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Familial Patterns of Covariation for Cardiovascular Risk Factors in Adults

The Victorian Family Heart Study

Stephen B. Harrap,1 Margaret Stebbing,1 John L. Hopper,2 Hoa N. Hoang,3 and Graham G. Giles4

The Victorian Family Heart Study was established to address the causes of familial patterns in cardiovascular
risk factors. From 1990 to 1996, a representative population sample of 783 adult families (2,959 individuals),
each comprising both parents (40–70 years) and at least one natural adult offspring (18–30 years), was
recruited in Melbourne, Australia. Included in both generations were 461 monozygotic and dizygotic twins as
pairs or singletons. A multivariate normal model was used for pedigree analysis of height, weight, body mass
index, diastolic and systolic blood pressure, pulse rate, and total and high density lipoprotein cholesterol. All
traits showed evidence for additive genetic variation, explaining from 55% (height) to 26% (pulse) of age- and
sex-adjusted variance. An effect persisting into adulthood of shared family environment during cohabitation
explained from 39% (body mass index) to 13% (systolic blood pressure) of variance (not nominally significant
for diastolic blood pressure). These shared environmental effects were strongest within twin pairs, less so for
sibling pairs, and least for parent-offspring pairs (in which an effect was not observed for weight, diastolic and
systolic blood pressure, and total cholesterol). On a background of genetic influences, there are periods in early
life during which the family environment cements long-term correlations between adult relatives in
cardiovascular risk factors. Am J Epidemiol 2000;152:704–15.
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Cardiovascular disease is familial, in that individuals with
a close relative with the disease are themselves at increased
risk (1). It is possible that at least part of the reason for this
is that nongenetic risk factors for the disease are themselves
correlated within families (2). This issue has also been
addressed from a theoretical perspective, using mathemati-
cal models (3). Established cardiovascular risk factors that
have consistently been demonstrated to be correlated
between relatives include height (4, 5), weight, body mass
index (6–8), blood pressure, and cholesterol (9–11).

Familial correlations in risk factors can result from shared
genetic predisposition or shared family environment.
Correlations are most likely a consequence of, and even
interaction between, both types of familial factors. The rel-
ative contribution of genetic and nongenetic factors in
explaining variation in cardiovascular risk factors is not nec-
essarily uniform. Certain factors may be influenced to a

greater extent by lifestyle and behavior (12) than by genetic
variation. Understanding the relative magnitudes of these
two components of variation is of potential importance for
directing gene searches (to traits with substantial “heritabil-
ity”; i.e., for which the genetic component explains a rela-
tively large proportion of variance) or for identifying envi-
ronmental or lifestyles factors that are or have been shared
within families while cohabiting, even if the family mem-
bers are no longer living together.

There are several methods for determining the genetic and
environmental components of variance in physiologic quan-
titative traits. Each involves families to greater or lesser
extents and utilizes a variety of sampling and analytical
approaches. Genetic inferences are made from analyses of
relatives with different degrees of genetic similarity. These
range from none or low similarity in the case of spouses (13)
or adoptees (14) to genetic identity in monozygotic twin
pairs (15, 16). The sampling frameworks and ascertainment
schemes for biometric analyses of cardiovascular risk factors
vary from those targeting families who meet special criteria
regarding health (such as preexisting cardiovascular disease
(17)) or specific family composition (such as those including
adoptees as children (18) or adults (19) or monozygotic or
dizygotic twin pairs (15, 20)) to recruitment from the general
population (6). The last approach is likely to provide infor-
mation that may be applicable to the population, but it offers
smaller proportions of families that are especially informa-
tive for disentangling the effects of shared genes from those
of shared environments. In reality, however, obtaining a high
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response rate from a random sample of families is difficult.
In the case of screening through medical clinics, it is more
difficult to make inferences to the population (21), despite
the existence of various mathematical methods for making
so-called “corrections” for theoretical modes of family ascer-
tainment that in practice rarely apply.

The Victorian Family Heart Study was established in
1990 to address the causes of familial patterns in cardiovas-
cular risk factors. The study was designed to measure a
number of simple and well-recognized risk factors in a large
number of volunteer families of adults selected from the
general population and to enrich the sample with families
comprising dizygotic and monozygotic twin pairs. In this
way, we hoped to derive a population sample that was both
representative and informative. The aim of this analysis was
to examine the familial patterns of covariation of risk factors
so as to quantify the contribution of genetic and environ-
mental effects in explaining variation.

