The Contribution of Risk Factors
to Blood Pressure Heritability Estimates

in Young Adults: The East Flanders
Prospective Twin Study

Maurice P. A. Zeegers'?, Fruhling Rijsdijlc, Pak Sham?“, Robert Fagard®, Marij Gielen®, Peter W. de Leeuw’,

and Robert Vlietinck®

! Maastricht University, Department of Epidemiology, Maastricht, the Netherlands

2 Comprehensive Cancer Institute Limburg, Department of General Practice, Catholic University of Leuven, Leuven, Belgium

? Social, Genetic and Developmental Psychiatry Research Centre, Institute of Psychiatry, King’s College London, London, United Kingdom
* Department of Psychiatry, University of Hong Kong, Queen Mary Hospital, Hong Kong, China

* Hypertension and Cardiovascular Rehabilitation Unit, Faculty of Medicine, Catholic University of Leuven, Leuven, Belgium

¢ Department of Population Genetics, Genomics and Bioinformatics, Maastricht University, Maastricht, the Netherlands

7 Department of Medicine, University Hospital Maastricht, the Netherlands

he heritability of blood pressure estimated in previ-

ous studies may be confounded by the influence
of potential blood pressure risk factors. We applied the
classical twin design to estimate the contribution of
these covariates to blood pressure heritability. The
study consisted of 173 dizygotic and 251 monozygotic
twin pairs aged 18-34 years, randomly selected
from the East Flanders Prospective Twin Survey.
In a standardized examination, blood pressure and
anthropometry was measured, a questionnaire was
completed, and a fasting blood sample was taken.
In univariate and bivariate modeling, diastolic and sys-
tolic heritability were estimated both unadjusted and
adjusted for potential risk factors. Also, covariate inter-
action was modeled. Bivariate analysis gave heritability
estimates of 0.63 (95%Cl 0.55-0.59), 0.74 (95%Cl:
0.68-0.79), and 0.78 (95%CI: 0.70-0.84) for diastolic,
systolic, and cross-trait heritability, respectively. The
remaining variances could be attributed to unique envi-
ronmental influences. These heritability estimates did
not change substantially in univariate analyses or after
adjustment for risk factors. A sex-limitation model
showed that the heritability estimates for women
were significantly higher than for men, but the same
genetic factors were operating across sexes. Sex and
cigarette smoking appeared to be statistically sig-
nificant interaction terms. The heritability of blood
pressure is relatively high in young adults. Potential
risk factors of blood pressure do not appear to con-
found the heritability estimates. However, gene by sex
by smoking interaction is indicated.

______________________________________________________________|
Since an elevated blood pressure is a major risk factor
for cardiovascular complications such as stroke,
myocardial infarction, and peripheral vascular disease

it is essential to investigate the origin of blood pressure
and to disentangle environmental from genetic influ-
ence (Kaplan, 1998). The genetic origin of blood
pressure has been examined in several twin studies in
the last two decades (Bielen et al., 1991; Carmelli et
al., 1991; Carroll et al., 1985; Degaute et al., 1994;
Fagard et al., 1995; Feinleib et al., 1977; Hong et al.,
1994; Hunt et al., 1989; IJzerman et al., 2000;
Manatunga et al., 1992; Schieken et al., 1989;
Schieken et al., 1992; Slattery et al., 1988; Smith et al.,
1987; Snieder et al., 2000; Tambs et al., 1993; Vinck et
al., 1999; Vinck et al., 2001; Williams et al., 1992;
Williams et al., 1993). In these studies, the variation in
blood pressure that can be attributed to genetic differ-
ences has been estimated at 30 to 60%. However, little
attention has been paid to measurable potential risk
factors for blood pressure. These risk factors may be
more important than genetic factors alone in terms of
impact on public health because they are more easily
modified. The study of twins provides a powerful
design to distinguish between environmental factors
and genetic influences. Monozygotic (MZ) twins are
genetically identical whereas dizygotic (DZ) twins
share, on average, half their genes. In the twin design,
greater blood pressure similarity in MZ compared to
DZ twins is taken as evidence for a genetic basis.
However, the estimated genetic influence can be con-
founded by risk factors for blood pressure when the
distribution of these covariates is not equal for MZ
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and DZ twins. Also, the effect of risk factors may be
expressed as gene by covariate interaction, indicated by
different heritability estimates across subgroups of
individuals with certain risk factor profiles. Although
of potential importance, most previous heritability
studies did not investigate the influence of specific risk
factors on blood pressure heritability estimates.

