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Supplementary Figure 1

Number of cases and proxy cases required to detect association at o« = 5 % 107° for case—control and proxy case-control
designs.

The ratio of controls to cases (or proxy cases) is 1. We set the disease prevalence (K) to 0.1 and varied the true odds ratio (OR) from
1.1 to 1.5. Each panel shows the equivalent humber of cases and proxy cases required across different minor allele frequencies
(MAFs). Across values of K (data only shown for K = 0.1), MAF and OR, the ratio of true cases to proxy cases was ~4 when proxy
cases and controls are perfectly classified (red line). When 10% of controls consist of misclassified proxy cases, the ratio increases to
~4.9 (blue line).
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Supplementary Figure 3
Manhattan plots of primary proxy case—control association analysis results for 12 phenotypes.

Chromosome and positions are plotted on the x axis. Strength of association is plotted on the y axis. The red line corresponds to the
genome-wide significant threshold of P < 5 x 10°7°, -logio (P values) are truncated at 40 for illustrative purposes.
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Supplementary Figure 4

Mean polygenic risk scores among UK Biobank individuals for Alzheimer's disease, coronary artery disease and type 2

diabetes.

Risk scores were calculated using lists of established risk loci and reported effect sizes extracted from publicly available published
GWAS summary statistics. Error bars denote the 95% confidence intervals of the mean normalized polygenic risk scores. Differences
between each pair of risk scores were tested using Welch’s t test. No significant difference between any of the unaffected individuals

Mean polygenic risk score (0-centered)

with two affected parents and 2x unaffected individuals with one affected parent were identified (P > 0.09).
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Regional association plots of four novel Alzheimer’s disease risk loci.
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Supplementary Figure 6
Regional association plots of eight novel coronary artery disease risk loci.

SNPs are plotted according to their base-pair position and strength of association. The color of each point indicates the degree of
linkage disequilibrium with the index SNP (in blue).
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Supplementary Figure 8
Quantile—quantile plot and genomic inflation of primary proxy case—control association analysis results for 12 phenotypes.

The dashed red line corresponds to y = x.
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Supplementary Table 2. List of genome-wide significant loci from primary proxy-case/control analysis (see
attached spreadsheet). A variant was considered genome-wide significant if P < 5 x 10~% in the proxy-
case control association analysis. HWE: Hardy-Weinberg equilibrium P-value, Missingness: proportion of
samples with missing genotypes, Batch missing P: P-value from chi-square test for differential missingness
by batch, Batch freq: P-value from chi-square test for differences in allele frequencies between genotyping
batches, INFO: Imputation INFO quality metric, P-value (LMM): Association P-value from mixed-model
analysis.

Phenotype Female proxy-cases (52.9% overall) P-value
Alzheimer’s disease 55.59% 2.61x 10710
Bowel cancer 52.64% 0.51
Breast cancer 56.56% 3.93x 1071
Chronic bronchitis/emphysema 58.68% 2.37 x 10760
Heart disease 56.39% 1.10x 10784
High blood pressure 58.08% 1.05 x 107206
Lung cancer 54.88% 1.55x 1076
Major depressive disorder 61.84% 8.39 x 107106
Parkinson’s disease 55.27% 0.0028
Prostate cancer 54.08% 0.036
Stroke 55.88% 7.64 x 103
Type 2 diabetes 55.96% 8.06 x 10723

Supplementary Table 3. Percentage of females who make up all proxy-cases. P-value estimated from a2 x 2
chi-squared test of proxy-case and control counts for males and females.

