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A Hybrid Design for Studying Genetic Influences on Risk of Diseases
with Onset Early in Life

C. R. Weinberg and D. M. Umbach
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Studies of genetic contributions to risk can be family-based, such as the case-parents design, or population-based,
such as the case-control design. Both provide powerful inference regarding associations between genetic variants
and risks, but both have limitations. The case-control design requires identifying and recruiting appropriate controls,
but it has the advantage that nongenetic risk factors like exposures can be assessed. For a condition with an onset
early in life, such as a birth defect, one should also genotype the mothers of cases and the mothers of controls to
avoid potential confounding due to maternally mediated genetic effects acting on the fetus during gestation. The
case-parents approach is less vulnerable than the case-mother/control-mother approach to biases due to population
structure and self-selection. The case-parents approach also allows access to epigenetic phenomena like imprinting,
but it cannot evaluate the role of nongenetic cofactors like exposures. We propose a hybrid design based on
augmenting a set of affected individuals and their parents with a set of unaffected, unrelated individuals and their
parents. The affected individuals and their parents are all genotyped, whereas only the parents of unaffected
individuals are genotyped, although exposures are ascertained for both affected and unaffected offspring. The
proposed hybrid design, through log-linear, likelihood-based analysis, allows estimation of the relative risk param-
eters, can provide more power than either the case-parents approach or the case-mother/control-mother approach,
permits straightforward likelihood-ratio tests for bias due to mating asymmetry or population stratification, and

admits valid alternative analyses when mating is asymmetric or when population stratification is detected.

Introduction

Diseases with an onset early in life, such as asthma,
pregnancy complications, schizophrenia, and birth de-
fects, arise through complex etiologies involving both
genetic and environmental components. The genetic
component itself might be complex, involving both the
affected individual’s inherited genotype and maternal-
ly mediated mechanisms—that is, the effects of the
mother’s genotype on her own phenotype, which can
perturb the development of her fetus during gestation.
An example is maternal phenylketonuria (PKU), an au-
tosomal recessive metabolic disease that can lead to con-
genital heart defects in the offspring (Lee et al. 2005).

To elucidate the etiology of early-life conditions, ep-
idemiologists typically use the case-control design. This
design is population-based, because it assumes cases and
controls are randomly sampled from the population that
gave rise to the cases. Epidemiologists compare the ge-
notypes and exposure histories of the population con-
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trols with those of the cases (Rothman and Greenland
1998). Geneticists, however, worry about population
structure with case-control studies, because bias can
arise if mating is assortative and a subpopulation has
both a higher prevalence of the allele under study and
a higher baseline incidence of the disease. Some have
argued that bias due to genetic population structure is
negligible in most settings, even in an incompletely
mixed population like that of the United States (Wac-
holder et al. 2002), but concern about confounding due
to population structure continues to fuel a preference
among geneticists for family-based inference and to
stimulate the development of protective analytic strat-
egies, such as the use of unlinked ethnicity markers (Prit-
chard and Rosenberg 1999; Devlin et al. 2001).

Falk and Rubinstein (1987) suggested the case-par-
ents approach, applying it to the problem of assessing
effects of human leukocyte antigen (HLA) genotypes on
risk of diabetes. With the family-based design, one, in
effect, uses the nontransmitted parental alleles in par-
ents of affected individuals as their genetic controls. The
case and both parents are genotyped, and one looks for
a pattern in which a particular allele was transmitted
more than half the time from heterozygous parents to
affected offspring. Such apparent distortions give evi-
dence that the allele either is itself causal or is in linkage
disequilibrium with another allele involved in the eti-
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ology of the condition. This insight led to the well-
known transmission/disequilibrium test (TDT) (Spiel-
man et al. 1993).

Analyses of case-parents data that condition on the
parental genotype—for example, the TDT (Spielman
and Ewens 1996) or likelihood-based approaches (Self
et al. 1991; Schaid and Sommer 1993; Weinberg et al.
1998)—are inherently resistant to biases due to popu-
lation structure, because conditioning on the parental
genotype ensures that the inference is based purely on
the apparent transmission rate from heterozygous par-
ents to affected offspring. Likelihood-based methods al-
low estimation of relative risks associated with one and
two copies of the variant allele in the offspring and,
also, the relative risks associated with the maternal ge-
notype, permitting one to disentangle the offspring-me-
diated genetic effects from those that act through the
mother’s genotype/phenotype during gestation (Wilcox
et al. 1998).

