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Abstract

Many phenomena of fundamental importance to biology and biomedicine arise as a dynamic
curve, such as organ growth and HIV dynamics. The genetic mapping of these traits is challenged
by longitudinal variables measured at irregular and possibly subject-specific time points, in which
case nonnegative definiteness of the estimated covariance matrix needs to be guaranteed. We
present a semiparametric approach for genetic mapping within the mixture-model setting by
jointly modeling mean and covariance structures for irregular longitudinal data. Penalized spline is
used to model the mean functions of individual QTL genotypes as latent variables while an
extended generalized linear model is used to approximate the covariance matrix. The parameters
for modeling the mean-covariances are estimated by MCMC, using Gibbs sampler and Metropolis
Hastings algorithm. We derive the full conditional distributions for the mean and covariance
parameters and compute Bayes factors to test the hypothesis about the existence of significant
QTLs. The model was used to screen the existence of specific QTLs for age-specific change of
body mass index with a sparse longitudinal dataset. The new model provides powerful means for
broadening the application of genetic mapping to reveal the genetic control of dynamic traits.
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1 INTRODUCTION

Most traits of interest in biology and important to biomedicine are multifactorial, controlled
by multiple genes displaying complex interactions with each other and with environmental
factors [1]. For this reason, genetic analysis of these traits has been difficult, despite
tremendous efforts for the development of genetic theory and methods over the past century.
Recent advances of powerful molecular technologies have revolutionized the tools of
analyzing multifactorial traits by dissecting them into the underlying quantitative trait loci
(QTLs) using DNA-based markers. Lander and Botstein [2] proposed a statistical model for
interval mapping of individual QTLs that contribute to a complex trait. A considerable body
of literature on the methodological development of QTL mapping, which aims at improving
the precision of QTL detection [3,4] broadens the scope of utility of this approach [5-7].
Specific statistical issues for QTL mapping have also been considered in several areas
including the determination of critical thresholds [8,9], model selection [10], nonparametric

TCorerspondence to: Rongling Wu, Penn State Cancer Institute Building, Pennsylvania College of Medicine, Hershey 17033, USA.
rwu@hes.hmce.psu.edu.
Current address: Department of Statistics, Temple University, Philadelphia, PA, 19122, USA



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

1duasnuey Joyiny vd-HIN

Das et al.

Page 2

mapping of QTLs [11], and asymptotic properties of QTL parameter estimates [12]. Because
of its many favorable properties, the Bayesian approach has been introduced to map QTLS
first by Satagopan et al. [13] and subsequently by a number of other researchers [14].

There is increasing recognition of the limitations of traditional QTL mapping approaches
that only capitalize on single measurements of a complex trait at one time point, given that
all biological traits or diseases undergo a dynamic process across time and spatial scales. To
better describe the dynamic pattern of trait progression, it is crucial to measure phenotypic
values of a trait longitudinally at multiple time points, which allows a comprehensive
analysis of how genes govern time-specific changes of the trait. These so-called dynamic
traits can now be mapped by a dynamic model that is equipped with a capacity to study the
temporal pattern of QTL effects on trait progression [15]. This model approximates time-
dependent mean vectors for individual QTL genotypes and tests their differences by using
biologically relevant parametric curves, such as logistic equations for growth data [15], or
nonparametrically when no explicit parametric equations exist for functional data [16-18]. It
provides a general quantitative and testable platform for assessing the interplay between
genetic actions and developmental pattern [19] and has now been used as a mapping tool in
a number of areas such as allometric scaling, bird flight, thermal reaction norm, HIV-1
dynamics, tumor progression, biological clock, and drug response [20-24].

In many longitudinal trials, data are often collected at irregularly spaced time points and
with measurement schedules specific to different subjects. The efficient estimation of
covariance structure in this situation presents a major challenge for genetic mapping to study
the genetic control of dynamic traits. The motivation of this study is to develop a robust
approach for joint-modeling of the mean-covariance structures of subject-specific irregular
longitudinal data. Within a generalized linear model framework, covariates were used to
model the mean function by McCullagh and Nelder [25] and the covariance matrix by
Pourahmadi [26]. Pan and Mackenzie [27] generalized Pourahmadi’s setting to sparse
irregular longitudinal data and implemented iteratively re-weighted least squares algorithms
(IRLS) to estimate the model parameters maximizing the likelihood. An alternative for
modeling the covariance structure is to shrink the covariance matrix towards a specified
structure using Bayesian hierarchical models. A popular and standard prior for the
covariance matrix is the inverse Wishart distribution which is conjugate to a covariance
matrix from a normal distribution. Daniels and Kass [28] showed that such a prior could
enhance computing efficiency. Better priors for shrinking the covariance toward a known
structure were proposed by Daniels and Pourahmadi [29]. All these methods guarantee the
estimated covariance matrix to be positive definite.

