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Probing genetic overlap in the regulation of systolic
and diastolic blood pressure in Danish and Chinese
twins

Shuxia Li1, Zengchang Pang2, Dongfeng Zhang3, Haiping Duan2, Jacob von Bornemann Hjelmborg4,
Qihua Tan1,4,5, Torben Arvid Kruse1,5 and Kirsten Ohm Kyvik6

Although the phenotypic correlation between systolic blood pressure (SBP) and diastolic blood pressure (DBP) is well known,

the genetic basis for the correlation has rarely been investigated. The aim of this paper is to examine the genetic overlap

between SBP and DBP by fitting bivariate models to Danish and Chinese twins and comparing ethnic differences between the

two samples. Our estimates revealed a high proportion of additive genetic components shared by both SBP and DBP in Danish

(0.71, 95% confidence interval (CI): 0.65–0.75) and Chinese (0.62, 95% CI: 0.50–0.71) twins with no statistically significant

ethnic differences. The estimated genetic component in phenotypic correlation could serve to guide molecular genetic studies

searching for genetic variants that affect both SBP and DBP. The bivariate model also estimated genetic and environmental

contributions to SBP and DBP separately, with an overall pattern of higher genetic regulation or heritability in Danish (0.72,

95% CI: 0.67–0.76 for SBP; 0.70, 95% CI: 0.65–0.75 for DBP) than in Chinese (0.54, 95% CI: 0.44–0.63 for SBP; 0.57,

95% CI: 0.47–0.65 for DBP) twins and a higher contribution from unique environmental factors in Chinese compared with

Danish twins. The estimated contribution from unique environmental factors suggests that promoting healthy lifestyles may

provide an efficient way of controlling high blood pressure, particularly in the Chinese population.
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INTRODUCTION

Cardiovascular disease is the leading cause of mortality and morbidity
worldwide. High blood pressure is known as the most important
modifiable risk factor for cardiovascular disease.1 Efficient control and
adequate management of high blood pressure can therefore have a
significant impact on public health. Blood pressure is a complex
phenotype involving many control systems operated by physiological
mechanisms under multiple genetic and environmental regulations2

that may have a diverse pattern of regulation across different ethnic
populations. For example, genetic factors have been estimated to
account for as much as 71% of the total variation in systolic blood
pressure (SBP) in Danish twins3 and 58% in Chinese twins.4 The
moderate to high influence genetic factors have on blood pressure has
led to a considerable amount of research aimed at identifying the
molecular genetic basis of blood pressure regulation; recent research
activity has intensified, driven by the rapid development of high-
throughput analyses at the genome level.
SBP represents the maximum exerted pressure on the vessels when

the heart contracts (when the heart is beating); diastolic blood

pressure (DBP) is the minimum pressure in the vessels when the
heart relaxes (when the heart is resting between beats and refilling
with blood). Often more attention is given to SBP as a major risk
factor for cardiovascular disease.5 Although SBP and DBP represent
the maximum and minimum blood pressure in the arteries,
respectively, results from recent genome-wide association studies
(GWAS) indicate that there are genetic variants for SBP and DBP
shared in both eastern and western populations.6,7 For example, of the
29 genetic variants associated with SBP at a genome-wide significance
level (Po2.5e�08) reported in the study by Ehret et al.,7 23 variants
were also significantly associated with DBP. Genome-wide association
study is based on common surrogate variants with limited depth of
genomic coverage,8 and as a result more research is needed to provide
an overall picture of the extent of genetic relatedness between SBP and
DBP. Based on an existing Danish–Chinese collaboration network on
twin research, the aim of this study is to determine the genetic factors
responsible for blood pressure and to evaluate the phenotypic
correlation between SBP and DBP across populations using bivariate
models9 to compare Danish and Chinese twins (representing western
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and eastern populations, respectively). The results of analyses of
Danish and Chinese twins may provide mutual validation and will be
compared to determine whether there are ethnic differences in the
role that genetics and environment have in blood pressure variation
and correlation.

