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ABSTRACT

Variance Components based models are commonly used for linkage and association mapping of
quantitative traits. Score Tests based on these models are generally more robust to various mod-
eling assumptions than the corresponding likelihood ratio tests. They are also computationally
much simpler than the likelihood ratio tests, making them the natural choice for whole genome
scans, which have become increasingly common with the emergence of high-throughput genotyping
technologies. However the popularity of score statistics have been limited, due to several practical
issues, such as lack of availability of software and guidelines for choice of score statistic variants.
In this dissertation, we develop novel score statistics for both linkage and association mapping,
elucidate the theoretical properties of these and of the existing variants, and also compare some of
the existing and proposed score variants using simulation. Analytical arguments and simulation re-
sults are used to develop guidelines for choice of appropriate score variants under different practical
situations.

In this dissertation, we are primarily concerned with identifying robust and powerful score
statistics for detecting genetic susceptibility loci for complex diseases by mapping underlying quan-
titative phenotypes. Unlike Mendelian disorders, complex diseases in humans typically have a large
number of modest genetic effects, which cumulatively have a significant impact on the disease. The
work in this dissertation is aimed at maximizing the power of genome scans to detect more of these
small genetic effects. This is of considerable public health significance, as the identified genetic
variants can be followed up to gain important insights into the etiology of the disease, which can
further lead to development of screening tests and preventive and therapeutic interventions for

complex diseases.
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1.0 INTRODUCTION

1.1 STRUCTURE OF THIS DISSERTATION.

The broad aim of this dissertation is to identify score statistics for linkage and association mapping
of quantitative trait loci (QTLs) that are powerful and at the same time robust to various model-
ing assumptions. It is broadly divided into four chapters. Below we briefly outline specific issues

discussed in each chapter.

In the present chapter 1 - “Introduction,” we give some background on QTL mapping and
on some of the standard approaches to linkage and association mapping of QTLs. We define score

statistics and discuss how they address some of the limitations in the existing approaches for QTL

mapping.

In chapter 2 - “Score Tests for QTL Mapping,” we describe some of the standard genetic
models used for quantitative traits, and discuss the validity of the assumptions required to moti-
vate these models. We also propose a new model that incorporates both linkage and association
parameters and as such allows the derivation of both linkage and association tests. We describe the
score tests under the standard genetic models as well as those under the proposed model. We also

demonstrate some robustness properties of score tests to genetic models and to selected sampling.

In chapter 3 - “Score Tests for Linkage Analysis,” we restrict our attention to the standard
Variance Components based score statistic for linkage. Several variants of this score have been pro-
posed in the literature with little or no guidelines regarding the best choice in any given scenario.

We categorize the existing variants as well as propose some new score variants. We conduct an ex-



tensive simulation study to compare the existing and the proposed variants, in terms of robustness
of type I error and power under different trait distributions, ascertainment schemes and genetic
models. Based on analytical arguments and simulations results we propose general guidelines for
choosing appropriate score variants based on study design, normality of phenotype and other con-

siderations.

In chapter 4 - “Score Tests for Association Analysis,” we develop novel score-based statistics
for family based association mapping of quantitative traits. These statistics try to use maximal in-
formation from a family while protecting against stratification. Using simulations, we compare the
proposed score statistics against some standard ones. We consider modifications of these statistics
to handle missing genotypes and the presence of “known linkage” and derive some recursive and
closed-form expressions for conditional genotype moments required in computing these statistics.
Finally, we discuss some preliminary ideas to construct score statistics for association that are free

of nuisance trait parameters.

In chapter 5 - “Discussion and Future Work,” we highlight some of the limitations of the
methods described in this dissertation and discuss possible directions of future research on mapping

of quantitative traits using score statistics.

1.2 QTL MAPPING BACKGROUND

A quantitative trait is any phenotype expressed as a continuum of values, as opposed to binary
traits, which take on two values (e.g., affected/unaffected or affected/unknown). Most methods
developed for mapping either kind of trait can be used for the other by assigning numerical codes to
the binary traits or dichotomizing the quantitative traits, although the specific assumptions of the
methods may not be appropriate in all cases. Typically, in humans, most gene mapping methods
adhere to the distinction rigorously and, in general neither approach can claim to be superior to
the other in all cases. Genes or susceptibility loci mapped using quantitative traits are termed
as Quantitative Trait Loci (QTLs), although the QTLs can possibly be identical to loci mapped

using the binary disease status, particularly when the disease is defined (or diagnosed) based on



the underlying quantitative trait(s). An important advantage of using the underlying quantitative
phenotype(s) (instead of the binary end-point trait) is that they are not affected by misdiagnoses due
to subjective diagnostic criteria. Also, coding of sub-clinically affected individuals as “unaffected”
or “unknown” can adversely affect the power to detect linkage or association, which can be a
concern particularly for late-onset diseases. Quantitative traits, on the other hand, allow modeling
of the complete observed variation of the phenotype without losing any information. Sometimes,
this comes with a price to pay in terms of too many parametric assumptions, for example about
the distribution of the phenotype. Another concern may be that modeling the full variation can
sometimes lead to genes that control normal variation in the phenotype and that are not involved
in the etiology of the disease. This is less of a concern when dealing with families ascertained
via affected probands than when dealing with randomly selected families. Sometimes multivariate
(quantitative) phenotypes can better approximate the true disease status than a single quantitative
trait. In this dissertation, we will confine our discussion to QTL mapping methods with a single
continuous phenotype. The phenotype under consideration can be a neutral one such as height, or

one underlying a disease such as blood sugar level.

In humans, QTL mapping methods can be classified into two broad classes, namely “linkage”
and “association” mapping methods. Linkage mapping tries to locate genes controlling the trait
by detecting the cosegregation (limited or no recombination events during meiosis) of a gene and
a nearby marker locus within a family. Association mapping, on the other hand, tries to detect
coincidence (linkage disequilibrium or LD) of a disease allele with a marker allele in a population,
caused by an interplay of historical events such as mutation, founder effects, recombination, admix-
ture etc acting on the population as a whole. While linkage by its definition can only be detected
using family data, association mapping can be both “population-based” and “family-based.” In
this dissertation, we will primarily be concerned with QTL mapping with family data, using both

“linkage” and “association” techniques.

Linkage disequilibrium usually operates over small distances, whereas linkage can theoret-
ically exist between loci located at opposite ends of a chromosome. Hence, association mapping
is usually perceived as a more powerful approach for localizing disease genes. But association (or
LD) can occur because of factors other than proximity with the disease locus, such as population
stratification, admixture or recent mutation or founder effects, which as a result can be potential
confounders. Presence of strong linkage, on the other hand, directly correlates with proximity of

disease loci. Also, linkage can be detected using fewer markers than association, which typically



requires a very dense marker map. This issue is becoming less and less important with emergence
of high throughput genotyping technologies. Still, dense genome-wide scans are not yet easily af-
fordable to all investigators. Hence, linkage analysis remains a popular way to narrow down regions
on the genome (particularly in absence of biological candidates), often followed by association map-
ping in the identified candidate regions. At the same time, genome-wide association (GWA) studies
have become practical for some investigators and have started to replace the two-step linkage fol-
lowed by association approach. GWA studies must ensure that the association mapping statistics
be designed to protect against confounding factors such as admixture, while being computation-
ally feasible. In this dissertation, we will attempt to identify “linkage” and “association” mapping
statistics that are computationally fast, protect against confounders, and are relatively robust to

modeling assumptions.

1.3 STANDARD METHODS FOR LINKAGE AND ASSOCIATION MAPPING

Linkage analysis methods for quantitative traits can be broadly classified into two categories namely
“likelihood-based” and “regression-based.” The most popular likelihood-based method performs a
likelihood ratio test assuming the Variance Components model (e.g., LANGE et al. 1976; FALCONER
1981; HopPPER and MATHEWS 1982; AMOs 1994; ALMASY and BLANGERO 1998), and is known
as the Variance Components (VC) approach. This model is discussed in detail in Chapter 2. It
is a powerful and flexible approach, as the model can include additive and dominance effects of
the major gene as well as other random effects such as polygenic effects and other fixed effects
such as covariates. Because of the likelihood setup, arbitrary hypotheses can be tested. In spite of
the popularity of this method, it has some disadvantages, namely that it can be computationally
intensive, particularly for dense genome scans. More importantly, it is a valid test (i.e, has a correct
type I error) only when the assumption of normality is correct and also suffers from considerable
loss of power when that assumption is violated (ALLISON et al. 1999). The limitations of the VC
method are partly addressed by the regression-based methods. These methods usually exploit the
correlation between some function of the trait values and the estimated marker IBDs (e.g., HASE-
MAN and ELSTON 1972; SHAM and PURCELL 2001; SHAM et al. 2002) in the presence of linkage
between the trait and the marker. These are generally computationally simple and are usually valid

tests irrespective of the trait distribution. Unlike the VC approach, these methods are also robust



in terms of type I error to selected sampling and to misspecification of trait parameters. However
some of these methods such as the Haseman and Elston (HE) regression (HASEMAN and ELSTON

1972) are considerably less powerful than the VC, when the normality assumption holds.

Association mapping of QTLs can be population-based or family-based. Population based
designs sample unrelated individuals from the population. The most popular population-based
design is the “case-control” study design. In this design, the estimated frequency of the marker
allele is compared between case and control individuals. In presence of association, i.e. when the
marker allele controls the trait or is in LD with the trait predisposing allele, the estimated allele
frequencies are expected to be different. This design is more popular for binary disease traits but
can be applied to quantitative traits by assigning Case/Control status using thresholding of the
continuous trait (e.g., HEGELE et al. 1999). Population-based approaches by contrast use the full
variation of the quantitative trait instead of thresholding (e.g., ALLISON 1997; BARRETT 2002).
Population-based approaches are powerful, require small sample sizes and are computationally fast.
But since they may detect spurious association due to population substructure, it is not possible

to separate spurious associations from real ones in this design.

Family-based designs for association mapping can be constructed to guard against confound-
ing factors. The first family based design, the TDT (Transmission Disequilibrium Test) design, was
proposed in the context of binary traits (TERWILLIGER and OTT 1992; SPIELMAN et al. 1993). Ever
since, most association mapping methods for QTL mapping have attempted to extend the TDT
design for quantitative traits. One such popular method uses a likelihood-based approach similar
to the VC (FULKER et al. 1999; ABECASIS et al. 2000; ABECASIS et al. 2001), implemented in the
software QTDT (ABECASIS et al. 2000). The other popular approach is a non-parametric approach
originally proposed by RABINOWITZ (1997) and implemented in the software FBAT (HORVATH
et al. 2001). There have been various extensions of the FBAT procedure (e.g., RABINOWITZ and
LAIRD 2000; LAIRD et al. 2000; WHITTEMORE and HALPERN 2003). These statistics are similar to
the regression-based linkage mapping approach and use the correlation between the marker allele
transmissions and the phenotype in a way that protects against population stratification effects.
Throughout this dissertation, we will use the abbreviations QTDT and FBAT for the methods of

FULKER et al. (1999) and RABINOWITZ (1997), respectively, and their subsequent extensions.



1.4 LIMITATIONS ADDRESSED BY SCORE STATISTICS

The score test (RAO and POTI 1946) is a computationally simpler alternative to the likelihood ratio
test (LRT), and is asymptotically as powerful as the LRT for local alternatives (i.e., alternatives
close to the null hypothesis). Since local alternatives are usually harder to detect, local optimality
almost always guarantees an overall powerful statistic. The computational simplicity of the score
statistic comes from the fact that it only involves the first derivative of the log-likelihood at the
null value of the parameter and does not require the Maximum Likelihood Estimate (MLE) of the
parameter. Hence, unlike the LRT, it does not involve maximization of the likelihood and can
often be expressed in simple algebraic form. The general form of the score test statistic for a single
parameter can be written as follows.

oS0 XS
Vilo) /il

where S(X) = 23509(1—5(0%,9))

- ‘6’:90
K

0?log(L(z;,0))
3 et

)

and I(0y) = —F

Here X = (x1,...,2,) denotes n independent data points, § the unknown parameter, 6y its null
value and L(z, 6) is the likelihood function for a single observation. S(X) is known as the “score”
and I(0) is known as the “information.” The score statistic can be completely generalized to
multiple parameters including nuisance parameters (RA0 1948). If 6§ denotes a vector of parameters
of interest and v denotes a vector of nuisance parameters, then the score test for Hy : 0 = 6 takes

the form

T= SGO,QO(X)/ 1_1(907 190) Seoyﬁo(X)v
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Here 7y is the MLE of v under the constraint 8 = 6.



Apart from the attractive properties mentioned above, score statistics also possess another
distinct advantage over the LRT, namely that they can be made robust to model violation. The
score test statistic T follows an asymptotically N (0, 1) distribution under the null hypothesis. This
follows from the specific form of the score statistic shown above and the Central Limit Theorem
(CLT). This asymptotic distribution also holds when the assumed model is wrong (by the CLT),
provided the denominator contains an empirically estimated variance of the score S(X) instead of
the theoretical information. So, the standard normal distribution is generally used to obtain cutoffs
or p-values for the score test with an empirical denominator. These cutoffs remain valid, irrespective
of the true model as long as the sample size is reasonably large. On the other hand, the significance
of the LRT is usually assessed using the fact that asymptotically —2log(LRT) ~ x2. But this fact
holds only when the assumed model is correct. Thus, the LRT has incorrect type I error whenever
the assumed model is wrong unless an empirical null distribution is used, which can further increase
its computational complexity. Score statistics however do not guarantee robustness of power; both

score and LRT can incur considerable loss of power when the assumed model is grossly violated.

Score statistics become even more useful in the context of disease gene mapping, where it
is often more powerful and convenient to sample affected individuals and their relatives. These
individuals are usually at the extremes of distribution of the underlying quantitative trait(s). This
distorts the distribution of the quantitative trait, making the LRT invalid even if the assumed model
correctly represents the overall distribution of the trait. Depending on objectiveness and simplicity
of the ascertainment criteria, it may or may not be possible to correct the LRT for ascertainment.
On the other hand, the score test can be constructed in a manner (to be discussed in later chapters)

such that they have correct type I error even for ascertained samples.



2.0 SCORE STATISTICS FOR QTL MAPPING

Before describing the different score statistics used for QTL mapping, we discuss below some of the

genetic models under which these score statistics are generally derived.

2.1 GENETIC MODEL AT THE TRAIT LOCUS

2.1.1 Model Conditional on Trait Genotype

The main focus of this dissertation will be on variants of the score statistics, which were originally
derived as efficient scores using a decomposition of the components of the variance of the quanti-
tative phenotype. Below we outline a derivation of the variance-component decomposition using
similar ideas as discussed in TANG (2000). An alternative derivation for general multiallelic traits

can be found in LANGE (2002).

Let us consider a quantitative trait Y controlled by a biallelic major gene having alleles “D”
and “d”. Let p and ¢ = 1 — p denote the frequencies of the “D” and “d” alleles. The trait genotype
gi is coded as 0, 1 and 2 for the genotypes “dd,” “dD” and “DD” respectively.

Let us assume the following model for phenotype conditional on the trait genotype.

yi=m+ag+dly_1 +e, (2.1.1)

where m is the baseline effect of the “dd” genotype and “a” is the additive effect of one “D” allele

and “d” is the dominance effect. Let p and o? denote the population mean and variance of the



trait. The above model can be centered at the trait mean by rewriting it as

yi=m+ag +dl_1+e
=[m+aBE(g)+dE(ly_y) ] +alg—Elg)]+d [l - E(lg-y) ] +e

=p+agi+dl 1y + €

where g; and 1{91':1} are centered versions of g; and 1;4,_1y. The residuals €; are assumed to be

uncorrelated with the genotypes and to have mean zero and constant variance 2. The residuals
can consist of polygenic effects, other major genes (unlinked and in linkage equilibrium with the
QTL modeled above) and environmental effects. We can orthogonalize the above model using a

Gram Schmidt orthogonalization procedure, with < X, Y >= Cov(X,Y) = E(XY) as follows.

< Gislggmny >\ - . < Gislggm1y >
i =u+|a+d ——————— i +d| 1oy — ——————— G | + €&
Yi H ( < Gir i > 9i {gi=1} < Gi,0i > i i

By noting that under Hardy Weinberg Equilibrium, g; ~ Bin(2,p), Ligic1y ~ Ber(2pq) and
Cov(gi, 1{4,—1}) = 2pq(q — p), we obtain

yi=p+latd@=p]g+d [l -(¢-0)d]+e

=pu+agi+0 gy +e, (2.1.2)

where « = a+d (¢ —p), d = d and i{gizl} is i{gizl} — (¢ — p) gi, the orthogonal projection of
i{gizl} onto the linear subspace generated by ¢;. This decomposition does not have any biological
interpretation, but provides a mathematically convenient way of extracting the complete variability
explained by a linear function of the number of trait alleles (i.e, g). The advantage of such a
decomposition is that because of the orthogonality, there is significant mathematical simplicity in
analyzing a joint model with both the additive and dominance parameters, as discussed later. It
also gives an estimate of the actual loss of information when the dominance is ignored.

2

The total phenotypic variance Var(Y) = o can thus be decomposed into an additive genetic

variance o2, a dominance variance o2 and a residual environmental variance o2 as follows.

o’ = 02 + 02 + 062,
where ag = a? Var(g;) = 2pq [a+d(q — p)]2
and o2 = ¢ VaT(i{gi:I}) = 4p°*d®.



The last equality can be obtained by using the relation

Var(X — BE(X|Y]) =Var(X)-Var E(X]Y)] = <X, X >— (1 <X,)Y > >

<X, X ><VY,Y >
Thus o2, 03 and o2 are known as the variance components of Y. The conditional on genotype

model (2.1.2) is typically used in the context of association mapping of quantitative traits.

2.1.2 Model Conditional on Trait IBD

The variance components derived above can be used to decompose the phenotypic covariance con-
ditional on IBD sharing. To derive this model, let us first consider two relatives with phenotypes
(y1,v2), genotypes (g1, g2), environmental correlation r and IBD sharing proportion 7. Using the
ITO matrices (L1 and SACKS 1954), and the formula E[fi(g1)f2(g2)|7] = Eg,[f2(92)E(fi(g1) |

g2, )], it can be shown that

Cov(gr,g2 | ™) = 2pqm (2.1.3)
Cov(lgg,=1y,92 | ™) = 2pg(q—p)T
Cov(lgg 21y, 1ig=1y | ) = 2pq((q — p)°7 + 2pq 1rery.

Using the above results and the definitions of §, 1 {g=1) and i {g=1}, it is easy to show that

Cov(g1,92 | ™) = 2pgm
Cov(l{g—1},52|m) = 0
Cov(i{glzl}a i{92=1}~ ) = (21761)2 Lir=1y-

Thus, the unconditional orthogonal decomposition g and i{gzl} of the genotypes remains orthogonal

after conditioning on IBD. Hence it follows from model (2.1.2) that
Cov(y1,y2 | ™) = o (2pqr) + 6*(4p°¢*) Lizz1y + Cov(er, €2)
= O'g T+ 0(21 lp=y +r 0'62.

The above “conditional on IBD” model based on variance component decomposition is used in the

context of linkage analysis of quantitative traits.

Let us now introduce a superscript “t” to denote the trait locus. For a pedigree of size

k, let y;, g! denote the phenotype and trait genotype for individual “i.” Let ij denote trait
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IBD (proportion of alleles shared IBD at the trait locus) between individuals “i” and “j.” Let
Y = (y1,y2,---,ur) and g = (g%, 45,...,9.) denote the vectors of genotypes and phenotypes for
the pedigree. Similarly let IT, = ((7};)) denote the k x k matrix of pairwise IBD sharing proportions

(1922

for the pedigree. For any pair of individuals “2” and “j” in the pedigree, we have

Cov(yi,y; | ﬂfj) = ﬂfjag + 1{7r$j=1}03 + rijaz, (2.1.4)

where the residuals ¢; are assumed to be independent of the genotypes and to follow a multivariate
normal distribution within the pedigree with mean 0 and dispersion X, = ((02r;;)), where 7;; is the

[1355)

environmental correlation between individuals “i” and “j.”

The population mean and dispersion
matrix of Y are g, = pu 1 (1 being a vector of k 1’s) and X, = ((02p;;)). Subtracting the

expectation from both sides of the above equation, we get
Cov(ys, y; | m5;) = Cov(ys, y;) + oalmi; — 2¢45] + 03[1{7@:1} -, (2.1.5)

where ¢;; is the kinship coefficient and ’y?j is the Cotterman’s coefficient P(m = 1) for the pair

(7,7). Thus for a pedigree of size k , rewriting in matrix notation, the conditional on IBD model is
Cou(Y |II) = %, + o2[Il; — 28] + o2[I1¥ — 7], (2.1.6)

where ® and T'®) are k x k matrices given by (®);; = ¢;; and (F(2))ij = %2] Note that, standard
notation for the Cotterman’s coefficient matrices are A©, AM and A@. We have used T'®@ to

avoid confusion with the notation A for LD.

Finally, it should be noted that the conditional on genotype model (2.1.2) and hence the con-
ditional on IBD model (2.1.6) can be extended to incorporate additional variance components
such as polygenic additive effects and polygenic dominance effects (see for example ALMASY and
BLANGERO 1998). We ignore those components in this dissertation for reasons of clarity. However,
for most of the methods discussed here, it is straightforward to obtain extensions which incorpo-
rate those components using standard procedures. For the same reason, we will also ignore the

dominance component of the major QTL for most of the discussion.

Orthogonalization for Sibpairs
Since II; and ng) are not orthogonal, we can orthogonalize model (2.1.6) similarly as we did for
genotypes. This orthogonalization would however vary with relationship between the pair of indi-

viduals. Hence it provides mathematical and computational simplicity for a two degree of freedom
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model only when the data consists of pairs with a single relationship type. For example, in case of
sibpair or sibship data, denoting 7! = 7! — 1/2 and 1{7r¢:1} = lgze—qy — 1/4, and using the Gram
Schmidt orthogonalization procedure, we have the following orthogonal decomposition of model

(2.1.5).

Cov(yi,y; | ﬂfj) = Cov(y;,yj) + o2 ﬁfj + 02 i{rrﬁjzl}
= Cov(yi,y;) + (05 + 05) ﬁfj + 0} (i{ngjzl} - ﬁfj)
[ o< 1{7T;;j:1},7rfj >=<mp;,m >=1/8 ]
= Cov(yi,y;) + (02 +03) ﬁfj + o2 (1{7%:1} - ij +1/4)
= Coulyi,yy) + (07 +03) 7y + 05 [(=1/2)1(zt _y /9y +1/4]

[ ol = g g+ (1/2) 1 /2}]

= Coulyiy) + 0% 75+ 03 [(~1/2) g 1) (2.1.7)
Thus, Coo(Y |T;) = %, +02 [, — 28]+ 02 /2 [AD) —11], (2.1.8)
where 02 = o2 + o2 and 03/ = o2 are the additive and dominance variance under this new

parametrization. It is easy to verify that II; and Hgl) are orthogonal for sibships. Although this

orthogonalization provides considerable simplicity in analyzing a 2 d.f. model for sibships, there
is one additional complication. The parameters 03/ and 03 are constrained by 02/ > 03. This
constraint has to be taken into account during model fitting. This is unlike the orthogonalization
for genotypes, where the parameters o and § in model (2.1.2) (and consequently o2 and o2) are
unconstrained, just like the initial parameters a and d in model (2.1.1). Nevertheless the orthogo-

nality is useful and can be utilized to obtain two degree of freedom statistics for sibship data (e.g.,

see TANG 2000 and chapter 3 in this dissertation).

2.2 GENETIC MODELS AT THE MARKER LOCUS

In this section, we will use the notation of the previous section. In addition, let g,,, II,, denote
the genotype vector and IBD matrix at a marker (test) locus. We will assume that the marker is
biallelic with alleles “A” and “a” with frequencies p,, and ¢,,. Also the marker genotypes g;"* are

coded as number of “A” alleles. Let vy, = 2pg and vy, = 2pmgm denote Var(gl) and Var(g")
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under HWE. Let 6 denote the recombination fraction between the two loci and let A denote the
linkage disequilibrium between the alleles “A” and “D” (i.e., A = P(AD) — P(A)P(D)).

Most models at a marker locus do not model the parameters # and A directly. They use
surrogate parameters which implicitly model linkage and association. Below, we outline some of the
standard “implicit” models and also propose a new implicit model which is more general than the
standard models. This model yields score statistics similar to the standard implicit models under
specific assumptions. We will also outline an explicit model parametrized by # and A to obtain an

heuristic justification for the proposed implicit model.

2.2.1 Implicit Models

2.2.1.1 VC Model for Covariance The phenotypic covariance conditional on “trait IBD”
can be decomposed using variance components as shown in equation (2.1.6). In reality the trait
IBD can not be observed. We observe marker genotype data M at the test locus or at multiple
markers across the genome. The IBD at the test locus II,, can be calculated (or estimated by

~

I1,,, = E[Il,, | M]) based on the observed genotype data using singlepoint or multipoint methods.

The standard variance components method for linkage analysis of quantitative traits assumes

the following model at the marker locus.

[Y | TIn) ~ N(py, By + va[[Tn — 28] + vg[IT) — AR, (2.2.1)
Note that the covariance is exactly the same as (2.1.6), with II; replaced by I1,, and the parameters
(02,02) replaced by implicit parameters (vq,vy). It is assumed that v, = v = 0 < 6 = 0.5. Hence
this model can be used to test for linkage (Hy : 6 = 0 vs. Hj : 6 < 0.5) indirectly by testing
Hy:v,=v9=0vs Hi : vy, > 0 or vg > 0. Generally, however, it is assumed that the dominance
effect is negligible (0 = 0 and vy = 0) and the 1 d.f. test Hy : v, = 0 vs Hy : vy > 0 is used. It is
possible to give an heuristic justification for the implicit parameters v, and vg (e.g. AMOS 1994,
section 2.2.2.2). However the assumption of multivariate normality is not very realistic. In general
this distribution is expected to be skewed or multimodal (e.g., AMOS 1994) at the trait locus and

the marker locus. In fact, the trait locus model (2.1.2) is

V| i) ~ Ny +a (g — Eg) + 6 (g — Eg{)), 2], (2.2.2)

Where (gt)z = gfa 9151)1 - 1{977‘_5:1} VZ == 1, ceey ]{7
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Conditioning on IBD leads to the following mixture normal distributions at the trait and
the marker locus.

Trait Locus:

(Y [ L] "’Z[Y | gt] P(ge | ILe).

Marker Locus:

[Y | ﬂm] ~ ZZ (Y [ g¢] P(ge | 11z) Py(11; | ﬂm)-
gt 1L
The distribution [g; | II;] is expected to be skewed when the trait allele frequency is close to 1 or 0
and multimodal when it is close to 0.5. In spite of the incorrect multivariate normality assumption,
the VC model leads to powerful tests for linkage analysis, as discussed in chapter 3. This model
also assumes that all of the marker loci, including the test locus, are in linkage equilibrium with
the trait, which justifies conditioning on II,, as a sufficient statistic for modeling linkage. This

assumption is relaxed in the proposed implicit model described in section 2.2.1.4.

2.2.1.2 Model for the Mean The phenotypic mean conditional on “trait genotype” can be
decomposed as shown in equation (2.1.2). In reality the trait genotype cannot be observed. An

implicit model conditional on the marker genotypes is given by

Y | gl ~ Nty + 8 (gm — Egm) +7 (¢ — Eg{V), ], (2.2.3)

where (gm); = g%”,g%)i = lygm=1y Vi = 1,... k. This model is same as the model (2.1.2) with
parameters (o and 0) replaced by implicit parameters (3, 7). It is assumed that 5 =7 =0 < A = 0.
Hence this model can be used to test for association (Hop : A = 0 vs. H; : A > 0) indirectly by
testing Hy: B=~v=0vs Hy: 8> 0 or «v > 0. Generally however the dominance effect is assumed
to be negligible (§ = 0 and ¢’ = 0) and the 1 d.f. test Hy : 3 =0vs Hy : § > 0is used. This model is
used by some standard association mapping methods for quantitative traits such as ANOVA based
methods (e.g., BARRETT 2002; O’DONNELL et al. 1998) and FBAT (RABINOWITZ 1997; HORVATH
et al. 2001). Although FBAT was originally proposed as a non-parametric approach, some of the
statistics implemented in FBAT are equivalent to score statistics derived under the above model
(LAIRD et al. 2000; SHIH and WHITTEMORE 2002). The implicit parameter § (and similarly )

can be motivated using an explicit model (see section 2.2.2.2). However model (2.2.3) ignores the
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observed IBD information at the marker locus. The QTDT model and the proposed implicit model

attempt to incorporate IBD information.

Apart from testing for association, a similar model is sometimes used to test for linkage (e.g.
Dupuis et al. 2007 and section 2.3.2 of this dissertation). These methods use the following mixture

normal distribution for [V | II,,].

[Y [ gm] ~ Nluy + ¢ Gm, Ze, and (2.2.4)
[V | IL,] ~ Z [Y | gm] P(gm | ) (Assuming perfect IBD information), (2.2.5)
gm

and test for linkage using the parameter c. Although the model assumptions are somewhat artificial,
this model can be shown to yield similar score statistics as the VC model (2.2.1) (e.g., see DUupPUIS
et al. 2007 and section 2.3.2 of this dissertation). Note that there is an implicit assumption of
linkage equilibrium (A = 0) in this model, as it uses only II,, as a sufficient statistic to test for
linkage. The genotypes g,, are not used; they act as a latent dummy variable in this model. To see

that ¢ = 0 & 6 = 0.5, we note that the mean and covariance of this model are

Cov(Y | IL,) = vy, Ty + B = B, + Py, (T, — 20).

These moments agree with the moments of the VC model (2.2.1) with v, replaced by c?v,, . Thus
c? has a similar interpretation as v, in the VC model, which implies that a 2-sided test based on
model (2.2.5) can be an alternative for the VC model, with the advantage that it models [V | IL,,,]

as a mixture-normal instead of a multivariate normal as in the VC model (2.2.1).

2.2.1.3 QTDT Model for Mean and Covariance The QTDT model (FULKER et al. 1999;
ABECASIS et al. 2000) tries to incorporate both marker genotype and IBD information by combining
the covariance modeling of the VC approach and mean modeling of the FBAT. Assuming no

dominance (6 = 0), this model is
Y| 9m7ﬂm] ~ Nlpy + B (gm — Egm), 5y + Ua(ﬁm —20)], (2.2.6)

where it is assumed that v, =0< 6 = 0.5 and =0 < A = 0. The QTDT model is generally used
to test for “association” (using the parameter ), and sometimes for “linkage” (using the parameter

vg). This model should in general be more powerful to detect association than model (2.2.3) when
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linkage is present. It should also be more powerful to detect linkage than model (2.2.1), whenever
an allele at the marker locus is in LD with the trait. However the mean and covariance of the above
model are not consistent with each other (see next section 2.2.1.4), which can be a reason for the
model not performing as well as expected (see chapter 4). The proposed implicit model described

below attempts to eliminate this inconsistency.

2.2.1.4 Proposed Model for Mean and Covariance There is an inherent distinction be-
tween statistical modeling at a trait locus and modeling at a marker locus, namely that at a trait
locus the phenotype only depends on the trait genotype and the environment. The IBD at the
trait locus, even if it is known, does not convey any information given the trait genotype. On the
other hand, when testing at a marker locus the phenotype is a function of the marker genotype, its
IBD sharing and the environment. The marker genotype is always directly observed and the IBD
sharing at the marker locus can be estimated based on marker data across the chromosome. Hence
ideally, both the genotype and the IBD information should be used for modeling at a marker locus.
Most of the standard methods for detecting linkage (or association), however use only the IBD or
(only the genotypes respectively), by making suitable assumptions such as no LD (or no linkage),

which makes the genotypes (or the IBD) non-informative.

The QTDT model attempts to incorporate both genotype and IBD information using an
ad-hoc approach, where the distribution [Y | gm,ﬂm] is assumed to have a mean depending on
the genotype E(Y | g,,) and a covariance depending on the IBD Cov(Y | II,,,). The modeling of
the mean is correct, as the IBD sharing does not affect the marginal distributions and hence the
means. However the covariance should be modeled as Cov(Y | g, IL,,). To obtain an estimate for

this covariance we note that

Cov(Y | 11,,,) = E, ., [Cov(Y | G, I)] + Cov [E(Y | gm, )]

9m|ﬁm

=3, + (I, — 2®) = E, ., [Cov(Y | gm, TLn)] + Cov, 7. [ty + B (gm — Egm)]

= 3y 4+ va(lly = 20) = E, 5 [Cov(Y | g, )] + 52Cov(gm | 1)

= B, 11, [Cov(Y | g, )] = B, + va(IL,,, — 2®) — B2Cov(gm | I,n). (2.2.7)

Hence if we assume that the covariance Cov(Y | gm,11,,,) is a constant (i.e., homoscedastic)

with respect to g, then we can estimate that constant covariance by the right hand side of the
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last equation. This assumption basically means that for each IBD configuration, the covariance of
the phenotype is the same for all marker genotypes. The covariance estimate of the QTDT model
on the other hand assumes that the covariance is a constant over genotypes (homoscedastic) and
also that = 0 (i.e. mean is constant over genotypes), which leads to the inconsistency between

the mean and covariance estimates when testing for association using (.