MATERIALS AND METHODS

Recruitment

For this study the aim was to recruit families that com-
prised, at a minimum, a mother and father with at least one
natural child. A family was eligible if both parents were
aged between 40 and 70 years and if at least one offspring
was aged between 18 and 30 years, inclusive. Other off-
spring were included if they were aged between 18 and 30
years. The lower age for offspring was set to minimize the
potential confounding effect of growth on the phenotypes
under study. Recruitment was limited to Caucasian families
to reduce the possible confounding effect of racially deter-
mined genetic differences. A family history of heart disease
was not relevant to recruitment, the aim being to enroll a
representative sample of families exhibiting a broad cross-
section of cardiovascular risk factor levels.

Potential participating families were identified through a
variety of community-based sources. These included the
Australian Twin Registry, the Melbourne Collaborative Cohort
Study (Health 2000), general practitioners, and work sites
(Common Scientific and Industrial Research Organization).
We asked a total of 8,060 individuals by letter or telephone to
indicate whether their families would be willing to participate
in the Victorian Family Heart Study and received 2,946 (37
percent) responses from 2,711 families. Of these, 1,108 (41
percent) families were excluded because they were ineligible
(key family member unavailable, no natural children, ethnic
origin), and 820 (30 percent) declined, leaving a total of 783
families. Recruitment was undertaken between 1991 and 1996.

Figure 1 displays the different types and numbers of fam-
ilies grouped according to the presence or absence of twins,
their zygosity, and whether they occur at the parental or off-
spring generation.

Phenotype measurement

These studies were approved by the Ethics Review
Committee of the Alfred Hospital, Melbourne, and informed

consent was obtained from all participants. Participants
attended one of our research clinics. Trained research nurses
enrolled subjects, obtained relevant details, measured car-
diovascular risk factors according to standardized measure-
ment techniques, and took blood for DNA analysis. Detailed
information was obtained regarding treatment with oral con-
traceptives, hormone replacement therapy, antihypertensive
medications, and lipid-lowering therapy. Participants were
asked to categorize their smoking habits as never smoked,
exsmoker, current smoker with less than or equal to 20 cig-
arettes (or equivalent) per day, or currrent smoker with more
than 20 cigarettes per day.

After removing heavy clothing and shoes, subjects were
measured to the nearest 0.5 cm for height with the use of a
wall-mounted ruler. Weight was measured to the nearest 0.5
kg with scales that were calibrated regularly. Subjects then
rested supine for 10 minutes, during which time a suitably
sized sphygmomanometer cuff was applied to the right arm.
Blood pressure was measured using a standard mercury
sphygmomanometer. Systolic blood pressure was taken as
the return of arterial sounds (Korotkoff phase I) and dias-
tolic blood pressure as the disappearance of sounds
(Korotkoff phase V). Blood pressure measurements were
made to the nearest 2 mmHg. Three measurements of sys-
tolic blood pressure and diastolic blood pressure were taken,
the last two of which were recorded. The pulse rate was
measured for 60 seconds. Subjects then stood for 2 minutes,
and systolic blood pressure, diastolic blood pressure, and the
pulse rate were measured again. In this analysis lying and
standing readings were averaged to provide estimates of
systolic blood pressure, diastolic blood pressure, and pulse
rate.

Biochemical measurements

Following phenotypic measurements, venous blood was
collected for biochemical analysis and DNA extraction.
After insertion of a butterfly needle, the tourniquet was
released before collection of 7 ml of blood into lithium
heparin anticoagulant for cholesterol and 14 ml of blood
into ethylenediaminetetraacetic acid (EDTA) anticoagulant
for DNA. Total cholesterol and high density lipoprotein cho-
lesterol were measured by automated biochemical analysis
systems and were subject to quality assurance testing every
3 months.

Statistical methods

The familial patterns in cardiovascular risk factors were
analyzed using a multivariate normal model for pedigree
analysis (22–26), fitted using the FISHER statistical pack-
age (27). The method allows for estimation of the correla-
tions or covariances between relatives and for fitting various
genetic and environmental models of variation, while con-
currently adjusting the mean for measured factors. In each
of the analyses below, a separate quadratic was fitted to the
mean for males and females, and the residual variance was
relatively stable with age and independent of sex. Families
were presumed to be independent, so the log likelihood of
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FIGURE 1. Diagrammatic representation of family structures, Victorian Family Heart Study, 1990–1996. There were 503 families without twins
and 280 families with at least one twin. Twins were monozygotic (MZ), dizygotic (DZ), or of unknown zygosity (UZ) and occurred in the offspring
or parental generation as pairs or singletons.

the total sample was the sum of log likelihoods over all fam-
ilies.

