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Abstract

Linkage analysis has been widely used to identify from family data genetic variants influencing
quantitative traits. Common approaches have both strengths and limitations. Likelihood ratio tests
typically computed in variance component analysis can accommodate large families but are highly
sensitive to departure from normality assumptions. Regression-based approaches are more robust
but their use has primarily been restricted to nuclear families. In this paper, we develop methods
for mapping quantitative traits in moderately large pedigrees. Our methods are based on the score
statistic which in contrast to the likelihood ratio statistic, can use nonparametric estimators of
variability to achieve robustness of the false positive rate against departures from the hypothesized
phenotypic model. Because the score statistic is easier to calculate than the likelihood ratio
statistic, our basic mapping methods utilize relatively simple computer code that performs
statistical analysis on output from any program that computes estimates of identity-by-descent.
This simplicity also permits development and evaluation of methods to deal with multivariate and
ordinal phenotypes, and with gene-gene and gene-environment interaction. We demonstrate our
methods on simulated data and on fasting insulin, a quantitative trait measured in the Framingham
Heart Study.

Keywords
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1 Introduction

After a hiatus following the seminal paper of [Haseman and Elston 1972], linkage analysis
of quantitative traits has been the subject of considerable research since the middle 1990s.
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Notable contributions have come from Blangero and colleagues (e.g., [Blangero and
Almasy, 1997, Almasy and Blangero, 1998], etc.). Their research and the related software
SOLAR uses a likelihood analysis of a components of variance model that depends on the
critical assumption that phenotypes are conditionally multivariate normal, given identity by
descent (IBD) counts.

A strength of this method is its ability to adapt, subject to some computational problems
mentioned below, to general pedigree structures. Its weakness is the associated
computational burden and the lack of robustness of its false positive error rate when the
underlying assumption of multivariate normality is not satisfied.

The original Haseman-Elston method is simpler computationally; and because its test
statistic is based on a regression, not a likelihood, its false positive error rate is
asymptotically robust against the failure of the normality assumption. However, it is not
fully efficient under the working assumption of multivariate normality and as originally
conceived was applicable only to sibling pairs. Although it can be made fully efficient and
extended from sibling pairs to more general pedigrees [Sham et al. 2002], it loses some of it
conceptual simplicity and no longer seems to enjoy its once favored position.

Recently several authors [e.g., Tang and Siegmund, 2001, Wang and Huang, 2002, Chen,
Broman and Liang, 2004, Bhattacharjee et al., 2008] have pointed out that a components of
variance approach, using what amounts to a score statistic, combines some of the attractive
features of both methods. Its false positive rate can be made asymptotically robust by using
a nonparametric estimate of variability, and because nuisance parameters need be estimated
only once, under a null model, the computational burden is reduced. Hence more complex
models involving, say gene-gene or gene-environment interaction, can be considered.
Various “regression based” or Haseman-Elston statistics are special cases.

The purpose of this paper is to delineate the similarities and differences between the
likelihood and score statistic/regression approaches, and to give several examples of these
differences. In some cases the two methods yield very similar results, as they should if the
normality assumption is reasonable. In other cases the lack of robustness of the likelihood
ratio method can suggest quite different conclusions. We have not tried to achieve
systematic understanding of these similarities and differences, which would require the
analysis of many more examples, both simulated and real, and most likely can only
accumulate with incremental experience. To illustrate the relative simplicity of our methods,
our analysis uses MERLIN [Abecassis et al., 2002] or LOKI [Heath 1997] as a front end to
estimate IBD distributions, and a small suite of R functions [R Development Core Team
2006], which can be easily expanded to deal with more complex cases. These R functions
are available on request, and we welcome feedback regarding their use and suggestions for
future development, should that appear to be desirable.

As a simple illustration, we present simulated data based on a sample of size N = 200 from
an idealized three generation pedigree. To confirm the flexibility of our methods to
accommodate varying pedigree structures and missing data, we discuss simulated data from
a set of N = 330 two generation pedigrees that closely resemble the largest two generation
pedigrees of the Framingham Heart Study (FHS). We also present one analysis of actual
FHS data based on our model for gene-environment interaction and discuss briefly our
experience with some other analyses of actual FHS data, which includes use of the
substantially larger three generations pedigrees that have recently become available. A short
description of the FHS study follows.

The Original FHS cohort comprised 5,209 adults between 28 and 62 years of age in about
two-thirds of the households in the town of Framingham, Massachusetts in 1948 [Dawber et
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al. 1951]. These subjects have been examined every two years since the inception of the
study. In 1971, a second cohort was initiated, the Framingham Offspring cohort (n=5,124),
consisting mainly of children of the Original cohort and their spouses, who have been
examined approximately every four years since 1971 [Kannel et al. 1979]. To date, 29 and 8
exams have been completed for the Original and Offspring cohort, respectively. At each
examination, extensive data are gathered, including routine medical history, medication
usage, physical examination, and laboratory assessment of cardiovascular disease (CVVD)
risk factors. A genome scan has been performed on the largest 330 families from the
Original and Offspring cohorts (1,702 genotyped individuals), using both short tandem
repearts (STR) and a dense set of approximately 100,000 single nucleotide polymorphisms
(SNP) [Cupples et al. 2007]. Recently a third generation has been added to the FHS study
[Splansky et al. 2007].