METHODS

The Danish twin samples
The collection of Danish twins used in the present study has been described

previously.10 In brief, Danish twins were recruited from two cohorts of the

population-based Danish Twin Registry, with cohort I covering twins born

between 1931 and 1952 and cohort II born between 1953 and 1982. Twins who

consented to participate were selected based on the exclusion criteria that

excluded participants with diabetes, cardiovascular diseases, physical

disabilities, or those who were pregnant, breast feeding or required regular

medication. The final sample consisted of 756 twin pairs (309 monozygotic

(MZ) pairs, 447 dizygotic (DZ) pairs) collected at two clinical investigation

sites in Odense and Copenhagen, Denmark. Twin zygosity was determined by

nine polymorphic DNA microsatellite markers.

Blood pressure was measured following a standard procedure using a

conventional mercurial sphygmomanometer. Three measurements were taken

from each subject, with at least 1min between each measurement. The mean of

these three values was calculated and used in subsequent analyses. Body weight

was measured to the nearest 0.1 kg using a standing beam scale. Height was

measured to the nearest centimeter using a vertical scale with a horizontal

moving headboard. Body mass index was calculated as weight (kg) divided by

the square of height (m). The Danish part of the study was approved by the

Danish regional ethics committees and the Danish Data Protection Agency

with journal number: S-VF-19970271.

The Chinese twin samples
The sampling of Chinese twins was based on the Qingdao Twin Registry11

established in 2001 at the Qingdao Center for Disease Control and Prevention

(Qingdao CDC). Twins were identified through the local disease control

network and residence registry. Exclusion criteria removed those who were

pregnant, breastfeeding, those with diabetes and/or cardiovascular disease or

who had been taking blood pressure or weight-reducing medications within

the previous month. Data were collected from a total of 325 pairs of twins (183

MZ twin pairs and 142 DZ twin pairs). Zygosity of same-sex twin pairs was

determined by DNA testing using 16 short tandem repeat DNA markers at the

central laboratory of the Qingdao Blood Bank.

Body measurements and blood pressure were taken using the procedures

described for the Danish twins. The Chinese part of the study was approved by

the local ethics committee at Qingdao CDC, Qingdao, China.

Both Danish and Chinese blood pressure data were log transformed to

ensure a normal or approximately normal distribution. Most importantly, the

log transformation helped minimize the correlation between blood pressure

magnitude and the standard error of the mean.12 In both sample sets, blood

pressure values more than 3 s.d.’s from the mean were excluded from

subsequent analyses.

Bivariate modeling on twins
We introduced a bivariate model jointly to analyze SBP and DBP (Figure 1)

using the typical structural equation modeling (s.e.m.) approach.9 In this

approach, variances in the observed traits (SBP and DBP) and their covariance

are decomposed into latent additive genetic (A), shared environmental (C),

and unique environmental (E) components. Based on variance estimates, the

genetic correlation (rg) can be calculated as rg ¼ covgðSBP;DBPÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vargðSBPÞvargðDBPÞ
p where

varg(SBP) and varg(DBP) are the additive genetic variance of SBP and DBP,

respectively, and covg(SBP,DBP) is their genetic covariance. Likewise,

correlations for common environmental (rc) and unique environmental (re)

factors can be calculated. In s.e.m., parameter estimates are obtained using a

fitting function that minimizes the difference between the observed covariance

matrix and the expected covariance matrix implied by the model, assuming

bivariate normality.