The model assumes that, for a family of size n, the distri-
bution of the vector of trait values, Y � (Y1, ..., Yn) , has an
n-variate normal distribution with mean µ � (µ1, ..., µn) and
covariance Ω � (ωij). The covariances were initially para-
meterized as ωij � ρij σ2, where ρij � ρMZ for monozygotic
twin pairs, ρDZ for dizygotic twin pairs, ρsib for nontwin sib-
ling pairs, ρpo for parent-offspring pairs, ρsp for spouse pairs,
and so on, …, and σ2 � (σi

2σj
2)1/2, where σi

2 and σj
2 are the

variances of individuals i and j, respectively. The correla-
tions were also broken down by sex (e.g., sister-sister,
brother-brother, sister-brother, mother-daughter, father-son,
mother-child, and so on) in some analyses.

Following Fisher (28), the genetic and environmental
model of variation assumes that σ2 � σa

2 � σse
2 � σe

2,
where σa

2 is the additive genetic variance component, σse
2 is

the shared environment variance component, and σe
2 is the

individual environment variance component (29). For two
individuals i and j within the same family, the covariance
between the residuals, cov((Yi – µi)(Yj – µj)), is given by 
σa

2 � γtwσse
2 for monozygotic twin pairs, 1/2σa

2 � γtwσse
2

for dizygotic twin pairs, 1/2σa
2 � γsibσse

2 for nontwin sibling
pairs, and 1/2σa

2 � γpoσse
2 for parent-offspring pairs. For

spouse pairs, the covariance was estimated as ρspσ2. In all
analyses, γtw � 1, and for each of the nontwin relationships

¿
¿

the shared environment coefficient, γ, has been either esti-
mated or fixed to be in the interval [0, 1]. That is, we have
assumed that the persisting effect of shared environment
during cohabitation is the same within monozygotic pairs as
it is within dizygotic pairs; this is the critical assumption of
the classic twin model (30). Within all other relationships,
the effect of shared environment is assumed to be less than
or equal to that within twin pairs.

In subsequent analyses, we interpreted any correlation
between spouses in terms of 1) the effects of spouses having
shared their environment since marriage or 2) the conse-
quence of spouses being correlated for the trait at the time of
their marriage. The latter effect is known as “assortative
mating.” It is not possible from the data we have collected
to determine which of the two scenarios is more appropriate.
Nevertheless, for height (which is fully attained by adult-
hood and varies little within an individual over the age range
of the subjects in this study), one must presume that the
spouse correlation was due to assortative mating. In fitting
the assortative mating model, the only change to the covari-
ance modeling above was that the additive genetic compo-
nent in the covariance between siblings and dizygotic pairs
is given instead by 1/2(1 � ρsp)σa

2; see Fisher (28).
A range of models was fitted, starting with the “simplest

model” in which a correlation between spouses, ρsp, was
estimated, along with all covariance components. It was also
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assumed that only the shared environment coefficient for
twin pairs, γtw � 1, was non-0. This is equivalent to fitting
the classic twin model. (Should any of the estimated vari-
ance components have not been significant at the 0.05 level,
that component was deleted and the model refitted.)
Following this, different sets of shared environment coeffi-
cients were fitted for the nontwin relatives. In the “full
model,” all three variance components and all shared envi-
ronment coefficients were fitted together. The choice of the
“best model” was made by use of the likelihood ratio crite-
rion. If a variance component estimate (in particular, σse

2)
was not significant at the 0.05 level, it was set to zero and
the model refitted.

RESULTS

A total of 783 families, comprising 2,959 individuals,
were recruited into the study. The study sample com-
prised 1,549 parents and 1,410 offspring with a total of
1,517 females and 1,442 males. Families with one or two
participating offspring were most common. There were
320, 323, 112, 23, and 3 families with one, two, three,
four, and five participating offspring, respectively. In 15
families only one parent took part. One of these families
comprised the mother only, who was included as one of a
pair of twins in the parental generation (figure 1). Figure

1 also provides details of the number and nature of fami-
lies involving twins. A total of 89 monozygotic and 86
dizygotic twin pairs participated. Most twin pairs were in
the offspring generation, but 16 monozygotic and eight
dizygotic twin pairs were included as parents of separate
families.