Based on the assumption of homoscedasticity of Cov(Y | gm, I;), we propose the following

model for the phenotype Y conditional on marker genotype g,, and estimated marker IBD IL,,.
Y| gmvﬂm] ~ Nlpy + B (gm — Egm), By + Ua(ﬂm —-29) - Bzvgmﬂm]v (2.2.8)

where under HWE, Eg,, = 2p,,, and v,,, = Var(gm) = 2pm¢m. This model is similar to the QTDT
except for the last term, ﬁ%gmf{m, which is subtracted from the covariance. This term follows
from equation (2.2.7) and from the fact that Cov(gm | Iln) = 2pmgmlly = vy, 1Ly, as shown in
equation (2.1.3). To see how this model relates to mean and covariance models discussed above,

we note that

e When § = 0 (i.e., no LD) it reduces to the VC model (2.2.1) for covariance. Under this
assumption, the QTDT model (2.2.6) also reduces to the VC model.

e When v, = 0 (i.e., marker unlinked) it reduces to the model
Y | gon ) ~ N [ty + 8 Gin 5 By = 05,1 |

which although different from the FBAT model (2.2.3), gives identical score statistics to that
model. This is shown in chapter 4. The essential difference between these models is that
the FBAT ignores the observed IBD information and assumes [Y | g¢,,] has homoscedastic

errors with a constant covariance matrix. Under this assumption the covariance reduces to

Ye = X, — %0, (2®). On the other hand, model (2.2.8) incorporates the IBD information
and assumes homoscedasticity for the errors of [Y | gm, f[m] model, which is a slightly weaker
assumption for the covariances (i.e. the off-diagonal entries of the variance covariance matrix).

Under this assumption, the QTDT model reduces to
[Y’9m7ﬂm] ~N [ py +8Gm . By ],

which once again gives identical scores statistics to the FBAT model (2.2.3).
e When v, = 02 and 3 = «a (i.e the test marker is the QTL ), it reduces to the trait locus
model (2.2.2), in which the covariance does not depend on IBD. This follows from the definition

02 = v, a? and the fact that £, —2(2®) = Cov(Y)—a?Cov(g;) = e, assuming no dominance.
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In this case, the QTDT model reduces to
Y | o Xn] ~ N [y + @ G 5 By + 02(I,, — 20) |,

which is not identical to the trait locus model (2.2.2). In fact the above model depends on the
observed IBDs. Thus the parameter v, of the QTDT model can not be interpreted as o2 when

the marker locus is the putative QTL.

Note that all of the above models assume that the marker genotype ¢,, and the estimated marker
IBD II,,, are sufficient for testing linkage and/or association. This assumption is essentially equiv-
alent to assuming that the markers are in linkage equilibrium with each other. When this assump-
tion is violated, one possible approach is to cluster markers (ABECASIS and WIGGINTON 2005) into
groups of markers which are in LD with each other but in linkage equilibrium with other groups and
then to analyze each group of markers as a whole. Such approaches will not be discussed further

in this dissertation.

2.2.2 Model Assumptions

In this section, we look at some of the assumptions required to intuitively justify the implicit models
described in the previous section. We consider an explicit model parametrized by 6 and A relating
the trait and the marker locus, and show that implicit models can be derived from it. We start from
the model (2.2.2) at the trait locus, and model g; as a function of the observed data g,, and f[m.
Note that the model below is based on heuristics and some of the assumptions are at best crude
approximations. But our objective in this section is primarily to obtain an intuitive motivation for

the implicit models described above.

2.2.2.1 Explicit Model To model [g; | gm,f[m], let us first assume the following model for
[T, | 10,].
E(I; — 2®) = (1 — 20)(1L,, — 2®) (2.2.9)

where 6 could be any monotonic function of 6 such that =0if0=0andf=0.5if § =0.5. This
is an ad-hoc assumption, which is true for a data set consisting of pairs with only one relationship

type. For example for a sibship dataset, this function is § = 6 — 2, which follows from the joint
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distribution of [m, 7] tabulated in HASEMAN and ELSTON (1972). For unilineal relative pairs,
the linearity E(II; | II,,) obviously holds, as II,, can take only two values 0 and 1/2. The joint
distribution of [m, 7] is given by

1T

0 [1-46-f(0)| SO |1-4

1/2 f(0) 49— f(0) | 49
[1L,,,] 1—4¢ 4¢ 1

where ¢ is the kinship coefficient and f(6) is a polynomial of the form >"" | a;6?, such that f(0) = 0
and f(1/2) = 4¢(1 — 4¢). The conditional distribution [II; | II,] and hence the conditional
expectation can be obtained from the above table. The conditional expectation has the form of

model (2.2.9), with
i 10
8¢(1—4¢)

The function 6 for grandparent-grandchild, half sibling and avuncular pairs is 6=0,0=20— 20
and 0 = 50 /2 — 462 + 203 respectively, which can be obtained using the joint distribution tables in
Amos and ELSTON (1989). Thus for a general pedigree with multiple relationships, the assumption

of a single function 0 is essentially a convenient approximation.

The mean E(g; | gm,flm) is free of IL,,. Assuming HWE, at each locus, it can be shown that g¢;

has an exact linear regression on g,, given by

E(gi | gm) = Egi + A [gm — Egnl,

where A = A/(pm@m) is a monotonic function of A with A =0 < A =0.

In general, Var(g: | gm) is not free of g,,. In fact, under HWE this variance can be shown
to be linear in g,, with a slope of A2 (Pm — qm) + A (gt — pt), which is non-zero whenever there is
LD, except in the trivial cases p; = pp, = 1/2 and A = %. Thus the errors of the regression of
[g¢ | gm] are not in general homoscedastic. All the implicit models discussed in the previous section

assume homoscedastic errors as a convenient approximation.

To compute the covariance matrix, Cov(g; | gm, 1), we use the crucial homoscedasticity

assumption as we did in section 2.2.1.4 and the conditional mean obtained above. We assume that
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Cov(gt | gm, f[m) is constant with respect to g,, for each IL,. In other words, we assume that for

each IBD configuration, g, affects g; only through the mean (due to LD) but not the covariance.

Cou(gr | gmilln) = E, g [Covlge | g L)
= Covlg; | ] = Cov, 1 [E(9: | gm)]
= EHt|ﬁmCOU[gt | ﬂt] — Cov[A g, | ﬂm]
= BE(vg,II; | 1) — A%y, 1L,

A~

= 05,[20 + (1 — 20)(IL,, — 2®)] — A2v,, TI,,. (2.2.10)

The last equality follows by using equation (2.2.9). Let us define Z = g, — E(g | gm,f[m). Then,

we can write g = A Gy 4+ Z, where Z has mean 0 and covariance ¥z given by

A~

Yz = Cov(gi | gm, Tn) = v4,[2® + (1 — 20)(T0,,, — 2®)] — A%y, T1,,.

In the following explicit model we make the additional assumption that Z has a multivariate normal

distribution. In other words g; | gmflm has a multivariate normal distribution.

Explicit Model:

Here we model [Y | g, I,] as:

Y | g, ILn] = Y 1g:] [ 9] gm, T |

&

N(Y; py +@ g, %) ] [N(gis 20+ A gm, B2) ] (22.11)

/!
J

&

2.2.2.2 Derivation of Implicit Models The mean model (2.2.3) essentially models [g¢ | gim]
ignoring II,,. It assumes a linear mean E(g; | gm) = E(g¢) + 3 Gm, and a constant covariance for
Cov(gt | gm). GHOSH and DE (2007) showed, using the exact distribution of [g; | ¢, that this
implicit method has correct type I error (i.e § =0 << A = 0). However, they also showed that the

violation of the homoscedasticity assumption can lead to considerable loss of power.

Next we show that the proposed implicit model (2.2.8) can be derived from the explicit
model (2.2.11) described above. Defining 5 = aA, we note that

E(Y | gm: M) = E(py +a §) = py + 8 g,
which is the mean of the implicit model and by definition § = 0 & A = 0. Similarly defining
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Ve = (1 — 20)02, the covariance is

Cov(Y | gm, f[m) = OéQCOU(gt | gm, f[m) +Y. =a’Y, + 5.

o2 [[20 + (1 — 20)(TL,, — 2@)] — By, T + 5
= (B 402 20) 4 02 (1 - 20)(I,, — 20) — aAv, 11,

~

= B, +vq (I — 20) — (v, 1y,

which is same as the covariance of the implicit model and by our definition v, = 0 < 6 = 0.5. The
multivariate normality of the proposed implicit model follows from our assumptions that [Y | g
and [g; | gm, L] are both normally distributed and the result “if X | Y and Y | Z are normally
distributed, then so is X | Z.”

Thus, we have shown that the explicit model above is one way to justify the implicit param-
eters in the proposed model (2.2.8). Note however, that the explicit model is only a special case
of the proposed implicit model with v, = (1 — 20)02 and = aA. In other words, the validity of

”

the assumptions (made in the explicit model above) provides a “sufficient” condition for the tests
using the implicit parameters to be direct (optimally powerful) tests for the parameters # and A.
Even when these assumptions are violated, the tests using v, and 8 may still capture most of the

information in these parameters indirectly.

2.3 SCORE TESTS UNDER IMPLICIT MODELS

The commonly used score test for linkage TANG and SIEGMUND 2001; PUTTER et al. 2002; WANG
2005 is based on the VC model (2.2.1) through the implicit linkage parameter v,. The FBAT statis-
tic (LAIRD et al. 2000; HORVATH et al. 2001) can also be thought of as a score based on the implicit
FBAT model (2.2.3) for the implicit parameter . In fact, the statistic as originally proposed in
RABINOWITZ (1997) for trio data, was motivated as a score statistic. SHIH and WHITTEMORE
(2002) also show that the FBAT statistic is equivalent to a score test under the assumption of no

residual correlation among non-founders.
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2.3.1 Scores for Proposed Implicit Model (2.2.8)

The score statistics under the standard implicit models (VC and FBAT) can be derived from the
proposed implicit model (2.2.8) under appropriate assumptions on the parameters v, and 3. These

and two new score statistics (with fewer assumptions on the parameters) are described below.

2.3.1.1 Tests for Linkage: Hy:v, =0 vs H{ :v, >0

e Assume No LD Under the assumption of no LD (8 = 0), model (2.2.8) reduces to the usual
VC model (2.2.1). The score for this model has been derived by various authors (e.g., TANG
and SIEGMUND 2001; PUTTER et al. 2002; WANG 2005) and is given by

Sve = veeS7HY — py )(Y — py ) ST — S0 vee(TT,y, — 2@), (2.3.1)
where wvec is an operator which vectorizes all the elements of a square matrix in a row-wise
order. This score is sometimes also derived under the implicit mixture normal model (2.2.5) as
outlined in section 2.3.2 below.

e Assume Possible LD In this case the score for model (2.2.8) can be derived in the same way

as Sy ¢, and using the formula (1.4.1) for the score in the presence of a nuisance parameter,
Svep = vedSTHY =y = B gm) (Y =ty = B ) £ = 7 vee(Ly, — 29),  (2.3.2)

where ¥ = X, — BQ vgmﬂm and B is the MLE of 8 under the null hypothesis of no linkage, i.e
under the model

Y | gy W] ~ Ny + 8 Gy Sy — 5204, 1].

2.3.1.2 Tests for Association: Hy: 3=0vs H: 5#0

e Assume No Linkage In this case the model (2.2.8) is same as that in the nuisance parameter
estimation model above. The score for this model is the same as that for the FBAT model

(2.2.3) (derived in chapter 4) given by:
Separ = (Y = iy )"0 G- (2.3.3)

A locally most powerful unbiased (LMPU) test for the two sided hypothesis Hy : 8 = 0 vs

H;i : 8 # 0 can be derived under this model. This test is derived in chapter 4 and is given by

A~

SFBAT—tmpu = vec[S, 1 (Y — ) (Y — py ) S0 = S0 vee(Gm G, — Vg Lm)- (2.3.4)
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e Assume Possible Linkage Under the assumption of “possible linkage,” the score can be

derived in the same way as Sppar and is given by
SFBAT,link(zge = (Y - :u’y)/[zy + ﬁa(ﬂm - 2¢)]71§m7 (235)

where 9, is the MLE of v, under the VC model (2.2.1).

2.3.2 Score for the Mixture Normal Model (2.2.5)

The score statistic for linkage is usually derived under the VC model (2.2.1). TANG and SIEGMUND
(2001) outlined a proof that the VC based score test is also the score test under model (2.2.5).
But that proof only holds for sibpairs and is based on a Taylor series approximation. Also, they
tested the hypotheses Hy : 02 = 0 vs Hy : 02 > 0, although their likelihood was same as (2.2.5) and
parametrized by ¢. DUPUIS et al. (2007) showed this without approximations and gave a general
proof of this fact for a class of error distributions (general exponential family). Below we outline an
alternative proof for the special case of normally distributed errors. We will show that the locally
most powerful unbiased (LMPU) score test for testing Hy : ¢ = 0 versus Hj : ¢ # 0 has the same
form as the VC based score test.

The likelihood of interest is
Ly, (€)= P(Y [Tn,c = ¢) = Y Lyjg, () P(gm | TIn), (2.3.6)

where Ly, (c) is given by equation (2.2.4). We want to test the 2-sided hypotheses Hp : ¢ = 0
against Hj : ¢ # 0. The LMPU statistic for linkage (RAO 2002, pp 453-455) is given by

"
linkage . Y‘ﬁm (O)
LMPU LY‘ﬁm (0) ’

which after simple algebra (see Appendix A) becomes

LMPU = VG/T'gm“ﬁ[m [lg/|gm (0)] + Egm|f[m [lg//|gm (0)]

Using the expressions for [

¥igm (0) and lél’lgm (0) as given in Appendix A, we get

E, i, (0] =Y S0 Elgy, | T1y] = 0.
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Therefore we have

YY)+ [-Y RIS et Y + trace(X,'Sy) — trace(S, E(gmgn | IL,,))]
=Y 2 ' [Cov(gm | i,,) — SgS Y — trace[S] ! (Cov(gm | I,) — %,)]

= vec[E! YY' S0 — S N vee[Cov(gy, | IL,,) — ).

Under HWE, Cov(gm | II) = 2pm @Il and Y4 = 4pq®, where ® is the matrix of pairwise kinship

coefficients for the pedigree. Hence the above statistic can be further simplified to

linkage

LMPU

S = vec[¥]' VY’ 57! — 57 vec[ll,, — 2] (2.3.7)

(Ignoring constants)

From equation (2.3.7) we note that the LMPU statistic for linkage under the mixture normal model
(2.2.5) is identical to the commonly used (LMP) score statistic under the variance components(VC)

model.

2.3.3 Score Tests for the Explicit Model

For the explicit model (2.2.11) or more generally whenever the parameters v, and (3 can be expressed
as f1(02)f2(0) and f3() f1(A) respectively (where fo and f4 are monotonic functions of # and A),
direct score tests for fy and fy would be identical to the corresponding score test for implicit models
described above. For example, in case of the VC score test, fi can be absorbed inside [f[m — 20]

and the final score would be f; S|, ., making the standardized score statistic free of the nuisance

veo
parameter fi. Similarly it can be shown that the score for A = 0 under “no-linkage” would be

f3 SrBaT-
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2.4 SELECTED SAMPLING

Most family studies for linkage and and association mapping of quantitative traits, particularly
traits related to diseases, are conducted using selected sampling designs. Individuals with a disease
condition or extreme values of a quantitative trait are ascertained as probands and their families
are recruited. This strategy helps to increase the power of the study and also helps to ensure that
the sample includes affected individuals with familial disease instead of sporadic disease. Hence,
selected sampling designs such as affected sibpairs, extreme discordant and/or extreme concordant
sibpairs are common for linkage studies. Similarly, nuclear families with single or multiple affected
offspring are frequently used for family-based association studies. Some of the traditional likelihood
ratio based methods such as the VC and the QTDT are not robust to selected sampling unless
the ascertainment scheme is exactly known and corrected for. This is particularly difficult for
quantitative traits if the ascertainment is based on the disease status and hence difficult to translate
in terms of the quantitative trait values, even if the scheme is simple and objective. The robustness

problem is aggravated when the ascertainment criteria are subjective and complex.

Likelihood ratio based methods can provide biased MLEs and LRT statistics if the ascer-
tainment is ignored. Moreover, the asymptotic x? thresholds for LRT fail to work, resulting in
incorrect type I error rates unless empirical or permutation based thresholds are used. Score tests
on the other hand do not require the knowledge of the ascertainment scheme for computing the
numerator score function, provided nuisance parameter estimates are available. Various authors
including LEBREC et al. (2004), WANG (2005) and PENG and SIEGMUND (2006), have shown that
the VC model-based score test for linkage, although derived under a “conditional on IBD” model, is
identical to the score test under a selective sampling framework. LEBREC et al. (2004) proved that
the scores of the joint model are same as those for the “conditional on trait” model and the “condi-
tional on IBD” model. However they did not consider an ascertainment scheme in their likelihood.
WANG (2005) and PENG and SIEGMUND (2006) showed that the scores of the joint model with
and without ascertainment are identical, however they did not consider “conditional on trait/IBD”
models. In other words, they showed that the ascertainment scheme can be ignored for deriving
the scores. These results taken together prove that the scores for the “correct” likelihood model
[Y,II,, | Y € A] (based on the sampling scheme) or a conditional on trait likelihood L(II,, | Y) can

be derived under the forward VC model [Y | II,,,]. Below we derive similar results for the likelihood

Y, gm, 1L, | Y € A] under the proposed implicit and explicit models.
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2.4.1 Implicit Model

All the score statistics outlined in section 2.3 are based on the “forward” likelihood L(Y | gy, II,).
Ideally, based on the study design the likelihood of interest should be L(Y, g, I, |Y € A), where
A is the ascertainment scheme. Below, we show that the scores (numerators of the score tests) can
be derived by ignoring the ascertainment scheme. Moreover, the score based on the joint model,
[Y, gm,IL,,], is identical to the score under forward model, [Y | gm,II,,] (under which the scores
are derived) and the “conditional on trait” model, L(gm, L, | Y) (which is often used used to
standardize the scores). We also prove the invariance of the LMPU statistic (2.3.4) under the joint
and conditional models (ignoring the ascertainment scheme). From section (1.4), we recall that in
the presence of nuisance parameters, scores can be derived by starting from a likelihood with null
hypothesis estimates of the nuisance parameters plugged in. Thus, we will assume that the nuisance
parameters fi,, and Sy are either available or have been estimated under the null hypothesis and

plugged in to the likelihood.

We assume that the ascertainment scheme is based only on the phenotype (PENG and SIEG-
MUND 2006) and that the distribution of [gm,f[m] does not depend on the implicit parameters
vg and [ (LEBREC et al. 2004). The scores are derived by differentiating the forward likelihood
LY | gm, f[m) with respect to one of the parameters v,/ and holding the other parameter fixed
at either 0 or at its MLE under the null. In the latter case, the scores would not be free of the
ascertainment scheme, as the obtaining MLE would require knowledge of the ascertainment scheme.

So, we will prove the results for 3, fixing v, = 0 as follows. The results for v, (fixing 5 = 0) can be

proved similarly.

1. Scores for “forward” likelihood P(Y | gm,Il,,) and “joint” likelihood P(Y, gy, II,,,) are identical.
This follows from the fact that

P(Yag’ffuﬂm ‘ /B,Ua — O)

P(Y | g, I, B,vg = 0) =
( |9m ms 35 Va ) P(gm,Hm)

by our assumption that the denominator is free of the parameters. Hence the score (both LMP

and LMPU) for the denominator of the right side is zero.

2. Scores for the “ conditional on trait” likelihood P(gy,, I, | Y') and “joint” likelihood P(Y, g, IL,,,)
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are identical. As before, we note that

P(Y7gm>ﬁm | ﬁa Vg = O)

P(gm,ﬂm\Y,ﬁ,va:()): P(Y\ﬁv _0)
y Va =

It suffices to show that the score for the denominator likelihood P(Y | 3,v, = 0) is zero. This

likelihood can be rewritten as a mixture likelihood as follows.

P(Y | ﬁ,va:0) = ZP(Y | gm,ﬂm,ﬁ,’ua:O) P(gmaﬂm)

LY|va:0(ﬁ) = ZLY‘gm,ﬁmﬂ)a:O(ﬁ) P(gmaﬁm)'

Using the results in Appendix A, the LMP and LMPU scores for the mixture likelihood are

given by

A~

Simp = lyp,—0(0) = Zl;‘gm,ﬁm’va:0(0> P(gm,11;,)

- Egm:ﬁm [?E;lgm]
= 0
SLMPU = lgl/|1)a=0(0) + I:lg/|va:0(0):|2 = Va’l’g"“ﬁm [l;/|gm,ﬂm7va:0(0)] + Egm,ﬁm [l;|gm,ﬁm,va=0(0)]
= Var, YS1g,] + Egmjﬁm[—f//E;lEgE;If/ + trace(Z;lZg) — g;nz;lgm}.
— 0

Thus both the LMP and LMPU scores for the denominator are zero, proving that the score for
the “conditional on trait” model is identical to the score for the joint model. (1) and (2) together
imply that the LMP and LMPU scores for the “conditional on trait” model are identical to those

of the proposed forward implicit model.

. Ascertainment can be ignored, i.e., score (LMP) for joint model is same irrespective of condi-

tioning. We note that

P(Y, gmaﬁm | B,va = O)lP(YeA)
P(Y € A| B,v,=0) '

P(Y, g, M | Y € A, B,va = 0) = (2.4.1)

PENG and SIEGMUND (2006) showed that the score for the denominator likelihood is zero for
the linkage problem starting with a “conditional on IBD” likelihood. Below, we use similar

ideas as outlined in their proof to show that the score for the denominator of (2.4.1) is zero.
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B) 0
710gP(Y eA | ﬁ) = 710gEY(1Y€A | ﬁ)

o3 B
0

_%log/y 1, P(Y|B)dY

:ﬁlog/ Z P(ngm:ﬁm|ﬁ) 1Y€_A P(Yagmv{:[mlﬁz )P(YEAQ f[ |ﬁ:0) dy
98 Sy T P, gm, Il [ 3=0) P(Y €A g, Il | §=0) e

0

= %IOgEY,gm,ﬁm

P(Y, g, L | B=0)

P(Y € A g, 1L, |3=0) | Y € 4,3=0

= By ity gt (9 |V € AB=0]

Engm,fIm |:1Y€.A : lgﬁgm,ﬁm (ﬁ> ‘ YeAp= O}
PY eA|3=0)

By gt [Lyes Uy 0 (B) | Y €A,8=0]

- AV I% = , (2.4.2)

where the last step follows from (1), i.e., the score for the joint model is same as that for the
forward model. In this proof, we have used the fact that the logarithmic derivative can be
taken inside the expectation for the normal distribution. The numerator expectation in the last

expression can be seen to be zero by conditioning on Y. In this case,
E(lyea Y'S'gm) = Ey[lyea Y'S ' Eg_o(§m | Y)] = 0.

Thus the score for the joint model can be obtained by ignoring the ascertainment scheme. Note
that result (2) can also be obtained as a special case of (3) with G = A. Also note that by
differentiating equation (2.4.2) with respect to [ again and carrying the derivative inside the

integral we get

2

SElE P € A8 =By, o [l B, o (BY € Af= 0,

Y7gTVL7ﬁm

This implies that the LMPU score given by I'(3 = 0)2+1”(3 = 0) is not zero, as the expectation
of the second derivative (expression given in Appendix A) is non-zero. Thus the ascertainment

scheme can not be ignored for the second derivative and hence for the LMPU score.
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2.4.2 Explicit Model

The scores under the implicit model can also be motivated as scores for the parameters 6 and A
under the explicit model. More generally they are also the scores for a subclass of the implicit
models for which the parameters v, and 3 can be interpreted as a product of a linkage/association
parameter and a segregation parameter. In these cases the joint, forward and “conditional on trait”

likelihoods are all proportional to the likelihood L(Y, gm, 1L, | Y € A), as shown below

P(Y; gmyﬂm ‘ /10720757 A) 1Y€A
P(Y € A fi9, %)
X P(Y7 Im, | ﬂo,Zo,@,A)

P(Yagmaﬁm | Y e Aaﬂovimé)A) =

- P(Y ‘ gm,ﬂm,ﬂo,ﬁlo,é, A)P(meﬂm)

= P(gm, 1 | Y, fi0, 20,0, A)P(Y | 19, o),

Thus, Ly, 1 |ye A(é, A) Ly, ﬁm(é7 A) [Ascertainment can be ignored]
x LYlgm,ﬁm(é’ A)  [Forward Model]
x Lgm,ﬁle(é7 A)  [Conditional on Trait model].

The proportionality of the likelihoods follow from the fact that the marginal distributions [Y] and
[9ms flm} are free from the parameters 6 and A. Note that the parameters « and o2 appear in all
of the above likelihoods but they have been suppressed, as the final standardized scores would be
free of them (they act as proportionality constants). Further, the proportionality of the likelihoods
implies the identity of the first and second derivatives at any parameter value, including the null
hypothesis value. Thus, in this case, the invariance of the scores (LMP and LMPU) to ascertainment
scheme and to conditioning on trait or marker data follows simply on the basis of the assumptions
that the marginals distribution of the phenotype (and the marker data) are free from the linkage
and association parameters and that the ascertainment only depends on one of the variables (in

this case the phenotype).

In sections 2.4.1 and 2.4.2 above, we demonstrated the invariance of the numerators of
the score statistics under minimal assumptions. Score statistics should be standardized by the
variance computed (or estimated) under the appropriate likelihood to obtain the desired score
test. Typically, for selected samples, empirical estimates of the “conditional on trait” variance

Var(Score | V) are used instead of Var(Score | Y € A). This strategy of using a sufficient
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statistic Y generally leads to some loss of power unless the ascertainment scheme is completely
arbitrary. When the ascertainment scheme is such that a minimal sufficient statistic 7'(Y") can be
obtained (for example, T(Y) = |Y1 —Y3| for an EDAC sibpair design), using conditional variance on
T(Y') can improve power. The numerator is however invariant to the choice of T'(Y). One way to
avoid conditioning on sufficient statistics is to use a completely empirical variance, which accounts
for arbitrary sampling schemes while being robust. But for small sample sizes, empirical variance
estimates may be conservative (see chapter 3).

The null hypothesis estimates jig and Y are essential in evaluating the scores. They should
ideally be obtained by maximizing the likelihood

P(Y |ty 8y,va=0,=0) _ N(Yipy,5y)
PYeAlp,,3, ,v,=0,8=0) fAN(YQMwEY)

Sometimes, the exact ascertainment scheme may be complicated but the probands may be known.
PENG and SIEGMUND (2006) suggested just conditioning on the probands to obtain the CPMLE
(Conditional on Proband MLE) instead of the CMLE (Conditional MLE) above. However in some
cases, probands may also be ill-defined. In such cases estimation of the trait parameters is an
open issue. See section 3.5 and chapter 5 for a discussion of possible ways to obtain estimates
under arbitrary ascertainment schemes. When the nuisance parameters are estimated wrongly (for
example when the ascertainment scheme or probands are specified wrongly), both the LRT and
score tests would suffer loss in power but the score test would have correct type I error using
asymptotic thresholds, while the LRT would not. Similarly, when the likelihood model is wrong
(e.g., normality is violated) the LRT gives incorrect type I error (with asymptotic thresholds),
whereas the score test remains robust as the asymptotic normality of the score statistic is based on

the Central Limit Theorem.

2.5 DISCUSSION

In this chapter, we described some of the genetic models that are used to derive the score tests
for linkage and association that are discussed in this dissertation. In section 2.1, we derived an
orthogonal decomposition of the trait mean “conditional on genotype” at a biallelic trait locus.
Based on this orthogonal decomposition we obtained the variance component decomposition of the

trait variance and the trait covariance “conditional on IBD.” We discussed orthogonalization of
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the covariance decomposition for sibships, which is useful in obtaining a two degree of freedom
score statistic (e.g., TANG and SIEGMUND 2001, chapter 3 of this dissertation). Because of the
orthogonality these scores can be computed essentially as a simple sum of squares of one degree of

freedom scores for the additive and dominance coefficients.

In section 2.2.1, we discussed some of the standard approaches for association and linkage,
which model the mean and the covariance of the trait respectively. Most linkage methods tend to
assume a model for [V | II,,,], ignoring LD, whereas association methods typically model [Y | g,,,]
ignoring the IBD information. The assumption of “no LD” in linkage studies may be reasonable
and hence the marker genotype data can be ignored. However for association studies the marker
IBD information always provides some information through C'ov(gy, | IL,,), irrespective of linkage.
In the presence of linkage, the IBD information becomes even more relevant. We proposed an
implicit model that uses all of the observed data by modeling the distribution [ | gm,ﬂm], and
discussed how it relates to some of the standard approaches under special cases. All of these models
use implicit parameters to indirectly model linkage and association. In section 2.2.2 we analyzed
some of the assumptions that are required to motivate the implicit parameters starting from an

explicit model relating the two loci, parametrized by 6 and A.

The explicit model highlights some of the crude approximations required to justify the im-

plicit models. In equation (2.2.11), the normal approximation for [g; | g, IL,,] may not be appropri-
ate as this distribution is discrete. Similarly the homoscedasticity assumption of Var(g: | gm, ﬂm)
and the assumption of a uniform linear regression slope for FE(II; | ﬂm) for all relative types are
unrealistic. A more accurate (or even exact) modeling of the discrete distribution [g; | gm, L]
may lead to more powerful statistics, but is generally avoided due to computational complexity
and the possibility of confounding due to nuisance parameters. The scores for the parameters 6
and A under the explicit model 2.2.11 would be proportional to those under implicit models (for
parameters v, and ) and hence free of nuisance parameters. However, this may not be be true if a

different explicit model or an exact one is used. Implicit modeling avoids the nuisance parameters o

(additive genetic effect) and p; (trait allele frequency) by using the confounded parameters (in this

case v, = 2pyqra®(1— 25) and 3 = \/2ptq:a?/2pimqm ). However, in doing so, they lose the ability to
estimate the effect size of the locus 02 = 2p;q;a?, except under complete linkage and/or complete
LD. This is in contrast to parametric linkage analysis methods for binary traits, which model 6
directly and maximize or search over possible values of nuisance parameters like trait penetrances

or prevalence (or equivalently relative risks).
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In section 2.3, we described a standard score test for linkage, Sy ¢, that assumes “no LD”
and a standard score test for association Sppar that assumes “no linkage.” We proposed a score
test Sy p for linkage that uses the marker genotype information allowing for the possibility of
LD. This score test would in general be difficult to compute as estimating the LD parameter
under null would require a computationally intensive technique such as MLE or Iteratively Re-
weighted Least Squares. We also proposed a score test Sppat inkage fOr association that uses the
IBD information. It requires an estimate of the linkage parameter 9, under the null, which can
be obtained by maximizing the VC likelihood. In many practical situations, association studies
may be conducted on data already used for a previous linkage study using a VC approach. In such
cases the nuisance parameter estimates 0, are already available. When the association study is
conducted on a dense genome scan and linkage parameter estimates are only known for a sparser
subset of the markers, obtaining v, from the closest marker for which it is known may provide a
reasonable approximation, while maintaining the computational efficiency. However, estimates of
¥, from the VC model may be biased for selected samples when the ascertainment correction is not

possible or inadequate. In such cases, Spgar should be preferred.

The discussion in the subsequent chapters focuses on the scores Sy ¢ and Sgppar for linkage
and association mapping respectively. However most of the variants discussed can be easily ex-
tended to the scores Sy ¢ Lp and SFBAT linkage; Provided the nuisance parameters can be estimated
under the null. These parameter estimates can be difficult to obtain under complex ascertainment

schemes, as they are based on MLE.

Finally, in section 2.4 we demonstrated the invariance of the score statistics to arbitrary
ascertainment schemes. The invariance guarantees that the score statistics derived by ignorning
ascertainment, remain optimally powerful for arbitrary ascertainment schemes, provided the nui-
sance parameter estimates are correct. These parameters can either be esimated by taking the
ascertainment into account or obtained independently from a random population sample. Fur-
ther, using appropriate empirical variance estimate in the denominator ensures that even when the

nuisance parameter estimates are biased, the score tests preserve correct type I error.
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3.0 SCORE STATISTICS FOR LINKAGE

This chapter has been published in American Journal of Human Genetics, volume 82, pages 567-
582, March 2008 issue (BHATTACHARJEE et al. 2008). A few minor changes and additions have
been made to the text that was published in the journal. The journal grants the authors rights to
include the article in full or in part in a thesis or a dissertation. I have also obtained the necessary

permissions from the the publisher Elsevier to reporoduce the article with modifications.

3.1 INTRODUCTION

Recently, a number of new methods have been developed for Quantitative Trait Locus (QTL) map-
ping in humans using general pedigrees. Most of these are based on score statistics or regression-
based statistics, and attempt to achieve the power of the variance component likelihood-based
methods (AMOS 1994; ALMASY and BLANGERO 1998) while retaining the robustness and compu-
tational simplicity of the original Haseman Elston regression (HASEMAN and ELSTON 1972). In
principle, these methods should be preferred over the traditional Variance Components (VC) ap-
proach, which is extremely sensitive to the normality assumption (e.g., ALLISON et al. 1999). These
new methods are theoretically expected to be relatively robust to non-normality of the trait distri-
bution and also to selected sampling. QTL mapping in humans is typically employed for studying
disease-related traits and hence selected sampling schemes are common, making score statistics the
obvious choice. However the literature on these statistics has mostly focused on theoretical devel-
opment with less attention given to practical issues and implementation. In this paper we address

several of the most important practical issues in the computation and use of these statistics.

