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Chapter 1

General Introduction



10

1. Cardiovascular disease and risk factors

Cardiovascular complications, principally related to arterial injuries, are the first
cause of morbidity and mortality in Western countries. In the United States of
America, for instance, cardiovascular disease is the cause of more deaths
than the next 7 causes of death combined, with a coronary event taking place
about every 29 seconds.1 The Framingham Heart Study2 was the first to
identify risk factors for this major public health problem in 1976 and these
findings had major clinical implications. Recognition of these risk factors
highlighted the possibility of prevention and of reducing cardiovascular
morbidity and mortality. World wide, primary and secondary prevention trials
have been performed or are ongoing. For instance the benefits of lowering
blood pressure and cholesterol have been investigated world wide from
Europe ( Syst-Eur, SHEP)3 to Australia (Australian National Blood Pressure
Study 2) and from Scandinavia (Helsinki Heart Study) to the United States
(Hypertension and Lipid Trial), respectively. Although most of the initially listed
risk factors are still of major interest, the search for pathophysiologic and
genetic mechanisms with which one might interfere continued.
The concept of blood pressure comprising both a static (mean arterial
pressure) and a pulsatile component (pulse pressure) led to the recognition of
another, possibly independent, risk factor for cardiovascular morbidity and
mortality, namely large artery stiffness.4-10 Pulse pressure, the difference
between systolic and diastolic blood pressure, increases with the left
ventricular ejection rate, stiffening of the aorta and the large conduit arteries
and wave reflections.11 Several studies have investigated the relationship
between increased pulse pressure and the risk of cardiovascular morbidity and
mortality. Both negative findings and positive associations have been reported.
No additional prognostic information to systolic and diastolic blood pressure
was attributed to pulse pressure in, for instance four epidemiological studies in
Chicago12 and in the “Hypertension Detection and Follow-up Program”.13 On
the other hand, numerous studies in normotensive and hypertensive subjects
and in post-myocardial infarction patients have shown a positive association
and independent correlation between cardiovascular morbidity and mortality
and pulse pressure.4,9,14-28 As a consequence, the assessment of the stiffness
of the large arteries29 and the association between known cardiovascular risk
factors and vascular stiffness has gained interest over the last decades.

1.1 large arteries and cardiovascular risk

The analysis of risk factors in relation to large artery properties has been the
subject of a recent thesis from our group (‘Large artery properties and
cardiovascular risk: a population study’ by J.J. van der Heijden-Spek, 2000)
and will therefore be reviewed only briefly here.

The effect of age, although dependent on the vascular territory investigated,
has been confirmed by several studies.30-39 Central arteries (predominantly
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elastic arteries) stiffen progressively with age, whereas the wall characteristics
of muscular (more distal) arteries change little with age.36

The effect of gender on arterial stiffness, is also different according to the
vascular territory.30,32,39 However, the published reports not always reflect the
same views. For instance, some investigators find no differences between
sexes,32 while others noticed differences throughout various life-periods34 or
specified arterial sites.30 The hypothesis that increased vascular stiffness is a
major mechanism explaining the higher cardiovascular risk of men, remains
debated.

The relationship between the function and structure of the large arteries and
obesity remains under investigation.40-45 In a large population-based study,
van der Heijden-Spek et al showed that after adjustment for important
covariates and potential confounders, stiffness of the large arteries increased
with body-mass index in both sexes. In men, abdominal obesity was
associated with increased stiffness of the aorta.46 In a  recent prospective
study by Lakka et al47 abdominal obesity in men was associated with
accelerated progression of intima-media thickening of the carotid artery, which
leads to increased stiffness48 and is considered a preclinical stage of
atherosclerosis49,50 and a risk factor for cardiovascular disease.51

Smoking acutely increases arterial stiffness,52-56 but its long term effects on
large artery stiffness remain debated.52,54,57,58

Few studies focused on arterial function and ethnicity. Especially Afro-
Americans have been investigated because of their increased susceptibility to
hypertension.59,60 Blacks show an alteration of the nitric oxide and
isoprotenerol mediated vasodilation.61,62 Large scale population studies on the
large artery properties of Africans or Afro-Americans have not yet been
reported.
The Chinese population, known to exhibit a lower prevalence of
atherosclerosis and a higher prevalence of hypertension as compared to the
Caucasian population, have a different morphology of the aorta with increasing
age.63

Diabetes mellitus and other metabolic disorders such as insulin-resistance,
hyperlipidaemia and homocysteinuria are associated with increased stiffness
of the large arteries. There is consensus that adult diabetic patients compared
to non-diabetics have stiffer arteries.64-67 However, in children and adolescents
with type I diabetes, stiffness has been shown to be either increased68 or
decreased.69 Insulin resistance is related to increased stiffness in middle-aged
women70 and young healthy women,71 but negative findings also have been
reported.72,73  Hypercholesterolaemia is correlated with increased stiffness
both in adults74,75 and in children.76,77 However, a decreased stiffness has
been observed in both very young78 or asymptomatic79 subjects with
hypercholesterolaemia.
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The association between homocysteine and large artery function and
geometry is still controversial.80,81

The relationship between hypertension and large artery stiffness has been
established over the years.82,83 Both in young and older hypertensives, the
stiffness gradient from central to peripheral arteries is attenuated.84 However,
the increased stiffness is not equal along the arterial tree.85-87 Whether
hypertension is caused by increased stiffness or is a result of large artery
stiffening is difficult to establish. Essential hypertension can be considered as
a dysfunction of the systems that regulate blood pressure. Functional
alterations may increase blood pressure by for instance vasoconstriction or
activation of salt-and water-retaining mechanisms. The higher blood pressure
may then be preserved by the same factors through structural changes.88 The
ARIC Study showed in a 6-year prospective study in 6992 normotensive
subjects, that a decrease of one standard deviation in the elasticity of the
common carotid  artery was associated with an odds ratio of 1.17 (95%CI:
1.05-1.31) for the development of hypertension.89 The latter study suggests
that a decrease in elasticity of large arteries is the initiator of hypertension and
not a consequence.

2. Genetics and cardiovascular disease

The two major areas of recent development in terms of cardiovascular risk
factors have been: (1) the recognition of the prognostic importance of large
artery stiffness in relation to cardiovascular morbidity and mortality and (2) the
identification of new genetic risk factors.

Until a few years ago genetics was a field of basic research, but it has grown
rapidly to become a discipline of cardiovascular medicine, in which highly
technological laboratory investigations and clinical research have been
integrated.
Monogenic forms of cardiovascular disease have been described. Although
monogenic causes are usually associated with very rare forms of
cardiovascular disease, they provide information on possible candidate genes
for more common polygenic forms of cardiovascular disease.

2.1 Heritable disorders of connective tissue

Marfan’s syndrome, a syndrome characterised at the cardiovascular level by a
dilatation and dissection of the proximal aorta caused by a degeneration of the
elastic fibers of the tunica media, was first described in 1896 by Marfan. It took
almost a century before the genetic mutations responsible for this
autosomal-dominant condition were discovered.90-92 Mutations in the fibrillin-1
(FNB1) gene not only cause Marfan’s syndrome, but also other familial forms
of isolated thoracic aneurysms, ectopia lentis, arachnodactyly, and
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disproportionate tall stature, along with severe and rare congenital disorders
termed neonatal Marfan syndrome and Shprintzen-Goldberg syndrome.93

Ehlers Danlos syndrome type IV, an autosomal-dominant disease
characterised by thin, translucent and fragile skin is caused by a mutation in
the gene encoding the type III collagen polypeptides (COL3A1). The mutation
in this gene causes a disruption of the integrity of the vascular wall by a
negative effect on the formation of type III collagen. This leads to life-
threatening complications induced by spontaneous rupture or dissections of
the aorta or large- to medium-sized arteries.
Elastin plays a role in stabilising arterial wall structures and proliferation of
smooth muscle cells.94 A mutation in the elastin gene causes a typical vascular
lesion of the ascending aorta, the ‘hourglass-shaped stenosis’. This aortic
lesion is present as an isolated disorder inherited in a autosomal-dominant
fashion, the so called supravalvular aortic stenosis (SVAS) or can be part of
the Williams-Beuren syndrome. In additon to the aorta, other major arteries,
including the pulmonary, carotid, cerebral, renal and coronary arteries may
also be stenotic in SVAS patients.93 Mutations in the ABCC6 gene lead to
pseudoxanthoma elasticum, a genetic disease characterized by proteoglycan
accumulation and numerous systemic manifestations. Among these
manifestations are large artery calcifications and stenosis resulting in transient
ischemic attacks, peripheral occlusive disease and occasionally myocardial
infarction in young adults.
The Ser422 allele of the Ser422Gly polymorphism of the elastin gene is
associated with a decreased distensibility of the elastic carotid artery.95

2.2 Heart Failure

Although heart failure is mostly a cardiovascular complication with multiple
causes, monogenic forms of cardiac failure have been described. Inborn errors
of metabolism, storage diseases or diminished energy production are one
class of monogenic disorders in which cardiomyopathies are inherited.
Syndrome’s like Pompe, Hurler and Fabry (storage diseases) or carnitine
deficiency (dimished energy production) are only a few examples of this class
of monogenic heart failure.96

Neuromuscular disorders are another class of diseases associated with heart
failure. Duchenne’s muscular dystrophy carried by the X chromosome (Xp21),
Becker-type muscular dystrophy (Xp21), Friedrich ataxia, and Refsum disease
fall into this category.

Malformations and congenital heart disease will become a growing cause of
heart failure due to the expanded possibilities of life-saving surgery in
congenital heart disease. The greatest risk factor for having a cardiac
malformation is the occurrence of a congenital defect in a parent or an older
sibling.97 Specific mutations have been described. DiGeorge syndrome
(aplasia/hypoplasia of the thymus and parathyroid glands in association with
conotruncal defects) is related to a visible or microdeletion of chromosome
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22q11 in more than 90% of the cases. An X-chromosome linked disorder,
heterotaxy, causes mild or no consequences in women, but complex cardiac
malformations in men. The gene for heterotaxy is encoded at Xq24 and
mutations are found in a transcription factor (zinc-finger of cerebellum) with
homology to proteins involved in left-right axis formation.93,98

The Holt-Oram syndrome is an autosomal-dominant genetic disorder which
can present itself with either very mild abnormalities in skeletal development
and simple atrial- or ventricular septal defects or phocomelia with complex
cardiac malformations. In spite of the different clinical presentations, all
patients with the Holt-Oram syndrome have a mutation in the TBX5 gene,
which encodes a transcription factor, essential for heart formation.93 Other
monogenic syndromes of which the responsible genes have, however, not yet
been identified are the Noonan syndrome and the Kartagener syndrome. The
former is inherited in an autosomal dominant fashion and the latter is an
autosomal recessive genetic disorder with incomplete penetrance.97

Furthermore, several syndromes which frequently, but not obligatorily present
with cardiovascular malformations are the Down syndrome, the Turner
syndrome and Trisomie 8.
Familial hypertrophic cardiomyopathy may be the results of mutations in the
genes encoding cardiac myosin binding protein-C, β cardiac myosin heavy
chain, α tropomyosin, troponin I, cardiac actin and the myosin light chains.93,99

The inheritance of congestive or dilated cardiomyopathy is not well described,
but familial factors seem to play a major role, since approximately 30% of
cases are inherited. The X-chromosomal transmission of this cardiomyopathy
was recognised as a potential indicator for Duchenne’s or Becker’s dystrophy,
indicating a role for a cytoskeleton protein disorder, since the latter patients
exhibit a lack of the membraneous protein dystrophin. Muntoni et al described
the mutation of the dystrophin gene, which is also responsible for Duchenne
and Becker’s dystrophy.100 Another X-linked syndrome, the Barth syndrome, is
also characterised by dilated cardiomyopathy and has been located at G4.5.101

Mutations in the gene coding for cardiac actin, located on chromosome 15q14
may be responsible for some forms of autosomal dominant dilated
cardiomyopathy.99,102 One rare disorder of which the gene has been identified
recently, is the autosomal dominant dilated cardiomyopathy (CMDA1), caused
by mutations in the gene encoding nuclear lamins A and C (LMNA gene,
chromosome 1q21-q22).103 Another mutation, recently described in a
cardiomyopathic patient, in the gene encoding the skeleton protein
metavinculin, further strengthens the hypothesis of a major role for genes
encoding cytoskeleton proteins in the causation of dilated cardiomyopathies.104

2.3 Cardiac Arrhythmias

Monogenic cardiac arrhythmias, of which the long QT-syndrome is probably
the best known, have been described. The European Working Group on
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Arrhythmias provides an overview of the molecular and genetic basis of these
monogenic cardiac disorders,102 as does a recent review by Keating and
Sanguinetti.105

The long QT-syndrome can present itself as an autosomal dominant disorder
with a pure cardiac phenotype (Romano-Ward) or as a rarer, autosomal
recessive disorder characterised by the coexistence of cardiac abnormalities
and congenital deafness (Jervell and Lange-Nielsen). Mutations at loci
encoding for sub-units for the voltage-gated potassium channel, rapid current
delayed rectifier potassium channels and cardiac sodium channels are
responsible for the disturbances in the long-QT syndrome.

2.4 Metabolic disorders leading to cardiovascular complications

Familial hypercholesterolemia (FH) is an example of a single-gene disorder
that results in atherosclerosis and coronary artery disease. The probability for
heterozygous males with this disease for experiencing a myocardial  infarction
before they reach the age of 60 is 75% as compared to 15% probability in the
general population. The defect lies in the lack of a  high-affinity receptor for
low-density lipoprotein (LDL). The final description of the mutations in the LDL
receptor gene located on chromosome 19p13.2, p13.12 and the pioneering
work on familial hypercholesterolaemia made that the 1985 Nobel Prize in
medicine was awarded to Brown and Goldstein. This recognition emphasised
the importance of cardiovascular genetics. Subsequent studies have identified
other loci influencing plasma lipid levels and possibly increasing the risk of
coronary artery disease. Among the genes of interest are those encoding for
apolipoprotein B-100, apolipoprotein E, lipoprotein(a), lipoprotein lipase,
apolipoprotein CII and triglyceride transfer protein.93,96 Tangier disease,
characterised by extremely low levels of high-density cholesterol and
accumulation of cholesterol in macrophages is caused by mutations in the
ABC1 gene on chromosome 9q22-31, encoding a member of the ATP-binding
cassette family of transporters.106,107

Although the above-mentioned mutations in the genes coding for proteins that
regulate lipoprotein synthesis, interconversions and catabolism are of major
importance to those who are carriers of these mutations, polymorphisms in
these genes have gained more interest over the last decades due to their
possible relationship with cardiovascular risk in the general population.108 With
the exception of the ApoE polymorphism in which homozygotes of the ,4/,4
have increased, and ,2/,2  homozygotes have decreased cholesterol levels in
all investigated populations, other polymorphisms as described in the review of
Sankaranarayanan et al, are not uniformly associated with increased levels of
cholesterol or increased cardiovascular risk.

Homocysteinuria, a disorder increasing the risk for atherosclerosis, is another
single-gene disease with a mutation on chromosome 21q22.3 of the gene
encoding cystathionine b-synthase.96 An increased plasma total homocysteine
level confers an independent risk of vascular disease similar to that of smoking
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or hyperlipidaemia. Plausible mechanisms by which homocysteine might
contribute to atherogenesis include promotion of platelet activitation and
enhanced coagulability, increased smooth muscle cell proliferation,
cytotoxicity, induction of endothelial dysfunction and stimulation of LDL
oxidation.108 A common polymorphism, a mutation in the
methylenetetrahydrofolate reductase (MTHFR) gene, is associated with
decreased specific MTHFR activity and elevation in homocysteine levels in the
homozygous state. However, an association between this polymorphism and
an increased risk for myocardial infarction or coronary arterial disease has not
been reported.109

Several epidemiological studies have identified elevated fibrinogen levels as a
potential risk factor in coronary heart disease. Studies on the association
between plasma fibrinogen levels and genetic polymorphisms of the fibrinogen
gene cluster (α, β and γ genes on chromosome 4; 4q26-q28)  showed that
variation at the β locus may be responsible for the elevated levels, but
conclusive studies are still to be reported.108

Polymorphisms of the genes encoding other factors involved in thrombosis
and subsequently their possible increasing effect on protrombotic risk are
those involving among others, Plasminogen Activator Inhibitor-1 (PAI-1),
Factor V, XIII, VII, XII, protrombin, thrombomodulin and Von Willebrand Factor.
However, negative - positive - and null associations have been reported on all
these different polymorphisms (Table 1).109

A very common disease leading to various cardiovascular complications is
diabetes mellitus type I and type II.
Among Caucasian patients, the strong and consistent association of type 1,
but not type II diabetes mellitus with genes in the HLA (human leucocyte
antigen) region has long been known. Several genetic loci, each of which
codes for a slighty different glycoprotein have been described, which are
highly polymorphic. All the HLA-association studies show that the HLA-locus
(now designated as IDDM1) confers strong suspectibility to type I diabetes
mellitus, but this is not sufficient to account for the complete genetic
contribution to the disease. Non-HLA linked loci have therefore been studied
for their contribution to the pathogenesis of type I diabetes.108 Research on the
latter loci resulted in description of IDDM2, a polymorphic region in the insulin
gene on chromosome 11p15.5 and of at least 11 other loci on different
chromosomes.
The impairment of insulin to stimulate glucose uptake and inadequate
compensation for altered insulin sensitivity underlie type II diabetes.
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A rare autosomal dominant form of insulin resistance is the Dunnigan-type
familial partial lipodystrophy (FPLD) which is often accompanied by type II
diabetes and hypertension. A mutant LMNA,  which encodes nuclear lamins A
and C underlies this rare disorder.110

Mutations responsible for the rare monogenic forms of type II diabetes, known
as maturity-onset diabetes of the young (MODY) are described for the genes
encoding glucose metabolising enzyme glucokinase, transcription factors
HNF1α- and β, HNF4α and insulin promoter factor 1 (IPF1). These mutations
all result in β cell dysfunction (table 2).111 Several candidate genes, for
instance in the glucokinase gene region and the sulfonylurea receptor gene
have been the subject of several case-control and association studies.
Consensus on these polymorphisms and their relationship with diabetes type II
has not yet been reached.108

2.5 Hypertension

Monogenic forms of hypertension, which constitute less than 5% of all
hypertension have been described over the last decades.112 Table 3 describes
the known (to date) monogenic forms of hypertension.
Glucocorticoid-remediable hypertension was first described by Laidlow et al in
1966113 and is characterised by an abnormal secretion of 18-hydroxy-
cortisone. A chimeric gene produced by unequal crossover between two
closely related forms of cytochrome 450, 11β1 (CYP11B1) and 11β2
(CYP11B2) hydroxylases has been discovered by using this biological marker
as a phenotype in genetic studies. The chimeric gene contains a promoter of
the CYP11B1 gene and its expression is regulated by adrenocorticotrophic
hormone and can be suppressed by administration of dexamethasone. Other
monogenic forms of hypertension are also associated with defects in steroid
metabolism. Female pseudo-hermaphroditism,  due to a mineralocorticoid
excess; male pseudo-hermaphroditism with a mineralocorticoid excess, but
accompanied by a lack of cortisol and apparant mineralocorticoid excess with
inactivating mutations in  the 11β-hydroxysteroid dehydrogenase gene
resulting in failure to provide protection against the mineralocorticoid effect of
cortisol.
Abnormalities in renal ion transport are another category of monogenic
hypertension. Liddle’s syndrome is characterised by a therapeutic response to
administration of triameterene. This syndrome is associated with activating
mutations in the β and γ subunits of the aldosterone-regulated amiloride-
sensitive epithelial sodium channel of the renal tubule. Gordon’s syndrome,
characterised also by abnormalities in renal ion transport is another
monogenic form of hypertension.
A rare monogenic form of hypertension which is the only non- salt-sensitve
one, is characterised by hypertension and brachydactyly. The gene for the
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latter form has not yet been identified, but is located on chromosome 12p12.2-
11.2.114