In addition to a simulation study based on the two generation Framingham pedigree
structures comparing and contrasting likelihood ratio and robust score statistic, we illustrate
the various approaches with data based on fasting insulin measured in the Offspring cohort
of the FHS.

Although our primary interest is in population-based data, as in the FHS, the robustness to
false positive errors achieved by our score statistic is based on an analysis conditional on
phenotypes. Hence one still has robustness if pedigrees are ascertained, although power loss
is expected in the absense of a suitable adjustment for ascertainment in the estimation of
nuisance parameters, such as the phenotypic variance (e.g., Peng and Siegmund, 2004).

2 The basic variance component model

Let Y; be the vector of phenotypes for all members of a pedigree i, and X; be the covariate
measurements (matrix) for all pedigree members. The standard variance component model
[Lange et al. 1976, Amos 1994] assumes that the vector Y has mean value (conditional on
the observed covariates) E[Y|X]= m + aX and covariance matrix

V[ Y|X]=Cov[ Y;. Y;|X;. X 7 ifi=j,
Z‘ [YIX]=CovlY,. ¥)IX;. Xj1= QoA 2+ i # .

Here m is the overall mean; a is a vector of covariate effects; o;=0"+0" is the phenotypic
variance, which is assumed to be the sum of genotypic and environmental variances, cri and

aﬁ, respectively; af and af) are additive and dominance variance components; gjj is the

kinship coefficient; AE? is the probability that pair i and j share k alleles IBD; and the ellipsis
denotes a linear combination of interaction variance components, which we have not written
explicitly. For example, if there are pairwise additive-additive interactions, and no other

pairwise nor higher order interactions, then o-=0>+0" +0

AA!

and the omitted terms equal

50%,0":4. See Tang and Siegmund [2002] for the general case of pairwise interactions and no
higher order interactions.

If there is a quantitative trait locus (QTL) located at t, we are interested in the covariance
conditional on the proportion of alleles shared IBD at location t. For future developments, as
discussed below, it is convenient to reparameterize the variance components. To this end, let
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a=0+05+...and 6=c7+.... Here o2 and o are respectively the additive and dominance
variance components due to the QTL at t, and again the ellipses stand for omitted interaction
variance components [Tang and Siegmund, 2002]. Then

22=Cov[ Vi, Yjlmu, Xi, X ]
oy ifi=j,
o) \ (1 1 s .
o pij+ (e — c,p,»j)af+(A§.j) - A:l:/.))é/Z ifi # J.

Here pjj is the unconditional phenotypic correlation of the pair i and j, 7 is the identity by

descent proportion for pair i and j at t, and Ag}) is the indicator variable that pair i and j share
k alleles IBD at t. Note that a test of a = 0 is actually a test of no linkage, because « is made
up of a positive linear combination of all variance components related to the putative QTL.
We shall call « and ¢ the generalized additive effect and generalized dominance deviation,
respectively.

Under the “working™ assumption that Y, conditional on zjj, is multivariate normal, the
marginal log likelihood for a QTL located at t has the following form:

N
a1 -1 ,
{t,a,6,p,00)=- 5% [10g|2”]+trzﬂ (Y — m)(Y —my)
“n=1

where my = E(Y|X), p is the vector of unconditional correlations for different types of
relative pairs, and the sum is over all pedigrees.

In the following section we shall make the additional simplifying assumption that ai and
interaction variance components are all 0 and that there are no environmental correlations
between different individuals. The importance of this assumption is to allow us to write

p;jzgoij(rf/cri', thus reducing the very large number of relative-pair-specific nuisance

parameters to only one, af. However, the general case is important to keep in mind. The
hypothesis « = 0 is the hypothesis of interest, that t is unlinked to the phenotype, and the
robust score test given below of a = 0 is a legitimate test of that hypothesis regardless of
whether the simplified model is correct or not. This stands in contrast to the case for
association, where under the usual assumptions the efficient score for an additive effect has
a noncentrality depending only on the putative additive variance, so a locus acting only
through dominance or interaction will show no indication of association unless these other
effects are included explicitly in the model [Dupuis et al. 2007].

2.1 Efficient score test

Likelihood ratio statistics (LRT) have long been used for testing Hp:a = 0; see for e.g.
[Blangero and Almasy, 1997, Almasy and Blangero, 1998]. As an alternative to the LRT,
Tang and Siegmund [2001] and others [Putter et al. 2002; Wang and Huang 2002] suggested
using the efficient score statistic. The latter has some advantages over the LRT because it
does not require maximum likelihood estimation at each genomic location tested for linkage.
In addition, the type-I error of the score test can be made robust to departures from
normality, a problem which can greatly inflate the type-I error of the LRT [Allison et al.
1999].

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Dupuis et al.

Page 5

To obtain the efficient score to test for a QTL at location t, one takes the first derivative of
the likelihood function with respect to o evaluated at a = 0 [Tang and Siegmund 2001]:

1 N
£Q.=;Ztr( WA,)
“n=1 (1)

where

W:[Z_](Y—-mx)(Y—mx)' —I]Z—I @

has elements wjj and A is a matrix whose elements are the pairwise centered 1BD
proportions.