In this article, we present a Bayesian approach for semiparametric modeling of mean and
covariance structures for irregular longitudinal data within the framework of genetic
mapping constructed by a finite mixture model. A Bayesian algorithm for genetic mapping
of dynamic traits was already proposed by Liu and Wu [30] and Heuven and Janss [31].
Unlike their parametric modeling, however, we model the mean structure by a penalized
spline [32] and the covariance structure by a generalized linear model [26]. This
semiparametric modeling is particularly robust for dynamic trait mapping with irregular
longitudinal data. Proper priors have been tested and chosen to get a smooth mean curve and
meaningful covariance parameters. We derive the full conditional posterior distributions for
the model parameters and then use Gibbs sampler and the Metropolis-Hastings algorithm to
estimate the parameters. The new model was used to map QTLs responsible for age-specific
changes of body mass index (BMI) in a random sample of 977 subjects from Framingham
Heart Study [33]. As a heuristic measure of body fatness based on a person’s weight and
height, BMI is the most widely used diagnostic tool to identify whether individuals are
underweighted, overweighted, or obese and further examine their risk of developing obesity-
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related diseases, such as hypertension, type 2 diabetes, and cardiovascular diseases [34]. By
mapping genes associated with BMI trajectories, we hope to diagnose and predict the timing
of pathogenesis for these diseases based on individual patients’ genetic makeup. To validate
the usefulness of the new model for QTL mapping, we performed simulation studies to
investigate its statistical properties.

2 BAYESIAN GENETIC MAPPING
2.1 Genetic Design

Suppose there is a natural diploid population at Hardy-Weinberg equilibrium (HWE), from
which a sample of 7unrelated subjects are drawn randomly. In this study, a dynamic trait of
interest is measured longitudinally at irregularly spaced time points, with measurement
schedules uncommon to all subjects. Thus, it would be difficult to map these irregular data
by a static mapping approach because only some of the subjects may be measured at the
same time point. Also, traditional genetic mapping may not work because all the subjects are
measured at a few number of time points, which does not allow parametric modeling of
longitudinal data for individual subjects. Despite a high sparsity, a number of distinct time
points can be yielded when all the subjects are combined.

We assume that these subjects differ in the dynamic trait due to specific genes or QTLs
involved. These causal QTLs cannot be observed directly, but they can be inferred from
molecular markers based on the random association between the markers and causal loci.
Suppose there is such a marker that is associated with a putative QTL in the population
sampled. We consider mostly commonly used single nucleotide polymorphism (SNP)
markers which are mostly biallelic. Let Wand wdenote the two alternative alleles at the
QTL, which have a frequency of gand 1 — g, respectively. Similarly, we use Mand mto
denote the two alternative alleles at the marker, with respective frequencies pand 1 — p. The
original population is composed of diploid individuals, each with two haploids (i.e., a half
set of chromosomes), one from the paternal parent and the other from the maternal parent. In
the haploid population, the alleles at the marker and QTL combine randomly to form four
haplotypes, MW, Mw, mW and mw, whose frequencies are expressed as py1 =pg + D, pio =
pPL-9 -D, ppr=0Q-p)g-D, and pyo = (L - p)(1 — g) + D, respectively, where D, called
the linkage disequilibrium, describes the extent of random association between the QTL and
marker. The four haplotypes are mating randomly to generate nine distinguishable
genotypes with frequencies tabulated in Table 1. From Table 1, we can derive the
conditional probabilities of a QTL genotype (= 0 for ww; 1 for Wwand 2 for WW), given
a marker genotype of subject / symbolized as w;: Conditional probability w;is a function
of haplotype frequencies or (p, g, D).

2.2 Mixture Model

Lety;= DAtn),..., it)] be the vector of 7;measurements on subject 7and let t;= (#;,
..,tjT;) be the corresponding vector of measurement times. These notations allow subject-
specific differences in the number and interval of time points. The phenotypic value of
subject 7at time #7 (t=1, ..., 7)), affected by the QTL, is expressed as

yi(tir)zinjﬂij(tir)+ei(ti‘r), D

2
J=0
where x;;is an indicator variable for a possible QTL genotype of subject 7and defined as 1 if

a particular QTL genotype /is indicated and 0 otherwise, 1;{#7) is the mean value of QTL
genotype jfor subject 7at time £z, and e{Z;) is the residual error for subject / assumed to be
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distributed as MVN(O, X ). Note that equation (1) does not include a covariate because our
focus here is on the explanation of the new model.