Supplementary Table 4. List of genome-wide significant loci from fixed-effects meta-analysis analysis (see
attached spreadsheet) for Alzheimer’s disease, coronary artery disease and type 2 diabetes. A variant was
considered genome-wide significant if P < 5 x 1078 in the combined UK-Biobank and previous GWAS
meta-analysis.
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Phenotype

ICD-10 Codes

Alzheimer’s disease
Bowel cancer

Breast cancer
Chronic bronchitis/emphysema
Coronary artery disease

High blood pressure

Lung cancer
Major depressive disorder

Parkinson’s disease
Prostate cancer

Stroke

Type 2 diabetes

G300, G301, G309, F000, FO01, FO09

C180, C181, C182, C183, C184, C185, C186, C187, CI188,
C189, C19, C20, C210, C211, C218

C050, C500, C501, C502, C503, C504, C505, C506, C508, C509
J40, J411, J430, J431, J438, J439, J440, J441, J448, 1449, J47
1200, 1201, 1208, 1209, 1210, 1211, 1212, 1213, 1214, 1219, 1220,
1221, 1228, 1229, 1231, 1236, 1238, 1240, 1241, 1248, 1249, 1250,
1251, 1252, 1253, 1254, 1255, 1256, 1258, 1259

110, 1110, 1119, 1120, 1129, 1130, 1131, 1132, 1139, 1150, 1151,
1152, 1159

C33, C340, C341, C342, C343, C348, C349

F320, F321, F322, F323, F328, F329, F330, F331, F332, F333,
F334, F338, F339

G20

Co1

1610, 1611, 1612, 1613, 1614, 1615, 1618, 1619, 1620, 1621, 1629,
1630, 1631, 1632, 1633, 1634, 1635, 1636, 1638, 1639, 164

El1, E110, E111, E112, E113, E114, E115, E116, E117, E118,
E119

Supplementary Table 5. ICD-10 codes used in assigning case/control status.

Nature Genetics: doi:10.1038/ng.3766



2 Supplementary Note

2.1 Power calculations and simulations

2.1.1 Power of an association test using proxy-cases

Suppose a researcher has a fixed budget and is interested in whether to collect proxy-cases or true cases.
If proxy-cases are easier to collect than true cases (for instance, if the disease is lethal), then how many

proxy-cases will need to be collected instead of cases for power to detect association to be equivalent?

Method Consider a study of Ny cases and Ny controls, and N = N4 + Ny is the total sample size. For each
SNP, let f4 be the allele frequency of allele Al in cases and fy be the allele frequency of Al in controls.
For all our simulations (except where noted otherwise), we assume perfect knowledge about individual
phenotypes and family history. Controls do not include individuals with any affected relatives. This can be

displayed in a 2 x 2 contingency table of expected allele counts under Hardy-Weinberg equilibrium:

Cases Controls
Al 2faNa 2fuNy
A2 | 2(1— f4)Na 2(1—fu)Ny

A test for association between genotype and disease status is then performed by calculating the Pearson

x? test statistic:

2 (nij — E[nij])?
2= S )
i:§A2 j:;U E[n;;]
where n;; is the allele count of the cell for allele i and case/control status j and E [n;;] = "’n"’ is the expected

cell count given the number of cases, controls and the allele frequency across all samples. Under the null
hypothesis, Xz has a chi-squared (1-degree of freedom (df)) distribution.

For a given odds ratio (OR) and allele frequency in controls (fy/), we can calculate the expected allele

JSuxOR _ Jatlu
FoxORT1—fy i

We assume for now that all cases, proxy-cases and controls are perfectly classified, and that controls do not

frequency in cases: fy = as well as the expected allele frequency in proxy-cases: fp
include unaffected individuals with an affected first-degree relative. We consider the situation when some
proxy-cases are misclassified as controls later on.