The summary data in table 1 show that males and females
were of comparable age in both generations. In general,
males were taller and heavier and had a higher body mass
index, systolic blood pressure, and diastolic blood pressure.
The pulse rate and high density lipoprotein cholesterol were
higher in females. On average, parents had a higher weight,
body mass index, blood pressure, and total cholesterol level
but a lower pulse rate and height than did offspring. The
means for these variables are consistently close (on average,
differing by 0.6 percent) to the mean values recorded in
other previous Australian population-based studies of car-
diovascular risk factors (31).

Figures 2–4 show the estimated correlation coefficients
for the age- and sex-adjusted risk factors. For none of these
traits was there a difference in the correlation by sex within
the categories of monozygotic, dizygotic, nontwin sibling,
or parent-offspring pairs.

Tables 2–4 show the parameter estimates for fitted mod-
els to the age- and sex-adjusted risk factors.

TABLE 1. Descriptive statistics of measured phenotypes according to generation and by sex, Victorian Family Heart Study,
1990–1996

Offspring
Male
Female

Parents
Male
Female

674
736

768
781

No.
Age (years) Height (cm) Weight (kg)

Mean Median IQR* Mean Median IQR Mean Median IQR

24.1 (3.78)†
24.0 (3.63)

55.2 (6.38)
52.5 (5.9)

24
24

55
52

21–27
21–27

50–60
48–56

177.8 (6.64)
164.8 (6.59)

173.8 (7.04)
161.6 (6.33)

178
165

174
161

173–182
160–169

169–179
157–166

76.7 (12.34)
61.7 (10.58)

81.6 (11.92)
67.9 (11.88)

76
61

81
66

68–84
55–66

74–89
60–74

Offspring
Male
Female

Parents
Male
Female

Body mass index (kg/m2) Systolic blood pressure (mmHg) Diastolic blood pressure (mmHg)

Mean Median IQR Mean Median IQR Mean Median IQR

24.2 (3.62)
22.7 (3.58)

27.0 (3.40)
26.0 (4.49)

23.8
22.1

26.6
25.2

21.7–26.1
20.3–24.4

24.6–29.0
22.9–28.6

122.4 (10.53)
113.1 (9.87)

130.0 (15.14)
124.5 (14.87)

122
112.5

127.5
122.5

115–129
107–119.3

120–137.5
113.5–133.5

72.0 (9.38)
68.2 (8.59)

82.2 (8.80)
78.2 (8.59)

72
68

82
78

65.5–78
62.5–73.5

76–87.5
72–84

Offspring
Male
Female

Parents
Male
Female

Pulse rate
(per minute)

Total cholesterol
(mmol/liter)

High density lipoprotein cholesterol
(mmol/liter)

Mean Median IQR Mean Median IQR Mean Median IQR

71.4 (10.1)
74.5 (10.0)

69.6 (9.9)
71.8 (9.3)

71
74

69
71

64.5–77.5
67.3–81

62.5–76
65–77.5

4.7 (0.97)
4.7 (0.84)

5.8 (0.99)
5.8 (1.01)

4.6
4.6

5.8
5.7

4.0–5.2
4.1–5.3

5.1–6.4
5.1–6.4

1.19 (0.32)
1.48 (0.39)

1.20 (0.49)
1.58 (0.49)

1.2
1.4

1.1
1.5

1.0–1.3
1.2–1.7

0.9–1.4
1.3–1.8

* IQR, interquartile range.
† Numbers in parentheses, standard deviation.
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FIGURE 2. Correlation coefficients and their standard errors for the following pairs of family members: spouse-spouse, parent-offspring, non-
twin siblings, dizygotic (DZ) twins, and monozygotic (MZ) twins for height (left), weight (middle), and body mass index (right), Victorian Family
Heart Study, 1990–1996.

Anthropometric risk factors

For height, figure 2 shows that the correlation was high-
est for monozygotic pairs, where it was about 0.9. The cor-
relations for the different categories of first-degree relatives
were similar and, although clearly less than the correlation
for monozygotic pairs, they were generally in excess of half
the monozygotic correlation. There was also a moderate cor-
relation within spouse pairs of about 0.4.

The greater monozygotic versus dizygotic correlation is
consistent with a genetic component of variance, under the
critical assumption of the classic twin model. The congruity
of the correlation within different types of first-degree rela-
tives is also consistent with a genetic cause of variation. The
excess when compared with one-half the monozygotic cor-
relation is consistent with the existence of environmental
determinants that are common to members of the same fam-
ily. As noted in Materials and Methods, Statistical methods,
the spouse correlation is likely to be a consequence of assor-
tative mating.