Model fitting was carried out separately for Danish and Chinese twins using

the Mx software package,13 with age, sex and body mass index included as

covariates. Considering that data on twins reared together does not contain

enough information to tease out the contrasting effects of common

environmental (C) and dominant genetic (D) components,9 our model

fitting started with consideration of both the bivariate ACE and the bivariate

ADE models, with the latter including additive genetic, dominant genetic and

unique environmental effects. As a rule of thumb, the presence of dominance

can be recognized when DZ correlation is much lower than half of MZ

correlation. Based on twin correlation in the results section, the ADE model

was rejected because each DZ correlation was more than half of the

corresponding MZ correlation (Table 2), which does not support the presence

of a dominant genetic effect. The full bivariate ACE and its nested bivariate
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Figure 1 Path diagram of the bivariate twin model applied to systolic blood

pressure (SBP) and diastolic blood pressure (DBP), assuming additive

genetic (A), common environmental (C) and unique environmental (E)

components in the variances and covariance of SBP and DBP, with rg, rc
and re standing for twin correlation of the A, C and E components,
respectively.

Table 2 Within- and cross-trait correlation in MZ and DZ twin pairs

Danish twins Chinese twins

n

SBP1–

SBP2a

DBP1–

DBP2a

SBP–

DBPb n

SBP1–

SBP2a

DBP1–

DBP2a

SBP–

DBPb

MZ 309 0.71 0.71 0.51 183 0.61 0.64 0.54

DZ 447 0.49 0.46 0.33 142 0.43 0.33 0.31

Abbreviations: DZ, dizygotic; MZ, monozygotic.
aCross twin within-trait correlation.
bCross twin cross-trait correlation.

Table 1 Descriptive statistics for Danish and Chinese twins

Danish twins Chinese twins

Basic statistics Median 2.5–97.5% Quantiles Median 2.5–97.5% Quantiles

Age (years) 38 19–57 40 20–60

BMI (kgm�2) 24 18.8–32 24 18.6–32

SBP (mm Hg) 116 94–146 120 100–160

DBP (mm Hg) 68 50–90 80 60–106

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood
pressure.
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models (AE, CE, E) were fitted. The performances of the different bivariate

models were compared using Akaike’s information criterion,14 such that the

model with the lowest Akaike’s information criterion reflected the best balance

between goodness-of-fit and parsimony. Meanwhile, the fitting of nested

models enabled assessment of statistical significance of the A, C and E

component using the likelihood ratio (w2) test at a significance level of

Po0.05. This led to the most parsimonious (or ‘best fitting’) model in which

the pattern of variances and covariances was explained by as few parameters as

possible. In all model fitting, bootstrap resampling with 100 replicates was used

to obtain 95% confidence intervals (CIs) for the estimated model parameters.

RESULTS

Table 1 presents the basic characteristics of the Danish and Chinese
twins. The age structures of the two samples are very similar, with the
median age of the Chinese twins approximately 2 years older than
that of the Danish twins. Both the median and the 2.5–97.5 percent
quantiles for body mass index are very similar in the two samples.
Both SBP and DBP tend to be higher in the Chinese than in the
Danish twins; however, there is large overlap in the 2.5–97.5 percent
quantiles. Table 2 shows the correlation within and cross traits in MZ
and DZ twins. All correlation coefficients are highly significant with
Po0.001. The phenotypic correlation coefficients are all higher in MZ
twins than DZ twins, which suggest genetic control over the variation
(within-trait) in SBP, DBP as well as over the covariation (cross-trait)
between SBP and DBP. In all cases, DZ correlation is greater than half
of the MZ correlation, suggesting that the ACE models can be
appropriately applied to the data.
We first fitted the full bivariate ACE models to Danish and Chinese

twins (Table 3). The Danish twins displayed higher genetic but lower
unique environmental impact on SBP and DBP covariance when
compared with the Chinese twins. The proportion of genetic
contribution to SBP–DBP correlation in Danish twins was 0.56
(95% CI: 0.34–0.76); the value in the Chinese twins was 0.39 (95%
CI: 0.02–0.71). The difference is not statistically significant because of
the overlapping 95% CIs. In Chinese twins, the unique environmental
component played a larger role in SBP–DBP correlation (0.39, 95%
CI: 0.30–0.51) than in the Danish twins (0.30, 95% CI: 0.24–0.37)
with partially overlapping 95% CIs. Based on variance and covariance

