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Introduction

Human height is a highly variable trait that correlates with many social background variables
and with both social and health-related outcomes. Observed associations between height and outcomes
such as cardiovascular disease, diabetes and suicide may be due to direct effects of height. % "4
However the relationships between height and health outcomes are often confounded by associations
between height and other social and environmental factors, such as nutrition during development,
socioeconomic status, and education. ** Social and environmental factors such as these may
independently impact multiple traits including height and other health outcomes. A greater
understanding of the determinants of height may help us to unravel the complicated relationships
between height and health.

Short stature has been implicated as a cardiovascular risk factor by a number of studies that
have observed an association between short stature and increased risk for coronary heart disease and
cerebrovascular disease. "* One of the goals of the National Heart, Lung and Blood Institute (NHLBI)
Family Heart Study (FHS) is to investigate the genetic determinants of cardiovascular risk factors.® The
goal of this study is to localize genes which contribute to variation in adult height.

Height is a complex trait well suited for genome-wide linkage analysis for several reasons.
Compared to most other complex traits, height is easily, reliably and accurately measured. Height is
highly heritable. Recent studies have reported heritability values (h?) ranging from 0.6 to greater than
0.95.>152 A summary of these values is provided in Table 1. Furthermore, two recent papers by
Silventoinen et al have shown that in affluent western countries variation in height is largely due to

genetic variation, and not environmental influence.>?° Genetic variation in height is probably

influenced by a large number of genes, however it is believed that a majority of the variation in height
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is due to a few major genes. Recent studies have provided some evidence for such a major gene model.
Li et al found evidence suggesting that a major gene accounts for about 17.2% of the total variation in
adult height in a Chinese population, and Ginsburg et al found that in 5 ethnically different populations,
a major gene may affect up to 53% of the variance in body height and weight.** An appropriately
designed and conducted genome-wide scan should be able to identify chromosomal regions containing
genes that contribute to variation in adult height.

To date, 8 papers have published results of genome scans for adult height. 22 ?® Appendix I is
an updated reproduction of a summary of these papers published by Willemsen et al. There are several
regions of interest that have produced strong evidence of linkage. A number of these chromosome
regions have been identified and replicated across different study populations. A summary of these

regions is presented in Table 2.

Methods

This study is based on data from the National Heart, Lung and Blood Institute Family Heart
Study, a large population based study consisting of families from four different cities in the US. The
NHLBI FHS is a multi-centered population-based study examining the genetic and non-genetic causes
of coronary heart disease, preclinical atherosclerosis and cardiovascular risk factors *. The objectives
and design of FHS have been published in further detail in Higgins et al.

Study Population

Potential FHS participants were drawn from 3 parent studies: the Framingham Heart Study,
Utah Health Family Tree Study, and the Atherosclerosis in Communities Study. Recruitment of FHS
participants occurred in 2 phases. In phase I, potential probands were drawn from 4 study sites: Forsyth
County, North Carolina; Minneapolis, Minnesota; Framingham, Massachusetts; Salt Lake City, Utah.
At each site, approximately 2,000 individuals with a family history of heart disease, and 2,000 random

individuals were selected to provide family and personal medical histories as well as the names and



contact information of their relatives. These relatives where then asked to provide their own medical
histories. In Phase I, 3,156 probands provided personal and family medical histories, and 22,909
relatives of the probands provided additional personal medical histories. In phase 1l, 588 random
families and 657 families with the highest risk of CHD were asked to participate in clinical
examinations and follow-up. During these clinical examinations, anthropometric measures and blood
samples were taken. In all 5,381 individuals in 1,255 families participated in the clinical examinations.
In this study we have included 3,152 individuals from 535 families. Table 3 is summary of the relative
pairs within the sample. Potential subjects were excluded under 2 conditions: If they had no genotype
data and no children; If their self-reported race was other than White: Non-Hispanic and they were not
in a family with other White: Non-Hispanic Subjects. Use of uninformative subjects introduces noise
into the model. Using only one race category eliminates race categories as a possible predictor of
height and heart disease. Furthermore, we also avoid dealing with the possibility of differing allele
frequencies between racial groups.