The efficient score is standardized by an estimate of its variance to form a test statistic to
determine the presence or absence of linkage at location t. If the multivariate normality
assumption holds, one can estimate the variance using the expectation of the second
derivative of the likelhood function evaluated at o = 0:

V(£a)=Eol —[‘,.'O,]zéZtrEo(Z_lA,rZ_lAn)zéZ > oo Covm, mu),
2Z 2

n ijkl 3)

where the entries of ™1 are represented by o',

Tang and Siegmund [2001] suggested estimating the variance conditional on phenotypes in
order to create a statistic robust to departure from the normality assumption under the
hypothesis of no linkage:

s 1
VIIN=E[GIY]=7 D > wipwuCovia, i)
n ikl (4)

The robust score statistic, obtained by dividing the efficient score by the square root of the
variance estimate, is maximized over all genome locations t: max; Z;, where

Z,:[W/E[fi[Y]l/z. These statistics depend on the parameters my and X, which must be
estimated, but they need be estimated only once—under the null hypothesis of no linkage,
where o = 0.

The asymptotic expectation of Z; for a small value of a at a marker completely linked to a
QTL is the ratio of the expectation of (1) to the square root of the expectation of (4), where
the latter is calculated under the hypothesis of no linkage. Since the matrix W in (1) isa
quadratic function of the phenotypes, its conditional expectation given the IBD proportions,
A, depends only on the basic covariance model for X, and not on the working hypothesis of
multivariate normality. Hence without invoking the normality hypothesis, one can show that
the expectation of (1) is

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.
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oY B (> A 1.

(This argument is substantially more complicated when the unknown parameters in W are
replaced by estimators.) The expectation of (4) is approximately

D E{ltr(WA)T).

n

Because W is quadratic in the phenotypes, the latter expectation involves fourth moments of
phenotypes. If the working hypothesis of multivariate normality is approximately satisfied,
the last expression simplifies to =, E[tr(Z~1A,)?], which in turn leads to simplification of the
asymptotic noncentrality parameter, but to achieve robustness of the false positive error, we
must estimate the denominator consistently even if the working hypothesis of normality fails
to hold.

A second component of the efficient score is easily derived by differentiating with respect to
o. For the following reasons, however, we assume for most of what follows that 6 = 0. (a)
This assumption reduces the number of nuisance parameters to be estimated, hence
simplifying subsequent calculations. (b) A two-dimensional efficient score leads to a two-
dimensional statistic, which requires a larger rejection threshold; in addition the fact that 0 <
o. means that the possible increase in the noncentrality parameter only rarely leads to a
useful increase in the power of the statistic. We return to this second point below, which has
related consequences for trying to model gene x gene interactions.

The preceding calculations assume that markers are fully informative. It is easy to show that
for partially informative markers, the efficient score is computed by replacing 7jj with itij,
the expected proportion of alleles IBD given marker genotypes.

In order to standardize the efficient score in extended pedigrees, it follows from (3) and (4)
that one must estimate the variances and covariances in IBD proportion between pairs of
relative pairs. Simple theoretical calculation may be used in the case of fully informative
markers, and in the simulation section we refer to statistics computed with the theoretical
covariance values as “Theoretical.” When markers are only partially informative, there are
several different possibilities, which we discuss in more detail below.

In principle the variances and covariances of iﬂj can be estimated by simulation, as
suggested by Lebrec [2007]. This is computationally demanding even with fairly simple
pedigree structures and seems not to be feasible with moderately large pedigrees. The
compytationally simplest solution is to replace Cov(zjj, 7y) by the empirical values (7Etij -
tij) (k1 — @) n equations (3) and (4). We call this the “Empirical” estimate of covariances
in what follows.

If one were repeatedly sampling pedigrees of a given structure, it would be natural to regard
these variances and covariances as parameters to be estimated from all the data. For example
the variance of 7Etij could be estimated by the sample variance of all relative pairs of the same
relationship as i and j. It is easy to compute the correlations (covariances) between pairs of
relative pairs when markers are fully informative. In many cases, e.g., for pairs of sibling
pairs, this correlation is 0. There is no obvious bias in using these theoretical values, unlike
the case of variances, which are always over-estimated when theoretical values for fully

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.
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informative markers are used. We have combined the use of empirical variances with
theoretical correlations, where the estimator of Cov(rj, myq) becomes Cor(mjj, moa){=(miij —
01i)?Np1 Z(ma — @ik 2Np23 2, and the sum is taken over all nyy and ny; relative pairs of the
same type. We refer to this estimator as “Estimated Variances” in the simulations section,
where these different estimators are compared. See Bhattacharjee et al. [2008] for a more
systematic comparison of different estimates, albeit restricted to nuclear families.

2.2 Type-l error and power approximations

For fully informative markers, one can derive a theoretical type-I error approximation to
evaluate the significance of the maximum score statistic over the genome. For fully
informative markers equally spaced at distance A, an approximation is

P(){oleXLZiA>b} ~ 1 —exp{—C[1 — ©(b)] — vrLbp(b)},

Here @ and ¢ are the standard normal cumulative distribution function and probability
density function, respectively, C and L are respectively the number of chromosomes and the
genetic length of the region under consideration, and v = v[b(2rA)Y2] where v(2x) ~

X" Hd(x) — 1/2]/[xD(x) +$(X)].

The parameter r is related to the recombination rate and depends on the constellation of
relative pairs. If there were only sibling pairs, it would be 0.04/cM. Usually the number of
sibling pairs will dominate more distant relatives to the extent that the value 0.04 can be
used more generally. A proper accounting for other relatives is to use a weighted average of
pair-specific values, where some of the pair-specific values are as follows: Grandparent-
grandchild, 0.02; half siblings, 0.04, first cousins and double first cousins, 0.053, avuncular
pairs, 0.05.