estimates, rg, rc and re were calculated as 0.71, 0.79 and 0.71,
respectively, for the Danish twins and 0.80, 0.95 and 0.64, respectively,
for the Chinese twins (Table 3). The likelihood ratio test applied to
the nested models formed by dropping the A, C and E components in
SBP–DBP covariance in each sample showed very highly significant
genetic and unique environmental contributions to SBP–DBP corre-
lation. However, the additive genetic effect in the Chinese twins
displayed borderline significance. In both samples, the contributions
of common environmental factors were insignificant as indicated by
95% CIs that included zero (�0.04–0.33 for Danish twins; �0.04–
0.51 for Chinese twins).
We next compared performances of the nested models with the full

ACE models using Akaike’s information criterion. Consistent with the
results from likelihood ratio test, the model without the C component
that correlated SBP and DBP was chosen as the best fitting model in
both samples. In Table 4, we show the estimated genetic and
environmental components included in the best fitting model.
Figure 2 shows the proportions that A and E components contribute
to SBP–DBP correlation. The figure shows that the correlation
between SBP and DBP is mainly the result of genetic factors in both
samples; these genetic factors are more pronounced in Danish than in
Chinese twins. However, unique environment has a larger role in the
SBP–DBP correlation in Chinese twins than Danish twins. Neither
result is statistically significant with respect to ethnic difference with
overlapping 95% CIs. In Table 4, we also show the estimated rg and re
from the best models fitted to Danish and Chinese twins. In contrast
to the proportion of genetic and unique environmental influences on
the correlation between SBP and DBP, a higher rg was estimated in
Chinese twins (0.81, 95% CI: 0.73–0.88) compared with the Danish
twins (0.71, 95% CI: 0.67–0.75), whereas a higher re was observed in
Danish twins (0.70, 95% CI: 0.65–0.75) than in Chinese twins (0.63,
95% CI: 0.54–0.71). None of these results was statistically significant
between the two samples.
In addition, the best fitting model estimated significant differences

in the additive genetic and unique environmental influences on SBP
with no overlapping 95% CIs for the genetic (0.72, 95% CI: 0.67–0.76
in Danish; 0.54, 95% CI: 0.44–0.63 in Chinese twins) and unique
environmental (0.28, 95% CI: 0.24–0.33 in Danish; 0.46, 95% CI:

Table 3 Variance components and correlation coefficients for A, C and E from bivariate models fitted to blood pressure in Danish and Chinese

twins

Danish twins Chinese twins

A C E A C E

SBP

Variance 8.3e�03 1.1e�03 3.9e�03 4.2e�03 3.6e�03 7.0e�03

Proportion 0.62 (0.45, 0.75) 0.09 (0.00, 0.24) 0.29 (0.25, 0.34) 0.28 (0.01, 0.60) 0.24 (0.00, 0.50) 0.47 (0.39, 0.59)

DBP

Variance 1.1e�02 4.2e�03 6.8e�03 8.4e�03 2.2e�03 8.3e�03

Proportion 0.50 (0.32, 0.68) 0.19 (0.03, 0.34) 0.31 (0.26, 0.37) 0.45 (0.17, 0.62) 0.12 (0.00, 0.36) 0.43 (0.36, 0.52)

SBP–DBP

Variance 6.8e�03 1.7e�03 3.6e�03 4.8e�03 2.7e�03 4.8e�03

Proportion 0.56 (0.34, 0.76) 0.14 (�0.04, 0.33) 0.30 (0.24, 0.37) 0.39 (0.02, 0.71) 0.22 (�0.04, 0.51) 0.39 (0.30, 0.51)

rg, rc, re 0.71 (0.57, 0.81) 0.79 (�1.00, 1.00) 0.71 (0.65, 0.76) 0.80 (0.80, 1.00) 0.95 (�1.00, 1.00) 0.64 (0.57, 0.70)

w2 26.76 1.99 262.25 3.72 1.96 115.91

P-value 2.3e�07 0.16 5.55e�59 5.38e�02 0.16 4.97e�27

Abbreviations: DBP, diastolic blood pressure; rc, common environmental correlation; re, unique environmental correlation; rg, genetic correlation; SBP, systolic blood pressure.
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0.37–0.56 in Chinese twins) components. The same pattern of genetic
and environmental influences holds for DBP with slightly overlapping
95% CIs of the A and E components (Table 4 and Figure 3).

