(1-K)?

mﬁgm we performed a simulation study in line with Golan

To validate the Equation 3, h? =

et al (Supplemental Materials paragraph 5.3).’
1. MAFs of 10,000 SNPs in full linkage equilibrium were randomly sampled from U[0.05,0.5], and
the effect sizes were randomly sampled from N(0, h? /10,000).

2. Anindividual was generated by
a. Randomly assigning alleles with the probabilities given by the MAFs
b. Standardizing the allele counts by (allele count — 2 * MAF) /\[2MAF (1 — MAF).
c. Assessing the genetic liability G as the product of the standardized allele counts with

the effects

d. Assessing the phenotypic liability [ as G + E with E randomly drawn from N(0,1 — h?)



e. Defining disease status y = 1 for those with [ > T with T the liability threshold
corresponding to a proportion of K cases

Step 2 was repeated until we obtained 2,000 cases, an additional F * 2,000 cases which we
labeled as controls, and (1 — F) * 2,000 true controls. The cases and controls were saved in a
single ped-file.
Plink was used to transform the ped-file to a bim-file,” and GCTA? to estimate the genetic
relationship matrix and to perform cross-product Haseman-Elston regression with the “--
HEreg” option yielding h2..
Steps 1-4 were repeated 10 times. The mean of these 10 point-estimates of the SNP-
heritability are displays, as well as their standard error (SE) estimated as their standard
deviation divided by v/10.

The mean h2 was, first, transformed to the liability scale assuming F = 0 (i.e. with Equation 2,

K?(1-K)?
P(1-P)z?

hZ..), and second, with Equation 3, h? = S ol
occ/ ’ T p(1-P)(1-F)222

h} = h2... Simulation illustrates
that Equation 3 appropriately accounts for unscreened controls, because the actual simulated
h? fall within the approximate 95% confidence interval of the mean A? from simulation (mean *

1.96*SE).



Table S3. Analytical derivation of genetic liabilities in trios versus simulation

Screened controls Case Pseudo control Case | sib aff Ps contr | sib aff

Method K | T () E(G) a2(6) E(G) a2(G) E(G) a2(6) E(G) o2(G) E(G)
Sim 0.001 08 0 0.7932 -0.0027 0.2052 2.6945 0.8059 -0.0014 0.2134 2.9642 0.6400 0.9853
Ana 0.001 08 0 0.7933 -0.0027 0.2034 2.6937 0.8000 0.0000 0.2133 2.9529 0.6347 0.9788
Sim 0.001 0.8 0.5 0.9450 -0.0058 0.2259 2.8185 0.9360 0.4686 0.2415 3.1014 0.7186 1.4582
Ana 0.001 0.8 0.5 0.9451 -0.0058 0.2250 2.8182 0.9396 0.4697 0.2381 3.0970 0.7162 1.4595
Sim 0.001 04 0 0.3982 -0.0013 0.2502 1.3461 0.3991 0.0003 0.2417 1.6929 0.3489 0.5700
Ana 0.001 04 0 0.3983 -0.0013 0.2508 1.3468 0.4000 0.0000 0.2384 1.7045 0.3622 0.5674
Sim 0.001 04 0.5 0.4377 -0.0017 0.2688 1.4265 0.4392 0.1287 0.2519 1.8069 0.3818 0.7377
Ana 0.001 04 0.5 0.4377 -0.0017 0.2668 1.4286 0.4386 0.1299 0.2506 1.8200 0.3896 0.7484
Sim 0.01 08 0 0.7596 -0.0216 0.2218 2.1327 0.7996 -0.0004 0.2342 2.3623 0.6462 0.7870
Ana 0.01 08 0 0.7595 -0.0215 0.2220 2.1322 0.8000 0.0000 0.2344 2.3578 0.6432 0.7813
Sim 0.01 0.8 0.5 0.8914 -0.0350 0.2488 2.2414 0.94083 0.37283 0.2674 2.4906 0.7281 1.1794
Ana 0.01 0.8 0.5 0.8913 -0.0350 0.2492 2.2423 0.9403 0.3737 0.2642 2.4889 0.7282 1.1733
Sim 0.01 04 0 0.3899 -0.0109 0.2552 1.0664 0.4015 -0.0012 0.2451 1.3546 0.3632 0.4459
Ana 0.01 04 0 0.3899 -0.0108 0.2555 1.0661 0.4000 0.0000 0.2437 1.3561 0.3637 0.4513
Sim 0.01 04 0.5 0.4270 -0.0128 0.2720 1.1315 0.4375 0.1025 0.2571 1.4517 0.3905 0.5990
Ana 0.01 04 0.5 0.4271 -0.0129 0.2723 1.1323 0.4386 0.1029 0.2568 1.4509 0.3916 0.5965
Sim 0.1 08 0 0.6157 -0.1558 0.2682 1.4039 0.8004 -0.0003 0.2844 1.5857 0.6633 0.5286
Ana 0.1 08 0 0.6157 -0.1560 0.2682 1.4040 0.8000 0.0000 0.2818 1.5844 0.6615 0.5261

Sim 0.1 0.8 0.5 0.7104 -0.1982 0.3073 1.4969 0.9420 0.2497 0.3265 1.7023 0.7538 0.8060
Ana 0.1 0.8 0.5 0.7102 -0.1984 0.3071 1.4968 0.9419 0.2495 0.3208 1.6993 0.7530 0.8035
Sim 0.1 04 0 0.3539 -0.0780 0.2670 0.7020 0.3998 0.0000 0.2567 0.9043 0.3668 0.3016
Ana 0.1 04 0 0.3539 -0.0780 0.2671 0.7020 0.4000 0.0000 0.2562 0.9040 0.3671 0.3009
Sim 0.1 0.4 0.5 0.3851 -0.0873 0.2859 0.7480 0.4392 0.0677 0.2724 0.9727 0.3971 0.4003
Ana 0.1 0.4 0.5 0.3851 -0.0873 0.2858 0.7483 0.4387 0.0680 0.2713 0.9721 0.3961 0.3997