If there is a marker at 0 recombination distance from the QTL 7z and E(Z,) = & power to
detect the QTL can be approximated by

PimaxZi 2 b} ~ 1 - @b - )+¢(b - H[2v/¢ - V2 [(b+)],

where v = v[b(2rA)Y2], as above.

The approximation is slightly more complicated when z lies between markers (cf. Siegmund
and Yakir, 2007, Chapter 6).

For a human genome (22 autosomes averaging 150 cM in length), markers spaced 5 cM
apart and a recombination parameter 4 = 0.04/cM, the threshold for a genome wide 0.05
significance level is b = 3.73, corresponding to a logarithm of odds (LOD) score of 3.02. For
an intermarker spacing of 1 cM, the corresponding threshold is b = 3.91 (LOD=3.32). Both
of these intermarker spacings require a noncentrality parameter of about & =5 to achieve
90% power and about & = 3.75 to achieve 50% power.

For cases where there is a preponderance of moderately large pedigrees, containing large
sibships/nuclear families and more distant relatives, the distribution of Z;, is right skewed,
and the approximation given above can be anti-conservative. A modified approximation,
which involves more computation but can be substantially more accurate, is discussed in an
appendix. In many cases this modification has only a modest effect, which may not justify

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.
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the added complications in its calculation. For an example where the effect is substantial and
leads to quite different conclusions, see Shi et al. [2007].

3 Extensions to the basic variance component model

An advantage of the fact that numerical computations for the robust score statistic are
relatively simple (compared to the likelihood ratio statistic) is that one can accommodate
more complex models without encountering severe computational impediments. Examples
considered below are gene x covariate interactions, multivariate phenotypes, and ordinal
phenotypes.

A possibility that we have not yet considered in detail is a model for gene x gene interaction.
As noted above, the noncentrality parameter of a statistic designed to test for an additive
effect at a linked marker also involves fractions of the dominance variance and interaction
variance components. This limits the noncentrality that can be obtained from efficient scores
orthogonal to the efficient score for additivity [Tang and Siegmund, 2002], and thus the
increase in power to detect linkage that might in principle be obtained from a more complex
model involving interaction variance components. This possibility will be considered in the
future, but our understanding of the relevant theory suggests that models for gene x gene
interaction be given lower priority than those discussed below. This contrasts with the case
in experimental genetics based on a backcross or intercross and in association analysis under
standard assumptions, where interactions not included in the model do not contribute to the
noncentrality.

3.1 Gene x covariate interactions

The likelihood ratio test has been extended to incorporate gene x covariate interactions for a
binary covariate by Towne et al. [1997]. Later Diego et al. [2003]. introduced a quite
different model for continuous covariates. Peng, Tang and Siegmund [2005] suggested a
model for gene x covariate effects for arbitrary covariates (which appears to reduce to the
model of Towne et al. for binary covariates) and derived the appropriate robust score tests.
In this section we discuss the score test for general pedigrees.

Let x be the vector of a covariate of interest, i.e., one of the columns of X, the matrix of all
covariates. Under the working assumption that all genetic effects are additive and there are
no gene x gene interactions, we replace the additive genetic effect, say A;, by A; + x;C;. Here
Aj represents a “pure” genetic effect, while C; is that part of the genetic effect that interacts
with the covariate x;. Under the assumption of convenience that both A; and C; are additive
and without gene x gene interactions, the revised covariance matrices incorporating a gene x
covariate interaction are [Peng, Tang and Siegmund 2005]:

ZXZCOV[ Y,', Yj|x,~, X, X,', Xj]
2 o .
_ 0'3"'2;:7[(7,4("‘-’&%0'3‘*'(7; . ifi=j,
gijl o+ (xitx )0, +xixjon] ifi#

Adding a constant to all the x; or multiplying by a constant changes the relative value of the
variance components, so it is often convenient to standardize the covariates to have mean
value 0 and variance 1. In the case of a two-valued covariate (without standardization) the
model is “nonparametric.” It simply assigns one of three variance components to each
relative pair, according to both having covariate value equal to one, both having it equal to
0, or one having covariate one while the other has covariate 0.

Conditional on IBD at a locus t, we have

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.
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2ax=CovlY;, Ylx;, xj, Xy, X1+ [ @+ (x+x )B+x;x 7y (7 — i)
:Z.v"'(YAn"'ﬂBx.ﬂ""yrx,n-

Under the working (additive) model, a=¢2, 8 = oac, y=c2; but as in the preceding section,
these parameters may involve other variance components as well. The matrix A, is defined
in the previous section as the matrix of centered IBD proportions, By , is the matrix with
entries (Xj + Xj)(mij — ¢ij) and I'y ; is a matrix with entries xixj(zj — ¢jj). When the QTL is
unlinked to location t, a = 8 = y = 0; if there is no gene x environment interaction, =y = 0.

The efficient score under the working assumption of multivariate normality is

. « 1 1 1
LO=Ll0). (0. 601= | 5 D 1., An). 5 30U, Ben), 5 ) 1V, Ten)|

I R |
where U\;)'Z(EA_ Yy —IJZA\_ has elements ujj.