Recently, Geller et al described an autosomal dominant form of hypertension
which is more pronounced in pregnancy and appears before the age of 20
years, the so-called hypertension exacerbated in pregnancy.115 In this disorder
a mutation in the mineralocorticoid receptor, explains why it can be activated
by steroids lacking a hydroxyl group, such as progesteron. Finally, a missense
mutation in peroxisome proliferator-activated receptor gamma leads to a
dominant syndrome consisting of hypertension, insulin resistance and diabetes
mellitus.116

Hypertension as a consequence of increased production of catecholamines
due to a genetic defect (neoplasia’s of the adrenal medulla and
pheochromocytoma), is mostly episodic.117

3. Candidate genes and hypertension

Monogenic forms of cardiovascular disease,118 as well as new insights in the
pathophysiology of blood pressure regulation in animals119 and humans84

(figure 1), gave rise to further research on polymorphisms of candidate genes
which might play a role in the general population or in specific subsets of
patients. Table 4 supplies a list of some of the most commonly investigated
polymorphisms in relation to hypertension.
The first gene found to be associated with essential hypertension was the
angiotensinogen gene (AGT). It is located on chromosome 1q42-43 and
comprises five exons and four introns spanning 12 kb. One polymorphism of
the nearly 20 known molecular variants of this gene is a base-pair substition in
position 235 leading to the replacement of threonine by methionine in the
protein. In 1992, Jeunemaitre et al showed an association between this
polymorphism and hypertension in two genetically distinct populations.120 In
general, most of the subsequently published association studies confirm the
latter relation.121 Several other polymorphisms of this gene are still under
consideration for an association with hypertension (table 4).
Genetic variation in another component of the renin-angiotensin aldosterone
system, the angiotensin II type 1 receptor, has also been subject to intensive
research. The A to C conversion at position 1166 of this gene has been
reported to be associated with hypertension in three case control studies.122-124

No association was reported in one case control study125 and of those studies
that considered blood pressure as a continuous trait two126,127 out of three126-

128 reported an association with blood pressure. Similar to the angiotensinogen
gene, the angiotensin II type 1 receptor gene has revealed several other loci,
possibly related to hypertension.128

Genes which are related to sodium transport and are known to play a role in
monogenic hypertension, such as Liddle’s syndrome, also recieved much
attention. Mutations in the α- β- and γ- subunit of the epithelial amiloride-
sensitive sodium channel are being investigated at present in relation to
hypertension.129-131
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Needless to say, that the number of studies on candidate genes and
hypertension is enormous and increasing every day, due to the wide spectrum
of mechanisms involved in the regulation of blood pressure. For example, a
Medline search for ‘polymorphism’ & ‘hypertension’ for the time period January
2000 - June 2001, provides more than 300 hits. The presentation of all
candidate genes currently under investigation would lie outside the scope of
this thesis.

4 Genetic polymorphisms tested in this thesis

This thesis focuses on three genes: the ACE I/D, α-adducin Gly460Trp and the
aldosterone synthase C-344T polymorphisms in the general population. These
three genes were chosen since they have been reported to be related to the
incidence and prevalence of hypertension in the population we investigated.132

The hypothesis for the latter study was that these three genes all share the
potential of influencing blood pressure via renal sodium handling (figure 2).133

Furthermore, it has been postulated by several authors that not single gene
effects, but gene-gene interactions are important in the aetiology of essential
hypertension, a multifactorial disease.134-136 Our main purpose was to
investigate whether the three genes could also act on other intermediate
phenotypes related to cardiovascular disease, in particular related to the
vascular system.
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4.1 Angiotensin Converting Enzyme Gene

The ACE I/D polymorphism: an insertion or deletion of 287 basepairs in intron
16 of chromosome 17 is one of the most investigated polymorphisms in
relation to hypertension. The recognition of this polymorphism in the gene
encoding for ACE has led to numerous studies on not only hypertension but on
several other cardiovascular diseases.137-139

ACE levels are increased with the number of D-alleles140 and might be
responsible for an enhanced production of angiotensin II, a potent
vasoconstrictor and vascular growth factor.141,142 Furthermore, the inactivation
of bradykinin could potentially result in decreased tissue perfusion.
Angiotensin-mediated stimulation of plasminogen-activator type 1 may
promote the formation of occlusive coronary thrombi.143 These possible effects
of increased ACE levels and the ready availibility of ACE inhibitors may
explain the interest in this polymorphism.
Although the D allele of the ACE gene has been suggested to contribute to the
development of hypertension, a meta-analysis by Wang et al, did not confirm
this.137 Only in specific subgroups there was a positive association between
hypertension and the ACE I/D polymorphism.144-151 More recently, an
association of both systolic and diastolic blood pressure and the ACE I/D
polymorphism, with the highest blood pressure values in DD carriers, and the
lowest in II carriers was reported for Japanese men.152 In contrast, a recent
Greek case control study (n=94) failed to show an association of hypertension
and the ACE I/D polymorphism, though there was an assocation between the
ACE I/D polymorphism and the prevalence of the HLA-A2 antigen.153

4.2 Aldosterone Synthase Gene

Aldosterone is synthesized in the adrenal cortex from deoxycorticosterone by
a mitochondrial cytochrome P450 enzyme, aldosterone synthase (CYP11B2).
The corresponding gene is located on chromosome 8, band 8q22. It is
adjacent to a closely related gene that encodes steroid 11β-hydroxylase
(CYP11B1), an enzyme required for cortisol biosynthesis.
Mutations in CYP11B2 can cause aldosterone deficiency.154

Conversely, an inherited form of hypertension, glucocorticoid remediable
hyperaldosteronisme, is caused by genetic recombinations between CYP11B1
and CYP11B2 that increase expression of CYP11B2 and lead to inappropiate
secretion of aldosterone.114 The latter monogenic form of  hypertension has
led to the assumption that polymorphisms in CYP11B2 might influence
aldosterone synthesis. Indeed, a polymorphism in CYP11B2, the replacement
of cytosine with thymine, 344 nucleotides upstream form the start of translation
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within a binding site for the transcription factor-1, was related to aldosterone
synthesis.155 Plasma aldosterone levels were increased in subjects with the
–344T allele in a sample of 114 healthy white males and females.
The association with blood pressure has been reported positive,156-158 but most
authors report no association.155,159-163 Of these studies only one was
conducted in a large sample of the general population,159 while other studies
were either case-control156-158,163 with regard to hypertension or were
conducted in low-risk subjects,161 normotensives,155 and patients with previous
myocardial infarction.160

4.3 αα-Adducin Gene

Blood pressure, sodium, and extracellular-fluid homeostasis are, in part,
maintained by regulation of sodium reabsorption in the kidney.164 Studies in
the Milan hypertensive and normotensive strains of rats165 and in human
beings with essential hypertension166 by various techniques,165,167,168 suggest
that genetic alterations in tubular reabsorption may be a cause of
hypertension.
Cytoskeleton proteins seem to be involved in this effect. Cross-immunisation
of cytoskeleton proteins between Milan hypertensive and normotensive strains
of rats show immunochemical differences in adducin.169

Adducin, an α/β or α/γ heterodimer protein, is thought to regulate cell-signal
transduction through changes in the actin cytoskeleton.170,171 There is close
homology (about 94%) for the α-adducin gene between rats and humans.165

Known point mutations, one each in the α and β adducin subunits account for
up to 50% of the difference in blood pressure between the Milan hypertensive
and normotensive rat strains.165 Transfection of hypertensive and
normotensive α-adducin variants showed that the former increases the surface
expression and the maximum velocity of the sodium-potassium pump.172 This
finding provided the genetic-molecular basis for a constitutive increase of
tubular ion reabsorption observed in the Milan hypertensive strain of rat,
independent of all other factors which could affect this variable.172 Linkage and
association studies were subsequently performed in hypertensive patients and
controls, and a point mutation (Gly460Trp) was found in the human α-adducin
gene.173,174

Cusi and co-workers showed an association between the α-adducin
Gly460Trp polymorphism and hypertension in both Italian (n=282
hypertensives, n=151 controls) and French (n=195 hypertensives, n=181)
subjects. The odds ratio for hypertension associated with the presence of one
or two mutant alleles was 1.60 (95%CI: 1.32-1.92) adjusted for age, sex, body-
mass index, and country. When adjusted for country only, the odds ratio was
1.80 (95%CI: 1.32-1.92). Greater changes in mean arterial blood pressure
after a sodium load and after diuretic treatment were noted for those
hypertensives (both Italian and French) who carried the mutant 460Trp
allele.173 Association studies concerning the α-adducin polymorphism and
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hypertension since the first report of Cusi et al have yielded contrasting
results.
In Italians from two different town-ships (Sassari and Milan), there was no
assocation in Sassarians, whereas hypertension was associated with the
α-adducin polymorphism in Milan subjects.175 Clark et al did not find an
association  between the α−adducin polymorphism and essential hypertension
in their case-control study (n=128).163 In contrast, in a case-control study of
Melander et al,176 a lower frequency of the 460Trp allele was observed in 294
Swedish hypertensives versus 265 normotensives. There was no association
in Finnish hypertensives and pooling of Swedish and Finnish subjects resulted
in a persistance of the significantly lower frequency of the α-adducin 460Trp
allele in hypertensives (n=374) versus normotensives (n=419).
Population-based studies also reported different outcomes on the association
of hypertension with the α-adducin polymorphism. No association was
detected in 904 Afro-Americans studied by Larson et al,177 and 572 Afro-
Americans in the HyperGen Study.178 The latter study did find an association
in their white subgroup of 822 subjects between hypertension and the
α-adducin 460Trp allele. Two other large samples consisting of African-
Americans (n=295) and white Americans (n=279) did not reveal an association
as reported by Schork et al. In elderly Australian subjects, no association was
found for isolated systolic hypertension and the α-adducin polymorphism in
211 volunteers (87 subjects with isolated systolic hypertension).179 In Asian
subjects living in Hawaii or the San Francisco Bay area from Chinese,
Japanese or Taiwanese descent, different outcomes have been reported by
Ranade et al.180 In Chinese subjects a weak - and in Japanese no association
was reported. In South African blacks,181 there was an association in 331 (148
hypertensives) subjects, despite a low frequency of the α-adducin 460Trp
allele: 6% versus 14.8% in Caucasians.182 The latter study by Castellano et
al182 reported an association in the general population of 246 subjects with a
relative risk for hypertension of approximately 1.6 when carrying at least one
460Trp allele.
Several family-based association studies, reported no association between
hypertension and the α-adducin polymorphism in Scottish183 (n=375),
Chinese184 and German Caucasian185 participants. The variety of outcome on
all of the above-mentioned studies is most likely in part due to selection of the
study-sample, but more importantly due to the difference in ethnicity.186

5. Intermediate Phenotypes

5.1 Large arteries

Hypertension is considered nowadays as having a pulsatile (pulse pressure)
and a steady (mean arterial pressure) component. The increased stiffness of
large arteries which leads to an increase in pulse pressure and possibly
isolated systolic hypertension, can be regarded as a cardiovascular risk
factor187 and its additional measurement can improve identification of
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hypertensives at high risk for cardiovascular disease.188 Moreover, it has been
postulated recently that the flow mediated dilation of the brachial artery
predicts endothelium function of resistance arteries in hypertensive patients.189

Only a limited number of studies focused on large artery stiffness and genetic
polymorphisms. Most of the preceeding work has been done by the group of
Benetos. These investigators162,190,191 studied pulse wave velocity (PWV), a
marker of aortic stiffness,192 in relation to ACE I/D, angiotensin-II type 1
receptor and aldosterone synthase gene polymorphisms. In both treated and
untreated hypertensive patients, PWV increased with the number of 1166C
alleles of the angiotensin II type 1 receptor A1166C polymorphism.190,191 An
increased PWV was noted in homozygotes for the I allele of the ACE I/D
polymorphism in treated hypertensives. However, this association was only
significant after adjustment for SBP and DBP.191 The C-344 allele of the
aldosterone synthase C-344T polymorphism was associated with an increased
PWV in treated hypertensives.162 In a recent study in untreated
hypertensives,193 this relationship was not confirmed. The latter study reported
no association between the ACE I/D polymorphism and PWV or two
angiotensinogen gene polymorphisms (T174M, M235T) and PWV. Taniwaki et
al194 studied PWV and local carotid stiffness in patients with type II diabetes
and age-matched controls. In type II diabetics both PWV and carotid stiffness
increased with the number of I alleles of the ACE I/D polymorphism. No study,
to date, has reported on the α-adducin gene polymorphism and its association
with large artery stiffness.

5.2 Systemic vascular resistance index

Mean arterial pressure is determined by systemic vascular resistance and
cardiac output. Any condition that influences cardiac output or peripheral
resistance will have its effect on arterial pressure, assuming that the other of
both factors does not change in the opposite direction. This principle of control
of blood pressure has led to the distinction in hypertension literature between
volume dependent and non-volume dependent hypertension.164 Kupari et al
reported on the association between gene polymorphism and systemic
vascular resistance.161 Peripheral resistance was not associated with the
aldosterone synthase C-344T polymorphism in 84 young normotensive
subjects. However, both left ventricle end-systolic diameter and left ventricular
mass increased with the number of C-344 alleles.
Systemic vascular resistance studied in heart failure patients in relation to the
β2 adrenergic receptor polymorphisms, did show a different response to
exercise in these patients with heart failure according to their genotype; a
depressed cardiac performance was noted in patients carrying the 164Ile-, the
16Gly- or the combination of the 16Gly- and 27Gln- allele of the Trh164Ile,
Arg16Gly and Gln27Glu polymorphism, respectively. However, basal systemic
vascular resistance did not differ across the genotypes.195

Several studies investigated the ACE I/D polymorphism with respect to local
vascular resistance and/or reactivity in vivo196-200 or in vitro.201 Renal vascular
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resistance was found to be related to the ACE D allele, with an increased
resistance in Japanese insulin dependent diabetics (IDDM),197 whereas this
association was not found in Canadian IDDM.200 In Japanese healthy subjects
no differences were found for baseline values of renal artery resistance across
the genotypes, but an absent fall in renal artery resistance by an ACE-inhibitor
was detected for ACE DD homozygotes.196 A blunted response to
acetylcholine of fore-arm resistance arteries was also found for ACE DD
homozygotes by Perticone et al198 in 32 hypertensives. The latter was not
confirmed in a recent study by Gainer et al199 in 14 black and 14 white
normotensives. An interactive effect of ethnicity and the ACE I/D
polymorphism was, however, noted for bradykinin-induced vasodilation.  In
vitro, no assocation exists between contractility of mesenteric resistance
arteries and the ACE I/D genotype.201

Studies on the association between renal vascular resistance and the
angiotensin II type 1 (A1166C, G-2228A,) receptor202-204 and type 2 (G1675A)
receptor202 polymorphisms yielded different results. In 39 IDDM patients a
lower renal vascular resistance was noted for carriers of the C allele of the
angiotensin II type 1 A1166C polymorphism,203 whereas this was not found in
42 essential hypertensives.204 An association of the A1166C polymorphism
with vascular reactivity of mesenteric resistance arteries was also found
absent.201 Delles et al202 investigated both the G-2228A polymorphism of the
angiotensin II type 1, as well as the G1675A polymorphism of the angiotensin
II type 2 receptor gene in 120 healthy or mild hypertensive subjects. No
association with either polymorphism was found, nor did the response to
angiotensin II differ across these genotypes.

5.3 Intima-media thickness

A third aspect of this thesis is the study of the association between the
aforementioned three candidate genes and intima-media thickness, a vascular
wall characteristic which is altered in hypertension205-207 and is considered a
precursor of atherosclerosis.50,208,209 The SMART study reported on the
additional value of intima-media measurement of the carotid artery in risk-
scoring in 570 patients with known vascular and/or cardiovascular disease.
The intima-media thickness increased nearly linearly with risk scores, herewith
discriminating high- from low risk patients.210 In hypertensive patients the
measurement of the intima-media thickness of the carotid artery in addition to
echocardiography can identify high-risk patients.188 In 146 male patients who
previously had coronary artery bypass graft surgery, the rate of intima-media
thickening of the carotid artery predicted coronary events in a long-term follow-
up study.211  In older adults without a history of cardiovascular disease an
increase in the carotid intima-media thickness from the lowest to the highest
quintile, was associated with a more than 3-fold higher risk of myocardial
infarction or stroke.51 Carotid and femoral artery208,212 intima-media thickening
reflects the multifactorial coronary risk burden. Indeed, carotid and femoral
artery intima-media thickness were independent predictors of coronary artery
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disease extent in 224 patients selected for elective coronary angiography.
Femoral artery intima-media thickness was the only independent predictor of
Gensini scores in these patients.213

These findings together with the fact that intima-media thickness can be easily
and accurately measured non-invasively,214 made intima-media thickness a
surrogate end-point of considerable interest.
Intima-media thickness in relation to the ACE I/D polymorphism has been the
subject of several studies (table 5), whereas to date, no studies in relation to
the α-adducin or aldosterone synthase gene polymorphism have been
published.
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Outline of this thesis

Chapter 1 gives a general introduction on the genetics of cardiovascular
disease, the role of large arteries in cardiovascular disease and provides our
main hypothesis on the role of three candidate genes in vascular function in
relation to hypertensive disease.

Chapter 2 describes the study design and methods of measurement. The
study is part of the FLEMENGHO study, the Flemish study on Environment,
Genes and Health Outcomes. All measurements are based on ultrasound
techniques and applanation tonometry where appropriate.

Applanation tonometry cannot be performed at all arterial sites due to
obesity, the presence of plaques or to various other reasons. The use of the
vessel wall movement contour assessed with the wall – track system is
described in Chapter 3 for measurement of pulse pressure at the common
carotid artery as a surrogate for pulse pressure assessed with applanation
tonometry.

Over the last two decades scientific interest in the structure and function of
the large arteries rose considerably, because of the independent role in
determining cardiovascular risk. We studied the characteristics of the common
carotid and femoral arteries in relation to three candidate genes. Our findings
are reported in Chapter 4.

Large artery stiffness plays a major role in determining pulse pressure and
can, if increased, result in isolated systolic hypertension. Systemic vascular
resistance determines mean arterial pressure which, if increased without a
change in cardiac output, can provoke systolic-diastolic hypertension. The
effect of the three candidate genes on systemic vascular resistance index
were therefore investigated in Chapter 5.

Hypertension can lead to vascular wall changes, reflected in an increase in
intima-media thickness, which is a precursor of atherosclerosis. Chapter 6
investigates the effect of the three candidate genes on the intima-media
thickness of the common carotid artery and the femoral artery.

In Chapter 7 we present a general discussion of our findings concerning the
vascular phenotypes.

Chapter 8 summarises this thesis.
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Chapter 2

Methods
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Study population

The Flemish Study on Environment, Genes and Health Outcomes
(FLEMENGHO) started in 1985. Its protocol was approved by the Ethics
Committee of the University of Leuven. From August 1985 until November
1990, a random sample of the households living in a geographically defined
area of Northern Belgium was recruited.1 To further investigate the role of
genetic factors, from June 1996 until January 1999, the study population was
enlarged with nuclear families including children who were at least 10 years
old, using the former participants as index persons.1 The participants or their
parents gave informed consent. The participation rate among all subjects
contacted was 64.3%.
For this thesis 442 subjects were examined, of which two were excluded
because of the inability to perform the vascular examination. For each sub-
study, characteristics are given for the number of subjects included in that
study. For the study of vessel wall properties in relation to genes, data from an
earlier phase of the FLEMENGO study were added.2 The total population
amounted to 756 persons with all outcome- and confounding variables
present.
The original population of 440 subjects consisted of 220 men and 220 women.
Mean age was 40 years (range 12 – 76). 27.5% (n=121) of the population
smoked and 54.3% (n=239) drank alcohol. Hypertension was present in 16.4%
(n=72) of the population and 12.5% (n=55) used anti-hypertensive treatment.
Diabetes was present in 4 females. Descriptive characteristics by gender are
given in table 1.



