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SUMMARY

Cardiovascular disease (CVD) is one of the most common causes of death in most developed
countries. Genetic and environmental factors influence CVD and its risk factors in a complex
fashion. Parallel to this, new statistical methods are being developed to make use of the new
molecular genetic information. The aim of this thesis was focused on developing and
implementing these new statistical techniques and applying them to twin data from the
population-based Swedish Twin Registry in order to study risk factors of CVD.

In the first study we investigated genetic and environmental effects in the variation of lipids and
apolipoproteins in 725 twin pairs. Structural equation modelling, which also tested for age and
gender effects were applied to the data. Heritabilities for lipids and apolipoproteins ranged from
35-74%. Consistent sex differences were found in triglycerides. Total phenotypic variation
increased across the age groups for Cholesterol and Apolipoprotein B due to an increase in
unique environmental variance components, which is probably due to the accumulation of
environmental experiences throughout life. In contrast, in Apolipoprotein Al variance was
highest in the middle age group with changes due to differences in genetic variance. This could
imply that different genetic mechanisms might act at different time points in life.

In the second study we investigated genetic and environmental effects in repeated measures of
diastolic and systolic blood pressure in a sample of 298 twin pairs. With the use of a Cholesky
decomposition model we found that genetic influences were stable over time and they explained
up to 46% of the phenotypic variance in diastolic and 63% of the phenotypic variance in
systolic blood pressure. We also investigated the association between blood pressure and two
polymorphisms, the angiotensin-I converting enzyme gene (ACE) and the angiotensin II type 1
receptor (AT{R) gene with a novel approach that simultaneously tests for linkage and
association. The method tests whether the polymorphisms are the true QTLs or in linkage
disequilibrium with the true QTLs. No association was found.

Linkage to obesity has been previously reported on chromosome 2 and 10. In the third study we
investigated the findings in candidate regions on Chromosome 2 and 10 in a selected (based on
their phenotypic value) sample of Swedish twin pairs. It is shown that sampling siblings in that
way is a more cost-effective approach of doing linkage. We implemented a “combined”
Haseman-Elston approach that is especially powerful and developed for studying selected
samples. No linkage was confirmed in the candidate regions of chromosome 2 and 10.

The Barker hypothesis states that metabolic disorders such as cardiovascular disease, blood
pressure and diabetes begin as a sub optimal or abnormal development during foetal and early
neonatal life. There have been criticisms to the Barker hypothesis, above all because the genetic
and early environmental influences could be responsible for previously observed associations.
Twins are ideal for testing these alternative hypotheses. We investigated the relationship
between self-reported birth weight and Type II diabetes, first in a cohort of 11 226 same-sexed
Swedish twins, and secondly in 142 pairs discordant for Type II diabetes by utilizing the co-
twin control method. We found a direct effect of low birth weight on Type II diabetes that is
independent of genetic and early environmental effects.

In conclusion, the incorporation of molecular data in order to disentangle the complexity
underlying biological mechanisms and the statistical models developed to accompany them will
in the future be a challenging task.
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INTRODUCTION

Although many cardiovascular diseases (CVDs) can be treated or prevented, an estimated 17
million people worldwide die of CVDs each year (WHO). The risk increases with age and is
larger for women than for men. According to the WHO Collaborating Centre on Surveillance of
Cardiovascular Diseases, 49% of all causes of death in Sweden in 1996 were due to CVD (Fig.
1). The proportional mortality for a range of pathological processes, including ischemic heart
diseases, cerebrovascular diseases, hypertensive diseases and other CVDs can also be seen in

figure 1.

Proportional Mortality in Sweden 1996

IHD (24,58%)
B CBVD (10.78%)

HPD (0.73%)

O RHD (0.17%)
O Other CVD (12.63%)

B Other causes (51.11%)

Figure 1. CVD: Cardiovasuclar Diseases, IHD: Ischemic Heart Diseases, CBVD: Cerebrovascular
Diseases, HPD: Hypertensive Diseases, RHD: Chronic Rheumatic Heart Diseases

Source: http://cvdinfobase.ic.gc.ca

In order to better understand the causes behind the development of CVDs, we need to explore
and dissect the genetic and environmental origins of old as well as novel risk factors. Parallel to
the rapid development of new molecular techniques, the need for statistical tools to accompany
them has become increasingly important. In this thesis I have explored and implemented
statistical techniques and applied them to twin data from the population-based Swedish Twin
Registry in studies of risk factors for CVD.



BACKGROUND

Several risk factors have been associated with the development of cardiovascular diseases. Age,
sex and family history are non-modifiable factors. That is, they are not amenable to
intervention. Modifiable factors exist only as the result of a conscious decision about life-style
such as cigarette smoking, sedentary living and diet. Factors that are subject to quantitative
changes and have been studied in this thesis are lipid levels, blood pressure, obesity, and Type

II diabetes.

Cholesterol

Total blood cholesterol is the most common measurement of blood lipid disturbance. Its main
particles are Low Density Lipoprotein (LDL), and High Density Lipoprotein (HDL) (American
Heart Association, 2003; Goldbourt, de Faire, & Berg, 1994; Nora, Berg, & Nora, 1991).

When too much LDL cholesterol circulates in the blood, it can slowly build up in the walls of
the arteries. Together with other substances it can form plaque, a thick, hard deposit that can
clog those arteries. This condition is known as atherosclerosis. If a clot forms and blocks a
narrowed heart or brain artery, it can cause a myocardial infarction or a stroke. LDL cholesterol
of less than 100 mg/dL is the optimal level. A high LDL level (more than 160 mg/dL without
other risk factors or more than 130 mg/dL if you have two or more additional risk factors for
cardiovascular disease) conveys an increased risk of heart disease (European Societies on coronary

prevention, 1998; The National Cholesterol Education Program, 2001).

About one-third to one-fourth of blood cholesterol is carried by high-density lipoprotein (HDL).
HDL cholesterol is known as the "good" cholesterol because high levels seem to protect against
myocardial infarction. Low HDL cholesterol levels (less than 40 mg/dL) increase the risk of
heart disease. The biological mechanism whereby clinical disease is produced is not entirely
clear. One prevailing theory is that HDL removes excess cholesterol from plaque in arteries,

thus slowing the build-up.

Apolipoprotein B and A1
Lipids are transported in the circulation by lipoproteins, macromolecular complexes that consist

of lipids and proteins, termed apolipoproteins (Goldbourt et al., 1994). Apolipoproteins serve a



variety of physiological functions in lipoprotein metabolism. Apolipoprotein B is a primary
protein component of LDL particles and hence an important risk factor for CVD.
Apolipoprotein Al, on the other hand, is a major component of HDL particles and is inversely

associated with risk of CVD (Rader & Brewer, 1994; Schulte, Rothman, & Austin, 1993).

Triglycerides

Triglycerides are fatty substances in the blood carried in lipoproteins, which also carry
cholesterol (American Heart Association, 2003). Fatty substances come from food and are also
metabolized from other energy sources, like carbohydrates (American Heart Association, 2003).
Calories in a meal, that are not used immediately, are converted to triglycerides and transported
to fat cells to be stored. When the body needs energy fat is released from tissues by hormones.
People with high triglycerides often have low HDL cholesterol levels as well. Many people with
heart disease, diabetes and obesity have high triglyceride levels. Triglyceride levels of 200
mg/dL and above are considered high, and may need treatment in some people. However, many
studies have examined the association between triglycerides and heart disease, and have not yet
been able to determine whether triglyceride levels independently can directly predict heart

disease risk (Austin, Hokanson, & Edwards, 1998).

Blood pressure

Blood pressure is the force exerted against artery walls as blood is carried through the
circulatory system. The measurement of force is made in relation to the heart's pumping
activity, and is measured in millimetres of mercury (mmHg). Systolic pressure is the
measurement of pressure that occurs when the heart contracts or beats. Diastolic pressure is the

measurement recorded between beats, when the heart muscle is at a relaxed stage.