The score test is a computationally faster, locally most powerful and robust alternative to the

likelihood ratio test. In the context of QTL mapping, this test was proposed by a number of authors
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(e.g., TANG and SIEGMUND 2001; WANG 2002; PUTTER et al. 2002; LEBREC et al. 2004; WANG
2005). The score test statistic is simply the partial derivative of the VC likelihood with respect to
the “linkage parameter” evaluated under the null hypothesis (no linkage) and standardized by its
null standard deviation or an estimate thereof. In this article, we refer to the unstandardized score
as the “score function” or the “numerator,” and the standardizing factor as the “denominator”. The
aforementioned authors used slightly different parameterizations of the VC likelihood to arrive at
the same general formula of the score function for an arbitrary pedigree. The score function remains
the same under a broad class of ascertainment schemes, namely, ascertainment through phenotype
only (WANG 2005; PENG and STEGMUND 2006). For sibling pairs the score function reduces to other
statistics like the statistic of SHAM and PURCELL (2001), which were derived independently as direct
ways to improve the power of the Haseman-Elston method by incorporating trait squared sums.
Similarly, for general pedigrees, an apparently novel statistic (SHAM et al. 2002) was derived using
a reverse regression approach (regression of IBD on trait information). A number of the statistics,
including the VC method, score statistics and the reverse regression method (SHAM et al. 2002) were
unified into a common GEE-based framework (CHEN et al. 2004; CHEN et al. 2005) . In particular,
their calculations imply the exact equivalence of the numerators of the reverse regression statistic
(SHAM et al. 2002) and the score statistic. They also considered the issue of non-Gaussian traits,
and proposed a numerator incorporating higher moments, which was shown to be robust to non-
normality. They considered some higher moment based statistics in their simulation study, among
a number of other statistics including the VC, score statistics and the reverse regression statistic
(SHAM et al. 2002). Although their simulations indicate the superiority of higher moment-based
methods for population samples (of Gaussian and non-Gaussian traits), it is not clear whether the
higher-moment versions should be preferred over the usual score statistic numerator for selected

samples, where accurate trait parameter estimates may not be available.

For the score test to be robust to distributional assumptions, an empirical variance estimate
should be used in the denominator to standardize it. This is because using empirical variances en-
sures that the statistic follows an asymptotically normal distribution (by the central limit theorem)
and hence preserves correct type I error even if the assumed model is wrong. A number of different
denominator variants have been proposed (e.g., WANG 2005; SHAM et al. 2002), ranging from partly
to fully empirical variance estimates. Some of these are consistent estimators for the null variance
of the score statistic, whereas others are consistent for the true variance. Some condition on the

trait values whereas others condition on the identity by descent (IBD) information. The choice of
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an appropriate denominator is an extremely important issue as it directly affects the power of the
linkage statistics. There have been some simulation studies, for selected sibling pairs (T.CUENCO
et al. 2003; SZATKIEWICZ et al. 2003), to investigate denominator variants. For population samples
of sibships, some simulations have been conducted (CHEN et al. 2005), in which, a few denomina-
tor variants were considered, among other issues. Here again, a comprehensive evaluation of the
denominators is required - particularly for selected samples - to identify the best combinations of

numerator and denominator in terms of power and robustness.

Traditionally, most QTL mapping methods neglect the effect of dominance. This is partly
because of the computational simplicity under an additive assumption and also because including
dominance leads to a loss of power unless the dominance effect is large enough. Two degree of
freedom (2 d.f.) score statistics to incorporate dominance have been suggested by a number of
authors (e.g., TANG 2000; WANG 2002). The recent simulation study (CHEN et al. 2005) included
a 2 d.f. variance component statistic but not the score statistic. The results of that study indicated
that the gain in power of the 2 d.f. VC statistic for a model exhibiting strong dominance may be
more than the loss of power when the model is additive. Similar results were reported for a 2 d.f.
score statistic in a previous study(WANG 2002). Appropriately constructed 2 d.f. score statistics
would allow for dominance, and would retain other attractive properties such as robustness to
selected sampling and non-normality. Here we study the performance of 2 d.f. score statistic vis a

vis their 1 d.f. counterparts using simulation across a variety of models.

Like most linkage mapping statistics, score statistics require some nuisance parameters,
namely the population trait mean, variance and correlation between relative pairs. The higher
moment score statistics require two extra nuisance parameters, the skewness and kurtosis of the
trait distribution. These parameters, often called the “segregation parameters”, are independent
of the “linkage parameters,” but specifying incorrect values for these parameters may affect the
power of the linkage statistic adversely. In a selected sampling situation, or when the sample sizes
are small, it is difficult to obtain reliable estimates of these parameters. There have been a few
studies (e.g., T.CUENCO et al. 2003; SZATKIEWICZ et al. 2003; PENG and SIEGMUND 2006) on
the effect of misspecification of these parameters on the performance of the score statistics. These
studies have generally concluded that some statistics are more sensitive than others to parameter
misspecification. They also noted that misspecification of parameters (particularly the trait mean)
can have a significant effect on the power of the score statistics. Here we conduct simulations to

identify statistics robust to parameter misspecification.
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An important issue that has not been dealt with in the literature at all is how to combine
pedigrees of different types in an overall score statistic for a dataset. Pedigrees of different sizes
and structures have different powers to detect linkage, and thus it is natural to think about giving
different weights to different pedigrees in an overall statistic. Also in presence of mixed ascertain-
ment schemes (for example the extreme discordant and concordant sib pair design), there may be
gain in power by using higher weights on a part of the data set ( say discordant pairs). Theoreti-
cally, score statistics for individual pedigrees should simply be added (not weighted) to get a score
statistic for the entire data set. This is because the non-standardized scores are on the same linear
scale in terms of local power. However in reality, when conducting a genome scan for a QTL, it
would be best to get as much power as possible even for non-local alternatives (which the likelihood
ratio variance component test achieves at the cost of computational complexity and robustness).
A weighted linear combination of pedigree scores may achieve improvement in power for non-local
alternatives, while preserving close to optimal power for local alternatives. We address this issue
with some analytical calculations as well as limited number of simulations. All of the simulations in
this paper focus on nuclear families, but most of the conclusions generalize to extended pedigrees

as well (see discussion).

3.2 THEORY

3.2.1 Notation

Let us consider a dataset consisting of K types of pedigrees with nj pedigrees of type k for
k =1,..., K, each having s pedigree members. Let yi;, My; and Ili; denote respectively the
vector of phenotypes, the marker data and the matrix of estimated pairwise IBD sharing pro-
portions, for the ¢’th family of type k. Let ug, a,% and X9 denote the population mean vector,
variance vector and dispersion matrix of the phenotype for the pedigrees of type k. Let ®; denote
the matrix of kinship coefficients for a family of type k. We also assume that each pedigrees of
type k are selected according to selection criterion Ay defined purely through its phenotypic data
(WANG 2005). Throughout this section, we have omitted the subscript i from expressions such as

Var(vec(Il;)) which do not depend on 4, but only on the structure of the pedigree.
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3.2.2 Numerators

A number of authors (e.g., WANG 2005) have shown that the score statistic for the null hypothesis
of “no additive effect of the QTL” under the standard variance components model (for selected and

unselected samples) is

Sii = v vee(Ily; — 2®y;), (3.2.1)

where

ki = veelSyg (Wi — 1) (i — 1) S — Sio

and wec is an operator which vectorizes the super-diagonal elements of a square matrix in a row-
wise order. Under the null hypothesis of no additive variance, the scores Si; have mean zero and
variance E[v,Var(vec(Ily))vy | yx € Ag]. This variance can be estimated using the “conditional
on trait value” approach (LEBREC et al. 2004) by v, Var(vec(Il;))vg;. Thus the score test for no

additive variance is a one-sided test based on the standardized statistic:

Zk 1 ik vy vec(Tly; — 2®y;)
Zkz 1o 1“mvar(U€C(Hk))Ukzi7

which has a standard normal distribution under the null. The Var(vec(Ilx)) in the denominator

(3.2.2)

can be estimated either empirically or using simulation, or using partially empirical methods such
as the “imputation” method (SHAM et al. 2002). This test statistic can also be expressed as a

GEE-based score test (CHEN et al. 2005). As in equation (7) of CHEN et al. (2005),

Zk 1an Da UIE))’L

T= , (3.2.3)
n / 0 0 —1
Y ik UG Gro Ui
0 Var(vec(Ily))
where
Up = { (ki — 1) {(yrs — p)® — oY vee{ (Yo — 1) (Yrs — 1)’ — o}’ ] :
DZ; = [ 0 0 wvec(Ily; — 2®y) ],
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and Gy is the null Gaussian working covariance matrix of Up,. By comparing equations (3.2.2)
and (3.2.3), we note that v; consists of the last (52’“) elements of G,;OI U ,Si. Thus vy; is a transformed
version of the original phenotype vector, using the Gaussian working covariance matrix. We call

v; as the lower moment transformed phenotype.

The GEE formulation was used to construct a new GEE-based robust alternative to the
score test (CHEN et al. 2005), which uses a covariance matrix involving higher moments (skewness
and kurtosis) of the phenotype. In analogy with vg;, we define hy;, as the last (32’“) elements of
M k_()l Up. , where My is the higher moment working covariance matrix (CHEN et al. 2005). Then a
higher moment score test statistic, as in equation (11) of CHEN et al. (2005) may be simply written

as,
T — Zf:l ity hjgvee(Ig; — 29p;)
Zszl Z?:’H hkiVaT(vec(Hk))hki 7

We call hg; the higher moment transformed phenotype.

(3.2.4)

3.2.3 Denominators

For both the lower moment transformed phenotype vg; and the higher-moment transformed phe-
notype hp;, we can conceive of different test statistic denominators, depending on how the null
variance of the numerator is estimated. The score function for the unconditional likelihood of the
data is same as that based on the likelihood conditioned on trait value or that conditioned on the
IBD information (e.g., LEBREC et al. 2004). This means that the statistic remains a valid score
statistic (for the appropriate likelihood) irrespective of whether a conditional or unconditional vari-
ance estimator is used. The unconditional variance of the score function can be decomposed in two
ways as shown below. Note that we have dropped all the family subscripts in the expressions below

for clarity. Conditioning on trait values we get

Var[v'vec(Il — 2®) | y € A]

= Varyyea E{v'vec(Il — 2®) | v,y € A} + Eyyeca[Var{v'vec(Il — 2®) | v,y € A}]

= Vary[v'E{vec(Il — 2®) | v,y € A} | y € Al + Ey[v'Var{vec(Il — 2®) | v,y € A}v |y € A
Under null this reduces to:

= 0 + Ey[v'Varn{vecI)}v | y € A] (3.2.5)

(Variance Conditional on Trait)
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On the other hand, conditioning on the IBD vector gives

Var[v'vec(Il — 2®) | y € A]

= VarpyealE{v'vec(Il — 2®) | I1,y € A}] + Enpyea[Var{v'vec(Il — 2®) | II,y € A}]

= Varp[vec(Il — 2®) E{v | I,y € A} | y € A] + Enfvec(Il — 2®)' Var{v | I,y € A}vec(Il —2®) | y € A

Under null this reduces to:

= Varp[vec(Il — 2®) E{v | y € A}] + Enlvec(Il — 2®)'Var{v | y € A}vec(Il — 29)]
Further, under “no selection” this reduces to:

= 0 + Enlvec(ll — 2®)'Vargovec(Il — 20)]

(Variance Conditional on IBD)

Note that equation (3.2.5) always gives the correct null variance, whereas equation (3.2.6) gives
an under-estimate of the null variance (and hence inflated type I error) under selected sampling.
Depending on which variable is conditioned upon, there can be a number of approaches for con-
structing the denominator. Also in each case, the means and variances appearing in Equations
(3.2.5) and (3.2.6) can be estimated in different ways, leading to different denominator variants as

summarized below.

1. Conditional on Trait Value Approach.
In this approach, the variance of the score function is computed conditional on the trait values
as in Equation (3.2.5). This makes the statistic robust to selected sampling. The variance of

vec(Ily;) in the denominator can be estimated in a number of different ways, as follows.

e SCORE.NULL.CT (Variance Conditional on Trait under NULL) This statistic uses a con-

ditional on the trait approach with an empirical variance of vec(Ily;) centered at its null

expectation:
K ng
9 _ ! SNULL.CT
ONULL.CT = Z Z Ugi X Vki
k=1 i=1
where
1 &
SNULLCT = = N yec(ITy; — 20p) vee(Tly; — 20y)'.
ny, “
=1
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e SCORE.CT (Variance Conditional on Trait) This statistic also uses a conditional on the
trait approach with empirical variance of vec(Il;) centered at its sample mean. By its
construction, SCORE.CT is expected to have higher power than SCORE.NULL.CT, for
samples ascertained using multiple probands, i.e., whenever E(Ilj | y € Ag) # 2®; under

the alternative:
K ng

oty =Y > v 2 vk (3.2.7)

k=1 i=1

where

R 1 — =
ZkCT = E vec(Iy; — Iy )vee(Tly; — T1;,)'.
1=

ne —

We also considered a higher moment version, HM.CT, of this statistic. This statistic uses

the higher moment numerator as in Equation (3.2.4) and the following denominator:

K ngk

oter = Z Z RS T

k=1 i=1
Note that the above definitions of SCORE.CT and HM.CT don’t work when there is only
one pedigree of a particular type in a dataset. In that case, the sample variance of vec(Il;)
around its sample mean is zero for that pedigree type. To overcome this problem an empir-
ical variance around the null expectation, i.e., EN ULL.CT

Thus SCORE.CT reduces to SCORE.NULL.CT when there is one pedigree of each type

is used for such pedigree types.
in the dataset.

e SCORE.MERLIN (MERLIN-REGRESS type denominator) This statistic uses the im-
puted variance estimate of the IBD (SHAM et al. 2002) as implemented in the software
MERLIN-REGRESS (i.e., difference of the prior and posterior variances):

K ng

MERLIN,,
UMERLIN = E E vkzz
k=1 i=1

where

2MERLJN Var(vee(Ily)) — Var(vee(Ily;) | My;)
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where ITj; denotes the (unobserved) true IBD matrix. We also included the higher mo-
ment version HM.MERLIN of this statistic discussed as “HM-R” in CHEN et al. (2005).
This statistic uses the higher moment numerator as in Equation (3.2.4) and the following

denominator:

K ng
2 _ /! S"\MERLIN
OHM.MERLIN = E E :hkizki P

k=1 1i=1

SCORE.MERLIN.AV (MERLIN-REGRESS type denominator with an Averaged Variance)
We considered a modified version of the SCORE.MERLIN estimator (iii):

K ng
) SMERLIN.AV
OMERLIN.AV = Z Z Uik Uki
k=1 i—1
where
~ - 1 < ]
SMERLINAV - _ Var(pee(Tl),)) — — Z Var(vec(ly;) | My;),
ng <
—1

ng
_ 1 $SMERLIN
= ki :
ki

Both SCORE.MERLIN and SCORE.MERLIN.AV are motivated by the decomposition:

Var(vec(lly)) = Var[E(vee(Ily;) | My;)] + E[Var(vec(Tlg) | Myi)]

= Var(vec(Ily)) + E[Var(vec(Iy;) | M)

Hence, note that the averaged-variance estimate is expected to give a more accurate es-
timate of Var(vec(Ily)) in general, but reduces to the usual estimate when there is ex-
actly one pedigree of each type in the sample (ie., ny = 1, V &k = 1,...,K). Also,
note that the denominator variance estimates of vec(Ily;) for both SCORE.MERLIN and
SCORE.MERLIN.AV can theoretically turn out to be negative for the individual pedigree
types, particularly when there are few pedigrees of that type in the sample. However,
except in the case of extremely small sample size, the overall denominator would turn out

to be positive.
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2. Unconditional Variance approach
In this approach, the variance of the score function is computed unconditionally, i.e., without

conditioning on trait or IBD information.

e SCORE.NULL.EV (Fully Empirical Variance of the score function around its NULL mean,

i.e., 0). It was discussed as “score-R” in CHEN et al. (2005):

K ng

A2 _ 2
ONULL.EV = Z E Shi-

k=1 i=1
e SCORE.EV (Fully Empirical Variance of the score function around its sample mean.) This
is expected to have slightly higher power than SCORE.NULL.EV:

K ngk
Gy :Z k_l Z(Ski—gk)Q-
k=1 =1

When there is only one pedigree of a particular type, the empirical variance for that pedi-
gree type is computed around the null mean (0) of the score. Thus, SCORE.EV reduces
to SCORE.NULL.EV when there is exactly one pedigree of each type.

3. Variance Conditional on IBD Approach

e SCORE.NAIVE (Naive Estimator of Variance) This statistic uses a naive estimator of
variance for the GEE-based score test. It was discussed as “score” in CHEN et al. (2005).
This statistic uses conditioning on IBD as in Equation (3.2.6) with theoretical variance
of v. It is expected to have incorrect type I error for selected samples and also for non-

Gaussian traits:

K ng

~2 a’ ~—1nma
ONAIVE = Z Z DieiGro Diis-

k=11i=1

We also considered the higher moment version HM.NAIVE of this statistic discussed as
“HM” in CHEN et al. (2005). It is expected to be slightly more robust in terms of both
type I error and power for non-normal traits, but would still have incorrect type I error for

selected samples.
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This statistic uses a higher moment numerator as in Equation (3.2.4) and the following

denominator:

K ng

~2 o a v7—11na
OHM.NAIVE = E E DkiMko Dy;.
k=1 i=1

e SCORE.CIBD (Empirical Variance Conditional on IBD) This statistic uses the conditional
on IBD approach, with variance of the transformed trait Var(vy;) estimated empirically
centered at the sample mean. This variance is expected to be relatively robust to distribu-
tional assumptions (more specifically to misspecification of the working covariance matrix

for GEE). However, it can still have incorrect type I error for selected samples:

K ng
0iipp = Z Z vee(Ily; — 203,) BB pee(IT,; — 204)
k=1 i=1
where
1 &
SLPP = P— > (vki — Tk) (ki — T
i=1

Note that as for SCORE.CT, the denominator empirical estimate of Var(vy;) for a partic-
ular pedigree type becomes zero when there is one pedigree of that type. In such cases, the
null expectation of vy; (i.e., 0) is used to center the empirical variance for that pedigree

type.

4. Approach 4: Minimum Variance Approach

e SCORE.MAX (Maximum of SCORE.CT and SCORE.EV) We note that all the denomi-
nators considered above (except 6%,) are consistent estimators of the null variance of the
numerator (provided each ny tends to infinity). (}%V being fully empirical, it estimates the
true variance of the numerator. In general, the smaller the denominator of the test statistic
(under the alternative), the higher is the power of the statistic. It is difficult to decide a

priori whether the null or alternative variance is smaller, as this depends on the genetic
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model. We propose the statistic SCORE.MAX with a standard numerator as in Equation
(3.2.3) and the denominator

63rax = min(6r, 6y)-

This statistic is effectively a simple maximum of SCORE.CT and SCORE.EV whenever
the numerator score is positive. In particular it is equivalent to the simple maximum in
terms of both type I error and power any level of significance smaller than 0.5.

Note that this statistic is expected to have correct type I error asymptotically, as the null
and true variances are equal under the null. At the same time, it should maintain optimal
power under all genetic models. However, for small sample sizes, it is expected to have

slightly elevated type I error.

3.2.4 Dominance

For sibship data, because of the orthogonality of 7 (true IBD between a pair of sibs) and 1,95

(indicator that the pair shares one allele IBD), two orthogonal scores may be obtained and com-

bined easily to form a 2d.f. statistic (TANG 2000; TANG and SIEGMUND 2001). Following TANG

(2000), we define a 2 d.f. score statistic for sibships, as follows. Let Z; and Zy be the Z-scores

corresponding to the scores for the additive variance («) and dominance variance (&) respectively.

Zk 1 Zz 1 UkzveC(Hki — 2(1)]“17) Zk 1 E’L 1 UkZ’UGC(A - H(l))
Zy = and Zy = —
\/Zk L 2k 0 S ok \/Zk 1 v Ey Do

(1)

where II; 7 and Ay, are the estimated and expected matrix of pairwise probabilities of sharing 1

allele IBD, for the it" pedigree of type k.

f]kCT is given by Equation (3.2.7) as before and ﬁ)kCT(l) is given by:

ng

.CT 1 s m'
0 S ) et
i—1
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Combining these two Z-scores, subject to the constraint 0 < § < «, gives the 2 d.f. statistic

SCORE.2DF.CT, defined as

(724 22 if 0< Zsy < (1/V2) 2
zi if 79 <0< 74
SCORE2DF.CT =
(V2/32y + \/1/322)? if (—=1/V2)Zy < Z1 <22,
0 otherwise

\

The higher moment version, HM.2DF.CT, of this statistic can be analogously defined with the
higher moment transformed phenotype hy; in the numerator instead of vg;. For extended pedigrees,
the orthogonal decomposition does not hold, so a two-parameter score statistic would be needed.

(2)

The information matrix would involve Cov(Ily,IL;”"), which can be estimated empirically.

Note that SCORE.2DF.CT and HM.2DF.CT can run into similar problems as SCORE.CT
and HM.CT when the sample consists of only one pedigree of a type, in which case they are modified

similarly.

3.2.5 Weighting of Pedigrees

Real data often includes pedigrees of different sizes and structures. In such cases, it may be desirable
to give appropriate weights to each pedigree type so as to obtain maximum power. The advantage of
the likelihood ratio test statistic (Variance Components) is that the weighting is automatic, since
the likelihood ratio is evaluated at the maximum likelihood alternative. The score statistic, by
contrast, is designed to be locally optimal near the null hypothesis, and under the null hypothesis
all pedigrees are weighted equally (or equivalently, standardized scores are weighted in proportion
to their null standard deviations). Hence in most of the score statistic literature, equal weighting of
pedigree-wise score statistics has been suggested. However, under alternatives away from the null it
is quite possible that more power can be obtained by using a score statistic with unequal weighting
of different pedigrees. For purists who might object that a weighted score statistic is no longer
a score statistic, we point out that the object we call the “score statistic” is only approximately
the true score anyway. Strictly speaking, the score function (3.2.1) is derived under a normal
model (conditional on IBD). This is not a very realistic model (as the trait should have a mixture
distribution when conditioned on IBD), but it is used as a convenient approximation. The same

score function can be shown to have some optimality properties under a mixture-normal model
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(TAaNG 2000; Dupuis et al. 2007, Section 2.3.2), and is hence generally accepted. Still however
in most circumstances the assumption of “normal” or “mixture normal” would fail and hence the
statistic (3.2.1) is no longer technically the score function. Similarly the higher moment score
function is based on a GEE with an arbitrarily chosen working covariance matrix. When the data
violate the higher moment working covariance structure, this statistic is no longer a “GEE-based
score statistic.” Lastly, when population trait parameters are misspecified (e.g., for an ascertained
sample) the above statistics are no longer score statistics and may no longer be additive. Weighting
of score statistics may be useful even when the distributional assumption holds. Local optimality
ensures that the statistic has optimal power to detect weak effects. The variance component (VC)
test is optimal for all alternatives (when the assumed model holds). However it has the disadvantage
of being computationally complex and non-robust. By weighting pedigrees, it may be possible to
increase the non-local power of the score statistic while retaining most of the local power and

robustness properties.

Notation: Let o2 denote the additive variance and let o = ¢2/2. Let us consider n; pedigrees
of type 1 and ns pedigrees of type 2. Letuoi, fai, 03; and aiﬂ- be the null (Hy : 02 = 0) and
alternative (H; : 02 > 0) means and variances of the score function respectively for pedigrees of
type ¢« = 1, 2. Similarly, we define mq ;, Ugm- to be the means and variances of the standardized
score statistic (i.e., centered and scaled to have mean 0 and variance 1). Then, provided n; and ng

are large, the asymptotic optimal weight for linearly combining the standardized Z-scores from the

two types of pedigrees is given by the following expression (SENGUL et al. 2007):

2
ma2/?

w = Mo2ftes o.2 (3.2.8)
mavl/va,l
(,ua,Q - Mo,z)Uo,QUg[,l

(Mo — 10,1)00102% 5

Therefore the optimal weight for the non-standardized score functions is given by:

2 2
;o (B2 = H02)051  Ha205;

(Bt — 1101)02 5 Ha, 104

 m2+ 20md + a?mi + (a?/2)s2 y m? + 2am$ + a®mi + (a?/2)s? (3.2.9)
_ i ; 2.
m3 my

where m? = E{trace[(X71A,)]} and s/ = Var{trace[(X *A,)?]} and subscripts 1 and 2 denote
pedigrees of type 1 and 2 respectively. The matrices 3 and A, have been defined in Appendix B. The

above expressions for moments of the score function under population sampling have been derived

46



in Appendix B. Note that the above formula converges to w’ = 1 for local alternatives (« close to
0) but not in general. The two weights w and w’ defined above are termed as the“standardized

optimal weight” and the “non-standardized optimal weight” respectively in the rest of this article.

3.3 METHODS

3.3.1 Simulation

We conducted a simulation study to compare the performance of score statistic variants for nuclear
sibships. Our simulation scheme is similar to that described in T.CUENCO et al. (2003). A single
biallelic quantitative trait and a single marker with 8 equifrequent alleles were simulated. The
recombination distance between the two loci was taken as § = 0.5 and § = 0 for simulations under

the null and alternative hypothesis respectively.

Genetic models: The genetic models used are similar to those in T.CUENCO et al. (2003) with a
decreased locus specific heritability of 0.15. The details of the models are summarized in Tables
3.1 and 3.2. For the first five models (1 — 5), the trait has a mean depending on genotype plus a
normally distributed environmental component. The models 1’ — 5" and 1” — 5” are non-Gaussian
models simulated by subjecting the traits simulated under models 1 — 5 to the transformations
z|z| and 23 respectively. Both these sets of models as well as model 3 (rare recessive trait) are
expected to depart substantially from the normality assumption. Note that our genetic models do
not incorporate polygenic effects explicitly. For our purposes, polygenes can be considered to be a
part of the shared environment within the family and hence their effect is modeled by considering

environmental correlation between relatives.

Selection Schemes: We simulated samples under the following ascertainment schemes - POP (pop-
ulation sampling), SINGLE (single proband sampling with one sib in the top 10% of the trait
distribution), ED (extreme discordant sampling with one sib in the top 10% and one in the bottom
10%), EC (extreme concordant sampling with two sibs in the top 10%), EDAC3 (3-corner extreme
discordant & concordant sampling with every sibship having a discordant pair at a 12% thresh-
old or a “high concordant” pair at a 4% threshold), MDAC3 (same as EDAC3 with thresholds of
24% and 8% for discordant and concordant pairs respectively). Thus, we defined a “discordant”

(or “concordant”) sibship as one having at least one discordant (or concordant) sib pair. These
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Table 3.1: Genetic Models: Defining Parameters.

Model Parameters: Model 1 Model 2 Model 3 Model 4 Model 5
Type of inheritance Additive Dominant Recessive Additive Dominant
Locus heritability 0.15 0.15 0.15 0.15 0.15
Allele frequency 0.1 0.1 0.1 0.5 0.5
Trait means -1,0,1 0,1,1 0,0,1 -1,0,1 0,1,1
Environmental SD 1.010 0.934 0.237 1.683 1.031
Environmental correlation 0.25 0.25 0.25 0.25 0.25

Table 3.2: Genetic Models: Population Trait Parameters.

Models Parameters
Mean SD Correlation  Skewness  Kurtosis
Normal Models
1 -0.80 1.095 0.288 0.110 0.058
2 0.19 1.013 0.286 0.092 0.011
3 0.01 0.257 0.257 0.572 2.138
4 0.00 1.826 0.288 0.000 -0.023
5 0.75 1.118 0.275 -0.067 -0.015
Non-normal: x|z
I -1.49 6.758 0.244 -1.660 6.419
2’ 0.33 3.379 0.247 1.151 9.094
3 0.01 0.023 0.241 5.821 65.848
4’ 0.00 32.531 0.250 -0.069 8.001
5’ 1.41 6.894 0.234 1.726 6.257
Non-normal: z°
17 -3.22 55.940 0.182 -3.783 26.989
27 0.69 18.719 0.191 3.649 48.395
3”7 0.01 0.022 0.222 12.387 207.990
47 0.06  524.930 0.180 0.051 36.345
57 3.11 58.087 0.180 3.759 28.926
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ascertainment schemes have been discussed before in the context of sibpairs (T.CUENCO et al.
2003; SZATKIEWICZ et al. 2003). It is possible to define other notions of concordant and discordant
sibships, such as by standard deviation of the sibship trait values (TANG 2000), but we consider
the above definitions to be more realistic, as sibships are often ascertained through an affected sib

or an affected sib-pair.

Family Sizes: Most of our simulations were done using sibships of size 4 without parental phenotype
information. Parental genotype information was used to estimate IBD sharing between siblings.
We did limited simulations with sibships of size 2 and 6, but there were no qualitative differences in
the results, except for the expected effects of the increased and decreased sample size respectively.

Hence we report only results for sibships of size 4.

Sample Sizes: As the objective of our simulation experiments was to compare the statistics to
each other, the absolute value of power was not considered to be relevant. We chose the sample
sizes arbitrarily to keep the power within a reasonable range (i.e., not too high or low) to facilitate
comparison across statistics. The sample sizes for the normally distributed data were 450 families
for POP samples, 100 for SINGLE, 150 for MDAC3 and 50 each for ED, EC and EDAC3. The
corresponding sample sizes for data transformed using z|x| were 750 (POP), 200 (SINGLE), 300
(MDAC3) and 100 (ED, EC and EDAC3) and those for data transformed using x® were 1000
(POP), 300 (SINGLE), 500 (MDAC3) and 200 (ED, EC and EDAC3).

We used 1,000 and 10,000 replicates to estimate the power and type I error respectively at a
significance level of 0.01. For computing the analytical thresholds, the asymptotic null distributions
of the statistics were used. The null distribution of the 1 d.f. statistics is asymptotically , which
was used to obtain two-sided p-values. The null distribution of the 2 d.f. statistics is asymptotically
a mixture of x2, x7 and 0 in the ratio ¢o/27 : 1/2: (7 — 1) /27, where 1)y = tan"1(1/v/2) (TANG
2000), which was used to obtain one-sided p-values. For all the type I error and power simulations,
the trait parameters were set at their known true values (as given in Table 3.2). The estimated
type I errors for the schemes POP and ED have been summarized in Table 3.4(A-B). The type I
errors for the other sampling schemes have been summarized in the Supplementary Table F1 in
Appendix F. The estimated powers of some of the above statistics have been summarized in Tables
4.3(A-F). The powers of all the statistics have been summarized in the Supplementary Table F2 in
Appendix F.
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Table 3.3: Sensitivity Analysis: Misspecified Parameters

Model 2 Model 2’ Model 2”7 Model 4 Model 4’ Model 4”
Parameter: True Lower Upper|True Lower Upper| True Lower Upper || True Lower Upper| True Lower Upper| True Lower Upper
Mean 0.19 -0.80 1.20 [0.33 -2.70 3.30 | 0.69 -3.30 4.70 0.00 -2.00 2.00 | 0.00 -10.00 10.00 | 0.06 -40.00 40.00
Variance 1.03 0.03 2.03 |[3.38 0.40 6.40 |18.72 3.70 33.70 || 3.33 0.33 6.33 [32.53 12.53 52.53 |524.93 324.93 724.93
Correlation | 0.29 0.10 0.50 [0.25 0.10 0.40 | 0.19 0.05 0.35 0.29 0.10 0.50 | 0.25 0.10 0.40 | 0.18 0.05 0.35
Skewness 0.09 -0.90 1.10 [1.15 -2.80 3.20 | 3.65 -16.40 23.60 | 0.00 -1.00 1.00 |-0.07 -5.00 5.00 | 0.05 -25.00 25.00
Kurtosis 0.01 -2.00 2.00 [9.09 3.10 15.10 [48.40 -11.60 108.40 ||-0.02 -2.00 2.00 | 8.00 -2.00 18.00 | 36.35 -13.70 86.30

3.3.2 Sensitivity Analysis

To evaluate the robustness of the statistics to misspecification of population trait parameters, we
carried out sensitivity analysis using simulation. For these simulations, we chose four selection
schemes (POP, ED, EC and EDAC) and 6 models (2, 2/,2” and 4, 4',4”). The five trait parameters
(namely mean, variance, correlation, skewness and kurtosis) were in turn set at two arbitrary
wrong guesses on either side of the true value, while holding the other four parameters fixed at
their true values. The misspecified parameter values have been listed in Table 3.3. Power was then
estimated based on the same 1,000 replicates of data, for each combination of parameter values. This
process was repeated for all the combinations of models and selection schemes. SCORE.NAIVE and
HM.NAIVE have theoretically incorrect type I error when parameters are incorrect. SCORE.CIBD
has theoretically incorrect type I error for selected samples. So, these three statistics were dropped
from this analysis. The results of the sensitivity analysis have been summarized in Figures 3.1 and

3.2.

3.3.3 Weighting

As described in the previous section, Equation (3.2.9) can be used to derive optimal weights for
sibships of various sizes for different alternative values of the parameter (under population sam-
pling.) We plotted the optimal weights, as a function of heritability (h?) for sibships of sizes 3, 4,
5 and 6 with respect to sibpairs (Figure 3.3). For sibships of size 3 versus sibpairs, we also plotted
the behavior of the analytical power curve (SENGUL et al. 2007) of SCORE.NAIVE for different
values of h? (Figure 3.4). When we have an ascertained sample (for example, an EDAC sample),

Equation (3.2.9) no longer holds. But Equation (3.2.8) can be used to derive the optimal weight
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for discordant pairs with respect to concordant pairs, where the means and variances are condi-
tional on the ascertainment scheme and can be obtained by numerical integration. Alternatively,
power can also be estimated using simulation over a grid of different weights. Figure 3.5 shows the
simulation-based power of SCORE.CT for a mixed sample of 20 extreme discordant pairs (one sib
in each of higher and lower 10% tails) and 30 extreme concordant pairs (both sibs in the top 10%
tail), as a function of the non-standardized weight of a discordant pair with respect to a concordant

pair.