51

Study design

Participants of the study were asked to come to the examination centre for
three hours. Written, and verbally confirmed instructions were given to
subjects, such that subjects were asked to refrain from smoking, drinking
alcohol and caffeine-containing beverages for three hours prior to the
examination. Furthermore subjects were asked not to exercise heavily and
have only a light meal before coming to the centre.
At the centre a venous blood sample was drawn for genotyping and
biochemical assessments. A trained nurse interviewed the participants with the
use of a standardised questionnaire about their health status, their medical
history, family history, use of medication, current and past smoking and
drinking habits, physical activity level and occupation. Height and weight were
measured, as were hip-, waist- and arm-circumferences. Blood pressure cuffs
were adjusted to arm-circumference.3 After 5' of sitting, five consecutive blood
pressure measurements were taken with a sphygmomanometer and pulse rate
was assessed. Systolic blood pressure (Korotkov Phase I) and diastolic blood
pressure (Korotkov Phase V) were used for characterisation of subjects. The
mean of 5 readings was taken as the subject’s value. Hypertension was
diagnosed if the average of the 5 blood pressure readings was at least
140 mm Hg systolic or 90 mm Hg diastolic, or when the subjects were on anti-
hypertensive medication. Before the vascular examinations took place,
subjects rested for 15' in a supine position. During the whole examination, with
exception of the time of examining the brachial artery, blood pressure and
heart rate were recorded using a semi-automated oscillometric device
(Dinamap, Critikon, Tampa, Florida, USA) every three minutes on the right
arm. The means of systolic, diastolic and mean arterial pressures from these
recordings were used for calculation of local pulse pressure. Vascular
examination of the right common carotid, right brachial and right femoral artery
were performed consecutively after 15 minutes of supine rest. At the end of
the examination, echocardiography was performed. First, from the sternal
notch, aortic flow signals were obtained; thereafter, 2D echocardiography was
performed and  M-mode tracings were obtained, with the subject in the left
lateral decubitus position.

 Determination of genotypes

Genotyping of I/D Angiotensin-converting enzyme polymorphism

The ACE I/D polymorphism was detected as previously described by
Lindpaintner et al.4 Genomic DNA (100 ng) was amplified in a total volume of
30 µL containing 18 pmol of each primer, 670 mmol/L Tris-HCl, pH 8.8, 160
mmol/L (NH4)2 SO4, 0.5% NP40, 50 mmol/L β mercaptoethanol, 1.3 mmol/L
MgCl2, 200 µmol/L of each deoxynucleotide triphosphate and 1 U Taq
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polymerase. The sense primer was 5' GCCCTGCAGGTGTCTGCAGGATGT
3', and the antisense primer was 5' GGATGGCTCTCCCCGCCTTGTCTC 3'.
Amplification was carried out by 35 cycles of 30'' at 94ºC, 45'' at 56ºC and 2' at
72ºC. All samples genotyped as DD underwent a second polymerase chain
reaction using insertion-specific primers.4,5 PCR conditions were as before
except for an annealing temperature of 67ºC. The sense primer was
5' TGGGACCACAGCGCCCGCCACTAC 3', the antisense primer was
5' TCGCCAGCCCTCCCATGCCCATAA 3'.

Genotyping of Gly460Trp α−adducin polymorphism

Allelic discrimination of the Gly460Trp α-adducin polymorphism was carried
out using a 5’ nuclease assay6 on an ABI Prism 7700 apparatus (Perkin Elmer,
Norwalk, CT). The forward and reverse primers and the 460Gly and 460Trp
probes employed in the TAQMan assay were
5’CGTCCACACCTTAGTCTTCGACTT-3’,
5’-GGAGAAGACAAGATGGCTGAACTC-3’, 5’-FAM-
TTCCATTCTGCCCTTCCTCGGA-TAMRA-3’ and 5’-TET-
TTCCATTCTGCCATTCCTCGGAA-TAMRA-3’, respectively. Per 25 µL, the
PCR fluid contained 50 ng DNA, 300 nmol primers, 100 nmol FAM-probe and
50 nmol TET-probe. The amplification conditions were 50°C for 2', 95°C for
10', 95 °C for 15' and 62°C for 1' for 40 cycles.

Genotyping of aldosterone synthase C-344T polymorphism

For amplification of the genomic region encompassing the biallelic
polymorphism (C-344T) of the aldosterone synthase gene, 7 a total volume of
50 µL was used, containing 100 ng DNA, 10 mmol/L Tris HCL (pH 9), 50
mmol/L KCL, 1.5 mmol/L MgCl2, 0.1% Triton X-100, 0.2 mg/mL BSA, 200 µ/L
dNTPs, 25 pmol of primer CAGGGGGTACGTGGACATTT and primer
CAGGGCTGAGAGGAGTAAAA (for position –440 and position –307
respectively in the promoter region) and 0.2 U Taq polymerase (ATGC
Biotechnologie). Samples were denaturated 94ºC for 5’, followed by 35
amplification cycles at 94ºC for 30'', 52ºC for 30''  72ºC for 30'' and 1 cycle at
72ºC for 10'.
After enzymatic amplification, one fifth of the PCR product was denatured in
150 µL of 0.5 mol/L NaOH and 1.5 mol/L NaCl and blotted onto nylon
membranes (N+, ICN). Membranes were neutralized in 2X SSC and cross-
linked with UV light. Genotyping was performed by using allele-specific
oligonucleotides . Each membrane was hybridized in 7% polyethylene glycol-
10% SDS at 50º for 4 hours with 100 pmol of either TCCAAGGCTCCCTCTCA
or TCCAAGGCCCCCTCTCA, end labeled with [γ−32P]ATP. Membranes were
first washed twice at room temperature in 1 x SSC for 5' and second for 5' in
0.5 x SSC at 52ºC, followed by autoradiography.
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Vascular Ultrasound Examinations

To examine vascular wall properties an ultrasound-based wall tracking system
was used as described by Hoeks et al.8

Reproducibility (n=10), for the measurements described below, as expressed
as coefficients of variance is given in table 2.

Common Carotid Artery

The right common carotid artery (CCA) was examined with B-mode
echography with a 7.5 MHz transducer. If no plaques were identified on a
longitudinal view from different angulations, an M-mode was performed 2 cm
proximal from the carotid bulb with the M-line perpendicular to the CCA wall. A
plaque was defined as a distinct area where the intima-media encroached into
the vessel lumen and where it’s thickness was at least 50% greater than that
of the adjacent sites.9 RF-signals were tracked for measurement of the
diameter (D) and change in diameter throughout the heart cycle
(d=distension). The same RF-signal was then used for tracking of the internal
diameter (Di).  Diameter was defined as the distance from the first upstroke of
the adventitia of the anterior wall to the media-adventitia interface of the farr
wall. Internal diameter was defined as the distance from the first upstroke of
the adventitia of the anterior wall to the lumen-intima-media interface of the far
wall (figure).10 Three recordings were made lasting 5.2 seconds each.
Whenever a plaque was noted at the right CCA, the left CCA was scanned. If
this artery was free of plaques, this artery was used for wall tracking. If
plaques were present at both arteries, the right common carotid artery was
used for measurement of D and Di (plaque included).
Applanation tonometry was performed at the right CCA, if no plaque was
detected. When the right CCA was not suitable for tonometry, the left CCA
was used if possible. Three measurements, lasting 5.2 seconds each, were
taken at the site of maximal pulsation, with a stable baseline, maximal
amplitude and reasonable configuration of the wave contour.11,12

Brachial Artery

Applanation tonometry was performed on the right brachial artery (BA) with the
arm in extension, or slight overextension. At the site of maximal pulsation three
measurements of 5.2 seconds were recorded.

Brachial artery wall properties were assessed at the right arm, with the arm
fixed in a holder to restrict the subject from movement. The transducer was
placed above the fossa cubita in a layer of 1.5 cm of ultrasound transmission
gel to avoid pressure on the vessel. When the maximal diameter was
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visualised, the transducer, held in a stereostactic arm, was fixed and three
consecutive measurements (lasting 5.2 seconds) were taken. For each
measurement, diameter and internal diameter if possible, were tracked from
the same RF-signal.
Diameter was defined as the distance between one third of the adventitia
thickness of the anterior wall to the media-adventitia interface of the far wall.
Internal diameter was defined as the distance between one third of the
adventitia thickness of the anterior wall to the lumen-intima-media interface of
the far wall.

Femoral Artery

The common femoral artery (FA) was examined at the right side. M-mode
recording was done approximately 1 cm proximal to the branching of the
common femoral artery into the superficial and the profound femoral artery,
after B-mode scanning of the FA. Plaques were noted if present. Whenever
possible, plaques were not included in measurement of internal diameter.
Three measurements of 5.2 seconds were performed with acquisition of the
external and internal diameter from the same RF-signal. Diameter and internal
diameters were defined as described above for the brachial artery.
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Off Line Calculations of Wall Properties and Intima Media Thickness

Wall properties
Distensibility Coefficient (DC) and Cross-sectional Compliance (CC) were
calculated as follows13:
DC = (∆A/A)/ ∆P   (10-3.kPa-1)
CC = (∆A/∆P) (mm2.kPa-1)
With ∆A being the difference between systolic and diastolic cross-sectional
area of the artery and calculated from diameter (D) and distension (d):
as: ∆A    = π((D+d)/2)2  – π(D/2)2

∆P as the local pulse pressure derived from the calibrated tonometry signal.
The tonometry pulse wave contour was calibrated using Matlab software (The
Math Works, version 5.2.0.3084). Assuming diastolic pressure and mean
arterial pressure equal over the arterial tree, systolic pressure was calculated
from the area under the curve.14 Whenever tonometry was not possible, due to
obesity, presence of plaques or otherwise, ∆P was assessed by means of
calculating systolic pressure from the area under the curve as above, with use
of the vessel wall contour wave instead of the tonometrically derived pulse
wave contour. This method will be described in detail in chapter 3.15

Intima media thickness
Intima media thickness (IMT) was calculated as:
IMT = D – Di
Where D = mean of on average 5 heartbeats and Di= mean of on average 5
heartbeats of the same RF-signal, tracked for 5.2 seconds. The mean of three
intima-media thicknesses was taken as the subjects value.

Cardiac Ultrasound Examination

Cardiac structural and functional measurements were assessed with the echo-
Doppler technique. Reproducibility (n=10), expressed in coefficients of
variance, is given in table 3 for the measurements described below.

Cardiac output
From the sternal notch, using a 2,25 MHz continuous wave pulsed Doppler
transducer, aortic ascending flow signals were visualised.16 When maximal
flow was achieved with the least dispersion and detection of valve closure, at
least five consecutive heart beats were recorded on videotape. Heart rate was
recorded simultaneously.
Aortic diameter was measured with the subject in the left lateral position. A
short axis view of the aorta in B-mode was performed. With at least two aortic
cusps visualised, M-mode recordings were made for five consecutive heart
beats and videotaped.17
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Off Line Calculations of Cardiac Output

Calculation of cardiac output (CO).

CO was calculated off-line with the use of the velocity time integral, assessed
from tracing the Doppler signal from the videotape and calculation of the aorta
cross sectional area (CSA) by measurement of end diastolic aortic diameter
(Dd)  according to the American Society of Echocardiography.
CO was calculated using the formula:
CO (L/min) = VTI (m/s) x CSA(mm2) x HR
With CSA(mm2) = π(Dd/2)2

From CO and mean arterial pressure, systemic vascular resistance (SVR) was
calculated as follows: SVR = MAP / CO
For analysis CO and SVR were indexed for body surface area which was
calculated according to the formula18: BSA (m2) = body weight (kg)0.425 x body
height (cm)0.725 x 71.84

Statistical analysis

Database management and statistical analysis was performed with the use of
the Statistical Analysis System (SAS Institute, Cary, North Carolina, USA)
version 8.01 for Windows. Unpaired student’s t test was performed to test
gender differences on main characteristics.

Stepwise linear regression or logistic regression identified significant
covariables. Potentially important covariables were forced into the models
where appropriate, regardless of statistical significance.

Genotypes were represented by dummy-variables using the deviation from
mean coding approach,19 which does not imply any genetic hypothesis. This
coding expresses the effect of the genotype as the deviation of the “group
mean” from the “overall” mean (=population mean). Coding is obtained by
setting the value of all the design variables equal to –1 for one genotype and
then using 0 and 1 for the remainder two genotypes. For example, for the ACE
I/D genotype, coding is as follows:

D1 D2
II genotype -1 -1
ID genotype 1 0
DD genotype 0 1

In the regression model, in which all significant covariables and design
variables are entered, the β-coefficient for design variable D1 gives the mean
deviation from the population mean for having the ID genotype, and the
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β-coefficient for D2 gives the mean deviation from the population mean for
having the DD genotype.

In a second analysis with the same covariables entered, coding is repeated
with the genotype DD set to -1 with different design variables as follows:

A1 A2
II genotype 0 1
ID genotype 1 0
DD genotype -1 -1

In the regression model the β-coefficient for A1 equals D1 in the first model,
whereas the β-coefficient of A2 gives the deviation from the population mean
for having the II genotype.

In single gene analysis where independent hypotheses were tested, α-levels
and confidence intervals were adjusted for multiple testing using Bonferroni’s
method.20

Since our studied population consisted of households or nuclear families and
family members are more likely to share identical alleles, we performed (or
repeated: chapter 4) the analyses using generalized estimating equations to
account for the possible non-independence of the outcome variables within
families. In the PROC GENMOD procedure normal and logit link functions for
continuous and dichotomous variables respectively, were used. Intrafamilial
correlation matrices were defined for the investigated phenotypes with
adjustments applied for covariables and confounders.
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Summary

Objectives: Pulse pressure is not constant throughout the arterial tree. Use of
pulse pressure at one arterial site as surrogate for pulse pressure at another
arterial site may be erroneous. The present study compares 3 non-invasive
techniques to measure local pulse pressure: [1] internally calibrated readings
from applanation tonometry , [2] alternative calibration of pressure waves
obtained with applanation tonometry and alternative calibration of arterial
distension waves obtained with echo-tracking. Alternative calibration assumes
mean and diastolic blood pressure constant throughout the large artery tree.
Design and methods: Study 1 uses invasive measurements in the ascending
aorta as reference method and internally calibrated tonometer readings and
alternatively calibrated pressure waves at the common carotid artery as test
methods. Study 2 uses alternatively calibrated pressure waves as reference
method and alternatively calibrated distension waves and internally calibrated
applanation tonometer readings as test methods.
Results: In study 1, pulse pressure from internally calibrated tonometer
readings was 10.2±14.3 mmHg lower and pulse pressure from alternatively
calibrated pressure waves was 1.8±5.2 mmHg higher than invasive pulse
pressure. Pulse pressure from calibrated distension waves was 3.4±6.9 mmHg
lower than pulse pressure from alternatively calibrated pressure waves.
According to British Hypertension Society criteria, pulse pressure from the
internally calibrated tonometer got grade D, pulse pressure from alternatively
calibrated pressure waves got grade A. Pulse pressure from calibrated
distension waves got grade B when alternatively calibrated pressure waves
were used as reference method.
Conclusions: Pulse pressure obtained from alternatively calibrated tonometer-
derived pressure waves and echo-tracking-derived distension waves show
good accuracy. Accuracy of pulse pressure from internally calibrated
applanation tonometer readings at the carotid artery is poor.
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Introduction

Systolic (SBP) and diastolic blood pressure (DBP) are determined by mean
arterial pressure (MAP) and the pulse pressure oscillating around the MAP.1 In
contrast to MAP,2 pulse pressure is not constant throughout the large artery
tree. It increases centrifugally.1,3 But this pulse pressure amplification might be
attenuated and even lost by early reflected pulse waves due to stiffening of
arteries and/or by more proximal reflection sites.1,3 As a consequence, use of
the pulse pressure obtained at one arterial site as surrogate of the pulse
pressure at another arterial site might be erroneous. In recent years interest in
pulse pressure has increased4 since a high brachial artery pulse pressure (PP)
has been recognized as an independent risk factor for cardiovascular morbidity
and mortality.5-14 It is likely that pulse pressure at other arterial sites than the
brachial artery, i.e. the ascending aorta, may show a stronger association with
cardiovascular events.
Applanation tonometry has been proposed to assess local arterial pulse
pressure. It allows non-invasive recording of the arterial pressure waveform
and magnitude in both central and peripheral arteries.15,16 This technique
provides pressure waves, being almost identical to those obtained intra-
arterially.17 However, several authors are convinced that the magnitude of the
pulse pressure obtained by this internally calibrated applanation tonometry is
unreliable.18 Kelly and Fitchett have proposed an alternative calibration of the
tonometer pressure waves19: at the reference artery (i.e. brachial artery) peak
and nadir of the pressure wave are assigned systolic and diastolic pressures
determined by a conventional method (i.e. sphygmomanometry). The mean
pressure is calculated from numeric integral of the calibrated pressure wave.
With assignment of the same mean and diastolic pressures to the target artery
(i.e. carotid artery) the pressure wave at the target artery is calibrated
throughout the cardiac cycle. This calibration procedure is based on the
observation that mean blood pressure is constant throughout the large artery
tree and that diastolic pressure does not change substantially20,21 and might
improve assessment of local pulse pressure. Pauca et al2 showed that the
difference  between MAP and DBP (MAP-DBP) was only 0.2 mmHg larger in
the radial artery than in the ascending aorta.
 Applanation tonometry cannot be applied to all subjects and at all arterial
sites.21 It requires a stiff or bony structure to flatten the artery wall and a lean
skin to avoid cushioning of the pressure pulse. In obese subjects applanation
tonometry often is inaccurate at a majority of arterial sites. In lean subjects
good waveforms can be easily obtained at the radial artery, but in a substantial
number of subjects applanation tonometry is not reliable at the femoral artery.
To overcome this problem use of a transfer function has been proposed. Since
the use of a universal transfer function appears limited to the upper limb, only
carotid artery and ascending aorta pulse pressure can be assessed by this
latter technique.21
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In contrast to the pressure waves obtained by applanation tonometry, arterial
distension waves from echo-tracking devices22 can be obtained accurately at
more arterial sites and also in a majority of obese subjects. Assessment of
blood pressure based on calibrated arterial distension waves has been
attempted in the past23,24 but failed because of lack of accurate arterial
distension registration. Echo-tracking devices, recently developed have shown
high accuracy and can measure arterial distension with an error less than
5 µm.22 If assessment of local pulse pressure by calibrated distension waves is
accurate, this method might provide an alternative, which can be applied to a
larger part of the population, and to more arterial sites than applanation
tonometry.
To investigate the accuracy of pulse pressure directly obtained from the
internally calibrated tonometer signal and the pulse pressure obtained by
alternatively calibrated tonometer pressure waveforms (PWF) as proposed by
Kelly and Fitchett, study 1 compares the internally calibrated tonometer-derived
(PPtono) and PWF-calibrated pulse pressure (PPpwf) at the right common
carotid artery (CCA) with the pulse pressure obtained intra-arterially in the
ascending aorta (PPaorta) at the branch of the right CCA.
Invasive blood pressure recordings can only be obtained in a limited number of
subjects and are not suitable for daily practice. Therefore, to investigate the
accuracy of the pulse pressure obtained by alternatively calibrated arterial
distension waves (DWF), study 2 compares DWF-calibrated pulse pressure
(PPdwf) with internally calibrated tonometer (PPtono) and PWF-calibrated
pulse pressures (PPpwf) at the CCA in a large population sample.