Legend to Table S3.
We validated the analytical estimations (see Supplemental Methods) of the mean genetic liabilities E(G) with a simulation study. The heritability h?, phenotypic
correlation between parents p;, the population disease frequency K, and corresponding threshold T were defined as described in the main text. Hereby, the

variance-covariance matrix of the genetic liabilities of the parents was defined as

hi  phiht
Gn, Gr) =
26 1) (Plhzzhzz hi

with V; = h?V, = h?. Subsequently, the genetic liabilities of the mothers and fathers were randomly drawn from this bivariate normal distribution. The genetic
liabilities of the first and second sibling were independently defined as G, = %Gm + %Gf + Gresiauar, Where Grosiaua represent Mendelian variation and was
randomly drawn from the normal distribution with mean 0 and variation §VG.4 The phenotypes [ of the siblings were than independently defined as Iy = G; + Ej,

with E; randomly drawn from N (0,1 — k7). To conclude, the genetic liability of the complement c1 of the first sibling s1 was defined as G.; = Gy, + Gy — G5;. In

this manner, Iy, Gy, s, Gs2, Gm, Gr @nd G, were defined for 108 families. We note that the value of 62(G;) thus simulated was in line with previous theoretical
derivations V; + ipGVG-‘LS The respective variances, covariances and means were estimated from this simulation study and were in line with the theoretically

derived values (see Table S3). Simulations were performed in R.6



Table S4. Heuristic prediction of assessed heritability in trios versus simulation

h? screened control

h? pseudocontrol

Simulation parameters Simulation Simulation

K h? sibaff P Mean SE Pred. h? Mean SE Pred. h?
03 0.8 Y 0 0.9885 0.0225 0.9864 0.2182 0.0196 0.2331
03 0.8 0.5 0.9741 0.0155 0.9833 0.3303 0.0139 0.3221
0.3 0.8 Y 0.5 1.2126 0.0113 1.2214 0.1452 0.0129 0.1736
0.1 08 Y 0 0.9888 0.0122 0.9957 0.3613 0.0158 0.3682
0.1 0.8 N 0.5 0.9418 0.0152 0.9447 0.5001 0.0129 0.5114
01 0.8 Y 0.5 1.2115 0.0105 1.1839 0.2822 0.0107 0.2638
0.01 0.8 Y 0 0.9899 0.0069 0.9764 0.4249 0.0073 0.4287
0.01 0.8 N 0.5 0.8810 0.0096 0.8945 0.6054 0.0067 0.6022
0.01 0.8 Y 0.5 1.1072 0.0045 1.0987 0.3135 0.0057 0.2985
03 04 Y 0 0.6153 0.0127 0.5913 0.1397 0.0213 0.1491
03 04 N 0.5 0.4643 0.0162 0.4640 0.2154 0.0180 0.1860
03 04 Y 0.5 0.6995 0.0210 0.6957 0.1438 0.0132 0.1362
01 04 Y 0 0.6435 0.0140 0.6340 0.2257 0.0118 0.2391
01 04 N 0.5 0.4539 0.0086 0.4591 0.3002 0.0104 0.3043
01 04 Y 0.5 0.7240 0.0117 0.7379 0.1998 0.0083 0.2154
0.01 04 Y 0 0.6531 0.0056 0.6445 0.2952 0.0059 0.2824
0.01 04 N 0.5 0.4507 0.0075 0.4524 0.3573 0.0043 0.3655
0.01 04 Y 0.5 0.7451 0.0057 0.7391 0.2604 0.0093 0.2518

To formally get from the E(G) (Table S3) of cases and controls to the SNP-heritability A7 that would be
assessed is non-trivial, because no normal distribution thresholds exist to define the pseudocontrols or
the probands with an additional affected sibling (which form a non-random subset of all cases not
defined by a specific threshold). h? was therefore heuristically derived and validated with a simulation
study of individual level SNP-data. In short, for any baseline disease frequency K, a unique set of T, z,
and i can be found such that K equals P(l > T|l~N(0,1)), z the height of the standard normal
distribution at T, and i = z/K the mean [ of cases, which results in a mean G in cases of ih?. We
numerically inverted this equation in R to find an unique equivalent-K matching the difference between
E(Gease) — E(Gpseudoycontrot)- 1N€ €quivalent-K, corresponding equivalent-z and Equation 3 yields the
heritability that would be assessed with Haseman-Elston regression (Pred. h?), and was validated with
simulation study:
1. Following Golan et al," the MAFs of 10,000 SNPs in full linkage disequilibrium were randomly
sampled from U[0.05,0.5], and the effect sizes were randomly sampled from N(0, h?/10,000).
2. Anindividual was generated by
a. Randomly assigning alleles with the probabilities given by the MAFs
b. Standardizing the allele counts by (allele count — 2 «* MAF) /\/2MAF (1 — MAF).



c. Assessing the genetic liability G as the product of the standardized allele counts with
the effects

d. Assessing the phenotypic liability [ as G + E with E randomly drawn from N(0,1 — h?)

e. Defining disease status y = 1 for those with [ > T with T the liability threshold
corresponding to a proportion of K cases

3. Assortative mating p; was simulated following

a. The genotypes and phenotypes of 600 men L., and 600 women [, ;men WEre

simulated

b. A vector V was simulated as V = p;l,er, + N(0,1 — p?) so that cor(Len, V) =

cov(lmen, V)/(O-lmena'v) = coV(lmen, Prlmen)/ (Lov) = pi/ ,Uflzmen +1- pl2 =0

c. Subsequently, the 1,,men Were ordered in line with V thereby ensuring
cor (Lmen, lwomen) = P1
4. Forthe 600 pair of spouses, families were generated as follows
a. Kid-1 got one random allele from the father and one from the mother for all of the
10,000 loci. Subsequently, | and disease status y were generates as described
above.
b. The genetic complement of Kid-1 was formed by the non-transmitted alleles of the
parents
c. Kid-2 was generated as Kid-1
5. Affected proband (Kid-1) were selected as cases. Depending on the type of families
simulated, we additionally conditioned on yg;;_, = 1.
Unaffected Kid-1’s were selected as screened controls.
Step 2-6 were repeated until 2,000 cases and 2,000 screened controls were collected
8. Cross-product Haseman-Elston regression yielded the h2.. for case vs screened controls and

case vs pseudocontrols, which were than transformed to the liability scale with h? =

2o K2(1-K)?2
0¢€ p(1-P)z2

9. Steps 1-8 were repeated 10 times for the different setting of K, h?, and p,. The mean of these
10 point-estimates of the SNP-heritability are displays, as well as their standard error (SE)
estimated as their standard deviation divided by v10.