Besides its ability to resist potential biases from ge-
netic population structure, the case-parents approach
has practical advantages over the case-control ap-
proach. For example, parents of a baby born with a
birth defect are usually available and willing to help
investigate its causes. Furthermore, the power for a case-
parents design when there are only offspring-mediated
effects, and not maternally mediated effects, appears to
be comparable to that for a case-control design with
the same number of cases (Wilcox et al. 1998).

The major drawback of the case-parents design is
that, although one can assess gene-by-environment in-
teraction in relation to a multiplicative null model, one
cannot estimate the “main effects” of an exposure (Um-
bach and Weinberg 2000). Thus, for example, one
might be able to infer that the relative risk associated
with an exposure is higher in one genotype group than
in another, but not even be able to tell whether the
relative risk conferred by the exposure is >1 (deleteri-
ous) or <1 (protective) in any of the genotype groups.
In addition, inferences rely on key assumptions that can-
not readily be checked with case-parents data only.

The case-control approach has its own shortcomings.
Although they are not usually included in case-control
studies involving genetic contributions to childhood dis-
eases, mothers should be studied for many loci poten-
tially influencing susceptibility to conditions with onset
early in life, because the most important potential con-
founder for the offspring genotype is the maternal ge-
notype. Thus, rather than studying case children and a
sample of control children, one would prefer to study
case-mother pairs as the fundamental unit of analysis
and to compare those pairs with control-mother pairs,
adjusting the model for maternal genotype when look-
ing at the effects of the offspring genotype, and adjusting
for the offspring genotype when looking at the effect of
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the maternal genotype (Mitchell 2003). The relative ad-
vantages and disadvantages of these family-based versus
population-based approaches are summarized as fol-
lows:

Case-Control Design Strengths

* Inference can include both main effects of exposure
and main effects of genotypes.

* Nonmultiplicative models can be fit for joint effects
of genetic and environmental factors.

* Non-Mendelian inheritance (e.g., due to gene-re-
lated attrition during gestation) will not bias the
results.

* If mothers are studied too, the design allows ma-
ternally mediated effects to be distinguished from
offspring-mediated effects.

Case-Control Design Vulnerabilities

* Population structure and self-selection can poten-
tially cause bias, as can recall, if differential by case/
control status.

* To avoid confounding, mothers should also be stud-
ied (i.e., two individuals need to be genotyped for
each case and each control).

* Inference related to maternal effects is ambiguous,
because imprinting cannot be studied.

* Suitable controls may be hard to identify and harder
to recruit; low participation rates weaken the valid-
ity of the inferences.

Case-Parents Design Strengths

* Robust against hidden genetic population structure.
Parents provide ideal controls for genetic effects.

* Parents are easy to recruit for studies of diseases in
their children.

* Self-selection is not a serious issue, because one stud-
ies transmission within families, conditioning on the
parental genotypes.

* The design allows maternally mediated effects to be
distinguished from offspring-mediated effects and
can also be used to study imprinting effects.

Case-Parents Design Vulnerabilities

» Problematic for diseases with onset in later life,
when availability of parents is low, and may be ge-
netically selective.

+ Cannot estimate main effects of exposures.

» Three individuals need to be genotyped for each
case.

* Relies on Mendelian proportions in the source pop-
ulation, which may not hold.

* Estimation of maternally mediated effects relies on
assumed genetic mating symmetry in the population,
an assumption that can fail.

» Assessment of gene-by-exposure interaction relies
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on within-family independence of genotype and
exposure.

* Needed assumptions cannot be tested with case-par-
ents data alone.

One would like an approach that can bring the
strengths of these two designs together into a single
design/analytic framework. One choice would be a two-
component study, where one identifies loci related to
risk based on a population-based, case-control com-
parison and then performs a family-based confirmatory
analysis of apparent genetic effects by genotyping the
parents of the cases and analyzing the case-parents tri-
ads. The confirmatory second-stage, family-based tests
are, however, not statistically independent of the first-
stage, case-control analysis. Martin and Kaplan (2000)
addressed this issue by devising a Monte-Carlo proce-
dure to correct the type I error rate for the two-stage
procedure, but they did not allow for possible mater-
nally mediated effects.