The power of the chi-squared test is dependent upon the noncentrality parameter (NCP), A. Under
the alternative hypothesis, ¥ has a xlz(/l) (noncentral chi-squared) distribution. The power of the test at
significance level a is P(x7(4) < Xi.q)-

The NCP equals the test statistic minus the degrees of freedom, and is a function of the allele frequency
and sample size [[Evans and Purcell, 2012]]. For a chi-squared (1-df) test using allele counts in true cases and

controls, the NCP can be derived as:
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2NaNy (fa — fu)*(Ny +Na)

= 2
ke (Na —Nafa+Ny — Ny fu)(faNa+ fulNv) @
_ 2Nar(fa— fu)*(147) 3)
(fatrfu)X+r—fa—rfu)
and similarly for a chi-squared (1-df) test using proxy-cases and controls:
A — 2NpNy (fp — fu)*(Nu + Np) @
" (Np—Nefp+Nu —Nufu)(fpNe+ fuly)
_ 2Npr(fe— fu)*(1+7) )

(fe+rfu)(l+r—fp—rfu)

where Np is the number of proxy-cases and r is the ratio of controls to cases (or controls to proxy-cases).
Given values Ny, r, fy and OR, we wish to calculate Np when A¢c = Ap. That is, given a fixed number
of true cases and controls, what is the number proxy-cases and controls required to have equivalent power
to detect association as true cases? We can solve Ac = Ap numerically by iterating through values of Np in
equations (2) and (4).
Alternatively, if it can be assumed that r is constant, the relationship between Ny and Np when Ac = Ap

can be derived as following:

2Nar(fa—fu)?(L+r)  _ 2Npr(fp—fu)*(1+7) ©)
(fatrfo)A+r—fa—rfu)  (fetrfo)(A+r—fe—rfv)
substituting fp = @ and solving for Np:
No— Na(f+2farfu + fu —r—1)+ fu@r+1)2rfy + fu —2(r+1)))
b= : )
fa+fa(2fy =V)r =) +rfu((fv —Dr—1)
_ Na@r(fu =D +fu+fa=2)(fur+ 1)+ fa) )
(o =D+ fa—D(rfu+ )
and differentiating with respect to Nu:
ONp _ (2r(fu =D+ fu+fa—2)(fat+fu2r+1)) )
IN4 (fatr(fu=1)—=D)(fa+rfv)
_Ww=2a-tu)  futDla—fo) , (10)

fatrfu fa+r(fu—1)—1

Our analysis so far assume that cases, proxy-cases and controls are perfectly classified. In situations
where a certain number of proxy-cases are misclassified as controls, we would expect a decline in effect size
(and hence power to detect association) for a given sample size when compared with a perfectly classified

proxy-case control design. We can model this by replacing fy in equations (4) and (5) with f; = mfp +
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(1 —m) fy, where m is the proportion of controls that are actually proxy-cases.

Results We estimated Np for different values of Ny across different effect sizes and allele frequencies.
When r is constant between cases and controls, there is a linear relationship between the number of true
cases and number of proxy-cases to achieve the same power to detect association (Supplementary Note
Figure [I). In general, a study with proxy-cases will need four times as many samples as true cases to
achieve equivalent power to detect association - in equation (10), g%j ~ 4 across the effect size and allele
frequency spectrum. For example, a study of 1,000 true cases and 1,000 controls will have roughly have
same power to detect association as one with 4,000 proxy-cases and 4,000 controls.

The above assumes that r remains constant between the case/control and its equivalent proxy-case/control
study. In a situation where the number of controls is fixed and a researcher needs to decide whether to collect
true cases or proxy-cases, r will decrease as the number of true cases increases. In practice, this means that
the ratio of proxy-cases to true cases when power is equivalent will increase as the number of true cases
increases (Supplementary Note Figure [T). For instance, with the number of controls fixed at 100,000, a

study of 1,000 true cases is equivalent to one with ~4,125 proxy-cases; while one with 5,000 true cases is

equivalent to ~23,700 proxy-cases.
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Supplementary Note Figure 1. Number of proxy-cases and true cases when power to detect association
is equivalent. Red lines indicate a study design where the ratio of cases to controls r is constant between
true case and proxy-case study. Black lines indicates a study design where number of controls is fixed at
100,000.