10. The heuristically predicted h? are within or very close to the ballpark 95% confidence interval
of the mean h? from simulation (mean + 1.96*SE), which justifies the use of this heuristic

approach for Main Figure 1.



Table S5. Analytical derivation of allele frequencies in trios versus simulation

Random families Second sibling aff. Assortative

Genotype relative risk with at least one affected sibling Second sibling affected Parents unaffected mating parents
Method Bb BB Case Scr control  Ps control Case Ps control Case Ps control Case Scr control  Ps control
K=0.01; p=0.2
Sim 1.00 2.25 0.2381 0.1996 0.1995 0.2723 0.2163 0.2718 0.2155 0.2596 0.1995 0.2052
Ana 1.00 2.25 0.2381 0.1996 0.2000 0.2695 0.2205 0.2688 0.2199 0.2593 0.1994 0.2056
Sim 1.50 2.25 0.2727 0.1993 0.2000 0.3159 0.2316 0.3141 0.2303 0.2865 0.1980 0.2110
Ana 1.50 2.25 0.2727 0.1993 0.2000 0.3171 0.2358 0.3161 0.2349 0.2862 0.1991 0.2109
Sim 2.25 2.25 0.3106 0.1989 0.2002 0.3671 0.2512 0.3660 0.2502 0.3167 0.2012 0.2165
Ana 2.25 2.25 0.3103 0.1989 0.2000 0.3663 0.2475 0.3652 0.2466 0.3169 0.1988 0.2169
K=0.01; p=0.8
Sim 1.00 2.25 0.8890 0.7991 0.8001 0.9174 0.8424 0.9167 0.8413 0.8909 0.7982 0.8128
Ana 1.00 2.25 0.8889 0.7991 0.8000 0.9179 0.8446 0.9174 0.8437 0.8907 0.7991 0.8131
Sim 1.50 2.25 0.8571 0.7995 0.8004 0.8767 0.8267 0.8763 0.8261 0.8634 0.7992 0.8085
Ana 1.50 2.25 0.8571 0.7994 0.8000 0.8788 0.8283 0.8784 0.8278 0.8637 0.7994 0.8085
Sim 2.25 2.25 0.8181 0.7998 0.7998 0.8233 0.8107 0.8233 0.8104 0.8294 0.8001 0.8029
Ana 2.25 2.25 0.8182 0.7998 0.8000 0.8241 0.8086 0.8239 0.8085 0.8295 0.7997 0.8028
K=0.3; p=0.2
Sim 1.00 2.25 0.2381 0.1836 0.2000 0.2696 0.2206 0.2415 0.1956 0.2593 0.1730 0.2055
Ana 1.00 2.25 0.2381 0.1837 0.2000 0.2695 0.2205 0.2403 0.1943 0.2593 0.1736 0.2056
Sim 1.50 2.25 0.2727 0.1688 0.2000 0.3171 0.2358 0.2733 0.1980 0.2861 0.1644 0.2109
Ana 1.50 2.25 0.2727 0.1688 0.2000 0.3171 0.2358 0.2732 0.1980 0.2862 0.1628 0.2109
Sim 2.25 2.25 0.3104 0.1527 0.2000 0.3663 0.2475 0.3152 0.2068 0.3169 0.1539 0.2169
Ana 2.25 2.25 0.3103 0.1527 0.2000 0.3663 0.2475 0.3148 0.2060 0.3169 0.1514 0.2169
K=0.3; p=0.8
Sim 1.00 2.25 0.8889 0.7619 0.8000 0.9178 0.8445 0.8953 0.8062 0.8908 0.7609 0.8131
Ana 1.00 2.25 0.8889 0.7619 0.8000 0.9179 0.8446 0.8958 0.8066 0.8907 0.7602 0.8131
Sim 1.50 2.25 0.8571 0.7755 0.8000 0.8787 0.8283 0.8622 0.8055 0.8637 0.7719 0.8085
Ana 1.50 2.25 0.8571 0.7755 0.8000 0.8788 0.8283 0.8621 0.8056 0.8637 0.7726 0.8085
Sim 2.25 2.25 0.8183 0.7922 0.8000 0.8242 0.8086 0.8184 0.8021 0.8294 0.7893 0.8028

Ana 2.25 2.25 0.8182 0.7922 0.8000 0.8241 0.8086 0.8184 0.8026 0.8295 0.7876 0.8028




Legend to Table S5.
We checked the analytical estimations (described in Supplemental Methods) of allele frequencies with a simulation study. Genotypes were simulated by first

randomly assigning each parent two alleles with frequency p = P(B) of the risk allele B. Then, genotypes of the first and second siblings were defined by
assigning them a single random allele from both of their parents. The genotypes of the pseudocontrols were defined as the two alleles of the parents not
transmitted to the first sibling. Disease status was randomly assigned to parents, siblings, with a probability of disease per genotype of P(Disease|Genotype)
(see Witte et al for details)’. Families with the first sibling affected were selected as proband families with the first sibling serving as the proband case.
Assortative mating was simulated as the non-random mating fraction a = 0.3 (see Supplemental Methods section 2.4 for details), which correspond to a
spouse-correlation at the locus of 0.3 (note that this unrealistic large value is merely to validate theory, because assortative mating will have no impact on
allele frequency as for a phenotypic spouse-correlation of 0.3 a locus explaining 1% of variance would have a spouse-correlation of only 0.3 * 0.01 = 0.003).
We simulated 108 families and compared allele frequencies in different types of cases, controls, and pseudocontrols to the algebraic estimates. Results

displayed in this Table validate the analytical estimations described in the Supplemental Methods that were used to make the relevant Figures and Tables.