Refining an approach introduced by Nagelkerke et
al. (2004), Epstein et al. (2005) recently proposed a
likelihood-based, combined analysis of multicomponent
studies, where genotype data are available for cases and
their parents and also for unrelated cases and/or un-
related controls. They show that statistical tests based
on the combined data offer improved power over anal-
yses based on either the case-control substudy or the
case-parents substudy alone. While it generalizes an ear-
lier approach (Nagelkerke et al. 2004) by not requiring
random mating or Hardy-Weinberg equilibrium, the
proposed analysis is not inherently protected against
bias due to population stratification, although they de-
scribe some indirect approaches for assessing the com-
binability of the affected-family—based and population-
based data components. Epstein et al. do not allow for
maternally mediated genetic effects. However, our pro-
posal is related to those of Nagelkerke et al. and Epstein
et al., in that both these approaches and ours gain ef-
ficiency by using an auxiliary sample to increase the
precision of inference on mating frequencies in the pop-
ulation. The main difference is that a sample of unre-
lated controls gives only partial information on these
frequencies, whereas a sample of parents of unaffected
children, as called for in our proposal, gives direct in-
formation on mating frequencies. As we show, this dif-
ference not only allows for greater efficiency but also
allows more options for detecting and accounting for
population stratification.

Material and Methods

A natural way to combine the advantages of population-
based and affected-family—based designs is to randomly
sample cases and controls and also enroll their parents.
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The cases and their parents are genotyped, as are the
parents of the controls, but the controls themselves are
not. Both cases and controls provide exposure infor-
mation. The unit of analysis is the family.

We require a few assumptions. We assume that the
condition under study is rare for the offspring of each
parental genotype combination for the diallelic locus un-
der study and that Mendelian proportions are the rule
for the locus in the population at large. We assume neither
Hardy-Weinberg equilibrium nor random mating.

The information provided by this design comes from
two separate components. The parents of cases and of
controls provide for population-based inferences related
to both maternally mediated genetic effects that act dur-
ing gestation and genetic effects that act directly on the
offspring through the inherited genotype. This com-
ponent allows the analyst to exploit the fact that an
association with a particular allele serves to enrich the
relative frequency of that allele in parents of affected
(compared with unaffected) offspring in ways that are
simple to characterize mathematically. This enrichment
is captured under this hybrid design but is neglected in
affected-family—based analyses that condition on the pa-
rental genotypes and test only for distortions in trans-
missions to affected offspring. The second component
in the hybrid is the affected-family—based component,
which provides statistically independent additional evi-
dence related to genetic effects and offers protection
against population stratification.

Reflecting the two components of the design, one
possible analytic approach employs two stages. One
can perform population-based comparisons at the level
of the parental generation. Findings based on apparent
offspring genetic effects can then be confirmed in a se-
cond, statistically independent analysis that, by use of
the case-parents triads, now conditions on the parental
genotypes and analyzes transmissions to affected
offspring.

If, through a test that we will describe, the data sup-
port the validity of inference based on the population-
based component, then a single log-linear model can
pull the two components into a unified and powerful
analytic framework. But first, one needs to test for bias
due to population stratification. If the no-bias null hy-
pothesis is rejected, one cannot safely include the pop-
ulation-based parent-parent component of the study,
but one can still fall back to the case-parents-triad
analysis, which remains valid even with population
stratification.

Whereas the assessment of offspring-mediated genetic
effects uses information both from the parent-based
comparison and from the apparent distortions in trans-
mission to affected individuals conditional on their
parents, the assessment of maternally mediated genetic
effects relies necessarily on the parental generation.
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Mating symmetry refers to the frequent assumption
(Schaid and Sommer 1993; Wilcox et al. 1998) that,
for any possible pair of parental genotypes, the fre-
quency in the population for one assignment to mother
and father is the same as that for the reverse assignment.
The choice of analytic approach for use with our hybrid
design depends on mating symmetry. If one suspects
mating asymmetry, then the inference related to mater-
nal effects can and should rely on a comparison of case
parents and control parents, now stratified into the nine
categories based on the ordered parental genotypes. If,
on the other hand, the data support mating symmetry,
then one can exploit that assumption to gain a more
powerful analysis by stratifying on only the six unor-
dered mating-type categories to be defined.

In short, within our log-linear framework, one can
test for population structure and for mating asymmetry,
as well as tailor analyses to eliminate the potential biases
induced by those problems. Although the best power is
achieved when population stratification is absent and
mating is symmetric, failure of either assumption can
be readily accommodated.

First, we require some notation. Let M, F, and C de-
note the number of copies (0, 1, or 2) of the variant
allele carried by the mother, the father, and the affected
child, respectively. Either allele may be designated as the
“variant,” since all the estimation and testing results are
predictably interchangeable under the complementary
designation. Let D be an indicator variable that equals
1 for families with an affected offspring and 0 for con-
trol families.