High blood pressure, or hypertension, is a major health problem affecting about 20% of the
adult population in most countries (American Heart Association, 2003). Left untreated,
hypertension can cause many complications. Artery walls thicken and harden. The elasticity or
stretchiness in the arteries decreases as well, requiring the heart to work harder to pump blood
through the arteries. Furthermore, the increased strain on the heart wall leads to hypertrophy of
the left ventricle (left ventricular hypertrophy), that is associated with increased mortality. A
consistently elevated blood pressure hastens the formation of plaque or fatty deposits within the
blood vessels, which causes atherosclerosis (or hardening of the arteries). Atherosclerosis

increases the risk of myocardial infarction and/or stroke. The kidneys, which filter waste from



the body, are also vulnerable to damage as a result of high blood pressure. Hypertension can
cause the arteries feeding the kidneys to become thickened and effectively constricted. This
condition can lead to progressive kidney damage and ultimate failure. In the eye, the retinas

may be damaged because of increased pressure in blood vessels in the retinal artery.

Obesity

Obesity contributes to an increased risk for many serious noncommunicable diseases, including
cardiovascular disease, hypertension, stroke, non-insulin dependent diabetes mellitus (NIDDM),
and various forms of cancer. Body mass index (BMI) has commonly been used as a measure of
obesity and is defined as weight in kilograms divided by height in meters squared (kg/m?). A
BMI value of 30 or more should be taken as signifying obesity according to guidelines by WHO
(WHO, 1998).

Heritability for BMI has been estimated to be between 50% and 90%, highlighting the
importance of genetic factors to the variation in BMI (Maes, Neale, & Eaves, 1997).
Environmental contributions are also of significant importance to the increasing prevalence of
obesity, since the gene pool has remained stable over the same interval. High fat diets and a

sedentary lifestyle are most likely explanations.

Type Il Diabetes

Data have shown that approximately 150 million people suffer from diabetes mellitus
worldwide, and that this number may well be doubled by the year 2025 (Alberti & Zimmet,
1998). Much of this increase will occur in developing countries and will be due to population
growth, ageing, unhealthy diets, obesity and sedentary lifestyle. The term diabetes mellitus
describes a metabolic disorder of multiple etiology characterized by chronic hyperglycemia
with disturbances of carbohydrate, fat and protein metabolism resulting from defects in insulin
secretion, insulin action or both. Diabetes mellitus is classified into two major categories:
insulin-dependent diabetes mellitus (IDDM) or Type I, and non- insulin-dependent diabetes
mellitus (NIDDM) or Type II. The former includes cases that are attributable to an autoimmune
process, as well as those with beta-cell destruction and who are prone to ketoacidosis. Type II
diabetes encompasses cases that result from defects in insulin secretion, almost always with a
major contribution from insulin resistance. Type II diabetes accounts for around 90% of all

diabetes cases worldwide. It occurs most frequently in adults. Type II diabetes is strongly



familial, but some genes have only recently been consistently associated with increased risk for

Type 1I diabetes in certain populations (Hanis et al., 1996; Horikawa et al., 2000).

Genetic and environmental influences

The importance of genetic and environmental effects in the variation of these risk factors for
CVD has been examined in previous twin studies (Heller, de Faire, Pedersen, Dahlen, & McClearn,
1993; Hong, de Faire, Heller, McClearn, & Pedersen, 1994; Iselius, Morton, & Rao, 1983; Snieder et al.,
2000; Snieder, van Doornen, & Boomsma, 1997, 1999). However, results in most studies are either
based on small samples or are ambiguous. Further the long term importance of genetic and
environmental effects over the lifespan have not been clearly assessed. Recently variance

component models have also been developed to incorporate molecular data in the analysis.

The Swedish Twin Registry is the largest in the world (Lichtenstein et al., 2002) and with this
enormous resource in our hands we wanted to investigate the importance of genetic and
environmental effects in these risk factors by using the best available methodological
approaches to date. More specifically we were interested in investigating the stability of genetic
effects for cardiovascular risk factors over time; the most optimal way to detect and localize
genes of importance and investigate their association to cardiovascular risk factors; and finally
we were interested in best identifying environmental effects for risk factors of cardiovascular

diseases.



AIMS OF THE THESIS

The aim of this thesis is to develop and implement the new statistical techniques presented

in the last years, and apply them to twin data in order to study risk factors for CVD.

Specific aims are:

L.

To implement existing sex-limitations models and develop age models in order to
explore sex and age differences in the variation of lipids and apolipoproteins (paper

)

To extend the “Fulker” model to include longitudinal data when modeling linkage
and association simultaneously, and to investigate the association between blood

pressure and two polymorphisms (paper II).

To apply powerful selection procedures and investigate, with the combined
Haseman-Elston approach, linkage for obesity in candidate regions of chromosome

2 and chromosome 10 (paper /1]).

To implement the co-twin control method, controlling for genetic and shared
environmental effects, in order to investigate the association between low birth

weight and Type II diabetes (paper 7).



METHODS

Subjects

The Swedish Twin Registry

The twins used in all four papers were from the population based Swedish Twin Registry
(Lichtenstein et al., 2002). The Registry comprises three cohorts (Fig.2).

The Swedish Twin Registry

i

|

i

old cohort middle aged cohort young cohort
twins born twins born twins born
1886-1925 1926-1958 1959-1990
~11 000 pairs ~50 000 pairs ~25 000 pairs
i i i
like sexed like & unlike sexed like & unlike sexed
i i
Questionnaire Questionnaire
1961 1973
1963
1967
1970

Figure 2. Structure of the Swedish Twin Registry.

Like-sexed twins born 1886-1925 constitute the ‘Old Cohort’. In 1961, a questionnaire was sent

out to like-sexed twin pairs, where both twins in a pair were alive and living in Sweden.

Answers from approximately 11 000 pairs were collected. Questionnaire data has been collected

in 1961, 1963, 1967 and in 1970 (for non responders of the 1967 questionnaire).

Like- and unlike-sexed twins born 1926-1958 constitute the ‘Middle Cohort’, which was

compiled in 1970 by using the birth register. In 1973 a questionnaire was sent out only to like-

sexed twin pairs that were both alive and living in Sweden. Responses were received from

approximately 14 000 twin pairs.



The “Young Cohort’ comprised twin pairs born 1959-1990. They were also identified through
the birth register. So far only the cohort born between 1985 and 1986 has been contacted.

Information gathered from questionnaires includes demographic, medical, lifestyle habits,

health and psychosocial data.

Sub-studies
In the last two decades, there have been studies based on sub-samples of the Swedish Twin

Registry (Fig.3).

Sub studies in
The Swedish Twin Registry

| | i
OCTO-twin SATSA GENDER SALT-pilot
twins above twins reared apart unlike sexed twins screening major

80 years twins reared together ages 70-79 complex diseases
ages 50-85 ages 17-86
N=702 N=759 N=1210 N=1329
I | | |
IPT 1 IPT1,2&3 IPT 1
562 blood samples 538 blood samples 488 blood samples 811 blood samples

Figure 3. Sub studies in the Swedish Twin Registry with their contents and structure.

OCTO-Twin

OCTO-twin (the name originates from octogenarians) started in 1991 by collecting twin pairs
from the old cohort that were alive and above the age of 80 during the three-year period of data
collection (Berg et al., 1992). Twins also participated in an in person testing (IPT) including
health examinations and interviews. Biological specimens (serum, plasma) were gathered from
562 individuals.

SATSA (Swedish Adoption Twin Study of Aging)
SATSA started in 1984 (Pedersen, Friberg, Floderus-Myrhed, McClearn, & Plomin, 1984; Pedersen et
al., 1991). A questionnaire was initially sent out to twin pairs reared apart and a control sample

of twin pairs reared together. Over 2 000 pairs have responded to repeated questionnaires sent



out every 3" year. A sub-sample of approximately 150 pairs reared apart and approximately 150
pairs reared together participated in waves of in person testings, including health examinations
and structured interviews (including functional capacity, cognitive abilities and memory).