In previous analyses, we have suggested that Body
Mass Index (BMI; Vinck et al., 1999) and age (Vinck
et al.,, 2001) may influence the estimation of blood
pressure heritability. However, the analyses were based
on a small number of twin pairs, no extensive model-
ing of various potential risk factors was performed,
and no gene by covariate interaction was investigated.
Therefore, in the present study, we have examined the
influence of age, BMI, cholesterol level, birthweight,
physical exercise, sex, and cigarette smoking on the
heritability of diastolic and systolic blood pressure in
more detail on a larger sample of twin pairs.

Methods

Participants

The study sample consisted of 424 twin pairs between
18 and 34 years of age, who were randomly selected
from the East Flanders Prospective Twin Survey (Loos
et al., 1998). This population-based survey has
prospectively registered all twins born in the Belgian
Province of East Flanders since 1964. Zygosity was
determined through sequential analysis based on sex,
fetal membranes, umbilical cord blood groups, placen-
tal alkaline phosphatase, and DNA fingerprints.
Between July 1964 and May 1982, the Twin Survey
had registered 2141 twin pairs who met the World
Health Organization criteria for live born infants
(birthweight > 500 g or gestational age > 22 weeks, if
birthweight unknown). Pairs of whom one or both
members were stillborn, died in neonatal or later life,
or suffered from major congenital malformation were
excluded. We randomly contacted 803 pairs using an
envelope system (randomly drawing identification
numbers out of an envelope). To assure equally distrib-
uted groups, we stratified for birth year and zygosity.
Since the twin survey was originally engaged in the
determination of chorionicity, the number of MZ twin
pairs was over sampled. Four hundred and twenty-four
representative twin pairs (52.8%) volunteered to par-
ticipate in the current study of whom 173 were DZ (56
female, 60 male, and 57 opposite sex pairs) and 251
were MZ (132 female and 119 male pairs). The twins
gave informed consent and the project was approved
by the Local Committee of Medical Ethics. The twins
have been labeled twin 1 and twin 2 for the first and
second born twin member, respectively. However, for
analytical reasons, in DZ opposite sex pairs, twin 1
always represents the female twin member.

Measures

Perinatal data including birth date, sex, and birth-
weight were prospectively registered at birth. The

newborns were weighed to the nearest 100 g by the
pediatrician or midwife. Between February 1997 and
April 2000, all twins visited our laboratory for a 2-
hour examination in the morning. The twins
separately filled out a questionnaire on risk factors
including current smoking frequency and physical
activity. After 5 minutes of supine rest, blood pres-
sure (mmHg) was measured in supine and sitting
position on the right arm in triplicate by sphygmo-
manometry and auscultation (Korotkoff phases I and
V) by one of four trained investigators. The reported
resting blood pressure is the average of these three
measurements. In addition, blood pressure was mea-
sured after 1 and 2 minutes of hand gripping. The
reported blood pressure is the average of these two
measurements. Standing height (cm) was measured
with a Harpenden fixed stadiometer to the nearest
0.1 cm and body mass (kg) was measured on a
balance scale (SECA) to the nearest 0.1 kg. BMI was
calculated as body mass divided by squared height.
A fasting blood sample was taken to determine the
concentrations of cholesterol (mg/dL). The reported
cholesterol measure is the ratio of total cholesterol
and HDL cholesterol.

Statistical Analysis

Means, standard deviations, and Pearson correlations
with diastolic and systolic blood pressure were cal-
culated by zygosity strata for each risk factor to
estimate their relationship with blood pressure vari-
ability and to identify potential confounders. Also,
zygosity-stratified mean blood pressure and within-
twin pair intraclass correlations were calculated to
investigate genetic influence. To determine whether
blood pressure measured in supine and sitting posi-
tion and after hand gripping represent a similar
construct (i.e., diastolic or systolic blood pressure)
principal components factor analyses followed by
varimax rotation were performed.