3.4 RESULTS

3.4.1 Simulation Results

The type I errors for the Population and Extreme Discordant sampling schemes have been tabulated
in Table 3.4(A-B) and for other sampling schemes in the Supplementary Table F1 in Appendix F.
Most of the statistics have close to correct type I error even for the smallish sample sizes that we
used. The type I errors for SCORE.NAIVE and HM.NAVE are highly inflated for non-normal as
well as selected samples. Similarly, in some cases, the type I error of SCORE.CIBD are inflated for
selected samples. Theoretically, all three of these statistics have inflated type I error for selected
samples. On the other hand, SCORE.NULL.EV and SCORE.EV have highly conservative type I
error. The SCORE.MAX statistic has negligibly inflated type I errors, compared to SCORE.CT.
All the statistics except HM.CT and HM.MERLIN have slightly incorrect type I error, in most
cases, for the highly skewed models 3" and 3”. The higher moment statistics in general give better
type I errors than their lower moment counterparts particularly for the non-normal models. In
most cases however, the difference is marginal.

The estimated power for all the models and sampling schemes are summarized in Table 4.3(A-F).
SCORE.NAIVE, HM.NAIVE and SCORE.CIBD have been dropped from the power tables 4.3(B-
F), as they have theoretically incorrect type I error for selected samples. To facilitate comparison,
we have also dropped SCORE.NULL.CT, SCORE.NULL.EV and SCORE.MERLIN.AV from the
power tables 4.3(B-F). SCORE.CT and SCORE.EV are consistently (and sometimes significantly)
more powerful than SCORE.NULL.CT and SCORE.NULL.EV respectively, while the type I errors
are negligibly higher. SCORE.MERLIN.AV has also been dropped, as it fails to provide significant
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Table 3.4: Type I Error

(A) Population
Genetic Model

1 17 1”7 2 2’ 277 3 3’ 377 4 4’ 47 5 5 5”7
SCORE.NAIVE 0.011 0.026 0.063 | 0.01 0.029 0.087 | 0.033 0.209 0.295 | 0.011 0.024 0.065 | 0.012 0.026 0.072
SCORE.CIBD 0.011 0.011 0.011 | 0.009 0.012 0.013 | 0.014 0.015 0.015 | 0.011 0.011 0.012 | 0.012 0.013 0.012
SCORE.NULL.CT 0.011 0.011 0.011 | 0.009 0.012 0.013 | 0.014 0.015 0.015 | 0.011 0.011 0.012 | 0.012 0.013 0.012
SCORE.CT 0.011 0.011 0.011 | 0.009 0.012 0.013 | 0.014 0.015 0.015 | 0.011 0.011 0.012 | 0.012 0.013 0.012
SCORE.NULL.EV 0.007 0.007 0.005 | 0.005 0.005 0.004 | 0.006 0.002 0.001 | 0.006 0.006 0.005 | 0.008 0.007 0.006
SCORE.EV 0.007 0.007 0.005 | 0.006 0.005 0.005 | 0.006 0.002 0.001 | 0.007 0.007 0.005 | 0.008 0.008 0.006
SCORE.MERLIN 0.011 0.011 0.011 | 0.009 0.012 0.012 | 0.013 0.016 0.013 | 0.011 0.011 0.011 | 0.012 0.013 0.012
SCORE.MERLIN.AV 0.011 0.011 0.011 | 0.009 0.012 0.013 | 0.014 0.016 0.015 | 0.011 0.012 0.012 | 0.012 0.012 0.012
HM.NAIVE 0.011 0.025 0.061 | 0.01 0.031 0.073 | 0.033 0.22 0.299 | 0.011 0.021 0.055 | 0.012 0.024 0.066
HM.MERLIN 0.011 0.011 0.01 0.009 0.011 0.01 0.013 0.012 0.013 | 0.011 0.011 0.011 | 0.012 0.013 0.012
HM.CT 0.011 0.012 0.01 0.009 0.011 0.01 0.013 0.012 0.014 | 0.011 0.011 0.011 | 0.012 0.013 0.011
SCORE.MAX 0.011 0.011 0.012 | 0.009 0.013 0.015 | 0.015 0.016 0.015 | 0.011 0.013 0.014 | 0.012 0.014 0.014
SCORE.2DF.CT 0.011 0.011 0.011 0.01 0.012 0.012 | 0.013 0.018 0.015 | 0.01 0.012 0.011 | 0.011 0.012 0.012
HM.2DF.CT 0.011 0.012 0.011 0.01 0.011 0.014 | 0.014 0.017 0.019 | 0.01 0.012 0.012 | 0.011 0.012 0.013
(B) Extreme Discordant
SCORE.NAIVE 0.178 0.148 0.133 | 0.174 0.179 0.155 | 0.225 0.314 0.341 | 0.168 0.191 0.155 | 0.164 0.145 0.125
SCORE.CIBD 0.015 0.015 0.015 | 0.016 0.015 0.012 | 0.016 0.017 0.015 | 0.015 0.015 0.013 | 0.013 0.014 0.013
SCORE.NULL.CT 0.011 0.011 0.011 | 0.012 0.012 0.011 | 0.013 0.016 0.014 | 0.011 0.012 0.011 0.01 0.01 0.01
SCORE.CT 0.012 0.012 0.012 | 0.013 0.013 0.011 | 0.014 0.016 0.014 | 0.012 0.012 0.012 | 0.011 0.01 0.011
SCORE.NULL.EV 0.005 0.006 0.005 | 0.005 0.007 0.005 | 0.002 0.002 0.001 | 0.005 0.006 0.005 | 0.004 0.005 0.005
SCORE.EV 0.007 0.007 0.006 | 0.008 0.009 0.005 | 0.005 0.002 0.002 | 0.008 0.008 0.006 | 0.007 0.007 0.005
SCORE.MERLIN 0.012 0.012 0.012 | 0.013 0.013 0.01 | 0.015 0.016 0.016 | 0.013 0.011 0.012 | 0.011 0.01 0.01
SCORE.MERLIN.AV 0.012 0.012 0.011 | 0.012 0.012 0.011 | 0.014 0.016 0.015 | 0.013 0.012 0.012 | 0.011 0.01 0.011
HM.NAIVE 0.178 0.109 0.065 | 0.174 0.139 0.085 | 0.212 0.295 0.312 | 0.169 0.144 0.092 | 0.164 0.114 0.06
HM.MERLIN 0.012 0.01 0.011 | 0.013 0.012 0.011 | 0.014 0.016 0.012 | 0.013 0.012 0.01 0.011 0.011 0.011
HM.CT 0.012 0.011 0.012 | 0.013 0.013 0.011 | 0.014 0.015 0.012 | 0.013 0.012 0.01 0.011 0.011 0.011
SCORE.MAX 0.012 0.013 0.014 | 0.014 0.015 0.013 | 0.015 0.017 0.016 | 0.013 0.014 0.014 | 0.012 0.012 0.012
SCORE.2DF.CT 0.01 0.011 0.011 | 0.013 0.012 0.01 0.014 0.016 0.015 | 0.012 0.011 0.009 0.01 0.011 0.011
HM.2DF.CT 0.01 0.011 0.011 | 0.013 0.013 0.011 | 0.015 0.018 0.016 | 0.012 0.012 0.009 0.01 0.011 0.012

Note: Type I error values departing by 0.005 or more, from the nominal value 0.01 are highlighted in bold.

improvement of power over SCORE.MERLIN under most genetic models and selection schemes.
In fact, it has slightly reduced power in many cases. The detailed results with all the statistics are

given in the Supplementary Table F2 in Appendix F.

For all the models and schemes, the unconditional empirical variance denominator SCORE.EV
performs poorly. It has low power and a conservative type I error, which can be attributed to
the smallish sample sizes. In their simulations, CHEN et al. (2005) observed similar behavior for

SCORE.NULL.EV (denoted as “score-R” in their paper).

For population samples, under normal models (1, 2, 4 and 5) all the statistics perform
essentially identically. SCORE.NATVE, HM.NAIVE and SCORE.CIBD have similar power to the
other statistics. As noted previously (CHEN et al. 2005), the higher moment (HM) statistics perform

at par with the lower moment (LM) statistics in this case.

For population samples under non-normal models, SCORE.NAIVE and HM.NAIVE have
inflated type I error. The HM statistics show improvement in power for only some cases, which

disagrees with the previous conclusion of CHEN et al. (2005) that HM statistics are always better
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Table 3.5:

Power Results

(A) Population

Genetic Model

1 1/ 1// 2 2/ 2// 3 3/ 3// 4 4/ 4// 5 5/ 5//
SCORE.NAIVE 0.74 0.73 0.65 0.75 0.74
SCORE.CIBD 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
SCORE.CT 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
SCORE.EV 0.67 0.35 0.11 | 0.68 0.73 0.4 0.24 0.75 0.73 0.7 0.65 0.32 0.7 041 0.11
SCORE.MERLIN ||0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.97 0.95| 0.75 0.68 0.31 | 0.74 0.44 0.16
HM.NAIVE 0.74 0.73 0.62 0.75 0.74
HM.MERLIN 0.74 0.37 0.14 | 0.73 0.74 0.48 | 0.51 0.92 091 | 0.75 0.67 0.34 | 0.75 0.42 0.16
HM.CT 0.74 0.36 0.14 | 0.73 0.74 0.49 | 0.51 0.9 091 | 0.76 0.67 0.33 | 0.74 0.42 0.16
SCORE.MAX 0.74 0.41 0.16 | 0.74 0.81 0.5 0.53 0.98 0.96 | 0.76 0.71 0.37 | 0.75 0.46 0.18
SCORE.2DF.CT | 0.71 0.37 0.14 | 0.72 0.75 0.43 | 0.62 0.98 0.97 | 0.72 0.66 0.29 | 0.76 0.45 0.15
HM.2DF.CT 0.71 0.34 0.12 | 0.72 0.7 0.45 | 0.58 0.93 091 | 0.72 0.62 0.32 | 0.76 0.42 0.16
(B) Single Proband Ascertainment
SCORE.CT 0.69 0.78 0.54 0.7 0.78 0.53 | 0.79 0.99 0.99 | 0.38 0.43 0.24 | 0.2 0.19 0.12
SCORE.EV 0.59 0.71 0.49 | 0.59 0.74 0.52 0.4 093 092 | 0.29 037 0.18 | 0.13 0.16 0.09
SCORE.MERLIN | 0.69 0.78 0.53 | 0.69 0.78 0.55 0.8 1 0.99| 0.38 0.43 0.23 | 0.2 0.19 0.12
HM.MERLIN 0.69 0.81 0.66 | 0.69 0.73 0.58 | 0.78 0.99 0.99 | 0.38 0.38 0.22 0.2 0.17 0.11
HM.CT 0.69 0.8 0.65 | 0.69 0.73 0.57 | 0.76 0.98 0.98 | 0.38 0.37 0.22 0.2 0.17 0.11
SCORE.MAX 0.7 0.81 0.61 0.7 0.8 0.61| 079 1 0.99]| 0.39 0.45 0.28 | 0.21 0.2 0.13
SCORE.2DF.CT |[0.66 0.76 0.52 | 0.65 0.75 0.51 | 0.85 1 0.99| 0.36 0.4 0.21 | 0.21 0.2 0.11
HM.2DF.CT 0.66 0.78 0.63 | 0.65 0.7 0.53 | 0.83 0.99 0.99 | 0.36 0.35 0.21 | 0.22 0.18 0.11
(C) Extreme Discordant
SCORE.CT 0.59 0.78 0.74 | 0.59 0.81 0.85 | 0.15 0.77 0.92 | 0.25 0.77 0.87 | 0.53 0.68 0.7
SCORE.EV 0.48 0.7 0.72 | 0.52 0.78 0.85 | 0.04 0.43 0.75 | 0.18 0.73 0.85 | 0.46 0.64 0.7
SCORE.MERLIN| 0.6 0.79 0.74 | 0.59 0.81 0.85 | 0.15 0.78 0.93 | 0.23 0.77 0.87 | 0.52 0.67 0.69
HM.MERLIN 0.59 0.82 0.84 | 0.59 0.81 0.9 0.14 0.7 0.89 | 0.15 0.77 0.91 | 0.52 0.69 0.77
HM.CT 0.59 0.81 0.85 | 0.59 0.8 0.9 | 0.15 0.68 0.87 | 0.14 0.77 0.91 | 0.52 0.7 0.76
SCORE.MAX 0.6 0.79 0.79 0.6 0.83 0.89 | 0.15 0.82 0.95| 0.25 0.79 0.89 | 0.55 0.71 0.76
SCORE.2DF.CT | 0.55 0.75 0.71 | 0.56 0.79 0.85 | 0.18 0.88 0.97 | 0.22 0.74 0.84 | 0.54 0.69 0.71
HM.2DF.CT 0.55 0.79 0.81 | 0.56 0.77 0.88 | 0.17 0.77 0.91 | 0.15 0.73 0.89 | 0.54 0.7 0.77
(D) Extreme Concordant
SCORE.CT 0.61 0.75 0.69 | 0.55 0.68 0.57 | 0.81 0.99 1 0.23 0.26 0.22 | 0.12 0.1 0.09
SCORE.EV 0.48 0.63 0.61 0.4 0.62 0.55 | 0.46 0.88 0.98 | 0.13 0.18 0.18 | 0.07 0.07 0.07
SCORE.MERLIN| 0.6 0.74 0.69 | 0.53 0.68 0.58 | 0.81 0.99 1 0.22 0.26 0.23 | 0.11 0.1 0.09
HM.MERLIN 0.6 0.76 0.74 | 0.53 0.63 0.65 | 0.81 0.99 1 0.22 0.25 0.25 | 0.12 0.1 0.11
HM.CT 0.6 0.75 0.73 | 0.53 0.63 0.65 | 0.79 0.98 1 0.22 0.25 0.24 | 0.11 0.1 0.11
SCORE.MAX 0.62 0.77 0.75 | 0.55 0.7 0.64 | 0.81 0.99 1 0.23 0.28 0.27 | 0.13 0.11 0.1
SCORE.2DF.CT | 0.57 0.71 0.65 | 0.51 0.65 0.54 | 0.86 1 1 0.19 0.25 0.21 | 0.12 0.11 0.09
HM.2DF.CT 0.57 0.72 0.69 | 0.51 0.61 0.61 | 0.85 0.99 1 0.19 0.23 0.23 | 0.12 0.11 0.12
(E) EDAC-3 Corner
SCORE.CT 0.6 0.73 0.66 | 0.55 0.71 0.64 | 0.78 0.99 1 0.44 0.57 0.45 | 0.38 0.29 0.18
SCORE.EV 0.49 0.66 0.62 | 046 0.65 0.61 | 0.48 0.92 0.98 | 0.35 0.51 0.42 0.3 0.24 0.14
SCORE.MERLIN| 0.6 0.73 0.66 | 0.55 0.71 0.63 | 0.78 1 1 0.44 0.56 0.46 | 0.37 0.29 0.18
HM.MERLIN 0.61 0.77 0.8 | 0.54 0.66 0.62 | 0.79 0.99 1 0.44 0.5 0.4 | 0.37 0.22 0.13
HM.CT 0.61 0.76 0.8 | 0.55 0.66 0.61 | 0.79 0.99 1 0.45 0.5 04 0.38 0.22 0.13
SCORE.MAX 0.61 0.74 0.71 | 0.56 0.74 0.71 | 0.78 1 1 0.46 0.59 0.51 | 0.39 0.32 0.2
SCORE.2DF.CT | 0.56 0.7 0.61 | 0.52 0.68 0.59 | 0.85 1 1 0.42 0.51 0.41 0.4 0.29 0.17
HM.2DF.CT 0.56 0.74 0.77 | 0.52 0.63 0.56 | 0.84 0.99 1 0.42 0.45 037 | 0.4 0.22 0.13
(F) MDAC-3 Corner
SCORE.CT 0.74 0.73 0.5 | 0.69 0.85 0.64 | 0.59 0.98 0.98 | 0.63 0.68 0.44 | 0.56 0.42 0.2
SCORE.EV 0.66 0.69 0.48 | 0.62 0.81 0.62 | 0.25 0.86 0.92 | 0.56 0.64 0.41 0.5 0.38 0.17
SCORE.MERLIN | 0.74 0.73 0.5 | 0.68 0.85 0.65 | 0.58 0.98 0.99 | 0.63 0.68 0.44 | 0.57 0.42 0.19
HM.MERLIN 0.73 0.8 0.67 | 0.68 0.79 0.64 | 0.59 0.98 0.98 | 0.63 0.64 0.44 | 0.57 0.38 0.17
HM.CT 0.73 0.79 0.65 | 0.69 0.8 0.63 | 0.59 0.97 0.97 | 0.63 0.65 0.44 | 0.57 0.38 0.17
SCORE.MAX 0.74 0.75 0.56 0.7 0.86 0.72 | 0.59 0.98 0.99 | 0.63 0.7 0.5 | 0.57 0.44 0.22
SCORE.2DF.CT |[0.71 0.69 0.48 | 0.67 0.83 0.61 | 0.66 0.99 0.99 0.6 0.65 0.41 | 0.58 0.43 0.19
HM.2DF.CT 0.71 0.75 0.62 | 0.67 0.76 0.6 | 0.66 0.97 0.97| 0.6 0.6 0.4 | 0.58 0.38 0.17

Note: For each model, power values within 3% of the maximum
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for non-normal models. Generally, for the z|x| models, which can be thought of as being “relatively
less non-normal”, the higher moments statistics are worse than their lower moment counterparts.
For the “relatively more non-normal” z® models, there is a marked improvement in the performance

of the HM statistics in all the cases.

The relative performance of the statistics follows a similar general pattern for popula-
tion and selected sampling. The conditional on trait variance SCORE.CT performs as well as
SCORE.MERLIN, neither of them being consistently better than the other. The two-degree-of-
freedom statistics show some improvement in the dominant model 5 and the recessive model 3,
and the transformed versions of these models, but are worse for all the other models. The higher
moment extensions of SCORE.CT, SCORE.MERLIN and SCORE.2DF.CT usually perform worse
for z|z| models (except 1) and better for the 22 models (except 3'). This is true for all the sampling
schemes except EDAC3 and MDACS3, in which the HM statistics are worse for both z|z| and 3
models. The SCORE.MAX statistic is close to optimal in most cases, except for a few cases when

the higher moment statistics or the two-degree-of-freedom statistics have higher power.

3.4.2 Sensitivity Analysis Results

In Figures 3.1 and 3.2, we have plotted the sensitivity analysis results for the models 2, 2’ and
2" and all four selection schemes, POP, ED, EC and EDAC. The results for the models 4, 4 and
4" were similar. As seen in Figure 3.1, misspecification of the variance does not affect the power
significantly. However, misspecification of the mean or the correlation seems to affect the power
of all the statistics considerably. Also as seen in Figure 3.2, misspecification of the skewness and
the kurtosis can reduce the power of the higher moment statistics drastically in some cases. There
was no perceivable difference in sensitivity among the different LM statistics (or among the HM

statistics).

For normal models, power always decreases when parameters are misspecified, as the true
parameter values give the optimally powered score statistics. But for non-normal models, in some
cases (e.g., under-specification of correlation in model 2” for population sampling) power may
increase by using wrong parameter values, true scores are not necessarily optimal under these

models.

For normal models (e.g., model 2), under population sampling, the effects of mean and

correlation are symmetric. In other words, over-specification and under-specification have roughly
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parameters respectively. Line colors red, yellow and blue stand for misspecified mean, variance and correlation in

Figure 3.1: Sensitivity analysis results for mean, variance and correlation.

that order. Note that the black line roughly coincides with yellow line in almost all cases.
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equal effect. However, for non-normal models (e.g., 2’ and 2”) or under selected sampling, the
effects can be asymmetric. The direction of asymmetry can also change across selection schemes.
Also, under-specification of mean and correlation seems to be better than over-specification for LM

statistics whereas the order reverses for HM statistics.

For normal models (e.g., model 2), the LM and HM statistics are equally sensitive to mean
and correlation. However, the HM statistics have the additional dependence on the skewness
and kurtosis parameters, to which they are highly sensitive for these models. For slightly non-
normal models (e.g., 2'), both the LM and HM statistic are highly sensitive to the mean. The HM
(respectively LM) statistics are more sensitive to the mean for the ED (respectively EC) scheme.
The HM statistics are highly sensitive to skewness and kurtosis, especially to under-specification

of these parameters.

For highly non-normal data (e.g., 2”), the LM statistics are highly sensitive to mean and
correlation, especially to over-specification of these parameters. Under-specification can sometimes
provide increase in power. In some cases (e.g., EC and EDAC3), the HM statistics are relatively
less affected by mean and correlation. For the ED scheme, the HM statistics are strongly affected
by misspecification of mean. However, they are quite stable with respect to skewness and kurtosis

for all sampling schemes, under these models.

In summary, misspecification of mean or correlation can have significant effect on the power
of both LM and HM statistics. Effects can be asymmetric for skewed models or under selected
sampling and the direction of asymmetry is generally different for LM and HM statistics. Misspec-
ification of skewness and kurtosis can have drastic effect on the power of HM statistics particularly
for normal and slightly non-normal models. However for highly non-normal models, the HM statis-
tics are stable with respect to skewness and kurtosis and also, in some cases, less sensitive than LM

statistics to specification of mean and correlation.

3.4.3 Weighting Results

The results of the weighting experiments are summarized in the Figures 3.3, 3.4 and 3.5. As
shown in Figure 3.3, for population samples, the optimal weights for the larger sibships (with
respect to sibpairs) decrease with increase of heritability. The non-standardized optimal weight

also decreases with increasing sibship size. However, as expected, the standardized optimal weights
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are all greater than 1 and increase with sibship size (larger sibships are more informative and hence

the corresponding standardized Z-scores receive higher weight.)

Figure 3.4 shows that the power curves are usually flat to the right of the optimal weight.

Since 1 lies on the flatter side of the peak, using a non-standardized weight of 1 does not lead to
much loss of power even for large effect sizes.

The power curve in Figure 3.5 is similar to those of Figure 3.4, but the peaks cluster closer to

1. Hence even for EDAC samples there is no obvious gain by using unequal weights on the non-

standardized scores for discordant and concordant pairs. Our experiments with mixtures of random

pairs and concordant/discordant pairs gave similar results (Data not shown).

3.5 DISCUSSION

3.5.1 Denominator Variants

We have conducted a comprehensive simulation study of some of the existing variants of score
statistics as well as some novel ones. Our study attempted to identify the most robust score-based
statistics under various genetic models and sampling schemes. The proposed conditional on trait
variance (SCORE.CT) outperformed the empirical variance denominator (SCORE.EV), which has
been suggested by many articles on score statistics. SCORE.EV appears to have a highly conser-
vative type I error for small sizes and hence low power. This fact, also observed previously (CHEN
et al. 2005) is probably due to the fact that the scores (being a quadratic function of the trait val-
ues) are considerably skewed and hence it requires large sample sizes for the Central Limit Theorem
to apply. Whereas when we condition on the trait, the IBD vector has a symmetric distribution
around its expectation (under the null) and hence the Central Limit Theorem is applicable for
smaller sample sizes. SCORE.CT also matches the power of SCORE.MERLIN in most cases and
sometimes exceeds it. These two statistics differ only in the computation of the variance of the IBD
vector in the denominator. SCORE.MERLIN uses the method of imputation (SHAM et al. 2002)
and requires the joint distribution of pair-wise IBDs for its computation. Limited experiments sug-
gested that computation of SCORE.MERLIN can be slow for large pedigrees with uninformative
markers or many ungenotyped individuals (data not shown). On the other hand, SCORE.CT is

easier and much faster to compute as it involves a simple empirical variance.
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Figure 3.3: Analytical optimal weights for sibships.
Plot of asymptotic optimal weights (analytical) for sibships of sizes 3, 4, 5 and 6 (with respect to sibship of size 2)

as a function of heritability. The lower cluster of plots shows the optimal weights for non-standardized scores while

the upper shows those for standardized scores.
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Figure 3.4: Analytical power curves (of SCORE.NAiVE) for 3sibs.
Approximate analytical power curves for a population sample with 100 sibships of size 3 and 100 sibpairs. Power is

plotted as a function of non-standardized weight of 3sibs with respect to 2sibs. Curves are shown for five different

values of heritability (h2). The vertical lines show asymptotic optimal weights for each value of hZ.
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Figure 3.5: Empirical power curves (of SCORE.CT) for EDAC pairs.

Plot of simulation-based power for a combined sample of 20 discordant pairs and 30 concordant pairs. Power is
plotted as a function of non-standardized weight of discordant with respect to concordant pairs. Curves are shown

for five different values of heritability (h?). The vertical lines show the actual optimal weights based on simulation,

for each value of h2.
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The conditional on IBD statistics, SCORE.NAIVE and HM.NAIVE, were shown to have
incorrect type I error under most circumstances. In the cases when they have correct type I
error (normal traits and population samples) they dont provide any perceivable improvement in
power over the conditional on trait statistics. Conditioning on IBD may be used only for population
samples and in that case, SCORE.CIBD should be preferred over these two statistics as it maintains
correct type I error for non-normal samples and close to optimal power. We do not in general

recommend the use of any of these statistics.

Although the SCORE.EV statistic has sub-optimal power, it can be used to construct the
SCORE.MAX statistic, which is the best overall statistic in our simulations. It gives significant
improvement in power over SCORE.CT in many cases, with negligible inflation in type I error. We
did limited simulations with empirical cutoffs (data not shown) to confirm that the power increase
is sustained even after correcting for the slightly inflated type I error rate. It was outperformed only
in some cases by the 2DF statistics and the higher moment statistics. It would be easy to construct

higher moment and 2DF versions of the SCORE.MAX statistic and use them when appropriate.

3.5.2 Numerator Variants

CHEN et al. (2005) proposed the higher moment numerator for score statistics and performed a
similar simulation study for population samples. In this study, we were able to validate some of their
results for population samples and test them for selected samples as well as a number of different
non-normal models. They concluded that higher moment (HM) statistics were always as good
as the lower moment (LM) ones and significantly better for all non-normal samples. Our results
contradicted this conclusion. For the models we considered, the HM statistics were better than the
LM versions only in some cases for the highly non-normal models. Also, their performance is quite
unstable because of their dependence on two additional parameters (skewness and kurtosis). In
practical situations, the HM statistics should be used only when the data are highly non-Gaussian

and reasonably good estimates of skewness and kurtosis parameters are available.

The dominance based 2 d.f. statistics usually have lower power than the 1 d.f. statistics
except for completely dominant or recessive models. It has been previously noted that the increase
in power (by incorporating dominance) for dominant models is more than the decrease in power for
additive models (WANG 2002; CHEN et al. 2005). There is not enough evidence in our simulations

to support this. It holds for the recessive model (3) but not for the dominant models (2 and 5). We
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recommend that these statistics be used in practice only when there is reason to suspect presence

of highly dominant or recessive genetic variants.

3.5.3 Parameter Sensitivity

Parameter sensitivity is an extremely important issue for QTL mapping statistics. Although the
trait parameters are nuisance parameters (with respect to the hypothesis of linkage), they can have
a significant influence on power. They can be estimated fairly accurately for population samples,
using a Maximum Likelihood estimation (MLE) approach. For selected samples, if the selection
scheme is simple and the proband is known, the MLE can still be used. When the selection scheme
is slightly complicated but the proband or probands are known, the Conditional MLE (CMLE)
approach (PENG and SIEGMUND 2006) can be used. However, in reality many studies involve
complicated ascertainment criteria with multiple and ill-defined probands. In such cases, we have
no way to obtain parameter estimates and we need the statistics to be as robust as possible to

wrongly specified parameters.

Our sensitivity analysis results suggest that for normal traits as well as slightly skewed
traits, lower moment statistics should be preferred over higher moment ones, because of the latter’s
strong dependence on the two additional parameters: skewness and kurtosis. On the other hand,
for highly non-Gaussian traits, the HM statistics have higher power in most cases and are stable
with respect to skewness and kurtosis. Hence, for these models, HM statistics should be preferred.
The asymmetric effects in many cases suggest the use of over-estimates or under-estimates of the
parameters. But the direction of asymmetry may vary according to sampling scheme and direction
of skewness of the model. Hence, proper formulation of these strategies would require a more

exhaustive study of different non-Gaussian models and ascertainment schemes.

Note that, for our sensitivity analysis, we used extreme deviations from the true parameters
values. This was done to consider a worst-case practical scenario when there is no prior information
on the trait and the sample consists only of ascertained pedigrees. However, because of the wide
fluctuations of power range under such extreme misspecification, we might have missed subtler

differences in sensitivity among the individual LM (and HM) statistics.
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3.5.4 Weighting of Pedigrees

The results of our weighting experiments show that for population samples, equal weighting of
sibships of different sizes gives close to optimal power irrespective of the effect sizes. Similarly, for
EDAC samples, equal weighting of non-standardized scores for discordant and concordant pairs is
adequate. The results may not be completely generalizable to bigger and more complex pedigrees,
or to other sampling schemes and non-normal traits. However, the methods outlined here are quite
general, and can be used to study the effects of weighting more exhaustively. For example, this
method can be used to study the possibility of weighting for non-normal samples or misspecified
parameters. In fact, the formula (3.2.8) for optimal weight always holds for any statistic. The
alternative means and variances of the statistic can be derived using the GEE form (as in the

numerator of Equation (3.2.3)) for a general misspecified working covariance matrix.

The optimal weights as obtained above would be a function of the true size of the genetic
effect, which is completely unknown. Hence, the best one can do is to select a weight that seems
to work well for all or most alternatives. Also, this approach has the disadvantage of depending on
the model (or working covariance matrix) assumed for calculating the moments. Another option,
when sample size for each kind of pedigree is reasonably large is to use a part of the data (for
each pedigree type) to estimate the alternative means and variances of the score function (using
empirical estimates at each marker). This gives an optimally weighted statistic at each marker,
which has increased power for detecting linkage. Similar empirical approaches could also be used
to obtain parameter values that maximize power of the statistics. These approaches would work
even in complicated ascertainment scenarios or when normality or higher moment assumption is
deemed inaccurate. However there would be a simultaneous reduction in sample size, which would
tend to reduce power. Which of these effects would dominate would depend among other factors

on the sample size.

3.5.5 Limitations

There are of course some limitations in this study. Our simulation study considered only nuclear
phenotypes without parental phenotype information. Although we expect the broad conclusions for

the different groups of statistics (conditional on trait or IBD or unconditional) to hold for extended
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pedigrees as well, the specific details may vary. For example, in the case of datasets with larger
pedigrees, SCORE.CT may reduce to SCORE.NULL.CT, as each pedigree type may be represented
by a single pedigree. Also the parameter dependence of all the statistics would increase for larger
pedigrees, with pairwise correlations between relatives being required. The relative performance of
higher moment statistics with respect to lower moment ones may change in that scenario. Also,
most of our results were based on simulations with moderately informative markers (8 equifrequent
alleles). However, we did limited experiments (data not shown) for markers with very high and low

informativity (20 and 2 equifrequent alleles respectively), and observed similar results.

Some score-based statistics in the literature have been omitted from our study. For example,
we did not consider the sibship score variance (WANG 2002), discussed in CHEN et al. (2005) as
“score-S.” This variance assumes the independence of sibpair IBDs, which holds only for perfectly
informative markers. Because of computational limitations we were not able to consider some
variance component (VC) based statistics such as Conditional VC statistic (SHAM et al. 2000)
and the semiparametric VC approach (D1A0 and LiN 2005). Note however that the former is not

applicable for non-normal models while the latter would fail for selected samples.

The non-normal models we used were based on the hypothesis that the original trait has a
mixture normal distribution and we observe the trait on a different scale. Hence, the final trait
value was transformed. We considered this model to be realistic although some authors prefer to
use models with non-normal errors. For example in the CHEN et al. (2005) only the unshared
environmental component was squared. We conducted limited simulations with chi-square residual
models (data not shown) and got similar results to those of CHEN et al. (2005). Also, one approach
to dealing with non-normal traits is to apply a normalizing transformation (e.g., WANG 2002) to
the traits and then apply variance components or standard score based approaches. We have not
included this approach in our comparison as it does not fit into the score statistic framework.
However as indicated by the results of CHEN et al. (2005), this is a promising approach and
deserves further investigation, particularly for population samples. For selected samples, such
an approach can be used if a normalizing transformation for the trait is known a-priori from a

previous population-based study.
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3.5.6 Software

Currently there is a dearth of publicly available software implementing the score based statistics,
which, because of their inherent robustness should be the method of choice for linkage mapping
of quantitative traits. We have implemented most of the statistics discussed here and also other
sibpair-specific statistics (some of which are discussed in T.CUENCO et al. 2003) in the user-friendly
software QTL-ALL (QTL Analysis and Linkage Library). QTL-ALL recommends appropriate
statistics based on the study design. Figure 3.6 shows a decision tree for choosing appropriate
score statistics for sibships under different scenarios. The software implements some methods
to increase speed by avoiding inversion of large matrices. These are outlined in Appendix C.
QTL-ALL (MUKHOPADHYAY et al. , unpublished data) is available freely from our website (http:

//watson.hgen.pitt.edu/register/).
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Figure 3.6: Choice of Score Statistics for QTL Linkage Analysis with Sibships.
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4.0 SCORE STATISTICS FOR ASSOCIATION

Most family-based tests of association for quantitative traits are extensions of the Transmission
Disequilibrium Test (SPIELMAN et al. 1993; TERWILLIGER and OTT 1992). They condition upon
parental genotypes to protect against population stratification and generally ignore parental phe-
notypes. Both of these factors contribute to loss of power of these tests relative to population-based
or unconditional family-based tests. To improve power, all the available data including parental
phenotypes should be used when confounding factors such as age or cohort specific differences are
not suspected. We derive novel likelihood-based score statistics which have improved power to
detect association in families, while protecting against population sub-structure and phenotype-
based ascertainment. We discuss possible modifications of these statistics for incorporating IBD
information and handling non-normally distributed traits and compare the performance of the pro-
posed statistics to some of the standard family-based tests of association. We also address some

computational issues arising in constructing the proposed statistics.