Supplemental Methods

1. Derivation of genetic liabilities in trio design

The mean genetic liabilities (breeding values) E(G) and their variances were subsequently derived for
random families (Section 1.1), families with one affected sibling (Section 1.2), and families with two
affected siblings (Section 1.3). Therefore, variance-covariance matrices were derived for these
family’s phenotypic liabilities and genetic liabilities. The mean genetic liability of screened controls in
the offspring generation was derived in Section 1.4. The analytical estimates of the mean genetic
liabilities and their variances were validated with a simulation study (Table S3). In Table S4, the
derived mean genetic liabilities are used to heuristically predict the SNP-based heritability that would
be assessed with Haseman Elston-regression, which is again validated with a simulation study.

Consider a complex disease with a population frequency K and heritability h? in the parental
population. Define phenotype [ to represent the underlying liability for disease with variance V; = 1 (the
choice for V; is arbitrary, but conveniently set to 1). The variance of genetic liabilities G equals

Vi, = V;h? = h?, while the environmental variance equals V; = V; — V; = 1 — h?. Assuming that the
parents have a phenotypic correlation of p, = 0, the genetic correlation follows as p; = h?p, (page 175

of Falconer and Mackay)® and the genetic covariance as p;V;.

1.1 Variances and covariances of genetic liabilities in random families
Consider families with a mother (m), father (f), first sibling (s1), second sibling (s2) and the
pseudocontrol of the first sibling (interchangeably referred to as the complement of the first sibling, c1).

Their genetic liability values are denoted with G,,, Gy, G4, G, respectively. The variance of genetic
liabilities in the siblings equals 62(Gs,) = 6%(Gs,) = 02(G,) = 02 (%Gm + %Gf) + Vyosiduar, Where

Vs esiauar TEPresents Mendelian variation. Bulmer (page 175)4 proved that V,ogiquai = %VG, which gives
02(G,) = o2 G Gm) + o2 G Gf) + 20 G Gméaf) +2Vg = Vg +3 peVs. In addition, Bulmer showed that
the variation of non-genetic effects (E) is not effected by assortative mating, which gives the

phenotypic variation of the siblings as ¢2(l;) = 02(l,,) = 02(l;) = 0%(G, + E5) = 02(Gy) + 0%(E;) =
0%(Gs) + Vg. Keeping in mind that a(G, E) = 0 per definition, gives (I, G;) = 02(G,), as well as

1 1 1 1 1 1 1 1
0(ls1,Gsp) = 0(lsp, Gs1) = 0(Gsyq,Gsp) = U(EGf +56Gm; Gr +;Gm) = O—(;Gf;EGf) +o (EGf;;Gm) +
a(lG 24 )+ a(l(; i6 ) =2V, + 2 p.V,. The variance of the genetic liabilities in the parents

o Tm L Af g TmoYm ) T 5 VG 2pGG- g p

equals 0%(Gy,) = 0*(Gy) = V;, and the covariance between fathers and mother equals (G, Gf) =
pcVs- The covariance between the siblings and their parents subsequently follows as o(G,,, L) =

1 1 1 1 1 1
0(Gp, 1) = 0(Gm, Gs) = 0(Gp, Gy) = 0 (G2 G +267) = 0 (61,2 Gn) + 0 (6126 ) = 2V + 2 pgV. For

the complement of the first sibling, the following covariances are found:



o (G ls) = 0(Gey, Ggy) = 0(G+ Gy — Gy, G1) = (G, Gy) + 0(Gp, Gsy) — 02(Gy) = Vi +
Ve — Vg _%pGVG = %pGVGs and

o 0(Gerls2) = 0(Ge, Gsz) = 0(Gmt+Gy — Gor, Gsa) = (Gmy Goz) +0(Gp, Gsz) — 9(Gy, G) = Vg +
pcVe _%VG _%pGVG = %VG + %PGVG’ and

o 0(Gey,Gp) = 0(Ger, Gr) = 0(Gn+Gy — Gy, Gr) = 0(Gpy, G) + 02(Gr) — (G, Gr) = peVi +
Ve — iVG - %pGVa = %VG +§p6, and finally

¢ 0%(Ger) = X (Gu+Gr = Go1) = 02 (G + Gr = 2 Gy — 2 Gr — Gresiauar) = 07 (3G 2 Gr ) +

1
(_1)202(Gresidual) =V + EpGVG

By this, all element were derived of Y.(Lsy, G, Lsz, Gsz, G, Gy, G¢1), the 7X7 variance-covariance matrix

of random families. The means of Iy, Gy, Ls;, Gs2, G, G and G4 all equal zero, noting that assortative

mating does not change the mean genetic liability, because E G Gn + %Gf + Gresidual) =F G Gm) +

1 1 1
E (E Gf) + E(Gresiauar)- also when o (5 Gm,;Gf) > 0.

1.2 Variances and covariances of genetic liabilities in families with at least one affected sibling

Assortative mating increases the variances of the phenotype [ from the parental to the offspring
generation with %pGV(;. The increase in V; results in a higher disease frequency in the offspring
generation, because the liability threshold T remains the same. In order to estimate the reduction in
variance in the affected siblings (assume s1 to be affected), the offspring population was first
described in terms of the standard normal distribution, and than transformed back to the parental
scale. The new disease frequency K, fspring follows from P(x > T | x~N(0,/02(l,))), and gives the
mean phenotypic value of the affected siblings s1 on the standardized liability scale as i,frspring =
Zosrspring! Kof fspring» WNEre Zorronring is the height of the standard normal distribution N (0,1) at
threshold Ty fspring With Kof fspring = P(X > Toffspring | x~N(0,1)). Bulmer showed (page 153)* that the
reduction of variation in affected siblings on the standardized liability scale equals k,¢rspring =
lofrspring(lorrspring — Toffspring)> @nd the variance reduction on the parental liability scale thus equals
k = kofrspring/ a*(l5). Tallis showed that given normality of G and [ in the family members, the new
variances and covariances are given by o(X,Y|s1 af fected) = 0(X,Y) — ko (X, ls1)o(Y, ls,), where X
and Y represent all pairwise combinations of I, Gy, L5z, Gsz, G, Gr @nd Gcl.9 By this, all element are
defined of Z(lsl, Gs1,lsz, gy Gy Gr, Goq | sl affected), the 7x7 variance-covariance matrix of families

with one affected sibling. Given these variances and covariances, the means were derived as follows.