Variance components were estimated by using the
structural equation modeling program Mx (Neale et
al., 2002). This technique is based on the comparison
of the variance-covariance matrices in MZ and DZ
twin pairs and allows partitioning of the observed
phenotypic variance into latent additive genetic (A),
shared (C), or unique (E) environmental components.
The latter also contains the measurement error.
Dividing each of these components of variance by the
total variance yields the different standardized com-
ponents of variance; for example, the narrow sense
heritability (h?), which can be defined as the ratio of
additive genetic variance to total phenotypic variance.
We did not investigate a dominant genetic variance
component (D) since AD, DE, or ADE models would
have yielded to underpowered results. In univariate
analyses the influence of the above mentioned vari-
ance components were estimated separately for
diastolic and systolic blood pressure.

The genetic structure of diastolic and systolic blood
pressure (and their correlation) was also analyzed
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in a bivariate genetic model. In the bivariate model
the A, C, and E matrices are specified in a
triangular (Cholesky) decomposition. This decompo-
sition implies as many (genetic and environmental)
latent factors as dependent variables. In, for example,
the genetic matrix, factor A1 influences both diastolic
and systolic blood pressure, whereas factor A2 only
influences the systolic blood pressure (Figure 1). The
variance components for each phenotype were esti-
mated, as well as the genetic, common environmental,
and unique environmental correlations between phe-
notypes by standardizing the A, C, and E matrices,
respectively. In addition, we partitioned the pheno-
typic correlation between phenotypes in parts
determined by common genetic, common shared,
and unique environmental effects. The genetic contri-
bution to the phenotypic correlation (cross-trait
heritability) was calculated by b, x 7, x b,, where r, is
the genetic correlation and h, and h, are standardized
additive genetic path estimates for diastolic and sys-
tolic blood pressure, respectively.

The statistical significance of the variance compo-
nent models was assessed by testing the deterioration
in fit of sub-models in which either A or C were
dropped from the full (ACE) model. Sub-models were

51

0.5/1.0

Al A2

a1 21 a22

DIA1

Figure 1

Heritability of Blood Pressure

compared with the full model by hierarchical y? tests.
The difference in y? values between sub-model and
full model is itself approximately distributed as %2,
with degrees of freedom (df) equal to the difference in
df of the sub-model and the full model. Model selec-
tion was also guided by Akaike’s information
criterion (AIC = y?- 2df) when compared to the satu-
rated model (Aikaike, 1987). The model with the
lowest AIC reflects the best balance between goodness
of fit and parsimony.

All variance components were estimated both
unadjusted and adjusted for the covariates age, BMI,
cholesterol ratio, and sex. In adjusted analyses, the
influences of these risk factors are simultaniously
accounted for in the expected means model of the sat-
urated and genetic models as definition variables
(Neale et al., 2002). Figure 1 shows the path diagram
of a mean-adjusted triangular decomposition bivari-
ate model for the two blood pressure phenotypes
included in the analysis. This method is equivalent to
the incorporation of risk factors in the covariance
model (Zeegers et al., 2004). The unadjusted and
adjusted variance components estimates with corre-
sponding 95% confidence intervals for the most
parsimonious model are presented.
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Path diagram of Cholesky bivariate twin analysis on diastolic and systolic blood pressure with mean-adjustment.

Note: Squares represent observed variables, including diastolic (DIA1/2) and systolic (SYS1/2) blood pressure. Circles represent latent variables, including additive genetic (A1/2),
common environment (C1/2), and unique environment (E1/2) components. Triangles represent definition variables which were incorporated in the means model, including
twin specific covariates (Sc1/2) and common covariates (Cc). Variables were numbered 1 or 2 for twin 1 or 2, respectively.
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Figure 2

Path diagram of Cholesky bivariate twin analysis on diastolic and systolic blood pressure with covariate interaction.

Note: Squares represent observed variables, including diastolic (DIA1/2) and systolic (SYS1/2) blood pressure. Circles represent latent variables, including additive genetic (A1/2)
and unique environment (E1/2) components. The paths are modeled by linear regression equations with an additive genetic intercept (A) and slope (T), a unique environment
intercept (E) and slope (V), and a vector of twin specific covariates for twin 1 (r) and twin 2 (s). Variables were numbered 1 or 2 for twin 1 or 2, respectively.