4.1 INTRODUCTION

In this section we give some background on two commonly used family-based association mapping
methods for quantitative traits, FBAT and QTDT, and discuss some of the outstanding practical

issues in the applicability of these statistics.

4.1.1 FBAT

The FBAT is a class of family-based tests of association that is robust to population stratification.

It is quite general and can handle different kinds of phenotypes including binary, quantitative,
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censored and multiple traits. The FBAT statistic is motivated as an extension to the Transmission
Disequilibrium Test or TDT (SPIELMAN et al. 1993). Like the TDT, FBAT conditions on founder
genotypes to protect against population stratification. The statistic was originally proposed for trio
data by RABINOWITZ (1997) and subsequently extended to handle nuclear families and extended
pedigrees (e.g., LAIRD et al. 2000; RABINOWITZ and LAIRD 2000; LANGE et al. 2004) in the software
packages FBAT and PBAT. The FBAT statistic has the following general form (LAIRD and LANGE
2006)

Zfamily:i Znon—founder:j Tz,] [Xij - E(Xl]|sl)]
22 2 T Ty Cov(Xij, Xijr | Sis T, Tigr)

where T;; and X;; are coded versions of the phenotype and genotypes of the 4t non-founder in
the *" family and S; is a sufficient statistic for the genetic information in the founders. For
quantitative traits, the phenotypes are usually coded as T;; = E(Y;; — j), where ;5 are offsets
usually chosen as the phenotype mean. The marker genotypes are usually coded according to a
hypothesized genetic model (for example a coding of {aa, Aa, AA} — {0, 1,2} would correspond to
an additive model). Conditioning on the sufficient statistic for the founder genotypes makes the
statistic robust (in terms of type I error) to population stratification as well as misspecification
of the genetic model. Further, conditioning on the phenotype makes it robust to ascertainment.
However, the conditioning on phenotypes and founder genotypes only guarantee robustness of type
I error. Typically FBAT is considerably less powerful compared to population-based association
studies, such as matched case-control studies which also protect against stratification to a certain
extent. In this chapter, we investigate the possibility of improving the power of the FBAT statistic

by changing the form of the numerator and/or by relaxing the conditioning on sufficient statistics.

Originally the FBAT numerator was motivated as a score function (RABINOWITZ 1997),
under certain models for trio data. For nuclear families or extended pedigrees, the above form of
the numerator is usually motivated as a natural measure of association between the trait and the
genotype. Note that the numerator simply measures the sample covariance between the trait and
the genotype, which implicitly assumes “no residual environmental correlation.” But except for
trio data (for which the FBAT was originally proposed), this assumption is generally unrealistic.
For example, if we use a normal model for [Y | g,,], the scores have the same form as above with
T; = 234(Y; — py) (e.g., LAIRD et al. 2000; WHITTEMORE and HALPERN 2003 and section 4.2.1
of this dissertation) instead of T; = Y; — p1, as usually recommended by FBAT. Thus the usual

coding is optimal only under the assumption of uncorrelated environments. The FBAT software
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(HORVATH et al. 2001) suggests using the Gaussian scores Z;l(Yi — ity ), but this coding is not
implemented in the software. For ascertained samples it may be difficult to obtain reliable estimates
of the population mean and dispersion matrices of the phenotype. However, in this chapter, we
have restricted our attention to this form of the numerator, assuming those parameter estimates

are available (possibly from a previous population sample).

The choice of the offsets p;; is also an extremely important issue. FBAT allows different
choices of the offsets, including the (weighted) sample mean of the phenotype. As mentioned
above, the score function based on a Gaussian likelihood uses pt = p,., the true population mean.
In general, when the true population mean is known and the assumed model is correct, the score
test gives a more powerful test than the FBAT (with p;; = Y). Note however that, for population
samples, these two tests would be equivalent (as Y = y ). Also, for selected samples, the trait
mean may often be difficult to estimate. In section 4.2.8, we discuss how the choice of the offset

affects the FBAT statistic and possible ways to construct statistics free of the trait parameters.

The numerator of the FBAT statistic is Y/ (¢g; — E(g; | Si). It is designed to detect the alterna-
tive H, , of “linkage AND association.” The null hypothesis for the test can be Hyg (no linkage and
no association), H,, (linkage but no association) or Ho4 (association but no linkage). The choice
of the null hypothesis affects the choice of the sufficient statistic S;. When testing against Hyg or
Hy 4, the sufficient statistic can be the founder genotypes. Under both of these null hypotheses, the
phenotype does not affect the mean of g;, conditional on the founder genotypes. However, when
testing against H,,, the null hypothesis expectation E(g; | g,,Y) (where g, denotes the founder
genotypes) would in general depend on the recombination fraction # which is unknown. As a way
to get rid of the dependence on 6, FBAT uses the expectation E(g; | gF,fIm), where II,,, is the

estimated IBD at the marker locus. Thus, when testing against H

o> Oi should consist of founder

genotypes as well as estimated marker IBDs. The choice of the null hypothesis should generally
depend on the design of the study. For a de novo genome scan Hyg may be appropriate. But under
certain situations, it is known a priori that the marker is linked (e.g., fine mapping under a linkage
peak) or associated (e.g., validation of an association signal obtained using a population-based
study). Ideally one should condition on gr and I1,, as this guarantees correct type I error under all
three null hypotheses, but more conditioning usually means less power. Hence it is customary to
use the type-1 null hypothesis Hyog U Hp4 (no linkage) for most purposes, except for fine mapping
under a linkage peak, in which case the type-2 null hypothesis Hoo U Hro U Hpa (no linkage or no

association) is used. In the following sections, we propose statistics for testing both the type-1 and
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type-2 null hypothesis. However, our simulation studies are restricted to statistics that test the

type-1 null hypothesis.

The FBAT statistic, like the TDT, ignores founder phenotype information. One of the
reasons for this is that in many cases founders belong to a different age group or cohort. If the
distribution of the phenotype varies with generation or age, analyzing all the phenotypes jointly
may lead to spurious associations or to attenuation of an existing association. Nevertheless, for
some phenotypes, the investigator may be able to rule out confounding due to generation effects
or remove these effects for example by regressing out age. Also, in a multigenerational pedigree,
founders who marry-in generally belong to the same cohort as their spouses and should probably
be used. When founder phenotype information is available and generational biases are absent or
removed, it may be possible to improve the power of the FBAT statistic by incorporating that
information. This is because founders convey information through their environmental correlation
with the non-founders. The FBAT statistic ignores the correlation structure of the family, and as

a result founder phenotypes are non-informative.

Similarly, the FBAT always conditions on all the founder genotypes to protect against pop-
ulation stratification. In some situations, we may have some information regarding the nature of
stratification in the population. We consider one such situation, in which there are possibly multi-
ple strata in the population but there is strong assortative mating within each stratum. We show
that, in this case, it is possible to improve the power of the FBAT statistic substantially by incor-
porating the founder genotype information partially instead of conditioning on all the information.
Although this comes at the price of detecting certain types of markers that are associated but not
linked to the trait, this is not a significant shortcoming considering that such markers if any are

expected to be rare (see section 4.4 for a discussion of this issue).

Sometimes it may be reasonable to assume that there is no population stratification, but we
may still want to use a family-based association test. In this case, using an FBAT type test that
conditions on founder genotypes leads to considerable loss of power. Hence an unconditional score
test should be used in this case. We propose extensions of the FBAT for the above mentioned

scenarios in section 4.2 and compare some of those using simulations in section 4.2.9.
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4.1.2 QTDT

Unlike the FBAT, the QTDT (FULKER et al. 1999; ABECASIS et al. 2000; ABECASIS et al. 2000)
is a likelihood ratio test for association using family data that protects against stratification. The
FBAT model just uses the marker genotype information, ignoring the IBD information at the locus.
QTDT on the other hand incorporates both the genotypes and IBD, and as such should be more
powerful. It uses a likelihood ratio test (LRT) based on the likelihood

[Y | gmaﬁm] ~ N[My +ap gp + Aw Gu, Xy + Ve (ﬁm - 2(1))]7

where gy = E(gm | 9,) and, gw = gm — E(9gm | 95),

and where the mean is “conditional on genotype” and the variance is “conditional on IBD.” Here
gp and g, constitute an orthogonal decomposition of the marker genotypes into between family and
within family components. The a,, parameter can be used to test for association, whereas a test of
ap = Ay can be used to test for presence of stratification. Being an LRT, it can easily accommodate
other parameters such as dominance effects, polygenic effects and environmental covariates. Also,
the model is quite flexible in that it can test for any of the four null hypotheses discussed in the
previous section as it separates the linkage and association parameters. Usually, the type-2 null
hypothesis is tested using the parameter a,,, while estimating the linkage parameter v, under both

the null and alternative.

In spite of its flexibility, QTDT has a number of disadvantages compared to FBAT. It
protects only against “between family stratification,” unlike FBAT, which is robust to arbitrary
ascertainment schemes. This is because it uses the founder genotype information (g) as a surrogate
for the stratum, with the implicit assumption that founders in the same family come from the
same stratum. Also, it is quite computationally intensive, particularly for selected samples as the
asymptotic chi-square thresholds fail. In such cases, permutations conditional on the observed
inheritance vectors are used to obtain the null distribution of the statistic. Also, unlike the FBAT
and the score tests it is not robust to non-normality of the phenotype. Permutation-based thresholds
would be required for non-normal traits. Also the construction of the model is slightly ad-hoc
and has some inconsistency (see section 2.2.1.4). Nevertheless QTDT is a popular approach for
quantitative traits because of its flexibility. We used the QTDT statistic as implemented in the
“qtdt” software (ABECASIS et al. 2000; ABECASIS et al. 2001) for some of the simulation comparisons

in section 4.2.9.
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PURCELL et al. (2005) proposed likelihood ratio tests similar to QTDT that attempt to
incorporate parental phenotypes. Unlike the QTDT, their procedure was only proposed for nu-
clear families and it does not attempt to incorporate IBD information. The method was further
extended to binary traits using a liability threshold model, which is currently implemented in the
“—parenTDT” option of the PLINK software package (PURCELL et al. 2007; PURCELL 2008). The
original model as proposed for quantitative traits uses similar ideas as those in the next section to
incorporate parental phenotypes and parental “genotype-phenotype” correlation (see section 4.2.4
for a comparison with the statistics proposed here). However the method has not been implemented

for quantitative traits and hence could not be included in our simulation study.

4.2 METHODS

4.2.1 Score Tests for Type-I Null Hypothesis

In this section we derive four different score statistics for “type-I” null hypotheses, i.e., under
the assumption of “no linkage”. Because of this assumption, these statistics do not require IBD

information. Score statistics incorporating IBD information will be discussed in section 4.2.2.

4.2.1.1 Model and Notation In this section we will use the notation of chapter 2. We
consider the implicit mean model (2.2.3) for vector of quantitative traits ¥ and marker genotypes
gm oObserved on a pedigree of size k, with the additional assumption that the dominance effect is

negligible (i.e., d = 0). We use the type-1 null hypothesis Hy : No linkage.
Y =p, +05 (9m — Ey,,) + €, where e ~ N(0,%.). (4.2.1)

Y. is the unknown environmental covariance matrix, which can be written as ¥, = ¥y — 522gm.
Under HWE, we have E,, = 2p;,,1 and X, = 4pq®. Further, let us assume that the pedigree
has L “founders” and ) “non-founders.” We partition the phenotype and genotype vectors into
“founder” and “non-founder” parts as Y = (Y/,Y})" and g, = (¢, 9) Let (Y,,Yy) € A be the

ascertainment scheme. Let us also partition the covariance matrices into founder and non-founder

73



parts as

g g € €
FF FN FF FN FF FN

Yy = ’ Egm - g g ;e = e e
Ynr iy ENF ENN ENF ENN

Let ¥ . denote the Schur complement of X, of the non-founder covariance matrix with respect
to the founder covariance matrix, i.e., ¥ . =X, — X, FE;VZ v Finally we define “corrected”

non-founder phenotype and genotype vectors as follows

—1
YN/F =Yy - ENFENN Y, and, In/p = 98 — E(gN | gF)'

Below we derive four different score statistics that protect against different types of population

stratification.

4.2.1.2 No Stratification: SCORE.NS This statistic does not protect against any stratifi-
cation. In this case, the likelihood model of interest is L(Y, gy | A). As shown in section 2.4, the
score for this likelihood can be obtained from the likelihood L(g,, | Y'), which does not require
knowledge of the ascertainment scheme A. Thus, by conditioning on a sufficient statistic Y for the
ascertainment, we protect the score statistic against arbitrary ascertainment. As shown before in
section 2.4, the score for the reverse likelihood L(gy, | Y') is same as the score obtained from the
forward likelihood,

exp {=5(Y = Gm)'[By = % g, |71 (V = B Gm)}

2y — 52 %y, 2

LY|gm (ﬁ) X

As shown in Appendix A, the score for this likelihood is given by
/ Xt -1 =
Y|g7n(0) =Y X7 gm- (4.2.2)

The standardized score statistic SCORE.NS is constructed using the above score function stan-

dardized by a “conditional on trait” variance. Thus, if we have observed data (Y, gm,), for i =

1,...,n for n pedigrees having the same structure, then we define
SV G,

VI B s, B Y

SCORE.NS = (4.2.3)

where we have used the fact that under the null, assuming HWE, Cov(g | A) = 3,,, = 4pmqm®.
When pedigrees of different sizes and structures are present, the definition of the statistic can be

modified as done in chapter 3 for score statistics for linkage analysis. Note that SCORE.N S easily
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extends to handling general data sets with either families or unrelated individuals or both. All
unrelated individuals in a sample can be thought of as a big pedigree where all individuals are
independent i.e ¥, = ¥, = 0. If a data set contains unrelated individuals only, SCORE.NS
essentially reduces to a linear regression of the phenotype on the marker genotypes, centered at the

population means j,. and 2p,,.

4.2.1.3 Arbitrary Stratification: SCORE.AS In the presence of unknown stratification in
the sample, the minimal sufficient statistic for the allele frequencies in the population is the vector
of founder genotypes g,. Using a likelihood conditional on g, thus leads to score statistics that
are protected against arbitrary stratification. The likelihood of interest is L(Y, g, | g,,A). Ideally,
to obtain the score under this likelihood we should condition on a minimal sufficient statistic for
the ascertainment scheme A. When A is completely unknown, the minimal sufficient statistic is
Y. Conditioning on Y leads to some loss of information in this case because of the simultaneous
conditioning on g, (unlike the no stratification case, where the score conditional on A is identical
to that conditional on Y'). The score for L(g, | g,,Y) leads to SCORE.F P, which is discussed
in the next section. Here we discuss SCORE.AS which, like FBAT, uses the idea of conditioning
on g, but ignores the founder phenotype data. This approach should be used whenever founder
phenotypes are unknown or there are possible generation specific differences in the phenotype. In
this case, the likelihood of interest is L(g, | ¢,,Yn), as Yx are minimal sufficient for unknown

ascertainment scheme A. The score for this likelihood can be derived as follows

Ly lgpvn(B) = Plgy | s, YN)
P(YN, )

P(Yn | gx)P(gn | 95)
>, POYN 1 9x) P9y | 95)
LYngN (B)

E!JN LYngN (B)P(gy | 9p)

lgN\QF,YN(ﬁ) = ZYN\QN (ﬁ) _log{ZLYzﬂgN(ﬁ)P(gN ’gF)}

Score(gy | 90, Yn) = Score(Yn [ gy) — {Z Score(Yn | gy )P(9y | 92)}

IN

where we have used P(z) to denote p.m.f or p.d.f for discrete and continuous variables respectively.

The last step uses the fact that score for a mixture likelihood is a mixture of the scores, which can
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be shown easily by differentiating the log-likelihood for the mixture distribution. The score for the

likelihood [Yi | g, ] is f/}({ ¥, gy (analogous to 4.2.2). Thus the score function simplifies to

~ In

Score(gy | 9., YN) = Y]:] E;}V [ Gy _ZQN P(gy | 95)]
9N

= Y]Zz 2;}\7 [gN _E(gN ’gF) ]

The standardized score SCORE.AS, is obtained by standardizing the above score function using
a “conditional on trait” variance. Thus, for a dataset (Y;, gmm,), for i =1,...,n on n pedigrees of

the same type, we define:

Zi Y/J(fl 2;11\] [gNi - E(gzvi |gFZ)]

SCORE.AS = i _
VIV S5k Covlay, [9r) 554 Y,

, (4.2.4)

where we have used the fact that under the null, assuming HWE, Cov(g, | 95, Yn) = Cov(g, | 95)-

The computation of Cov(g, | g,) will be discussed in section 4.2.5.

4.2.1.4 Arbitrary Stratification: SCORE.FP When founder phenotypes are available, they
can be used to improve the power of SCORE.AS. In this case we consider the likelihood L(g, |
gp,Y) as discussed in the previous section. g, and Y = (Y,,Y,) serve as minimal sufficient
statistics for marker allele frequencies (assuming unknown stratification) and selection (assuming

unknown ascertainment scheme) respectively. The score for this likelihood is obtained as follows

L9N|9F7Y(/B) = P(gN ‘gF7Y)

P(Y,9:,9y)
P(Y,g9,)

P | gm)P(gm | 9¢)
Yo P gm) P(gm | 9,)
Ly, (B)
> g LY g (B)P (g | 9)

lgolgpy (B) = lyig, (B) —10g{> Ly, (8)P(gm | 9r)}

Score(gy | 9p,Y) = Score(Yo | gm) — {Z Score(Y | gm)P(gm | 95)}-
am
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The score for the likelihood [Y | g,] is Y’ 3,1 gm (from 4.2.2). Thus the score function simplifies

to

Score(gy | 95,Y) = Y’ E;l [ Gm — ng P(gm | 95) ]
gm
=Y 2;1 [ gm — E(gm | 95) |-

Note that the founder component of (g, — E(gm | 95)] is [9, — E(9, | 9,)] = 0. By partitioning
Y and X, into founder and non-founder components and using the standard inversion formula for

inverse of partitioned matrix X, , the score can be simplified to

Score(gN ‘ gF7Y> = Y/]:]/F E;,/lF [gN - E(gN ’gF) ]7

which is similar to SCORFE.AS, but with the non-founder phenotypes regressed on the founder

F F

phenotypes. The residuals Y, ’ and the residual covariance matrix ¥ /p are used instead of the
uncorrected non-founder phenotype Y, and covariance matrix X, . Thus the founder phenotypes
act as covariates in reducing the variability of the non-founder phenotypes due to environmental
factors. Thus SCORE.FP is expected to have higher power than SCORE.AS. However, the
increase in power tends to be modest (see simulation results in section 4.3). The power improvement

is expected to increase with increase in number of founders in the family or increase in environmental

correlation between founder and non-founders.

The standardized score SCORE.F' P is obtained by standardizing the above score function
using a “conditional on trait” variance. Thus, for a dataset (Y;, gm,), fori=1,...,n onn pedigrees

of the same type, we define

Y S0t g, — B9, | 95))
\/ZZYZ»’ 57 Cou(g,, | 9.) 570 Y

SCORE.FP = (4.2.5)

where we have used the fact that under the null, assuming HWE, Cov(gp, | 9,,Y) = Cov(gm | 95 )-

Also note that Cov(gm, | g,) has zeros except for the last @ x @ block of non-founder covariances

Cov(gy | 9p)-

4.2.1.5 Between Family Stratification: SCORE.FPG Here we assume that founder phe-
notypes are known and also that stratification is “between family” only. In such a case, and if
both founder phenotypes and genotypes can be used construct a score test that derives information

from founder genotype-phenotype correlation and is, as a result, significantly more powerful than
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SCORE.AS and SCORE.FP. Such an assumption may be reasonable when there are possibly
multiple strata in the population but there is strong assortative mating, so that founders in each
family come from the same stratum. In this case the founder marker genotypes in a family are in-
dependently distributed as Bin(2, py, s), where py, s is the marker allele frequency in the stratum s
to which the family belongs (assuming HWE in each stratum). Thus the minimal sufficient statistic
for the stratum allele frequency is the founder genotype mean g,. The ascertainment scheme is
again assumed to be unknown, so that all phenotypes Y constitute the minimal sufficient statistic.

Thus the likelihood of interest in L(gy, | Y,g,). The score for this likelihood is given by

Lyg, v(B) = Plgn|d,.Y)
P(Y7gm7§F)
P(Y,g,)
P |gn)P(gm | 7,)
> PY 1 gm)P(gm 1 9,.)
N Ly, (B)
> gm L1 (B)P(9m | 7,,)

Loz, v(B) = Iyl (B) =108{_ Ly)g,,(5)P(gm | )}
Score(gm | g,,Y) = Score(Yin | gm) —{>_ Score(Y | gm)P(gm | 9,.)}-

The score for the likelihood [V | g, is Y Y1 Gm- (from 4.2.2). Thus the score function simplifies

to
Score(gm, |§F7Y) =Y 2;1 [ Gm — ng P(gm ’gp) ]

=Y 2;1 [gm_E(9m|§F)]
=Y 2;1 [gm_gp 1]5

(153}

where we have used the fact that E(gj" | g,.) = g,, for all individuals “i” in the pedigree (proved
in section 4.2.5). The standardized score SCORE.F PG is obtained by standardizing the above
score function using a “conditional on trait” variance. For a dataset (Y, gm,), fori=1,...,n on
n pedigrees of the same type, we define:

XY 50 [9mi — Elgmi |95 ]
\/Zz fi’ Y71 Cov(gm, | gr) X1 }72"

where we have used the fact that under the null, assuming HWE, Cov(gm, | g,.,Y) = Cov(gm | G,)-

SCORE.FPG =

(4.2.6)

The computation of Cov(gpm, | g,) will be discussed in section 4.2.5.
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It can be shown that the additional information captured by SCORE.F PG is essentially a

measure of the “genotype-phenotype correlation” among the founders in each family.

4.2.2 Incorporating IBD information

Most approaches for association mapping ignore the IBD information at the marker locus that may
be available from other markers across the chromosome. As discussed in section 2.2.1.4, ideally
all the available information, i.e., Y, g, and II,, should be modeled, irrespective of the type of
test (linkage or association). IBD information helps in reducing the variability of g,, by modeling
Cov(gym | 1L,) even in absence of linkage with the trait locus. Below, we discuss two ways of

incorporating IBD information in the score tests for association described above.

4.2.2.1 Testing Type-2 Null Hypothesis The four score statistics discussed in the previ-
ous section can be modified to include the null hypothesis Hyy : Linkage but No association by
additionally conditioning on the observed IBD II,, to obtain the null mean and variance of each
statistic. This is because (Y, f[m) is sufficient for the linkage parameter, and so the mean and vari-
ances become free of the coefficient of recombination 8. This approach is recommended by FBAT,
but only for the purposes of fine mapping under a linkage peak, as the additional conditioning leads
to loss of information and power. The modified versions of the score statistics described above to

test for the type-2 null hypothesis are

SCORE.IBD.NS =

> Y 501 G
VI S5 Covlgn | TLn) S50 Y
SuYh Sk lon, — Elgy, | s 1m,)]
VIV, S5k Covlay, | g, Tm) 551 Y,
S Y S0 9., — B9, | 95, 1Tm,)]
VI S5 Covlg,,, | gp, M) S50 Vi
SV B0 [ gy — Egm, | Gry T, |
VI S Covlgn, |G T) S50 Vi

SCORE.IBD.AS =

SCORE.IBD.FP =

SCORE.IBD.FPG =

where we have used the fact that [g, | 9,,Y,m]= [9y | 9, m] under the null hypothesis of
no association (irrespective of linkage). The computation of the conditional means and variances

involved in the above formulas will be discussed in section 4.2.5.
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4.2.2.2 Modeling IBD information The four score statistics derived in section 4.2.1 assume
the mean model (4.2.1), which ignores IBD information and models the distribution [Y | g,,]. The
reverse likelihoods used to derive the scores are L(gm | Y), L(9y | 95, YN), L(gy | 95,Y ), L(gm |
9,,Y). Instead of ignoring the observed IBD information, scores can be derived by considering the
likelihoods L(gm, I | Y), L(gxs T | 9 YN)s L(9n> T | 95, Y)s L(Gm, T | G,,Y). Let us first
consider the likelihood L(gN,fIm | 95, Y). We note that

L(gNaﬁm | gF,Y) X L(gN ‘ gpayaﬁm) L(ﬂm | YagF)

Under “no linkage,” the second component, L(II,, | Y,g,) becomes L(IL,,). So, the likelihood is

essentially proportional to the first component, L(g, | 9,,Y, Hm). The score for this likelihood is

given by
LgN|gF7Y7f[m(/8) = P(gN | gF7 YJ ﬂm)
_ P, gy, 9r)
P(Y,1lm, gy)
— P(Y ‘ HmvgNth) P<gN ‘gF7Hm)
229y P [ s 9593 ) P(9x | s 1im)
ZgN L(Y‘ﬁm,gN,gF)(/B>P(gN ’ gF7Hm)
Score(gy | g, Y, M) = Score(Y |, gy, 9p) — EgngF7ﬁ"" (Y | Ty gys 9p)- (4.2.7)

The model [Y" | fIm, Jns 9p) is essentially the proposed implicit model (2.2.8) under the assumption
of no linkage. The score for this model is
exp {=3(Y = B gm)'[Zy = 0% v ] (Y = 8 )}

£y — 82 vg,, [T

Ly|gm7f[m (/8) (0.8

gt (B) o =5V =3 ) 18y — 5 09, ]~ (V= 3 ) — 3 log[S, — 52 vy, Il
b (B) = B trace (1S = 52 vg, ] ™ 0, Tl ) + (V= B g[Sy — 5% i, Tln] ™ i +

SO =) [Sy — B g, Tl ™ (8 09, i) (2, — 07 g, Tl ™ (F = 3 1)
Bt (0) = Y20 G,

which is the same as the usual score from the mean model (4.2.1), which ignores IBD information.

The score in equation (4.2.7) is then given by
Seorelgy |5, VM) = V57 G — By (750 )

= i// 2;1 [gm_E(gm‘gF)ﬁm)]y
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which is same as the numerator of SCORE.IBD.FP. Similarly it can be shown that the numer-
ators of L(gy, 1 | 95, Yn) and L(gm, I, | G,,Y) are the same as those of the “type-2 statistics”
SCORE.IBD.AS and SCORE.IBD.F PG respectively. For the likelihood L(gm,f[m | Y) the
numerator is same as that for SCORE.NS and SCORE.IBD.NS, as this likelihood is propor-
tional to L(Y | gm,ﬂm). However, under the type-1 null hypothesis, the denominators should be
evaluated as variance of the scores conditional on g, , similar to the type-1 statistics and unlike
the denominators in the type 2 statistics, which use conditioning on g, and IL,. The standardized
score test for testing the type-1 null, under “no stratification” is thus the same as SCORE.NS.
The standardized score test (that models IBD) corresponding to SCORE.F P, has the form

VT B {Coul,,, | gs,) — Covg [E(g,, | 95, Tln)]} =5 Vi

which has a different denominator from both SCORE.FP and SCORE.IBD.FP. Similar formulas
can be obtained for scores corresponding to type-1 statistics SCORFE.AS and SCORE.FPG.
However, the denominator variances involve Cov(Il,,) (shown in section 4.2.5), which has to be

computed empirically.

Score statistics incorporating linkage such as those derived from the implicit model assuming
“possible linkage,” would generally require the MLE of v, (as in equation 2.3.5). Obtaining the
MLE is computationally intensive and also requires knowledge of the exact ascertainment scheme.
Although the above statistics are derived ignoring the IBD information (or assuming “no link-
age”) they are reasonably powerful to detect association in presence of linkage. In fact, the type-1
statistics have similar power to QTDT (see simulation results in 4.3), a model which incorporates
IBD explicitly and estimates the linkage parameters. However, the power of these statistics would
depend on the type of null distribution used to obtain the means and variances required to stan-
dardize the scores. The choice of the type of null hypothesis is an important issue as it has an effect
on the power to detect the alternative of interest “linkage AND association.” The FBAT software
(HORVATH et al. 2001) recommends using the type-1 statistics for most purposes except for fine
mapping under a linkage peak, as conditioning on IBD tends to reduce power (RABINOWITZ and
LAIRD 2000). Also, it is not obvious how the power of the scores that model IBD (derived in this
section) would compare with respect to that of type 1 and type 2 statistics. We will not address
these issues in this dissertation, and restrict our simulation comparisons to the type-1 statistics

described in section 4.2.1.
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4.2.3 Statistic Summary

Below we comparate the properties of the type-1 and type-2 statistics described in this section, as

well as standard approaches FBAT and QTDT. The properties are also summarized in Table 4.2.3.

e SCORE.NS and SCORE.IBD.N S give measures of total association in a sample, and are com-
parable in power to a population-based study with the same number of individuals, provided
the phenotype mean and covariance matrix (for a family) are specified correctly. SCORE.NS
uses the null hypothesis Hyg while SCORE.IBD.N S uses HypgU Hyg. Both of them have power

to detect association irrespective of linkage (i.e Hpq or Hr4).

e FBAT (and its type 2 equivalent) measure association “within a family” due to linkage. In
fact, these statistics do not have any power to detect association in absence of linkage (Hp4).
The type-1 statistic uses the null hypothesis of “no linkage” (with or without association). The
type-2 statistic uses the type-2 null hypothesis Hf , (i.e either no association or no linkage).

e SCORE.AS and SCORE.FP (and their type-2 equivalents) are similar in spirit to the FBAT
type-1 and type-2 statistics, with two differences. Firstly, FBAT takes an offset parameter
1 and assumes residual environmental correlation among non-founders is zero. SCORE.AS
and SCORE.FP, on the other hand, require the population trait mean p, and covariance
Y, parameters. Secondly, while the FBAT statistics ignore founder phenotypes, SCORE.F P
provides a way of incorporating them when they are available and generation-specific biases are
not suspected.

e QT DT measures association “within a family” due to linkage. It uses the type-2 null hypothesis
Hf , i.e., it has correct type I error irrespective of whether linkage is present. However, unlike
FBAT, it is only protected against between family stratification. It estimates nuisance param-
eters p, and X, . For selected samples QT DT gives correct type I error only if permutations
are used to obtain the empirical distribution.

e SCORE.FPG (and SCORE.IBD.FPG) measure “total association within a family,” unlike
SCORE.AS and SCORE.F P which measure only the part of the “within family association”
that is due to linkage. In particular, it derives information from founder genotype-phenotype
correlation from each family. Like SCORE.NS, SCORE.F PG uses the null hypothesis Hyg
while SCORE.IBD.F PG uses Hyg U Hrg. Both of them have power to detect association in

the presence or absence of linkage.
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Table 4.1: Comparison of Statistics

SCORE.NS | SCORE.AS FBAT SCORE.FP SCORE.FPG QTDT
Si—1s | s— > 1 S _ NIy t+ap gptaw guw,Ey +ia (m—29)]
Formula Y’Zylg Y](IEN}VQN/F Y](] oy — E(gn | gF)]Y’Eyl[gm — E(gm | 95 )]Y,Eyl[gm - gF] };\fmy Ta, gbviy"’ﬁ‘; (T, —29)]
Stratification None Arbitrary Arbitrary Arbitrary Between Family Between Family
Protection
Null T1: Hoo T1:Hopo U Hypa T1: Hoo U Hpa T1: Hoo U Hpa T1: Hoo Hoo U Hypg
Hypothesis [T2:Hoo U Hro| T2: Hf 4 T2: Hf 4 T2: Hf 4 T2: Hoo UHpg
Condition on Y Yy, 9p Yy, 9p Y, 95 Y, g, Ir
Uses Founder Yes No No Yes Yes No
Phenotypes
Founder Measures Conditions Conditions Conditions Measures Conditions
Genotypes 9r — Y on g, on gp on gp 9p — Yp on g
correlation correlation
Measures Total Association Association Association Total Association
Association |due to linkage due to linkage due to linkage Association due to linkage
in sample |within family within family within family within family within family
Detects Association | Association Association Association Association Association
& Linkage & Linkage

4.2.4 Comparison with parenTDT

PURCELL et al. (2005) proposed a model similar to QTDT that can incorporate parental phenotypes
and parental genotype-phenotype correlation. They considered the likelihood [Y | gm] ~ N[f, 3, ],

where

+cg, +d(g,—7
u+cg, (9r — 3,) (4.2.8)

=

m+bg, +w (95 —§F)
The parameters u and m are overall trait means allowing for a generational difference. The pa-
rameters b and c¢ capture stratum effects assuming between family stratification and also allow for
a generational difference. These parameters can be used to test for presence of stratification. d
and w together capture total within family association (similar to SCORE.FPQ) allowing for a
generational difference. If parental phenotypes are ignored, only parameters m, b and w are mod-
eled thus making the mean model identical to QTDT. They also considered regressing out founder
phenotypes and using the QTDT type mean model (similar to QT DT — FP). They proposed

several tests (Tests A-G, PURCELL et al. 2005, pp 251) based on constraints on the parameters b, c,
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w and d. The score statistics discussed above can be thought of as corresponding to the following

likelihood ratio tests under the paren TDT model (4.2.8).

e SCORE.NS- Hy:u=m,b=c=w=d=0 vs HH:u=m, b=c=w=d>0

e SCORE.AS - Use only offspring phenotypes, Hy: m, b, w=0 vs H;:m, b, w >0
e SCORE.FP - Same as SCORE.AS, regress out parental phenotypes.

e SCORE.FPG- Hy:u=m,b=c, w=d=0 vs HH:u=m, b=c, w=d>0

This method, as originally proposed, does not incorporate IBD information but extension to a
QTDT type model or the proposed implicit model (2.2.8) is straightforward. Also, this method was
proposed for nuclear families but can be easily extended to handle general pedigrees. In spite of the
generality and flexibility of this method, it has not been implemented into software for quantitative

3

traits to our knowledge. An extension to binary traits is available using the “—parenTDT” options
in the PLINK software package (PURCELL et al. 2007; PURCELL 2008). PLINK currently uses an
ad hoc procedure “QFAM” (PURCELL 2008) for family based association mapping of quantitative

traits that corrects for family relationships using permutations.

