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Abstract

Genetic association studies for binary diseases are designed as case-control studies: the cases are
those affected with the primary disease and the controls are free of the disease. At the time of
case-control collection, information about secondary phenotypes is also collected. Association
studies of secondary phenotype and genetic variants have received a great deal of interest recently.
To study the secondary phenotypes, investigators use standard regression approaches, where
individuals with secondary phenotypes are coded as cases and those without secondary
phenotypes are coded as controls. However, using the secondary phenotype as an outcome
variable in a case-control study might lead to a biased estimate of odds ratios (ORs) for genetic
variants. The secondary phenotype is associated with the primary disease; therefore, individuals
with and without the secondary phenotype are not sampled following the principles of a case-
control study. In this article, we demonstrate that such analyses will lead to a biased estimate of
OR and propose new approaches to provide more accurate OR estimates of genetic variants
associated with the secondary phenotype for both unmatched and frequency-matched (with respect
to the secondary phenotype) case-control studies. We also propose a bootstrapping method to
estimate the empirical confidence intervals for the corrected ORs. Using simulation studies and
analysis of lung cancer data for single-nucleotide polymorphism associated with smoking
quantity, we compared our new approaches to standard logistic regression and to an extended
version of the inverse-probability-of-sampling-weighted regression. The proposed approaches
provide more accurate estimation of the true OR.

Keywords
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1. Introduction

Genome-wide association (GWA) study has recently become a popular approach for
detecting genetic variants for common diseases without prior knowledge of the variant's
location or function. Typically, GWA studies were originally designed as case-control
studies of the primary disease of interest, such as lung cancer, diabetes, or breast cancer
(cases are those affected with the primary disease and controls are free of the disease). At
the time of case-control collection, information about secondary phenotypes, which we
define as traits associated with the primary disease of interest, such as smoking behavior and
body mass index (BMI), are also collected. Thus, GWA studies provide a large number of
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datasets that can be used in studies of the association between secondary phenotypes and
genetic variants. For example, in lung cancer GWA studies, data about smoking behavior
and chronic obstructive pulmonary disease (COPD) are also available; both are secondary
traits that are highly associated with lung cancer risk. The association studies between
smoking and single-nucleotide polymorphisms (SNPs) have received a great deal of interest
[Amos et al., 2008; Hung et al., 2008; Spitz et al., 2008; Thorgeirsson et al., 2008; Wang et
al., 2010]. Similarly, in the GWA studies of type 2 diabetes, investigators also collected data
for secondary phenotypes such as BMI and physical activity and were interested in the
association between these secondary phenotypes and genetic variants [Frayling et al., 2007].
Similarly, in the GWA studies of breast cancer, the associations between genetic variants
and different secondary phenotypes, such as ages of menarche and puberty, have been
studied [He et al., 2009; Ong et al., 2009].

To study the secondary phenotypes, investigators have used the standard regression
approaches, such as logistic regression, where individuals with secondary phenotypes are
coded as cases and those without secondary phenotypes are coded as controls. However,
using the secondary phenotype as an outcome variable in a case-control study might lead to
a biased estimate of odds ratios (ORs) for genetic variants. This is because the secondary
phenotype is associated with the primary disease of interest; therefore, individuals with (case
subject) and without (control subject) the secondary phenotype are not sampled following
the principle of a case-control study design, where cases are randomly ascertained from the
group of individuals in the general population who have the specified phenotype and
matched with a group of controls who do not have the phenotype. The commonly used
solution to this problem is to utilize primary disease status as a covariate in the regression
analyses. However, through simulation (see below) we showed that in many situations
adjusting for the primary disease status will still result in a biased estimate of the OR.
Alternative approaches for estimating ORs of genetic variants associated with secondary
phenotypes include using only cases or only controls with respect to the primary disease.
However, these approaches were similarly biased. Richardson et al. [2007] used stratum-
weighted logistic regression to assess associations between the explanatory variables and the
secondary phenotype for a nested case-control study within a prospective cohort, where the
inverses of the sampling fractions were used as the weights. Monsees et al. [2009]
investigated different scenarios for the problem of marker-secondary trait association in
nested case-control samples using the inverse-probability-of-sampling-weighted (IPW)
regression method proposed by Richardson et al. [2007] to estimate genotype-secondary
trait association when the sampling fractions are available for case-control studies nested
within a prospective cohort. Lin and Zeng [2009] proposed a likelihood-based approach for
the analysis of a secondary phenotype. They considered several different scenarios involving
a rare or not rare disease and a known or unknown disease rate, and for each scenario, they
maximized the corresponding log-likelihood function via the Newton-Raphson algorithm. Li
et al. [2010] focused on the situation when the primary disease is rare. They found that,
when the primary disease is rare, some standard approaches (e.g. controls only or cases
only) would still result in biased estimates if the secondary phenotype and the genetic
variant have an interaction effect on the primary disease; and proposed an adaptively
weighted method using both cases and controls for the study of association between
secondary phenotype and the genetic variant. None of these authors considered commonly-
used frequency-matched case-control design in their studies.

In this study, we focused on the scenario in which both the genetic variant and the secondary
phenotype are associated with the primary disease. Under this scenario, it has been shown
that the bias in the estimates of marker-secondary trait association is present under both the
null and alternative hypotheses [Monsees et al., 2009]. Using a simulated example, we
showed that either adjusting or not adjusting for the primary disease status resulted in a
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biased estimate of the OR of the genetic variant associated with the secondary phenotype
and further demonstrated that the magnitude of the bias depended on the prevalence of the
primary disease and, to a lesser extent, on the prevalence of the secondary phenotype.
Therefore, we propose an approach to reduce the bias in OR estimation of the genetic
variants associated with the secondary phenotype that accounts for the prevalences of the
primary disease and secondary phenotype. The corrected ORs were obtained by solving non-
linear equations involving prevalences iteratively. We also propose a bootstrapping method
to estimate the empirical confidence intervals for the corrected ORs. We extended the IPW
regression approach [Richardson et al., 2007] from the original nested case-control studies
within a prospective cohort to retrospective case-control studies. We compared our proposed
approach to the standard logistic regression method as well as to the extended IPW
regression method. The performance of our approach was demonstrated via simulation
studies as well as a real data analysis of SNPs associated with smoking quantity using lung
cancer GWA data.