The conditional covariance matrix of the efficient score is V,,, with entries E[ £2|x, Y], E[¢.Z4l
X, Y], etc., where, for example, E[ e2x, Y]:%Zn[Zi.j_kvluijuklcov(ﬂn'js 7).

The global test of linkage is obtained by maximizing over all genome locations t:

max,f;,V,,‘ '¢,. In practice, when the IBD proportions are not observed, one can substitute itij,
an estimate of the IBD proportions. Possible estimators of the covariance between IBD
proportions are as discussed in the previous section.

Because « and y are both (sums of) variance components, hence non-negative, there are
constraints on the score statistic, as discussed by Peng, Tang and Siegmund [2005]. There is
also a constraint arising from the Cauchy-Schwarz inequality on the parameter 5, but by
ignoring this last constraint we can implement the non-negativity constraints via a quadratic
optimization. This approach has the advantage of generalizing immediately to higher
dimensional problems. Observe that for multivariate normal data, the constrained score
statistic can be obtained by a constrained maximization of the log likelihood, which is
quadratic, so the maximization can be obtained from a quadratic programming algorithm.
While the efficient score ¢, is only approximately trivariate normal, for these purposes we
regard it as exactly multivariate normal.

In principle we could include the constraint on £ by means of a more general nonlinear
optimization. Since we have ignored this constraint, we must be careful if a large value of
the statistic arises from a large value of ¢4 in the presence of small values of £, and ¢,.

Basic approximations for the significance level and power must be modified, as discussed in
Peng, Tang and Siegmund [2005] to account for the constrained three-dimensional statistic.
For example, for 1 ¢cM intermarker spacing a threshold of about 4.59 (LOD=4.57) is
required for a genome wide false positive rate of 0.05. Noncentrality parameters of
approximately 5.49 (4.15) produce power of approximately 90% (50%). By comparing these
results with those discussed above for a one-dimensional genome scan, one finds a loss of
efficiency equivalent to about 20% of the sample size if one uses the model for gene x
covariate interaction when no interaction exists.

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.
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It is worth noting that if gene x covariate interaction of the form of our model does exist, the
parameter o that enters into the noncentrality parameter of the simple one-dimensional
statistic based on (1) would become a+Corr(x;, Xj)y. Hence if correlation between relatives
of the covariate is large, perhaps due to similar environments, then the one-dimensional
statistic already captures a substantial fraction of the noncentrality that is potentially
available for detecting linkage. (Note, however, that this correlation need not be large: for
the covariate of sex, one would expect it to be 0.)

This framework can accommaodate both binary and continuous covariates and is easily
extended to multiple covariates [Peng, Tang and Siegmund 2005]. However, the number of
degrees of freedom increases with the number of covariates and may reduce power to detect
linkage. We have computed the above linkage statistic incorporating gene x body mass
index (BMI) interaction to evaluate linkage to fasting plasma insulin in FHS and present the
results in the “Examples” section.

3.2 Multivariate models

Extensions to the basic variance component model to accommodate multivariate traits have
been proposed by several authors [e.g., Hooper et al. 1982; Almasy et al. 1997; Williams et
al. 1999; Amos et al. 2001]. Extensions have focused on the likelihood ratio statistic for
testing linkage to multivariate phenotypes. More recently, Wang and Elston [2007] proposed
a multivariate regression-based linkage approach, arguing that the variance component
likelihood ratio statistics are sensitive to violation of the normality assumption but that
regression based methods are more robust; see also Wang [2003]. Below we derive a robust
score test for bivariate phenotypes, which can be generalized directly to an arbitrary number
of phenotypes and will alleviate the problems of inflated type-I error probability when the
data deviate from the multivariate normality assumption.

Let Y be a vector of length 2n, where Y ... Y, are the values of the first phenotype for
individuals 1 to n and Y41 ... Yo, are the equivalent values for the second phentoype.

One can write the unconditional covariance of Y as

Z:Z‘4 ® <1>+ZH ®l,

where &® represents the Kronecker product of two matrices and

2 2
_ O-A” 0-:412 _ CI'EH O-EIZ
E = ~ R E = o) .
A o o E g g

Ap Ay Ep Eyy

We denote the inverse of the (unconditional) covariance matrix by

A (I Zh
2 - S Ia )

12
-1 -1 -1 . .
where Z” , Z,z and Zzz are matrices of size n.
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Under the working model of pure additivity, the variance conditional on the IBD proportion
attis:

DI RIILIE

where

2
§ — O-an 0'(1,2
- o)
a Oq,, O

axn

1l
e

aﬁ)
B v)

say. The likelihood function is

== % [loglzﬂu((y —my >y - m,\,))] ,

Under the null hypothesis of no linkage, a = = y = 0. To derive the score statistic, we take
the first derivative with respect to each parameter and evaluate at X, = 0:

1 1
lo=(La, lp. )= {Etr(SnAn), > (S 224x), tr(S 12A7r):| -

where
-1 ’ -l S S
S’,:(Z (Y —m )Y —m,) —I)Z =( Sil Si; )

The robust covariance V, has elements E[ £3]Y]=E {[tr(Sl 1 An)]ZIY} /4, E[¢,£,1Y], etc.
These are all weighted sums of Cov(zj, 7), the covariance between IBD proportions,
which can be estimated by the approaches described in Section 2.1. The global bivariate
linkage statistic maximized over all genome location t is written as max,£,V; ' (.