o E(lylslaff)= ioffspringm

o E(Galslaff) ={0%(Gs1)/0? (1)} * E(sals1 aff)

o E(sqlstaff) = {0(ls1 l2)/0%(s1)} * E(Ls1ls1 af f)

o E(Gglslaff) = {0(Gs1, Gs2)/0%(Gs1)} * E(Ggyls1 aff)



*  EGulstaff) = E(Gels1 aff) = {CVe +2pcVe) /07 (G}  E(Gyyls1 aff), noting that 2V, +
%pGVG is the part of a2(G) following from the parents contribution %Gf + iGm.

o E(Galslaff) = E(Gnlslaff) + E(Gels1 aff) — E(Gsils1 aff)

1.3 Variances and covariances of genetic liabilities in families with two affected siblings

To derive variances and covariances within families with two affected siblings, we take the estimates
of families with one affected sibling as starting point. However, in order to apply Tallis’ method to
account of reduction in variance when selecting for an affected sibling, G and [ need to be normally
distributed in all family members. The distribution of [ in the first sibling s1 is evidentially non-normal,
because he is affected. Nevertheless, the distributions of G and [ in the other family members are
approximately normally distributed, which was illustrated by simulation (not shown) and can be
intuitively understood as follows. The first sibling is affected when [;; exceeds the threshold T.
However, because [, is the sum of G¢; and E;; and because G, and E;, are independent, the
violation of normality in Gsq|sq of iS l€SS than in g s1 off. In addition, the covariances between Gy 51 55
and G and [ in the other family members are considerably smaller than 1. Hence, the distribution of G
and [ in all family members but sibling s1 are approximately normally distributed. Furthermore, note
that the first and second sibling have equal genetic characteristics when they are both selected to be
affected (except for their covariance with the complement, but this characteristic is not needed for this
study). The variances and covariances are thus given by

o(X,Y |slaffected & s2 af fected) =
o(X,Y |slaffected) — k,0(X,ls,| sl affected)o(Y,ls,| s1 affected),

where X and Y take all pairwise combinations of [y, G,, Gn,, Gr and G,. The variance reduction k, is

derived analoguously as k. The disease frequency in the second siblings Ks; | s1 qffectea fOllows from

P(x > T | x~N(E(ls,|s1 aff),\/o2(ls;|s1 af fected))), and gives the mean phenotypic value of the
affected siblings s2 on the standardized liability scale as is; |1 affected = Zs2 | s1afrectea/ Ksz2 |51 apfecteas
Where zg; | s1 apfectea 1S the height of the standard normal distribution N(0,1) at threshold Ts; | 51 affectea
With Ky |51 arfectea = P(% > Tsz|s1afrectea | x~N(0,1)). The reduction of variation in affected second
siblings on the standardized liability scale equals ke | s1 affectea = is2|s1affectea(is2|s1affected —
Ts2|s1affectea), @nd the variance reduction on the parental liability scale thus equals

ky = Ksz | s1affecteal 02 (L5251 af fected). This defines ¥ (L, Gz, Gm, Gr, Gy | s1 & 2 af fected), the 5x5
variance-covariance matrix of families with two affected siblings (leaving out the first sibling s1). Given

this variance-covariance matrix, the means were derived as:

° E(lszl s1&s2 aff) = E(lszl s1 aff) + ilesl affected\/o-z(lszl s1 affeCted)



o E(Ggy|s1&s2aff) =
E(Gsy| s1aff) + {is2s1 affected\/oz(lsﬂ slaffected)} *
02(Gy,| s1 affected)/o%(ls,| s1 af fected)
o E(Gplsl&s2aff) = E(Gf|s1 &s2aff) =
E(Gels1aff)+ 6= {%az(Gmlsl aff) + %a(cm, Grls1 aff)}/{o?(Gszls1 aff)}, with 6 =

E(Gsz| 51 & 52 aff) — E(Gs,| s1aff), while noting that > 62 (Gls1 af f) + > (G, Gr|s1 aff) +

1
EVresidual = 0-2(652'51 aff).

o E(G|sl&s2aff) = E(Gyls1&s2aff) + E(Gf| s1&s2 aff) — E(Gs| s1&s2 aff), where
E(Gg1| s1&s2 aff) = E(Gs,| s1 & s2 aff).

1.4 Genetic liabilities of screened controls

Screened controls were selected from the offspring generation, i.e. after one generation of assortative
mating. In order to apply the useful properties of the standard normal distribution, the liability scale
was inverted to regard controls as ‘cases’, and later transformed back to the original scale of [ in the
parental generation. The population frequency of screened controls in the offspring generation is
Kscreened controts = 1 = Kofrspring, WHICh QiVeS iscreened controts @Nd Ksereened controts @S described
previously in Section 1.2. The variation of genetic liabilities follows as 62(Gycreened controts) = 02(Gs) —
{kscreened controis/ 02 (1)} * a(ls, Gs) * a (1, Gg), and the mean as E (Gscreened controts) = —1 * {0%(Gs1)/
02(ls)} * iscreenca wntrolsm, where the term is multiplied by —1 to transform the mean back to the

original parental liability scale of .



2. Derivation of a single SNP’s risk allele frequency in trio design

First, the risk allele frequencies were analytically derived for screened controls, cases, and cases with
unaffected parents (‘cases’ and ‘probands’ are used interchangeably) (Section 2.1). Second, risk allele
frequencies were derived for cases with affected siblings by applying the first set of derived
frequencies and by considering IBD-sharing between cases and their siblings (Section 2.2). Third, all
acquired estimates were applied to estimate risk allele frequencies in pseudocontrols (Section 2.3).
Next we consider the impact of assortative mating (Section 2.4). To conclude, analytical derivations

were validated with a simulation study (Table S5).