Study designs and methods

The 2 studies were approved by the local ethics committees and written
informed consent was obtained from all subjects.
Study 1. Patients, who underwent a coronary artery catheterisation, entered the
study. Using radioscopy a 6-French pig tail catheter (Bard, Galway, Ireland)
was placed in the ascending aorta at the presumed branching off of the right
CCA. The catheter was connected to a disposable pressure monitor kit with
high pressure line (Becton and Dickinson, Singapore, Singapore). The pressure
signals were amplified (Mingograph 7, Siemens-Elema, Stockholm, Sweden)
and digitized at a sample frequency of 200 Hz with resolution less than 0.15
mmHg. Digitized intra-arterial blood pressure recordings were stored on hard
disk for off-line analysis with customized software. PPaorta was calculated
beat-to-beat as the difference between the systolic and diastolic blood
pressure, being the difference between the peak and the nadir of each pressure
wave. Simultaneously pulse pressure was measured by applanation tonometry
at the right CCA. The output of the tonometer (Micro-Tip pressure transducer
Model SPT-301, Millar Instruments, Houston, Texas, USA) was connected to
the transducer control unit (Model TC-510, Millar Instruments, Houston, Texas,
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USA) for on-line internal calibration. Tonometer tracings were further amplified,
digitized and stored on hard disk for off-line analysis using the same equipment
and methods as for the intra-arterial pressure tracings. PPtono was calculated
beat-to-beat as the difference between the pressures registered by the
internally calibrated tonometer at peak and the nadir of each pressure wave,
respectively. PPpwf was obtained by alternative calibration of the tonometer
pressure wave on the pressure wave of the ascending aorta. PPpwf data are
mean of at least 6 heartbeats.
Study 2. In 100 subjects from a random population sample25 brachial artery and
CCA pressure and distension waves were obtained using applanation
tonometry and echo-tracking (Ultramark V, ATL, Bothell, Washington, USA;
combined with Wall Track System, Pie Medical, Maastricht, The Netherlands),
respectively. Tonometer readings were obtained with the same equipment as in
study 1 except for the signal amplifier (BAP 001, Simonsen & Weel,
Albertslund, Denmark). Tonometry and echo-tracking were done consecutively
at the same  CCA and brachial artery. Simultaneously with tonometer and
echo-tracking measurements at the CCA, blood pressure was measured at the
brachial artery with a semi-automated device (Dinamap, Critikon, Tampa,
Florida, USA). Brachial artery pulse pressure was calculated as Dinamap
systolic minus diastolic blood pressure. PPtono was calculated as in study 1.
PPpwf  and PPdwf  at the CCA were obtained from calibration of the PWF and
DWF on the respective brachial artery waveforms. Data are means of at least
8 heartbeats.
Alternative calibration procedure according to Kelly and Fitchett19. This
procedure assumes MAP minus DBP constant throughout the large artery tree.
The pulse pressure at the target artery (PPtar) is calculated from the pulse
pressure at the reference artery (PPref) and the K factor at target and
reference arteries (Ktar and Kref, resp.) by the formula:
PPtar = PPref x Kref/Ktar
The calculation of the K factor is shown in Figure 1: K = A/P.26

This alternative calibration procedure can be employed to obtain the pulse
pressure using the pressure waveform (PPpwf) as well as the arterial distension
waveform (PPdwf).
Statistical analysis. Demographic data are shown as number or as mean±SD.
Methods were compared according to the American Association for the
Advancement of Medical Instrumentation (AAMI)27 and British Hypertension
Society (BHS)28 criteria for the evaluation of blood pressure measuring
devices. Bland and Altman plots,29 and Pearson correlation were used. The
influence of age, body mass index (BMI), gender, mean arterial pressure and
pulse pressure on the difference in pulse pressure between methods was
calculated using stepwise linear regression analysis. If a factor was not
significant, the factor was dropped from the model. Statistical significance was
set at p<0.05.
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Results
Subjects’ characteristics are shown in Table 1. Pulse pressures and differences
in pulse pressure between test and reference methods are shown in Table 2
and in Bland and Altman scatterplots (Figures 2-3). The effect of age, gender,
BMI, MAP and pulse pressure on the differences in pulse pressure between
methods are shown in Table 3. Only statistical significant associations are
tabulated.

Study 1 compares pulse pressure measured invasively at the ascending aorta
(reference method) with pulse pressure at the CCA measured with applanation
tonometry (test method). Evaluable readings of both techniques were obtained
in 19 patients aged 40 through 79 years. In 13 patients measurements were
done before and in 6 after administration of nitroglycerin. None of the patients
had a hemodynamically significant carotid artery stenosis as measured with
Duplex echo/Doppler. According to AAMI criteria for invasive and beat-to-beat
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measurements, comparison was done on 133 measurements (19 subjects with
7 heartbeats each) for PPaorta and PPtono.
PPtono was on average 18.5% lower than PPaorta and did not correlate well
with the reference method. PPpwf was on average 3.3% higher and correlated
very well with PPaorta. The standard deviation of the difference with PPaorta
was for PPpwf 2.75 times smaller than for PPtono (Table 2 and Figures 2a and
2b). The difference between PPtono and PPaorta was negatively related with
age, MAP, BMI and PP (Table 3). The difference between PPpwf and PPaorta
was positively related with age, MAP and PPpwf, but not with PPaorta. As only
2 subjects were female in study 1, the influence of gender was not tested.
Study 2 compares pulse pressure from calibrated distension waveforms
(PPdwf) with that from calibrated pressure waveforms (PPpwf). Evaluable
readings of both techniques were obtained in 100 subjects aged 12 through 77
y (Table 1). As in study 1 PPpwf was the most accurate noninvasive method,
PPpwf was used as reference method in study 2. PPtono was 37.4% lower
than PPpwf and did not correlate with reference PPpwf. PPdwf was on average
9.3% lower than PPpwf and correlated well with PPpwf (Table 2). The standard
deviation of the difference with PPpwf was for PPdwf 2.4 times smaller than
for PPtono (Table 2 and Figures 3a and 3b). By correcting each PPpwf for the
systematic difference of 1.8 mmHg from invasive pulse pressure in study 1, the
difference of PPdwf from invasive pulse pressure (PPdwf-PPaorta) was
roughly estimated. Gender, age, BMI and MAP did not influence the difference
in pulse pressure between methods (Table 3). The differences of both PPtono
and PPdwf from reference method were negatively related with PPpwf.
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Table 4 shows the accuracy of the test methods versus the standard method
according to the BHS grading criteria. In studies 1 and 2 PPtono got the lowest
grade of accuracy (D). In study 1 PPpwf obtained the best grade of accuracy
(A). In study 2, with PPpwf as reference method PPdwf got grade B of good
accuracy. After correction of each PPpwf value in study 2 for the systematic
error (1.8 mmHg) of PPpwf versus PPaorta in study 1, PPdwf met grade A of
accuracy.

Discussion
No standard criteria for the evaluation of local pulse pressure assessment
exist. Although developed for the evaluation of SBP and DBP, the AAMI and
BHS criteria for the evaluation of pressure measuring devices can be applied
to pulse pressure as well.
As it has been shown that pulse pressure in the common carotid artery is
identical to the ascending aorta at the branching off of the CCA,18 PPaorta can
be used as surrogate for the real pulse pressure in the CCA.
In both of the present studies, PPtono was not related to reference pulse
pressure. On average PPtono largely underestimated the invasive reference
pulse pressure. In addition,  Bland-Altman analysis showed that PPtono could
also overestimate the pulse pressure in a substantial number of assessments.
Both the systematic error and the large variation indicate a poor agreement and
precision of the pulse pressure obtained directly from the internally calibrated
tonometer in our hands. Although there is no direct guide to indicate optimal
applanation, it is felt that this condition occurs when the operator adjusts the
hold-down force so that the waveform has a stable baseline, maximum
amplitude and a ‘reasonable’ configuration.18 Since there is substantial soft
tissue between the external probe tip and the carotid artery in situ, it is more
difficult to ascertain when this optimal state is achieved.18 Therefore, It has
been argued that applanation tonometry needs a well-skilled investigator. All
measurements in each study were done by 1 investigator, but the investigator
differed between the 2 studies. The 2 investigators obtained independently
similar poor results for PPtono: the mean difference and standard deviation of
the difference between PPtono and PPpwf were comparable in study 1 and
study 2. As presumed by other investigators,18 we conclude that also in our
hands pulse pressures at the CCA obtained from internally calibrated
applanation tonometry are inaccurate. In contrast to PPtono,  pulse pressures
at the CCA assessed by the alternatively calibrated  tonometer pressure
waveforms (PPpwf) did correlate very well with PPaorta. There was on
average a slight (1.8 mmHg) but acceptable overestimation of the pulse
pressure with a small standard deviation of this difference in the Bland-Altman
analysis. This deviation from reference method was largely within the
acceptability limits of the AAMI criteria (5±8 mmHg). In addition, according to
the BHS criteria, PPpwf obtained the best grade of accuracy. The difference
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between PPpwf and PPaorta was influenced by age, MAP and the level of the
pulse pressure, all conditions for which the applanation pressure has to be high
to flatten the artery wall and to obtain a good pressure wave. Whether in these
conditions inertia of the hand may influences the results is not clear. To
investigate this, pencil applanation tonometry held by hand (as used in the
present study) should be compared with applanation tonometry using a
micromanipulator or a wristband. Alternatively, it cannot be excluded that aortic
pulse pressure measured invasively with a fluid filled catheter may slightly
underestimate real pulse pressure. Data of the present study 1 show that
assessment of the pulse pressure by alternatively calibrated tonometer
pressure waveforms is accurate in the population studied. It also demonstrates
that accurate PPpwf can be obtained despite an inaccurate PPtono by scaling
the tonometer pressure waveform.
As a consequence of results of study 1, in study 2 PPpwf was used as non-
invasive reference method. Data of study 2 confirm the inaccuracy of PPtono
in our hands. In contrast and despite presumed confounding factors like visco-
elasticity and non-linearity of pressure-distension relationship of the arterial
wall, PPdwf at the CCA correlated well with PPpwf and was on average 3.4
mmHg lower than PPpwf. Assuming a generalized overestimation of the
invasive pulse pressure with 1.8 mmHg by PPpwf in study 1, PPdwf may on
average underestimate invasive pulse pressure with 1.6 mmHg, which is a
systematic error from invasive pulse pressure in magnitude comparable with
the error of  PPpwf in study 1. Bland-Altman analysis also showed for PPdwf a
standard deviation in difference from PPpwf less than half that of PPtono, but
slightly higher than the standard deviation in difference between PPaorta and
PPpwf in study 1.
In contrast to the simultaneous measurement of PPaorta and PPpwf in study 1,
in study 2, for technical reasons it was not possible to assess PPdwf and
PPpwf simultaneously. The consecutive measurement of PPdwf and PPpwf  is
expected to increase the variation in difference between PPdwf and PPpwf due
to short term spontaneous change in pulse pressure. In study 1 the short term
variation in pulse pressure was  2.8 ±4.8 mmHg (data not shown in results). In
addition, correlation coefficient of PPdwf with invasive pulse pressure is likely
to be higher than the +0.85 correlation coefficient between PPdwf and PPpwf.
The difference in pulse pressure between PPdwf and PPpwf was not influenced
by age, gender, BMI and MAP, but was influenced by PPpwf. The slope was –
0.29 mmHg/y. As the effect of pulse pressure on the difference between
PPpwf and PPaorta is  +0.12 mmHg/y in study 1, it can be assumed that in
study 2 about 40% (0.12/0.29) of the influence of PPpwf on the difference
between PPdwf and PPpwf is caused by an error in the estimate of PPpwf and
about 60% can be attributed to an error in the estimate of PPdwf .
Except for PPtono, the above mentioned data of mean and  standard error of
difference between test and reference method are largely within the AAMI
criteria of acceptability. In addition, according to the BHS criteria, PPdwf
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obtained the B grade of good accuracy. This grading can be influenced by a
systematic difference between methods.27 After correction of each PPpwf for
the systematic difference of 1.8 mmHg from invasive pulse pressure in study 1,
PPdwf met the A criteria of excellent accuracy. These data show that
assessment of pulse pressure by calibrated distension waves is acceptable for
the assessment of local pulse pressure at the CCA in a random population. It is
expected that this calibration procedure is also applicable to other arterial sites.
As distension waves can be obtained in subjects and at arterial sites where
applanation tonometry and transfer function are not reliable or not possible for
technical reasons, assessment of PPdwf is a valuable asset in the assessment
of local pulse pressure and a good alternative for PPpwf.
In conclusion, the present study shows that (i) pulse pressures from the
alternatively calibrated tonometer pressure waves and from the alternatively
calibrated echo-tracking arterial distension waves show good to excellent
agreement and precision in the population studied. (ii) The accuracy of the two
calibration methods is depending on the pulse pressure. Accuracy in patients
with high pulse pressure (>80 mmHg) has still to be established. (iii) In our
hands agreement and precision of pulse pressures obtained directly from
internally calibrated applanation tonometry at the CCA is poor and
unacceptable.
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Abstract-Different genetic polymorphisms influence cardio-vascular disease.
We recently discovered a relationship between the intima-media thickness of
the muscular femoral artery, but not the elastic common carotid artery, and the
combined angiotensin-converting enzyme (ACE, I/D), α−adducin (ADD,
Gly460Trp) and aldosterone synthase (AS, C-344T) gene polymorphisms. To
investigate the relationship between these polymorphisms and functional
properties of the carotid artery and femoral artery, a sample of 756 subjects
enrolled in a population study were genotyped for the presence of the ACE D,
α−adducin 460Trp and aldosterone synthase -344T alleles. Vessel wall
properties were assessed using a vessel wall movement detector system in
combination with applanation tonometry. Statistical analysis allowed for
confounders and interaction among genes.
Cross-sectional compliance of the common carotid artery was negatively
associated with the ACE D allele. ACE II versus ACE DD homozygotes
differed, expressed as a percentage of the population mean, 7.0% (95%CI: 1.6
– 12.4; p<0.01). In multiple-gene analysis, ACE DD subjects also deviated
significantly from the population mean for the distensibility coefficient of the
common carotid artery, when carrying the AS/T allele: –5.5% (95%CI: -9.3 to -
1.7; p<0.01), without a change in cross-sectional compliance. ACE DD
subjects, when homozygote for α−adducin Gly460 had a lower femoral cross-
sectional compliance: -10.4% (95%CI: -1.9 to - 18.9; p<0.03) and a lower
distensibility: -9.7% (95%CI: -2.1 to -17.3; p<0.02) compared to the population
mean.
These data show that functional large artery properties are influenced by the
ACE I/D polymorphism. Cross-sectional compliance and distensibility
coefficients are influenced by the ACE I/D genotype, but this influence
depends on the vascular territory and genetic background.
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 Numerous studies have examined the effects of different genetic
polymorphisms on cardiovascular disease, with emphasis on the genes coding
for components of the renin angiotensin aldosterone system (RAAS). We
recently observed that the angiotensin-converting enzyme (ACE)
insertion/deletion (I/D) polymorphism  (ACE I/D) was related to increased
intima-medial thickness of the large muscular femoral artery and this
relationship was strongest when the α−adducin 460Trp allele or the
aldosterone synthase -344T allele was present as well. The ACE I/D
polymorphism has previously been studied in relation to other manifestations
of cardiovascular diseases such as myocardial infarction,1 atherosclerosis,2-5

left ventricular hypertrophy,6-8 and hypertension.9-11 Only few studies have
investigated the effect of candidate genes on more specific cardiovascular
phenotypes, such as large artery function. Benetos and colleagues12-14 studied
pulse wave velocity (PWV), a marker of aortic stiffness,15 in relation to ACE
I/D, angiotensin-II type 1 receptor and aldosterone synthase gene
polymorphisms. In hypertensive patients, a positive association with PWV was
found for the angiotensin II type 1 receptor (A1166C), in both patients with and
without treatment12,13,16 and for ACE I/D 13 and aldosterone synthase C-344T in
treated hypertensive subjects.14 In a recent study, Benetos and colleagues16

did not confirm the relationship between the aldosterone synthase gene and
PWV in untreated hypertensives, nor did they find a relationship with the ACE
I/D or two angiotensinogen gene (AGT) polymorphisms (T174M, M235T). Two
variants of the angiotensin II type 1 receptor gene, A-153G and A1166C were,
however, reported to be related to PWV, whereas in normotensive controls no
association for the A1166C variant has been observed.13 Taniwaki et al.17

studied PWV and local carotid stiffness in patients with type II diabetes and
age-matched controls. In type II diabetics both PWV and carotid stiffness were
negatively associated with the I allele of the ACE I/D polymorphism. However,
like Benetos et al,13 no association was found in healthy controls. In the
present study we investigated the single gene effects and the interactions of
the ACE I/D, α−adducin and aldosterone synthase gene polymorphisms on
arterial function of the elastic common carotid artery and the muscular femoral
artery in a general population.

METHODS

Study population

The Flemish Study on Environment, Genes and Health Outcomes
(FLEMENGHO) started in 1985. The Ethics Committee of the University of
Leuven approved its protocol. From August 1985 until November 1990, a
random sample of the households living in a geographically defined area of
Northern Belgium was recruited. 18 To further investigate the role of genetic
factors, from June 1996 until January 1999, the study population was enlarged
with nuclear families including children who were at least 10 years old, using
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the former participants as index persons.18 The participants or their parents
gave informed consent. The participation rate among all subjects contacted
was 64.3%. The study population for which all significant covariables and
outcome variables were present, consisted of 756 persons.
Measurements
Before the participants were examined at our field centre, they refrained from
smoking, heavy exercise, and drinking alcohol or caffeine containing
beverages for ≥ 3 hours. Their blood pressure was measured 5 times
consecutively after they had rested for 5 minutes and were sitting. Hy-
pertension was diagnosed if the average of the 5 blood pressure readings was
≥ 140 mm Hg systolic or ≥ 90 mm Hg diastolic, or when the subjects were on
antihypertensive medication. A venous blood sample was obtained for
measurement of serum lipids and determination of genotypes.

Vascular measurements
All subjects were examined in a quiet room after 15 minutes of supine rest.
Two observers (J.J. van der H.-S. and E.J.B.) performed measurements at the
common carotid artery  2 cm proximal from the bulb and measurements at the
femoral site 1 cm proximal to the bifurcation into the profound and superficial
branches. To examine vascular wall properties of the arteries, a pulsed
ultrasound echo-tracking system was used, which is based on the RF-signal
and which was described and validated earlier by Hoeks et al.19 Diameter and
diameter changes throughout the cardiac cycles were measured on average
for 15 heartbeats and the mean of these measurements was taken as the
subject’s reading. Local pulse pressure was calculated after assessing the
tonometric signal at the artery of interest with a pencil-shaped probe (Millar,
Houston, USA),20 by calibration of the pulse wave contour with diastolic and
mean arterial pressure, which is assumed to be equal over the arterial tree.21

The mean of on average 15 heartbeats, was taken as the subject’s reading. If
tonometry was not possible, due to obesity or the presence of arterial plaque,
the vessel wall movement contour was used as a surrogate for the
tonometrically derived pulse pressure contour with calibration as described
above. Recently, this method has been described in detail.22

Blood pressure and heart rate were measured every three minutes with a
semi-automated device (Dinamap 845, Critikon, Tampa, Florida USA) and the
within-subject of the vascular measurements was used for descriptive analysis
and calibration of local pulse pressure. Distensibility coefficient (DC) was
calculated from the diastolic cross sectional area (A) and change in cross
sectional area (∆A) and local pulse pressure (∆P) with the formula:
DC = (∆A/A)/∆P.
A and ∆A were calculated as A = π•(D/2)2 and ∆A=  π•((D+∆D)/2)2 -  π•(D/2)2.
Cross sectional compliance (CC) was calculated as: CC = ∆A/∆P.23
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Determination of genotypes

Genotyping of  ACE I/D polymorphism
The ACE I/D polymorphism was detected as previously described by
Lindpaintner et al.24 All samples genotyped as DD underwent a second
polymerase chain reaction using insertion-specific primers. Polymerase chain
reaction (PCR) conditions were as before except for an annealing temperature
of 67ºC.
The sense primer was 5' TGGGACCACAGCGCCCGCCACTAC 3', the
antisense primer was 5' TCGCCAGCCCTCCCATGCCCATAA 3'.