Nature Genetics: doi:10.1038/ng.3766



2.1.2 Power of an association test when true cases and proxy-cases are considered jointly

We consider a cohort study where both true cases and proxy-cases are available for analysis, and compare
power to detect association under three different association models: 1) a 2 x 2 chi-square (1-df) test using
true cases and controls, 2) a 2 x 2 chi-square (1-df) test when cases and proxy-cases are lumped together vs.
controls, and 3) a 3 x 2 chi-square (2-df) test where cases, proxy-cases and controls considered separately.
The expected number of true cases and proxy-cases in a randomly sampled cohort is based on the disease

prevalence and heritability of disease liability.

Method Let there be a cohort composed of N individuals. For a typical case/control association study, the
cohort is split into approximately Ny = N x K cases and Ny = N X (1 — K) controls where K is the disease

prevalence. For each SNP, the allele counts can be denoted as before:

Cases Controls
Al 2 faNy 2fuNu
A2 | 2(1 = fa)Na  2(1— fu)Ny

where fj4 is the frequency of Al in cases and fy is the frequency of Al in controls. The odds ratio is:

OR:M (11)

fu(l—fa)
with NCP:

2NANy (fa — fu)*(Nu +Na)
(Ng —Nafa+Ny —Ny fu)(faNa + fuNu)

We wish to calculate the NCP when cases are composed of both true cases and proxy-cases. To do this,

Ac = (12)

we need to know how the allele counts are expected to vary when a proportion of controls are reassigned to
be proxy-cases. The number of expected proxy-cases in a randomly sampled cohort can be estimated using
the liability threshold model of disease.

The liability distribution of individuals with an affected first-degree relative is:

i hji(i—T)

where h? is the narrow-sense heritability of liability, T is the truncation point of a standard normal distribu-
tion at disease prevalence K, z is the height of the standard normal distribution at 7 and i = z/K [Falconer
and Mackay, |1996]. The probability that an affected individual’s first degree relative is also affected is then

K; =1—®(Ty) where ®(.) is the standard normal cumulative distribution function and

T — T —h2i/2
V- Hii-7)/4

(14)

10
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In a cohort study, the total number of individuals with at least one affected parent is approximately
(1—(1—K)?) x N. Of these, K; x Ny individuals are also affected themselves. Subtracting one from the

other, the total number of proxy-cases (unaffected individuals with an affected parent) is:

Np=(1-(1-K)*)xN—(1—(1—K;)?) xNa (15)

Let fp = % be the allele frequency of Al in proxy-cases, where f;; is the allele frequency of Al in
controls that do not include proxy-cases (“true controls”). In an association study where cases are composed
of both truly affected individuals and proxy-cases, the allele count of Al in cases increases by 2 fpNp while

the number in controls decreases by the same amount. Hence, we can estimate the allele frequency in true

controls:
« JuNu— fpNp
_ 16
fo =N, (16)
Substituting fp = w:
2fuNy — faNp
== 17
Ju 2Ny — Np (17

Similarly, the allele frequency in cases that now include proxy-cases:

. JaNa+ fpNp
_ 18
A= TN N (19
Hence the allele counts are now:
Cases Controls
Al 2f5x(Na+Np) 2f;(Ny — Np)

A2 | 2(1—f3)(Na+Np)  2(1—f)(Nu —Np)

and NCP:

1 — 2(Na +Np)(fx — f5)* (Nu +Na) (19)
(Na — f{(Na+Np)+Ny — f;(Nu —Np))(f(Na+Np) + f{;(Ny — Np))

The power of the chi-square (1-df) test at significance level « using just true cases is P(y?(Ac) < %12; o)
and when using both true cases and proxy-cases is P(y?(A*) < 7612;0,)-
We next consider power calculations for a test where cases, proxy-cases and controls are considered

separately. The allele counts are now:

‘ Cases proxy-cases Controls
Al 24Ny 2fpNp 2 (Ny — Np)
A2 | 2(1—fa)Na 2(1—fp)Np 2(1— f)(Nu —Np)

with NCP for a 3 x 2 chi-square (2-df) test:

11
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6
A NA+N Z plt PO:

i=1

(20)

where pg; and py; are the proportions in cell i under the null and alterate hypotheses respectively |Cohen

[1977]]. The power at significance level o of the chi-square (2-df) test is then given by P(x3 (A7) < )(22; o)

Results We estimated the power to detect association at & = 5 x 1078 in a cohort of 100,000 individuals
across different values of K, h?, fi;, and OR using three models: 1) true cases vs. controls (1-df test), 2)
true cases + proxy-cases vs. controls (1-df test) and 3) true cases vs. proxy-cases vs. controls (2-df test)
(Supplementary Note Figure [2)).