With regard to constraints implied by non-negativity of variance components and

approximations to false positive error rates and power, the discussion for gene x covariate
interaction applies essentially without change.

3.3 Ordinal Phenotypes

In some cases phenotypes are measured on an ordered categorial scale rather than as a
continuous variable. This may be a matter of covenience, or the categories may have
medical meaning. The model developed above can be used for ordinal data, with only a
minor conceptual adjustment. If an actual, observed phenotype is denoted by Y, the modeled
phenotype, which is unobserved, is the penetrance ¥ = E(Y|Genotype). For relatives, we
assume that actual phenotypes are conditionally independent given genotypes, and proceed
as above. Although the model of multivariate normality cannot be defended, the defense of

Genet Epidemiol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dupuis et al.

Page 12

that model is weak under the best of conditions, and it is used only to suggest the form of a
test statistic, which then must stand on its own. Because we evaluate the statistic itself and
the false positive rate conditional on the phenotypes, the statistic can be calculated and a
suitable significance threshold determined regardless of the fact that the phenotypes do not
do not satisfy the multivariate normal model.

4 Simulation study

We designed a simulation study with several goals in mind. The first objective is to test our
software written in R that builds on existing software for IBD estimation, to achieve
efficient, accurate analysis of moderately large pedigrees. Secondary objectives include
verification of the accuracy of theoretical approximations, development of simple rules to
evaluate different pedigrees, and comparison of the recovery of IBD information for
pedigrees vs sibling pairs and SNPs vs STRs. Finally, we want to compare different
estimators of covariance and to study the effect of non-normality of phentoypes.

To compare efficiency of relative pairs and pedigree structures, we selected two study
designs: a sample of 200 three-generation pedigrees with 10 members (Figure 1) and a set of
appproximately 330 multiplex pedigrees, chosen to mimic the largest families selected from
the first two FHS generations. To evaluate the effect of marker spacing, we generated
simulated genotypes for five scenarios. The first set of three scenarios consisted of a single
chromosome of length 150 cM, with markers spaced every 1, 5 and 10 centiMorgan (cM),
where the markers at 1 cM were di-allelic markers with allele frequencies of 0.3 and 0.7,
while markers spaced at greater than 1 cM interval had four equally frequent alleles. In
addition we selected two other scenarios that closely resemble typical scans of a single
chromosome, with SNPs or STR markers. We used chromosome 20 with an approximate
length of 98 cM (60 Mb), and simulated STR markers with frequencies and genetic locations
taken from Marshfield clinic panel 8A (http://research.marshfieldclinic.org/genetics/), which
was used in genotyping the first and second FHS generations. Di-allelic markers were
generated to mimic SNPs that were selected in a previous linkage report using a subset of
SNPs from a 100,000 genome-wide SNP scan [Cupples et al. 2007].

To evaluate the robustness of the score statistics, we generated trait values that were
uncorrelated with the genotypes. To provide suitable background genetic correlation, the
simulated traits have a total heritability of 50%, which is similar to some of the values
observed for BMI in the FHS [Atwood et al. 2002]. We first generated normally distributed
traits, and in order to assess the effect on the type-1 error of departures from the normality
assumptions, we quantile transformed the trait distributions to »2 and t-distributions with 7
degrees of freedom. The 42 distribution is skewed, and the two distributions have kurtosis of
2.0 and 1.7, respectively. To evaluate power, we simulated a single QTL explaining 25% of
the variance of the phenotype. The QTL was located mid-way between markers, which
represents the worst case scenario in terms of power to detect a QTL.

For each scenario, we generated 1000 simulation replicates and evaluated the type-I error
and power of four statistics: the robust score statistic with 3 different ways of estimating the
covariance in IBD proportion: 1) theoretical (Theoretical); 2) theoretical correlation but
empirical variance (Estimated Var); 3) empirical covariance estimates (Empirical); and the
score statistic with non-robust estimate of the variance using the empirical estimate of IBD
proportion covariances. Theoretical power results are included under the heading of
“Complete IBD information.” Thresholds corresponding to a chromosome-wide error rate of
5% were determined theoretically and used to evaluate power and type-I error rates.
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As expected, for normally distributed traits, all statistics have type-I error rate close to or
below 5% (Figure 2). However, for 2 distributed traits, the non-robust score statistics have
inflated type-1 error, while all three robust score statistics have type-I error rate close to or
below 5%, with the statistic computed using theoretical variances being the most
conservative. These observations hold for both study designs: 200 three-generation
pedigrees and 330 Framingham pedigrees. Note that the score statistics using empirical
covariances (Empirical) or estimated variances with theoretical correlation (Estimated Var)
yield very similar type-I error rates.

The power of all statistics is comparable, with the exception of the robust score using
theoretical variances, which shows lower power due to overestimates of the variances in
IBD proportions (Figure 3). The non-robust and robust statistics with empirical variance
estimate have equivalent power for the extended pedigree study designs, while for the three-
generation pedigrees, the non-robust statistics tended to have higher power for normally
distributed traits. Overall, two versions of the robust statistics, “Empirical” and “Estimated
Var,” which differ only in how the covariance in IBD counts is estimated, have very similar
power. Because the “Empirical” version is much easier to implement and little is gained by
using the more complex denominator, in the next section we only use the “Empirical” robust
statistic to evaluate linkage in the FHS.