Genotyping of Gly460Trp α−adducin polymorphism
Allelic discrimination of the Gly460Trp α−adducin polymorphism was carried
out using a 5’ nuclease assay 25 on an ABI Prism 7700 apparatus (Perkin
Elmer, Norwalk, CT) as described by Cusi et al.26 The forward and reverse
primers and the 460Gly and 460Trp probes employed in the TAQMan assay
were 5’-CGTCCACACCTTAGTCTTCGACTT-3’,
5’-GGAGAAGACAAGATGGCTGAACTC-3’, 5’-FAM-
TTCCATTCTGCCCTTCCTCGGA-TAMRA-3’ and 5’-TET-
TTCCATTCTGCCATTCCTCGGAA-TAMRA-3’, respectively.

Genotyping of CYP11B2 polymorphism
For determination of the C–344T aldosterone synthase gene variants, PCR
and subsequent genotyping were performed as described by Brand et al.27

Statistical analysis

For statistical analysis we used SAS version 8.1 (SAS Institute, Cary, NC).
Significant covariables for cross-sectional compliance and distensibility
coefficient for the common carotid and femoral artery were traced by stepwise
linear regression. In addition, potentially important covariables were forced into
to the models regardless of statistical significance. In multiple linear
regression, the genotypes were first represented by dummy variables using
the deviation from mean coding approach,28 which does not imply any genetic
hypothesis. In single-gene analyses in which we tested independent
hypotheses, we adjusted α−levels and confidence intervals (CIs) for multiple
testing using Bonferroni’s method.29 Because family members are more likely
to share identical alleles than randomly selected subjects, we performed the
analysis using generalized estimating equations to account for the possible
non-independence of vessel wall properties within families.30,31 P< 0.05 were
considered significant for the analysis of interaction among genes.
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RESULTS

Characteristics of the participants
The 756 participants included 379 men (50.1%) and 377 (49.1%) women
(Table 1). The sample consisted of 272 subjects belonging to households or
nuclear families with ≥1 related individual (82 families), 33 spouse-spouse
pairs (33 families) and 418 single individuals. Age ranged from 12 to 79 years.
154 subjects (20.4%) were hypertensive and of those, 49 were receiving
antihypertensive treatment (31.8%). One hundred twenty male participants
(31.7%) reported current smoking and 192 (50.7%) reported intake of alcohol.
For female participants, 107 (28.4%) and 91 (24.1%), respectively. Ninety-two
female subjects (24.4%) were post-menopausal, and 32 of pre-menopausal
women (11.2%) used oral contraceptives. The characteristics of the carotid
and femoral arteries by gender and age are presented in Figure 1.
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Single-gene effects
Genotype frequencies of the ACE I/D  (P =0.06), α−adducin Gly460Trp
(P =0.48), and aldosterone synthase C-344T (P=0.17) polymorphisms did not
significantly deviate from Hardy-Weinberg equilibrium.
In stepwise regression analysis, cross-sectional compliance, distensibility
coefficient and diameter of the carotid and femoral arteries were significantly
correlated with age, with the exception of femoral artery compliance (Table 2).
Other covariables which entered the models on ≥1 occasions were gender,
body-mass index, mean arterial pressure, current treatment for hypertension,
current smoking and observer. With cumulative adjustment for all these
covariables we found a significant association between the cross-sectional
compliance of the common carotid artery and the ACE I/D genotype (Figure 2).
Cross-sectional compliance decreased with the number of ACE D alleles.
Indeed, compared with the population mean, ACE II subjects had a cross-
sectional compliance of, expressed as a percentage of the population mean,
3.9%  (95%CI, 0.1% – 7.7%; P =0.04) higher. In contrast, in single-gene
analyses, the cross-sectional compliance and distensibility coefficients of both
the common carotid and femoral artery were not significantly associated with
the α−adducin or aldosterone synthase genotypes.
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Multigene effects
In multigene analyses, with adjustments for the same covariables as applied in
the single-gene approach, we found significant differences in the arterial wall
properties associated with the ACE DD  genotype. The analysis showed that
the influence of the  ACE DD  genotype depended on the vascular territory and
individual genetic background. Indeed, compared with the population mean
(expressed as percentage of the population mean), the diameter of the
common carotid artery was significantly larger (1.8%; 95% CI,  0.1% – 3.5%;
P=0.03) in the presence of the aldosterone synthase -344T allele (Figure 3).
This increase in diameter was associated with a decreased distensibility of the
common carotid artery in ACE DD homozygotes, who also carried the
aldosterone synthase -344T allele (- 5.5%’95% CI,  -1.7% to 9.3%, P=0.005
versus the population mean). However, in the latter subgroup, no change was
observed in the cross-sectional compliance of the common carotid artery
(Figure 3).
Furthermore, compared with the population mean (Figure 4), the cross-
sectional compliance of the femoral artery was significantly smaller in ACE DD
subjects not carrying the α−adducin 460Trp allele (–10.4%; 95% CI, -1.9% to –
18.9%; P=0.02). This was accompanied by a decrease in the distensibility
coefficient of the femoral artery (–9.7%; 95% CI, -2.1% to –17.3%; P=0.01
versus the population mean), but not with a change in diameter (Figure 4).
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Discussion
This study shows that combinations of genetic polymorphisms of the ACE I/D,
α−adducin and the aldosterone synthase gene influence local arterial function.
A single-gene effect was observed for the ACE I/D polymorphism on the
compliance of the elastic common carotid artery. In multigene analysis, a
significant interaction between ACE I/D  and α−adducin Gly460Trp was
detected at the femoral artery. ACE DD subjects homozygote for α−adducin
(GlyGly) deviated significantly from the mean for both distensibility coefficient
and cross-sectional compliance. With respect to the carotid artery interaction
between the ACE I/D and the aldosterone synthase C-344T polymorphism
were significant. ACE DD subjects carrying the aldosterone synthase -344T
allele had a lower distensibility coefficient, with a larger diameter and no
change in cross-sectional compliance.
Our finding of a single-gene effect on carotid artery stiffness in the general
population is in contrast with previous observations on the influence of the
ACE I/D polymorphism in healthy subjects.13,17 The variance of our data with
those of Taniwaki et al. may be due to the exclusion in the latter study of
hypertensives (systolic blood pressure >160 mmHg), patients with a history of
peripheral vascular disease, myocardial infarction, cerebrovascular disease
and patients who used any medication. The same holds for the study of
Benetos et al.13 who excluded subjects on the basis of a history or presence of
lower-limb arterial disease, stroke, heart failure and blood pressures of systolic
blood pressure > 145 mmHg and diastolic blood pressure > 90 mmHg.
Furthermore, the number (n=260 and 128) of subjects was much smaller than
our study. Our data suggest that in a general population the ACE D allele
predisposes to a decreased compliance of elastic arteries. It remains to be
explained why this effect was not observed in the more muscular femoral
artery. Previous research has shown that the different structural bases of
elastic and muscular arteries may have important implications for their
adaptive behaviour.32

In our study population no single-gene effect was found for the aldosterone
synthase gene polymorphism. Benetos et al.14 reported an increased PWV for
the C-344 allele in 216 hypertensive patients, although this was not confirmed
in their most recent study in 441 untreated hypertensives.16There were clear
differences in the experimental approach and populations studied by us and by
Benetos et al.14,16 PWV is a general marker of arterial stiffness in essential
hypertension, whereas in the present study local stiffness was measured.
PWV may reflect other aspects of vascular structure and its adaptation in
hypertension than we observe using our measurements of compliance of the
carotid or femoral artery.
In previous studies, we33 and others9,34 showed that the interaction of various
genes might provide a stronger basis for genetic determination of
cardiovascular diseases than single-gene effects. In our previous work we
showed the particular significance of such interactions between components of
the RAAS and the α−adducin Gly460Trp polymorphism.33 There are various
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potential physiological interactions between these systems. On the one hand,
at the level of the kidney both the RAAS and α−adducin contribute to sodium
handling and volume homeostasis.35 At the vascular level, interactions are
more complex and may depend on the vessel wall component that is  involved.
Vessel wall elasticity depends on vascular smooth muscle cell mass and tone
as well as on the composition of extracellular matrix material. There are
marked differences between various types of arteries with respect to the
contribution of each of these components. Thus, gene-gene interactions may
have a different outcome according to the type of artery studied.
In the present study we noted an interaction between aldosterone synthase
gene and ACE I/D polymorphisms at the level of the carotid artery. The
occurrence of the aldosterone synthase –344T allele seems necessary to bring
about the negative association with the ACE D allele on distensibility of the
common carotid artery. Our data are compatible with a decrease in
distensibility due to an increase in diameter.
At the level of the femoral artery we noted a significant interaction between the
�-adducin 460Trp allele and the ACE I/D polymorphism. In a previous study
we found that the presence of the 460Trp allele in combination with the ACE D
allele causes enhanced intima-media thickening of the muscular femoral artery
(Balkestein E.J.M. et al, unpublished data, 2001). If this hypertrophy were
primarily due to an increased vascular smooth muscle cell mass, it would lead
to an increased distensibility of the vessel wall. On the other hand, an ACE D
allele may have a more pronounced effect on extracellular matrix synthesis
due to higher local levels of angiotensin II.36,37 This would result in a decreased
distensibility of the femoral artery in ACE DD persons lacking the α−adducin
460Trp allele. The present data suggest that α−adducin can override the
increased femoral stiffness in ACE DD subjects by increasing smooth muscle
cell mass. Before such conclusions can be drawn more firmly, additional
research should be performed on the mechanisms whereby ACE and
α−adducin influence the structure and function of various components of the
vessel wall.
In summary, gene-gene interactions between components of the RAAS and
α−adducin seem to play a role in large artery function and structure. Similarly,
they contribute to the development of hypertension. The unravelling of the
cellular mechanisms underlying these interactions poses a challenge for future
hypertension research.
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Abstract
 We recently reported associations between angiotensin-converting enzyme
(ACE) insertion/deletion (I/D), α−adducin Gly460Trp and the aldosterone
synthase C-344T gene polymorphisms and the incidence of hypertension,
femoral intima-media thickness and renal function in a population-based study
of European ancestry. In the present study we investigated whether these
polymorphisms have an influence on systemic vascular resistance index.
 A sample of 303 subjects enrolled in a population study underwent
echocardiography to determine cardiac index and systemic vascular
resistance index. All subjects were genotyped for the ACE I/D, α−adducin
Gly460Trp, and aldosterone synthase C-344T polymorphisms. Statistical
analysis allowed for confounders, non-independence of the phenotype
between related individuals and multiple-gene effects. The sample included
149 men (49.2%) and 154 women (50.8%) whose age averaged 37 years (12-
76 years).  Mean systemic vascular resistance index was 31.0±7.5
mmHg/L/min/m2, cardiac index averaged 2.95±0.70 L/min/m2. Systemic
vascular resistance index increased with the number of ACE D alleles with a
difference between ACE I and ACE D homozygotes, expressed as a
percentage of the population mean, of 8.8% (95%CI: 1.7 to 15.9%, p<0.01).
Cardiac index decreased with the number of ACE D alleles with a difference
between ACE II and ACE DD homozygotes of 7.0% (95%CI: 0.3 to 13.7%,
p<0.04). For α−adducin and aldosterone synthase gene polymorphisms, no
single-gene effect was observed. In further multiple-gene analyses, the
observed ACE D allele effect was restricted to subjects with the α−adducin
GlyGly genotype, in whom systemic vascular resistance index was 17.7%
(95%CI: 9.4 to 26.0%, p<0.001) higher in ACE DD subjects than in ACE I
homozygotes, whereas the opposite was observed for cardiac index with a
difference of 11.7% (95%CI: 4.3 to 19.1%, p<0.01). No interaction was
observed between the ACE I/D and aldosterone synthase C-344T genotypes.
The present study demonstrates a relationship between systemic vascular
resistance index and the ACE I/D polymorphism, which is modulated by the
α−adducin Gly460Trp polymorphism. These findings show the importance of
studying multiple-gene effects in the pathogenesis of hypertension, rather than
single-gene effects.
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We recently reported that the incidence of hypertension is influenced by the
angiotensin-coverting enzyme (ACE, I/D), α−adducin (Gly460Trp) and
aldosterone synthase gene (C-344T) polymorphism.1 In a subset of this
population we also observed that large artery structural (unpublished data) and
functional2 properties are influenced by these polymorphisms.
 We selected the three aforementioned genes for a study based on the ‘a
priori’ hypothesis that all three polymorphisms might raise blood pressure via
stimulation of sodium reabsorption in the kidney and chronic expansion of the
circulating volume. The association between large artery stiffness and the
ACE I/D, α−adducin Gly460Trp and aldosterone synthase C-344T gene
polymorphisms indicated that there could be local effects of these combined
genetic variants on the vascular wall,3 superimposed on an adaptive
mechanism of the vessel wall to the higher circulating volume or blood
pressure.4 Our initial studies focused on functional and structural properties of
the large arteries. However, one of the pronounced hemodynamic
abnormalities in subjects presenting with essential hypertension is an
increased vascular resistance, which is related to smaller arteries. The
purpose of the present study was to investigate whether the multiple-gene
effects which have been previously observed in relation to the structure and
function of the large arteries, may also be of importance for peripheral vascular
resistance. For this purpose, we determined systemic vascular resistance
index in a sample of 303 subjects of our previously described study
population.2

Methods

Study population

The Flemish Study on Environment, Genes and Health Outcomes
(FLEMENGHO) started in 1985. The Ethics Committee of the University of
Leuven approved its protocol. From August 1985 until November 1990, a
random sample of the households living in a geographically defined area of
Northern Belgium was recruited.5 To further investigate the role of genetic
factors, from June 1996 until January 1999, the study population was enlarged
with nuclear families including children who were at least 10 years old, using
the former participants as index persons. The participants or their parents
gave informed consent. The participation rate among all subjects contacted
was 64.3%. For the present study ultrasound studies were performed in 380
subjects. After exclusion for missing outcome- or confounding variables (n=63)
and the presence of aortic valve disease (n=12), 303 subjects were included in
the analysis.
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Measurements

Before examination of participants in our field centre, they refrained from
smoking, heavy exercise, and drinking alcohol or caffeine containing
beverages for at least 3 hours. Blood pressure was measured 5 times
consecutively after 5 minutes rest and in a sitting position. Hypertension was
diagnosed if the average of the 5 blood pressure readings was at least
140 mmHg systolic or 90 mmHg diastolic, or when subjects were on
antihypertensive medication. A venous blood sample was obtained for
measurement of serum lipids and genotyping. Information concerning health
status, medical history, family history, smoking and drinking habits and the use
of medication was obtained by a standardized interview by a trained nurse.
Body weight and height were assessed and body surface area (BSA) was
calculated by the following formula: BSA (m2) = body weight (kg)0.425 x body
height (cm)0.725 x 71.84.6

Hemodynamic measurements

Subjects were examined after 15 minutes of supine rest. Ascending aortic flow
was measured with continuous wave Doppler from the sternal notch and heart
rate (HR) was recorded simultaneously.7 In the left lateral position, from a
short axis view of the aorta, M-mode recordings were obtained with
visualisation of at least 2 aortic cups. Off-line, aortic diameter (Ao) was
measured according to standard procedures.8  Systolic (SBP), diastolic (DBP)
and mean arterial pressure (MAP) were measured at a three-minute interval
with a Dinamap 845 oscillometric device (Critikon, Tampa, Florida, USA). The
mean of 15 measurements was taken as the subject’s value. From the velocity
time integral (VTI), which was automatically calculated from the Doppler flow
signals of 5 consecutive heart cycles, stroke volume (SV) was calculated as
SV (ml)= VTI • Ao. Stroke index was calculated as SV/BSA (ml/m2). Cardiac
output was calculated as SV•HR. Cardiac index (CI) was calculated by dividing
CO by BSA. Systemic vascular resistance index was calculated as MAP/CI. All
measurements were performed by a single investigator. Intra-session
coefficients of variance for velocity time integrals and aortic diameter
measurements were 2.5±1.9% and 2.6±1.5%, respectively.

Genotyping

The ACE I/D genotypes were determined as previously described.9 All
samples genotyped as DD underwent a second polymerase chain reaction
using insertion-specific primers.
The sense primer was 5' TGGGACCACAGCGCCCGCCACTAC 3', the
antisense primer was 5' TCGCCAGCCCTCCCATGCCCATAA 3'.
Allelic discrimination of the α−adducin Gly460Trp was carried out using a
5’ nuclease assay10 on an ABI Prism 7700 apparatus (Perkin Elmer, Norwalk,
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CT) as recently described by Cusi et al.11 The forward and reverse primers
and the 460Gly and 460Trp probes employed in the TAQMan assay were 5’-
CGTCCACACCTTAGTCTTCGACTT-3’,
5’-GGAGAAGACAAGATGGCTGAACTC-3’, 5’-FAM-
TTCCATTCTGCCCTTCCTCGGA-TAMRA-3’ and 5’-TET-
TTCCATTCTGCCATTCCTCGGAA-TAMRA-3’, respectively.
Genotyping for aldosterone synthase C–344T was performed as recently
described by Brand et al.12

Statistical analysis

For statistical analysis we used SAS version 8.1 (SAS Institute, Cary, NC).
Significant covariates for SVRI and CI were traced by stepwise linear
regression. In multiple linear regression, the genotypes were first represented
by dummy variables using the deviation from mean coding approach,13 which
does not imply any genetic hypothesis. In single-gene analyses in which we
tested independent hypotheses, we additionally adjusted α−levels and
confidence intervals for multiple testing using Bonferroni’s methods.14 Because
family members are more likely to share identical alleles than randomly
selected subjects, we performed all analyses using generalized estimating
equations to account for the non-indepence of the vascular phenotypes within
families.15 In the PROC GENMOD procedure we defined the intrafamilial
correlation matrices with adjustments applied for covariables and confounders.

Results

Characteristics of the study population
The study population included 149 (49.2%) men and 154 (50.8%) women
(Table 1). Smoking habits did not differ between men and women with a total
of 87(28.7%) current smokers. 110 men (74%) drank alcohol compared with
61 women (40%). In total, 62 persons were hypertensive of which 24 (38.7%)
were on antihypertensive treatment. 14 women (4.6%) used oral
contraceptives, whereas none of the older women used hormonal replacement
therapy.