In all situations, accounting for proxy-cases using the 2-df test improved power to detect association.
For diseases with prevalence less than ~ 10%, the 2-df test was marginally more powerful that the 1-df test
of lumping true and proxy-cases together. For instance, for a disease with 5% prevalence and 50% heri-
tability, we expect to observe 5,000 cases and 8,597 proxy-cases in a randomly sampled cohort of 100,000
individuals. Here, for a SNP with allele frequency 0.1 in controls, an OR of 1.2 and ot = 5 % 1078, there is
60.2% power to detect association using a 2 X 2 test of true cases vs. controls, 83.7% using a 2 x 2 test of
true cases + proxy-cases vs. controls and 87.7% using a 3 x 2 test of true cases vs. proxy-cases vs. controls.

The 1-df test of lumping cases and proxy-cases becomes less powerful than a standard case/control test
when disease prevalence becomes higher than ~ 0.34. This is because as K increases, so does the number
of proxy-cases, such that reassigning them from controls to cases leads to a much smaller proportional
increase (and sometimes a decrease) in the total effective sample size than if prevalence was lower (while
at the same time losing power due to the decrease in the effect size). For instance, when K = 0.34 and
h? = 0.5, we expect 34,000 cases and 33,033 proxy-cases in a cohort of 100,000. The effective sample
size (Nopr = ﬁ) of a standard case/control design is 89,760, while lumping cases with proxy-cases
gives an effective sample size of 88,395. In contrast, using the same parameters except K = 0.05, lumping
proxy-cases with cases increases the effective sample size 19,000 to 46,993.

The overall gain in effective sample size from the 2-df design is shown in Supplementary Note Figure
Bl The improvement in effective sample size for the 2-df test when compared with the 1df case/control
test is greatest when disease prevalence is low. For instance, when K = 0.005, the 2-df design represents a
1.36x increase in sample size compared with the 1-df case/control design. This ratio decreases to 1.2 when

K=0.2.

2.1.3 Discussion

We compared power to detect association with proxy-cases under two broad scenarios. In the first, a choice
needs to be made whether to collect only cases or only proxy-cases, and the second, where both true and
proxy-cases are collected. The first situation may prove useful if the collection of true cases is somehow

prohibitive compared to proxy-cases - for instance, the disease may be very rare, lethal or very late onset.

12
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Supplementary Note Figure 2. Power to detect association at o = 5 x 10~% using three study designs. The
power of the 2-df test comparing cases against proxycases and against controls is shown in blue, the 1-df
test comparing cases and proxycases against controls is in red, and the 1-df test comparing cases against
controls and proxycases is shown in black. We set the total sample size (N) to 100,000, the allele frequency
in controls (fU) to 0.1, and then varied the disease prevalence (K), heritability of disease liability (h2) and
odds ratio (OR). The expected number of cases and proxy-cases is shown in the bottom right corner of each

panel.