Biological specimens were available from 538 individuals from the 3 waves of testing.

GENDER

A questionnaire was sent out in 1994 to approximately 3 400 unlike-sexed twins between the
ages of 70-79, mainly to examine sex differences in health and aging (Malmberg, Berg, McClearn,
& Pedersen, 1995). Biological specimens were available from 488 individuals.

SALT (Screening Across the Lifespan Twin — study)

All twins born 1958 or earlier were asked to participate in a telephone interview called the
Screening Across the Lifespan Twin Study (SALT) (Lichtenstein et al., 2002). It is aimed at
screening all major complex diseases. All screening data are collected over the telephone by
trained interviewers (with adequate medical background) using a computer based data
collection system. Information was gathered on a range of symptoms and exposures. Twins that
were initially contacted as part of a pilot study were also asked to contact their local nurses’

office for health tests and blood sampling. Blood samples were collected from 811 individuals.

Zygosity determination

Zygosity in the SALT screening comprising twins from the old and middle cohorts of the
registry is based on responses to questions regarding childhood resemblance (i.e., were you and
your partner as like as ‘two peas in a pod’?). This method of zygosity determination has been
proven to correctly diagnose more than 95% of the twins in Sweden (Cederlf, Friberg, Jonsson,
& Kaij, 1961; Lichtenstein et al., 2002). Zygosity classification was evaluated in the SALT-pilot
study (N=199 pairs), using 13 DNA markers and was proven to be correct in 99% of the pairs

(Lichtenstein et al., 2002). Zygosity in the remaining sub-studies is based on serological markers.

Analytical methods

Quantitative genetic analysis

Twin studies are ideal for estimating genetic and environmental effects of traits and diseases
(Martin, Boomsma, & Machin, 1997). Identical (monozygotic or MZ) twins share the same genes
whereas, fraternal (dizygotic or DZ) twins share on average half of their segregating genes. A

broad measure of the similarity between twins is gained from calculations of the intraclass



correlations (Neale & Cardon, 1992). Comparisons between the intraclass correlations for MZ and

DZ twins provide information about the effects (genetic and/or environmental) that are present.

In general, the phenotypic variance is assumed to be due to three latent factors: additive genetic
factors (A), shared environmental factors (C), and non-shared environmental factors (E, which
also include measurement error):

Var(Y)=A+C+E
The correlation for MZ twin pairs is due to additive genetic and shared environmental factors
(A + C). The correlation in DZ twins is assumed to be due to half the genetic, plus shared
environmental factors (2A + C). A genetic effect is indicated if twin similarity is greater among
MZ than DZ pairs. Heritability is defined as the proportion of total phenotypic variation directly
attributable to genetic effects (Falconer, 1989).

The partitioning of phenotypic variance into genetic and environmental effects is usually
illustrated in a path diagram. Genetic, shared, and non-shared environmental components are
presented as latent variables (Neale & Cardon, 1992). The genetic correlation (r;) is set to 1 in MZ
twins and to 0.5 in like-sex DZ twins. The shared environment correlation (r.) is set to 1 for
both groups and is based on the equal environment assumption. By definition, there is no
correlation for the non-shared environmental factors. Figure 4 illustrates a path diagram for a

twin pair.

ry(MZ=1, DZ=0.5) r, (MZ=DZ=1)

P

Twin 1 I:)Twin 2

Figure 4. Path diagram for a twin pair. A, C and E are the genetic, shared and non-shared environmental

effects, respectively. r, and 1. are the genetic and shared environmental correlations, respectively.
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Structural equation modeling

Mathematically, structural equation modelling combines confirmatory factor analysis and
path analysis (Musil, Jones, & Warner, 1998). Confirmatory factor analysis examines causal
links between observed variables and latent factors; path analysis examines the causal links
among observed variables; a structural equation model examines the causal links both
between observed variables and latent factors and among latent constructs themselves. The
path diagram illustrates the linear structural model we use to derive predictions about the
variance and covariances of the variables under study. The variance-covariance matrices

modelled are of the form:

o:+ol+o} r,oL+1.0;

2 2 2 2 2
7,0, +1,.0¢ o,+o.+0;

where, 1, and 1. are the genetic and environmental correlations respectively and O'j , O é and

o} are the genetic, shared and non-shared environmental variance components. In all structural

equation models the phenotypic means can be adjusted for various covariates such as age and

sex. A maximum-likelihood estimation procedure is used, with an underlying multivariate
log L = log 122, "' = 1 (x, - =7 (x, - 1)

normality assumption in order to get unbiased estimates of genetic, shared and non-shared

environmental effects.

Structural equation modelling is a powerful approach that also gives confidence intervals for the
parameters estimated. For the models fitted, the degrees of freedom and twice the log-
likelihood probability is computed by means of the structural equation-modelling package Mx
(Neale, 1999b). Models are applied to raw data. To compare two models a likelihood ratio test
is used. The difference between twice the log-likelihood can be interpreted as a j”statistic. A
significant difference indicates that the model with fewer parameters to be estimated fits data

WOrse.
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Testing for sex and age differences (Paper )
Sex differences
A series of models can be fitted in order to test for sex differences (Neale & Martin, 1989). There

are five models that are nested within each other according to figure 5.

Sex limitation Sex-limitation
Free rq Freer,

[ General Sex-limitation ]

[ Scalar Sex-limitation ]

[ Constrained ]

Figure 5. Nested models for testing sex differences. Hierarchy starts from the top with the models with

most free parameters and going down to the more constrained models.

In the constrained model we assume equal genetic and environmental variance components for
males and females. That is, there are no sex differences in the genetic and environmental
influences. A scalar sex-limitation model evaluates whether sex differences in the total
phenotypic variance differ only by a scalar component. That is, the genetic and environmental
variance in females is a scalar multiple of that in males, as + c;+ e¢ = k(am + ¢ + € ), Whereas,
for example, heritabilities are the same for both females and males. In the general sex-limitation
model there are sex differences in the relative importance of these effects by assuming one set
of parameters for males in both like- and unlike-sex twin pairs and similarly another set of
parameters for females. The genetic correlation (ry) is set to 1 for MZ and 0.5 for DZ and
unlike-sex twins in the first three models mentioned above. Hence, in the case of the general
sex-limitation model a correlation of 0.5 implies that, although there are common genes for the
genetic effects in males and females, their magnitude differs across sexes. In the two additional
sex-limitation models, we test whether there are different genes or different environmental
factors influencing phenotypic variation in the sexes. In the first of these two models we allow
not only different variance components for males and females but also the genetic correlation
between the members of the unlike-sex twin pairs to vary. For instance, if the genetic

correlation is estimated at O, it indicates that completely different genes influence the trait in

12



males and females. The next model is similar to the previous model, except that now we allow
the shared environmental correlation (1) to vary. It should be noted that there is not enough
information in the twin design to estimate both the genetic and environmental correlation at the

same time.

Age differences
In order to test for age differences in the genetic and environmental components we fitted four

models (Fig.6).

[ Free age model ]

[ Free glenetic ] [ Free envi:onmental ]

1
[ Constrained ]

Figure 6. Nested models for testing age differences. Hierarchy starts from the top with the model with

most free parameters and going down to the more constrained model.