As originally proposed elsewhere (Schaid and Som-
mer 1993), we define six parental mating-type catego-
ries based on the unordered values of M and F. The
genetic outcomes fall into 24 possible cells, forming the
multinomial distribution shown in table 1, under a mul-
tiplicative model. In this table, the parameters u,, u,, ...
ue are proportional to the relative frequencies in the
population for the mating-type categories. Those pro-
portions are important nuisance parameters because
they allow stratification on parental mating types,
which confers robustness for the case-parents analysis
against bias due to population structure. R, R,, S;, and
S, are the relative risk parameters for offspring-medi-
ated effects, corresponding to offspring with C of 1 or
2 (relative to C = 0), and maternally mediated effects,
corresponding to mothers with M of 1 or 2 (relative to
M = 0), respectively (Weinberg et al. 1998). B is a strat-
ification and normalization parameter corresponding to
disease status for the offspring. Inclusion of B ensures
that the total across the fitted expected counts of triads
and the total across the fitted expected number of con-
trol couples each equal the corresponding observed to-
tal. The logarithm of each expected count is linear in
parameters, which implies that standard software for
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Table 1

Structure of Data from Proposed Hybrid Design, Using
Parents of Unrelated Controls

PARAMETERS
MF  C* Mating Type AFFECTED  EXPECTED COUNT
00 0 1 Yes By,
01 0 2 Yes Bu,/4
01 1 2 Yes Bu,R,/4
10 0 2 Yes Bu,S,/4
10 1 2 Yes Bu,R, S,/4
02 1 3 Yes Bu;R,/2
20 1 3 Yes Bu;R,S,/2
11 0 4 Yes Bu,S,/4
11 1 4 Yes Bu,R,S,/2
11 2 4 Yes Bu,R,S,/4
12 1 N Yes Bu,R,S,/4
12 2 N Yes BusR,S,/4
21 1 S Yes BusR,S,/4
21 2 N Yes BusR,S,/4
22 2 6 Yes BusR,S,
00 1 No /11
01 2 No w2
10 2 No wl2
02 3 No usl2
20 3 No uyl2
11 4 No Py
12 5 No usl2
21 N No usl2
22 6 No e

* No. of copies of variant allele carried by the mother and
father.
® No. of copies of variant allele carried by the child.

Poisson regression (e.g., SAS) can be used to estimate
parameters and perform likelihood-ratio tests for hy-
potheses of interest.

The log-linear model corresponding to the multino-
mial distribution of table 1 is

In [E(count|M,EC,D)] = In (u;) + 8,DI_,
+B,DIc_y + o, DIy
+o, Dlyy_p + D + In (Off) ,
(1)

where “Off” is the probability multiplier (1, 1/2, or
1/4) shown in table 1 for the particular cell. The relative
risk R, corresponds to exp(B,), R, to exp(B,), S, to
exp(oy), S, to exp(a,), and v to In(B). Likelihood-ratio
tests for any subset of the four relative risk parameters
can be performed by computing twice the change in the
maximized log likelihood for models with, compared
to without, the selected term(s), and comparing that
difference with the critical value for a x* distribution
with df equal to the difference in the number of param-
eters being fitted. Although difficult to justify when
studying a complex condition, the model can also be
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simplified in the usual ways to allow for dominant, re-
cessive, or log-additive effects, the latter reduction being
advisable if the data are sparse for a particular locus.

An important feature of model (1) is that it implicitly
imposes the assumption that the baseline risk of disease
does not vary across subpopulations and, hence, does
not vary across parental mating types. Thus, it specifies
that there is no bias due to population structure. This
assumption is crucial for the case-control component of
the data to provide unbiased information related to the
relative risk parameters. It is also testable within the
log-linear framework.

A more general model, which allows for bias due to
population structure, augments model (1) with an in-
teraction term between disease status D and the mating-
type stratification parameters. The improvement in fit
that is thereby achieved can be tested by a 5-df likeli-
hood-ratio test. In this way, one can test whether the
combined-data inference regarding the relative risk pa-
rameters is vulnerable to bias due to population struc-
ture. A relatively large P value provides reassurance that
the family-based case-parents-triad component and the
population-based parent-parent component are safe to
combine through the simplified model (1).

Note that if disease-by-mating-type parameters are
required, on the basis of the above likelihood-ratio test,
then their inclusion in the model indicates that the mat-
ing-type stratum parameters are different for case par-
ents and control parents. A direct consequence of pre-
ferring the enlarged model is that the control portion
of the data will not contribute to inference related to
the risk parameters, and the population-based compo-
nent, in effect, becomes statistically irrelevant. This
drastic consequence is the appropriate penalty, given
that the need for that set of interaction parameters im-
plies that the parent-level population-based estimates
are not to be trusted because the data show bias due to
population stratification. Thus, in such a scenario, we
can and must confine ourselves to the case-parents-triad
substudy.