2.1 Risk allele frequencies in screened controls, cases, and cases with unaffected parents

This Section closely follows the work of Witte et al.” Assume the complex disease of interest has a
population frequency P(D) = K, and the locus of interest has risk allele B with frequency P(B) = p,
and non-risk allele b with frequency P(b) = 1 — p = q. Given Hardy-Weinberg Equilibrium (HWE), the
genotype frequencies are P(bb) = g2, P(Bb) = 2pq, and P(BB) = p%. Under a multiplicative risk model
with relative risk of the heterozygote A, the risk of disease given genotype P(D|G) can be expressed as
P(D|bb) = k;,, P(D|Bb) = kppA, and P(D|BB) = k;, A2, with k;, the disease risk in subjects with
genotype bb. The probabilities of genotypes in cases is given by P(G|D) = P(D|G)P(G)/P(D), that is
P(bb|D) = k;,q%/K, P(Bb|D) = k,A2pq/K, and P(BB|D) = k,,A?p?/K. Affected individuals, thus,
have a risk allele frequency of p..s. = P(BB|D) +% P(Bb|D). Analogously, the probabilities of

genotypes in unaffected individuals (i.e., screened controls, sc) are given by p(bb|ND) = (1 — k,;,)q?/
(1 —K), P(Bb|ND) = (1 — kp,1)2pq/(1 — K), and P(BB|ND) = (1 — k,,A%)p?/(1 — K), and they have a
risk allele frequency of p;. = P(BB|ND) +% P(Bb|ND), and non-risk allele frequency q;. = 1 — p,.. The

offspring of unaffected parents will have genotype frequencies P(G | parents unaffected) of P(bb|pu) =
q2., P(Bb|pu) = 2p,.qs., and P(BB|pu) = pZ, noting that HWE is re-established after one generation.
Assuming no correlation between genotype and family environment, the P(D|G) in offspring of
screened controls are equal to P(D|G) in the baseline population. The probabilities of genotypes in
cases (proband) with unaffected parents, therefore, equal P(bb|D, pu) = kp,q2./P(D|pu),

P(Bb|D, pu) = k,,A2pscqsc/P(D|pu), and P(BB|D, pu) = k,A*pZ./P(D|pw), with P(D|pu) = ky,q2. +
kppA2Dscqsc + kppA2pZ.. Note that all can be expressed in terms of p,q = 1 — p, K, and 1 by realizing
that K = Y P(D|IG)P(G) = q?kpp + 2pqkppl + %k A%, and thus ky,, = K/(q% + 2pgld + p?4?). To take
account of dominance effect, substitute 4 with RRp;, and A2 with RR, in the above.

2.2 Risk allele frequencies in proband with an affected sibling
To estimate the risk allele frequency in cases (proband) with affected siblings, the combined
probabilities of genotypes in cases and their siblings is required:

P(bb,bb) P(bb,Bb) P(bb,BB)
P(Gouser Goi) = P(G.,G,) = | P(Bb,bb) P(Bb,Bb) P(Bb,BB)
P(BB,bb) P(BB,Bb) P(BB,BB)



The rows of P(G., G,) thus correspond to the three possible genotypes of cases and the columns to
the three possible genotypes of their siblings. P(G., G) is the sum of four matrices: P(G,, G| IBD = 0),
P(G,,G,| IBD = 1(b)), P(G,, G| IBD = 1(B)), and P(G,, G,| IBD = 2), all weighted by 0.25 =

P(IBD = 0) = P(IBD = 1)/2 = P(IBD = 2). To illustrate, the three row elements of P(Gs| G. =
Bb,IBD = 1(B)) follow from basic Mendelian reasoning as P(G; = bb| G. = Bb,IBD = 1(B)) = 0 *
anric.=pp (the probability that the IDB-allele is b equals 0; the probability that the non-IBD allele is b
depends on its frequency in the non-transmitted alleles from the parents given G. = Bb), P(G; =

Bb| G, = Bb,IBD = 1(B)) = 1 * qyr(g,=p», and P(G; = BB| G, = Bb,IBD = 1(B)) = 1 * Pyric.=sb
respectively, where pyr|, represents the frequency of B in the non-transmitted alleles from parents
given G¢, and qyrg, = 1 — pp|s, the frequency of b. Note that pyr g, €quals p,arents When the parental
generation is in HWE, however when the parents are unaffected they are not in HWE and derivation of
Par|c, is slightly more elaborate (described in Appendix A). When IBD=0, the genotypes G, depend on
the distribution of the non-transmitted genotypes, which is also described in Appendix A. In this
manner, the four matrices P(Gq| G, IBD) are defined as:

P(NT = bb|G. = bb) P(NT = Bb|G, = bb) P(NT = BB|G, = bb)
P(G,| G,,IBD = 0) = | P(NT = bb|G, = Bb) P(NT = Bb|G, = Bb) P(NT = BB|G, = Bb)
P(NT = bb|G, = BB) P(NT = Bb|G. = BB) P(NT = BB|G, = BB)

2qnTi6,=bb  2PNT|Ge=bb O
P(Gs| G.,IBD = 1(b)) = AntiG.=Bb  PNT|Ge=Bb O
0 0 0

0 0 0
P(G| G.,IBD = 1(B)) = 0  4nriG=Bb  PNT|G.=Bb
0 2qnri6,=BB 2DNT|G.=BB

(U=

10 0
P(G,| G, IBD = 2) = (0 o)
00 1

First, the allele frequency in cases with an affected sibling and random parents (in HWE) was derived,
where pyr = p irrespective of G.. Furthermore, define the diagonal matrix with the genotype
probabilities in cases, and the diagonal matrix with the probabilities on an affected sibling given the
siblings genotype as follows

P(G,.) = diag(P(G|D)) = diag(P(bb|D), P(Bb|D), P(BB|D)), and
P(S = Affected|G,) = diag(P(D|G)) = diag(P(D|bb), P(D|Bb), P(D|BB))

Now estimate the combined genotype probabilities of cases and their sibling

P(GC’ Gs:AffectedllBD) = P(Gc) * P(Gsl Gc' IBD) * P(S = AffeCteles)7 (Eq 1) and



P(Ge Gomaryeciea) = ). 025 % P(Go Gomaprecteal IBD)

Because of the ascertainment on cases the elements of P(G,, Gs) do not add up to 1. Hence,

P(Geaser Gs=affectealcase,S = Affected) = P(G,, G)/ %, P(G,, Gs). The rows of

P(Gmse, Gs=affectealcase,S = Affected) add up to P(G. = bb|case, S = Affected), P(G. = Bb|case, S =
Af fected), and P(G. = BB|case, S = Af fected) respectively. This defines the risk allele frequency in
cases with an affected sibling as pcase | s=arrectea = P(Ge = BB|case, S = Af fected) +% PG, =
Bb|case, S = Af fected). Second, the allele frequency in cases with an affected sibling and unaffected
parents was derived analoguously but with py depending on G, (see Appendix A in Section 2.5), and
with P(G,) = diag(p(GID,parents unaffected)).