In addition to the investigation of potential main
covariate confounding effects, gene by covariate inter-
action (i.e., change in heritability as a function of the
covariate level) is evaluated for age, BMI, cholesterol
ratio, birthweight, physical activity, sex, and the
natural logarithm of cigarette smoking. Sex differ-
ences in heritability were investigated in a standard
bivariate unadjusted triangular decomposition sex-
limitation model with additive genetic and unique
environmental variance components (Neale &
Cardon, 1992). Quantitative sex differences (i.e., dif-
ference in heritability estimates) were measured by
comparing models in which variance components
were separately estimated for men and women to
models in which they were equated across sexes.
Qualitative sex differences (i.e., whether the same or
different genes are related to blood pressure in men
and women) were estimated by testing whether the
genetic correlation in opposite sex pairs (57 pairs)
was significantly different from .5.

Gene by covariate interaction (i.e., if heritable
variance varies as a function of the value on a contin-
uous covariate) was tested using the entire
distribution instead of classes of observations. In this
approach, the genetic and environmental path coeffi-
cients have a constant part and a variable part that
depends linearly on the twin specific risk factors,

which are modeled as definition variables in Mx
(Figure 2; Purcell, 2002). The significance of the gene
by covariate interaction was calculated by testing the
fall in x2 after dropping the covariate effect from the
full model. Those covariates that yielded significant
interaction terms were subsequently modeled together
to investigate their combined influence.

Although, data on chorionicity was available, we
did not take chorionicity into account because the
heritability estimates of blood pressure did not differ
significantly according to the chorionicity of the
monozygotic twins (Fagard et al., 2003).

Results

Characteristics of the Study Population

The means, standard deviations and Pearson correla-
tions of the risk factors with diastolic and systolic
blood pressure are shown in Table 1 for each risk
factor, stratified by zygosity status group. The mean
age of DZ and MZ twins was 26.47 and 25.30 years,
respectively. birthweight, physical activity and ciga-
rette smoking did not differ substantially across
zygosity status. Age, BMI, cholesterol ratio and sex
appeared to be correlated with diastolic and systolic
blood pressure and were normally distributed.
Therefore the latter untransformed covariates were
incorporated in subsequent adjusted analyses.
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Table 1

Heritability of Blood Pressure

Means, Standard Deviations and Pearson Correlations with Diastolic and Systolic Blood Pressure for Each Covariate, Stratified by Zygosity

Status; East Flanders Prospective Twin Study

Continuous covariates

Dizygotic Twin Pairs (n=173)

Monozygotic Twin Pairs (n=251)

Ma Sb Hdc de Ma Sb Rdc de

Age (years) 26.47 478 18 -.01 25.30 4,62 .09 .00
Body Mass Index 22.24 2.92 31 .30 22.23 3.26 29 32
Cholesterol ratio® 3.42 1.06 .32 20 2.49 0.45 31 .28
Birthweight (kg) 261 0.43 -.02 -12 4.88 1.77 -.03 .00
Physical activity score (0-10) 5.05 1.89 -.05 .00 10.45 6.89 .02 .09
Discrete covariates Nf % Re RS N % Re R!
Sex

Female 56 32.37 132 52.59

Male 60 34.68 19 41.4

Opposite sex 57 32.95 .26 .38 A7
Current cigarette smoking

No 24 17.27 52 21.58

Yes 65 46.76 152 63.07

Opposite smoking status® 50 35.97 0.00 0.05 37 15.35 .07 .10
Note: *Mean

bStandard Deviation

°Pearson correlation with mean diastolic blood pressure
4Pearson correlation with mean systolic blood pressure
¢Total cholesterol / High Density Cholesterol

"Number of twin pairs

9A twin pair of smoker and non-smoker

Both across twins and between zygosity strata,
the mean diastolic and systolic blood pressure values
in supine and sitting position and after hand grip-
ping were each similar (Table 2). For all phenotypes,
the intraclass correlations in MZ twin pairs were
approximately twice as high as those in DZ twin
pairs, indicating possible additive genetic influences
(Table 2).