The genotype frequencies for ACE I/D did not deviate from Hardy-Weinberg
equilibrium with frequencies of 31.7%, 47.2% and 21.1% for II, ID and DD
genotypes, respectively (P=0.43). The genotypes of α−adducin Gly460Trp and
aldosterone synthase C-344T were also distributed as expected by the Hardy-
Weinberg equilibrium with P values of 0.22 and 0.28 respectively. The
genotype frequencies were 58.4%, 34.4% and 7.3% for α−adducin GlyGly,
GlyTrp and TrpTrp, and 19.8%, 52.8% and 27.4% for aldosterone synthase
CC, CT and TT, respectively.
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Single-Gene Effects

Stepwise regression analysis identified gender and antihypertensive drug
treatment as significant covariables of systemic vascular resistance index, and
age and antihypertensive treatment as significant covariables of cardiac index
and stroke index. With cumulative adjustment for these covariables as well as
for the non-independence of the vascular phenotypes within families, no
single-gene effect was found to be significant for the aldosterone synthase
C-344T or α−adducin Gly460Trp polymorphisms in relation to systemic
vascular resistance index or cardiac index (Table 2). ACE D homozygotes
tended to deviate from the population mean for systemic vascular resistance
index and cardiac index (Table 2). Systemic vascular resistance index
increased whereas cardiac index decreased with the number of ACE D alleles.
Indeed, expressed as a percentage of the population mean, the difference
between ACE I and D homozygotes averaged 8.8% (95%CI: 1.7 – 15.9%,
P<0.01) for systemic vascular resistance index and 7.0% (95%CI: 0.3 –
13.7%, P<0.04) for cardiac index. The difference in mean arterial pressure
between ACE I and D homozygotes was not statistically significant (P=0.57),
as was the difference in stroke index (P=0.60)
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Multiple-gene effects
In multiple-gene analyses, with similar adjustments as applied in the single-
gene approach, we found significant differences in systemic vascular
resistance index and cardiac index according to the ACE genotype, but this
was restricted to α−adducin Gly460 homozygotes. ACE DD subjects,
homozygous for α−adducin Gly460, differed from the population mean with a
higher systemic vascular resistance index: +9.5% (95%CI: 2.3 to 16.7%;
P=0.008) and II subjects homozygous for α−adducin Gly460 had a lower
systemic vascular resistance index: -8.2% (95%CI: -12.3 to -4.1%; P<0.0001).
Cardiac index was lower compared to the population mean in ACE DD
subjects and higher for ACE II subjects homozygous for α−adducin Gly460
with deviations of  -6.5% (95%CI: -0.6 to –12.4%; P=0.03) and 5.1% (95%CI:
0.8 to 9.4%; P= 0.02) respectively (figure). Stroke index decreased with the
number of ACE D alleles in α−adducin Gly460 homozygotes. ACE DD
subjects homozygous for α−adducin Gly460 deviated significantly from the
population mean with – 6.0% (95%CI: -0.5 to –11.5%; P=0.03). Mean arterial
pressure did not differ according to the ACE genotype irrespective of the
α−adducin Gly460Trp genotype.
The hemodynamic measurements were not significantly associated with any
combination of aldosterone synthase and α−adducin genotypes.
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Discussion

The main finding of our population-based study was that in subjects
homozygous for the common α−adducin Gly460 allele, the ACE D allele was
associated with increased systemic vascular resistance index. This association
does not result in higher blood pressure, because in α−adducin Gly460
homozygotes the ACE D allele was also associated with lower stroke volume
but unchanged heart rate, and hence lower stroke index.
Several studies investigated the ACE I/D polymorphism in relation to local
vascular resistance and/or reactivity in vivo16-20 or in vitro.21 In Japanese type 1
diabetic patients, renal vascular resistance increased in the presence of the
ACE D allele.17 However, in Canadian patients with type 1 diabetes mellitus,20

and in healthy Japanese subjects, renal vascular resistance was not related to
the ACE I/D polymorphism under basal conditions.16 In addition, renal vascular
resistance did not decrease in Japanese ACE DD subjects in response to ACE
inhibitor therapy. Similarly, hypertensive patients homozygous for the ACE D
allele showed a blunted vasodilatory response to acetylcholine of the fore-arm
arteries.18 However, these findings were not confirmed in normotensive
subjects.19 Furthermore, an in vitro study by Steeds et al21 showed an
association of the ACE I/D polymorphism with contractility of mesenteric
resistance arteries.
Our findings on the aldosterone synthase gene polymorphism are in line with
the findings of Kupari et al22 where, in a sample of 84 subjects drawn from the
general population, no association was reported between the aldosterone
synthase C-344T polymorphism and systemic vascular resistance.
The abovementioned studies have different outcomes, which might be
explained by the diversity of both the populations and the phenotypes studied.
The systemic pressor response in diabetic subjects to hyperglycemia,20 could
lead to vascular wall adaptation which might, with time, overrule the possible
effect of the ACE I/D polymorphism observed in non-diabetic subjects.
However, our finding on the association of the ACE I/D polymorphism  with
systemic vascular resistance is at odd with the findings of Mizuiri et al,16 which
could be due to the small sample size (n=24) in the latter study. The
interaction between the ACE I/D polymorphism and ethnicity as observed in
black and white Americans by Gainer et al19 could also explain differences in
outcome according to the race investigated.
Furthermore, local expression and activity of ACE within specific arterial beds
could be rate limiting, thereby altering the paracrine activity of angiotensin II.
Hence, the renal vascular resistance arteries might not exhibit the same
genotype dependency such as total systemic vascular resistance. The same
holds for the negative finding of an association of ACE I/D with isolated human
resistance arteries by Steeds et al.21

Hypertensives carrying the mutated α−adducin 460Trp allele exhibit enhanced
proximal tubular reabsorption of sodium23 and experience larger blood
pressure changes in response to sodium loading or diuretic treatment.24 One
could hypothesize that in the absence of the mutated α−adducin 460Trp allele
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the circulating volume is less, as marked by a lower cardiac index.
Normotensive ACE DD subjects have been shown to exhibit an enhanced
pressor response to angiotensin I.25 These subjects might therefore exhibit a
higher systemic vascular resistance index.
In the hypertension literature, for a long time, a distinction has been made
between volume-dependent and volume-independent hypertension.26 Our
present findings suggest that in α−adducin Gly460  homozygotes, the ACE D
allele may be associated with a volume-independent type of increased blood
pressure. Indeed, the high systemic vascular resistance combined with low
cardiac index may reflect enhanced vasoconstriction. In constrast, in carriers
of the α−adducin 460Trp allele there was no significant association between
the hemodynamic measurements and the ACE D allele. In these subjects the
less frequent α−adducin 460Trp allele increased tubular sodium reabsorption
and chronic volume expansion, which may attenuate or mask the effect of the
ACE D allele which is probably mediated via higher systemic ACE activity and
angiotensin II generation. In keeping with this hypothesis, Barlassina and
coworkers27 found that plasma renin activity was suppressed in subjects
carrying both the α−adducin 460Trp and ACE D alleles.
Our data cannot be interpreted without caution. Dual pathways exist for the
generation of angotensin II28,29 and it has been debated whether the ACE I/D
polymorphism influences circulating angiotensin II levels.30,31

Furthermore, the role of α−adducin in the prevalence of hypertension has been
debated.32-38. Failure to account for the genetic interactions between the
α−adducin and ACE gene polymorphisms may help to explain the
controversial results on associations of α−adducin Gly460Trp polymorphism
with essential hypertension.24,39

However, a recent study failed to demonstrate an interaction between
α−adducin Gly460Trp and ACE I/D on hypertension, which also could be due
to the relatively small size (n=128) of this case control study.40 Our previous
findings in the general population on the prevalence and incidence of
hypertension,1 femoral intima media thickness (unpublished data) and large
artery properties2 strengthen the importance of the α−adducin Gly460Trp
polymorphism in the pathogenesis of vascular disease, not as a single gene
but in concert with the ACE I/D polymorphism.
In conclusion, with our present findings we propose possible genetic
mechanisms in the pathogenesis of essential hypertension. The proposed
pathogenesis warrants further research on cellular mechanisms underlying
these phenomena. Moreover, future research on vascular reactivity in the
general population based on both the ACE I/D and α−adducin Gly460Trp gene
polymorphisms might elucidate our current as well as previous findings.
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Background In a Caucasian population, the prevalence and incidence of
hypertension, renal function and large artery stiffness were significantly
correlated with polymorphisms in the genes encoding the angiotensin-
converting enzyme (ACE I/D), aldosterone synthase (–C344T) and the
cytoskeleton protein α−adducin (Gly460Trp).
Objective This study investigated intima-media thickening, a precursor of
atherosclerosis, in relation to these genetic polymorphisms.
Methods Carotid and femoral intima-media thickness were assessed with a
wall-track system in 380 subjects enrolled in a population study. Subjects were
genotyped for the presence of the ACE D, aldosterone synthase −344T and
α−adducin 460Trp alleles. The statistical analysis allowed for confounders,
interactions among genes, and the non-independence of the phenotypes
within families.
Results The sample included 188 men (49.5%). Mean age was 39.8 years.
Intima-media thickness of the carotid and femoral arteries averaged 575 µm
and 719 µm, respectively. Intima-media thickness of the femoral − but not
carotid − artery increased with the number of ACE D alleles. The effect of ACE
genotype on femoral intima-media thickness was confined to carriers of the
460Trp allele and the −344T allele. Expressed as a percentage of the
population mean, the mean differences between II and DD homozygotes
averaged 13.4% (95% CI 5.6 – 21.2%) in all subjects, 21.2% (8.0 − 34.5%) in
carriers of the 460Trp allele, 15.4% (4.1 − 26.8%) in carriers of the −344T
allele, and 25.2% (10.7 − 39.7%) if the 460Trp and −344T alleles were both
present.
Conclusion This study shows that a relationship exists between the intima-
media thickness of the large muscular femoral artery and the ACE gene. This
relationship is only apparent in the presence of either the α−adducin 460Trp or
the aldosterone synthase –344T allele. These findings may have clinical
implications for the assessment of genetic cardiovascular risk.
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Introduction
We recently found in a Caucasian population that blood pressure, the
prevalence and incidence of hypertension,1 renal function2 and stiffness of the
femoral and carotid arteries,3 were significantly correlated with polymorphisms
in the genes encoding the angiotensin-converting enzyme (ACE I/D),
aldosterone synthase (C–344T) and the cytoskeleton protein α−adducin
(Gly460Trp). Homozygous carriers of the ACE D allele showed a higher
incidence of hypertension than the other ACE genotypes. The incidence of
hypertension was further increased in ACE DD homozygotes who also carried
the α−adducin 460Trp allele.1 In cross-sectional analyses, systolic blood
pressure and the prevalence of hypertension were significantly elevated
among subjects who carried both the α−adducin 460Trp and the aldosterone
synthase –344T alleles.1 Furthermore, serum creatinine and creatinine
clearance were slightly but significantly higher and lower, respectively and
proteinuria was significantly higher in subjects having both the α−adducin
460Trp and ACE D alleles.2 Large artery stiffness was significantly related to
the ACE I/D genotype, but this relationship depended on vascular territory and
genetic background.3 Carriers of the ACE D allele compared with II
homozygotes, have systemically increased ACE levels, which may promote
the local generation of angiotensin II4,5 and hence vascular growth.6 Intima-
media thickening of the large arteries is a precursor of frank atherosclerosis
and a harbinger of cardiovascular complications.7-9

The hypothesis underlying our previous studies was that interactions between
the three candidate genes might raise blood pressure and influence renal
function via stimulation of sodium reabsorption in the kidney and chronic
expansion of the circulating fluid volume.1 These mechanisms may be
sufficient to engender structural changes in the wall of large arteries. To test
this hypothesis, we investigated the effects of the three aforementioned
candidate genes, alone and combined, on the intima-media thickness of the
elastic common carotid artery and the muscular femoral artery in a subgroup
of subjects enrolled in our population study.1

Methods
Study population
The Flemish Study on Environment, Genes and Health Outcomes
(FLEMENGHO) started in 1985. Its protocol was approved by the Ethics
Committee of the University of Leuven. From August 1985 until November
1990, we recruited a random sample of the households living in a
geographically defined area of Northern Belgium.10 To further investigate the
role of genetic factors, from June 1996 until January 1999, the study
population was enlarged with nuclear families including children who were at
least 10 years old, using the former participants as index persons. The
participants or their parents gave informed consent. The participation rate
among all subjects contacted was 64.3%.1-3
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For the present study, we collected measurements of carotid and femoral
intima-media thickness in 392 subjects. Because of missing values of
potentially important confounding variables, 12 subjects were excluded,
leaving 380 persons for analysis.

Field work
Before the participants were examined at our field centre, they refrained from
smoking, heavy exercise, and drinking alcohol or caffeine containing
beverages for at least 3 hours. Their blood pressure was measured 5 times
consecutively after they had rested for 5 minutes and were sitting. Hy-
pertension was diagnosed if the average of the 5 blood pressure readings was
at least 140 mm Hg systolic or 90 mm Hg diastolic, or when the subjects were
on antihypertensive medication. On a separate day, validated11 oscillometric
SpaceLabs 90202 or 90207 monitors (Redmond, WA) fitted with the same cuff
size as for the conventional measurements, were programmed to obtain
readings with an interval of 20 minutes for at least 12 hours between 8 and 22
hours. Every month the recorders were checked for accuracy against a
mercury column. The mean daytime blood pressure was calculated from
unedited recordings with weights according to the time interval between
successive readings.12 White-coat hypertension was assumed to be present if
patients who were hypertensive on conventional measurement and who were
untreated, had a daytime ambulatory blood pressure lower than 135 mm Hg
systolic and 85 mm Hg diastolic.12,13

A venous blood sample was obtained for measurement of serum lipids, blood
glucose and genotypes.
The same observer (E.J.B.) performed all vascular measurements, using a
wall-tracking ultrasound system with a 7.5 MHz probe.14 She recorded the
intima-media thickness of the right common carotid artery 2 cm proximal of the
bulb and that of the common femoral artery 1 cm proximal of the bifurcation
into the profound and superficial branches. Simultaneously with the vascular
measurements, blood pressure was recorded at 3-minute intervals at the right
upper arm with a semi-automated device (Dinamap 845, Applied Medical
Reseach Corporation, Tampa, FL). The same operator (E.J.B.) measured off-
line the distances from the adventitia-media boundary of the near wall to the
lumen-intima and media-adventitia interfaces of the far wall.15 The intima-
media thickness was computed as the mean difference between these
distances measured over 3 separate intervals of 5.2 seconds, which on
average included 15 heart cycles. An atherosclerotic plaque was defined as a
distinct area where the intima-media encroached into the vessel lumen and
where its thickness was at least 50% greater than that of the adjacent sites.16

When present, atheromatous plaques were included in the measurements of
intima-media thickness. Repeatability was determined in 10 subjects as
previously described.15 For the carotid intima-media thickness, the
repeatability coefficients were 29 µm below age 40 years and 40 µm in older
subjects. For the femoral artery, these coefficients were 41 µm and 46 µm,
respectively. For all ages combined, the intra-observer intrasession
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coefficients of variance17 amounted to (± SD) 5.2 ± 1.7% for the common
carotid artery and to 5.6 ± 4.6% for the femoral artery.

Determination of genotypes
Genomic DNA was extracted from peripheral blood. The ACE I/D
polymorphism was detected, as described by Lindpaintner et al.18 All samples
initially genotyped as DD underwent a second polymerase chain reaction
(PCR) with insertion-specific primers.18,19

Allelic discrimination of the Gly460Trp α-adducin polymorphism was carried
out using a 5’ nuclease assay20 on an ABI Prism 7700 apparatus (Perkin
Elmer, Norwalk, CT). The forward and reverse primers and the 460Gly and
460Trp probes employed in the TAQMan assay were5’-
CGTCCACACCTTAGTCTTCGACTT-3’,
5’-GGAGAAGACAAGATGGCTGAACTC-3’, 5’-FAM-
TTCCATTCTGCCCTTCCTCGGA-TAMRA-3’ and 5’-TET-
TTCCATTCTGCCATTCCTCGGAA-TAMRA-3’, respectively. Per 25 µL, the
PCR fluid contained 50 ng DNA, 300 nmol primers, 100 nmol FAM-probe and
50 nmol TET-probe. The amplification conditions were 50 °C for 2 minutes,
95 °C for 10 minutes, 95 °C for 15 seconds and 62 °C for 1 minute for 40
cycles.

For determination of the C−344T aldosterone synthase gene variants, PCR
and subsequent genotyping were performed as described by Brand et al.21

Statistical methods

For statistical analysis we used SAS version 8.1 (SAS Institute, Cary, NC) and
StatXact version 4.01 (Cytel Software Corporation, Cambridge, MA).
Comparisons of means and proportions were performed with the standard
normal z-test and Fisher’s exact test, respectively. Significant covariables of
intima-media thickness were traced by stepwise linear regression. P-values for
independent explanatory variables to enter and to stay in the model were set
at ~0.15. The presence of atheromatous plaques in relation to genotype was
studied by multiple logistic regression. In multiple linear and logistic
regression, the genotypes were first represented by dummy variables using
the deviation from mean coding approach,22 which does not imply any genetic
hypothesis. In single-gene analyses in which we tested independent
hypotheses, we adjusted the α-levels and confidence intervals for multiple
testing, using Bonferroni’s method.23 To formally test our prior hypothesis of
genetic interactions between the three candidate genes,1-3 we also defined
dummy variables coded according to the absence or presence of the risk
conferring alleles ACE D, α-adducin 460Trp, and aldosterone synthase −344T.
Because family members are more likely to share identical alleles than
randomly selected subjects and to allow for the non-independence of the
arterial phenotypes within families, we repeated our analysis using generalized
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estimating equations24 as implemented in the PROC GENMOD procedure25 of
the SAS package. In these analyses, we treated families as clusters and we
applied a user-defined working correlation matrix, based on the intrafamilial
intraclass correlation coefficients observed in our study subjects.

Results
Characteristics of the participants
The 380 participants included 188 men (49.5%) and 115 hypertensive patients
(30.3%), of whom 47 were on one or more blood pressure lowering drugs.
Antihypertensive treatment included diuretics in 19 patients, drugs inhibiting
the renin system in 12 subjects (n = 10 for angiotensin converting-enzyme
inhibitors, and n = 2 for angiotensin type-1 receptor blockers), β-blockers in 22
patients, and vasodilators in 7 patients (n = 5 for calcium-channel blockers,
and n = 2 for α-blockers). Overall, 18 subjects were taking lipid lowering drugs.
The daytime ambulatory blood pressure averaged 124.8 ± 9.9 mm Hg systolic
and 75.0 ± 7.9 mm Hg diastolic in men. In women, these levels were 121.6 ±
10.5 mm Hg and 73.6 ± 7.6 mm Hg, respectively. Of 68 untreated
hypertensive patients, 47 (69.1%) had white-coat hypertension.
The subjects ranged in age from 12 to 76 years (Table 1). Carotid and femoral
intima-media thickness increased with age (Fig. 1, P < 0.001). Carotid or
femoral atheromatous plaques were present in 16 men (8.6%) and 12 women
(6.2%). Among men, 57 (30.3%) were current smokers and 120 (63.8%)
reported intake of alcohol. In women, these numbers were 48 (25.0%) and 72
(37.5%), respectively. 17 women (8.9%) used oral contraceptives and none
took hormonal replacement therapy.
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Stepwise regression analysis identified gender, age, body-mass index, mean
arterial pressure, current smoking, serum LDL-cholesterol concentration, and
use of antihypertensive medications as likely or significant determinants of the
intima-media thickness of the carotid artery, femoral artery, or both (Table 2).
Because the correlation coefficient between carotid and femoral intima-media
thickness was 0.33 (P < 0.001), we adjusted all analyses for the
aforementioned covariables.
The P-value for the t-to-enter of lipid lowering treatment was 0.51 for the
carotid artery and 0.005 for the femoral artery. However, the regression
coefficients (± SE) for current use of lipid lowering drugs (coded 0 or 1) were
positive (27.0 ± 40.4 and 180.8 ± 64.1) and therefore reflected bias-by-
indication. Furthermore, the P-values for the t-to-enter were 0.29 or larger for
the presence of white-coat hypertension and blood glucose concentration.
Sensitivity analyses showed that accounting for the latter three variables did
not affect our conclusions. Therefore, in the present analysis, we did not allow
for these covariables.