Because the test for bias due to population stratifi-
cation yields a x? statistic with 5 df, it may have limited
power against realistic alternatives. One possible ap-
proach for increasing sensitivity is to replace the 5-df
likelihood-ratio test with a 1-df test for a trend across
mating-type parameters in their departure from equality
for case and control parents. To do this, we fit the full
model (1) and then include the predictor, (M + F)D,
testing for improvement in fit. Under the no-bias null
hypothesis, the coefficient of this added predictor is 0,
and the corresponding likelihood-ratio statistic is x*
with 1 df.

In addition to the assumption of no bias due to pop-
ulation stratification, an assumption implicitly embod-
ied by table 1—and one that can also be tested—is that
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parental mating is symmetric. This symmetry is implied,
for example, in the splitting of the frequency for the
second mating type for control parents into simply u,/
2 for M =0, F=1;and py/2 for M =1, F = 0. To
relax this stricture, define an indicator variable I ., to
be 1 when M > F and 0 otherwise. Then add to model
(1) an interaction between I, and mating type, in
effect producing nine parental strata to take the place
of the original six. Again, a likelihood-ratio test (3 df)
can be used to test the improvement in fit achieved by
allowing for mating asymmetry. When this goodness-
of-fit test suggests that we cannot trust the symmetry
assumption (e.g., if P <.10), then we need to base in-
ference on models with nine ordered parental genotype
categories instead of the usual six. This means that the
inference regarding maternal genetic effects must be
based on the comparison of case parents and control
parents. Again, this consequence is appropriate, given
that the analysis based on case-parents triads relies on
symmetry and should not be trusted for assessment of
maternal effects in the absence of parental symmetry in
the population. As would be expected, some loss of
power is the price for the now more trustworthy analysis
that abandons the assumption of mating symmetry. But,
again, the hybrid design has saved the study here by
providing a still-valid analytic framework for inference.

To assess the relative efficiency of various design/an-
alytic options, we used expected cell counts to calculate
x* noncentrality parameters for likelihood-ratio tests of
the four relative risk parameters (4 df) (Agresti 1990).
We compared analyses based on our hybrid design with
those for the case-parents-triad design and the case-
mother/control-mother design, under selected scenarios
with offspring-mediated and maternally mediated ge-
netic effects. We also considered a design in which a
case-parents-triad study with a particular number of
case families is augmented by an equal number of un-
related population-based controls, following the design
considered by Nagelkerke et al. (2004) and Epstein et
al. (2005).

We considered two forms of our hybrid design’s like-
lihood-ratio test: one designated “Hybrid MS,” which
imposes mating symmetry by including six dummy var-
iables for mating type, and one designated “Hybrid
MA,” which, instead, permits valid inference under
asymmetry of genotypes for M and F by including nine
dummy variables, as discussed above. For simplicity,
our calculations assumed Hardy-Weinberg equilibrium,
although, again, the method does not require that
assumption.

Although Epstein et al. did not consider maternally
mediated genetic effects, if one is willing to assume mat-
ing symmetry in the population at large, then a study
that genotypes controls rather than their parents can
also be used for inference related to all four relative risk
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Figure 1 x* noncentrality parameters for a likelihood-ratio test
of the four genetic risk parameters based on a scenario with an off-
spring-mediated effect (R, = 2; R, = 3) and no maternally mediated
effects (S, = 1 = S,). The calculations assume Hardy-Weinberg equi-
librium and use 150 cases for each design. To calculate corresponding
noncentrality parameters for a different number, N, of cases, multiply
the value shown by N/150. Solid dark curve, hybrid design (Hybrid
MS and MA analyses coincide when there are no maternal effects),
five individuals genotyped per case. Solid light curve, Epstein et al.
(2005) design, four individuals genotyped per case. Dotted curve, case-
parents design, three individuals genotyped per case. Dashed curve,
case-mother/control-mother design, four individuals genotyped per
case. Horizontal reference lines indicate power at a = 0.05.

parameters, including the two maternal parameters. We
need three key assumptions: that unaffected offspring
genotypes follow Mendelian proportions in relation to
their parents, that there is no population stratification,
and that there is mating symmetry. Under those as-
sumptions, the control children serve as useful genetic
surrogates for their parents, and missing-data methods
can be used to maximize the likelihood, even allowing
for maternal genetic effects. The expected cell counts
for unaffected offspring with 0, 1, or 2 copies of the
variant are p,+p,/2+p /4, po/2+ps+pa/2+us/2, and p,/
4+ us/2+ pg, respectively. The expectation-maximization
(EM) algorithm (Dempster et al. 1977) can be used to
estimate the risk parameters, including possible mater-
nal effects. If there is mating asymmetry or population
stratification, then combined analysis using the unre-
lated controls yields neither valid tests nor unbiased
estimation of the relative risk parameters. Moreover,
without genotype data for control parents, evaluation
of mating symmetry is impossible.