Initially we test whether a constrained or a free age model fitted the data best in a manner
analogous to that for sex differences. In the constrained age model the genetic and
environmental components were set equal across the age groups. In the free model, genetic and
environmental components between age groups are free to be estimated. That is, we test
whether there are differences in phenotypic variance in the magnitude of genetic and
environmental influences, or both, between the age groups. If the free model gives a better fit to
data, two nested age models are further tested. One model assumes different genetic
components across the age groups, keeping the unique environmental components stable across
the age groups. In the other age model, only the unique environmental components were
allowed to be free for estimation, keeping the genetic components stable across the age groups.
That is, we test whether differences in phenotypic variance across the age groups are due to

differences in variation in genetic or environmental influences, respectively, across the age

groups.
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Cholesky decomposition (Paper Il)

Longitudinal or repeated data are modeled by means of the Cholesky decomposition (Neale &
Cardon, 1992). Figure 7a illustrates a path diagram of the model. According to this, the first
latent factor, for instance the genetic (A;), is loading on all three phenotypes. The second latent
factor (A,) loads on the second and third phenotype. Finally, the third latent factor (As) loads
only on the third phenotype. If several loadings from one factor are significant this indicates that
the latent factor (genetic or environmental) influences the trait over time. On the other hand, if
each factor only loads on one of the phenotypes, this indicates that separate (genetic or
environmental) influences are operating at each time. First, we tested the significance of the
genetic and environmental effects by fixing all genetic, shared environmental, or non-shared
environmental loadings, separately. Then we proceeded by reducing the Cholesky model to a
common factor model (Fig 7b). That is, one common factor (genetic or environmental) loads on
measures at each time point and is therefore proposed to affect the trait over time. We also
tested whether specific (genetic or environmental) effects were important at each time point by

allowing only for separate factor loadings at each time point (Fig.7c).

Linkage and Association (Paper Il)

Recently, models were presented that jointly perform tests of both linkage and association
controlling for spurious associations due to population stratification and admixture (Fulker,
Cherny, Sham, & Hewitt, 1999; Neale, 1999a). Testing linkage while simultaneously modeling
association would provide a test of whether a Quantitative Trait Locus (QTL) is a candidate
gene or whether it is in linkage disequilibrium with a QTL. Linkage is modeled in the
covariance structure, while the association parameters along with other covariates are modeled

in the means. The covariance matrix is of the form:

ci+0,+00+0; 1oL+ 70, +0,

2 A2 2 2 2 2 2
17,04 +7,0,+0; 0,+0,+0.+0;

where, 03, 0,0} are the additive genetic, shared, and non-shared environmental variance

components, O'é is the proportion of phenotypic variance explained by the additive effects of

14
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the QTL, and 7, is the average allele sharing at a specific chromosomal location
( Pr(sharing 2 alleles IBD)+% Pr(sharing 1 allele IBD) ).

In this case the likelihood is the sum of three likelihoods for 72',- =0,0.5and 1

(72, average allele sharing proportions for sharing i= 0, 1 and 2 alleles respectively). That is the

log L=log > P(IBD =7)p,(x)

7=0,0.5,1

estimated IBD (identity by descent) probabilities of a pair at a particular chromosomal location
are used as weights. The IBD probabilities can be estimated from programs like
GENEHUNTER or Merlin.

In the association part the genetic effect of a QTL is partitioned into between and within sib-pair
components (Fulker et al., 1999). Consider a QTL with alleles A; and A; and respective
frequencies p and q. Let the effects of the genotypes A1A;, AjA; and AxA; be a, 0 and —a. Then
there are nine different genotype combinations in sib-pairs. The means and differences of the

genetic effects are listed in Table 1.

Table 1. Expected sib pair means and differences, also partitioned into between and within components,

for a single biallelic locus.

Genotypes Additive effect Partitioned effect
Sib 1 Sib 2 Sib 1 Sib2  Mean Difference/2 Mean  Difference/2
AlA| AlA a a a 0 ap 0
ALA AiAr a 0 a2 a2 a2 ay/2
AlA, AxA, a -a 0 a 0 a,,
AL, ArAy 0 a a2 -arR ay/2 -ay/2
AlA; AlA, 0 0 0 0 0 0
AlA; ArAr 0 -a -anR ar -ay/2 a,l2
ArAr AA; -a a 0 -a 0 -y
ArAz AL, -a 0 -anrR -an -ay/2 -ay/2
ArA, ArA, -a -a -a 0 -y 0




In the likelihood the mean is then modelled as the overall mean plus the pair mean plus the pair

difference. However, an association could occur due to population stratification, which will

influence only the pair means. Fulker et al (1999) proposed to partition the genetic effect a to be

different for pair means and pair differences and denoted the effects ay, and a,. The overall mean

is then modelled by means of the within and between twin-pair components.

A robust test for association may be obtained by computing the difference between a model with
the within sib-pair parameter free and a model with the same parameter set to 0, while the
between sib-pair parameter is free in both models. If linkage drops totally while modelling
association then all resemblance among pairs is accounted for by the means model (i.e.

the QTL). If there is still significant linkage but no association then the locus is not the
functional QTL but rather in linkage disequilibrium with the true QTL. A model utilizing
phenotypic information from longitudinal or repeated data can be used by constraining the

between parameter to be equal at all three time points and similarly for the within parameter.

Linkage analysis in selected samples (Paper Ill)

There are various methodological approaches in doing linkage analysis. Linkage analysis of
selective samples (extreme concordant and/or discordant pairs) violates important assumptions
(i.e. normality) and can produce false positives or elevated type I errors when analysed. This
can be overcome, either by incorporating the phenotypic values from the individuals not
selected for genotyping or by incorporating the selection probabilities into the linkage
calculations (Allison et al., 1999). However, assigning of prior identity-by-descent probabilities
to unselected sib pairs, in covariance-structure modelling of a quantitative-trait locus has been
shown to bias the estimates of genetic effects (Dolan, Boomsma, & Neale, 1999). Therefore, the
main focus in modelling selected samples has been to correct for ascertainment procedures. It
was shown that in the frame of the variance-components approach, conditioning on trait values
leads to a likelihood ratio test that is valid and equal in power to alternative methods for
analysing selected samples and hence controlling for ascertainment (Sham, Zhao, Cherny, &
Hewitt, 2000). However, a simpler alternative approach to variance-components models, the
“combined” Haseman-Elston approach, was introduced by Sham and Purcell (2001).
According to this, the dependent variable, which is a function of the weighted sum of squared
sums and squared differences, is regressed onto the estimated proportion of identity-by-

descent (IBD) sharing at a test locus. The weights are the variances of the squared sums and
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squared differences, respectively, and are expressed as functions of the sibling correlation.

That is:

X+Y) (X-Y)*  4r  41+r%)
( Z _ )2 TR ( ! Z)Q(n—.5)+e
(1+r) (1-r) 1-r (1-r")
where X and Y are the bivariate normal sibling trait values with mean 0 and variance 1,and
sibling correlation r, 7 is the proportion of average allele sharing and Q is the proportion of

phenotypic variance explained by the additive effects of the QTL (earlier denoted as O'é ).

Linkage is usually presented in terms of LOD scores (logarithm of the likelihood ratio test for
test of the significance of a QTL). A LOD score above 3 is considered as significant linkage
(Lander & Kruglyak, 1995). An asymptotic estimate of the LOD score is given by the square of
the t-value obtained from the “combined” Haseman-Elston regression divided by 2 times the
natural logarithm of 10.

tZ

~ 21n(10)

The t* is expected to be distributed as a > with 1 df, as is the maximum likelihood test statistic
usually employed in linkage analysis (Fulker & Cherny, 1996). Two times the natural logarithm

of 10 is a constant for converting from common (base 10) to natural logarithms.

Co-twin control (Paper IV)

The purpose of any type of matched design is to control for confounding. Studying a variable
(i.e birth weight) in twins discordant for disease such as Type II diabetes allows matching for
confounding factors influencing the variable under study. Any intrapair differences in that
variable are indications of other factors, such as intrauterine influences, affecting the variable,
after controlling for genetic and shared environmental effects. In MZ twins both genetic and
early environmental effects can be controlled for, whereas in DZ twins only early environmental
effects are completely controlled for. The analysis of discordant for disease twin pairs is done by

conditional logistic regression implemented in the statistical package SAS (SAS/STAT, 1996).