The frequencies of the ACE (P = 0.37), α-adducin (P = 0.84) and aldosterone
synthase  (P = 0.16) genotypes did not deviate from Hardy-Weinberg
equilibrium. After adjustment for the aforementioned covariables, the relative
risk of having atheromatous plaques was similar across all genotypes,
regardless of whether single-gene effects or genetic interactions were tested
(Table 3).
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Intima-media thickness

Both before (Fig. 2) and after adjustment for the above covariates, intima-
media thickness of the femoral − but not carotid − artery was significantly
associated with ACE genotype. For both arteries, none of the single-gene
associations with the α-adducin or aldosterone synthase genotypes reached
statistical significance.

In a further step of the adjusted analysis, we observed that the effect of the
ACE genotype on femoral intima-media thickness was confined to carriers of
the α-adducin 460Trp allele or the aldosterone synthase −344T allele. In the
presence of the 460Trp allele, the mean intima-media thickness was 59 µm
lower than the population mean in II homozygotes of the ACE gene, whereas
in DD homozygotes it was on average 86 µm higher than the population mean
(Fig. 3). In carriers of the aldosterone synthase −344T allele, the
corresponding deviations from the population mean amounted to −48 µm and
73 µm (Fig. 4). In the presence of both the α-adducin 460Trp and aldosterone
synthase −344T alleles, these quantities were −52 µm and 123 µm,
respectively (Fig. 5). Expressed as a percentage of the mean femoral intima-
media thickness in the whole population, the differences between the II and
DD homozygotes averaged 13.4% (95% CI 5.6 – 21.2%) in all subjects, 21.2%
(8.0 − 34.5%) in carriers of the α-adducin 460Trp allele, 15.4% (4.1 − 26.8%)
in subjects having the aldosterone synthase −344T allele, and 25.2% (10.7 −
39.7%) if the latter alleles were both present.

We obtained similar results if we excluded 28 subjects with plaques at any
arterial site (carotid or femoral). In this restricted sample, the differences
between II and DD homozygotes averaged 11.7% (4.7 − 18.7%). In 150
carriers of the α-adducin 460Trp allele, in 279 carriers of the aldosterone
synthase −344T allele, and in 123 carriers of both the 460Trp and −344T
alleles, the differences between the II and DD homozygotes in the restricted
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group amounted to 18.3% (6.2 − 30.5%), 13.8% (3.6 − 24.0%) and 22.8% (9.4
− 36.2%), respectively.

Furthermore, we also confirmed our results after additional allowance for the
non-independence of the intima-media thickness phenotype within families.
The differences between the II and DD homozygotes averaged 12.5% (95% CI
3.7 – 21.3%; P = 0.005) in all subjects, 22.5% (7.0 − 38.1%; P=0.005) in
carriers of the α-adducin 460Trp allele, 12.9% (1.2 − 4.6%; P = 0.03) in
subjects having the aldosterone synthase −344T allele, and 27.5% (9.9 −
45.6%; P = 0.003) if the latter alleles were both present.

In further regression analyses in all subjects, the α-adducin and aldosterone
synthase genotypes were represented by dummy variables coded 0 or 1
depending on the absence or presence of the 460Trp and −344T alleles and
the ACE genotypes were coded as 0, 1 or 2 according to the number of D
alleles. The 3-way interaction terms for the carotid and femoral arteries had P-
values of 0.76 and 0.045, respectively.
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Discussion
In proximal elastic arteries hypertrophy of the wall is a marker of
atherosclerosis, predominantly due to intima thickening, whereas in large or
middle-sized muscular arteries this phenomenon mainly reflects remodelling of
the media.26 To the best of our knowledge, our study provides the first
evidence of a synergism between the genes encoding ACE, α-adducin and
aldosterone synthase in relation to the intima-media thickness of the femoral
artery. The mean differences between II and DD homozygotes of the ACE
gene, expressed as a percentage of the population mean, amounted to 13.4%
in all subjects. These differences averaged 21.2%, 15.4% and 25.2%,
respectively, if the α-adducin 460Trp allele, the aldosterone synthase −344T
allele, or both alleles, were present. Less phenotypic precision when a
dichotomous trait replaces a continuous one and the small number of cases (n
= 28), probably explain our null findings with regard to the presence of
atheromatous plaques. Because of the sample size required,1 we did not
consider blood pressure as an outcome variable in the present 380 subjects.
Few studies27,28 reported on the genetic factors influencing femoral intima-
media width and no investigator has found a significant and positive
association with the ACE D allele. Several studies27-34 specifically addressed
the possible relationship between the ACE I/D polymorphism and carotid
intima-media thickening. Most studies29,31-33 reported negative results. In the
Vobarno population study, the ACE D allele was found to be associated with
carotid intima-media thickening, but not with the presence of carotid
atherosclerotic plaques.30 In a Finnish population study, non-smoking DD
homozygotes had a significantly greater carotid intima-media thickness than
did those with the II or ID genotypes.35 In the total population, this association
was weaker and it was reported to be absent in current smokers. In Japanese
subject,36 a positive correlation has been observed between the D allele and
the presence of carotid plaques. In Chinese hypertensive subjects,34 a positive
correlation was observed between the D allele and carotid intima-media
thickening, but not with left ventricular hypertrophy. Two quantitative reviews of
the available literature37,38 also found significant associations between major
atherosclerotic complications and the presence of the ACE D allele. However,
no association between cardiovascular disease and the ACE I/D
polymorphism was reported in a meta-analyses of studies in whites.39 Some
studies of the carotid artery included genetic variants other than the ACE I/D
polymorphism, such as the M235T polymorphism of the angiotensinogen
gene33 or the A1166C polymorphism of the angiotensin-II receptor gene.31

However, no study formally tested for synergism between these candidate
genes in relation to intima-media thickness or the presence of atherosclerosis.
Our findings concerning the femoral intima-media thickness are in line with the
blood pressure results in a cross-sectional analysis of 1461 subjects drawn
from the same population.1 Systolic blood pressure and the prevalence of
hypertension were significantly elevated among subjects who carried both the
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α-adducin 460Trp allele and the aldosterone synthase −344T allele. In a
recently published case-control study,40 a similar trend
(P = 0.10) was observed in as few as 129 hypertensive patients and 129
normotensive controls. The presence of the ACE D allele is associated with
higher systemic ACE levels.4 which probably stimulate the local generation of
angiotensin II.5 This may promote intima-media thickening. Hypertensive
patients carrying the α-adducin 460Trp allele, compared with those having the
wild-type Gly460 variant, show an enhanced proximal tubular renal
reabsorption of sodium41 and experience larger blood pressure changes in
response to sodium loading or diuretic treatment.19,41,42 The presence of the –
344T allele at the C−344T locus in the promoter area of the aldosterone
synthase gene stimulates aldosterone synthesis independently of the
regulation by angiotensin II and potassium.43 The mutated α−adducin and high
aldosterone secretion, both acting through sodium retention, may possibly lead
to chronic expansion of the extracellular fluid volume and increased blood
pressure and may, via these intermediary mechanisms, induce compensatory
structural changes in the wall of large muscular arteries.
Williams et al.44 examined the interactions between 7 polymorphic genetic
markers at 4 candidate loci in relation to hypertension. In single-gene
analyses, there were no significant differences between normotensive and
hypertensive subjects with respect to either allele or genotype frequencies.
However, of 120 multilocus haplotypes, the distribution of 16 non-allelic
combinations deviated significantly from random in the hypertensive patients,
whereas among normotensive subjects no linkage disequilibrium was
observed. This report,44 in line with our present and previous findings,1-3,
suggests that genetic interactions between multiple loci rather than single
genes make up the genetic basis of cardiovascular disease and probably
explain the inconsistencies between single-gene studies. Furthermore, cross-
sectionally and longitudinally measured phenotypes of the same trait, for
instance blood pressure, may differ in their apparent genetic determination.1

Environmental factors modulate the effects of the inherited genetic code.
Genetic interactions may result in pleiotrophic effects according to the involved
tissue type, as for instance in the present paper the intima-media of elastic as
opposed to muscular arteries. These factors add further complexity to the
genetic determination of multigenic cardiovascular disorders. Molecular
biology may help bridging the gap between DNA sequencing and
pathophysiological mechanisms and elucidate how cardiovascular disorders
come about. For instance, further in-vitro studies should clarify whether the
stimulation of the sodium pump in carriers of the α-adducin 460Trp allele is
confined to renal tubular cells41,42 or is ubiquitously present, in particular in
vascular smooth muscle cells. The actively regulated intracellular Na+

concentration may modulate the availability of free Ca2+ ions, which enhances
contractility and stimulate cell growth.45,46

If confirmed, our findings may have important clinical implications for the
assessment of cardiovascular risk and the treatment of hypertension. Indeed,
in the Angina Prognosis Study9 carotid and femoral intima-media thickening
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and femoral plaques predicted the incidence of cardiovascular death and
myocardial infarction and the need of revascularization procedures in
unadjusted analyses involving 809 patients with coronary artery disease. After
adjustment for sex, age, smoking, previous cardiovascular disease and lipid
status, the risk of revascularization remained correlated with femoral intima-
media thickness and the presence of atherosclerotic plaques in the femoral
artery. After adjustment for the same covariables, carotid intima-media
thickness failed to predict any cardiovascular event, but the presence of
carotid plaques predicted (P = 0.056) the risk of cardiovascular death or
myocardial infarction.
In conclusion, our findings suggest that intima-media thickness of large
muscular arteries, such as the femoral artery, is influenced by synergism
between the genes encoding ACE, α−adducin and aldosterone synthase.
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Cardiovascular risk factors

Cardiovascular diseases are the leading cause of mortality and morbidity in
the world. This explains why cardiovascular risk factors remain a major topic
for research. Smoking, gender, obesity, metabolic disorders and blood
pressure are traditional risk factors, which have been intensively investigated
in population surveys.1 Over the last decades, the list of risk factors was
extended with large artery stiffness, a major determinant of pulse pressure.2

Reports on the relationship between prognosis, stiffness of large arteries and
pulse pressure are contradictary,3-7 possibly because in most reports the
genetic background of the subjects studied was not accounted for.

The appearance of cardiovascular genetics as a medical discipline has led to
the publication of numerous studies conducted in animals as well as in
humans, in search for specific genetic mutations which either cause
cardiovascular disease in a monogenic or polygenic fashion or predispose
subjects to various cardiovascular disorders.8-11 One of the major systems
involved in the regulation of blood pressure is the renin-angiotensin-
aldosterone system (RAAS). The genes encoding for its constituents, such as
renin, angiotensinogen, angiotensin-converting enzyme, aldosterone and
angiotensin II type 1 receptor are important candidate genes. However, other
genes may act on targets which are also influenced by the RAAS, such as the
epithelial amiloride-sensitive sodium channel (α, β and γ subunits) and
α-adducin.
Angiotensinogen polymorphisms were among the first to be associated with
hypertension,12 but not all studies have confirmed this association.13,14 The
angiotensin-converting enzyme polymorphism (ACE I/D) is one of the gene
variants which has been considered in different populations to be associated
with various manifestations of cardiovascular disease.15-18 The role of this
gene in predisposing to cardiovascular disease is still controversial. The
angiotensin II type 1 receptor has also been associated with cardiovascular
disease by some,19 but not all investigators.16

Furthermore, the aldosterone synthase gene has been frequently investigated
after the discovery of the genetic cause of ‘glucocorticoid-remediable
hyperaldosteronism’. With respect to the aldosterone synthase gene
polymorphism (C-344T), both positive20,21 and null associations22-24 with
cardiovascular disease have been reported.16

Genes which play a role in sodium handling are also important in hypertension
research. Polymorphisms of the thiazide-sensitive NaCl-cotransporter play a
causative role in Gitelman’s syndrome, an autosomal recessive disease
characterized by sodium wasting, low blood pressure and secondary
hyperaldosteronism.25 Mutations in the β−or γ−subunit of the epithelial
amiloride-sensitive sodium channel are responsible for hypertension in Liddle’s
syndrome.26
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The 460Trp allele of the α-adducin gene is associated with hypertension and
sodium retention in the Milan rat strain.27 However, population studies and
case-control studies have thus far not shown a uniform relationship between
this polymorphism and hypertension28,29 or other manifestations of
cardiovascular disease.30

With respect to structural and functional characteristics of large arteries, the
genes studied are those encoding aldosterone synthase, angiotensin-
converting enzyme, angiotensin II type 1 receptor and angiotensinogen.19,31-34

To date, the results of these studies remain contradictory.

Gene-Gene interaction

Different outcomes of studies on the association of polymorphisms and
cardiovascular disease might be a result of the fact that mostly single gene
effects are considered. Epistatic interactions of genes should be
considered35,36 and might be illustrative in the description of the multifactorial
model of a cardiovascular disease like hypertension.36 Already in 1995 Lifton
described these possible gene-gene and gene-environment interactions (figure
1). One can further complicate this model with for instance the gene-body
mass interaction, as recently decribed37 for the α-adducin Gly460Trp
polymorphism and the gene-gender or gene-ethnicity interactions of the ACE
I/D polymorphisms.38-40
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Main results of our research

Mean blood pressure, as a result of systemic vascular resistance index and
cardiac index is marked differently when the ACE I/D genotypes are
considered in view of the genetic background of the α-adducin Gly460Trp
polymorphism. In ACE DD subjects, mean blood pressure is marked by a high
systemic vascular resistance and a low cardiac index (low stroke index) if
these individuals are homozygous for the Gly460 allele of the α-adducin gene.
Furthermore, these subjects have a decreased distensibility and compliance of
the muscular femoral artery as compared to their ACE DD counterparts,
carrying the 460Trp allele for
α-adducin. The latter subjects also have an increased intima media thickness
of the femoral artery. At the common carotid artery intima media thickness
does not differ across these genotypes, nor does distensibility or compliance.

Functional parameters at the level of the common carotid artery were different
when the ACE I/D genotypes were considered in combination with the C-344T
aldosterone synthase genotype. The increased diameter of the common
carotid artery and an unchanged compliance in ACE DD subjects carrying the
–344T allele, resulted in a lower distensibility of this artery.

Interpretation and hypothesis

We chose to investigate polymorphisms in the genes encoding angiotensin-
converting enzyme, aldosterone synthase and α-adducin, because these gene
products all have the potential to influence sodium handling and consequently
circulating blood volume. However, the possible mechanism by which these
three genes jointly act on different phenotypes is not clear. One could
hypothesize that all effects are adaptive to an increase in the circulating
volume due to the enhanced reabsorption of sodium. In response to the
increase in volume and consequently circumferential wall stress, the vessel
wall may hypertrophy. According to Lamé’s equation (circumferential wall
stress=mean blood pressure*internal diameter/(2*imt), this adaptive process
will lead to a decrease in wall stress without a change in blood pressure. The
increased vascular smooth muscle cell mass, which we observed in
association with the ACE D allele in carriers of the α-adducin 460Trp allele,
could explain the greater compliance and distensibility without a change in
diameter of the femoral artery. We did not observe a parallel increase in the
intima-media thickness of the common carotid artery. It is possible that in an
elastic artery the muscular layer is not sufficiently developed to compensate
for the increase in circulatory volume. Such mechanism would explain the
larger carotid artery diameter in ACE DD subjects who also carried the
aldosterone synthase –344T allele and the consequently decreased carotid
distensibility without a change in compliance.
Subjects with the ACE DD genotype have a higher systemic vascular
resistance and lower cardiac index when homozygous for the Gly460 allele of
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α-adducin as compared to ACE DD subjects carrying the 460Trp allele. The
latter phenomenon points in a direction of a feed back mechanism involving
the RAA system and sodium handling by the α-adducin protein.

The observations that the interactions among the three candidate genes were
apparently heterogenous along the arterial tree suggests that our results
should not only be explained by an adaptive process, but may also be
mediated, at least in part, by primary alterations in the function of cells which
make up the wall of large arteries (figure 2).
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One assumption, which can be reasonably made on the basis of published
data is that as the concentration and activity of the angiotensin converting
enzyme increases with the number of ACE D alleles, also the local and
paracrine generation of angiotensin II rises. This octapeptide is a major
determinant of many cell functions. Furthermore, one must keep in mind that
the common carotid artery is a predominantly elastic artery, with a relatively
large amount of matrix material in its three layered structure, whereas the
femoral artery is  a predominantly muscular artery.
A second assumption in our hypothesis is that the enhanced activity of the
Na+/K+ pump by the 460Trp allele, is not only expressed at renal tubular cells,
but may also affect vascular smooth muscle cells.

In our opinion the following might happen in a muscular artery when both the
ACE D allele and the α-adducin 460Trp allele are present.
The ACE D allele leads to an increased local generation of angiotensin II. This
peptide activates the Na+/H+ exchanger, which in turn leads to a greater
availability of free Ca2+ ions and intracellular alkalization. The greater
availibility of free Ca2+ could also be due to an increased activity of the
Na+/Ca2+ cotransporter, or could be induced by modulation of the Na+

dependent Mg2+ transport.41 Intracellular Mg2+ will be reduced, reducing the
Ca2+ inhibiting effects of Mg2+, which results in increased intracellular Ca2+,
increased vascular tone and hypertrophy of vascular smooth muscle cells.
This mechanism has been described in spontaneously hypertensives rats.41

Intracellular Na+ is increased in the presence of the 460Trp allele, by an
increased activity of the Na+/K+ pump. The increased aldosterone levels seen
in carriers of the aldosterone synthase –344T allele, acting on the Na+/K+

pump, could further increase intracellular Na+.
These three polymorphisms can ultimately lead to an increased intracellular
Na+ content by different pathways and will lead to increased free Ca2+. This
central role for Na+ coupled to Ca2+ in the origin for essential hypertension
besides the role of volume expansion, has already been described a long time
ago.42

In 1984 Blaustein wrote:’The possibility that intracellular sodium is elevated in
various types of cells in hypertensive patients is particularly intriguing: such a
defect in vascular smooth muscle cells could promote calcium entry and
thereby help to explain the increased vascular tone and reactivity that
produces the elevated blood pressure.

The increase in vascular smooth muscle cell mass as a result of increased
intracellular Ca2+  as proposed above, will lead to decreased stiffness. This
decrease could overrule the direct effect of angiotensin II on the matrix of the
muscular artery, which would be an increase in stiffness. The overall effect, a
decrease in stiffness, will be an increase in compliance, resulting in an
increase in distensibility, due to an unchanged diameter. The latter indicates
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that the hypertrophy counteracts the possible diameter enlargement due to an
expanded circulating volume.
The fact that this does not happen when combining the ACE I/D and
aldosterone synthase genotypes points to a more dominant or stronger effect
of the α-adducin genotype, which is supported by the fact that the latter
genotype in combination with the ACE D allele shows a larger increase in
intima media thickness of the femoral artery. The difference between ACE II
and ACE DD homozygotes was 21.4%, expressed as a percentage of the
population mean, when carrying the 460Trp allele, as compared to 15.4% in
those homozygotes carrying the aldosterone synthase -344T allele.

At the level of the carotid artery we again assume, that angiotensin II levels
are increased with an increased stiffness of the arterial wall. Since the carotid
artery is composed of relatively more extracellular matrix material as
compared to the muscular femoral artery, this stiffening effect will not be
compensated or overruled by an increase in vascular smooth muscle cell
mass. The decreased distensibility due to an increased diameter in ACE DD
homozygotes, when carrying the aldosterone –344T allele, are indicative of a
primary effect of the ACE-aldosterone interaction on proximal tubular cells with
an increase in circulating volume.