Frequency-matching is an important and commonly used study design for known risk
confounders and has been widely used in case-control studies [Rothman and Greenland,
1998]. For example, in lung cancer studies, because smoking is a well-known risk
confounder for the association between lung cancer and other risk factors, controls are
typically frequency matched to cases with respect to smoking behavior. In this situation,
both the logistic and IPW regression methods will result in a biased estimate of the OR of
marker-secondary phenotype association. Therefore, we also propose a bias correction
approach for the studies of marker-secondary phenotype associations in which the secondary
phenotype in controls is frequency matched to that in primary disease cases. The results of
this matched study design using logistic regression, the extended IPW regression, and our
approach are reported.

2. Demonstration of Bias using a Simulated Example

2.1 Simulation Approach

We used the following simulation approach to demonstrate the bias of the OR estimates in
studies of the association between genetic variants and secondary phenotypes using the
logistic regression approach. First, denote two alleles at a SNP locus by A and a. Let A be
the deleterious allele and a be the normal allele. We used a categorical random variable, X =
{0,1, 2}, to denote the three genotypes, (a,a), (A,a), and (A,A). This coding assumes an
additive genetic model, where the values of the random variable correspond to the number
of copies of the A allele. When the dominant or recessive genetic model was assumed, we
used a binary random variable, X = {0,1}, to denote the three genotypes. For the dominant
genetic model, 0 represents genotype(a,a), and 1 represents genotypes (A,a) and (A,A). For
the recessive genetic model, O represents genotypes (a,a) and (A,a), and 1 represents
genotype (A,A). We defined another categorical random variable, Y = {0,1}, to indicate the
case-control status of primary disease, with 0 representing individuals in the control group
and 1 representing individuals in the case group. We defined the status of the secondary
phenotype, also as a binary random variable, T = {0, 1}, with 0 representing individuals
without the secondary phenotype and 1 representing individuals with the secondary
phenotype.

In this article, we considered the simulation scenario as shown in Figure S1(A) in the
Supplementary Materials. The simple network structure in Figure S1(A) represents the
associations among the SNP (X), the secondary phenotype (T), and the primary disease (Y),
where the SNP is associated with both the secondary phenotype and the primary disease and
the secondary phenotype is associated with the primary disease.
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First, genotypes of the SNP X were generated with the use of the genotype frequencies
assuming the SNP is in Hardy-Weinberg proportion. We assumed a common SNP with a
minor allele frequency (MAF) of 0.4. Therefore, the genotype frequencies were 0.36, 0.48,
and 0.16 for the three genotypes (a,a), (A,a), and (A,A), respectively. Given the dataset of
realizations of SNP X, secondary phenotype T was generated using logistic model Logit
(Pr(T = 1| X)) = ag + a7 X and conditioned on the values of X and T, disease outcome Y was
generated using the following logistic model: Logit (Pr(Y = 1|T, X)) = Bg + B1X + B>T.

In this way, we simulated a large amount of data on the population of interest and then
randomly sampled 1,000 cases (individuals with the primary disease) along with 1,000
normal controls (individuals without the primary disease) from the population. When a
frequency-matched study based on the secondary phenotype was considered, the cases were
still sampled randomly. However, the controls were sampled so that the proportion of the
presence of the secondary trait in the controls was approximately equal to that in the cases
[Rothman and Greenland, 1998]. We assumed that the difference between the proportions of
the presence of the secondary trait in cases and controls was +2% with equal probability.

2.2 The Demonstration of Bias in OR Estimation as a Function of Primary Disease

Prevalence

We assumed an additive genetic model for the SNP. We seta; = B; = 0.4055, which
corresponds to an OR of 1.5 for the SNP association with primary and secondary
phenotypes, and 3, = 1.9086, which corresponds to an OR of 3 for the association between
secondary phenotype and primary trait. The intercept coefficients ag and g were set from
—6 to 3.5, with a 0.5 interval, for a total of 300 pairs of values of (ag,Bg). Each pair of
(00,Bo) values corresponds to specific prevalences of the secondary phenotype and the
primary disease in the general population, denoted by f and fp, respectively. This setting
can cover a wide range of fp from ~0.5% to ~99% and of fr from ~3% to ~96%. Although,
in reality, a disease prevalence of greater than 80% might not be realistic, many complex
diseases, such as cancers and autoimmune disorders, will have an fp of less than 10%
(nonetheless, we simulated the entire range of prevalence for the sake of completeness). For
each pair of specific intercept coefficients, we simulated 1,000 replicates, each with 1,000
cases and 1,000 controls. Given a dataset of observations of random variables X, Y, and T,
the OR of the SNP X associated with the secondary phenotype T for each replicate was
determined by logistic regression. The ORs were estimated with and without using the
primary disease status as a covariate. Medians of the ORs based on 1,000 replicates are
shown in Figure S1 (B1, without adjusting for primary disease status; B2, with adjusting for
primary disease status) as functions of the prevalence of disease fp. Meanwhile, we also
estimated the percentages of replicates for which 95% confidence intervals include the pre-
specified OR (OR = 1.5), based on 1,000 replicates. The results are shown in Figure S1 (C1,
without adjusting for primary disease status; C2, with adjusting for primary disease status).
The relationship between the median of the ORs and the prevalence of the secondary
phenotype ft was also investigated but is not reported in this article because the impact of ft
on bias in the estimation of OR is low.

Our results show that the bias exists for both logistic regression approaches, and the
magnitude of the bias depends on the prevalence values of the primary disease and the
secondary phenotype. Furthermore, it is clear that estimating ORs by simply adjusting for
primary disease status in the logistic regression is not a uniformly better strategy than
estimating ORs without adjustment. Similarly, ignoring primary disease status is also not a
good strategy and leads to biased estimates of OR depending upon the prevalence values. If
investigators decide to use one of these two strategies, it is necessary to define a threshold
for disease prevalence values. That is, based on whether the disease is rare, very common, or
moderately common, one chooses to adjust for the primary disease status as a covariate in
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the regression analysis or not. However, choosing threshold values for the prevalence of
disease is not straightforward because the threshold value differs according to the true
underlying OR, which is unknown. In addition, near the threshold value, both approaches
will result in biased estimation of ORs. Therefore, developing a uniformly better approach
for reducing the bias of OR estimates will result in a robust tool for case-control studies of
secondary phenotypes and genetic variants. In this article, we have proposed a novel
approach that uses information about the prevalence of both the primary disease and
secondary phenotype to provide an accurate estimate of OR.