The approximate power for fully informative markers reported in the left hand panels of
Figure 3, which provides an upper bound on the power achievable with partially informative
markers, is based on the approximation given in Section 2.2, using the notion of an
“equivalent number of sibling pairs” to obtain a rough approximation to the noncentrality
parameter ¢ = E(Z,). The expression for & for sibships given by Tang and Siegmund [2001],
reinforced by numerical calculations in some extended pedigrees by Shi [2006], indicates
that the ratio of noncentrality parameters of different pedigrees varies relatively slowly as a
function of the phenotypic correlation provided that correlation is not too large. This
suggests that one can approximate the noncentrality parameter for an additive QTL by
determining the noncentrality parameter for an equivalent number of sibling pairs, defined to
be the weighted sum of the number of different relative pairs, with weights equal to twice
the variance of the number of alleles inherited IBD by the relative pair. Our rough
approximation to the noncentrality parameter is the noncentrality parameter for the
equivalent number of sibling pairs. Since each pedigree in Figure 1 contains three sibling
pairs, four first cousin pairs and 4 avuncular pairs, we evaluate the pedigree as 3 x 1 + 4 x
3/8 + 4 x 1/2 = 6.5 equivalent sib pairs. For our simulations there were 200 pedigrees, so the
equivalent number of sibling pairs is 1300. For the FHS pedigrees the number of equivalent
sibling pairs was 1646, which is reflected in the greater power obtained for these pedigrees.

The power given in Figure 3 for partially informative markers is obtained directly from the
simulated process. An alternative, which would require slightly less calculation, is to
simulate only the noncentrality parameter and then use the approximation suggested in
Section 2.2. The noncentrality parameter at a (fully informative) marker at distance A from a
QTL is & exp(—pA). Thus one might approximate the value of & at a QTL ¢ located in the
center of an interval of length A by simulating the average noncentrality parameter at the
two flanking markers, then dividing this average by exp(—fA;/2).

For a numerical example, consider 200 three generation pedigrees with markers every 5 cM
on a 150 cM chromosome. The threshold for chromosome wide significance of 5% we used
is 2.81. The noncentrality parameter for 1300 sibling pairs and fully informative markers can
be calculated from a formula of Tang and Siegmund [2001], which gives the value £ = 3.5
for power of approximately 0.76. In the case of partially informative markers spaced at 5 cM
the simulated values labeled “Empirical” gave an average noncentrality at the two flanking
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markers of 2.63, which converts to a noncentrality at the QTL of 2.95. Using this value for
the noncentrality parameter and the approximation in Section 2.2 gives the value of 0.59 for
power, where simulations gave 0.58. Hence the loss of power due to the loss of information
from partially informative markers is about 0.76-0.58 = 0.18. In other cases this loss can be
greater or less depending on marker informativeness and intermarker spacing, as is readily
seen from Figure 3.

Other numerical examples suggest that the power approximation in Section 2.2 is quite
accurate (data omitted).

To demonstrate the computational feasibility of our approach on real data from moderately
large pedigrees, we applied the score statistic to continuous traits measured on the Offspring
cohort in FHS. IBD probabilities were computed using the software MERLIN [Abecassis et
al., 2002] for STR markers and for SNPs selected to have low level of linkage
disequilibrium [Cupples et al., 2007] to avoid biasing IBD probability estimates [Schaid et
al., 2002]. The IBD probabilities were the input to our implementation in R of the methods
described in the previous sections.

For fasting plasma insulin, linkage evidence has been reported on chromosome 19
[Panhuysen et al. 2003], in the vicinity of the Apolipoprotein E (APOE) gene. The evidence
for linkage increased when restricting the analysis to families with higher average Body
Mass Index (BMI) [Meigs et al. 2008], which may indicate the presence of genexBMI
interaction. Motivated by this finding, we computed the linkage statistics on chromosome 19
for 15 STR markers with and without incorporating gene x BMI interaction in the linkage
scan (Figure 4). Fasting insulin has a skewed distribution, with some individuals showing
extremely high values. Not surprisingly, the LRT and non-robust score statistics yielded
similar evidence for linkage, while the robust score statistic showed reduced linkage
evidence (Figure 4 to panel). A similar, more extreme, discrepancy was obtained for fasting
glucose, which has a skewed distribution even after a logarithmic transformation (data not
shown).

When allowing for genexBMI interaction, the linkage statistic went from 11.6 (1 degree of
freedom (df)) to 17.2 (3 df). However, because of the increase in the number of degrees of
freedom for the score statistic allowing for interaction, this increase in the robust score
statistic translates into only a small change in the (chromosome wide) p-value, from 0.005 to
0.004. Similar results were obtained using 170 SNPs covering chromosome 19 (results not
shown).

Our implementation of the score statistic may be applied to the full three generation
Framingham families, provided that the IBD probabilities are estimated with software
capable of handling large pedigrees when they are encountered (e.g. MERLIN supplemented
by LOKI [Heath 1997]). An application was recently reported by Schnabel et al. [2009] in
the search for genes influencing lipoprotein-associated phospholipase A, (LpPla2), a
biomarkers of inflammation. A small linkage peak was found on chromosome 6 (LOD=2.4;
Figure 1 of [Schnabel et al. 2009]) for LpPla2 activity, near the phospholipase A2 (PLA2G7)
gene, which regulates LpPla2 activity. However, no other linkage peaks were identified.