The mixture model-based likelihood of subjects with longitudinal measurements y and
marker information M is formulated as

N
L@y, M= |

i=1

2
ijufj(yi)l » @

J=0

where Q is the vector for unknown parameters, w ;s the proportion of mixture component
expressed as the conditional probability of QTL genotype jfor subject /given its marker
genotype, which is calculated from Table 1, 7{y) is a multivariate normal distribution with
QTL genotype-specific mean vectors p; (from equation (1)) and a subject-specific
covariance matrix X, The unknown vector Q contains marker-QTL haplotype frequencies
and the parameters that model the mean-covariance structures.

2.3 Joint Mean-Covariance Regression Model

The central theme of genetic mapping lies in modeling the mean vector and covariance
structure. Here, we will incorporate a regression approach to jointly model the mean-
covariance structures. Consider a particular subject measured at 7 different time points. For
a simple description, we ignore the subscript for the moment. Without loss of generality,
assume the response vector y = ()4, ...,J/7) has mean vector 0 and covariance matrix . The
response at time £ y;, can be predicted by its predecessors as follows:

t—1

yt=Z¢t,z'Yt'+8r, ®3)

r=1

where @, is the corresponding regression coefficient. Let £;be the prediction error with 0
mean and o2 be its variance. Assuming that €/s are uncorrelated [26], we get co/€) = E, a

diagonal matrix with o2 being the £th diagonal element, where € = (g, ..., €7)', the vector of
prediction errors. Hence, the matrix representation of the above autoregression becomes

e=Ly, ()

where L is a lower triangular matrix with 1’s in diagonal elements and —¢;, in the (££)th
position. The above equation simply gives,

cov(g)=Lecov(y)L'=LZL'=E, (5)
which is related to the modified Cholesky decomposition of X.

Equation (5) will be considered as the basis for modeling the covariance structure, since this
guarantees the estimated covariance matrix to be positive definite. In an irregular setting
where different subjects are measured at different time points, we model subject-specific

error covariance matrix as E;=L;ZL!.

Following Pourahmadi [26], we model the unconstrained dependence parameters log o> and
¢ ¢ With a suitable ordered polynomial function of time # expressed as

logo?=Ao+A1t+Aat+ ...+ 2,15, (6)
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brw=00+61(t — I )+02(t — ')+ .. +0u(t — ), (F=1,2, ...t = 1). (7)

The order of each of the above polynomials (g and /) is determined by comparing the BIC
values for different orders. We will estimate variance parameters and the dependence
parameters in a Bayesian framework using the MCMC method as discussed later. In order to
have maximal smoothness in the mean curve and study the overall features of the unknown
mean curve properly, we use a penalized spline. Recently, Chen and Wang [35] have used
penalized spline for functional mixed effects model analysis.

2.4 Penalized Spline

A polynomial spline of degree r, with knots (7 1,...,.7 ), has continuous derivatives upto (r
— 1) times and a discontinuous r~th order derivative. QTL genotype-specific means at
different time points in equation (1) are fitted by a nonparametric regression model,

K
Hij(tir)=bjo+bjit+bplp+ ... +bjrtl'rT+ij(r+s)(tiT ()

s=1

where ris the degree of the spline, (x),=x"I(x>0)and (71 <.7 2 < ... <.7 g) is a fixed set of
knots. Usually, ris kept relatively small (between 1 and 3). Here, b;= (bp, bp,...,4)) and ¢;
= (bir1)s Bjr2), - b k) represent the coefficients of the parametric and spline portion
of the model, respectively. The P-spline regression model for the mean of a QTL genotype
described above can be described for irregular longitudinal data in matrix notation:

Mi j=Uib]T+ViC]T- ©

where
(1 2 e 1] [ (ta— D), (ta-)y - (- T, ]
L tp £ - 1 (tn— ANy (p-R), - (-,
Ui= 1 ti:‘r tlz‘r : t;T Vis (tir —:y]): (tir —:92)1 : (tir _:'Z(): ’
i 1 Z,-:T,- [fz:r,- t,-r:r,- . | _:yl): g, _:'%): @, _:yk): :

In order to smooth-out the fit of the resulting model, a roughness penalty is placed on the
above parameters. This is done by minimizing the following expression:

n T; K
S=ZZ(}GT - Mij(tir))2+/l*2|bj(r+s)|d (10)
s=1

=1 =1

where A* is the smoothing parameter which plays a crucial role in the smoothing process
since it controls the goodness of fit and roughness of the fitted model. Here we will consider
a Bayesian version of ridge regression (= 2) by choosing normal priors on b +5’s
followed by a gamma prior on A*. Note that o=1 gives LASSO, which has a literature for
QTLs in a different context.