3. Model and Methods
3.1 OR Estimation of SNP Associated with Secondary Phenotype

N;
Exi=E (n4|No, N1) =X (N; x Pr (T =k, X=ilY=J) x —1=%— pia; for k, i=0, 1.

Recall that we assumed binary random variables for primary disease and secondary
phenotype, denoted as Y = {0, 1} and T = {0, 1}, respectively. We assumed a sample with N
individuals, N = Ng + N1, where N is the number of controls and N4 is the number of cases
with respect to the primary disease. For ease of presentation, we first present the dominant
or recessive genetic model, so the SNP variable is denoted as X = {0,1}. The more
complicated additive genetic model will be discussed later. According to the network
structure shown in Figure S1(A), we can express the dependency of each random variable
using the conditional probabilities as

Pr(T=kIX=) =py=Trparioy

J—rexp(uoﬂn(g B1it ok
_ A o _exp(Bo+Pii+Brk)
Pr (Y—]|T—k, X—’) =D jki= T+exp(Bo+P1i+Bak)’ (1)

fori, j, k =0, 1. The conditional probabilities are explained by the logistic regression
models. Note that the OR of the SNP's association with the secondary phenotype is a
function of the regression coefficient a; : OR = exp(a4). The OR of the SNP can be
estimated as

OR=n11ngo/n10no1,

where ny; is the number of individuals in the sample with the secondary phenotype random
variable T = k and the SNP random variable X = i. For example, ny1 is the number of
individuals in the sample for which the secondary phenotype is present and the SNP coding
variable X is 1. Conditional on Ny and Ng, the expected numbers of individuals nyj can be
obtained as

2

(2)

The conditional probabilities of pyi)j in the above equation can be written as

Pr(Y=j|T =k, X=i) Pr (T=k|X=0) Pr (X=i) P jiiPKiPi
Pr(Y=)) qj

Philj=

,fori, j, k=0, 1.

Note that the conditional probabilities on the right hand side of the above equation are
functions of parameters as shown in Equation (1). The probabilities p;, i = 0, 1, are related to
the genotypic frequencies of the SNP of interest. When the dominant genetic model was
assumed, py = p2 +2p(1—p); when the recessive genetic model was assumed, p; = p2, where
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p is the MAF. The probability g is the prevalence of the disease (fp) in the general
population, and qq is calculated as 1 — fp.

Therefore, the OR of the SNP associated with the secondary phenotype can be written using
the expected numbers of individuals Ey;,

OR  =F (Bo, a0, 1) =52

N2 2 2 A2
Nipynppt | Ngpojipyiet NTP100P0I0P0 | NP0O00POI0PO
Ngy Ngq Ng) Ngg

Ng) Nap Ngy Ngg
(=1 )N Py +fp Naponn ) pinx((1= 1, )NE pijoo+ 3 Ng Pojoo) Pojo
((1= ;) )N? prio+fi, N2 pono ) prox((1=f,, )N? prjo1 +;, N2 pojor ) poit (3)

- 5] ) 2 5] .
(A"II’) 10P1j0P0 "Val’mlnpl‘ul"o) (Nfl’mll}u;]/'] N§Po01P0]1P1 )

The conditional probabilities were given in Equation (1) expressed by logistic regression
models. Recall that the true OR of the association between the secondary phenotype and the
SNP is exp(ay), which is embedded in the conditional probabilities of pjjj and pyj, for i, j, k

=0, 1. It is easy to verify that the right-hand side of Equation (3) equals to the ae:exp (a1)
estimated from the data if we substituted all the regression coefficients assessed by logistic

regressions, including @, @, Bo 81 and B, and also when £, =Pr (y=1) is estimated using
these regression coefficients. However, if we employed the estimated prevalence of the

disease 7, obtained from the literature, the right-hand side of the equation would fail to equal
to the estimated . This is because, generally, for the logistic regression models, the

estimated values of intercept coefficients, such as @, and g, in our models, are biased
because not every explanatory variable is modeled in the logistic regression. The bias also
arises because the proportion of cases in a case-control study is much higher than the
prevalence of the cases in the population. Therefore, the estimated intercept coefficients &,

and B, will not reflect the true prevalence of the disease and the secondary phenotype;
therefore, the use of them directly in the conditional probabilities in Equation (3) will lead to
a biased estimator for the OR. In other words, when we substituted the estimated intercept

coefficients @, and 3, to estimate the prevalence value, £, =Pr(Y=1), and estimate
conditional probabilities, p i and py;, We also introduced bias to these estimates. This, in

turn, introduces bias into the estimated value OR=exp (@, ) of the genetic variant from
Equation (3). Therefore, in this study, we put constraints on prevalence values when
assessing the estimated 5 using the right-hand side of Equation (3). We incorporated
information about the true prevalences of the disease and secondary phenotype on the
estimated values of the intercept coefficients ag and By (as described in the next section) to
estimate the intercept coefficients more accurately. We then estimated the OR as a function
of the regression coefficients ag, Bp and aq, where the intercept coefficients ag and By
incorporate the information about the known prevalence values.

3.2 Prevalences of the Primary Disease and the Secondary Phenotype

Once again consider the network structure shown in Figure S1(A), which represents the
dependent relationship among the three random variables. We can write the estimated
prevalences of the primary disease and the secondary phenotype as

fn =G (aﬂvﬁoval):Pr(Yzl)
=35 Pr (Y=1|T =k, X=i) Pr (T=k|X=i) Pr (X=i) =X;Z p1}ti Pji Pi> (4)
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fr =H(ap,a))=Pr(T=1)
X Pr(T=1|X=i) Pr(X=0) =Z;py;pi- (5)

The conditional probabilities were given in Equation (1), and p; was defined above.
Equations (4) and (5) show that the prevalence of the primary disease fp is a function of
regression coefficients of By, ag, and a4, and the prevalence of the secondary phenotype fr is
a function of regression coefficients of ag and a;.