DISCUSSION

The results of bivariate modeling of blood pressure data taken from
Danish and Chinese twins both indicated that there was a significant
genetic component in the phenotypic correlation between SBP and
DBP, which exists in two populations of distinct ethnic, cultural and
environmental circumstances. The consistent findings in our separate
analyses of two independent samples serve as mutual validation of our
conclusion. In an earlier study, Schieken et al.15 reported a genetic
proportion of 74% in SBP–DBP covariance in Caucasian boys and
girls with an average age of 11 years. The result of that study is very
close to our estimate of 0.71 in Danish twins, which represent middle-
aged Caucasians. The existence of shared genetic regulation of SBP
and DBP was also reported in a very recent study of Brazilian nuclear
families; in that study, the genetic correlation coefficient was 0.67.16

Recent genetic association studies have reported common single-
nucleotide polymorphisms that significantly affect both SBP and DBP,
and provide molecular evidence for shared genetic mechanisms that
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Figure 2 Estimated proportions with 95% confidence intervals (CIs) of A

and E components for the covariance of systolic blood pressure (SBP) and

diastolic blood pressure (DBP) in the best fitting model. The thick error bars

are for Danish twins and the thin error bars are for Chinese twins.

Table 4 Variance and covariance components in the best fitting models for SBP and DBP in Danish and Chinese twins

Danish twins Chinese twins

A E A E

SBP

Variance 9.4e�03 3.8e�03 8.0e�03 6.7e�03

Proportion 0.72 (0.67, 0.76) 0.28 (0.24, 0.33) 0.54 (0.44, 0.63) 0.46 (0.37, 0.56)

DBP

Variance 1.53e�02 6.5e�03 1.06e�02 8.0e�03

Proportion 0.70 (0.65, 0.75) 0.30 (0.25, 0.35) 0.57 (0.47, 0.65) 0.43 (0.35, 0.53)

SBP–DBP

Covariance 8.6e�03 3.5e�03 7.5e�03 4.6e�03

Proportion 0.71 (0.65, 0.75) 0.29 (0.24, 0.35) 0.62 (0.50, 0.71) 0.38 (0.29, 0.50)

rg, re 0.71 (0.67, 0.75) 0.70 (0.65, 0.75) 0.81 (0.73, 0.88) 0.63 (0.54, 0.71)

Abbreviations: DBP, diastolic blood pressure; rc, common environmental correlation; re, unique environmental correlation; rg, genetic correlation; SBP, systolic blood pressure.
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Figure 3 Estimated proportion of variance components for systolic blood pressure (SBP) (left panel) and diastolic blood pressure (DBP) (right panel) in the

best fitting model with 95% confidence intervals (CIs) empirically obtained using bootstrap resampling. The thick error bars are for Danish twins and the

thin error bars are for Chinese twins.
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are responsible for SBP and DBP coregulation in both Caucasians and
East Asians.6,7 The estimated proportion of genetic components that
are responsible for blood pressure correlation may help determine
potential heritable genetic variations that have not yet been identified
by linkage and association studies. Considering that genetic regulation
may have a large role in the correlation between SBP and DBP,
additional functional and static genetic variants that affect both SBP
and DBP are expected to be discovered using functional genomics,
next-generation sequencing and epigenetic approaches.17,18