Table 2 shows that the best-fitting model included both a
genetic and a shared environment component. Furthermore,
the effect of the shared environment was estimated to have
been the same, irrespective of type of relationship within a
pair. That is, it was the same for twin pairs, irrespective of
their zygosity, as it was for nontwin sibling pairs and parent-
offspring pairs.

When the assortative mating model was fitted, the esti-
mate for σa

2 was 23.63 (standard error, 1.39), while the esti-
mates for σse

2 and the shared environment coefficients
remained unchanged. That is, 55 percent of variance was
attributable to additive genetic factors, 15 percent to the
effects of a shared family environment, and the remaining
30 percent to individual-specific environmental factors.

For weight and body mass index, figure 2 shows that the
monozygotic correlations were again high (around 0.8), but
a different pattern to height was apparent across the other
relationships. The correlations decreased in going from
monozygotic to dizygotic to nontwin sibling to parent-off-
spring to spouse pairs. The best-fitting model for weight
(table 3) included a genetic and shared environment compo-

nent, but in this case the latter effect was limited to twin
pairs. The correlation within twin pairs due to this effect was
1.0 × 29.47 / (83.70 + 29.47 + 21.52) � 0.22, similar to the
correlation between spouse pairs of 0.24. If all of the spouse
correlation is presumed to be due to nongenetic factors, it
was estimated that 62 percent of the variance was attribut-
able to additive genetic factors, 22 percent to the shared twin
environment, and the remaining 16 percent to individual
environment. When the assortative model was fitted instead,
presuming that all of the spouse correlation was evident at
marriage, the genetic component of variance became 67.6 or
50 percent of variance.

For body mass index, the best-fitting model included a
genetic and a shared environment component. The latter
effect explained 35 percent of variance and was greatest in
twin pairs, about one half as strong within nontwin sibling
pairs, and half as strong again within parent-offspring pairs.
The correlation within twin pairs attributed to this effect was
0.39, and that within nontwin siblings was 0.18. The corre-
lation between spouse pairs was 0.26. If all the spouse cor-
relation was attributed to nongenetic factors, the genetic
component explained 40 percent of variance. When the
assortative mating model was fitted, this was reduced to 32
percent.

Hemodynamic risk factors

Figure 3 shows that the general pattern observed for
weight and body mass index, a decline in correlation from
monozygotic pairs through to spouse pairs, was generally
evident for systolic blood pressure and diastolic blood pres-
sure. The monozygotic correlations were still highest but
now in the 0.5–0.6 range. The best-fitting model for systolic
blood pressure included both a genetic and a shared envi-
ronmental component but, for diastolic blood pressure, it
included only a genetic component.

For systolic blood pressure, the effect of the shared envi-
ronment explained 13 percent of variance and was estimated
to be the same within twin pairs as it was within nontwin sib-
ling pairs, but it was not evident within parent-offspring pairs
(table 3). That is, it was restricted to the one generation. The
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TABLE 2. Statistical modeling of genetic and environmental components of variance of height, weight, and body mass index, Victorian Family Heart Study, 1990–1996*

Simplest
Full‡
Best fit
Assortative mating

37.410 (1.213)†
27.440 (5.432)
32.990 (1.713)
23.630 (1.385)

Model σ
a

2 σ
ae

2 ρ
sp

γ
po

γ
tw

γ
sib

σ
e

2 Log likelihood

0.000 (0.000)
11.730 (5.460)

6.232 (1.534)
6.232 (1.534)

0.341 (0.028)
0.402 (0.029)
0.396 (0.029)
0.396 (0.029)

0.000
0.774 (0.129)
1.000
1.000

1.000
1.000
1.000
1.000

0.000
0.634 (0.118)
1.000
1.000

3.321 (0.405)
4.006 (0.606)
4.002 (0.604)

13.370 (0.597)

–6,729.07
–6,718.93
–6,720.62
–6,720.62

Height

Simplest
Full
Best fit

83.700 (6.569)
76.710 (20.400)
83.700 (6.569)

29.470 (5.528)
36.520 (19.920)
29.470 (5.528)

0.239 (0.032)
0.232 (0.033)
0.239 (0.032)

0.000
0.078 (0.259)
0.000

1.000
1.000
1.000

0.000
0.308 (0.183)
0.000

21.520 (3.120)
21.800 (3.327)
21.520 (3.120)

–8.728.70
–8,725.24
–8,728.70

Weight

Simplest
Full
Best fit

8.316 (0.710)
5.817 (2.111)
5.817 (2.111)

3.195 (0.648)
5.649 (1.990)
5.649 (1.990)

0.262 (0.030)
0.259 (0.031)
0.259 (0.031)