4.2.5 Computing Conditional Moments

For nuclear families, FBAT uses an exhaustive enumeration of all transmissions consistent with
Mendelian segregation to obtain the null distribution under no linkage, i.e., [g, | g,]. To gener-
ate the empirical distribution of [g, | gF,fIm], FBAT uses a permutation-based algorithm. The
algorithm randomly chooses neither, one or both of the parents and switches, in all offsprings, the
transmitted alleles from those parents. The exact distributions thus obtained are then used to
obtain the mean and variance of the denominator of the statistic. Extended pedigrees are broken
up into nuclear families by FBAT. PBAT (LANGE et al. 2004) uses the permutation-based R-L
(Rabinowitz-Laird) algorithm (see RABINOWITZ and LAIRD 2000, section 4.2.6 of this dissertation)
to obtain these distributions exactly. This algorithm is quite general, in that it can handle miss-
ing founder genotypes, but at the same time it is computationally intensive. In sections 4.2.5.1
through 4.2.5.3, we derive some closed form expressions for the means and covariances under these
distributions under the assumption of no missing founders. These formulas do not require the exact

conditional distributions and therefore offer considerable efficiency in the computation of the null

means and variances of the FBAT and the score statistics described in the previous section for
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situations where all the founders are genotyped. In section 4.2.6, we consider the case of missing
founder genotypes and discuss possible modifications of the R-L algorithm to obtain the conditional
distributions. We will assume a non-inbred pedigree with kinship coefficient matrix ®. Let II,, and

I1,, = E(I1,, | M) denote the true unobserved IBD and the estimated IBD at the marker locus.

We partition ®, II,, and II,, into founder and non-founder blocks as

@ — (bFF FN ’ and Hm — HFF HFN , ﬂm —

P II II

NF NN NF NN

Also, for the n'" non-founder and f** founder, we will use the lower case symbols ¢, m and # along
with the subscripts fN, nF and nf to denote respectively the f** row (written as column vector),

the n'* column and the (n, f)** entry of these matrices.

4.2.5.1 Conditional Means: Below we compute the conditional means required for computing

the numerators of the score statistics proposed in section 4.2.1 and 4.2.2.1.

E(gy | &r)
It is known (e.g., ABECASIS et al. 2000) that

E(gn | g9,) = 2¢’anF and

E(gN‘gF) = 2(I)NFgF'

This relation is easy to prove recursively for each member of a pedigree assuming it holds for that

person’s parents.

E(gy | 8;)

To obtain the mean conditional on g, we note that g s are iid binomial random variables. As a
result, [g,. | §,] has a multivariate hypergeometric distribution HG(g,;m = Lg,.,N = 2L,n = 2).
We know that mean of the multivariate hypergeometric distribution is given by E(gy,) = (nm/N).

Therefore,

E(gsl9,) = g, and,
Elgn19,) = Eg,15, [E(gn]gp)]
= 2¢ (3, 1)

= 9, (o ¢ 1=1/2).

85



E(gy | 8> Im)

Conditioning on “true IBD” gives

/

E(gn|gpanm) = T w9F and,

E(9N|9F7Hm) = HNFgF‘ (4'2'9)

When the true IBD II,, is unknown, we use the fact that [g, | g,, M] = [gy | g5, In], which follows

from our assumption that all the markers are in linkage equilibrium with each other.

E(gn | gF’f[m) = E(gn | gpaM)

= EHmlM[E(gn | gF7]'_‘[m)]

N
= 7 .9p and

E(gN|gF7Hm) = HNFgF'

The formulas 4.2.9 can be justified intuitively by the fact that the two founders who transmit
their alleles to a non-founder act as that person’s parents. To prove it more rigorously, let fi
and fo denote the two founders who transmitted their alleles to “n”. Also suppose fi and fo
transmit the %" and 5 alleles, where (i1,42) € {1,2}. The probability of each such transmission is

(1/8)1,, =T gy =1/2- Thus summing over all possible transmissions we have

2 2
E(gn | gF’Hm) = Z Z Z Z (gfl,il +gfz,iz)((1/8)]‘7Tnf1=ﬂ'nf2=1/2)

f1 feFfrin=1liz=1

2
1
= (P2 2 2 Inulruy=mp=yjz (By symmetry)

f1 feFfri=1

1
= (5)2% 1”"1‘1 Z 17Tnf2:1/2
fi

fo#f

1
= (5) Z 9s, Lapy =1/2 (Only two founders share an allele IBD)
f

- ngl Tnfr
f1

_ /
= ﬂ'anF.

E(gn |8 m)

E(gn19,,,) and E(gn | G, f[m) can be obtained similarly as (g, | ,.) using the hypergeometric
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distribution. We condition on g, and use the facts that E(g, | g,) =g,1 and 7/ 1 =1, to get

4.2.5.2 Conditional Variances: Here we derive expressions for the conditional variances of
the scores some of which can be derived as special cases of the expressions for covariance derived
in the next section.

Var(g, | &)

Let us first derive the conditional variance Var(gy, | g,). For a trio pedigree, if “p” and “m” denote
the two parents of “n,” then we know that [gn | gp, gm] ~ Ber(gp/2) + Ber(gm/2), a sum of two
independent Bernoulli random variables (namely the indicators of the “A” allele being transmitted

from each parent). Hence we get

Var(gn | 9p,9m) = 9p(2—9p)/4+ gp(2 —gp)/4
E(G2 | gprgm) = Var(gn | gp,gm) + (gp + gm)?/4
1
= E(gp + gm + gpgm)
1
E(g2 | g,) = 5 Elgp + 9m + 9pgm) | 9]

= 2¢;1Fp9Fp + 20y, 9, + 8 ¢%Fngp DrFy, GFm s

where, I, and F;, denote the founders of “n” in the paternal and maternal sides respectively. In
the last step, we used the fact that ¢,; = ¢p,p = 2¢,, 7. Using the above relation and the formula

for the conditional mean in the previous section, we get

Var(gn | 95) = Elgn | 9r) — E*(9n | 95)
= {2005, 95, + 2005, 95 + 8 G, 95, - D, 9F } — {4(nF, 95, + OnF9F,)"}
= {4905, 95, Onp, 2 + A0 F,, 9F Onr, 2} — {4005, 9F, - OnF, 9, + A00E,, 9Fm-Prr,, OFm }

= 49%, OnF, Our, (2 — 95,) + 495, OnF Onp, (2 — 9F.) (4.2.10)

where we have used the fact that ¢/ 1 = 1/2 (total kinship coefficient with founders), which follows

from the definition of kinship coefficient.
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Var(gy | 8¢, IIm)
Next let us derive the conditional variance given the true IBD, i.e., Var(gn | 9,,I). As before,

summing over all possible transmissions from founders, we get

2 2
E(gn 9o Tlm) = D> D> > > (9pin + 9pin) (1/8) ey = —1/2)

J1€F fa#f1i1=11i2=1

2 2
= E(gn | gF’Hm) + (i) Z Z Z Z gfl,i1gf2,i217rnf1:7rnf2:1/2

fIEF fa#f1i1=1142=1
(o 97 =a5)

= g;“TrnF' =+ {(1/2) Z gf 17rnf1:1/2 (1/2) Z gf217rnf2=1/2 - (1/4) Z 9]2“1 17rnf1:1/2
fier fo€F fieF

= Q;HnF + E%(gn | 95, II) — (1/2) g; Diag(I1 ,.) g,

Var(gn | gF7Hm) = g;‘HnF —(1/2) g; Dia’g(HnF) 9r
. 2 . 2
= g;Dzag(HnF)@) — g; Diag(Il” ) g,

= ¢, Diag(II*)) (2 —g,),

where we have used the fact that 2773 ;= g Vf € F. When the true IBD II,,, is unknown, we use
the fact [gn | gy, M] = [gn | gy, ] and the identity Var(Y) = Var[E(Y | X)] + E[Var(Y | X)],

to get

Var(gn | 95, Xm) = Var(gn | g,, M)
= EHm|M[VaT(gn ‘ 9r> Hm)] + Vaer\M[E(gn ‘ gF7Hm>]

=g/ 1 — (1/2) ¢, Diag(11,,) g, + .. Cov(m,, | M) g,.

4.2.5.3 Conditional Covariances: Here we derive expressions for the conditional covariance
of genotypes of two relatives that are required for computing the denominators of the score statistics
proposed in sections 4.2.1 and 4.2.2.1.

Cov(gy | &)

Let us first derive the conditional covariance Cov(gn,, gn, | 95) for two non-founders n; and ns.

Let Fe, Fy and Fy denote the common ancestors of (ny and ng), the unique ancestors of ny (i.e
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not common with ng) and the unique ancestors of ny respectively. For each common ancestor in
Fc, there is a unique “Most Recent Common Ancestor” (MRCA) in the pedigree (possibly same
as that ancestor). Two common ancestors can share the same MRCA, but a common ancestor can
not have two MRCAs. Let M¢ denote the set of MRCAs for n; and ny. Then g,, and g,, are

independent of g, and of each other conditional on gps.,. Hence,

Cov(gnys gns | 9p) = Covgy 1gi, [E(9ny | 9ncs 971)s E(Gns | 9Mc, )]

= COUgMclch [(2¢%1F19F1 + 2¢211M09Mc) (2¢;’L2F29F2 + 2¢%2M09Mc)]
= Covgylgr,, (2600, a0 90> 20, M1 9]
= 495, 1. Cov(gme | 9re) Pnomic

= 4, m. DiaglVar(gue | 9rc)|nane- (4.2.11)

The last step follows from the fact that the MRCAs are independent of each other, as each MRCA
corresponds to a distinct founder or set of founders. Equation (4.2.11) gives a recursive formula
for the conditional covariance Cov(gn,, gn, | 95)- To get a closed-form non-recursive expression, we
substitute the expression for Var(gu,, | gr,) as derived before in equation (4.2.10). For each MRCA
¢, let Foy and F, () denote the founders of ¢, in the paternal and maternal sides respectively. Also

note that Var(g. | gr,) = 0, if ¢ itself is a founder. Equation (4.2.10) can be written as

Cov(gnugnz | gF) =4 Z ¢/nlc[var(90 | ng(c)’gFm(c))]¢nZC

CGMG
=4 Z [Legrlnic[A0er, ) 9Fy (2 = 9Fy0) Beyey + 4Beh 0 IFnie) (2 = 9Fie)) Per o) |Dnac
ceEM,.
=4 Z et F 1400, F e >9Fp(c>(2 - 9Fp<c>)/¢”2Fp(c> + 4¢;11Fm<c)gFm(c>(2 - 9Fm<c))/¢”2Fm<c>
CEMC

( ¢n1Fp(c) = 2¢nlc¢n1Fp(c)> etc)

L L
=4 ) [legrl Do D [0mshn (2= gp)bnag;] + Z Z [n 1,97, (2 = g1,) b ,]

cEM, Ji€Fp(e) [i€Fp(c) fi€Fp(e) fi€Fp(e)

L L
=4 3> Mgy (n1,m2)-bny 1,95 (2 = 97,)bna

i=1 j=1
=4 ¢y, pDiag(g,) M(ni,n2) Diag(2 — g,)¢nr (4.2.12)
=4 ¢, Diag(¢n,r) M(n1,n2) Diag(¢n,r) (2 — g;) (4.2.13)
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where M (ny,n9) is the L x L matrix with (i, )™ entry given by

1 if paths f; — nq and f; — ng share at least one meiosis,
M j(ni,n2) =
0 otherwise.

In the above derivation, we have used the fact that two ancestors are on the paternal (or
maternal side) of an MRCA (who is not a founder) if and only if the paths from the founders
share at least one meiosis. In fact, one such meiosis is from the MRCA’s father (or mother) to the
MRCA. Thus, equation (4.2.13) gives a closed form formula for obtaining the genotype covariances
conditional on the founders. But is should be noted that the matrix M (ni,n2) changes with n;
and na, which can be precomputed for a particular pedigree structure. For example, if (ni,ns) are
siblings in a nuclear family the matrix M has all zero entries, whereas if a pair of grandparents are
available then that pair contributes to M, making the covariance non-zero. This can also be seen
from the recursive expression (4.2.11). In the former case all MRCA'’s (i.e parents) are founders,
so the sibs are uncorrelated, whereas in the latter case one parent is an MRCA but not a founder,
and has positive variance, resulting in a positive covariance between the sibs. Figure 4.1 illustrates
this idea.

Cov(gy | 8;)
To obtain the covariances conditional on g,, we use that fact the multivariate hypergeometric
distribution with parameters HG(g,;n = Lg,, N = 2L, m = 2) has variance and covariance given
by
nm(N —m)(N —n)

N2(N —1)
9,2-9,)L-1)

2L — 1

_ nm?(N —n)
Cov(gfi,gfjlgF) = _W—l)

Var(gs 19,) =

2L -1

In matrix notation, we can rewrite the above as

Contay 13,) = L2 iur—)

g
= h(LI—J) (where, h=Zr7—£)

AISO, E[gp(z - gF) | EF] = E[gF | EF]E[(z - gF)/ | ?p] - COU(QF | gp)

= h (2L —1)J — h(LI — J) = h (2LJ — LI),
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where J = 11’. To obtain Cov(g, ,g,, | 9,) we use the relation Cov(X,Y) = Ez[Cov(X,Y |
Z)+ Covz|E(X | Z),E(Y | Z)] by conditioning on g,..

COU(gnl,gn2 | gp) = COUQF|§F (2¢;1F9F’ 2¢;2F9F) + EgF|§F (g,FDZa’g(qsan) M Dlag(¢n1F)(2 - gF))

= 4¢>;1F[h (LI — J)]gzﬁwF +4 trace{Diag(qﬁan) Mé¢, .h (2LJ — LI)}

=200 $Y 200, pbnar + Y D My, (n1,19)40n, pbnag — > My §(11,112)26n, fbnsg

fEF fieF faeF fer

=2Lh Z (L — My, r(n1,m2)] 2¢n, fdnyf + Z Z My, 1, (n1,n2)4¢n, fbnyp ¢ — B,
fer fLEF f2eF

where we have used the facts ¢/ 1 = 1/2 and trace[ADiag(B)] = trace[Diag(A)Diag(B)]. The

last expression can be simplified to @, (see appendix D), so that Cov(g, | g,.) is given by

Cov(gy |9,) = 2Lh ®xy —hJ
= —=|2L &N — J|.

Cov(gy | g lm)
In general it is difficult to obtain an expression for Cov(g, | ¢9,,11,,) in terms of the pairwise IBDs
I1,,. However, if the true IBD configuration (inheritance vector) Cy, is known, it can be shown

that

Cov(gnl,gn2 | 9., Cm) = ﬂ:LlFDiag(gF) ]\Z/(nl,ng) Diag(2 — gF)anF

= g, Diag(n, ) M(ni,n2) Diag(r,,..) (2~ 95),
where M (ny,ns9) is the L x L diagonal matrix with (i,7)!" entry given by

- +1 if founder f; transmits the same allele to ny and no,
M; i(n1,n9) =
-1 otherwise.
A proof of this result has been outlined in Appendix E. Note that in many cases pairwise IBDs
would be sufficient to infer the matrix M, however this may be difficult for founders who are also

MRCA. For example, in the case of a sibling pair family, if the sibs share 1 allele IBD, it would
not be possible to infer which of the two parents (MRCAs) transmitted the same allele to both of
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the sibs. When (), is unknown, we can use the estimated distribution of the inheritance vectors

conditional on the marker data M to obtain

Cov(gm,gm | 9F7M> = EC’m|M[COU(g’rL17gTL2 | 95> Cm)] + COUHW\M[E(QTM ’ gFaﬂm)aE(gnz ‘ gF,Hm)]
= g;: E [Diag(ﬁan) M(nhn?) Dia/g(ﬂ-nzF) ’ M:| (2 - gF) +g; CO'U(WanﬂrnQF ’ M) Ip-

Cov(gy | EF,Hm)
To obtain Cov(gn,,gn, | 9,,Cm), we use similar ideas as for Cov(gn,,gn, | 9,.). As before, using

the moments of the hypergeometric distribution we have

Cov(g,,:9u, 1 G, Cm) = Covg ig (T, pps 20,1 95) + Eg g (9, Diag(mn, ) M Diag(mn,r)(2 — g5)]

=7, plh (LI — J)|mn,p + trace{ Diag(my, ) M Diag(mp,r) h (2LJ — LI)}

=Lh § D T gTonag + D My p(n1,m0)n, gm0 = hl.
feF feFr

Defining K (ny,ny) as the matrix M with +1 and —1 on the diagonal replaced by 1 and 0 respec-
tively, and noting that M + 1 = 2K, we get

COU(in ’ gn2 ’ gp? Cm) - Lh Z 2 Kf’f(nl’ nQ)Trnlfﬂ—an - hJ

feF
— Lhm,,, —LJ
Cov(gy | G, 1lm) = LhIlny —hJ
9.2-9,)
= I T Ie )y —
(2L—1)[ vy =),

where we have used the fact that
ﬂnl’n2 = Z 2 Kﬂf(nl, ng)ﬂ'mfﬂ'an,

feF

which follows from the definition of 7, . . When Il can not be inferred exactly the estimated

M

matrix II can be used.

NN

4.2.6 Missing Data

The score statistics discussed in this chapter can handle missing (founder or non-founder) pheno-
types and missing non-founder genotypes just by restricting Y and g,, (when constructing the statis-

tics) to individuals for which both genotypes and phenotypes are available. However, SCORE.F P
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can use phenotypes of founders that are not genotyped, as founder phenotypes can be thought of as
covariates. In either case, the conditional mean and variance of g,, should be computed based on
genotypes of all the founders including those that are not phenotyped. When some founder geno-
types are missing, the conditional moments are computed conditional on all the available genotypes
in the pedigree or a function thereof (as discussed below), including those of founders and non-
founders with missing phenotypes. In this section, we focus on partly or completely missing founder

genotypes and discuss possible modifications of the score statistics in such cases.

The formulas described in the sections 4.2.5.1 through 4.2.5.3 are useful when all the founders
in a pedigree are genotyped. When some or all of the founder genotypes are missing, one possible
approach is to impute the missing founder genotypes based on the observed genotypes, the flanking
markers and the IBD information. If imputed founder genotypes are used, the formulas described
above can be used to obtain the required conditional moments. QTDT uses a rough estimate
(average of available siblings) to impute E(g, | ¢,). FBAT, on the other hand, uses an exact
approach of conditioning on the minimal sufficient statistic based on the available data. Below, we

give a brief motivation and outline of this approach and discuss possible modifications.

4.2.6.1 Arbitrary Stratification Let g4 denote the available genotype data in a pedigree,
which includes some non-founders and possibly some founders. Let p,, denote the allele frequencies
in the founders, which can be possibly different for each founder in the case of extreme stratification.
Ideally we should use conditioning on the minimal sufficient statistic for p,, based on the observed
incomplete data g4. We recall that g, is minimal sufficient for the complete data. Hence, when g,
is partly or fully missing, one natural and intuitive way of obtaining a minimal sufficient statistic for
[94 | pm] is to obtain a minimal sufficient statistic for g, (which is unknown) based on the likelihood
[94 | 95]- RABINOWITZ and LAIRD (2000) showed that such a strategy would (by transitivity) lead
to the desired minimal sufficient statistic (for [ga | pm]), provided that the full data minimal
sufficient statistic (in this case g, ) is also “complete.” The completeness would hold only in
the case of completely arbitrary stratification. If we restrict to “between family stratification”
or “admixture,” g, is still sufficient but not complete. For example, in these cases the function
gp — gu (where gp and g, are the paternal and maternal genotypes in a nuclear family) would
have expectation zero for all p,,, thus violating the definition of completeness. Thus, if we possess

some knowledge (“restriction”) of the stratification scheme, the R-L algorithm may not generate
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the desired conditional distribution of g4 | pm. Nevertheless, even for restricted stratification
schemes like admixture, whenever g, is minimal sufficient for the complete data, this algorithm is
expected to provide a good approximation to the actual minimal sufficient statistic. However, in
case of “between family stratification,” the full data minimal sufficient statistic is g, (in stead of

g,) and hence the R-L algorithm would have to be modified to use the minimal sufficient statistic

for [ga | §F].

e Type-1 Null Hypothesis To motivate the R-L algorithm, let T'(-) and T'(g,) = ¢, denote the
minimal sufficient statistic and its observed value respectively. Let ST, denote the set T1(t,)
of possible outcomes which give the same value of the minimal sufficient statistic as the observed
data. To obtain the mean E(g4 | t,) and covariance matrix Cov(ga | t,), we need to compute
the probability P(gs | T(ga) = t,) for all outcomes g, in the set ST,. Let SF4 denote the set
{9, : P(g9a | g,) > 0} of patterns of founder genotypes that are compatible with ¢,. Let gg,
denote one such pattern in SF,. We recall that by definition of the minimal sufficient statistic,

the following two conditions are satisfied.

{90 : P(ga | gp) >0} = SF, Vg, € ST, (By sufficiency)

P(ga
P(ga | 95) _ (9a | gFo) Vg, € SFsandV g, € ST,. (4.2.14)

P(gA | gF) P(QA | gFO)

The above two conditions can be used to identify STy the support of the required distribution

(90 | T(ga) = t,]. For any g, in this support, the probability is computed as follows

P(ga | T(9a) =t,) = Z P(ga | 9r:t5)P (95 | L))
QFGSFA

P(ga | 95,)
P(ga € ST, | 95,)

= P(ga | gF07tO) =

X P(galgp,)

where the second step follows due to the fact that P(g, | ¢,.,t,) is a constant for all g, in SF,,
under the assumptions of equation (4.2.14). Thus the required conditional distribution can be
obtained by assigning an arbitrary compatible pattern gr, tO the founders and using Mendelian
transmission rules to compute P(g, | gFO). However, obtaining the support of the distribution
is computationally more difficult. It is not simply “all outcomes compatible with gr,.” The R-L

algorithm exhaustively computes the SF, = {g,. : P(94 | g,,) > 0} for each g, compatible with
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SF, and selects the subset that satisfies SF, = SF, and equation (4.2.14). The search space
can be significantly restricted by considering each g, compatible with gr,. Also wherever the
pedigree contains a genotyped-couple the pedigree underneath that couple can be pruned out.
This would lead to a number of independent sub-pedigrees P;, with disjoint sets of founders Fj.
Minimal sufficient statistics 7; can be obtained for each P; based on the observed data g 4 in
that pedigree. Then P(g, | T(ga, = To;) can be computed for each sub-part and multiplied to
obtain the joint probabilities. Note that the couples used for pruning are not counted in two
likelihoods, as the likelihood of the pedigree beneath them conditions on their genotypes.

Type-2 Null Hypothesis Under the type-2 null hypothesis, we need the distribution P(g, |
ty, Cm), where Cy, is the (true) inheritance vector. When the marker data are not fully infor-
mative the mean E(ga | t,, M) and covariance Cov(ga | t,, M) can be obtained by using the

formulas

E(ga|t,, M) = Ecm|M [E(ga | ty, Cm)]

Cov(ga | t,, M) = EcmlM[C'ov(gA | t,,Cm)] + Covg, 1y [E(ga | ty,, Cm)l-

To obtain P(g, | t,,Cm), let T(-,Cy,) and T(ga,Cp,) = t, be the minimal sufficient statistic
and its observed value. Let ST, . = denote the set T~Y(t,) of outcomes that give the same
value of the minimal sufficient statistic as the observed value. We define SF', . as the set
{9, : P(9a | 95,C) > 0} of patterns of founder genotypes that are compatible with g4 and
Cy. Let Gy be one such pattern. The conditional genotypes can be obtained as before,

using the formula
P(ga [ ty,Cm) < P(9a | 9,000 Cm)-

The support of this distribution can be obtained by searching over g, compatible with 9y ,Cm

and C,,, that satisfies the conditions

{gF : P(ga | gpacm) > 0} = SFA,Cm \v Ja € STA,Cm
P(ga|gpacm) _ P(ga!gFO,C'm)
P(gA |gFaCm) P(gA !gFO,C’m)

Note that this formulation is different from that used by the RL-algorithm. To compute condi-

Vg.€SF,, andVg, € ST, .

tional distributions in the presence of linkage when some founders are missing, the RL-procedure
outlined in RABINOWITZ and LAIRD (2000) ignores the IBD information (if available) and uses
the minimal sufficient statistic for g, and Cy, (treating them as missing) based on the observed

genotypes g,. The above procedure on the other hand assumes that the IBD pattern C,, is
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known. When C), is not available, the distribution [Cy, | M] (computed by multipoint meth-
ods) can be used to weight the means and covariances accordingly. Thus the above procedure
uses more of the available marker information for computing the means and variances at each
locus, except in the case of single-point IBD estimation. Even for single point analysis, the two
procedures differ. The RL-algorithm conditions on the minimal sufficient statistic for IBD (by
treating it as missing), so that the distribution under linkage becomes free of IBD. This extra
conditioning possibly explains the low power of Type-2 statistics with variances estimated using
the RL-algorithm. LAKE et al. (2000) observed that nuclear families with ambiguous IBD are
not used in the RL-algorithm, resulting in substantial loss of information. Currently, FBAT and
PBAT use the mean based on “no linkage” (i.e., under type-1 null) and an empirical variance
to avoid this loss of information. The procedure proposed above may provide significant im-
provement in power for type-2 statistics, although because of the computational burden under
ambiguous IBD information, computing the mean under type-1 null and using an empirical

covariance “conditional on trait” may still be preferable.

4.2.6.2 Between Family Stratification In this case, the full data minimal sufficient statistic
is given by g. When some or all of the founders are untyped, we condition on the minimal sufficient
statistic for g,_. Let T'(-) and T'(ga) = t, denote the minimal sufficient statistic for g, and its
observed value. Let ST, denote the set T-(t,). We define SF, as theset {g,. : P(ga | ,.,Cm) > 0}
of founder genotype means that are compatible with g4. Let [ be one such mean. The conditional

genotypes can be obtained as before, using the formula

Plga | t,) x Plga | 3,,).

The support of this distribution can be obtained by searching over g, compatible with 9, that

satisfies the conditions:

{9, : P(9a19,) >0} =SF, vV g, € ST,

P(ga ‘ gp) P(ga |§F0)
— = — Vg.€SF, andV g, € ST,.
P9, 19,)  Plgaldy,) o :

Note that the probabilities P(g, | §,.) can be computed using the fact that
P(ga|9,) =>_P(9algr) Ploy|7,),
Ip

where the second term inside the summation is computed based on the hypergeometric distribution.
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Under the type-2 null hypothesis, the algorithm above can be modified similar to the proposal
above for arbitrary stratification. To avoid the computational complexity of the above approach,
we can use an imputation approach, where the missing g, is estimated by its best linear unbiased

estimator (e.g., BOURGAIN et al. 2003):
g, =o'y l@ely,),

where @, , is the kinship coefficient matrix for the genotyped individuals. The imputed value of
g, can then be plugged into the mean and covariance formulas, derived in section 4.2.5 for both

type-1 and type-2 null hypothesis.

4.2.7 Handling Non-normal Traits

In this section we propose a novel score test for association mapping using second derivatives of
the likelihood function that is similar to the standard score test for linkage. This statistic can be
easily extended to incorporate higher moments (CHEN et al. 2005) as analogous to linkage scores.
However, this statistic was found in limited simulations (data not shown) to be considerably less

powerful than the first derivative based score tests.

In association analysis, we are interested in testing the hypotheses Hy : = 0 against
Hy : f # 0. We know that the score test gives a locally most powerful (LMP) test for testing
a one-sided alternative hypothesis. In general an LMP test for testing a 2-sided hypotheses can
not be guaranteed. However, it can be shown that a locally most powerful unbiased (LMPU) test
exists, which imposes the additional “unbiasedness” restriction on the test, i.e., all tests for which
the power function has a local minimum at the null value § = 0. The assumption of “unbiasedness”
is not very restrictive, as any reasonable test in this case would have a smooth symmetric power

function, with a unique global minimum at 3 = 0.
It follows from section 2.4 that the LMPU score for the reverse likelihood [gy, | Y] is same
as that for the forward likelihood

exp{—3(Y = B ) [Ey — B2 Sl ™1 (Y — B Gm)}
S, — 62 5,3

Ly, (8) . (4.2.15)

As shown in RA0 (2002) (pp453-455), the LMPU statistic for association is given by

assoc L/}//Lqm (0)

S =
LMPU LY|gm (0)’
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which, after some simple algebra (see appendix A)becomes,

assoc

S = {15 (0) + I3, (0] (4.2.16)

LMPU

Substituting expressions for lg/‘gm (0) and lg’,|gm(0), given in Appendix A, we get

S ==Y SIS Y + trace(S,'Sy) — trace(S,  gngm) + Y X grgin S, Y

= Y S gmgn' — S8, Y — trace[S, (gmgn' — Zg)]

= vec[S! Yy’ S0 — S N veelgmgn — Z.

Under the biallelic model (4.2.1), assuming random union of gametes (random mating) it can be

shown that Fg,, = 2p,, and X, = 4p;,,¢,,,®. Hence the LMPU statistic can be written as

assoc

S = vec[E;l YY’E;l - Z;l]' vee|(gm — 2pm)(gm — 2pm)" — 4pmqm ®). (4.2.17)

LMPU

Note that this statistic closely resembles the standard VC model based score statistic for linkage
(equation 2.3.1), with the marker IBD matrix 1L, being replaced by a direct measure of genotype
similarity (gm — 2pm)(gm — 2pm)’. CHEN et al. (2005) described a class of GEE based score tests
for linkage - the higher moment tests, which allow violation of normality to some extent in that
they allow the trait distribution to have non-zero skewness and kurtosis. These methods have been
discussed in detail in chapter 3. The form of the LMPU association test being similar to that
of the linkage score tests, it can be extended to handle non-normal traits using higher-moment
transformation of phenotypes (CHEN et al. 2005), in an analogous way to the higher moment based

linkage scores (3.2.2).

Although the LMPU statistic is derived under the “conditional on genotype” likelihood, it is
still optimal (LMPU) under the joint likelihood model or under selected sampling (this is proved in
section 2.4), as long as it is standardized by null variance computed under the appropriate model-

joint model or “conditional on trait” or “conditional on IBD.”

To combine data from independent pedigrees, the individual pedigree scores cannot be added.
The first part of the expression (4.2.16) being the second derivative is additive over pedigrees, but

the second part is not. Thus, in general lg/,‘gm(O) and [I{,, (0)]? need to be computed separately

Y|gm
and added to get the LMPU statistics. However, in most cases, the departure from additivity will

be small, as the cross product terms in between pedigrees for [/, (0)]? are uncorrelated.

Ylgm
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In spite of these advantages, this statistic may not be very useful in practice. Preliminary
simulations indicated that this statistic is considerably less powerful than an FBAT type statistic
based on [lg/‘gm (0)]%, and was not pursued further. Limited simulations also indicated that for
the normal distribution, LMPU scores for most problems are highly suboptimal for most non-local
alternatives. For example, the LMPU test for the mean (Hy : u = 0 vs Hy : p # 0) is based on
> Xl-2 — 02, which is known to be a poor test compared to |X|. The power approaches optimality
for alternatives extremely close to the null but drops sharply as the alternative becomes non-local.
This may not be true for other families of distributions; hence, properties of the LMPU test for

other distributions would need further investigation.

4.2.8 Parameter Dependence

In this section, we discuss possible approaches to extend the FBAT statistic to make it free of the
population trait parameters, for the simple case of a trio data set. The form of the FBAT statistic

in this case is
Y irio (Yi — pi)[gi — £(g:]5:)] .
Vi (Vi — )% Var(gi | Si,Yi)

EWENS et al. (in press), have shown that choosing the offset u; as the sample mean essentially
reduces the FBAT statistic to a test of “slope” of the regression of W; = g; — E(g; | Si) on Y;.
They noted that such a statistic is completely different from the TDT statistic which measures

the “intercept” of the same regression. In particular, they showed that for a trio data set, the

w
SDW)

using the intercept or the slope (as under the null, both are expected to be zero). The original

TDT statistic is exactly equal to The dependence of W on Y can be measured either
TDT for binary traits can only measure the intercept as Y is constant (only affected offspring are
sampled). On the other hand, for a random population sample, the intercept test would not have
any information and a “slope test” (e.g., FBAT with an offset of sample mean) would be optimal.
The score test provides an optimally weighted linear combination of these two tests, with data

dependent (self-adjusting) weights, as shown below for trios.
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Uncle-Niece Pedigree

MRCA-1 O MRCA-2

-

Cov(g1,.82 1 gF) =0

Full Sibs with Grandparents

MRCA-1

Cov(g1,9, | 9¢) > 0.