For all of our calculations, we used 150 affected in-
dividuals. When population-based controls were in-
cluded, we used equal numbers of cases and unrelated
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controls. The case-parents-triad design requires geno-
typing three people for each case. Our case-mother/con-
trol-mother scenario required the genotyping of four
people for each case. Our hybrid design scenario ge-
notyped five for each case. To explore our ability to
detect bias due to population stratification, we consid-
ered a null relative-risk scenario and calculated non-
centrality parameters for both the 5-df test and the 1-
df trend test, both based on a population with two
nonintermarrying subpopulations of equal size. The two
subpopulations had allele prevalences of 0.1 and 0.5,
with corresponding baseline disease risks of 0.001 and
0.003. We also calculated the relative risks under that
scenario to get a sense for how strong the bias for the
relative risk parameters could be.

Results

Noncentrality parameters are shown as a function of the
allele prevalence for selected scenarios in figures 1-4.
Cutoffs corresponding to specific values of statistical
power appear as horizontal lines in the figures. The re-
sults for a scenario with only maternally mediated effects
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Figure 2 x* noncentrality parameters for a likelihood-ratio test
of the four genetic risk parameters based on a scenario with an off-
spring-mediated recessive effect (R, = 1, R, = 3) and no maternally
mediated effects (S, = 1 = S,). The calculations assume Hardy-Wein-
berg equilibrium and use 150 cases for each design. To calculate cor-
responding noncentrality parameters for a different number, N, of
cases, multiply the value shown by N/150. Solid dark curve, hybrid
design (Hybrid MS and MA analyses coincide when there are no ma-
ternal effects), five individuals genotyped per case. Solid light curve,
Epstein et al. (2005) design, four individuals genotyped per case. Dot-
ted curve, case-parents design, three individuals genotyped per case.
Dashed curve, case-mother/control-mother design, four individuals ge-
notyped per case. Horizontal reference lines indicate power at a =
0.05.
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Figure 3 x* noncentrality parameters for a likelihood-ratio test
of the four genetic risk parameters based on a scenario with an off-
spring-mediated recessive effect (R, = 1; R, = 2) and a maternally
mediated recessive effect (S, = 1; S, = 3). The calculations assume
Hardy-Weinberg equilibrium and use 150 cases for each design. To
calculate corresponding noncentrality parameters for a different num-
ber, N, of cases, multiply the value shown by N/150. Solid dark curve,
Hybrid MS, five individuals genotyped per case. Long dash curve,
Hybrid MA. Solid light curve, Epstein et al. (2005) design, four in-
dividuals genotyped per case. Dotted curve, case-parents design, three
individuals genotyped per case. Dashed curve, case-mother/control-
mother design, four individuals genotyped per case. Horizontal ref-
erence lines indicate power at o = 0.05.

(not shown) are similar to those shown in figure 1. To
derive noncentrality parameters for other sample sizes,
multiply the curve shown by N/150, where N is the
contemplated number of cases. Also, if one is comfort-
able in assuming that there are no maternally mediated
effects, then the noncentrality parameters given in figures
1 and 2 apply, but with 2 df, which confers much higher
power.

For detecting genetic effects on risk, including off-
spring-mediated effects, maternally mediated effects, or
both, the Hybrid MS approach for all scenarios con-
sidered is more powerful than the case-parents design,
the triads-plus-controls design, and the case-mother/
control-mother design. Some power is lost if one needs
to revert to the more finely stratified Hybrid MA ap-
proach and maternal effects are present. Although the
triads-plus-controls approach provides good power, it
offers no way to verify mating symmetry, and, conse-
quently, its use implies uncertain validity in the face of
possible maternally mediated genetic effects.

The powers given are based on large sample approx-
imations. We verified that the approximations are re-
liable via simulations (not shown) and also verified that
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the empirical type I error rate is compatible with the
nominal rate for level-0.05 testing, based on studying
150 cases. The powers of the 5-df and 1-df tests for
bias due to population stratification (at a level of 0.10)
were 0.41 and 0.53, respectively, for the admixture sce-
nario considered. These correspond to noncentrality pa-
rameters of 3.93 for the 5-df test and 3.0 for the 1-df
test. If the number of affected individuals studied is
doubled to 300, these powers become 0.68 and 0.79.
This population stratification scenario produces biased
relative risks of R, = 1.30, R, = 1.40, S, = 1.32, and
S, = 1.39, based on the expected counts. The noncen-
trality parameter for the corresponding relative-risk 4-
df test is 6.24, yielding a type I error rate of 0.49 (for
a 0.05-level test). Under the same scenario, the case-
control test statistic has a noncentrality parameter of
7.67 when the design uses 150 affected individuals and
their mothers and 150 controls and their mothers, for
a type I error rate of 0.58. The corresponding biased
parameter estimates for heterozygous and homozygous
carriers of the variant allele, based on case-control anal-
ysis, are 1.41 and 1.49 for both maternal and offspring
effects.