Selection of a reasonable number of knots is quite subjective in a P-spline regression model.
In practice, researchers predetermine the optimum number of knots by looking at the
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independent variable. Locations of knots are usually determined by the equally spaced
sample quantiles of the independent variable.

2.5 Estimation Procedure

By specifying their prior distributions, we obtain the posterior distributions of those
parameters that model the mean-covariance structures given the data and the priors. Let A
and d denote the vector of coefficients for the variance structure and the dependence
structure, respectively, in models (6) and (7). For b, of QTL genotype /, we place a
multivariate normal prior with zero mean and covariance matrix X, A multivariate normal
prior with mean 0 and covariance matrix X is placed for c; where X is a diagonal matrix

1
with diagonal element 7 Agamma prior with parameters(a™*,*) is taken for A* in order to
shrink the parameters of the spline part of the mean function. Priors for A and & are taken as
MVN(0,Z,) and MVN(0,X;), respectively.

With the above priors and likelihood function, we get the posterior density of b, ¢, A, 3, and

A* as

n(b, ¢, 4,8, A'ly) o n(ylb, ¢, 4, 6, )n(b)n(c)n(D)n(S)n ().

Assuming that priors for different genotypes are independent, we can express the above
posterior distribution as

2
ﬂn(cj)‘ RDrERA), (1)

2
a(b, ¢, 4,6, A'ly) « n(ylb, ¢, 4,6, 4% lﬂn(b b,
j=0

j=0

where (b)) and Ti(c)) are priors described in equation (10), T(A) and Ti(d) are priors
described in equations (6) and (7), and T(A*) is a prior described in equation (9).

A Markov chain Monte Carlo (MCMC) technique was used to estimate the parameters that
specify QTL genotype-specific normal distributions by drawing samples from the joint
posterior distributions of these parameters with explicit expressions (A1) — (A5). A simple
Gibbs sampler was used to update b, ¢, and A*, whereas a Metropolis-Hastings algorithm
used to update A and &. A multivariate normal with mean as the current A and covariance
matrix ) was taken as the proposal for simulating A. A similar proposal was considered for
the simulation of 8. Parameter estimates are obtained from the mean of the posterior
distributions.

Once the distribution parameters are updated, we update the parameters (o, g, D) that specify
the (co)segregation of the marker and QTL at each state by implementing the EM algorithm.
Wang and Wu [36] give detailed derivation for the EM estimation of these population
genetic parameters.

2.6 Hypothesis Testing

After we obtain the estimates for the population parameters and distribution parameters, we
need to test the following hypotheses. First, we need to test the existence of a QTL for the
longitudinal trait. This hypothesis is formulated as

H,,:(bg,co)=(b1,c1)=(ba,cz) = (b,c) H,,:At last one of thee qualities inH,does not hold. (12)
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In a frequentist framework, one can compute the likelihood ratio test statistic LR = -2 log A,
where A is the ratio of the value of the likelihood function under null to that under the
alternative. However, since linkage disequilibrium (D) is not identifiable under the null, it is
difficult to get an approximate distribution of the test statistic. Permutation tests are
suggested to get the critical threshold.

A similar approach in a Bayesian framework, known as posterior predictive p-values,
described by Gelman et al. [37], can also be used. Since the hypothesis testing above can be
viewed as a model selection problem, we perform posterior predictive checks to decide
which of the two models (suggested by the null and the alternative, respectively) is better
advocated by the data. Let © be the set of all parameters and y’¢” be the replicated data.
Then, given the data y, the posterior predictive distribution of y"¢ is given by o(y’®Ay) = [
p(y"eP0)(Oly)ad. From their respective posterior densities, we first simulate the model
parameters and, then, using those parameters, draw y’®, the replicated data. Having a large
number of such simulations, the posterior predictive p-value is estimated as the proportion
of the simulations for which LR(y"®P, ©) = LR(y, ©).

Second, we will test whether this QTL can be detected by the marker that is associated with
it by testing the significance of linkage disequilibrium (D). We have

H,,:D=0vs.H ,:D # 0.