3.3 Correction Approach for Estimating the OR for a SNP Associated with the Secondary

Phenotype

Given a sample with N independent individuals for a case-control study of the primary
disease of interest, one can estimate the regression coefficients g, and 3., as well as the
biased 5 for the SNP, using logistic regression as described above. Meanwhile, the
genotype frequencies of the SNP 3;, i = 0, 1, can also be estimated from the data set.

Moreover, the estimated prevalences of the primary disease fn and the secondary phenotype

}; in the general population can be obtained from the literature. Therefore, the Equations (3),
(4), and (5) are a system of nonlinear equations with three unknown variables, B, ag, and
a1. The solution to this nonlinear equation system will give us the corrected OR for the SNP

associated with the secondary phenotype. We denote the corrected OR as OR=exp (01),
where ¢ is the solution from the system of nonlinear equations (3), (4), and (5). We
employed the “fsolve' function in Matlab [Mathworks, 2002] to solve the nonlinear equation
system with the use of default settings. By default, the “fsolve' function uses the trust-region
dogleg algorithm, which is a variant of the Powell dogleg method [Powell, 1970]. From now
on, we will use g to represent the biased OR for SNPs obtained using logistic regression
without adjusting for the primary disease status and 5 to refer to the corrected OR obtained
by solving the system of nonlinear equations (3), (4), and (5). Furthermore, we will use

57€adj to represent the biased OR obtained using logistic regression after adjusting for the
primary disease status.

3.4 Additive Genetic Model

When an additive genetic model was assumed for the SNP, we used a categorical random
variable, X = {0, 1, 2}, to denote the three genotypes (a,a), (A,a), and (A,A). The primary
disease status and secondary phenotype status were denoted by binary random variables, Y =
{0,1} and T = {0, 1}, as in the previous sections. In this situation, the biased 5 obtained
using logistic regression is given by the per-allele odds ratio, which corresponds to the odds
ratio with respect to each copy of the deleterious allele. There are different ways to assess
the per-allele odds ratio. We applied two approaches to evaluate the per-allele estimated OR,

and therefore, obtained two corrected ogs. The final corrected 5 was calculated as the

average of the two per-allele 5zs. First, the per-allele OR can be estimated as the odds ratio
of X =1 versus X = 0, so the equation will be the same as Equation (3). Therefore, using the
system of nonlinear equations (3), (4), and (5), we can obtain a corrected per-allele

OR,=exp (&1). Meanwhile, it is known that the natural logarithm of the per-allele odds ratio
can be evaluated as half of the natural logarithm of the odds ratio of X = 2 versus X =0, as
shown in the following equation
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1 EE
OR =F (ﬂo’ @o, a/l) =exp (Slog (150]151?0 ))
—exp (1100 ( ((vl—fD )pra ll+fD1ijP(J\ll)Pl 2x((1-£, )lepa (J(ﬁfDN{jPo\n())Po 0 ))
272\ ((1=1,) )N prioa+ £y N2 popo )po2 X (1=, )N? pujio+ £, N3 popo)pio /) °

(6)

where the conditional probabilities were given in Equation (1), and pj, i =0, 1, and 2, are the
frequencies for the three genotypes, which equal to (1 —p)2, 2p(1 —p), and p?, respectively,
under Hardy-Weinberg proportion, where p is the MAF. The second corrected per-allele

OR,=exp (“1 ) can be obtained by solving the system of nonlinear equations (4), (5), and (6).
Therefore, the final corrected 5 for an additive genetic model can be estimated as the

average of the two ORs:OR= (0R1+0R1) 2,

3.5 Confidence Intervals: Bootstrapping
We provided the empirical confidence intervals, using a resampling-based method [Efron

and Tibshirani, 1993]. Given regression coefficient estimate @1 (57?=6Xp (511)), the empirical
confidence interval of corrected 5 was obtained by the following steps:

1. Take B samples from the normal distribution with mean 7, and variance 32, where
5 is the standard error of estimate 7,. Denote the bootstrap samples as ¢,,* U =1,

2, ..., B. The bootstrap 5 is then estimated as OR="u=exp (a1,*), U=1, 2, ..., B.

2. For each g, calculate the bootstrap corrected gg*;, U =1, 2, ..., B by solving
the system of nonlinear equations as described in the previous sections. For the
dominant or recessive genetic model, the equations (3) ~ (5) are employed; for the
additive genetic mode, the equations (3) ~ (6) are employed.

Let AO‘IQ[*,,] be the uth ordered bootstrap estimate. Then 100(1— y)% confidence

— —
interval of corrected 5 is given as OR, ., OR .

3.6 Extended IPW Regression Approach for Retrospective Case-Control Studies

The IPW regression approach was first proposed by Richardson et al. to evaluate the OR
estimate of secondary trait-genotype association in a nested case-control study within a
prospective cohort [Richardson et al., 2007]. The idea is to use different weights for cases
and controls in the logistic regression model, where the weights are given by the inverses of
the sampling fractions of cases and controls in a study base or a prospective cohort.
However, in a retrospective case-control study, the sampling fractions are usually unknown.
In this article, we extended the IPW regression approach to the retrospective case-control
study by introducing new weights based on use of the primary disease prevalence value
similar to our proposed approach.

We assumed that there are M individuals in the finite general population. Given the
prevalence of the primary disease fp, the number of cases with respect to the primary disease
is fp x M, and the number of controls free of the primary disease is (1 — fp) x M.
Considering a retrospective case-control study of N1 cases and Ng controls, the
corresponding sampling fractions can be estimated as N; /(fp X M) for cases and Ng /((1 —
fp) x M) for controls. The weights for cases and controls are given as the reciprocals of the
sample fractions. Moreover, if we use weight 1 for cases, then the weight for controls can be
given as a ratio of (N1(1 — fp))/(Nofp). The size of the general population M is cancelled in
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the ratio formula; therefore, it does not have an impact on the weights. However, the
prevalence of the primary disease still plays a major role in estimating the weights in the
IPW regression approach. The IPW regression can be performed by using the SAS or R
software packages [Monsees et al., 2009; Richardson et al., 2007]. We used ORpyy to
represent the OR of the marker-secondary phenotype association obtained by using this
extended IPW regression approach.