With respect to systemic vascular resistance one might hypothesize that the
local effect of angiotensin II on small resistance arteries (vasoconstriction) will
lead to an increased total resistance. This increase would lead to an increase
in mean arterial pressure if cardiac output were to remain equal. In those
subjects homozygous for the α-adducin Gly460 allele, cardiac output (stroke
volume) is decreased, as compared to those with the α-adducin 460Trp allele,
which leads to an unchanged mean arterial pressure. The presence of the
α-adducin 460Trp allele appears to antagonize the pressor effect of the renin
angiotensin aldosterone system by an increased circulating volume. The
original data presented by Barlassina and co-workers on the synergistic effect
of α-adducin and ACE genes provides evidence for this antagonizing effect.
The plasma renin activity was markedly lower in subjects carrying the 460Trp
or ACE D allele. In line with these findings is the observation of in Liddle’s
syndrome, where the gain of function mutation in  the EnaC complex, leading
to Na+ reabsorption, leads to suppression of plasma renin activity. One can
argue that the gain of function in the α-adducin dimer in the presence of the
460Trp allele, with an enhanced sodium reabsorption, will lead to a
comparable suppression of the plasma renin activity.
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Future research

 Our findings may have important clinical implications, because on the basis of
our present findings the ACE D, the α-adducin 460Trp and the aldosterone
synthase –344T allele, may be considered as increasing a subjects
cardiovascular risk. Indeed, in the presence of these genetic variants, we
observed
i) intima-media thickening of the femoral artery, a precursor of

atherosclerosis and a known predictor of cardiovascular risk
ii) a decreased distensibility of the carotid artery, also a marker of

increased cardiovascular risk
iii) volume-dependent hypertension.

To prove our hypotheses on the specific cellular and pathophysiological
mechanisms through which the three candidate genes may influence
cardiovascular structure, function and risk, basic laboratory research is
warranted. Measurement of cellular Ca2+ handling and possibly the activity of
the different Na+ channels or exchangers in vascular smooth muscle cells of
both risk-allele carrying subjects as opposed to non-risk-allele carriers may
provide more insight in the development of hypertension.

Like Blaustein already proposed in 1984 with regard to this kind of research,
we conclude that

“ this may lead us to the defect that  appears to be responsible for the hypertensive
process”

Specific tests to measure vascular reactivity, like for instance fore-arm blood
flow measurements may possibly shed some light on the mechanisms of total
systemic vascular resistance and cardiac output in relation to the three genes.

Furthermore, follow up of our study population and prospective analysis of the
incidence of cardiovascular events in relation to the three candidate genes is
of major importance.
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This thesis reports on a population study, the FLEMENGHO study, the
Flemish Study on Genes, Environment and Health Outcomes. In a previous
sample of this population, vessel wall properties of the common carotid,
femoral and brachial artery were investigated in relationship to known
cardiovascular risk factors, such as hypertension, smoking, diabetes mellitus,
insuline-resistance, body weight and age.
The present study investigated whether genetic background plays a role in
large artery function and structure and systemic vascular resistance.

Chapter one provides a brief overview of the known relationship between large
artery properties and traditional cardiovascular risk factors. Known monogenic
forms of cardiovascular disease are presented, the knowledge of which is,
next to the understanding of the regulation of blood pressure, one of the hall-
marks of the search for candidate genes in the development of cardiovascular
disease. An overview is given of the most commonly investigated candidate
genes which may play a role in the origin of essential hypertension. Three
gene variants, and the rationale for the choice of these three genes, are
presented: the ACE I/D, the α-adducin Gly460Trp and the aldosterone
synthase C-344T polymorphism. In the FLEMENGHO study population these
three polymorphisms are related to the incidence and prevalence of
hypertension, as well as to renal function.
In chapter one we also describe systemic vascular resistance index, large
artery compliance and distensibility, and intima-media thickness as
intermediate phenotypes in relationship to possible candidate genes as
described thus far in the literature.

Chapter two describes the study design and methods. Our study was part of
the FLEMENGHO study. In a sample of 442 subjects, we investigated the
polymorphisms of the ACE, α-adducin and aldosterone synthase genes and
their association with large artery properties and systemic vascular resistance
index. Cardiovascular measurements were performed in a non-invasive
manner. Large artery properties were assessed with applanation tonometry in
combination with an ultrasound based wall track system. Cardiac output was
assessed with echo-Doppler techniques.

Chapter three describes a new method for the assessment of local pulse
pressure with the use of the vessel wall movement contour. This method
showed good accuracy and could prove useful in those subjects in whom
applanation tonometry is not applicable or inaccurate. Pulse pressure
assessed with applanation tonometry (both absolute values and calibrated
values) was compared to invasively detected pressure. Pulse pressure derived
from the calibrated applanation tonometry was then compared to pulse
pressure derived from the calibrated vessel wall movement contour. This study
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showed that pulse pressures assessed with applanation tonometry,when
calibrated with mean and diastolic blood pressure, correlated very well with
invasively measured pulse pressures (r=0.92). Calibrated pulse pressures
assessed with applanation tonometry were on average 1.8±5.2 mmHg higher
than invasively detected pulse pressure values. Calibrated pulse pressures
assessed with vessel wall movement contours were on average 3.4±6.9
mmHg lower than calibrated pulse pressure values assessed with applanation
tonometry.

In chapter four the genetic influence on compliance and distensibility of the
common carotid and femoral artery is presented. The combination of the ACE
I/D and α-adducin Gly460Trp polymorphism had an effect at the muscular
femoral artery, whereas the combination of the ACE I/D and aldosterone
synthase C-344T polymorphism had an effect at the common carotid artery.
Our hypothesis was that the different composition of the wall of large arteries
plays a role in the differential effect of these polymorphisms.

Chapter five describes the effect of three genes on systemic vascular
resistance index and cardiac index. This study showed that the combination of
the ACE I/D and α-adducin Gly460Trp polymorphism may distinguish between
volume-dependent and non-volume dependent hypertension. Our conclusion
was based on the finding that ACE DD homozygotes, in the absence of the
460Trp allele for α−adducin, had a higher systemic vascular resistance and a
lower cardiac index. In these subjects vasoconstriction of the resistance
arteries rather than chronic sodium retention and circulatory volume expansion
may play a role in the pathogenesis of hypertension.

Intima-media thickness is regarded by many investigators as a risk factor for
cardiovascular diseases like stroke and myocardial infarction. To investigate
whether the three candidate genes had a influence on intima-media thickness,
380, randomly selected subjects, were studied as presented in chapter six.
The main finding of this study was that only in the muscular femoral artery, the
intima-media thickness increased with the number of ACE D alleles. This
increase was only noted in those subjects who also carried the α-adducin
460Trp or aldosterone synthase –344T alleles. These findings suggest that
these three polymorphisms act on a cellular level with a major role of their
effect on sodium handling. Our study leaves the question unanswered whether
the observed effect on femoral intima-media thickness represents an adaptive
mechanism of the arterial wall to an increased circulating volume or a direct
effect mediated by changes in the ion fluxes across the cell membrane of
vascular smooth muscle cells.

Our findings on all three intermediate phenotypes are put in context in chapter
seven. Our main rationale for investigating combination of genes instead of
single genes is discussed. Furthermore our hypothesis on the action of the
different combinations of polymorphisms at a cellular level is presented. Our
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main hypothesis is that the effect of all three genes on sodium channels or
exchangers will increase intracellular sodium. This may lead to  an increase in
intracellular free calcium which in turn may explain the increased vascular tone
and hypertrophy of vascular smooth muscle cells. Based on our present
findings we believe that multiple genes are involved in the pathogenesis of so-
called essential hypertension.
Laboratory experiments are necessary to elucidate the role of extracellular
sodium and intracellular free calcium in vascular smooth muscle cells in
explaining the observed structural and functional effects at the level of large
arteries. Carriers of the risk conferring genotypes will also contribute to a
better insight in the pathogenesis of cardiovascular risk.
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Samenvatting

Dit proefschrift beschrijft de resultaten van een bevolkingsstudie, de
FLEMENGHO studie (Flemish Study on Genes, Environment and Health
Outcomes). In een eerder onderzochte groep van deze populatie werden
vaatwandeigenschappen (distensibiliteit en compliantie) van de slagaders in
de hals, de lies en de arm bepaald met betrekking tot  bekende risicofactoren
voor hart- en vaatziekten, zoals hoge bloeddruk, roken, suikerziekte,
insulineresistentie, overgewicht en leeftijd.
De huidige studie onderzocht of genetische achtergrond een rol speelt in de
functie en structuur van grote slagaders en in de systemische vaatweerstand.

Hoofdstuk 1 beschrijft in een kort overzicht de relatie tussen
vaatwandeigenschappen en traditionele risicofactoren voor hart- en
vaatziekten.
Allereerst worden mutaties in één gen die hart- en vaatziekten veroorzaken
besproken. Deze zogeheten monogenetische ziekten vormen een bron van
kennis over de regulatie van bloeddruk; daarnaast zijn ze de speerpunten van
de zoektocht naar kandidaat genen verantwoordelijk voor de ontwikkeling van
hart- en vaatziekten.
De momenteel meest in de belangstelling staande kandidaat genen die
mogelijk een rol spelen in het ontstaan van essentiële hypertensie worden
daarna besproken.
Drie polymorfismen, het angiotensin converting enzyme I/D, α−adducin
Gly460Trp en aldosterone synthase C-344T passeren de revue, alsmede de
hypothese die ten grondslag lag aan de keuze voor deze drie genen. In de
FLEMENGHO studie bleken de drie genen gerelateerd te zijn aan de
incidentie en prevalentie van hypertensie en aan de nierfunctie. Verder bevat
hoofdstuk 1 een beschrijving van systemische vaatweerstand, compliantie en
distensibiliteit van de grote slagaders en intima-media dikte als intermediaire
fenotypes in relatie tot mogelijke kandidaat genen, zoals tot op heden
beschreven in de literatuur.

Hoofdstuk 2 beschrijft de studie opzet en methoden. De drie polymorfismen
van het ACE, α−adducin en aldosterone synthase gen werden bepaald in 442
personen en onderzocht in relatie tot vaatwandeigenschappen en systemische
vasculaire weerstand. De hart- en vaatmetingen werden verricht op een niet-
invasieve manier. De vaatwandeigenschappen werden bepaald met behulp
van applanatie tonometrie in combinatie met een wall-track systeem
gebaseerd op echografie. Het hartminuutvolume werd bepaald door middel
van echo-Doppler technieken.

Hoofdstuk 3 beschrijft een nieuwe methode voor het bepalen van de lokale
polsdruk met gebruikmaking van de contour van de beweging van de
vaawand. Deze methode blijkt accuraat en zou van belang kunnen zijn voor
die personen waarbij applanatie tonometrie niet uitvoerbaar is of
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onbetrouwbaar. De polsdrukken gemeten met de applanatie tonometer (zowel
absolute als gecalibreerde waarden) werden vergeleken met de invasief
gemeten drukken. Vervolgens werd de gecalibreerde polsdruk, gemeten met
de applanatie tonometer, vergeleken met de op dezelfde wijze gecalibreerde
polsdruk berekend met behulp van de contour van de vaatwandbeweging.
Deze studie toonde aan dat de polsdruk verkregen met behulp van applanatie
tonometrie, indien gecalibreerd met de diastole en gemiddelde druk, goed
correleerde met de invasief verkregen polsdruk (r=0.92). De gecalibreerde
polsdrukken waren gemiddeld 1.8±5.2 mmHg hoger dan de invasief gemeten
polsdrukken. De gecalibreerde polsdrukken berekend aan de hand van de
contour van de vaatwandbeweging waren gemiddeld 3.4±6.9 mmHg lager dan
de gecalibreerde polsdrukken verkregen met applanatie tonometrie.

In hoofdstuk 4 wordt de genetische invloed op de distensibiliteit en compliantie
van de halsslagader en de liesslagader behandeld. De combinatie van het
angiotensin converting enzyme polymorfisme en het α-adducin polymorfisme
bleek een effect te hebben op de musculaire liesslagader, terwijl de
combinatie van het angiotensin converting enzyme polymorfisme en het
aldosterone synthase polymorfisme een effect had op de elastische
halsslagader. Onze hypothese op basis van deze resultaten was dat de
verschillende opbouw van de vaatwand van de beide slagaders een rol speelt
in het lokaal verschillende effect van deze polymorfismen.

Hoofdstuk 5 beschrijft het effect van de drie polymorfismen op systemische
vasculaire weerstand index en hartminuutvolume index. Deze studie toonde
aan dat de combinatie van het angiotensin converting enzyme polymorfisme
en het α-adducin polymorfisme een onderscheid zou kunnen maken tussen
volume afhankelijke- en volume onafhankelijke hoge bloeddruk. Deze
conclusie werd gebaseerd op het feit dat personen met het angiotensin
converting enzyme DD genotype waarbij het α−adducin gemuteerde 460Trp
allel ontbrak, een hogere systemische vasculaire weerstand index en een
lagere hartminuutvolume index hadden. Bij deze personen zou het
samentrekken van de weerstandsvaten een belangrijker rol kunnen spelen
dan toename van het circulerend volume door chronische zoutretentie in het
ontstaan van hoge bloeddruk.

Intima-media dikte wordt door vele onderzoekers gezien als een risicofactor
voor hart – en vaatziekten zoals een hersen- of hartinfarct. Om te
onderzoeken of de drie genen de intima-media dikte beïnvloeden werden 380
personen onderzocht en de resultaten van deze studie worden gepresenteerd
in hoofdstuk 6. Het belangrijkste resultaat van deze studie was dat alleen in de
musculaire liesslagader, de intima-media dikte toenam met het aantal D
allelen van het angiotensin converting enzyme polymorfisme. Deze toename
werd echter alleen gezien bij die personen die het gemuteerde –344T allel van
het aldosterone synthase of het gemuteerde 460Trp allel van het α−adducin
gen hadden. Deze bevindingen suggereren dat de drie polymorfismen invloed
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uitoefenen op het celniveau met een overwegend effect op de
zouthuishouding. Onze studie laat de vraag echter onbeantwoord of de
toename van de intima-media dikte een aanpassingsfenomeen is op het
toegenomen circulerend volume of dat het effect teweeg gebracht wordt door
veranderingen in de ionstromen over de celmembraan van de gladde
spiercellen.

Onze bevindingen aangaande de drie fenotypes worden in perspectief
geplaatst in hoofdstuk 7. Onze belangrijkste beweegreden om met name
combinaties van polymorfismen en niet enkele polymorfismen te bestuderen
wordt besproken. Daarnaast wordt onze hypothese betreffende het effect op
een cellulair niveau tengevolge van de combinaties van de drie polymorfismen
toegelicht. Onze hypothese is dat het effect van alle drie de genen op de
zouthuishouding zal leiden tot een verhoogd zoutgehalte in de cel. Dit kan
leiden tot een toename van het vrije calciumgehalte in de cel, wat op zijn
beurt de toegenomen vaatwandspanning en hypertrofie van de gladde
spiercellen kan verklaren. Gebaseerd op deze bevindingen zijn wij van mening
dat meerdere genen betrokken zijn in de pathogenese van de zogenaamde
essentiële hoge bloeddruk.
Om de rol van de zouthuishouding en intracellulair calcium in gladde
spiercellen te   verhelderen zullen laboratoriumexperimenten nodig zijn.
Hierdoor zouden de gevonden structurele en functionele effecten op grote
slagaders mogelijk verklaard kunnen worden. Onderzoek van personen met
de risicoverhogende allelen zal tevens bijdragen tot een beter inzicht in het
ontstaan van hoge bloeddruk.
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Dankwoord

Het lijkt vaak of iedereen als eerste naar het dankwoord kijkt, zo heb ik de
afgelopen jaren vaak gemerkt. Een vreemde zaak eigenlijk, want je mag
hopen dat je de mensen die je dankbaar bent, dat hebt laten blijken in de
afgelopen jaren. Ik hoop dat dan ook, maar zal toch niet nalaten om enkele
mensen te noemen.

Allereerst mijn mede-aio’s, zij die al aio-af zijn en zij die wilden dat ze er al
vanaf waren…?
Mariëlle, Karin, Wendy, Marijke en Gwen, hun bedank ik vooral voor de
gezelligheid. Verder alle niet-aio’s voor hun hulp en steun zoals onder andere
Fazzi, Jo, Rob (vooral vlak voor de eindstreep…) en Paul.
Om in Maastricht te blijven wil ik verder meer dan bedanken al diegenen die
geholpen hebben met praktische zaken. De mensen van de technische dienst,
Maurice en Leon met name, die er niet twijfelden dat stoornissen echt acuut
verholpen moesten worden als ik het vroeg… Verder bedank ik Vincent, die
meteen zei: ‘ik kom eraan’ zodra hij mijn naam hoorde en niet eens afwachtte
wat het probleem was met de hoeveelste? computer die weer eens ‘crash’-te.
Els en Mia, jullie hebben niet alleen alle hulp geboden; met jullie heb ook
menige lach en traan gedeeld.
Ook Arnold wil ik speciaal bedanken. Afgezien van het feit dat ik veel van je
geleerd heb, waardeer ik de extra uren die je besteed hebt (nadat je al
tegensputterend beweerde dat het helemáál niet uitkwam en je àllerlei plannen
had voor het weekend of de avond en het écht wel even zou duren) aan de
programmatuur van de ‘vaatwand’-polsdrukken, die je dan meteen de dag
erna aanleverde……..

Dit onderzoek heeft alleen plaats kunnen vinden door de bereidwilligheid van
vele proefpersonen. Ook hen wil ik nogmaals bedanken. Niet alleen de
mensen van Hechtel-Eksel en omstreken, maar ook de ‘mannen’ die bij Dorien
menig kilootje zijn afgevallen.

De proefschrift-titel, die de term ‘polygenic’ bevat, had ook ‘poly-European’
kunnen bevatten. Een samenwerking tussen vier landen, met de nadruk op de
samenwerking tussen België en Nederland. In het eerste land zitten heel wat
mensen die ik wil bedanken. Niet alleen de zogeheten veldwerkers, Alida,
Lieve, Marie-Jeanne, Sylvia en Rina, maar ook de Leuvense collega’s. Paul, ik
ken niemand die zo relaxed kan zijn in de meest stressvolle situatie’s.
Ji-Guang, nobody knows more about statistics then you do, I learned a lot from
you. For me a lot, for you probably the basics….; don’t ask: why?
Alle andere collega’s in Leuven: Elly, Lut, Lutgarde, Tim, Fan, Hilde, Renilde
en Tanja: jullie hebben mij een hele fijne tijd in Leuven bezorgd. Ik werd net
niet helemaal gek van SAS dankzij jullie! Ik heb me echter vooral heel erg
welkom gevoeld bij jullie en daar ben ik jullie het meest dankbaar voor!
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Afsluiten wil ik met de mensen te bedanken die ervoor gezorgd hebben dat ik
uiteindelijk toch dit dankwoord kan schrijven. Het heeft er heel anders
voorgestaan zoals zij weten.

Lieve Mam, bedankt voor alles!

Helma, je was er als ik het helemaal niet meer zag zitten. Je luisterend oor is
goud waard geweest!

Beste Harry,
Niet alleen heb ik oprechte bewondering voor je, als wetenschapper en als
mens, ik ben je echt heel dankbaar. Je hebt je nek uitgestoken en me
(zelf)vertrouwen geschonken.

Beste Jan,
Je zegt zo vaak: ‘we can make a difference!’
Rest me alleen te zeggen dat ik daar zeker van ben, maar dat jij dat voor mij al
gedaan hebt.

Lieve Peter,
Eens een coach, altijd een coach! Wij hebben gewonnen!