X2 noncentrality parameters (4 df)
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Figure 4 x* noncentrality parameters for a likelihood-ratio test

of the four genetic risk parameters based on a scenario with an off-
spring-mediated recessive effect (R, = 1; R, = 3) and a maternally
mediated dominant effect (S, = 2; S, = 2). The calculations assume
Hardy-Weinberg equilibrium and use 150 cases for each design. To
calculate corresponding noncentrality parameters for a different num-
ber, N, of cases, multiply the value shown by N/150. Solid dark curve,
Hybrid MS, five individuals genotyped per case. Long dash curve,
Hybrid MA. Solid light curve, Epstein et al. (2005) design, four in-
dividuals genotyped per case. Dotted curve, case-parents design, three
individuals genotyped per case. Dashed curve, case-mother/control-
mother design, four individuals genotyped per case. Horizontal ref-
erence lines indicate power at o = 0.05.
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Discussion

The proposed design seems, at first, counterintuitive, in
that it calls for genotyping the parents of controls, but
not the controls themselves. However, the parental ge-
notype data enables one to assess the distribution of
parental genotypes in the population, which, in turn,
enables tests for violations of mating symmetry and for
bias due to population stratification. Moreover, once we
have the parental genotypes, the control offspring ge-
notypes are not informative, given that we assume
Mendelian proportions for offspring in the population
at large.

The hybrid design proposed by Nagelkerke et al.
(2004) and considered further by Epstein et al. (2005)
differs from ours in several respects. Both designs pro-
vide for a full-data analysis that is valid if there is no
bias due to population stratification, if there is mating
symmetry, and if there are no maternal effects. Neither
Hardy-Weinberg equilibrium nor random mating is re-
quired. One could extend the likelihood-based analysis
of Epstein et al. to include maternal effects, as we have
done in our power calculations, and one could also
allow for imprinting. Without control parent genotypes,
however, one has no way to verify the required mating-
symmetry assumption or to abandon it if symmetry
fails. Our proposed modification, in which parents of
controls are genotyped rather than the controls them-
selves, improves power for detecting genetic effects (see
figs. 1-4) and also allows one to verify mating symmetry
and increase power whenever that assumption is war-
ranted. Because control parents are genotyped, one can
also directly test for bias due to population stratification
and revert to the case-parents data when necessary.

One practical problem that inevitably arises concerns
missing genotypes: How can we make the best analytic
use of partial families? Under the assumption that miss-
ingness has nothing to do with the missing genotype,
the EM algorithm (Dempster et al. 1977) can be usefully
applied to the structure of table 1, so that all data can
contribute to the analysis. If, for a given control family,
one of the parents is not available for genotyping, one
would do well to genotype an available unaffected off-
spring, since that offspring’s genotype can inform the
E stage of the EM algorithm to make better use of the
family’s data. For other families, the genotype might be
available for both parents but not for the affected off-
spring. This kind of missing data frequently arises when
studying a major birth defect, such as anencephaly, be-
cause some affected pregnancies are electively termi-
nated. Such partial families offer useful information and
should be included to avoid bias. In principle, unrelated
cases could also be included by treating their parental
genotypes as missing data.

The proposed hybrid design provides a kind of Swiss
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army knife, a tool with components that can be taken
out and used separately as needed. With this multicom-
ponent tool, one can exploit the best features of the
case-parents-triad design, such as the ability to inves-
tigate parent-of-origin effects and, at the same time,
make use of the advantageous features of the case-con-
trol design, such as the ability to assess effects of ex-
posures. When the data permit combined inference and
support a mating-symmetry assumption, a simple log-
linear analysis provides a powerful test of the role of
genetic variants, allowing estimation of relative risks
and allowing maternally mediated effects to be distin-
guished from offspring-mediated effects. The analyses
can be performed through use of the LEM software
(loglinear and event history analysis with missing data
using the EM algorithm), which was developed by Ver-
munt (van den Oord and Vermunt 2000). Script files
for running the various models in LEM, under differing
assumptions, together with instructions for use, are pro-
vided in downloadable zipped formats, suitable for run-
ning on a PC with Windows.