3.7 Bias Correction Approach for Frequency-Matching Study Design with Respect to the
Secondary Phenotype

In many case-control studies, controls are frequency-matched to cases in order to reduce the
effect of a known confounding factor. In the study of frequency-matched case-control design
with respect to the secondary phenotype, in addition to the reasons we describe above,
frequency matching also contributes to bias in the estimate of the OR for genetic variants
associated with the secondary phenotype. The IPW regression approach and the proposed
bias correction approach will not perform well unless accounted for in the frequency-
matched study design. Currently, it is not clear to us how the IPW approach can be extended
to frequency-matched case-control studies. However, we have adapted our proposed bias
correction approach to frequency-matched case-control data analysis.

Note that the expected numbers of individuals Ey; for T = k and X = i were calculated as the
summation of the expected numbers of individuals from cases (Ejj1) and from controls
(Exijo) (see Equation (2)). When the frequency-matching design with respect to the
secondary phenotype of interest is employed, the distribution of the secondary trait in
controls should be the same as that in cases. That is, the expected numbers of individuals
from cases are still the same as those in the unmatched case-control studies. However, the
expected numbers of individuals from controls will be different from those in the unmatched
case-control studies due to the frequency-matching design. Therefore, Equation (2) can be
modified as follows:

Eyi  =Ekin+Erio=E (nulNy) +E (n:|No)
= (N1 x Pr(T'=k, X=ilY=1)) x 3+ (No x Pr(X=i|T=k, Y=0) x Pr(T=k|Y=1)) x 3¢,
N} N2
= Prill + 5 higo i1
for i,k=0,1. (7)

The conditional probabilities of py; were given in Section 3.1. After some manipulations,
the conditional probabilities hjkohy, can be written as

DPoki PKiPi X ZiP1jd PkiIPI

fori, k=0, 1.
Jo X Zipoipripi

hikohi=

The probabilities on the right-hand side of the above equation were given in Section 3.1.
Equations (3) and (6) could then be modified accordingly using the new expected numbers
of individuals Eyj as in Equation (7).

Recall that the estimated regression coefficient 4, (corresponding to the disease-secondary
phenotype association) in our approach was evaluated from the sample data using logistic

regression. In the frequency-matching case-control studies, the estimated value of 3, is non-
significant and could not represent the true association between the secondary phenotype
and the primary disease. However, because the matching design considers the known risk-
confounding factor at the study design phase, we typically know the associated risk for the
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primary disease and the secondary phenotype before the phase of analysis. Therefore, for the

frequency-matching case-control studies, we added one more constraint on the value of 3,,
which is fixed as the risk coefficient estimated in the related unmatched case-control studies.

The correct OR for the frequency-matching study was denoted as oR

m'

4.1 Simulation Results

We examined the performance of the proposed approach 5 by performing simulation
studies. The details of the simulation approach have been presented in Section 2.1. Here we
simulated different genetic models when simulating values for the SNP, including additive,
dominant, and recessive models. We used the same specific parameters as those in Section
2.2, where a1 = 1 = 0.4055 and B, = 1.9086. The same 300 pairs of the intercept
coefficients ag and B were used. The results of the simulation studies were based on 1,000
replicates, each replicate with 1,000 cases and 1,000 controls according to primary disease.

We compared the corrected g to the biased 5% and OR,; obtained without or with
adjusting for the primary disease status, respectively, as well as OR,pyy obtained by the
extended IPW regression.

The results of the simulation studies were grouped into three columns with respect to three
different genetic models: dominant, additive, and recessive (Figure 1). Within each column,
the upper panel shows the median ORs based on 1,000 replicates obtained with the use of
the different approaches: logistic regression without adjusting for the primary disease status
(red symbol “(O™), logistic regression with adjusting for the primary disease status (green
symbol “A”), the extended IPW regression (purple symbol “0”), and the bias correction
approach proposed in this article (blue symbol ™). For all three genetic models, the medians

of ORpw and our g corrected were close to the pre-specified OR = 1.5 for the entire range
of the prevalence of the primary disease. The other two logistic regression approaches,
however, provided either upward- or downward-biased estimates of ORs. The middle panel
in each column of Figure 1 represents the percentages of 95% confidence intervals for the
1,000 replicates covering the pre-specified OR of 1.5. These results also showed that both
the extended IPW approach and the bias correction approach provide confidence intervals
with accurate coverage probabilities for the underlying true OR. For example, considering

the additive model, when £, =10.5%, the median 5% was 1.60, which overestimated the true

OR, the median 57eadj was 1.43, which underestimated the true OR, and the OR,pyy and the

corrected 5 were 1.50; the corresponding percentages of 95% confidence intervals that
included the true OR (OR = 1.5) were 85.1%, 90.2%, 94.6% and 94.5%, respectively. In

another example with rare prevalence of disease, when f::l,ﬁ%, we obtained a median

estimated 5 of 1.66 and ORuqi, ORpy, and OR 0f 1.50. The corresponding percentages of
95% confidence intervals that included the true OR were 68.4%, 96.3%, 95.5%, and 96.3%,

respectively. Compared to 5, the extended OR|pyy, the corrected 5, and ﬁa[JJ- reduced the
bias in risk estimation by 16% and estimated the true OR accurately.

Overall, both the extended IPW regression and our bias correction approaches performed
well when estimating the ORs for the genetic variants associated with the secondary
phenotype. However, the confidence intervals (CI) for true OR based on our approach were
always smaller than or equal to those based on the IPW regression at a fixed level of
confidence coefficient. In the lower panel of each column of Figure 1, we show that the
differences evaluated by subtracting the median lengths of 95% Cls based on our approach
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from those based on the extended IPW approach are always non-negative for the dominant,
additive, and recessive model. In other words, the median lengths of the 95% Cls of the bias
correction approach are always smaller than or equal to those of the IPW approach. For

example, when f::I.S% in the additive genetic model, the median length of 95% CI of the
bias correction approach is 0.38, compared with 0.51 for the IPW regression approach.
Given Pr(real OR ¢ CI based on the IPW regression) ~ Pr(real OR ¢ CI based on the
proposed approach) at a fixed confidence coefficient then a desirable property would be to
have a smaller length of CI. Because Length(CI based on the proposed approach) <
Length(ClI based on the IPW regression), our proposed approach is preferred.