6 Discussion

In this paper we have shown that for mapping QTL in extended pedigrees the score statistic
can be made robust against false positive errors by estimating the variance of the efficient
score conditional on phenotypes. Because nuisance parameters need be estimated only once,
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under the hypothesis of no linkage, some of the computational impediments to using
moderately large pedigrees and somewhat more complex models of inheritance have been
mitigated. Software written in the programming language R is currently available for
implementing models for univariate and bivariate phenotypes, gene x covariate interaction,
and ordinal phenotypes.

Likelihood ratio tests for linkage incorporating gene by covariate interactions were
introduced in 1997 [Towne et al. 1997] and can improve the likelihood to detect linkage
when such interaction effects are present [Towne et al. 1997; Diego et al. 2003]. However,
examples of their use are few and have generally resulted in modest improvement in the
linkage scan [Franceschini et al. 2006; North et al. 2007; Diego et al. 2007]. Bivariate
analyses have been more extensively used, probably due to the availability of software for
computing the likelihood ratio statistic, and there are a few interesting examples where the
bivariate evidence for linkage is much stronger than the univariate [Martin et al. 2004; Wang
et al. 2007; among others]. However, the likelihood computations for bivariate analyses
remain highly computer intensive and have often been restricted to chromosomes showing
evidence of linkage in univariate analyses. The score tests proposed in this paper greatly
alleviate the computational burden, allowing more complex models, such as bivariate
analyses and models incorporating interactions, to be applied to the whole genome.

The problem of robustness can be addressed by transforming the phenotypes to something
closer to a multivariate normal distribution. One truly multivariate transformation, available
in SOLAR, is based on assuming the phenotypes have a multivariate t distribution, and the
methods of this paper are easily adapted to deal with this modeling assumption as well. This
helps to reduce the effect of outliers, but does not deal with asymmetry. Another apparently
widely used technique is to use the empirical distribution of the phenotypes to force the
marginal distribution to be approximately normal. In our (limited) experience, use of this
transformation together with the likelihood ratio statistic often produces results similar to the
robust score statistic; but it is not easy to interpret the effect of this nonlinear transformation
nor to compare the results of different studies.

In the future we plan to extend the methods described in this paper to deal with other
problems. Reasonably straightforward examples are gene x gene interaction and longitudinal
traits, which can be approached by methods similar to our treatment of genexcovariate
interaction. A more complicated example is age of onset data along the lines suggested in
Dupuis, Siegmund and Yakir [2007].
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9 Appendix: Type | Error Probabilities

In Section 2.2 we provided approximations for the false positive error rate based on the
assumption that the number of pedigrees is sufficiently large for a normal approximation to
be appropriate. We also stressed that this approximation is conditional on phenotypes, so the
asymptotic normality is a consequence of the central limit theorem, not an assumption about
the distribution of the phenotypes. When the data involve a small number of relatively large
pedigrees, the statistic Z; can have a positively skewed distribution by virtue of within
pedigree dependencies of IBD counts and distant relatives, even if the phenotypes are
exactly multivariate normal. The approximation given below corrects for this skewness
(conditionally on phenotypes if desired).

To state the approximation let y = E(Z;)3, computed conditionally on the phenotypes or
unconditionally and let 6 = [-1+(1+2by)2]/y. Then for markers equally spaced at an
intermarker distance A, a chromosomal region containing C chromosomes of total genetic
length L, under the hypothesis of no linkage

P{ max Zia>b} ~ [27(1+y6)]™"*{1/6+vBLblexpl 67 (1+2y6/3)/2],
<iIA<

where v = v[b(2ra)1/2].

One should note that this is quite a different correction for non-normality from that
discussed by Blangero et al. [2000], which is concerned with the lack of robustness of the
likelihood ratio statistic when the phenotypes fail to be approximately multivariate normal.
In that case the failure of the standard asymptotic distribution is not just a question of
sample size, and an appropriate correction involves the kurtosis of the of the efficient score.

For an admittedly extreme example where the skewness correction has a substantial effect,
see Shi, Siegmund and Levinson [2007]. Software to apply the skewness correction in
moderately large three generation pedigrees is available on request from Jianxin Shi.
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Figure 1.
Simulated pedigree. Phenotypes and genotypes from the grandparents (open symbols) are
assumed missing.
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Figure 2.
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Type-1 error for (top) 200 three-generation pedigrees; and (bottom) 330 families similar in
size to FHS. The leftmost panel are normally distributed trait values, center are t-distributed
and rightmost are y2 distributed trait values. D1: 151 SNPs every 1 cM; D5: 31 STRs every
5cM; D10: 16 STRs every 10 cM; SNP: 190 SNPs ~ 0.6¢cM; and STR: 18 STRs ~ 5.8cM.
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Figure 3.

Power for (top) 200 three-generation pedigrees; and (bottom) 330 families similar in size to
FHS. The leftmost panel are normally distributed trait values, center are t-distributed and
rightmost are y2 distributed trait values. D1: 151 SNPs every 1 ¢cM; D5: 31 STRs every 5
cM; D10: 16 STRs every 10 cM; SNP: 190 SNPs ~ 0.6cM; and STR: 18 STRs ~ 5.8cM.
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Figure 4.
Linkage statistics for fasting plasma insulin on chromosome 19 using 15 STR markers with

(top panel) and without (bottom panel) BMI x gene interaction.
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