2.3 Risk allele frequencies in pseudocontrols

Pseudo-control (pc) genotypes are the genomic complement genotypes from both parents not
transmitted to their offspring. Allele frequencies in pseudocontrols depend on the genotypes of the
cases selected, on the genotypes and disease statuses of the siblings and their IBD sharing with the
cases. The genotype probabilities in pseudocontrols P(G,,C|IBD, G, Gs) were estimated as follows and
the sum of these 4 3 * 3 = 36 probabilities for a specific G,. weighted by the probabilities of the

genotypes in cases and controls and their IBD-sharing, gives P(Gy).

Define the matrices P(GpC|IBD, G., Gy) which has rows defined by genotypes of the cases and columns

defined by the genotypes of the siblings

P(G,|IBD,G, = bb,Gs = bb)  P(Gp|IBD,G, = bb,Gs = Bb)  P(Gy|IBD, G, = bb,Gs = BB)
P(Gp|1BD, G = Bb,Gs = bb)  P(Gy|IBD,G, = Bb,Gs = Bb)  P(G,|IBD,G. = Bb, G5 = BB)
P(G,|IBD,G. = BB,Gg = bb) P(G,|IBD,G, = BB,Gs = Bb) P(Gy,|IBD,G, = BB, G = BB)

Given the parental genotype frequencies P(G, = bb), P(G, = Bb) and P(G, = BB), these 3 (Gpc) *
4 (IBD) = 12 matrices follow from basic Mendelian reasoning and are displayed in Appendix B
(Section 2.6). With these matrices the values of P(G,. = bb), P(Gyc = Bb), and P(G,. = BB) are

separately estimated by

P(Gy|Ge, G, case, S = Af fected) = z 0.25 * PG, Gs_frected|IBD) © P(Gyc|IBD, G, Gy)
IBD
P(Gy) = z P(Gycl|Gc, G, case,S = Af fected)
Where o represent the Hadamard product of two matrices (i.e., when A = B o C, than a;; = b;; * ¢;;).

The probabilities P(Gp,. = bb), P(G,. = Bb), and P(G,. = BB) do not add up to 1, because they are

defined in terms of the full population. Therefore, P(Gy,. | case,S = Af fected) equal P(Gy.)/



Y6y P(Gpe)- This yields the risk allele frequency in pseudocontrols from cases with affected siblings as

1
Ppc | s=Affected = P(Gpc = BB) + EP(Gpc = Bb).

The following variations yield the estimation for the other sets of pseudocontrols. (i) To estimate p,,
(without conditioning on affected siblings), replace P (G, Gs=affectea|IBD) by P(G,, Gs|IBD) by
substituting the diagonal matrix P(S = Af fected|G,) in the above for the identity matrix I. (ii) To
estimate p,cp=unasrectea: @djust the parental genotype probabilities accordingly (no longer in HWE)
and set P(G,) = diag(p(GlD,parents unaffected)). (iii) To estimated pycjs=afrectea & P=unaffecteas

combine the substitutions described in (i) and (ii).

2.4 Assortative mating
The impact of assortative mating on a single locus is expressed as the non-random mating fraction a

of parents with similar genotypes. The next generation has the following frequencies®

P(G, = bb| assortative mating parents) = (1 — a)q? + a(q? + %pq),
P(G, = Bb| assortative mating parents) = (1 — a)2pq + apq, and

P(G. = BB| assortative mating parents) = (1 — a)p? + a(p® + %pq),

when the parental generation is in HWE, and with p the parental frequency of B and q of b. The
genotype probabilities of affected siblings are given by P(G|D, a.m.parents) =

P(D|G)P(G|a.m. parents)/P(D) analoguous to Section 2.1. Substituting these as P(G.) in Eq 1 in
Section 2.2

P(G, Gg|IBD, a.m.parents) = P(G.) * P(Gg| G.,IBD) 1,

and following the other steps in Sections 2.1 and 2.2 gives the frequencies of cases and
pseudocontrol of parents with assortative mating (not selecting of disease-status of parents or
siblings). Note that assortative mating changes the probabilities of the combined genotypes of parents,
which is described in Appendix A (Section 2.5).

2.5 Appendix A: allele and genotype frequencies of non-transmitted alleles

When the parents are unaffected, they are not in HWE, in which case the non-transmitted allele and
genotype frequencies are dependent on the case’s (proband’s) genotype G.. These non-transmitted
allele and genotype frequencies are needed to derive the combined probabilities of genotypes in
cases and their sibling P(G,, G). (Note that these non-transmitted alleles are not the pseudocontrols of
interest.) Suppose the genotypes in the parents have frequencies P(G, = bb), P(G, = Bb) and

P(G, = BB). The distribution of the genotypes of pairs of parents with a genotype correlation (non-

random mating fraction) a is given by



P(Gy = bb, Gy, = bb) (1 — a)P(G, = bb)P(G, = bb) + aP(G, = bb)

P(G; = bb, Gy, = Bb) (1 - a)P(G, = bb)P(G, = Bb)
P(G; = bb, Gy, = BB) (1= @)P(G, = bb)P(G, = BB)
P(Gy = Bb, Gy, = bb) (1 — a)P(G, = Bb)P(G, = bb)
P(Gfatheerother) = P(Gf = Bb,Gn, = Bb) | = a- a)P(GP = Bb)P(GP = Bb) + aP(GP = Bb)
P(Gy = Bb, Gy, = BB) (1 — a)P(G, = Bb)P(G, = BB)
P(Gy = BB, Gy, = bb) (1 - )P(G, = BB)P(G, = bb)
P(G; = BB, G, = Bb)