Principal components analysis after varimax rota-
tion revealed that all blood pressure measurements
could be summarized by the two factors alone, which
explained almost 90% of the total variation in blood
pressure (Table 3). This factor indicates a dummy-
variable for diastolic or systolic blood pressure.
Although clinically different, the method of blood
pressure measurement — in supine or sitting position
or after hand gripping — did not yield to numerically
distinguishable factors. Therefore, the mean diastolic
blood pressure and the mean systolic blood pressure
across types of measurements were used in variance
components analysis. These two phenotypes serve as
indicators for the different postures in blood pressure
measurement. The cross-twin correlations for mean
diastolic blood pressure were .68 and .21 for monozy-
gotic and dizygotic twins. For systolic blood pressure
these correlations were .67 and .35, respectively.

Univariate Analysis

Unadjusted univariate analysis showed that for dias-
tolic and systolic blood pressure both ACE and AE
models explained the phenotypic variance equally
well. The corresponding AIC were 3.73 and 1.73 for
diastolic blood pressure and 3.35 and 1.49 for

systolic blood pressure, favoring the AE model. The
results from adjusted univariate analysis did not
differ substantially. The unadjusted and adjusted
heritability estimates of diastolic blood pressure were
0.64 (95%CI: 0.57-0.70) and 0.60 (95%CI: 0.51-
0.67), respectively. The unadjusted and adjusted heri-
tability estimates of systolic blood pressure were 0.74
(95%CI: 0.68-0.79) and 0.70 (95%CI: 0.63-0.75),
respectively.

Bivariate Analysis

Results of bivariate triangular model fitting are
shown in Table 4. Hierarchical y? tests showed that
the fit of the AE model was not significantly different
from that of the ACE model (p,, e = -93 and p. .ca
= 1.00). The AIC confirmed that the AE model was
the most parsimonious solution. Diastolic and systolic
variance components of the best-fitting bivariate
model were virtually equal to the results of the uni-
variate modeling: the unadjusted and adjusted
diastolic heritability estimates were 0.63 (95%CI
0.55-0.59) and 0.59 (95%CIL: 0.51-0.67; Table 4).
The systolic heritability estimates were 0.74 (95%ClI:
0.68-0.79) without adjustment for risk factors and
0.70 (95%CI: 0.63-0.75) after adjustment (Table 4).
The unadjusted and adjusted cross-trait heritability
estimates were estimated to be 0.78 (95%CI:
0.70-0.84) and 0.75 (95%CI: 0.65-0.83).

Gene by Covariate Interaction

Since previous analyses showed that the results from
unadjusted and adjusted analyses and from uni-
variate and multivariate were virtually equal, only
unadjusted triangular multivariate AE models were
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. ________________________________________________________________________________________________________________________________________________________|
Table 2

Descriptive Statistics of Diastolic and Systolic Blood Pressure in Supine and Sitting Position and after Hand Gripping for Monozygotic and
Dizygotic Twin Pairs; East Flanders Prospective Twin Study

Dizygotic Twin Pairs (n=173) Monozygotic Twin Pairs (n=251)
Blood Twin 1 Twin 2 Twin 1 Twin 2
pressure Ne e Se Ne me Se R N2 MP Se Ne Ve Se R
Diastolic
Supine 155 67.77 8.78 157 69.50 9.18 .27 246 68.38 9.78 244 66.74 9.51  57**
Sitting 155 73.30 8.23 157 75.66 840 7% 246 73.51 9.64 244 73.22 9.17  67**
Gripping 153 86.23 9.97 153 89.68 1150 .27** 242 88.00 12.00 238 8568  11.47  .50**
Systolic
Supine 155 12300 11.00 157 127.06 1072  .25** 246 12400 13.00 245 12454  12.89  .74**
Sitting 155  119.00  11.00 157 12320 1150  .32** 246 119.00 12.00 245 11942 1266  .72**
Gripping 153  129.82  11.92 151 13481 13.68  .44** 242 13129 14.82 239 130.01 14.28  67**
Note: *Number of twin pairs
*Mean

¢Standard deviation

dWithin-twin intraclass correlation
*p<.05

**p<.01

. ________________________________________________________________________________________________________________________________________________________|
Table 3

Factor Loadings on Diastolic and Systolic Blood Pressure in Supine and Sitting Position and after Hand Gripping from Principle Components
Factor Analysis after Varimax Rotation; East Flanders Prospective Twin Study