0.000
0.225 (0.129)
0.225 (0.129)

1.000
1.000
1.000

0.000
0.448 (0.111)
0.448 (0.111)

2.862 (0.402)
3.026 (0.468)
3.026 (0.468)

–5,361.69
–5,358.62
–5,358.62

Body mass index

* Variance components and the log likelihoods are provided for the simplest, full, and most parsimonious model for each phenotype.
† Numbers in parentheses, standard error. Any estimate without a standard error has been fixed at the designated value.
‡ The full model takes into account the following components: additive genetic (σ

a
2), shared environment (σ

se
2) and error (σ

e
2) effects, correlation coefficient between spouse pairs

(ρ
sp

), and shared environment coefficients for parent-offspring pairs (γ
po

), twin pairs (γ
tw
), and nontwin sibling pairs (γ

sib
).

TABLE 3. Statistical modeling of genetic and environmental components of variance of systolic and diastolic blood pressure and pulse rate, Victorian Family Heart
Study, 1990–1996*

Simplest
Full‡
Best fit

70.990 (8.001)†
62.460 (29.650)
69.370 (8.081)

Model σ
a

2 σ
ae

2 ρ
sp

γ
po

γ
tw

γ
sib

σ
e

2 Log likelihood

12.540 (12.860)
26.810 (20.900)
22.080 (8.188)

0.128 (0.028)
0.123 (0.029)
0.123 (0.029)

0.000
0.142 (0.486)
0.000

1.000
1.000
1.000

0.000
1.000
1.000

81.780 (11.970)
77.850 (12.780)
75.500 (7.855)

–9,161.41
–9,158.35
–9,158.38

Systolic blood pressure

Simplest
Full
Best fit

32.560 (3.327)
23.540 (15.090)
34.430 (3.238)

6.910 (4.136)
14.370 (12.400)

0.000

0.149 (0.035)
0.147 (0.036)
0.157 (0.035)

0.000
0.304 (1.307)
0.000

1.000
1.000
0.000

0.000
0.496 (0.260)
0.000

35.820 (3.802)
37.470 (5.029)
41.030 (2.630)

–7,966.87
–7,966.24
–7,968.18

Diastolic blood pressure

Simplest
Full
Best fit

24.500 (3.930)
14.230 (21.560)
24.500 (3.930)

18.300 (5.896)
26.140 (17.110)
18.300 (5.896)

0.086 (0.038)
0.089 (0.038)
0.086 (0.038)

0.000
0.215 (0.293)
0.000

1.000
1.000
1.000

0.000
0.132 (0.366)
0.000

52.620 (5.478)
55.050 (7.651)
52.620 (5.478)

–8,373.97
–8,373.70
–8,373.97

Pulse rate

* Variance components and the log likelihoods are provided for the simplest, full, and most parsimonious model for each phenotype.
† Numbers in parentheses, standard error. Any estimate without a standard error has been fixed at the designated value.
‡ The full model takes into account the following components: additive genetic (σ

a
2), shared environment (σ

se
2) and error (σ

e
2) effects, correlation coefficient between spouse pairs

(ρ
sp

), and shared environment coefficients for parent-offspring pairs (γ
po

), twin pairs (γ
tw
), and nontwin sibling pairs (γ

sib
).
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FIGURE 3. Correlation coefficients and their standard errors for the following pairs of family members: spouse-spouse, parent-offspring, non-
twin siblings, dizygotic (DZ) twins, and monozygotic (MZ) twins for systolic blood pressure (left), diastolic blood pressure (middle), and pulse
rate (right), Victorian Family Heart Study, 1990–1996.

FIGURE 4. Correlation coefficients and their standard errors for the following pairs of family members: spouse-spouse, parent-offspring, non-
twin siblings, dizygotic (DZ) twins, and monozygotic (MZ) twins for total cholesterol (left) and high density lipoprotein (HDL) cholesterol (right)
levels, Victorian Family Heart Study, 1990–1996.

spouse correlation was 0.12. If this was all attributed to the
within-generation shared environment effect, the genetic
component explained 41 percent of variance. If all of the
spouse correlation was attributed to assortative mating, the
genetic component explained 37 percent of variance.

For diastolic blood pressure, the full model attributed 19
percent of variance to a shared environment effect, which
was about half or less within nontwin sibling and parent-
offspring pairs than it was within twin pairs, but this effect
was not nominally significant. The spouse correlation was
0.16. When the shared environment effect was ignored and
the spouse correlation attributed to nongenetic factors, the
additive genetic component explained 46 percent of vari-
ance. When the spouse correlation was all attributed to
assortative mating, this became 42 percent.