Figure 4.1: MRCA Founders

MRCA-2

Covariance conditional on founder genotypes. In the first pedigree both the MRCAs of individuals 1 and 2 are

founders, whereas in the second pedigree one MRCA (shaded) is a non-founder resulting in a positive covariance.
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{0 — ) Wil
VI (Y= )2 150w
S A=) Wi w

. L S S
> (Yi—Y)? %szvf lZiWQ

Score Test =

= w; Slope Test + wo Mean Test

where the weights w; and wo are given by

Zi TL(? — /’LY)
> (Yi— 1y )%

where w? + w? = 1. Note that under population sampling Y a pu,., so the score reduces to

> (Yi—Y)?

and, we =
Zi (}/Z - HY)Q

w1 =

the slope test (wg = 0). On the other hand, when the offspring have extreme phenotypes (e.g.,
affected proband sampling) Y; ~ Y, so the score test reduces to the intercept test or TDT (wg =
1). This trade off between slope and intercept tests is analogous to the relationship between
“correlation-based” and “IBD-sharing based” tests for linkage (FORREST and FEINGOLD 2000;
SZATKIEWICZ et al. 2003; T.CUENCO et al. 2003). As in this case, score statistics for linkage
provide an optimally weighted linear combination (SZATKIEWICZ and FEINGOLD 2004), when the
population trait parameters are known. When g, is unknown or cannot be estimated, the choice
of the offset becomes important. For discordant sampling schemes, the slope tests (u; = Y) would

tend be powerful, whereas for extremely concordant sampling schemes, conducting simple TDT

like tests (ignoring the quantitative trait) may be better.

It is also possible to construct intercept tests that take the observed phenotypes into account.
The test based on W, is strictly speaking, a test of the mean and is equivalent to a test of the
intercept only under the assumption that the slope of the regression is zero. An intercept test that
takes the slope into account could be obtained by plugging in a slope estimate under the null (i.e.

zero intercept) into the regression model. The form of such an intercept test for trios would be

n W—B? n W—@? R W, Y W —BY:
|: - i| — [ i| Where, B — ZZZ 1/7:2}/1 and a_z — Z’L ) 1/8 }/Z
—— —o— A  — . n—
\/Var(W) —Y Var(p) \/af[zgzyp?] i

Note that, like the the mean test, the intercept test is free of the trait mean p,. This gives a

possible natural extension of the TDT (an intercept test) for quantitative traits.
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It is not obvious whether a slope test or an intercept test would have more power to detect
association. The score test provides a compromise between the two, but it depends on the trait
mean /., , which is often difficult to estimate reliably in selected sample settings. Another possible
compromise would be to conduct a (regression-based) two degree of freedom test for both the slope
and the intercept. The higher degrees of freedom would tend to reduce the power, particularly
when either the intercept or the slope is non-informative (such as population sampling or affected
proband sampling). However, the 2df test would have the advantage of being free of the trait mean.
For example, in the case of trios, a 2df score test (based on a normal pseudo-likelihood of [W|Y])

for the two parameter regression of W; on Y; is given by

= =2
{22 Wi(Ys — Y)}? n® W 2 2
— = w (Slope Test)” + (Mean Test)~, (4.2.18)
(Yi = Y)? %Zz w? > WP
Y (W—W)? : - 9 1ot T rn .
where w = W Note that this statistic has a x5 distribution asymptotically under the null.

w is a decreasing function of the mean of W and an increasing function of its variance. Thus, the
2df statistic puts higher weight on a mean test, when the mean is high, but downweights it when
the variability increases. This is in contrast to the score test which weights the tests based on the

distortion of the phenotype (Y — p,.) due to ascertainment.

Thus intercept-based tests and 2df tests provide ways to construct family based tests of
association that are free of the population trait parameters. The mean test can be easily extended
for bigger pedigrees as n W/COU(W)_lw, where Cov(W) can be estimated using the formulas
derived in section 4.2.5. Similarly, the 2df test proposed here can also be extended to bigger
pedigrees using equation (4.2.18). Each of the three parts of the 2df test, namely the slope test
statistic, the mean test statistic and the weight w would involve Cov(W). Note that these extensions
are free of the trait mean as well as the dispersion matrix, as they model the distribution [W | Y],
for which the correlation structure is known. The Gaussian pseudo-likelihood assumption used for
the 2df test may not be a good approximation for this discrete distribution. On the other hand,

the intercept test is completely non-parametric and does not require the Gaussian assumption.

4.2.9 Simulation

We conducted a simulation study with nuclear families to compare the score statistics proposed in
section 4.2.1 with some standard approaches, in terms of power to detect departures form the type-

1 null hypothesis “No linkage and no association.” The statistics compared were SCORE.NS,
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SCORE.AS, SCORE.FP, SCORE.FPG, QT DT (ABECASIS et al. 2000) and QT DT — FP
(QT DT with founder phenotypes regressed out as covariates). QT DT and QT DT — FP were
both computed using the software “qtdt” with the command line options “-1 —p-values -wea” and
“-1 —p-values -wea —cp” respectively. We implemented the other four statistics in the “R” program-
ming language (R DEVELOPMENT CORE TEAM 2008). We did not use the statistics implemented
in the “FBAT” software, as the statistic “SCORE.AS” is essentially equivalent to the standard
FBAT statistic for quantitative traits. In fact, it is expected to be strictly superior to the FBAT,
as it uses the true family correlation structure, while the FBAT assumes “no environmental cor-
relation.” Similarly, the parenT DT approach (PURCELL et al. 2005) could not be included in our
simulations as it has not been implemented in publicly available software for quantitative traits.
However, our simulation results for the score statistics were roughly consistent with those of PUR-
CELL et al. (2005) for the corresponding likelihood ratio tests. Below we give an outline of the

simulation scheme.

4.2.9.1 Model Parameters We simulated a biallelic trait locus “t” with alleles “D” and
“d” (with allele frequencies p;, ¢;) and a biallelic marker locus “m” with alleles “A” and “a” (with
allele frequencies py,, g ). The recombination distance between the two loci () and linkage dise-
quilibrium between the “D” and “A” alleles (A) were fixed at different values corresponding to the

four different hypothesis, as shown below

No Association Association

No Linkage | H,, : 0 =0.5, A=0 | H,, :0=0.5, A =0.05
Linkage |H,,:0=0.01, A=0|H,,:0=0.01, A=0.05

The phenotypes were generated using the trait locus model Y = m + a ¢, + e, with m = 4 and
a = 3. Thus, the phenotypic means for the three genotype classes were E(Y | DD) = m+ 2a = 10,
EY | Dd)=m+a=7and E(Y | dd) =m =4 (i.e. dominance=0). The environmental variance
(02), the parent-sibling, the sib-sib and the parental environmental correlations (rps, rss and 7 )
were fixed at 9, 0.25 and 0.25 and 0.1 respectively. The trait and marker allele frequencies were

varied according to “stratification scheme” as follows.

1. No Stratification: Two strata with same trait allele frequency p; = 0.2 but different marker

allele frequencies p,, = (0.4,0.6). All the founders in each family come from the same stratum.
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Equal number of families from each stratum. Note that, although there are two marker allele
frequency “strata,” this scheme is equivalent to a scheme with no strata, as the phenotype
distribution is identical in the two strata.

2. Between Family Stratification: 2 strata with disease allele frequencies p; = (0.1,0.3) and
marker allele frequencies p,, = (0.4,0.6). All founders in each family come from the same
stratum. Equal number of families from each stratum.

3. Admixture: Two ancestral populations with disease allele frequencies p; = (0.1,0.3) and
marker allele frequencies ¢; = (0.4,0.6). Each founder in the sample is randomly assigned to

one of the ancestral populations with equal probability.

For each combination of the above parameters and stratification scheme, families were simulated

using the following design.

4.2.9.2 Simulation Design For simulating genotypes, each parent was assigned a stratum
membership according to one of the three ascertainment schemes above. For each parent, haplo-
types were generated independently using haplotype frequencies for that stratum determined by A
(P(AD) = ptpm+ A, etc) and then haplotypes were dropped in the families according to Mendelian
transmission rules using a recombination frequency of 6 for each meiosis. Thus a vector of trait
genotypes g;, and marker genotypes g,,, were simulated for the ith family. For each family, the envi-
ronment was simulated as multivariate normal e ~ N (0, X.) with constant correlations (within and
across strata) as defined before. The simulated genotypes and environments were then combined

as Y =4+ 3 g; + e to obtain to obtain the phenotypes.

For all the three stratification schemes, 200 nuclear families were simulated, each having three
offspring. All the simulated families were ascertained (i.e population sampling). It is important to
note that, in our simulation model, A refers to the LD within each stratum, and not to the overall
LD in the population. Thus, A does not capture spurious LD due to population stratification. It

is positive only in the presence of true genetic association.

4.2.9.3 Nuisance Parameters The nuisance parameters j,, 3, are required for computing
all the score statistics, and the marker allele frequency p,, is required for computing SCORE.NS.
The phenotype mean p, and covariance matrix ¥, were empirically estimated from all observed

families. The marker allele frequency p,, was estimated from from all the founders in the sample.
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This would not be possible for selected samples, as the estimate of p,, in that case would be
biased causing SCORFE.NS to have incorrect type I error even if there is no stratification in the
sample. Similarly, biased estimates of p,, and X, would reduce the power of all the score tests,
but type I error would be unaffected as all the statistics condition on the phenotypes. Parameter

misspecification was not addressed in our limited simulations.

4.2.9.4 Power Estimation 1000 replicates were simulated to estimate the power (or type I
error) under all four hypotheses. For the four score statistics, we considered absolute values of the
standardized statistics (defined in section 4.2.1) and asymptotic two sided p-values were obtained
using the normal distribution. For QT DT and QT DT — F P, we used the asymptotic thresholds
(i.e., without the “-m” option) based on x? distribution. As we used population samples for our
simulations, the asymptotic thresholds are expected to be correct. Power was computed for each

statistic as the proportion of replicates with p-values less than the nominal threshold of 0.05.

4.3 RESULTS

The type-I error and power results under each of the four hypotheses are summarized in Table
4.3 for all the stratification schemes. Figures 4.2, 4.3 and 4.4 show comparison of power across
statistics for the stratification schemes (1), (2) and (3) respectively. Below, we outline the results
under the three ascertainment schemes. Note that for each statistic we have used the words “power”
and “type I” error according to the type of hypothesis it is designed to detect. For example, the
rejection rate under H, is referred to as power for SCORE.FPG or SCORE.N S while the same

rejection rate gives type I error for the other four statistics.

4.3.0.5 No Stratification The power results under no-stratification and population sampling
are compared in Figure 4.2. All the score statistics including SCORE.N S have correct type-I error
under H,,. As they are based on the type I null hypothesis they have slightly elevated type-I errors
under Hrg. The QTDT statistics are slightly conservative for these hypotheses. Under H,,, all
the statistics except SCORE.NS and SCORE.F PG show close to nominal type-I error, as these
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Table 4.2: Type I Error and Power Results

No Stratification

SCORE.NS SCORE.AS SCORE.FP SCORE.FPG QTDT QTDT-FP

HO00 0.042 0.055 0.051 0.05 0.015 0.035
HLO 0.06 0.062 0.071 0.067 0.033 0.045
HOA 0.458 0.048 0.041 0.184 0.018 0.027
HLA 0.944 0.615 0.657 0.829 0.557 0.622

Between Family Stratification

HO00 0.132 0.044 0.039 0.06 0.021 0.035
HLO 0.121 0.059 0.061 0.058 0.032 0.049
HOA 0.744 0.053 0.057 0.18 0.022 0.039
HLA 0.987 0.61 0.657 0.846 0.53 0.609
Admixture

HO00 0.133 0.034 0.038 0.052 0.028 0.055
HLO 0.131 0.066 0.072 0.058 0.028 0.055
HOA 0.772 0.05 0.047 0.195 0.136 0.153
HLA 0.991 0.626 0.662 0.837 0.551 0.617

Type I Error and Power Results for all the statistics under the 3 ascertainment schemes.

statistics can detect association only in presence of linkage. SCORFE.N S has the highest power to
detect H,,, while SCORE.F PG is also reasonably powerful. Under H, ,, SCORE.N S followed by
SCORE.FPG are most powerful statistics. SCORE.AS, SCORE.FP and the QTDT statistics
have similar power. The QTDT statistics, in spite of being likelihood ratio tests and incorporating
IBD information are slightly less powerful than the two score statistics. This is probably due to the
inconsistency in QTDT model as discussed in section 2.2.1.4. The statistics incorporating founder
phenotypes provide noticeable improvement in power. SCORFE.NS is the best overall statistic in

this case.

4.3.0.6 Between Family Stratification Power results for between family stratification are
shown in Figure 4.3. All the statistics except SCORE.NS have correct type-1 error under Hyyp.
SCORE.NS has inflated type-1 error as it detects spurious associations due to allele frequency
differences across strata. SCORFE.NS also has inflated type-I error under Hpg, while the other
score statistics have slightly elevated type I errors as before. QT DT and QT DT — F' P have slightly

conservative type I errors. SCORE.F PG detects the alternative Hy4, as it derives power from
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No Stratification
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A=0,6=0.5 A=0,6=0.05 A=0.05,6=0.5  A=0.05,6=0.05

Figure 4.2: Power comparison under no stratification.

Power comparison for 200 sibships (of size 3) from a single stratum under the four different hypotheses.

founder genotype-phenotype correlation, which can be detected irrespective of linkage. Under H 4,
as before, SCORE.AS and SCORE.F P have similar power to the QTDT statistics, with founder
phenotypes giving slight improvement in power. SCORE.N S gives the highest power followed by
SCORE.FPG which provides considerable power improvement while maintaining correct type 1

error rates. Thus, SCORE.F PG is the best overall statistic under between family stratification.

4.3.0.7 Admixture Power results under admixture are summarized in Figure 4.4. In this case,
all the statistics except SCORFE.NS give close to nominal type I error rate under Hyy and Hpyg.
SCORE.F PG was expected to have incorrect type I error in this case. But our sample size may
have been too small to detect the elevation of type I error. Under our design, the effective sample
size for SCORE.F PG to detect spurious association is half the total number of founders, as half of
the founder pairs come from the same ancestral population. SCORFE.N S has the highest power to
detect Hpa, followed by SCORE.FPG. The QTDT statistics show incorrect type I error under this
hypothesis, as they are designed to protect against between family stratification but not against
admixture. Under Hy 4, as before SCORE.N S and F PG have highest power while the other four
statistics have similar power. SCORFE.AS and SCORE.FP are slightly more powerful than the
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Between Family Stratification
1.2
1
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Figure 4.3: Power comparison under between family stratification.

Power comparison for 100 sibships (of size 3) each from two strata under the four different hypotheses. Parents in

each family come from the same stratum.

Admixture
1.2
1
0.8 M SCORE.NS
' M SCORE.AS
[ B SCORE.FP
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A=0,6=0.5 A=0,6=0.05 A=0.05,6=0.5  A=0.05,6=0.05

Figure 4.4: Power comparison under admixture.

Power comparison for 200 sibships (of size 3) from an admixed population under the four different hypotheses.

Parents in each family belong to either of the two strata with probability 1/2.
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QTDT statistics. Founder phenotypes provide modest power improvement. It is not clear whether
SCORE.F PG should be preferred in this case. Further simulations may be required to understand
the effect of admixture on SCORE.F PG. For the hypothesis of Hy 4 , SCORE.F P has the highest

power with theoretically correct type I error rate.

4.4 DISCUSSION

In this chapter, we proposed novel score statistics for association mapping of quantitative traits and
compared some of them with two of the standard approaches for family based association mapping
of quantitative traits, QTDT and FBAT. Family-based tests of association are designed to protect
against population substructure, unlike population-based association tests such as ANOVA-based
methods. However, in gaining that robustness, they suffer considerable loss of power to detect
association compared to the population-based tests. This power loss can be mostly attributed to
the fact that these tests condition on founder genotype information and ignore founder phenotype
information. Both of these factors imply that family-based tests can only detect cotransmission of
alleles due to linkage as they do not make use of genotype-phenotype correlation among founders

which contains most of the LD information.

Ignoring founder phenotypes is often justified, as there may be age or generation specific
differences in the phenotypic distribution. However, in many situations this may not be a concern,
particularly for founders who marry into a multi-generational pedigree. When founder phenotypes
are available and it is reasonable to use them, we proposed two extensions of the FBAT-type test
(SCORE.AS) that attempt to retrieve the LD information in founders partially. The first of
these, SCORE.F P, just uses the founder phenotypes, while not making any assumptions about
the nature of stratification. As such, it is protected against arbitrary stratification, while providing
modest improvement in power due to environmental correlation between founders and non-founders.
The second, SCORE.F PG, makes the additional assumption that there is only between family
stratification (an assumption that is also made by QTDT), and derives information from founder
genotype-phenotype correlation (within families) to significantly improve the power to detect as-
sociation (irrespective of linkage). This statistic is protected against allele frequency differences

across strata, as long as all founders in each family come from the same stratum. However, using
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the genotype-phenotype correlation also means that this statistic has power to detect markers on a
different chromosome or those placed far from the QTL on the same chromosome, that are still in
LD with the trait. The proposed unconditional score test SCORE.N S as well as population-based
methods such as case-control studies also detect markers that are in LD but are not linked to the
trait (even when there is no stratification). Such markers are generally undesirable to most investi-
gators, but they are extremely rare. Such associations can be a result of a recent mutation /founder
effect, joint selection or due to some unknown epigenetic factors. Arguably, the primary objective
of family based association tests is to protect against spurious associations due to systematic allele
frequency differences across strata. By measuring only “association in the presence of linkage,”
they rule out both kinds of spurious association those due to stratification and also those due to
unknown genetic factors. However, in doing so, these statistics lose a part of association information
that is independent of the linkage information. On the other hand, by relaxing the requirement to
protect against these rare markers, considerable power is gained (as seen in our simulations), for

detecting markers of interest, i.e., those that are linked and in LD with the trait.

Assuming, that the “no within family stratification” assumption remains valid, SCORE.F PG
thus provides a way to significantly improve power of family-based association, while protecting
against spurious associations caused by the differing allele frequencies (and disease prevalence)
across strata. When it is important to strictly guard against markers that are in LD but are not
linked, one possible strategy may be to apply SCORE.F PG for an initial genome scan, and then
screen the resulting marker list by SCORE.AS or SCORE.F P to identify and drop the unlinked
markers. This strategy preserves higher power at the first stage, while ensuring that the markers

retained after the second stage are both linked and associated.

Thus, our simulation results indicated that when founder phenotypes can be used, SCORE.NS
and SCORE.F PG should be the preferred statistics provided the assumptions of “no stratifica-
tion”or “between family stratification only” respectively, are reasonable. SCORFE.F PG provides
higher power than QT DT, which also protects only against between family stratification. When
this assumption can not be made, modest improvement can be gained by using SCORE.FP;
QT DT — FP can not be used in that circumstance as it has inflated type I error. Under “admix-
ture”, SCORE.FPG did not show detectable type I error inflation in our simulations. Limited
experiments with strongly disassortative mating (parents always come from separate strata), showed
significant type I error inflation. This suggests that larger sample sizes (which would increase the

number of discordant couples) may lead to incorrect type I errors. An increase in the number of
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founders in each family may also inflate type I error. Further simulations would be required to

judge the extent of the impact of admixture on SCORE.F PQG.

There were many limitations in our simulation study. We considered population sampling
and only a few stratification schemes. Selected sampling can have a significant impact on the per-
formance of the statistics as the nuisance parameter estimates or input values may be biased. Our
stratification schemes were based on varying the trait allele frequency parameter. Stratification
may be caused by change in trait prevalence with any of the other parameters m (environmental
mean), a (relative risk) or o2 (environmental variance). It is possible that the statistics would
compare differently when strata are generated by changing those parameters. Similarly, a better
understanding of the performance of the statistics under admixture would require a realistic simu-
lation from an admixture model using multiple loci. Also, we could not compare the performance
of our statistics with the “paren TDT” approach of PURCELL et al. (2005) owing to lack of software
implementation. We expect that the score statistics would be roughly equivalent in terms of power

to some of the LRT statistics proposed in PURCELL et al. (2005) and more robust to ascertained

sampling, but a detailed simulation study would be required to confirm this.

In many practical scenarios, if the assumption of strong assortative mating holds, it is likely
that stratum membership would be known for each family. In such cases, SCORE.FPG can
be improved even further by conditioning on the “stratum founder genotype mean” instead of
restricting to each family. Such a statistic would measure total association “within strata” and
would be almost as powerful as an unconditional population-based test. However, SCORE.F PG
would not work if there is admixture, or even in the simple case where there are two strata but the
condition of strong assortative mating does not hold. However, it should be noted that different
scores can be used for different families in a data set. For example, if a subset of the families are
from an admixed population, then SCORE.F P can be used for those families and SCORE.F PG
for the other families; variances of all the families are added together to obtain the denominator of

the standardized score statistic.

In this chapter we also derived formulas for conditional moments required to compute the
proposed score statistics. When founder genotypes are available, these formulas can provide quick
estimates of mean and variances of the score statistics for bigger pedigrees without resorting to
gene dropping. When the founder genotypes are completely missing, the R-L algorithm or one

of its modifications proposed in section 4.2.6 can be used to derive the distribution (and the mo-
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ments) of the numerators conditional on the minimal sufficient statistic for the missing genotypes.
This algorithm is quite intensive computationally, particularly for the type-2 null hypothesis. Al-
though imputation is generally not recommended, it is becoming increasingly popular with dense
genomic scans and LD maps being available. Imputing missing founder genotypes based on the
available genotypes in the pedigree at one or multiple loci can help in fast calculation of the score
statistics using the formulas derived here. Also, the proposed modification of the R-L algorithm
for SCORE.F PG is highly computationally intensive. When some of the founders are available,
SCORE.F PG can be constructed by conditioning on the mean genotype of the available founders,

thus retrieving the genotype-phenotype correlation in that subset of founders.

Although the type-1 score statistics assume “no linkage” for computing the null distribution,
our simulations indicated that the type I error inflation under Hyg is not appreciable. Thus it may
be adequate to use the type-1 null hypothesis for the proposed score tests as well as FBAT for most
purposes. This is particularly relevant in presence of missing founders, for which the R-L algorithm
increases the computational burden substantially. Another shortcoming of the R-L algorithm for
type-2 statistics as used by FBAT (RABINOWITZ and LAIRD 2000) is that it leads to considerable
reduction of power due to loss of nuclear families not informative for IBD. This problem stems from
the fact that when IBD information is not perfect, the R-L algorithm conditions on all possible
IBD configurations without weighting them based on posterior probabilities of the configuration.
Due to this power loss, FBAT and PBAT currently use an empirical variance estimate. The power
reduction problem may be remedied by using the modified version of the R-L algorithm for type-2
null hypothesis proposed in section 4.2.6. Simulation studies with different kinds of missing data
and IBD configurations would be required to verify this claim and also compare its performance to

the empirical variance approach.

Finally, we studied the relationship between score statistics and slope and intercept tests as
defined by EWENS et al. (in press) and used this distinction to suggest an intercept test for trios
that parallels the TDT while incorporating the quantitative traits. We also discussed the possibility

of deriving joint 2 d.f slope and intercept tests that would be free of trait nuisance parameters.

Decision trees for choice of family-based association mapping statistics are shown in Figures
4.5 and 4.6 for pedigrees with and without founder phenotype information respectively. Note
that we have included only the score statistics and the QTDT-type statistics, as these can handle

general pedigrees. For specific types of data sets such as trios, sibpairs and nuclear families there
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Figure 4.5: Choice of Statistics for Family Based Association Mapping when Parental

Phenotypes are Known.
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are other specialized methods that we did not consider in our flowcharts. These flowcharts give
tentative guidelines based on expected theoretical behavior of these statistics. Further simulations
would be required to arrive at more precise recommendations. For selected samples with nuisance
parameters unavailable, none of the methods considered here are ideal. Hence the corresponding
boxes in the flowchart have been marked with a “?”. All the score statistics discussed here as well
as QT DT (with permutations) would have robust type I error with arbitrary parameter estimates.
However, power would be sub-optimal and may be highly sensitive to choice of some of these
parameters. FBAT ignores the within family residual correlations and requires only the offset
parameters, making it an attractive statistic for these situations. However, it can be argued that
FBAT essentially misspecifies the family correlation matrix as the identity matrix, which makes it
a sub-optimal statistic. Also, it should be noted that in most cases, choice of “sample mean” as the
offset parameter is likely to be a bad choice in selected sampling scenarios (see section 4.2.8). A
detailed parameter sensitivity study would be required to assess whether FBAT with a reasonable
offset choice is an efficient statistic for selected sampling scenarios when parameter estimates are

unknown or unreliable.
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5.0 DISCUSSION AND FUTURE WORK

In this dissertation, we discussed a number of different existing score statistics and proposed some
novel score statistics for linkage and association mapping mapping of quantitative traits. Most
of these score statistics are based on one of the implicit models discussed in Chapter 2. The
implicit models intuitively capture the parameters of interest, namely linkage and association,
using the assumption of a normal distribution for the phenotype which allows mathematical and
computational simplicity. In reality, quantitative traits may be skewed or multimodal. There has
not been significant progress in the literature for mapping of non-normal traits. When dealing
with highly non-Gaussian traits, the likelihood ratio as well as score tests based on a normal
assumptions should be used with care. Score statistics should be preferred when the data cannot
be transformed to approximate normality, as they guard against false positives. But even when the
normality assumption for the phenotype holds, the implicit models may not adequately capture
the linkage or association information and suffer loss of power. Methods for linkage mapping of
binary traits often model 6 explicitly up to a few nuisance parameters; this is usually difficult for

quantitative traits because of the continuity of the trait distribution.

Even under a normal model, the nuisance parameters include relative pair correlations which
grow in number with pedigree size. As seen in chapter 2, the variance components model or the
proposed implicit model possibly require some unrealistic assumptions such as uniform linearity of
E(I1; | I1,,) and homoscedasticity of g; | gm. For a given normal distribution (of the phenotype),
the validity of the implicit models can be checked by obtaining the exact (explicit) distribution of
(9t | gm, ;] computationally using Mendelian transmission rules. Explicit models that maximize
over nuisance parameters may provide considerable improvement in power to detect linkage or
association and also provide direct estimates of the parameters. Often, because of the confounding

of multiple nuisance parameters, it is difficult to interpret estimates under implicit models. For
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example, the estimate for “additive genetic variance” under a variance component model for linkage

is a valid estimate of that parameter only when there is perfect linkage.

Our proposed implicit model 2.2.8, combines the implicit linkage and association parameters
into a single model similar to the VC model used by QTDT. It was used to derive a score statistic for
linkage that allow for presence of LD, which has become increasingly relevant with linkage studies
being conducted with high density markers. However this score statistic may be computationally
intensive, even for a single marker. Similarly it also allows for an association test that incorporates
the extent of linkage of a marker. Such tests (e.g., QTDT) should be more powerful than tests that
are derived under models assuming no linkage such as the FBAT and its modifications discussed
here. However in our simulations in chapter 4, QTDT was consistently less powerful than FBAT.
The power may be improved by using model 2.2.8 which is possibly a more consistent model with

fewer assumptions than the QTDT model 2.2.6.

Family based association tests are considerably less powerful than population-based tests
such as case-control tests, as they do not attempt to incorporate genotype-phenotype correlation.
In chapter 4, we proposed some score tests that improve on the power of family-based tests, when
founder phenotypes are available and can be used. An important outstanding issue in family based
association tests is handling missing founder genotypes in a computationally tractable way. The
algorithms currently used, as well the modifications we proposed, are computationally inefficient.
Breaking of pedigrees into independent parts as suggested in section 4.2.6 may provide substantial

computational speed up in most cases, but requires further study.

Score statistics for both linkage and association that condition on traits lose some power
due to conditioning on a sufficient statistic Y that is not minimal sufficient. The numerator of the
scores are invariant up to the nuisance parameters. The denominator is Var(Score|A), where A
is the ascertainment scheme. Ideally the variance should be computed conditional on a minimal
sufficient statistic: Var(Score|T(Y')), where T(Y) is minimal sufficient for 4. For most practi-
cal ascertainment schemes it may be difficult to obtain a minimal sufficient statistic. PENG and
SIEGMUND (2006) suggested using probands phenotypes as a sufficient statistic for most “regular”
ascertainment schemes. It may be possible to obtain similar sufficient statistics specific for each
scheme that may not be minimal sufficient but contain less information than Y. However even if
such statistics are as simple as “range of Y” or “maximum of Y,” it may be difficult to derive the

theoretical conditional variances of the scores, or empirical estimates for them. If the sample size is

117



sufficiently large, an empirical variance of the numerator can give a reasonably accurate estimate of
this variance. In chapter 3, we found empirical variances to be conservative under our simulations.
Further experiments with sample size are required decide whether empirical variance estimates are

reasonably correct for practical sample sizes.

We did not consider combined “linkage and association” studies (i.e. linkage AND/OR
association) in this dissertation. These may be very relevant for investigators who have family data
originally collected for linkage studies, but with high density genotypes for all family members.
Often, the disease or trait of interest has not been mapped in detail previously, and there is
little or no prior information about possible location of genetic susceptibility variants. In such
circumstances, the investigator has no reason to prefer either linkage or association methods. A
combined linkage and association study may be preferred to get an idea of the regions of interest
if any. It is possible to construct 2 d.f. scores for combined linkage and association (i.e Hy :
B =0, v, =0) simply by squaring and adding the standardized scores for linkage and association
derived under the same model (e.g., the proposed implicit model), fixing the other parameter at
the null value. This is because the linkage and association scores are orthogonal, which can be seen
by observing that

Cov(Sp,S4) = E[Cov(f1(Y)Gm, f2(Y) vec(Il,) | Y)] = f(Y) Cov(gm, vec(Il,))

= f(Y) Cov(E(gm | ), vec(ILn))

= 0

where f1, fo and f are some functions of the phenotype, Sy, and S4 are the linkage and association
scores. It is not clear, how such a statistic would compare in terms of power to 1 d.f. linkage or
association scores. However it avoids making assumptions such as no association or no LD, typically
used to a certain extent by linkage and association statistics (as the scores for each parameter are
derived fixing the other at the null value). However in the presence of population stratification, the
association score would involve [g — f(gr)] and would not be orthogonal to the linkage score. Hence
it may be necessary to use empirically estimated information matrices to combine the scores. An
alternative strategy to deal with stratification may be to do an “association” ( such as SCORE.NS)
or “combined linkage and association” scan followed by a linkage scan such as VC or a “linkage

AND association” scan (such as FBAT) to prune out the spurious associations.

One of the most important outstanding issues for quantitative traits mapping is dealing with

non-normal traits. The higher moment score tests (CHEN et al. 2005) provide a way to improve
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power of linkage score statistics by incorporating skewness and kurtosis information. However
this introduces two additional nuisance parameters to which the power is highly sensitive. These
parameters are very difficult to estimate accurately even from population samples with small sample
size. Nevertheless when these parameter estimates are available a-priori, they provide significant
power improvement. We attempted to construct an association score that could be extended to
use higher moment extension, but it turned out to be grossly under-powered. The semiparametric
approach of D1A0 and LIN (2005) can handle arbitrary distributions of traits under a VC model for
linkage. D1A0O and LIN (2006) proposed semiparametric extensions of the family based association
tests QTDT, FBAT and PDT (Monks and KAPLAN 2000; MARTIN et al. 2000) that can handle
arbitrary trait distributions. However the semiparametric approach cannot handle selected samples
as it is based on a likelihood ratio test. Further work is needed in this area to develop score tests

that retain high power under a large class of trait distributions.

All the score tests discussed in this dissertation depend on the trait distribution parameters
iy, and X,. The estimation of these nuisance parameters for selected samples is an important
issue for all linkage and association score statistics as well as likelihood ratio tests. Score tests are
robust to the specification of these parameters, but suffer considerable loss of power when these are
wrongly specified as seen in our sensitivity analysis (chapter 3). Estimation of these parameters
using conditional likelihoods are feasible only for very simple ascertainment schemes. In reality
ascertainment schemes are generally complex and almost always impossible to specify in terms
of quantitative traits, as probands are usually ascertained based on disease status. Considering
the importance of nuisance parameter estimation, ideally population-based pilot studies of the
phenotype should be conducted prior to linkage or association studies using ascertained samples.
When this is not feasible, a portion of the data may be used to estimate nuisance parameters as
suggested in section 3.5. This approach provides a way of obtaining nuisance parameters estimates
from selected samples (with arbitrary unknown ascertainment scheme) that are designed to optimize
the power of the relevant statistic. Simulation studies would be required to assess whether such a
strategy provides enough power improvement to balance the power loss due to reduction of sample

size.
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APPENDIX A

DERIVATIVES OF THE LIKELTHOOD FOR THE MEAN MODEL

Here we obtained the derivatives of the likelihood for the mean model 2.2.3, which are required
for obtaining the SCORFE.NS in section 4.2.1 and the linkage score for the mixture normal model
(2.2.5). Here we denote g, and I1,, by g and II for clarity. For any likelihood function Ly(a), we

have the identities

L0 = g

wy _ Lg(0) [Lg(0)]7

o0 = L0 0P
and hence ijgg; = 1,(0) + [l’g(())]Q.