Outliers
Phenotypic
Phenotypic outliers were identified by using estimated z-scores based on the measure of the

Mahalanobis distance (Hopper & Mathews, 1982). The estimated z-score is of the form:

w04 o 4

’

where Q is the square root of the Mahalanobis distance, Q = (x— ) X™'(x — ). The z-scores
have the standard normal distribution to a good approximation for the typical pedigrees we have
studied (twin pairs). A Q-Q plot of the scores can be used to test the assumption that the effects
predicted by the structural equation model are similar across all pedigrees.

Genotypic

Genotyping errors and marker mutations often lead to unlikely double recombination in high-
resolution maps. This consequently leads to a reduced estimated level of allele sharing IBD
between sib pairs, which can profoundly affect linkage information. Therefore, likely
genotyping errors and marker mutations were detected by SIBMED (Douglas, Boehnke, & Lange,
2000). It is a multipoint approach based on hidden Markov models and it is designed for sib-pair
data when parental genotypes are unavailable. It calculates the posterior probability of
genotyping error or mutation for each sib-pair-marker combination, conditional on all marker
data and an assumed genotype error rate (0.001). Hence, it removes the errors that have the

largest impact on linkage results.
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RESULTS

Paper |

The sample of 725 like- and unlike-sexed twin pairs gathered from three sub-studies (SATSA,
GENDER and SALT-pilot) was divided into three age groups, 17-49, 50-69 and 70-85. We
investigated sex and age differences in the variation of total cholesterol, apolipoprotein B and
Al, and triglycerides. There were no apparent sex differences in any of the age groups for
cholesterol, apolipoprotein B and Al. However, for triglycerides there were significant sex
differences in the middle age group with higher heritabilities (56%) for females than males
(35%). Heritabilities for lipids and apolipoproteins ranged from 45-70% in the ages 17-49, 19-
74% in the ages 50-69 and 38-49% in the ages 70-85. The shared environmental effect was
consistently non-significant through all the age groups for all lipids and apolipoproteins

examined.

Further, there were age differences in the phenotypic variance for cholesterol, apolipoprotein B
and Al (Fig. 8). The age differences in cholesterol were due to changes in unique environmental
effects. For apolipoprotein B, changes were due to changes in both genetic and unique
environmental effects. Finally, for apolipoprotein A1, changes were due to changes in genetic

effects. For triglyceride levels, environmental effects were larger in men than in women.
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Figure 8. Genetic and unique environmental variance components for cholesterol, apolipoprotein B and
Al, and triglycerides.

Paper Il

Information on diastolic and systolic blood pressure measured at three time points was used
from 298 like-sexed twin pairs and 86 singletons from the SATSA sample. A Cholesky
decomposition model was used in order to model the repeated measures of blood pressure
adjusting for age and sex. The best fitting Cholesky models are presented in Figure 9. There
were no time specific genetic influences for diastolic blood pressure. Rather a common genetic
factor loaded on all three time points, indicating that the same set of genes are important for

blood pressure over the 6-year period of time.

The non-shared environmental loadings could not be reduced to a common factor. Most of the
non-shared environmental variance in diastolic blood pressure at waves 2 and 3 comes from
time specific influences, indicating that separate non-shared environmental effects are operating
at each time point, with small effects loading from the first to the second (0.17) and third (0.13),
and from the second to the third (0.18) (Fig. 9a). A similar pattern was seen in systolic blood
pressure (Fig. 9b).
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Figure 9 (a) and (b). Cholesky decomposition model for (a) diastolic and (b) systolic blood pressure at

three time points. Latent factor loadings are standardized to unit variance.

We also tested for simultaneous linkage and association (“Fulker” test) between blood pressure
and two polymorphisms in the renin-angiotensin-aldosterone system: the angiotensin-I
converting enzyme insertion/deletion and angiotensin II type 1 receptor polymorphism
(A1166C). Testing linkage while simultaneously modeling association would provide a test of
whether the QTL is a candidate or whether it is in linkage disequilibrium with a trait locus. No

linkage or association could be verified.

Paper llI

A sample of 1422 twin pairs from four sub-studies (SATSA, OCTO-twin, GENDER and SALT-
pilot) was used in order to estimate the genetic and environmental effects in the variation of BMI
in three age groups: 17-49, 50-69 and 70-94 years. Heritability ranged from 59-70%, implying
that genetic effects were of importance for the variation of obesity. However, in the middle age
group (50-69 years) significant genetic effects in the variation of BMI only appeared among

women (Table 2).
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Table 2. Genetic (A), shared (C) and non-shared (E) environmental estimates of variance for BMI (with
95% confidence intervals) derived from the best fitting model in each age group.

Men Women
A C E A C E
17< Age <50 0.70 0 0.30 same as men

55-.77 0-.10 23-41

50< Age <70 0.18 0.47 0.35 0.68 0.01 0.31
0-.58 12-.68 22-51 42-82  0-13 .18-54
Age =70 0.59 0 041 same as men

A46-.67 0-.08 .33-51

The results of the linkage analysis with the “combined” Haseman-Elston approach, using
genotypic data from 51 extreme concordant and 155 discordant twin pairs are shown in figures
10 and 11 for chromosome 2 and 10, respectively. They are plots of asymptotic LOD scores at
each marker. Five markers were selected to cover a 16 cM candidate region on chromosome 2
with an average marker density of 3.9 cM. Eight markers were selected for the 14 cM candidate
region on chromosome 10 with an average marker density of 2 cM. The sibling correlation was
estimated from the whole sample of twins to 0.35. There were no significant LOD scores,

indicating that linkage could not be verified on chromosomes 2 and 10.
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Figure 10 and 11. Plot of asymptotic LOD scores by each marker for chromosome 2
and 10, respectively.



Paper IV

In a cohort of 11 226 same-sexed Swedish twins born before 1958 and included in the SALT
study, we found that individuals with a birth weight < 2.0 kg faced an almost doubled risk
(adjusted OR=1.7; 95% c.i. 1.4-2.2) of developing Type-II diabetes compared to individuals
with a birth weight between 2.0 and 3.0 kg (Table 3). The increased risk of Type-II diabetes
remained in the intrapair comparison among 142 twin pairs discordant for Type-II diabetes
(adjusted OR=1.6; 95% c.i. 0.7-3.5), in which unmeasured genetic and shared environmental
effects were accounted for (Table 3). The risk was of the same magnitude for both MZ (OR=1.9;
95% c.i. 0.7-5.3) and for DZ (OR=1.7; 95% c.i. 0.7-4.1) twins.

Table 3. Adjusted odds ratios (with 95% confidence intervals) for the association between birth weight
and Type-II diabetes in the cohort and in the co-twin control analysis of Swedish twin pairs.

Birth weight Cohort analysis Co-twin control analysis
<2.0kg 1.7 (1.4-2.2) 1.6 (0.7-3.5)
2.0-3.0kg reference reference
23.0kg 0.9 (0.6-1.1) 1.0 (0.4-2.6)
Walds test
p-value < 0.0001 0.4

* Adjusted for age, sex, BMI, smoking status and zygosity.
** Adjusted for BMI and smoking status
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DISCUSSION

Methodological issues

Twin method

Some of the assumptions of the basic (ACE) twin model is: (i) random mating, (ii) additive
genetic effects, (iii) no gene-environment correlation or interaction, and (iv) the equal

environment assumption (Plomin, DeFries, McClearn, & McGuffin, 2001).

Non random mating

Non random or assortative mating could bias the estimates of genetic effects downwards. When
it occurs, similarity in DZ twins will be increased and hence the difference between MZ and DZ
correlations will be smaller, leading to a smaller estimate of heritability. However, the effects of
assortative mating could be modeled if appropriate parental information is gathered. Assortative
mating is plausible for some traits in the domain of education, religion, attitudes and

socioeconomic status and was not considered as an issue in this thesis.