For pulse, figure 3 shows that the twin correlations were
modest and similar, and there were only weak correlations
within nontwin pairs. Table 3 shows that the best-fitting model
allowed for a genetic and shared environment component. The
latter explained 19 percent of variance but was evident only
within twin pairs. The spouse correlation was 0.09. When it
was attributed to nongenetic factors, 26 percent of variance

was attributable to additive genetic factors. When it was
attributed to assortative mating, this dropped to 24 percent.

Biochemical risk factors

Figure 4 shows a pattern in correlations for total choles-
terol that is similar to that seen in figure 2 for weight and
body mass index. The pattern for high density lipoprotein
cholesterol was similar in that monozygotic pairs were
highly correlated for both lipid measures. However, there
was a clear difference between total and high density
lipoprotein cholesterol in the correlation within spouse
pairs, being low for total cholesterol but as strong as in first-
degree relatives for high density lipoprotein cholesterol.

For total cholesterol, the best-fitting model included both
a genetic and shared environment component, the latter
being evident only within twin pairs and explaining 15 per-
cent of variance (table 4). The spouse correlation was 0.07;
when attributed to nongenetic factors, the genetic variance
explained 49 percent of variance, otherwise 46 percent.

For high density lipoprotein cholesterol, the best-fitting
model included both a genetic and shared environment com-
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ponent. The latter effect explained 24 percent of variance
and was the same within sibling pairs, whether or not they
were twins, and about one third as strong within parent-off-
spring pairs. The spouse correlation was 0.31; when attrib-
uted to nongenetic factors, the genetic variance explained 57
percent of variance, otherwise 43 percent.

DISCUSSION

The Victorian Family Heart Study provides an opportu-
nity for informative analyses of the genetic and environmen-
tal components of variance of major cardiovascular risk fac-
tors in the general adult population. Certain features of the
research design are noteworthy. Unlike many other family
studies of cardiovascular risk, both parents and offspring
were adult. As a result, we avoided the effects of normal
growth and maturation on the ranking of the anthropometric,
hemodynamic, and biochemical variables under considera-
tion. Furthermore, most offspring were living independently
of their parents, and of one another, at the time of the study.
As such, the effects attributed to environmental factors
shared by family members must reflect behaviors and
lifestyles that occurred when parents and children cohabited.
That we found evidence for these effects during independent
adult life suggests that there must have been periods in early
life during which the family environment cemented long-
term correlations between relatives in cardiovascular risk
factors. Therefore, although our study as yet contains no lon-
gitudinal follow-up, it allows certain inferences to be made
about the persistent effects of early family environment.

The study families were volunteers and not randomly
selected. However, we made special efforts to attract a rep-
resentative sample of families by avoiding oversampling of
families with heart disease. In brochures and correspon-
dence given to potential families, we wrote, “Even if you
come from a family where heart disease is virtually
unknown, your help is just as important.” The fact that the
distribution and mean values for the eight phenotypes were
similar to those found by other recent regional population
surveys, such as the 1990 National Heart Foundation Risk
Factor Prevalence Survey (31), suggests that analyses of our
study sample will not yield biased estimates.

The Victorian Family Heart Study is unusual in the way
in which twins were included. The Australian Twin Registry
was used not to select twin pairs per se but to ascertain fam-
ilies. As such, twins are included as single individuals or as
pairs, together with any studied relatives, whether they were
in the preceding, same, or succeeding generation; see figure
1. The multivariate normal model is able to handle such
nonregular data. On average, twins showed minor differ-
ences from the remainder of the participants (data not
shown). They were more often female, but the analyses used
data adjusted for sex differences. In the offspring genera-
tion, twins were of slightly smaller physical build. In both
generations, twins showed no differences in total choles-
terol, high density lipoprotein cholesterol, or pulse rate.
Twins in the offspring generation had blood pressures on
average 2 mmHg less than did nontwin offspring. These
comparisons suggest that selection of twins in this study hasTA
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not been associated with substantial bias, and their inclusion
in the general population sample has not created important
distortion of phenotype distributions.