An informal way to test this hypothesis is to construct credible intervals having equal tails.

a a
A 100(1 — o) percent credible interval is constructed using 100 (E) —th and 100 gl - —) —th
percentiles of the posterior distribution of D. The evidence for or against the null hypothesis
can be justified by checking whether the credible interval contains O or not. Since there is no
P(Y|H,,)

BOl:p(y|HlB). We follow the

identifiability problem in this case, we compute bayes factor:
scale given by Jeffreys for the interpretation of Bayes factor.

3 ANALYSIS OF REAL DATA
3.1 Background

We used the newly developed method to analyze a longitudinal trait with an irregular and
sparse measurement structure. The data was collected from a Framingham Heart Study
(FHS), aimed to study the genetic control of cardiovascular diseases. Beginning in 1948
with 5,209 healthy men and women aged 30 to 60 from Framingham, MA [33], the FHS
project is now in its third generation of participants and has played a central role in
advancing our understanding of the epidemiological cause of hypertensive or arteriosclerotic
cardiovascular disease. All subjects underwent a medical history and physical examination
(including body height and weight), laboratory tests, and electrocardiography. Examinations
have been repeated every two or more years, with different subjects having different
numbers and time intervals of measurements. Thus, almost all these phenotypic
measurements were collected on an irregular schedule. The data we used is composed of 977
subjects (all Caucasians) in a range of ages from 29 to 104 years. All these subjects were
measured for body mass index (BMI) and other variables at multiple time points. The
number of serial measurements for a subject can be as low as 5, but the times and intervals
of measurement are highly variable among the subjects. Thus, despite high sparsity, this data
set contain a long range of time points when all the subjects are projected on a time scale.

Stat Med. Author manuscript; available in PMC 2014 February 10.



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

1duasnuey Joyiny vd-HIN

Das et al.

3.2 Results

Page 8

Marker data consist of approximately 3.5 million single nucleotide polymorphisms (SNPs)
genotyped from the human genome. As usual, the SNPs with minor allele frequencies <
10% were excluded from the analysis. Traditional genome-wide association studies
(GWAS) based on a direct relationship between genotype and phenotype were used to
identify significant SNPs associated with BMI phenotypes. This approach is simple, but is
not able to detect QTLs that affect the phenotypes. Since these significant SNPs present
some signals, we will use them as markers to map QTL for BMI trajectories. The GWAS
approach identifies four significant SNPs, rs4451518 on chromosome 1, rs2171168 on
chromosome 3, rs13124340 on chromosome 4, and rs3903759 on chromosome 6, for
females and eight significant SNPs, rs3903759 on chromosome 6, rs17782554 and
rs11783045 on chromosome 8, rs7903156 on chromosome 10, rs7309679 on chromosome
12, rs9915696 on chromosome 17, rs948716 on chromosome 18, and rs747911 on
chromosome 20, for males. Of these SNPs, rs3903759 on chromosome 6 was detected for
both sexes, whereas the others are sex-specific.

In an exploratory data analysis, we found that there was no significant improvement of the
mean curve in terms of smoothness if more than six knots were used. Hence, K= 6 was
chosen as a reasonable number of knots for our modeling and analysis. To get the optimum
(r, g, h), we compute BIC values for different orders for (7, g, /i) using Pourahmadi’s [26]
approach,

2\t 1
BIC(r, g, h)= - (—) Lmax+(r+g+h+1<+3)w,
n n

where nis the number of subjects, K'is the number of knots, (1, g, /) are the orders of
modeling the mean function (equation 8) and covariance function (equations 6 and 7). Table
2 provides the corresponding BIC values for different orders from which (2,2,2) was found
to give the smallest BIC value and therefore, taken as the optimum order.

Next, we consider one SNP at a time as a marker and test for the existence of a QTL having
a significant effect on BMI trajectories. The following priors were placed for the unknown
parameters. We assume that X, is a diagonal matrix with all the diagonal elements equal to
1000, A* has a Gamma distribution with parameters (o* = 0.001, * = 1000) so that the
distribution has mean 1 and high variance 1000 (a diffuse prior, so to speak), and X, and X5
are diagonal matrices with all diagonal elements equal to 10 and 5, respectively. Gibbs
sampler works for the parameters b, c, and A*, whereas for A and 8, a Metropolis Hastings
algorithm was implemented with the proposal density being multivariate normal with mean
as the parameter value in the current state and X and X3, respectively, as the covariance
matrix. This choice of proposals results in a reasonably good acceptance rates (above 0.20).
We run 60,000 iterations and initial 10,000 burn-in iterations were discarded. The
convergence of the chains is assessed by computing Multivariate Potential Scale Reduction
Factor (MPSRF) proposed by Brooks and Gelman [38] by considering 5 different chains
with different staring values. We consider the posterior mean as the parameter estimate by
taking into account a squared error loss function.