Twin 1 Twin 2
First Factor Second Factor First Factor Second Factor
(R*=0.89) (R?*=0.13) (R*=0.88)" (R*=0.11)
Diastolic blood pressure
Supine 0.32 0.7 0.35 0.66
Sitting 0.41 0.76 0.41 0.74
Gripping 0.37 0.72 0.41 0.69
Systolic blood pressure
Supine 0.87 0.27 0.86 0.28
Sitting 0.89 0.32 0.88 0.32
Gripping 0.73 0.47 0.80 0.40

Note: *Proportion of variance explained by this factor

. ________________________________________________________________________________________________________________________________________________________|
Table 4

Results of Model Fitting in Cholesky Multivariate Twin Analysis on Mean Diastolic and Systolic Blood Pressure Both Unadjusted and Adjusted for
Age, Body Mass Index, Cholesterol Ratio, and Sex; East Flanders Prospective Twin Study

Model Compared to Saturated Model Compared to ACE Model
2Ll dft Xz dft p¢ Xz dft P?

Unadjusted

Saturated® 10936.77 1550

ACE 10948.39 1559 11.63 9 24

CE 10991.02 1562 54.25 12 .00 42.62 3 .00

AE 10948.83 1562 12.06 12 A4 0.43 3 93

E 11241.54 1565 304.77 15 .00 293.14 6 .00
Adjusted

Saturated' 9714.49 1397

ACE 9726.80 1404 12.32 7 .09

CE 9782.76 1407 68.27 10 .00 55.95 3 .00

AE 9726.81 1407 12.32 10 .26 0.00 3 1.00

E 9950.68 1410 236.19 13 .00 223.87 6 .00

Note: *-2 times log-likelihood of data
°degree of freedom
¢Chi-quared difference between models
dp-value
cassuming equal cross-trait within-twin covariances for MZ and DZ and cross-trait cross-twin covariances; equal means within-twin pairs but different means across
zygosity strata
fassuming equal cross-trait within-twin covariances for MZ and DZ and cross-trait cross-twin covariances, adjusted for age, body mass index, cholesterol ratio, and sex in
the means model
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used to investigate potential interaction caused by
environmental risk factors. Sex limitation modeling
showed that a model with separate parameter esti-
mates for men and women and a fixed genetic
correlation (i.e., .5) in opposite sex pairs was the most
parsimonious solution. This finding was confirmed in
interaction modeling (p < .005). Also, cigarette
smoking (p = .03) showed to be a statistically signifi-
cant interaction term. Therefore, the effect of sex and
cigarette smoking on heritability estimates for diastolic
and systolic blood pressure were estimated simultane-
ously by using a sex-limitation model allowing for
continuous interaction modeling for cigarette smoking.
The results show that for both men and women the
diastolic blood pressure heritability decreases with
increasing smoking frequency. However, for systolic
blood pressure the results for men and women differ.
Although, for men, the systolic blood pressure heri-
tability decreases with increasing smoking frequency,
for women, the systolic blood pressure heritability
increases with increasing smoking frequency (Figure 3).

Discussion

Few other twin studies have applied similar statistical
methods to quantify the contribution of risk factors
to blood pressure heritability estimates. In univariate
and bivariate structural equation modeling diastolic
and systolic heritability were estimated both unad-
justed and adjusted for risk factors. Also, gene by
covariate interaction was modeled and subgroup-spe-
cific heritability estimates were calculated.

The present study confirms that, although familial
clustering of blood pressure can be explained by
common environmental factors, it is mainly deter-
mined by genetic risk factors. Both univariate and
bivariate analysis showed consistently that the AE
model was the most parsimonious model to explain
diastolic and systolic variability, regardless which
method was used to measure blood pressure. The heri-
tability estimates were 0.63, 0.74, and 0.78 for
diastolic, systolic, and cross-trait heritability, respec-
tively. These relatively high estimates may be due to
the fact that a rather homogeneous population of
young twins was studied. In this and other studies it
has been shown that the influence of heritability
decreases with advancing age (Hong et al., 1994;
Vinck et al., 2001), although not always statistically
significantly (Vinck et al., 2001). The high cross-trait
heritability shows that the same genes seem to influ-
ence both diastolic and systolic blood pressure. The
same genes also seem to act in both men and women
since the genetic correlation in opposite sex pairs
could be fixed to .5 in sex-limited analyses. However,
gene by sex interaction may exist: in our study, the
heritability is higher for women than for men. Also,
gene by sex by cigarette smoking interaction may exist
as is shown in Figure 3. It is, nevertheless, possible
that the environmental variance and not the genetic

Heritability of Blood Pressure
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Figure 3

Interaction of smoking frequency with diastolic and systolic
heritability estimates for females.
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Figure 4

Interaction of smoking frequency with diastolic and systolic heritabil-
ity estimates for males.

variance differs between males and females, which can
also lead to differences in heritability estimates.