In addition, we also performed simulation studies where the secondary phenotype was the
protective factor for the primary disease and the SNP was a risk factor for both the primary
disease and the secondary phenotype. We used a set of specific parameters of the logistic
models, where a4 = 1 = 0.4055 corresponded to OR = 1.5 and B, = —0.6931 corresponded

to OR = 0.5. Three genetic models were studied. The median o, OR.ai, ORpw and
corrected g values, as well as the percentages of 95% confidence intervals covering OR =
1.5 for different approaches, were calculated (showed in Figure S2 in the Supplementary
Materials). As expected, in the simulation studies in which the secondary phenotype was the

protective factor for the primary disease, the median values of 5 and 51},”,]- were biased in a
manner similar to those obtained when the secondary phenotype was a risk factor for the
primary disease, as discussed previously. Except in these studies, the downward bias arose
when using logistic regression without adjusting for the primary disease status, while the
upward bias arose when using logistic regression with adjusting for the primary disease

status. However, our proposed corrected ,x estimated the underlying OR more accurately
than both logistic regression approaches. Therefore, the bias correction approach proposed
here and the extended IPW approach would perform well for estimating the OR, whether the
secondary phenotype (or the SNP) is a risk or a protective factor to the primary disease.
However, our bias correction approach is favored because it leads to smaller confidence
intervals with the same confidence coefficient.

4.2 Sensitivity Analysis

In the simulation studies, we assumed that the prevalences of the primary disease and
secondary phenotype were known. However, in reality, it cannot be known with certainty
that prevalences obtained from the literature are accurate. Here, we assessed the sensitivity

of the corrected ) to the estimated prevalence of the primary disease }; and the secondary

phenotype f] We considered several simulation scenarios under the assumption of an
additive genetic model, and the real prevalence of the primary disease fp values used to
simulate the data were 1.6%, 10.5%, and 54.3% (from rare disease to common disease), and
the prevalence of the secondary phenotype fr was set as a fixed value of 34%. We evaluated

the corrected g using a range of prevalence values centered on the true prevalence values
([fo —Ap, fp +Ap] and [fr —ArT, fr +At]). The error term Ap was defined differently with
respect to different fp. We defined At as 3% in all situations. The specific parameters and
the results are listed in Table 1. All the results were very similar to those obtained using the
real prevalences. For example, when the true prevalence of the primary disease and the

secondary phenotype were 1.6% and 34%, respectively, the corrected 5z was estimated as
1.4983 using real prevalence values, 1.4973 when f,=1.4% and f,=31%, 1.4969 when
f,=1.4%and 7, =37%, 1.4999 when 7, =1.8% and f,=31%, and 1.4993 when 7, =1.8% and
£=37%.
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4.3 Frequency-Matched Case-Control Studies with Respect to the Secondary Phenotype

To investigate the performance of the proposed bias correction approach in frequency-
matched case-control studies with respect to the secondary phenotype of interest, we
performed simulations. We assumed a dominant genetic model. Without loss of generality,
we considered different scenarios involving different prevalences of the primary disease
(10%, 20%, 40%, and 60%), different prevalences of the secondary trait (5%, 15%, 40%,
60%, and 80%), and different ORs of genotype-secondary trait association (1.5, 2, and 3).
All the other parameters were the same as those in Section 4.1. We simulated 1,000
replicates, each with 1,000 randomly sampled cases and 1,000 frequency-matched controls,
with respect to the secondary phenotype. Median ORs obtained with the use of different
approaches are reported in Table 2, including logistic regression without adjusting for the

primary disease status (Hg), the extended IPW regression (OR;pyy), and the proposed bias
correction approach (oR,,). Among all the scenarios with frequency-matching case-control

data, both 5 and ORpyy were biased. The extended IPW regression performed very

similarly to the logistic regression. We observed that the magnitude of the bias in oz and
OR\pyw Varied with respect to prevalence values of both the primary disease and secondary

trait. However, the oR,, performed very well for estimating the true OR in all scenarios. For
example, when the true OR of the genotype-secondary phenotype association was 2,

1,=10% and f,=5%, we found that 5p—1 89, ORjpw = 1.90, and oR,, = 2.00. Both 5% and
OR|pyy had about a 10% bias in risk estimation, while oR,, estimated the real OR accurately.

5. Real Data Analysis

We next applied our approach to the case-control association study of smoking behavior and
the CHRNAS5-A3 region SNP, rs1051730, using lung cancer GWA study data [Amos et al.,
2008; Spitz et al., 2008; Wang et al., 2010]. This analysis included N1 = 1153 lung cancer
case subjects who were current or former smokers and Ng = 1137 control subjects
frequency-matched to the cases by age, sex, and smoking status. All the case and control
subjects were Caucasian. Lung cancer cases were accrued at The University of Texas MD
Anderson Cancer Center and were histologically confirmed. Controls were ascertained
through a multi-specialty physician practice from the same area. Questionnaire data were
obtained by personal interview. This study was approved by the institutional review board at
MD Anderson Cancer Center, and all participants provided written informed consent. We
selected the number of cigarettes per day, or daily smoking quantity (SQ), a commonly used
measurement of smoking intensity. Typically, the SQ measure is categorized into two levels:
SQ<25, light smokers (coded as 0); SQ=25, heavy smokers (coded as 1) [CDC, 2005]. The
genetic variant (rs1051730) was coded assuming dominant, additive and recessive genetic
models. In the original case-control association study of lung cancer, the lung cancer
controls are frequency-matched to the cases by smoking status. Therefore, we employed the
proposed bias correction approach for frequency-matching study design with respect to

secondary phenotype to obtain the corrected R, The OR pyy Obtained by using the
extended IPW regression was also reported.