Non additive effects

Quantitative genetic theory assumes that alleles at a locus and across loci “add up” to affect a
trait. In the basic twin model we are interested in the average effect of an allele at a locus which
is attributed to the additive genetic effects. Nevertheless, the effects can be non-additive if alleles
at a locus interact (dominant) or alleles at different loci interact (epistatic). Offspring receive
only one allele from each parent and not a combination of alleles at a locus. Therefore, non
additive genetic influence will not be transmitted from one generation to another. Models can
include both additive and dominance effects independent of each other. However, there is not
enough information in the models to differentiate dominance from shared environmental effects;
hence the basic twin model only includes additive genetic effects. In our studies we tested for
dominance and found no significant effects. Therefore it is highly unlikely that the effects of
nonadditivity affected the results of our studies.

Gene-environment correlation and interaction

Gene-environment correlation occurs when certain genes are associated with certain
environments. Gene-environment interaction occurs when there is an interaction between
genetic effects and environment, and refers more to the genetic susceptibility to environments.

The bias generated from omitting gene-environment correlations or interactions is generally hard
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to characterize. Although models can be extended to incorporate more complex effects such as
interactions, it is not possible to include all of them at the same time (Purcell, 2002). In order to
use these models, a priori knowledge of existing interactions is needed and measures of specific
environmental effects are often essential. Further, the detection of interaction effects in analysis
of variance requires far more subjects than the detection of main effects. The focus of our studies
has not been to examine interactions. It should be noted that interaction effects have been found
in some studies along with main genetic and environmental effects. However, they explained a
small proportion of the variation in traits, indicating that main effects of genes and environments

are reasonable assumptions.

Equal environment assumption

One of the most fundamental assumptions in twin studies is the equal environment assumption.
It assumes that if MZ twins are treated more similarly than DZ twins it is only due to the MZ’s
genetic similarity. That is, environmentally caused similarity is roughly the same for both MZ
and DZ twins. The equal environment assumption has been tested by examining behavioral
similarity in twins with mislabeled zygosity compared to twins with correct zygosity and it was
shown that mislabeling had an insignificant effect in the twin study method (Scarr & Carter-
Saltzman, 1979). Therefore, it is unlikely that the equal environment assumption has been

violated in our studies.

Linkage and Association: the Fulker test

The method presented by Fulker et al (1999) involves simultaneous testing of linkage and
association. The linkage test is based on differences in covariances according to the IBD status
at a candidate locus. The association test is based on differences in means given the genotypes at
the locus. The model for the means is partitioned into between- and within-pairs components
and the association test is therefore robust to population stratification and admixture. The power
of the “Fulker” test has been shown to be dependent on the amount of variance explained by the
QTL, the marker information and the degree of linkage disequilibrium (Sham, Cherny, Purcell, &
Hewitt, 2000). The power of linkage is related to the square of the QTL heritability and it
attenuates with incomplete marker information or when analysis is performed at a locus that is
linked to the QTL rather than being the actual QTL itself. The power of association is related to
the QTL heritability and it attenuates with incomplete linkage disequilibrium. However, it was
also shown that both tests had increasing power with increasing residual shared variance, which
could be accomplished by use of repeated or multivariate data; hence the use of repeated blood

pressure measurements in paper /1. Nevertheless, marker informativeness, measured by observed
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heterozygosity, was relatively low (0.50 for the ACE I/D polymorphism and 0.43 for the AT ,R-
A1166C polymorphism) in our study. The markers used could also have been in linkage
disequilibrium with the actual QTL, which could have reduced the power to find linkage and
association. Therefore we could not exclude linkage and association between the polymorphism
and blood pressure. Other non-methodological issues related to the power of the study are

discussed below.

Linkage in selected samples

Selective sampling has been suggested for mapping quantitative trait loci as a more cost-
effective and powerful approach compared to random sampling (Eaves & Meyer, 1994). That is,
sib pairs are selected on the basis of their phenotypic distribution. Risch and Zhang (1995)
suggested choosing the top and bottom 10" percentile or the top 10™ and bottom 30™ percentile
of the phenotypic distribution as cut off points for the selection procedure (Fig. 12). Initially it
was shown that extremely discordant sib pairs are the most powerful study subjects for linkage
analysis (Risch & Zhang, 1995; Risch & Zhang, 1996). Further, the importance of extreme
concordant sib pairs was also examined (Zhang & Risch, 1996). It was shown that combining
extreme discordant and extreme concordant sib pairs appears to provide a more powerful
approach to linkage (Dolan & Boomsma, 1998; Gu, Todorov, & Rao, 1996; Gu, Todorov, & Rao,
1997). However, its application is strongly dependent on the genetic model specified, such as the

heritability of the locus, the density and informativeness of the markers.

Figure 12. Distribution of extreme E ED HC

discordant and concordant pairs. _g

ED: extreme discordant %

HC: high concordant, %

LC: low concordant. § LC ED
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v

twins quantitative trait

In addition, Gu et al. (1996) suggested that using extreme concordant pairs from both tails of the
distribution may not be as powerful as using only pairs from the upper tail (high concordant
pairs) especially when the underlying genetic model is unclear (Gu et al., 1996). In paper III we

used extreme discordant twin pairs and only high concordant twin pairs, using the 10" percentile
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as a cut off (a BMI of 29 kg/m?). The reason for this approach is that, the underlying genetic
mechanism for obesity is not known and also, that low concordant sib pairs might have a
different genetic origin compared to obese individuals. The use of DZ twins in linkage studies is
also advantageous since they are age matched and the occurrence of non-paternity is sufficiently

rare that it can be considered unlikely.

However, the Risch and Zhang (1995) percentile selection approach poses a few problems. For
instance, a pair where one sibling has a BMI of 22 (normal value) and the other a BMI of 40
(extreme value) will not be included in the selected sample according to the percentile approach,
because only one sibling exceeds the cut off point. However, this pair will be included and rated
as discordant with the “sliding window rule”, a more flexible approach that allows a window of
difference to slide through a distribution of difference scores. Nevertheless, this approach does
not yield equivalent power to Risch and Zhang’s percentile based approach even though it
allows a greater proportion of sibling pairs to be eligible (Allison, 1996). In our study (paper III),
we used a combination of both approaches. Thus, the selected sample of twins contained twins
that were either above the top 10™ percentile or below the bottom 30" percentile, but were also
rated appropriately as concordant or discordant with the “sliding window rule” (i.e. a twin with a
BMI of 29 and the co-twin with a BMI of 40, both above the top 10® percentile, were rated
discordant). Recently, a more optimal method for sibling selection has been presented by
introducing a quantitative index of informativeness based on the sibship’s contribution to the
non-centrality parameter (Purcell, Cherny, Hewitt, & Sham, 2001). However, the twin pairs
included in paper 171, were already selected according to the best available method at the time,
highlighting the rapid methodological development in the area of quantitative trait mapping.

Variance-components techniques have emerged as the most powerful of available methods for
quantitative trait loci mapping (Allison et al., 1999; Blangero, Williams, & Almasy, 2001; Goring,
Williams, & Blangero, 2001). However, standard variance components linkage analysis can
produce elevated type I errors, when applied to selected samples and non-normal data. Although
initially suggested, it has become increasingly clear that imputing the expected IBD probabilities
for the unselected part of the sample can introduce severe bias in linkage analysis (Dolan et al.,
1999). Sham et al. (2000) suggested adjusting the log-likelihood function by conditioning on the
trait values as a mean of ascertainment correction. At the same time the combined Haseman-
Elston approach was shown to be equivalent to the variance components analysis conditioning
on trait values in selected samples. The advantage with the combined Haseman-Elston method is

its simplicity in use; it is a regression analysis, which can be applied with most statistical
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programs. Compared to the variance components approach it is also a more intuitive and

straightforward approach.