With the exception of monogenetic abnormalities
such as Liddle’s disease, no evidence has been
presented so far for a specific cluster of major hyper-
tension genes. Since blood pressure is the end result of
many physiological processes, it is unlikely that a
uniform genetic background will ever be found.
Instead, abnormalities in candidate genes are far more
useful to pursue. In this respect, the most important
candidates are those related to the renin-angiotensin
system and volume control. Indeed, many studies
have shown the impact of polymorphisms in the genes
encoding angiotensinogen or the angiotensin II type 1
receptor. Other potentially interesting genes are those
encoding alpha- or beta-adducin or G protein (3-
subunit protein). Blood pressure may be increased
especially when an individual has an accumulation of
“unfavorable” candidate genes.

All blood pressures were measured by the same
investigator and under well-standardized conditions:
in the morning, in the same quiet room and after the
participants had rested for 5 minutes in the supine
position, which may have minimized environmental
influences. Whereas similar unique environmental
covariances are assumed for the monozygotic and
dizygotic twins, environmental covariance may in
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fact be greater in the monozygotic twins (Slattery
et al., 1988).

Higher correlation for unique environmental risk
factors in monozygotic twins may bias upward the
heritability estimates. However, in this investigation
BMI, cholesterol ratio, birthweight, physical activity,
sex, and cigarette smoking were equally concordant
in MZ and DZ twin pairs. Further, we found that the
heritability estimates for diastolic and systolic blood
pressure were not substantially altered by adjustment
for these risk factors. These results are consistent with
four previous studies (Fagard et al., 19935; Slattery et
al., 1988; Snieder et al., 2000; Vinck et al., 1999),
which made an attempt to correct for at least one spe-
cific risk factor as well.

The twins were on average 26 years, ranging
between 18 and 34 years. The lower limit of 18 years
was chosen as a previous meta-analyses has shown
that findings on blood pressure heritability during
adolescence were inconsistent (Law & Shiell, 1996),
which may be related to the unusual growth dynamics
during these phases of growth. The upper limit of 34
years was imposed by the EFPTS, the twin register
from which our participants were selected. The
EFPTS was founded in 1964. The reported results are
likely to be representative of the general study popu-
lation because basic characteristics of the twins in this
investigation were similar to the population-based
sample of twins in the EFPTS. Also, a recent study
showed that estimates of genetic and environmental
contributions to blood pressure deriving from twin
studies may be generalized to singletons (de Geus et
al., 2001). However, since we were limited to young
adults, the results of our study cannot be generalized
to older adults.

In this and other twin studies survival of the fittest
selection may exist since perinatal mortality and mor-
bidity in twins is significantly higher than in
singletons (Kiely, 1990). This is not only due to pre-
mature delivery and low birthweight, but being a twin
member increases the risk of other adverse outcomes
as well (Buekens & Wilcox, 1993). As for many other
twin studies, we relied on volunteer twin databases as
healthy twin pairs are most likely to register on these
databases. Also, twins who have severe morbidity and
who were unable to perform the requested tasks were
not included in this study. As a consequence, our
study population may represent the healthy survivors
and, therefore, they may have a lower risk of develop-
ing high blood pressure. Although this population
selection may have decreased the statistical power of
this study, we expect it to be non-differential within
and across twin pairs, indicating that the parameters
estimated in this study are probably not biased.

In summary, the present study confirms that blood
pressure is significantly genetically determined. The
clustering of both diastolic and systolic blood pres-
sure in families appears not to be influenced by
common environmental risk factors but mainly by

additive genetic factors. The same genes seem to influ-
ence both diastolic and systolic blood pressure for
both men and women. Potential risk factors appear
not to confound the heritability estimates substan-
tially. However, gene by sex by smoking interaction
is indicated.
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