Our aim here was to evaluate the performance of the proposed approach with real data. We
first estimated the regression coefficients required to be substituted into the system of

nonlinear equations, as well as the biased  for rs1051730 associated with SQ, by applying

logistic regression to the lung cancer case-control data. The regression coefficients 3, and
the biased s for different genetic models are reported in Table 3. For example, when the

recessive genetic model was assumed, 3,=0.1951, oR=1.5912 (95% confidence interval (CI)
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= (1.2492, 2.0269)) and (/)72(,4,:1.5583 (95% CI = (1.2223, 1.9866)). The MAF was also
estimated from the data as 37%, and therefore under Hardy-Weinberg proportion, the

genotyping frequencies ; i1 =0, 1, and 2, were calculated as 0.40, 0.46, and 0.14,

respectively. The prevalences of lung cancer (fD) and heavy smokers G;) in ever smokers
were obtained from the literature as 14% and 12%, respectively [CDC, 2005;Villeneuve and
Mao, 1994]. We further assumed the OR of association between SQ and lung cancer as 1.86

as reported by Peto et al. [2000], therefore, 3,=0.6202 for all models. The estimatedOR,pyy
values were slightly higher than those from logistic regressions, and always had the widest
95% Cls among all the estimators. For the example of recessive genetic model, ORpy =

1.6026 (95% CI = (1.1737, 2.1882). The corrected R, values of the SNP rs1051730 were:

1.3416 for dominant genetic model (95% CI = (1.1353, 1.5883)), 1.3214 for additive genetic
model (95% CI = (1.1711, 1.4914)), and 1.6831 for recessive genetic model (95% CI =

(1.3213, 2.1489). Therefore, the corrected og,, could reduce the bias in risk estimation by
certain percentages according to different genetic models. For example, when the recessive

genetic model was assumed, g, 67ea,,]- and ORpyy concluded that the individuals with one
copy of the deleterious allele are about 59.1%, 56.0% or 60.3%, respectively, more likely to

be heavy smokers than those with no deleterious allele, whereas the corrected og,, reduced
the bias in risk estimation by about 8~12% and suggested that individuals with one copy of
the deleterious allele are 68.3% more likely to be heavy smokers. Moreover, the 95% Cls
based on our approach are much smaller than those based on IPW regression, which
suggests that our approach provides a more accurate estimation of the OR of SNP rs1051730
associated with smoker behavior.

6. Discussion

In genetic association studies, cases and controls were ascertained with respect to the
primary diseases of interest. Other traits associated with the primary diseases were also
collected. Recently, in the GWA studies, the same data is now used to identify SNPs that are
associated with these secondary phenotypes. However, using logistic regression to study the
secondary phenotype is problematic, since the data associated with secondary phenotype is
not sampled according to the principals of case-control study design. In this article, we
found that the odds ratios for genetic variants associated with secondary phenotypes can be
biased. Generally, investigators assume that their results will not be biased if the odds ratios
are adjusted for the primary disease status as a covariate in the association study. We show,
however, that adjusting for primary disease status will still result in a biased estimate of the
OR in many situations.

In our study, we further found that the magnitude of bias in the OR estimate of the genetic
variant depends on the prevalence values of the primary disease and secondary phenotype in
the general population. Moreover, the prevalence of the primary disease is most important in
the determination of bias when estimating the OR. Therefore, we proposed an approach to
provide a more accurate estimate of the OR, which incorporates information about the true

prevalence values. The corrected ;% obtained using the new approach was shown in our
simulation studies to be a more accurate estimator of OR. In addition to the prevalence
values of the primary disease and secondary phenotype, several other parameters also have
an impact on the magnitude of bias in the OR estimate, including the correlation between the
genetic variant and primary disease and the correlation between the secondary phenotype
and primary disease. However, these parameters would not affect the performance of our
approaches, since our approaches account for these parameters.
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The major advantage of our approach is that there is no need to decide whether the primary
disease is rare or common. Given a case-control sample and corresponding prevalences of

disease and secondary phenotype, the corrected 5z can be assessed by solving a nonlinear
equation system with the use of iterative algorithms. Therefore, the estimates of the two
prevalence values are the most important parameters for the performance of our approach.
Generally, the true prevalence values in a population are not known with certainty, and we
showed, by using a sensitivity analysis, that the misspecification of primary disease and
secondary phenotype prevalence would not have a large impact on the estimate of the

corrected g It should also be noted that in our theoretical model, the prevalences were
defined as the proportion of individuals with the disease in the general population. Also, in
this study, we investigated issues related to OR estimate for binary secondary phenotypes.
Issues related to continuous secondary phenotypes will be considered in the future.

We also extended the IPW regression method originally proposed by Richardson et al. for
prospective case-control studies [Richardson et al., 2007] to retrospective case-control
studies based on our philosophy of using the prevalence of the primary disease. We
compared the performance of our bias correction approach proposed in this article with that
of the IPW approach. Overall, the two approaches performed similarly well, and both could
provide more accurate estimations for the OR of genotype-secondary phenotype than the
standard logistic regressions. However, our approach has a few advantages over IPW
regression. First, our proposed approach always provides smaller or equal Cls at a fixed
confidence coefficient, which is a desirable attribute. Furthermore, in addition to the
prevalence of the primary disease, our approach can also account for the prevalence of the
secondary phenotype. Although the prevalence of the secondary phenotype has less impact
on OR estimation than the prevalence of the primary disease, it still introduces a bias in the
estimation of true OR. Finally, our approach is robust even if the prevalence of the disease
and the secondary trait are rare, whereas the approach based on the IPW method is sensitive
to rare diseases. In this study, we also considered more complex association structures in
which multiple covariates were included in the analysis. The proposed approach still
resulted in accurate estimators; while interestingly, the IPW approach was biased for some
scenarios (simulation results not reported).

Frequency matching has been widely applied in case-control association studies. When the
secondary trait of interest is the risk-confounding factor in a frequency-matched case-control
study, neither the standard logistic regression nor the IPW regression approach could
estimate the OR of the genotype-secondary trait correctly. In this article, we also proposed a
bias correction approach for the frequency-matched case-control study with respect to the
secondary trait of interest. The simulation studies were performed to show that the corrected

OR,, obtained using our approach is a more accurate estimator of OR than both standard
logistic and IPW regressions. We also applied this proposed approach to a real data analysis
of genetic variant (rs1051730) associated with number of cigarettes per day using lung
cancer case-control study data.