Co-twin control

The aim in co-twin control study is to control for genetic and shared environmental effects by
choosing disease discordant twins (Spector, Snieder, & MacGregor, 2000). That is, the trait under
study is under genetic control for MZ pairs and partly genetic control for DZ pairs, while both
are controlled for shared environmental effects. The ideal situation is to present results for each
zygosity separately in order to draw conclusions. Although data for paper IV were taken from a
large telephone interview screening of Swedish twins still alive and born between 1886 and
1958, we had limited power to conduct a co-twin control analysis, which was evident from the
large confidence intervals. Analysis was done on the merged sample of MZ and DZ discordant
for Type II diabetes twin pairs. We had approximately 30% power to find a risk of 2 for the
association of low birth weight and Type II diabetes. Power calculations showed that a sample of
approximately 500 pairs would be needed to reach power levels of 80% at 5% significance level
(Dupont & Plummer, 1998).

Phenotypic issues

Lipids and Apolipoproteins - Paper |

The most important finding in studying age and sex differences in the variation of lipids and
apolipoproteins was the higher variance in the older compared to younger age groups. In
general, heritabilities did not deviate much from those reported in previous twin and family
studies of total cholesterol, apolipoprotein B and A1, and triglyceride levels (Heller et al., 1993;
[selius, 1979; Snieder et al., 1997; Whitfield & Martin, 1983).

Twin and family studies have also suggested an increased phenotypic variance in lipids and
apolipoproteins with increasing age (Beekman et al., 2002; Boomsma et al., 1996; Ericsson et al.,
1991; Heller et al., 1993; Reilly, Kottke, & Sing, 1990; Snieder et al., 1997, 1999). We found that
phenotypic variance increased across the age groups for cholesterol due to an increase in non-
shared environmental variance. Similar increase in non-shared environmental variance was also
found for apolipoprotein B above the age of 50. It could be argued that this is entirely due to
measurement error, which is included in the non-shared environmental component, since data
are derived from different sub-studies. However, biological assessments were done by the same
laboratory for all three sub-studies. It is more likely that the results could be the consequence of

accumulated environmental experiences over the life course (Nelson & Dannefer, 1992). Exposure
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to environmental variations such as smoking, diet and alcohol, may alter lipid metabolism. The
age effect could also reflect a weakening of the homeostatic control mechanisms of the lipid
system with aging (Reilly et al., 1990; Snieder et al., 1997). For apolipoprotein Al, differences in
phenotypic variance were due to differences in genetic variance components between age
groups, probably reflecting that different combinations of multiple genes influence lipids and
apolipoproteins in different periods of life. This is also supported in a study by Snieder et al
(1997), who assessed differential gene expression as a function of age by studying young-adult
twins, their middle-aged parents, and a second group of twins of the same age as the parents.
Phenotypic variance was lower in the older age group for apolipoprotein Al compared to the
middle age group. This decrease could also reflect cohort differences, as individuals with a
genetic predisposition to lipid disorders may die at earlier ages and therefore not be present in
the oldest age group (less variability). However, the effects of random variation could not be
excluded.

We also found that heritability in the variation of triglyceride levels was higher in women than
in men between the ages of 50 and 69. Above the age of 50, major changes take place in
production of sex hormones in women, which may cause lipid changes. The effects of hormones
on lipid metabolism were examined in pre- and postmenopausal women, and significant changes
were found for apolipoprotein B and LDL cholesterol (Schaefer et al., 1994). The shared
environmental component of variance was consistently zero for all lipids and apolipoproteins, in
accordance with other twin studies, indicating that the shared environment does not play a major
role in the variation of lipids and apolipoproteins (Beekman et al., 2002; Boomsma et al., 1996;
Snieder et al., 1997, 1999).

One limitation was the nature of our study, comprising a combination of cross-sectional studies,
which precluded conclusions about changes over time due to genetic and environmental
influences. This limitation highlights the importance of longitudinal approaches in studying the

variation of lipid and apolipoproteins throughout the lifespan.

Diastolic and Systolic Blood Pressure - Paper Il

This study quantified genetic and environmental sources of variance in repeated measures of
diastolic and systolic blood pressure across a 6-year period of time in twins reared together and
apart. It showed a genetic stability with the genetic component of variance explaining up to 46%
of the total phenotypic variance in diastolic and up to 63% in systolic blood pressure. This may

imply that the underlying genetic mechanisms of blood pressure regulation do not change
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appreciably during this 6-year period of time. Similar results of genetic stability above the age of
50 have been shown from other twin studies (Colletto, Cardon, & Fulker, 1993; Vinck, Fagard, Loos,
& Vlietinck, 2001). Previous studies have also shown that shared environmental effects on the
variation of blood pressure are negligible or of minor importance. The importance of shared
rearing environment can be estimated from twins reared together and apart. We found from the
intraclass correlations that rearing effects could be of importance for diastolic but not necessarily
for systolic blood pressure. However, due to small sample sizes in each category, analyses
preceded with the merged sample of twins reared together and apart. The non-shared
environmental components were characterised by time specific influences with small
transmissions from one time point to another, suggesting non-shared environmental influences
having a small long-term effect. They may reflect the importance of lifestyle habits such as
smoking. However, they could also reflect measurement error, which is also included in the non-

shared environmental part.

We found no linkage or association between blood pressure and two known polymorphisms in
genes comprising the renin-angiotensin-aldosterone system. The angiotensin-I-converting
enzyme insertion/deletion polymorphism has shown a lack of an association with blood pressure
in most European countries (Bengtsson et al., 1999; Berge & Berg, 1994, 1998; O'Donnell et al., 1998;
O'Malley, Maslen, & Ilingworth, 1999). In contrast, African and Jamaican populations have shown
an association (Barley et al., 1996; Forrester et al., 1997; Zhu et al., 2001). This indicates that a
different mix of genes is important for blood pressure regulation in different ethnic groups. The
angiotensin-II type 1 receptor (A1166C) polymorphism has shown an association to
hypertension in previous studies (Bonnardeaux et al., 1994). However, the lack of an association
between blood pressure and the A1166C polymorphism in our study could be due to the fact that
the sample comprised of normotensive subjects. Other Nordic studies have not shown an
association either, expect for a Finnish study that found an association in subjects with early
onset of hypertension and normal body weight (Kainulainen et al., 1999). However, the sample
was selected from a uniform geographical region, and could therefore have a different genetic

background compared to other Nordic countries.

There were a few limitations in this study. Variance in blood pressure at the third time point was
consistently higher compared to the variance in the first and second time point, which could
imply poorer fit in the models tested. This could be due to the fact that nurses changed to
electronic devices at the third time point, which yielded more imprecise readings compared to

the ordinary manual procedures for blood pressure measurements used in previous testings.
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Automated blood pressure devices do not produce accurate blood pressure values and one reason
could be that they were designed for self-measurement and not clinical use (Beevers, Lip, &
O'Brien, 2001a, 2001b). Individuals with blood pressure medication were omitted from the study.
Considering antihypertensive treatment as a covariate for adjustment may create potential bias,
because of the correlation between treatment and the genes affecting blood pressure variation.
By omitting individuals on antihypertensive medication we may have excluded the subjects with
the highest genetic predisposition, and hence reduced the chances of finding an association. The
optimal way to handle this would be to adjust blood pressure measurements with the average
level of the increase or decrease incurred by medication. However, it would require information
exactly before and after medication which was not available in our study. The lack of an
association could also be due to small sample size, resulting in low power. Also the mode of
inheritance for the polymorphisms is not known. We used the basic model with additive genetic
effects. In case of dominance or recessiveness or even interactions and epistasis far more

subjects would be needed (Sham, Cherny et al., 2000).