To test the existence of a QTL, we computed posterior predictive p-values for genetic effects
of a QTL by considering 5,000 replications )/¢” of the data and counting the number for
which the test statistic LR for the replicated data is higher than or equal to that for the
observed data. The proportion gives an estimate of the posterior predictive p-value for the
corresponding test. Table 3 provides these p-values for each significant SNP identified from
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traditional GWAS that can reflect the effect of a QTL on age-specific changes in BMI. For
females, all four SNPs may each be associated with a QTL, whereas, for males, six of eight
SNPs each associated with a QTL. In Supplement 1, we provide MCMC estimates of the
parameters and their standard errors for significant QTLs in females and males, from which
it can be seen that all estimates display reasonably good precision.

For those SNPs that reflect the effects of a QTL, we now examine whether each of them can
be used to detect the QTL by testing the significance of linkage disequilibrium, D. First, we
constructed 95 percent credible intervals for O and checked whether the interval contains
zero. However, this should be taken as an informal way just like the classical frequentist
approach. To compute Bayes factors, we run the Markov chain again under the null
hypothesis and compute the value of the likelihood function. We made the interpretation of
the computed Bayes factor according to the scale suggested by Jefferys. By < 1 gives
evidence against the null hypothesis, 3 < By; < 10 gives substantial evidence for the null
hypothesis, and By, > 10 provides strong evidence for the null hypothesis. Table 4 shows
that for females SNP rs2171168 on chromosome 3 cannot be used to detect the significant
QTL and for the males the same is true for SNP rs7309679 on chromosome 12 and SNP
rs948716 on chromosome 18. Similar results can be seen from the credible intervals.

Our model can have now detected QTLs based on their associations with a SNP. Using the
estimates of curve parameters in Supplement 1, we draw age-dependent curves of BMI for
three different genotypes at a QTL that is detected by a SNP. SNPs rs4451518 and
rs13124340 are associated with a QTL that controls the temporal change of BMI only in
females (Fig. 1), whereas SNPs rs17782554, rs11783045, and rs9915696 are associated with
a QTL that is only expressed in males (Fig. 2). The QTL associated with SNP rs3903759 is
expressed in both females and males (Fig. 3), but with different extents and patterns. All
these QTLs detected display genotype x sex interactions for age-specific changes of BMI,
although these are more pronounced for sex-specific QTLs (Figs. 1 and 2) than the sex-
biased QTL (Fig. 3).

Considering the marker gene rs3903759 (on chromosome 6) for which we have detected
QTL for both male and female population, we compare our joint modeling approach with
the other traditional methods. Since the trait trajectories for different genotypes seem to be
quadratic functions of time, we consider polynomial functions of order 2 to estimate the
mean functions. For modeling the longitudinal covariance function, we consider the
traditional autoregressive order 1 (AR(1)) and compound symmetry (CS) structures. Model
parameters are estimated in a Bayesian framework using MCMC algorithm as discussed
earlier. Table 5 and 6 show the Residual Sum of Squares (RSS) and Deviance Information
Criterion (DIC), two standard measures of model selection for each combination for male
and female population respectively. In terms of DIC the proposed method performs
significantly better than other two, although in terms of RSS they are quite comparable for
the male population. However, as table 6 shows, for the female population the proposed
method performs much better than other two methods both in terms of RSS and DIC. Since
DIC is preferred in Bayesian literature for some of its desirable properties, we have
numerical evidence to believe that the proposed method would perform better than the
traditional methods in reality.

3.3 Computer Simulation

In order to evaluate the statistical properties of our model and estimation procedure, we
undertook simulation studies by mimicking the data structure of FHS. We used seven SNPs
detected from the FHS data as a marker to simulate their associated QTLs, which are
rs17782554, rs11783045, rs9915696 and rs3903759 for males and rs4451518, rs13124340
and rs3903759 for females. By using allele frequencies and genotype distribution of these
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SNPs, we simulate longitudinal phenotypes of each subject separately for different sexes
based on the model parameter estimates as given in Supplement 1. We kept the total number
of subjects 977, the same as the original data. Also, the number of longitudinal
measurements from each subject was kept the same as the original data.