Genotyping

Blood samples collected during clinical examinations were sent to the University of Minnesota
for isolation of genomic DNA. Genomic DNA samples were then sent to 2 different laboratories for
genotyping. There were 2,164 individuals genotyped exclusively at the NHLBI Mammalian
Genotyping Service in Marshfield WI, using the Cooperative Human Linkage Center Screening Set 10.
This screening set includes 402 autosomal markers that are spaced approximately 9 cM apart. There
were 347 individuals genotyped exclusively at the Utah Molecular Genetics Laboratory in Salt Lake
City UT, using an independently developed set of 243 autosomal markers spaced approximately 18 cM
apart. A total of 846 individuals were genotyped at both locations with both marker sets. There were
1,312 individuals included in the linkage analysis that were not genotyped.

Statistical analysis

Separate histograms and quantile-quantile plots (Appendix Il) of the male and female study



participants revealed adult stature is approximately normally distributed in the study sample. Linear
regression of the combined study sample revealed that age, age?, and gender are predictors of height
(Appendix I1); therefore subsequent analyses are adjusted for age, age® and gender. In addition to a
simple linear regression of the sample data, a second regression using Generalized Estimating
Equations (GEE) was performed prior to heritability estimation in order to more accurately represent
the clustering of values within families.®* The histograms, qgplots and linear regressions were
performed in the statistical package “R”. Heritability (h?) was estimated by maximum likelihood in a
polygenic model in SOLAR.?" The estimation was performed with age, age® and gender as covariates.
Unlikely genotypes were checked and removed prior to linkage analysis by using the —error and
pedwipe commands in MERLIN.?® Quantitative trait loci associated with variation in adult height were
identified by performing multipoint linkage analysis in SOLAR.?" The variance component estimation
methods implemented in SOLAR require identity-by-descent probabilities (IBD). These probabilities
were estimated using 2 different methods. The IBD probabilities of 1077 small families were estimated
using a version of the Lander-Green algorithm implemented in MERLIN.? The IBD probabilities of 7
remaining large families were estimated using Markov chain Monte Carlo methods as implemented in
LOKI.2*° |BD matrices calculated in MERLIN and LOKI were converted into a single set of
multipoint IBD files in SOLAR format using MER2SOL (http://taxa.epi.umn.edu/mer2sol) a program

developed by Michael Miller at the University of Minnesota.

Results

The basic characteristics of the study sample are summarized in Tables 4 and 5. In all, there
were 1832 women, and 1620 men in the study sample. The final GEE model estimated 60% of the
variance in height within the sample is due to three significant covariates: age, age?, and sex.
Heritability analysis was adjusted according to this model in order to minimize confounding. The

residual heritability of height in the study sample is 0.87 (SE=0.023). The complete result of this



analysis is presented in Appendix IlI.

Appendix IV contains plots of the multipoint linkage results. Strong evidence for linkage was
detected on chromosomes 5 and 14. On chromosome 5 a lod score of 3.09 was observed near
GX134B03 at 31 cM. On chromosome 14 a lod score of 2.38 was observed near D14S556 at 49 cM. A

summary of other points of interest are summarized in Table 6.

Discussion

The locus detected on chromosomes 5 did not replicate the results of any previous linkage
studies. The locus detected on chromosome 14 replicates findings of Perola et al, who reported a LOD
score of 1.67 at 45.12-47.51 cM. A smaller signal (LOD 1.158) on chromosome 4 at 112 cM replicates
findings of Hirschorn et al, who reported a LOD score of 2.28 at 112.63 cM. It is encouraging to find
our results replicate the results of genome scans of other populations. This suggests that these loci may
play an important role in human height.

However, replication of results between studies and between populations is still rare. Location
estimates of quantitative trait loci for complex traits may vary about the true locus for several reasons.
Simulations have shown that chance variation introduced in statistical modeling of complex polygenic
traits causes variation in locus estimates.*? Furthermore, studies utilizing different statistical methods
implemented in different software packages may result in varying estimates. Mukhopadhyay et al
observed differing results after analysis of the same dataset with two different, but well established
methods for linkage analysis.?? Finally, though stature is a highly heritable trait, it is still a complex
trait determined by the effects and interactions of many genetic and environmental components. The
high variability in genome scan results may suggest that height is influenced by a large number of
genes of small effect. There is still a great deal of inconsistency in the results of published linkage
studies, nevertheless each additional study conducted will continue to contribute to a greater

understanding of the genetics of stature.
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