(1 - a)P(G, = BB)P(G, = Bb)

P(Gy = BB, Gy, = BB) (1 - a)P(G, = BB)P(G, = BB) + aP(G, = BB)

The distributions of the genotypes of pairs of parents conditional on their offspring G, are proportional
to the pairwise multiplications of the probability of these parental genotypes times the probability of
getting offspring with G, that is

T,(Gfatheerotherl(;c = bb) = P(Gfatheerother)*(l 0.5 005025000 0)
T’(Gfatheerotherch = Bb) = P(Gfatheerother) x(0 051050505105 0)7
T,(Gfatheerotherl(;c = BB) = P(Gfatheerother) (000002505005 1)

The probabilities of non-transmitted (NT) genotypes are proportional to the sum of the combined
parental genotypes resulting in this NT genotype, that is

P(NT = bb|G.=bb)=(1 0000 00 0 0)*P(GrarherGmother|Ge = bb)
P(NT =Bb|G,=bb) =(0 1010 0 0 0 0)*P(Grather Gmother|Ge = bb)
P(NT =BB|G,=bb)=(1 00000 0 0 0)*P(GracnerGmother|Ge = bb)
P(NT = bb|G.=Bb)=(0 101000 0 0)xP(GrarherGmother|G. = Bb)
P(NT = Bb|G,=Bb)=(0 0101010 0)*P(GrarherGmother|Ge = Bb)
P(NT =BB|G.=Bb)=(0 000 010 1 0)xP(GranerGmother|Ge = Bb)
P(NT = bb|G,=BB)=(0000 100 0 0)xP(GratherGmother|Gc = BB)
P(NT =Bb|G.=BB)=(0 000010 1 0)*P(GratnerGmother|G: = BB)
P(NT =BB|G,=BB)=(0 0000 0 0 0 1) * P(GatnerGmother|Ge = BB)

Scaling gives the exact probabilities of the NT genotypes: P(NT = bb|G, = bb) =
B(NT = bb|G, = bb)/ (ﬁ(NT = bb|G, = bb) + P(NT = Bb|G, = bb) + P(NT = BB|G, = bb)) etc. The

allele frequencies pyrg, follow directly from the NT genotype frequencies.

2.6 Appendix B: pseudocontrol genotypes conditional on IBD, G.; and G
Define the matrices P(G,|IBD, G,, G;) as



P(G,|IBD,G, = bb,Gs = bb) ~ P(Gyp|IBD,G, = bb,Gs = Bb)  P(Gy|IBD, G, = bb, G5 = BB)
P(Gp|1BD, G = Bb,Gs = bb)  P(Gy|IBD, G, = Bb,Gs = Bb)  P(G,|IBD,G, = Bb, G5 = BB)
P(G,|IBD,G. = BB,Gg = bb) P(G,|IBD,G, = BB,Gs = Bb) P(Gy,|IBD,G, = BB, G = BB)

Given the parental genotype frequencies P (G, = bb), P(G, = Bb) and P(G, = BB), these 3+ 4 = 12
matrices follow from basic Mendelian reasoning. Note that IBD=0 (between cases and their siblings)
indicates that the pseudocontrol shares both alleles with the sibling; IBD=1 indicates that the
pseudocontrol shares the non-IBD allele with the sibling; and IBD=2 indicates that the pseudocontrol
and sibling share no alleles. Alleles in the pseudocontrols not shared with the sibling come from the

parents with the probabilities derived in Appendix A (Section 2.5). The P(GpC|IBD) are thus defined as:

100

P(G,. = bb|IBD = 0) = (1 0 o)
100
ANT|G.=bb

P(G,. = bb|IBD =b) = (qm,acng
4qNT|G.=BB

o © O
o © O

4ANT|G.=bb  Y4NT|G.=bb 0
P(G,. = bb|IBD = B) = | anric=8b

ANT|G.=BB

4ANT|Gc=Bb 0
Antie=88 0
P(NT = bb|G, = bb) P(NT = bb|G, = bb)
P(NT = bb|G, = Bb) P(NT = bb|G, = Bb)
P(NT = bb|G, = BB) P(NT = bb|G, = BB)

P(NT = bb|G, = bb)
P(G,. = bb|IBD = 2) = | P(NT = bb|G, = Bb)
P(NT = bb|G, = BB)

010

P(G,. = Bb|IBD = 0) = (0 1 0)
010
PNT|G.=bb

P(G,. = Bb|IBD =b) = <pNT|G,;=Bb
PNT|G.=BB

AqNT|G.=bb  9NT|G.=bb
AqNT|G.=Bb  4NT|G.=Bb
AqNT|G.=BB

AqNT|G.=BB

ANT|G.=bb
4qNT|G.=Bb

4qNT|G.=BB

DNT|G,=bb
P(G,. = Bb|IBD = B) = <pNT|G,_-=Bb

DNT|G.=BB

DNT|G,=bb
DPNT|Gc=Bb
DNT|G.=BB

P(NT = Bb|G, = bb)
P(G,. = Bb|IBD = 2) = | P(NT = Bb|G, = Bb)
P(NT = Bb|G, = BB)

0 01
P(G,, =BB|IBD=0)={0 0 1
0 01

0 PnTiG=bb

P(NT = Bb|G, = bb) P(NT = Bb|G, = bb)
P(NT = Bb|G, = Bb) P(NT = Bb|G, = Bb)
P(NT = Bb|G. = BB) P(NT = Bb|G, = BB)

PNT|G.=bb

P(G,. =BB|IBD=b) = 0 DPnrig.=pb Pnric.=Bb

0 PNT|G,=BB

P(G,. =BB|IBD=B)=(0 0 pyrig.=s»

0 O pnriG=8B

P(NT = BB|G, = bb)
P(G,. = BB|IBD = 2) = | P(NT = BB|G, = Bb)
P(NT = BB|G, = BB)

(0 0 PnriG.=bb

PNT|G.=BB

P(NT = BB|G, = bb) P(NT = BB|G, = bb)
P(NT = BB|G. = Bb) P(NT = BB|G, = Bb)
P(NT = BB|G. = BB) P(NT = BB|G, = BB)
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