We ran our MCMC method to estimate the model parameters for males for each of the 4
markers mentioned above and did the same thing for females for each of the 3 markers. The
estimates and the Monte Carlo standard errors of the model parameters for these simulation
studies are shown in Supplement 2. The accuracy and precision of the estimation show that
the results for the original FHS project with 977 subjects are reasonably convincing. The
simulation based on seven SNPs show that the estimation is quite accurate, which suggests
that the proposed model detects the plausible QTLs controlling the trait of interest in
practice.

We performed an additional simulation to examine the power and false positive rate (FPR)
of our model. Power analysis was based on the same simulated data as described above by
assuming that there exists a significant QTL. The analysis of FPR was conducted by
simulating phenotypic data that involve no significant QTL. On the basis of 5,000
simulations, across all 7 SNPs, the power of gene detection of our model is found about 0.8,
whereas the FPR of the model is less than 0.10 for a sample size of 1,000. Because our
simulations were conducted by mimicking the FHS, it is likely that our power and FPR
analyses reflect an actual case.

4 DISCUSSION

Because of their paramount importance in biology and biomedicine, a dynamic model has
been derived to map QTLs for complex dynamic traits [15-24]. This model was founded on
rigorous biological principles of trait formation and development and allows the formulation
of numerous quantitative hypothesis tests on the interplay between genes and development,
showing an increasing implication for quantitative, developmental, and ecological genetic
studies. In many practical trials, longitudinal data are often collected at irregularly spaced
time points and with measurement schedules specific to different subjects. Despite high
sparsity, the subjects combine together to display a long window of points on the time scale.
The efficient estimation of covariance structure in this situation will be a significant concern
for genetic mapping to map the QTLs that control dynamic traits. In this article, we have
extended the previous dynamic model to handle a challenge in modeling the mean-
covariance structures of subject-specific irregular longitudinal data by integrating different
statistical approaches.

First, the new model is based on a nonparametric modeling of the mean vector by a
penalized spline and a parametric modeling of the covariance structure. This semiparametric
treatment shows an advantage of combining the flexibility of a spline approach for modeling
a long window of time points and efficiency of a parametric approach for modeling subject-
specific variances and correlations with a limited number of time points. Second, we
implemented a Bayesian algorithm to take its advantage of obtaining the estimation of a
high-dimensional space of parameters. Meanwhile, the EM algorithm which has been shown
to be efficient for estimating haplotype frequencies [36] was embedded into the Bayesian
framework. Third, different from a traditional association study based on a direct phenotype-
marker association, our model allows the identification of QTLs that determine phenotypic
expression. Because QTLs are directly involved in pathways of trait formation and
development, results from our model should be more biologically relevant.
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It should be pointed out that our model was based on a simplified one-marker/one-QTL
assumption, but its principle can be considered to model multiple QTLs and their epistatic
interactions by involving multiple markers. If two QTLs are modeled, the likelihood (2)
should be changed as

N
L@y, =] |

i=1

2 2
Z ijl it (yi)l . (13)

J1=0j2=0

where /1 and /> denote a genotype at the first and second QTL, respectively, wj p is the
conditional probability of two-QTL genotypes given marker information, modeled by
linkage disequilibria of different orders, and 7 »(y,) contains genotype-specific mean
vectors modeled by the additive, dominant, and epistatic effects of the QTLs. The
complexity of multiple QTLs is being considered in the development of computer software
for the proposed model.

Lastly, the model was used to analyze a real data set, validating its utilization and
usefulness. Through simulation studies, the statistical properties of the model have been
studied, including the precision of parameter estimates, model power, and false positive
rates. All these have evidenced the application of the new model to practical problems. In
particular, the new model is meritorious in tackling longitudinal data with high sparsity
through semiparametric modeling of the mean-covariance structures.