In conclusion, to estimate the OR for genetic variants associated with a secondary
phenotype, we propose a new approach that incorporates information about the prevalences
of the primary disease and secondary phenotype. The proposed approach is more accurate
and robust than the standard logistic regression and the extended IPW regression
approaches, and the coverage probability of corresponding bootstrap confidence intervals is
higher than that of the standard approach. We also propose a new approach for estimating
the OR for genotype-secondary trait association in a frequency-matched case-control study
with respect to the secondary trait of interest, which also provides an accurate estimation of
the true OR.
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Figure 1. Simulation results for three genetic models with risk secondary phenotype, based on
1,000 replicates, each with 1,000 cases and 1,000 controls. The true OR of the SNP associated
with secondary phenotype was 1.5

OR = odds ratio fp = estimated prevalence of primary disease

ClI = confidence interval

Symbol “o” represents the results obtained by using logistic regression without adjusting for
the primary disease status. Symbol “A” represents the results obtained by using logistic
regression with adjusting for the primary disease status. Symbol “o” represents the results
obtained by using the extended IPW regression approach. Symbol “*” represents the results
obtained by using the bias correction approach proposed in this article. (A) Dominant
genetic model. (B) Additive genetic model. (C) Recessive genetic model.

Genet Epidemiol. Author manuscript; available in PMC 2012 April 1.



Page 18

Wang and Shete

606°T 9687'T 186V'T 98611 TS6V' T WE %Y %PE WEVS GLVET  886VT €
€L0ST PIIGT €58Y'T G88Y'T €86Y'T  %E  %C  %PE %S0T TFEFT  6009T ¢
£667'T 66611 6967'T eL6Y'T €86Y'T  %E %C0 %PE %9T  LI8VT  6.59T T
[Lv+49v+q]  [Ly—49y+q] [y +49y-q] [y -4ay-q] [4q]
78] ly ay 1y q [pe ¥o %

—_—

"S|0J3U0J QQQ'T PUR S3SEI 000'T UO Paseq ‘G'T = YO anJl uaym sisAfeue ALAIISUSS JO S)NSay
T 9|gel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Genet Epidemiol. Author manuscript; available in PMC 2012 April 1.



Page 19

Wang and Shete

ad/Aouayd Arepuodas ay) Yyim pareldosse JueLieA 913auab ayi Jo YO ana ay) = 140

00°€ 897 897  10¢€ LT T 667 08¢ 18C T10¢€ €67 16T %08
€0'e 897 897  10¢€ o0Le  oLe  20€ €8 18C  20¢€ 67 687 %09
662 89  89C 00¢€ 197 89T 662 8L7  LlT  86C 687 987 %oy O0¢€
20°€ AN VA AR/} 69C 69C 00¢€ 9Lz SLT  00¢€ 687 Y87 ST
20°€ €Lz vz 00¢€ 69C 897 167 vl 0L 00°€ v8C 187 %S
202 6,T 6LT 86T 08T 18T 207 16T T6T 002 v6'T  ¥6T %08
002 8/T 6LT 107 18T 28T 66T 88T 98T 86T €6T  T6T %09
002 08T 08T T10¢ 08T 08T 667 68T 98T 007 €T 16T %0r 02
002 18T 18T 102 08T 6LT 002 €8T €8T  00¢ 06T 06T %ST
002 18T 18T 107 6,T 6LT 002 v8T 28T 007 06T 68T %S
6v'T v€T  ¥ET 09T 9€'T 9T 0ST T Wl 08T T ST %08
05T veT  G€T 09T 9€T 98T 08T ot T 19T YT T %09
16T 98T 9T 6YT €T VET  0ST 66T  OFT  0ST SYT WT %07 ST
05T 9T LT 18T €T veT 19T 66T 66T 0ST T T %ST
05T 8T LT 18T GeT ST 19T 8T 8T 19T T T %S
WYo M¥o HO WHO M'bo HO WHO M'™o O WHO Mdo HO o4 WMo

~

—_— —_— —_— —_—

%09 = % %07 = 9 %02 =Y %0T =%

"adA1ouayd Arepuodss 0
193dsaJ Y1Im S]0qu0d paydlew-Adusnbai) 000‘T pUe Sased 000‘T YIM yaea ‘sereal|jdal 0o0‘T uo paseq ‘adAjousyd Alepuodss pue aseassip Arewd Jo sanjea
dousjenaid Jualaplip Buisn ‘adAousyd Arepuodss 01 19adsal Yiim Salpnis |0J11U0d-ased paydrew-Aouanbal) Joy sayoeoldde uaialp Buisn SHO ueIpaiN

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Genet Epidemiol. Author manuscript; available in PMC 2012 April 1.



Page 20

Wang and Shete

(68¥TZ ‘cT2e’T) (288T°C 'LELTT) (9986'T ‘€222'T) (6920°C ‘26¥72'T) TE8Y'T 9209T €8SS'T  ¢I6GT TS6TO 9NISSRIY

(v16¥'T ‘TTLT'T)  (90TST ‘€LTTT) (82E¥°T '982T'T) (SYSY'T ‘0EvT'T) ¥T2€'T V00ET 6ELCT  ¥682T €88T0 AAIIPPY

(€88G9'T '€SET'T) (28291 '2820°T) (0v2S'T '0680°T) (ESPS'T 'SSOT'T) 9TYE'T GFZET  €88CT TLOET L66TO eUIWoOQ

yoeoudde uno MdI (auwnsnfpe yum) onsifo1  (quswnsnipe noyum) onsifo]  wyp Mdiyg .\vmmNQ Jo _Q |9POIAl 2118U8D)
S[eAd8)U| B2UBPIUOD %%S6 oney sppo

NIH-PA Author Manuscript

e1ep Apnis [041U02-3SeI Jadued Bunj uo paseq Aep Jad paxouus
saa.4eh19 JO JaqINU 8yl Y1IM paleldosse 0/ TSOTSA ueLieA 2118uab Jo SISAJeue elep [eal WOJ) S|eAISIUI 90USPIIU0I 9466 Bulpuodsallod pue siorewnss 4O

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Genet Epidemiol. Author manuscript; available in PMC 2012 April 1.