A general pattern of ethnic differences in genetic and environ-
mental contributions to blood pressure is revealed by the results of the
present study. Genetic control over blood pressure and the correlation
between SBP and DBP are higher in the Danish sample, whereas more
unique environmental influences were observed in the Chinese sample
(Tables 3 and 4). As displayed in Figures 2 and 3, although the same
pattern holds for SBP, DBP and their correlation, the results were only
significant for SBP, with no overlapping 95% CIs of the A and E
components between Danish and Chinese twins. In view of the
limited sample sizes, particularly in the case of Chinese twins, large-
scale studies and more detailed genetic investigations are required to
determine whether there is a clear pattern of ethnic differences in
factors influencing blood pressure.
As indicated in Table 4, the estimated additive genetic component

responsible for SBP–DBP covariance is higher in Danish twins (0.71,
95% CI: 0.65–0.75) than in Chinese twins (0.62, 95% CI: 0.50–0.71).
However, the results of genetic correlation show the opposite result,
with higher genetic correlation in Chinese twins (0.81, 95% CI: 0.73–
0.88) than Danish twins (0.71, 95% CI: 0.67–0.75). Although these
differences are not statistically significant when considering their
overlapping confidence intervals, the reversed pattern does deserve
some discussion. Note that the estimated proportion of the additive
genetic component is a measurement of the relative importance of
genetic factors taking into account environmental effects, whereas
genetic correlation measures the absolute covariation between the
additive genetic variances of SBP and DBP. A high genetic correlation
could indicate a shared genetic basis for SBP and DBP in a number of
genetic variants, that is, pleiotropic genes. A strong common genetic
basis can be diluted when large environmental effects interfere at the
time the level of genetic contribution is calculated, which might be the
case for the Chinese twins. More molecular genetic studies are
required to verify our hypothesis.
In both full and nested models, the unique environmental effects

on blood pressure and the correlation between SBP and DBP are
significant in both Danish and Chinese twins, which suggests that the
effects of the individual environment is crucial for explaining blood
pressure variation and covariation. Although the importance of
unique environmental factors was consistent between the sample
groups, we note that there is a noticeable ethnic difference in the two
samples, with a higher proportion of E components in Chinese than
Danish twins. This is clearly demonstrated in Figure 3, which
indicates that the 95% CIs of the E component do not overlap for
SBP (Po0.05) and only slightly overlap for DBP (borderline
significance). These results indicate the special importance of indivi-
dual environmental factors, including social and behavioral factors
such as lifestyle (hectic and stressful life), occupation (sedentary
work) and dietary habits (high dietary sodium)19–21 in controlling
blood pressure in the Chinese population.
Overall, we have identified relatively high genetic overlap between

SBP and DBP, providing strong evidence that there are common
genetic mechanisms responsible for regulating SBP and DBP in both
Chinese (eastern) and Danish (western) populations. Our results also

suggest that individual environment has a large role in blood pressure
variation; measures that promote healthy lifestyles should efficiently
reduce the risk of hypertension and cardiovascular problems, parti-
cularly in the Chinese population.
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Gaunt TR, Onland-Moret NC, Cooper MN, Platou CG, Org E, Hardy R, Dahgam S,
Palmen J, Vitart V, Braund PS, Kuznetsova T, Uiterwaal CS, Adeyemo A, Palmas W,
Campbell H, Ludwig B, Tomaszewski M, Tzoulaki I, Palmer ND, CARDIoGRAM
consortium; CKDGen Consortium; KidneyGen Consortium; EchoGen consortium;
CHARGE-HF consortium, Aspelund T, Garcia M, Chang YP, O’Connell JR, Steinle NI,
Grobbee DE, Arking DE, Kardia SL, Morrison AC, Hernandez D, Najjar S, McArdle WL,
Hadley D, Brown MJ, Connell JM, Hingorani AD, Day IN, Lawlor DA, Beilby JP,
Lawrence RW, Clarke R, Hopewell JC, Ongen H, Dreisbach AW, Li Y, Young JH, Bis JC,
Kähönen M, Viikari J, Adair LS, Lee NR, Chen MH, Olden M, Pattaro C, Bolton JA,
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