Next let us consider the “conditional on IBD” likelihood (2.2.5). Note that the identities also hold

for the conditional likelihood Lyy(a). Directly taking logarithms and differentiating we get

1(0) = Zl’ P(g | T0)

= g|H[lg(O)]

v LOY, LO)P( ) - [, Ly(0)P(g | P
(o) = 0]

= > [15(0) + 1,(0)*]P(g | TT) — Xﬁ’ P(g | D]

= Eyully(0)] + Varym[ly(0)].
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Next, we derive I} (a) and I (a) explicitly. The likelihood and log-likelihood functions are
exp{—3(Y =B g)/[¥y = 8 2y (V - 8 9)}
2y - 52 %2
1 - ~ 15 _ 1
G(B) < —5(Y =83 [Ey - BB (Y -8 g) - 5 log |2y — B2 2.

Lg(9)

We will need the following matrix identities (TANG 2000), for invertible matrix G and scalar z :

-1
8§x = —G_lng_l and 810g83|;G’ = tmce(G_lgf). (A.0.1)

Using these identities and the usual chain rule of derivatives, the first and second derivatives of the
log likelihood are obtained to be
lg(8) = Btrace ([Sy — 47 3] Bg) + (V=B 9)[S, — 87 5] 7" g

~(V =39 [S, =62 87 (BF,) [B, -7 8] (V= 8 9)

19(B) = trace ([S, — 5% Sy Bg) +26% trace ([S, — 8% S,] 7" B[S, =2 571 5g) =7 [S, -6 57" g
+ Qﬁ (Y_ﬁ g)/ [Zy _ﬁQ Zg]_l Eg [Ey _ﬁQ Zg]_l §+2(?_6 g)/ [Zy _ﬁQ Zg]_l (6 Zg) [ZY _62 Zg]_l §
- (Y =89 [5 - S S [B, —202 8] (Y = 89) —482 (Y -89) [B, -2 ]! 5,
£, —B° )7 g (B, =B BT (V-8 3)

Substituting 8 = 0, we get

e -
1o =Y ' g
170) = —Y'S'SS0Y + trace(S]'S,) — 7507
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APPENDIX B

MOMENTS OF THE SCORE STATISTIC

Here we derive the null and alternative means and variances of the score statistic for an extended
pedigree. It provides an alternative to the more complicated derivation outlined previously in TANG

and SIEGMUND (2001).

Let Y be the phenotype vector for a pedigree with mean 0 (for simplicity) and variance

covariance matrix . Let A, be the matrix given by

(Ar)ij = 2(I1;; — 2945),
where II;; and ®;; are the estimated IBD and kinship coefficient between the ith and it" individuals
of the pedigree. The assumed model is Y ~ N(0,%) where ¥, = ¥ + aA,, with a = 02/2, and

dominance is assumed to be zero. The score statistic can be written as (TANG and SIEGMUND

2001),

1
S = —i[tmce(EflAﬁ) —trace(X 1A ZTIYY)).
It is easy to see that null and alternative means are given by po = 0 and
e = E[E(S | 7)] = (o/2) E{trace[(X ' A;)%]}.

The variance can be computed as follows.
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Vary(S | m) =(1/4)Var[trace(X 1A, S71YY")]

= (1/4)Var(Y'S 1A, 271Y) [ Trace is commutative]

= (1/4)Var(Y'CC'ACC"Y) [T is positive definite, £ = B'B and £~ = CC’, C = B~1].
= (1/4)Var(Y'CP'D\PC'Y) [C"A=C = P'D\P using spectral decomposition of C’AC' ]

= (1/4)Var(Z'D)\Z) [defining Z = PC'Y |.

= (1/4) > Var()\ Z?)

= (1/4)>>7 4 Z 2(1 + a\)? [ Z ~ N(0,I+ aD,) ie., Z;s are independent N(0, 1 + a;) .
= (1/4) Y7, 2002 + 2203 + a2A})

(1/2){trace[( LA + 2a trace[(ST1AR)?] + o trace[(S7HAR)Y}

Therefore,
02 =Var(S) = Var[E(S | m)] + E[Var(S | )]

= (&% /4)Var{trace[(S7 Az} + (1/2){trace[(X 71 A)?] + 2a trace[(X 71 Ax)?] + o trace[(X 71 A,)*]}
Substituting o = 0, gives

02 = (1/2)E{trace[(X 7 A;)?]}.

For sibships ¥ has a simple form (all diagonal elements equal and all off-diagonal elements equal).
Thus, a simple expression for ¥~ and hence the moments of the score statistic can be obtained

(e.g., see TANG 2000).
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APPENDIX C

LARGE MATRIX INVERSION

Let us consider a pedigree of size s. The computation of the MERLIN-REGRESS (SCORE.MERLIN),
as originally defined, involves an inversion of a s(s+1)/2 x s(s+1)/2 matrix, of trait squared sums
and differences. However, as suggested by the calculations in the appendix of (CHEN et al. 2005),
it suffices to invert the a s x s dispersion matrix. If {2 denotes the s x s trait dispersion matrix,
then following the notation of CHEN et al. (2005), the inverse of the Gaussian working covariance

matrix is given by:

(Q-1)? Ot ot where,

il im

GO = 0 2 (Qi]’)Q 2 Qil Qim
0 2 Qi Qi Qom + 2 Quim Qi

where €2;; and Qi_jl are the elements in the i** row and j** column of Q and Q7! respectively. Direct
symbolic multiplication can be used to verify this inverse. This offers significant improvement in
computational speed for large pedigrees. Additionally for sibships, the 2 matrix can be inverted
analytically as it has a simple form (all diagonal elements equal the trait variance and all off-diagonal

elements equal the sibling trait covariance).
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The higher moment working covariance matrix M? is also a s(s+1)/2 x s(s+1)/2 matrix.

This matrix can be inverted by inverting at most one 2s x 2s matrix. This matrix is defined as

follows.
Q ms3 I 0

MD = ms I 2 (Qi]’)Q + my I 2 Qil Qim N where ms = ’3/363 and myq = ’?4&4.
0 2 Quj ij Qul va + 2 Qum Qvl

Here 43, 44 and 2 denote the estimated trait skewness, kurtosis and variance. It can be shown

that M? = G° + BDB’, where

m3[ 0
0 I 1 —my I T
B = 0 I |, D= and D™ =
I mal I 0
0 0

Using the following identity (e.g., RAo 2002),
(A+BDB)Y '=A"1' - A'B[BA'B+ DB AT

it suffices to invert the 2s x 2s matrix

m2 QO — my I 1
B (G 'B+D = ; !

For sibships, the matrices in the diagonal blocks again have the same simple form as 2 (diagonal
elements equal and off diagonal elements equal). Hence, using the theory of partitioned matrices,

this matrix (and hence M?) can be inverted analytically.
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APPENDIX D

CONDITIONAL COVARIANCE FOR SCORE.FPG

Here we prove the following identity used in the derivation of Cov(gy | gr) in the section 4.2.5

(required to obtain denominator of SCORE.FPG):

Grms = O [1 = My p(n1,12)] 260, fbnor + > Y My, g, (n1,n2) 400, fény s

feF f1€F foeF
To prove this, we consider 1 — ¢, the probability that two alleles a; and az drawn randomly
from n; and ngy are not IBD. This event can occur if either (a) a; and ag come from two different
founders f; and fa respectively or (b) a; and az come from the same founder f, but are not IBD.
In case (a), all founder pairs can contribute except those with Mg, ¢,(n1,n2) = 1 (i.e., those for
which the paths to n; and ng have a common meiosis). For any such founder pair, the probability
of transmitting the two alleles is 4¢y,, fdn, s (product of the two path length as the paths don’t
coincide in any meiosis). In case (b), note that f has to be an MRCA-founder (if not, the paths
from f to n; and ny would coincide in all the meioses starting from that founder to the MRCA). For
any such founder, the probability of transmitting two non-IBD alleles is 2¢y,, t ¢y, s i.e., the product
of path lengths times 1/2, as there is an equal probability that the same allele (IBD) would be

transmitted to both n; and ng. Therefore, we can write 1 — ¢y, n, as

L= bnn, = Z Z [1 = My, f,(n1, n2)|40n, fdno s + Z [1 = My r(n1,m2)] 2¢n, fOn,f

F1E€F foeF, fo# f1 fer
= D> [ =My, (n1,n2) A, pEnag — Y [ — My p(n1,n2)] 260, fdns -
f1€EF fa2€F fer

Subtracting both sides from 1, and using the fact that ZfleF ZfQEF 4o, fPny s = 1, we get the

required identity.
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APPENDIX E

COVARIANCE CONDITIONAL ON IBD

Here we prove the result 4.2.14. To derive Cov(gn,, gn, | 97, Ilm), we first note that the g,; can be
written as gy, i, + gf,.i,» Where fi and fo are two founders who transmit there i‘h and ik alleles
respectively to nq. Similarly gno = ¢5.i5 + 9fi.ia- Also, we note that [gr1 | gf] and [gy, | gf] have
hypergeometric distributions HG(2, gf,1) and hence have mean g¢/2, variance (g¢/2)(1 — g5/2)
and covariance —(g¢/2)(1 — g5/2). The transmitted and non-transmitted allele have Bernoulli
distributions with success probability gr/2 and hence have the same moments. To see that result
4.2.14, we verify it explicitly for all possible IBD configurations for the pair n; and no.

Case-1: 7y, p, = 1

In this case, we must have (f1,41) = (fs,43) and (fa,i2) = (f1,14)
Cov(gnl,gm | gF,Hm) = Var(gfl,il + Gfai | QF)
= Var(gfl,il ‘ gfl) + Var(gfz,lé | gfz)
(97 (2 —9£)/4 + 1952 —91,)/4] -

Note that g¢, ;, and gy, s, are independent, as the paths fi — nq and fo — nq (and similarly the
paths fi — n; and fo — nj) cannot intersect, due to our assumption that f; and fo transmit 2
distinct alleles to np (similarly ng).

Case-2: m,, n, = 1/2 (One founder common).

In this case, we have (f1,41) = (f3,13).

Cov(gnugnz | ngﬂm) = Cov(gfhil + Gfosios 9frin T 9fasia ‘ gF)
= Var(gfwd |gf1)

911 (2 - gf1)/4 .
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Note that the transmissions from fo and f4 are independent of the transmissions from fi, as (f; and
f2) are coancestors of nj, and (f; and f,) are coancestors of ny. fa and fy can however intersect
at an MRCA, who then transmits different alleles independently to 1 and ny (by our assumption
that mp, n, = 1/2).

Case-3: 7y, n, = 1/2 (Both founders common).

In this case, we have (f1,i1) = (f3,i3) and (f2,i2) = (f1,2 — 4a).

Cov(gnlvgm ’ gF7Hm) = COU(ng& T Gfosizs Gfryin T 9fo,2—in | gF)
= Var(gpi | 95) + Cov(9faizs 9f2,2-is | 952)
= [gf1 (2 - gf1)/4] - [gf2(2 - gfz)/4] .
Here again the transmissions from f; and fs are independent, as the paths to ni and ny can not
intersect (f2 in this case must be an MRCA).

All the covariances derived above satisfy equation 4.2.14. The remaining three cases corre-

sponding to 7y, n, = 0 can be verified similarly.
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APPENDIX F

LINKAGE: SUPPLEMENTARY TABLES

Table F1: Detailed Type I Error Results

Single Proband

Genetic Model
T

1 17 1”7 2 27 2 3 3’ 3" 4 4’ 4’ 5 5 57

SCORE.NAIVE 0.058 0.013 0.008 0.058 0.171 0.266 0.16 0.353 0.408 | 0.049 0.107 0.17 0.048 0.16 0.247
SCORE.CIBD 0.013 0.012 0.012 0.011 0.013 0.013 0.015 0.015 0.018 0.012 0.01 0.013 0.011 0.012 0.012
SCORE.NULL.CT 0.013 0.012 0.011 0.01 0.013 0.012 0.015 0.015 0.018 0.011 0.01 0.013 0.011 0.011 0.011
SCORE.CT 0.013 0.012 0.011 0.01 0.013 0.012 0.015 0.015 0.018 0.012 0.01 0.013 0.011 0.011 0.012
SCORE.NULL.EV 0.006 0.005 0.003 | 0.004 0.007 0.005 | 0.004 0.002 0.002 | 0.005 0.005 0.004 [ 0.005 0.006 0.005
SCORE.EV 0.007 0.005 0.004 | 0.005 0.007 0.006 0.004 0.003 0.002 0.006 0.005 0.004 0.006 0.007 0.005
SCORE.MERLIN 0.013 0.012 0.011 0.01 0.013 0.012 0.015 0.016 0.018 0.012 0.01 0.012 0.011 0.011 0.012
SCORE.MERLIN.AV || 0.012 0.012 0.011 0.01 0.013 0.012 0.014 0.015 0.018 0.012 0.01 0.013 0.011 0.011 0.012
HM.NAIVE 0.059 0.009 0.005 | 0.059 0.192 0.275 | 0.165 0.37 0.425 0.05 0.116 0.172 | 0.047 0.177 0.254
HM.MERLIN 0.013 0.012 0.012 0.011 0.011 0.01 0.014 0.012 0.014 0.012 0.01 0.011 0.011 0.01 0.011
HM.CT 0.012 0.012 0.012 0.011 0.012 0.011 0.014 0.012 0.014 0.012 0.009 0.011 0.011 0.011 0.011
SCORE.MAX 0.014 0.013 0.012 0.011 0.014 0.014 0.016 0.016 0.019 0.013 0.011 0.015 0.011 0.012 0.012
SCORE.2DF.CT 0.014 0.01 0.012 0.011 0.014 0.015 0.015 0.017 0.019 0.012 0.011 0.012 0.012 0.012 0.011
HM.2DF.CT 0.014 0.011 0.015 0.011 0.012 0.014 0.016 0.017 0.02 0.012 0.011 0.015 0.011 0.012 0.013
Extreme Concordant

SCORE.NAIVE 0.085 0.017 0.008 0.077 0.224 0.308 | 0.208 0.389 0.435 | 0.065 0.16 0.213 | 0.066 0.222 0.293
SCORE.CIBD 0.016 0.015 0.016 0.014 0.014 0.013 0.016 0.014 0.014 0.014 0.016 0.013 0.013 0.013 0.01
SCORE.NULL.CT 0.015 0.012 0.012 0.013 0.013 0.013 0.015 0.014 0.013 0.013 0.015 0.012 0.012 0.012 0.01
SCORE.CT 0.015 0.013 0.013 0.013 0.014 0.013 0.016 0.015 0.014 0.014 0.016 0.013 0.013 0.012 0.01
SCORE.NULL.EV 0.004 0.004 0.005 | 0.004 0.006 0.006 0.002 0.002 0.002 | 0.004 0.008 0.005 | 0.003 0.006 0.005
SCORE.EV 0.007 0.005 0.006 0.006 0.007 0.006 0.004 0.002 0.002 0.006 0.009 0.005 0.006 0.007 0.005
SCORE.MERLIN 0.014 0.013 0.012 0.013 0.013 0.013 0.016 0.016 0.013 0.013 0.016 0.013 0.013 0.013 0.01
SCORE.MERLIN.AV || 0.014 0.012 0.013 0.013 0.013 0.013 0.016 0.016 0.014 0.013 0.016 0.013 0.013 0.012 0.01
HM.NAIVE 0.09 0.012 0.006 0.08 0.251 0.323 | 0.224 0.405 0.451 | 0.066 0.186 0.233 | 0.064 0.253 0.317
HM.MERLIN 0.014 0.012 0.01 0.012 0.012 0.011 0.014 0.012 0.012 0.013 0.015 0.01 0.013 0.012 0.01
HM.CT 0.014 0.012 0.011 0.013 0.012 0.011 0.015 0.012 0.012 0.013 0.014 0.01 0.013 0.012 0.01
SCORE.MAX 0.016 0.014 0.015 0.014 0.015 0.015 | 0.017 0.016 0.014 0.014 0.018 0.015 0.014 0.013 0.011
SCORE.2DF.CT 0.016 0.012 0.011 0.014 0.016 0.014 0.016 0.017 0.014 0.013 0.017 0.012 0.014 0.012 0.011
HM.2DF.CT 0.015 0.013 0.013 0.014 0.013 0.015 | 0.016 0.017 0.015 0.013 0.017 0.013 0.014 0.013 0.013
EDAC-3 Corner

SCORE.NAIVE 0.138 0.103 0.08 0.145 0.222 0.309 0.235 0.382 0.426 0.134 0.202 0.245 0.133 0.216 0.296
SCORE.CIBD 0.011 0.012 0.012 0.014 0.012 0.013 0.015 0.013 0.016 0.013 0.012 0.012 0.013 0.01 0.012
SCORE.NULL.CT 0.01 0.01 0.011 0.012 0.012 0.012 0.013 0.013 0.015 0.012 0.011 0.012 0.012 0.009 0.012
SCORE.CT 0.011 0.011 0.011 0.013 0.012 0.012 0.014 0.013 0.015 0.012 0.011 0.012 0.013 0.01 0.012
SCORE.NULL.EV 0.004 0.005 0.004 | 0.005 0.005 0.004 | 0.004 0.002 0.002 | 0.004 0.006 0.005 | 0.005 0.006 0.005
SCORE.EV 0.006 0.005 0.005 0.007 0.006 0.005 | 0.005 0.003 0.002 0.007 0.007 0.005 0.008 0.007 0.006
SCORE.MERLIN 0.011 0.011 0.011 0.013 0.011 0.013 0.015 0.013 0.015 0.013 0.012 0.011 0.012 0.01 0.012
SCORE.MERLIN.AV || 0.011 0.011 0.011 0.013 0.012 0.012 0.015 0.013 0.015 0.012 0.012 0.012 0.012 0.01 0.012
HM.NAIVE 0.139 0.078 0.039 | 0.146 0.24 0.323 | 0.238 0.395 0.442 | 0.135 0.205 0.256 | 0.133 0.236 0.32
HM.MERLIN 0.011 0.01 0.011 0.013 0.012 0.011 0.014 0.012 0.012 0.013 0.011 0.011 0.012 0.012 0.011
HM.CT 0.011 0.009 0.011 0.013 0.012 0.012 0.014 0.013 0.013 0.012 0.011 0.011 0.012 0.011 0.011
SCORE.MAX 0.011 0.011 0.013 0.014 0.013 0.014 0.015 0.014 0.016 0.013 0.012 0.013 0.014 0.012 0.014
SCORE.2DF.CT 0.01 0.01 0.01 0.013 0.012 0.013 0.015 0.015 0.018 0.012 0.011 0.014 0.013 0.012 0.013
HM.2DF.CT 0.011 0.01 0.012 0.013 0.013 0.013 0.015 0.015 0.016 0.012 0.011 0.014 0.013 0.013 0.014
MDAC-3 Corner

SCORE.NAIVE 0.067 0.042 0.037 | 0.068 0.107 0.19 0.122 0.308 0.38 0.063 0.081 0.119 | 0.061 0.112 0.178

Continued on next page
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Table F1 — continued from previous page

1 1/ 1// 2/ 2// 3 3/ 3// 4 4/ 4// 5 5/ 5//
SCORE.CIBD 0.014 0.012 0.013 0.012 0.013 0.011 0.011 0.017 0.015 0.012 0.01 0.013 0.011 0.013 0.011
SCORE.NULL.CT 0.013 0.012 0.013 0.012 0.013 0.011 0.01 0.017 0.015 0.011 0.01 0.013 0.011 0.012 0.011
SCORE.CT 0.014 0.012 0.013 0.012 0.013 0.011 0.01 0.017 0.015 0.011 0.01 0.013 0.011 0.012 0.011
SCORE.NULL.EV 0.008 0.006 0.005 0.006 0.007 0.004 | 0.004 0.003 0.002 0.007 0.006 0.007 0.006 0.007 0.006
SCORE.EV 0.009 0.006 0.005 0.007 0.007 0.005 | 0.005 0.003 0.002 0.007 0.007 0.007 0.007 0.007 0.006
SCORE.MERLIN 0.013 0.012 0.014 0.012 0.013 0.01 0.01 0.016 0.014 0.012 0.01 0.013 0.011 0.013 0.011
SCORE.MERLIN.AV || 0.014 0.012 0.013 0.011 0.013 0.011 0.011 0.018 0.015 0.012 0.01 0.013 0.011 0.013 0.011
HM.NAIVE 0.067 0.024 0.014 0.069 0.114 0.197 | 0.122 0.328 0.388 | 0.063 0.078 0.117 | 0.061 0.116 0.188
HM.MERLIN 0.014 0.012 0.011 0.011 0.01 0.01 0.011 0.013 0.012 0.012 0.01 0.012 0.01 0.011 0.011
HM.CT 0.014 0.011 0.011 0.012 0.01 0.009 0.011 0.013 0.012 0.012 0.01 0.012 0.011 0.011 0.01
SCORE.MAX 0.014 0.012 0.014 0.012 0.014 0.013 0.011 0.018 0.016 0.012 0.011 0.016 0.011 0.013 0.013
SCORE.2DF.CT 0.012 0.01 0.013 0.011 0.013 0.011 0.012 0.017 0.016 0.011 0.009 0.014 0.012 0.013 0.012
HM.2DF.CT 0.012 0.011 0.013 0.011 0.011 0.013 0.013 0.017 0.018 0.011 0.01 0.014 0.012 0.012 0.011
Note: Type I error values departing by 0.005 or more, from the nominal value 0.01 are highlighted in bold.

Table F2: Detailed Power Results
Population
Genetic Model
1 1’ 17 2 PY 277 3 37 37 4 47 a7 5 5/ 577

SCORE.NAIVE 0.74 0.52 0.36 | 0.73 0.87 0.76 | 0.65 1 1 0.75 0.78 0.57 | 0.74 0.56 0.38
SCORE.CIBD 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
SCORE.NULL.CT 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
SCORE.CT 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
SCORE.NULL.EV 0.67 0.34 0.11 | 0.67 0.73 04 0.23 0.75 0.72 | 0.69 0.65 0.32 | 0.69 0.41 0.11
SCORE.EV 0.67 0.35 0.11 | 0.68 0.73 0.4 0.24 0.75 0.73 0.7 0.65 0.32 0.7 0.41 0.11
SCORE.MERLIN 0.74 0.39 0.14 | 0.73 0.78 0.45 | 0.53 0.97 0.95| 0.75 0.68 0.31 | 0.74 0.44 0.16
SCORE.MERLIN.AV (|0.74 0.38 0.14 | 0.73 0.78 0.45 | 0.53 0.96 0.94 | 0.76 0.69 0.31 | 0.74 0.44 0.15
HM.NAIVE 0.74 0.46 0.31 | 0.73 0.83 0.75 | 0.62 0.99 0.99 | 0.75 0.74 0.57 | 0.74 0.53 0.35
HM.MERLIN 0.74 0.37 0.14 | 0.73 0.74 0.48 | 0.51 0.92 091 | 0.75 0.67 0.34 | 0.75 0.42 0.16
HM.CT 0.74 0.36 0.14 | 0.73 0.74 0.49 | 0.51 0.9 091 | 0.76 0.67 0.33 | 0.74 0.42 0.16
SCORE.MAX 0.74 0.41 0.16 | 0.74 0.81 0.5 0.53 0.98 0.96 | 0.76 0.71 0.37 | 0.75 0.46 0.18
SCORE.2DF.CT 0.71 0.37 0.14 | 0.72 0.75 0.43 | 0.62 0.98 0.97 | 0.72 0.66 0.29 | 0.76 0.45 0.15
HM.2DF.CT 0.71 0.34 0.12 | 0.72 0.7 0.45 | 0.58 0.93 091 | 0.72 0.62 0.32 | 0.76 0.42 0.16
Single Proband
SCORE.NULL.CT 0.69 0.78 0.53 | 0.69 0.78 0.53 | 0.79 0.99 0.99 | 0.38 0.43 0.24 0.2 0.19 0.12
SCORE.CT 0.69 0.78 0.54 0.7 0.78 0.53 | 0.79 0.99 0.99 | 0.38 0.43 0.24 0.2 0.19 0.12
SCORE.NULL.EV 0.55 0.71 048 | 0.56 0.72 0.51 | 0.37 0.91 091 | 0.27 0.36 0.17 | 0.11 0.15 0.08
SCORE.EV 0.59 0.71 0.49 | 0.59 0.74 0.52 0.4 0.93 092 | 0.29 0.37 0.18 | 0.13 0.16 0.09
SCORE.MERLIN 0.69 0.78 0.53 | 0.69 0.78 0.55 0.8 1 0.99| 0.38 0.43 0.23 0.2 0.19 0.12
SCORE.MERLIN.AV (|0.68 0.78 0.53 | 0.69 0.78 0.54 | 0.79 0.99 0.99 | 0.38 0.43 0.23 0.2 0.19 0.12
HM.MERLIN 0.69 0.81 0.66 | 0.69 0.73 0.58 | 0.78 0.99 0.99 | 0.38 0.38 0.22 0.2 0.17 0.11
HM.CT 0.69 0.8 0.65 | 0.69 0.73 0.57 | 0.76 0.98 0.98 | 0.38 0.37 0.22 0.2 0.17 0.11
SCORE.MAX 0.7 0.81 0.61 0.7 0.8 0.61| 0.79 1 0.99| 0.39 0.45 0.28| 0.21 0.2 0.13
SCORE.2DF.CT 0.66 0.76 0.52 | 0.65 0.75 0.51 | 0.85 1 0.99| 0.36 0.4 0.21 | 0.21 0.2 0.11
HM.2DF.CT 0.66 0.78 0.63 | 0.65 0.7 0.53 | 0.83 0.99 0.99 | 0.36 0.35 0.21 | 0.22 0.18 0.11
Extreme Discordant
SCORE.NULL.CT 0.58 0.78 0.74 | 0.58 0.81 0.85 | 0.15 0.77 0.92 | 0.24 0.76 0.87 | 0.52 0.67 0.7
SCORE.CT 0.59 0.78 0.74 | 0.59 0.81 0.85 | 0.15 0.77 0.92 | 0.25 0.77 0.87 | 0.53 0.68 0.7
SCORE.NULL.EV 0.42 0.67 0.7 0.46 0.75 0.84 | 0.03 0.38 0.74 | 0.15 0.7 0.85 | 0.39 0.61 0.69
SCORE.EV 048 0.7 0.72 | 0.52 0.78 0.85 | 0.04 0.43 0.75 | 0.18 0.73 0.85 | 0.46 0.64 0.7
SCORE.MERLIN 0.6 0.79 0.74 | 0.59 0.81 0.85 | 0.15 0.78 0.93 | 0.23 0.77 0.87 | 0.52 0.67 0.69
SCORE.MERLIN.AV ||0.59 0.78 0.73 | 0.59 0.81 0.85 | 0.16 0.77 0.92 | 0.23 0.77 0.86 | 0.52 0.68 0.69
HM.MERLIN 0.59 0.82 0.84 | 0.59 0.81 0.9 0.14 0.7 0.89 | 0.15 0.77 0.91 | 0.52 0.69 0.77
HM.CT 0.59 0.81 0.85 | 0.59 0.8 0.9 | 0.15 0.68 0.87 | 0.14 0.77 0.91 | 0.52 0.7 0.76
SCORE.MAX 0.6 0.79 0.79 0.6 0.83 0.89 | 0.15 0.82 0.95 | 0.25 0.79 0.89 | 0.55 0.71 0.76
SCORE.2DF.CT 0.55 0.75 0.71 | 0.56 0.79 0.85 | 0.18 0.88 0.97 | 0.22 0.74 0.84 | 0.54 0.69 0.71

Continued on next page
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Table F2 — continued from previous page

1 1/ 1// 2 2/ 2// 3 3/ 3// 4 4/ 4// 5 5/ 5//
HM.2DF.CT 0.55 0.79 0.81 | 0.56 0.77 0.88 | 0.17 0.77 0.91 | 0.15 0.73 0.89 | 0.54 0.7 0.77
Extreme Concordant
SCORE.NULL.CT 0.6 0.75 0.69 | 0.54 0.68 0.57 0.8 099 1 0.21 0.26 0.22 | 0.12 0.1 0.09
SCORE.CT 0.61 0.75 0.69 | 0.55 0.68 0.57 0.81 0,99 1 0.23 0.26 0.22 | 0.12 0.1 0.09
SCORE.NULL.EV 04 0.6 0.6 0.33 0.59 0.54 | 0.37 0.85 0.98 | 0.11 0.17 0.17 | 0.06 0.06 0.06
SCORE.EV 0.48 0.63 0.61 0.4 0.62 055 | 0.46 0.88 0.98 | 0.13 0.18 0.18 | 0.07 0.07 0.07
SCORE.MERLIN 0.6 0.74 0.69 | 0.53 0.68 0.58 | 0.81 0.99 1 0.22 0.26 0.23 | 0.11 0.1 0.09
SCORE.MERLIN.AV| 0.6 0.75 0.68 | 0.53 0.68 0.57 0.8 099 1 0.22 0.26 0.22 | 0.11 0.1 0.08
HM.MERLIN 0.6 0.76 0.74 | 0.53 0.63 0.65 | 0.81 0.99 1 0.22 0.25 0.25 | 0.12 0.1 O0.11
HM.CT 0.6 0.75 0.73 | 0.53 0.63 0.65 | 0.79 0.98 1 0.22 0.25 0.24 | 0.11 0.1 0.11
SCORE.MAX 0.62 0.77 0.75 | 0.55 0.7 0.64 | 0.81 0.99 1 0.23 0.28 0.27 | 0.13 0.11 0.1
SCORE.2DF.CT 0.57 0.71 0.65 | 0.51 0.65 0.54 | 0.86 1 1 0.19 0.25 0.21 | 0.12 0.11 0.09
HM.2DF.CT 0.57 0.72 0.69 0.51 0.61 0.61 | 0.85 0.99 1 0.19 0.23 0.23 | 0.12 0.11 0.12
EDAC: 3-Corner
SCORE.NULL.CT 0.59 0.72 0.66 | 0.54 0.71 0.64 0.78 0.99 1 0.43 0.56 0.45 | 0.37 0.28 0.17
SCORE.CT 0.6 0.73 0.66 | 0.55 0.71 0.64 | 0.78 0.99 1 0.44 0.57 0.45 | 0.38 0.29 0.18
SCORE.NULL.EV 0.43 0.64 0.61 | 0.41 0.63 0.59 | 0.39 0.91 0.98 | 0.29 0.47 0.41 | 0.25 0.21 0.14
SCORE.EV 0.49 0.66 0.62 | 0.46 0.65 0.61 | 0.48 0.92 0.98 | 0.35 0.51 0.42 0.3 0.24 0.14
SCORE.MERLIN 0.6 0.73 0.66 | 0.55 0.71 0.63 | 0.78 1 1 0.44 0.56 0.46 | 0.37 0.29 0.18
SCORE.MERLIN.AV| 0.6 0.73 0.66 | 0.54 0.71 0.63 0.78 0,99 1 0.45 0.56 0.45 | 0.38 0.29 0.17
HM.MERLIN 0.61 0.77 0.8 | 0.54 0.66 0.62 | 0.79 0.99 1 0.44 0.5 0.4 | 0.37 0.22 0.13
HM.CT 0.61 0.76 0.8 0.55 0.66 0.61 0.79 0.99 1 0.45 0.5 04 0.38 0.22 0.13
SCORE.MAX 0.61 0.74 0.71 | 0.56 0.74 0.71 | 0.78 1 1 0.46 0.59 0.51 | 0.39 0.32 0.2
SCORE.2DF.CT 0.56 0.7 0.61 0.52 0.68 0.59 | 0.85 1 1 0.42 0.51 0.41 0.4 0.29 0.17
HM.2DF.CT 0.56 0.74 0.77 | 0.52 0.63 0.56 | 0.84 0.99 1 0.42 0.45 0.37 | 0.4 0.22 0.13
MDAC: 3-Corner
SCORE.NULL.CT 0.74 0.73 0.5 | 0.69 0.85 0.64 | 0.58 0.98 0.98 | 0.63 0.68 0.44 | 0.56 0.42 0.2
SCORE.CT 0.74 0.73 0.5 0.69 0.85 0.64 0.59 0.98 0.98 | 0.63 0.68 0.44 | 0.56 0.42 0.2
SCORE.NULL.EV 0.64 0.68 0.48 0.6 0.81 0.61 | 0.23 0.85 0.91 | 0.53 0.63 0.41 | 0.48 0.37 0.16
SCORE.EV 0.66 0.69 0.48 | 0.62 0.81 0.62 | 0.25 0.86 0.92 | 0.56 0.64 0.41 0.5 0.38 0.17
SCORE.MERLIN 0.74 0.73 0.5 0.68 0.85 0.65 0.58 0.98 0.99 | 0.63 0.68 0.44 | 0.57 0.42 0.19
SCORE.MERLIN.AV (|0.73 0.74 0.5 | 0.68 0.85 0.64 | 0.58 0.98 0.97 | 0.63 0.69 0.44 | 0.56 0.42 0.19
HM.MERLIN 0.73 0.8 0.67 | 0.68 0.79 0.64 0.59 0.98 0.98 | 0.63 0.64 0.44 | 0.57 0.38 0.17
HM.CT 0.73 0.79 0.65 | 0.69 0.8 0.63 | 0.59 0.97 0.97 | 0.63 0.65 0.44 | 0.57 0.38 0.17
SCORE.MAX 0.74 0.75 0.56 0.7 0.86 0.72 | 0.59 0.98 0.99 | 0.63 0.7 0.5 0.57 0.44 0.22
SCORE.2DF.CT 0.71 0.69 0.48 | 0.67 0.83 0.61 | 0.66 0.99 0.99 | 0.6 0.65 0.41 | 0.58 0.43 0.19
HM.2DF.CT 0.71 0.75 0.62 | 0.67 0.76 0.6 | 0.66 0.97 0.97| 0.6 0.6 0.4 | 0.58 0.38 0.17

Note: For each model, power values within 3% of the maximum are highlighted in bold.
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