Obesity - Paper il

Heritability estimates for BMI in the present study ranged between 59-70%, which is similar to
previous reports (Maes et al., 1997). The apparent effects of sex and age in the variation of BMI
have also been reported in previous studies (Korkeila, Kaprio, Rissanen, & Koskenvuo, 1991; Neale
& Cardon, 1992). In the present study, the heritability of BMI was significantly higher for women
compared to men in the middle age group (50-70 years). Above the age of 50 major changes
take place in the production of sex hormones in women. The shared environmental effect in the
middle age group was higher among men than among women. This could reflect the
accumulation of environmental experiences and changes in lifestyle habits, such as smoking or
diet that could be more important in men than in women. Subsequently, one would expect to see
a larger shared environmental effect in the older age group. However, in our opinion, a more
likely explanation is that this represents a chance finding. Shared environmental effects are
rarely found to be a major contributor to the variation of BMI (Maes et al., 1997). Therefore we
believe that the shared environmental effect is probably much less than our observed (0.47). Sex
differences are not persistent through all age groups, but heritability was lower in the older age
group compared to the younger. This may imply that individuals with a genetic predisposition to

obesity have a lower survival probability.

In contrast to results from previous studies (Comuzzie et al., 1997; Hager et al., 1998; Hinney et al.,
2000; Price et al., 2001), we could not verify linkage in candidate regions on chromosome 2 and
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10. The effect of the loci could be different in different samples. The findings on chromosome 2
and 10 were found in extreme obese samples rather than moderately obese (Hager et al., 1998),
indicating that genetic effects may be more apparent in extreme obese compared to moderately
obese humans. Previous linkage studies on chromosome 2 have shown linkage with leptin levels
and not BMI, indicating that genetic mechanisms could act differently in separate obesity related
phenotypes (Comuzzie et al., 1997). A genome-scan aimed at identifying QTLs that have a
potential influence on BMI found only weak linkage signals on chromosome 2, indicating that
the locus may have a smaller effect in some samples compared to others (Feitosa et al., 2002).
Cultural and ethnic differences could also have limited our chances of verifying those findings.
In Sweden, for example, the prevalence of obesity is less than half that of the United States
(WHO 1998). The apparent lack of concordance between studies could also reflect the fact that
genetic determinants of inter-individual variation in obesity and related phenotypes are likely to
be multiple and interacting, with most single variants producing only a moderate effect, which

are hard to detect with linkage.

One limitation of our study was the limited power to detect linkage. In a series of simulation
studies on linkage and replication of linkage results, it was shown that ‘detectability’ was
improved as the number of QTLs decreased (Suarez, Hampe, & van Eerdewegh, 1994). The results
also suggested that replication of a true linkage claim in an oligogenic disorder, requires a much
larger sample. In contrast a false linkage claim is unlikely to replicate. The mode of inheritance
for obesity is unknown and power is related to the genetic parameters specified. We conducted
our own simulation studies using the same amount of concordant and discordant twins as were
available in the study. We altered parameters such as the increaser allele frequency, sibling
correlation and the amount of variance explained by the putative QTL and found that power

ranged from 10% to 90% depending on the specified parameters.

Type Il diabetes and Low Birth Weight - Paper IV

In this study we found an association between low birth weight and Type-II diabetes in a
population-based cohort of 11 226 same-sexed Swedish twins (Lichtenstein et al., 2002). The
analysis support the ‘thrifty phenotype’ hypothesis, which proposes that impaired glucose
intolerance and other metabolic disorders originate through adaptations, in the malnourished
fetus. This theory further proposes that, as long as poor nourishment continues during childhood
and adult life, these adaptations are beneficial. However, a sedentary lifestyle, changes in food
intake (high calorie food), and the subsequent development of obesity ultimately lead to
impaired glucose intolerance, the insulin resistance syndrome and Type-II diabetes (Hales &
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Barker, 2001). In the current study, the rate of Type-II diabetes was higher among obese

individuals, suggesting this as a possible explanation.

In the within twin pair analysis, the association between low birth weight and Type-II-diabetes
in disease discordant pairs remained even after we controlled for genetic and shared
environmental effects. The reason for the difference between this study on Type-II-diabetes and
studies on other cardiovascular outcomes, where familial effects seem to have been responsible
for the association with low birth weight (Christensen, Stovring, & McGue, 2001; Hubinette et al.,
2001; Hubinette, Cnattingius, Johansson, Henriksson, & Lichtenstein, 2003; Ijzerman, Stehouwer, &
Boomsma, 2000), are not known. We can only speculate that the association between reduced
fetal growth and Type-II-diabetes is of a different origin than the association between fetal
growth and other cardiovascular outcomes. Animal experiments have shown that growth
restricted offspring of protein malnourished rats undergo a greater age-dependent glucose
intolerance, which is associated to insulin resistance (Ozanne, 2001). The association with other
cardiovascular outcomes, on the other hand, might be due to a common genetic etiology. For
instance, both birth weight (Clausson, Lichtenstein, & Cnattingius, 2000; Magnus, Gjessing, Skrondal,
& Skjaerven, 2001) and hypertension (Lehtovirta et al., 2000) are genetically influenced. It has been
suggested that the genetic influences in preeclampsia could be the common cause, since
preeclampsia is associated both with low birth weight in the offspring and later hypertension in
the mother (North, Simmons, Barnfather, & Upjohn, 1996; Salonen Ros, Lichtenstein, Lipworth, &
Cnattingius, 2000).

One limitation of the current study is that both birth weight and diabetes were self-reported.
However, the validity of self-reported birth weight in this cohort of twins has been examined and
correlated reasonably well with birth weight derived from medical birth records (r=0.82). The
agreement between questionnaire data and medical records has been shown to be good for well-
known chronic diseases, such as diabetes and cardiovascular diseases in a study of middle-aged
and elderly Finnish men and women (Haapanen, Miilunpalo, Pasanen, Oja, & Vuori, 1997). Another
limitation was the small number of disease discordant pairs in the intrapair analyses. However,
the interpretation that there was an association also within twin pairs was supported by the fact
that the risks of Type-II diabetes related to low birth weight in both MZ and DZ were of similar
magnitude to the risks found in the cohort.
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Generalisability of twin studies

Twins are on average 0.9 kg lighter than singletons at birth and are delivered 2-3 weeks earlier
(Leon, 2001; Spector et al., 2000). In spite their appreciably impaired growth in utero, they undergo
arapid catch-up growth in childhood. In the context of the fetal origin hypothesis, it is
interesting to compare the association of low birth weight with cardiovascular diseases between
twins and singletons and whether they occur more often in twins. Two thirds of monozygotic
twin pairs have a common chorion and placenta and therefore compete for nutrients. Dizygotic
twin pairs always have separate chorions and placentas may or may not be fused. Therefore,
monozygotic twins may experience a more adverse intrauterine environment than dizygotic
twins. However, there is no evidence that twins have increased cardiovascular mortality (Vagero
& Leon, 1994) or overall mortality (Christensen, Wienke et al., 2001) compared to the general
population. Hence these findings support the hypothesis that results from twin studies can be
generalised to the population.

Future directions

With the beginning of the new millennium we have also entered a new era in genetic
epidemiology. The completion of the human genome has offered an abundance of valuable
information and we are just catching up on the methodological side. “Big is beautiful” will not
only be used as a fashion statement, but must also be adopted by scientists. Small genetic effects
or interactions with other genes and/or environments in which they are expressed, will only be

accomplished through powerful methodological techniques and large sample sizes.

The power of our molecular studies has been relatively low. Not only were we haunted by the
small sample sizes but also of the limited knowledge regarding the possible genetic mechanisms
involved. The elucidation of such mechanisms has now approached reachable levels with the
access of results from the human genome project. For traits where genetic stability is present, as
was the case in blood pressure and some lipids (cholesterol and Apolipoprotein B), gene
localization may be easier compared to traits where their genetic effects may be expressed
differently in different ages (such as in apolipoprotein A1). An approach to deal with statistical
and epidemiological issues is reflected in an integrated project called GENOMEUTWIN, that
combines genetic and epidemiological data from the Scandinavian twin registries, the
Netherlands, and Italy to form a promising scientific resource (Boomsma, Busjahn, & Peltonen,

2002).
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