Nature Genetics: doi:10.1038/ng.3766

T T T T T
1.00 1.05 110 115 1.20

OR (true case vs. controls)

13

T T T T T
1.00 1.05 110 115 1.20

OR (true case vs. controls)



Cohort size (logy, scale)

Cohort size ratio

Supplementary Note Figure 3. Equivalent sample sizes of case/proxy-case/control designs in a population
cohort. Disease prevalence is shown in the x-axis. (A) The y-axis shows the total cohort sizes of the 2-df,
1-df (cases, proxy-cases) and 1-df (cases only) study designs required for 80% power to detect association
at oo = 5 x 1073 for a SNP with odds ratio = 1.2, allele frequency = 0.4 and heritability = 0.5. (B) The y-axis
shows the relative size of the 1-df (cases, proxy-cases) and 1-df (cases only) study designs compared with
the 2-df design that is required to achieve the same power to detect association. These ratios remain constant
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The second situation is perhaps more likely to be encountered in the context of large population co-
hort studies where phenotypes of genotyped individuals as well as their relatives are collected. Here, we
show that it is always more powerful to explicitly account for proxy-cases using the 3 x 2 chi-squared test
than performing a standard case/control test. The approach of lumping cases and proxy-cases together is
marginally less powerful than the 3 x 2 test for diseases with prevalence < 10%, though this approach loses
power compared to the others as prevalence increases. In practice, using the latter approach and perform-
ing association using logistic regression or mixed models so that covariates and population structure can be
accounted for may prove to be effective for diseases with low to moderate prevalence.

The expected number of proxy-cases in a population cohort is estimated assuming that the disease preva-
lence is the same between genotyped individuals and their first degree relatives. For late onset diseases
where the prevalence is higher in the parents of genotyped individuals, accounting for proxy-cases will

become even more attractive than just using cases.

2.2 A novel Parkinson’s disease association at SLIT3(?)

In the primary GWAX in the UK Biobank individuals, we identified a previously unreported Parkinson’s
disease risk locus near the SLIT3 gene (151806840, P = 6.39 x 10—, Supplementary Note Figure . Given
the sample size of 4051 proxy-cases and 110,402 controls (effectively equivalent to a case/control study
with N = ~ 4440) is an order of magnitude smaller than in Nalls et al.,| [2014]] (13,708 cases and 95,282
controls), we would not have expected to identify any genome-wide significant locus that had not already
been identified this earlier study. Indeed, all other 23 genome-wide significant loci were at established risk
loci for their respective diseases. The lead SNP at this locus, rs1806840, is also listed with association
P > 0.05 in|Nalls et al.| [2014]] at pdgene . org.

The lead SNP does not appear to have any obvious QC issues, with Hardy-Weinberg P = 0.79, miss-
ingness = 0.018, genotyping batch effects on missingness P = 0.87, and batch effects on allele frequency
P = 0.73. Imputation quality is also high, with IMPUTE2 INFO = 0.99. The strongest association signal at
a directly genotyped SNP, 1511134568, is P = 5.18 x 10~8. In EUR individuals from 1000 Genomes Project
Phase 3, LD between rs1806840 and rs11134568 is > = 0.87. The strength of association in the region
appears consistent with LD patterns (Supplementary Note Figure [)).

We were also unable to rule out population stratification driving the association at this locus. The signal
persisted when the first 20PCs were used as covariates in the logistic regression (P = 2.15 x 10710). We
also performed association testing using a linear mixed model implemented in BOLT-LMM |[[Loh et al.|
2015]], where genetic relatedness between the UK Biobank was estimated using 623,852 directly genotyped
SNPs. Using this method, which tries to account for cryptic population stratification, rs1806840 remained
genome-wide significant (Supplementary Table 2, P = 5.9 x 10~°).

While we urge caution in interpreting this signal as a bona fide Parkinson’s disease risk locus, there is

no obvious evidence from our data to suggest that it is a false positive. We hope that future large genetic
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Supplementary Note Figure 4. Regional association plot of the novel Parkinson’s disease association at
SLIT3. The coordinates on the x-axis are GRCh37. SNPs are plotted according to their base-pair position
and strength of association. The color of each point indicates the degree of linkage disequilibrium with
rs1806840 (in blue). Circle points represent imputed SNPs; triangle points represent directly genotyped
SNPs.
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studies of Parkinson’s disease, especially those that can compare UK vs other populations, will shed further

light on this locus.
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