More recently, Fan et al. [39] proposed a semiparametric model for the covariance structure
of irregular longitudinal data, in which they approached the time-dependent correlation by a
parametric function and the time-dependent variance by a nonparametric kernel function.
The advantage of Fan et al.’s [39] model lies in the combination between the flexibility of
nonparametric modeling and parsimony of parametric modeling. The establishment of a
robust estimation procedure and asymptotic properties of the estimators will make this
semiparametric model useful in the practical estimation of covariance function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX: FULL CONDITIONAL DISTRIBUTIONS

In what follows, we give the full conditional distributions for the unknown parameters, b, c;
(/=2,1,0),A 8, and A*. Denote b_;= (by: 7 =0,1,2, / #)andc_;=(c;: / =0,1,2; 7 #)).
Let mjbe the number of subjects with QTL genotype /. The full conditional distribution of b;
is expressed as
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a(bjly, ¢, 1,6, 2%, b_;) o« 2(b )a(ylb, ¢, 4,6, 1*) o exp |

1 17
- 5b,%;'b]

1 & T _
=52 ®i—Ub] —Vie) £ (v,
i=1
T T
— U] - Vic))

1
=exp [—Ebp:;lbf

m
IR T
- EZ(}’:‘ - Vie] —Ub}) I (y;
i=1

mj mj
— — T —
bz, b+ (b, UT 2 UBT) -2 (v - Vie!) ;' UbT)

i=1 i=1

- V,-CJT- - U;bJT.)] o« exp

=exp [ij;leT»
mj
+b;( U R U]
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i=1
=exp [b j():;]

mj
+Y UTE'upbT
=1

J
(vi — Vi) =71 UbT)
i=1

-2

m;

Hence, we have

-1

mj -1 mj mj
[2;1+ZU,.T2;1UiJ [ZUL.TZ;l(y,- - V,»cJT.)] : (z,juZUiTE;IU,-]

abjly, ¢, 2,6, 2", b_j)~MVN (A1)
i=1 i=1 i=1
Similarly, the full conditional distributions for the other parameters can be derived as
follows:
m; “lm m; -1
n(cjly, b, 4,6, 4%, ¢_;)~MVN (4*1(K)+ZV?2;‘V,~] (ZV{E;‘(yi - Uib_/T.)) , (/I*I(K)+ZViTE{]V,~) (A2)
i=1 i=1 i=1
n | 1 | & T
(Al b, ¢, 6, %) o Il_[det():i)‘i} exp | -5} A - EZZ(Y" —Ub! - Viel) I (3 - Ub! - Vi) (a3)
i=1 j=0i=1
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(dly, b, ¢, 4, 1) o [ndet():i)_f] exp |~50'%;"6 - EZZ(Y" —UbT - Viel) 7' (yi - UbT - VieD)| (a9)

i=1 j=0i=1

K 2 CjCT. 1 -
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Age-specific change of BMI for three different genotypes at the QTLs expressed in males.
Upper: a QTL associated with SNP rs17782554 on chromosome 8 with QTL allele Win a
coupling phase with SNP allele Gand QTL allele win a coupling phase with SNP allele C.

Middle: a QTL associated with SNP rs11783045 on

chromosome 8 with QTL allele Wina

coupling phase with SNP allele Aand QTL allele win a coupling phase with SNP allele G.
Bottom: a QTL associated with SNP rs9915696 on chromosome 17 with QTL allele Win a
coupling phase with SNP allele Gand QTL allele win a coupling phase with SNP allele C.
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80

Age-specific change of BMI for three different genotypes at the QTLs expressed in females.
Upper: a QTL associated with SNP rs4451518 on chromosome 1 with QTL allele Win a
coupling phase with SNP allele 7and QTL allele win a coupling phase with SNP allele C.
Bottom: a QTL associated with SNP rs13124340 on chromosome 4 with QTL allele Win a
coupling phase with SNP allele Gand QTL allele win a coupling phase with SNP allele 7
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Age-specific change of BMI for three different genotypes at the QTL expressed in both
males and females. This QTL is associated with SNP rs3903759 on chromosome 6 with
QTL allele Win a coupling phase with SNP allele Cand QTL allele win a coupling phase
with SNP allele A.
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BIC values for selecting the optimum triple (7, g, /) to model the mean-covariance structure in the analysis of

BMI data.
Triple BIC(male) BIC(female)
(3,33 4.17 5.19
(3,2,3) 3.89 2.67
(3,32 2.46 3.12
(3.2.2) -1.89 1.75
(2.2,2) -4.41 1.31
(23,2) 2.51 2.07
(2.2.3) 3.14 2.38
(233) -2.65 3.33
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Table 5

RSS and DIC values for different combinations for male population.

Methods RSS DIC

Quadratic mean with AR(1) cov. 213.56 145.12
Quadratic mean with CS cov. 218.71  152.67
Proposed joint modeling 216.19 113.05
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Table 6

RSS and DIC values for different combinations for female population.

Methods RSS DIC

Quadratic mean with AR(1) cov. 336.15 130.55
Quadratic mean with CS cov. 32791 142.72
Proposed joint modeling 289.56 108.98
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