An extension to allow for parent-of-origin effects
would work by splitting the triple-heterozygous cell
shown in table 1 into a cell where the mother was the
origin of the variant allele and a cell where the father
was the origin (which is usually not knowable), yielding
25 possible outcomes instead of 24. The log-linear struc-
ture is expanded to include a multiplier I,, for cells
where the offspring inherited a single copy, a copy from
the mother. One needs to use missing-data methods to
account for the ambiguity in parent of origin when the
triad is triply heterozygous: the EM algorithm readily
permits estimation and testing of hypotheses related to
the genetic relative risk parameters, which now number
five. In particular, one can test a no-imprinting null hy-
pothesis (i.e., that I,, = 1).

An extension to allow for a “main effect” of an ex-
posure would be based on the comparison of case par-
ents with control parents. The unit of analysis is, again,
the family, regardless of whether the exposure under
consideration was experienced by the mother during
gestation or experienced by the offspring directly. If the
exposure is dichotomous, one can simply add to model
(1) an indicator variable for exposure status, together
with the product of that indicator variable and the in-
dicator for disease status. The coefficient of that product
then estimates the log of the relative risk, corresponding
to the exposure. More complex models can be devel-
oped to allow for possible confounding of exposure
status with the parental mating-type distribution or
to accommodate multiple levels of exposure. Ongoing
work will provide additional detail.

The hypothetical existence of bias due to population
stratification has concerned geneticists and has led some
to prefer family-based studies over population-based
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studies; this concern may have needlessly restricted re-
search into environmental cofactors in the etiology of
complex diseases. Although population stratification
can, in principle, cause bias in case-control studies, it
will do so only to the extent that the baseline risk of
disease covaries with allele prevalences across incom-
pletely mixed subpopulations. The 5-df test we propose
for testing for bias due to population stratification offers
limited power for detecting such bias. (If the Epstein
test statistic were adapted to our setting, it would need
to carry 4 df or 8 df to allow for possible maternally
mediated effects.) The 1-df trend test for bias evidently
improves the power but may still fail to detect moderate
bias. The full-data analysis of the hybrid design, even
when both tests for bias due to population stratification
support the inclusion of all of the data, consequently
carries some increased vulnerability to this bias. How-
ever, the full-data analysis offers improved precision of
estimation of genetic effects, together with the ability
to include environmental factors, and those are impor-
tant compensatory benefits. The investigator may want
to report both the full-data estimates for the four genetic
relative risk parameters and their estimates based on
case-parents triads alone, the latter being less precise
but more robust.

We have compared power for detecting genetic effects
across the various designs/analytic strategies on the ba-
sis of the number of cases to be studied. Our hybrid
design power calculations presumed genotyping five in-
dividuals for each case, whereas the other approaches
required fewer individuals to be genotyped, either three
(for the case-parents design) or four (for the case-
mother/control-mother design or the Epstein-based hy-
brid we considered). Nevertheless, when a rare disease
is under study, the major part of the expense is, typically,
in identifying and recruiting subjects and their family
members, and not in genotyping, which will continue
to become cheaper as biotechnology improves.

The hybrid design suggested by Nagelkerke et al. of-
fers less power than does ours (see figs. 1-4), but re-
quires less genotyping. With only controls and not their
parents, however, one has no way to verify the needed
mating-symmetry assumption, and one cannot adjust
for biasing effects of possible asymmetry. Moreover,
without the parents of controls, one cannot estimate the
relative frequencies for mating types in the population,
and, consequently, testing for population stratification
is necessarily indirect and ad hoc. When control parents
are genotyped instead, as in our proposed design, a
direct likelihood-ratio test for bias due to population
stratification becomes possible.

If one uncovers evidence for such bias, and the bias
is related to ethnicity or to some other identifiable factor,
it may be possible to correct it through stratification.
Thus, for example, the bias may disappear if one strat-
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ifies on white versus African American families. Instead
of the 24-cell multinomial shown in table 1, one would
be analyzing a 48-cell multinomial, and the test for bias
would now involve 10 df or 2 df.

Although we have not calculated power-for-exposure
effects, the power for detecting such effects should be
the same for the case-mother/control-mother design as
for the hybrid designs, because the analyses involving
exposure effects are equivalent, being based on com-
paring the case families to the control families. Thus,
standard power software can be used. For gene-by-en-
vironment interactions, the hybrid should then have a
marked statistical advantage due to its ability to provide
more precise estimates of genotype effects at each ex-
posure level.
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