The informativeness of the Victorian Family Heart Study
for disentangling the effects of shared genes from those of
shared environment during cohabitation has been enhanced
by including families containing monozygotic or dizygotic
twins, either as parents or as offspring. Figure 1 shows that,
in families where there are twin pairs and nontwin siblings
in the offspring generation, combinations include twin-twin
pairs (which may differ by zygosity), twin-sibling pairs, and
sibling-sibling pairs. Although exposed to the same family
environment, the sibling-sibling pairs are not subject to any
within-twin pair environmental effects. In those where there
are twin pairs in the parental generation, their offspring are
genetically related as first or second degree relatives,
depending on whether the twin pair is monozygotic or dizy-
gotic, yet presumably they have not been raised in the same
familial environment. The method of statistical analysis that
we have used is capable of maximizing the information con-
tained in all these contrasts.

Statistical analyses showed that, for all of the phenotypes
examined in this study, there was evidence of both genetic
and shared environmental components of variance.
However, the balance of these two components differed
between phenotypes. Furthermore, the design permitted
analysis of the relative importance of shared environment
between different types of relative pairs within families.
These environmental patterns within families differed
between phenotypes. The cardiovascular risk factors also
differed in the proportion of variance that could be ascribed
to individual variation, which included measurement error.
Consistent with the hemodynamic variables being inher-
ently unstable, these showed the greatest individual-specific
variance.

The anthropometric variables showed interesting and
contrasting patterns. For height, the correlations in figure 2
across the different categories of first-degree relatives were
similar, consistent with the classic description dating back
more than 80 years (28) of familial covariation in height
being mostly due to genetic factors. For weight and body
mass index, however, correlations between first-degree rel-
atives varied considerably. This immediately suggests a role
for shared environmental factors that determine body size,
such as diet and exercise. Our study suggests that such fac-
tors have an effect during childhood and adolescence and
that their legacy persists in adulthood, at least to age 30. The
same pattern of correlations across first-degree pairs is more
or less evident for all of the other risk factors considered
here. Modeling suggested that the variance attributed to
those past shared family environmental effects varied from
almost 40 percent for body mass index to being small and
not nominally significant for diastolic blood pressure. Most
phenotypes had a variance component for shared environ-
ment that explained in the range of 10 percent to just over
20 percent of age- and sex-adjusted variance.

Although derived from weight and height, body mass
index showed a smaller proportion of variance attributed to
additive genetic factors. This is consistent with at least one

other study (32). It is likely that the high genetic component
of variance for weight is the result of its covariation with
height, an influence lost when adjusting for height in the cal-
culation of body mass index.

It was also consistently observed that the correlation
within monozygotic pairs was greater than within dizygotic
pairs and other first-degree relatives. This is compatible
with a role for genetic factors, under the assumption that the
effect within twin pairs of shared environmental factors spe-
cific to the trait in question is independent of zygosity. We
have not been able to make a formal test of this critical
assumption. We have, however, been able to consider how
the environmental effect shared within nontwin pairs and
parent-offspring pairs compared with that within twin pairs.
For some traits, such as height, systolic blood pressure, and
high density lipoprotein cholesterol, all sibling pairs appear
to have shared such environmental effects to the same extent
while, for the others, the effects within nontwin sibling pairs
were greatly reduced or nonexistent. An effect of shared
environment within parent-offspring pairs was usually
nonexistent or weak compared with that within sibling pairs.

The evidence for a substantial genetic contribution to
variance of systolic and diastolic blood pressure is consis-
tent with previous analyses (33–39). However, the apparent
absence of an influence of a persisting effect of shared envi-
ronmental factors on diastolic blood pressure contrasted
with the findings for systolic blood pressure and with other
published data regarding diastolic blood pressure. The rea-
son for this discrepancy is unclear and may be a conse-
quence of lack of power to detect a small effect. Using the
standard error of σ

se
2 in the full model, we estimate that we

had 80 percent power at α � 0.05 to detect an effect of
shared environment of 40 percent or more for diastolic pres-
sure. However, it is consistent with one other study that also
found no evidence for an effect of shared environment on
diastolic blood pressure in a Greece-Australia migrant and
nonmigrant family study (40). Different patterns for systolic
and diastolic pressure may reflect physiologic differences in
the determination of the two pressures and their differences
in natural history (41) and effects on cardiovascular risk
(42).

For all cardiovascular risk factors, spouse pairs were cor-
related, although this varied from about 0.1 for pulse and
total cholesterol up to about 0.3 for high density lipoprotein
cholesterol and 0.4 for height. As spouse pairing usually
takes place after linear growth has ceased, the strong corre-
lation for height almost surely represents the result of assor-
tative mating (i.e., people tend to marry someone of a simi-
lar height, even within a population). The spouse correlation
for age- and sex-adjusted height was almost as high as the
correlation between first-degree relatives. In contrast, it is
not as biologically plausible that the moderate spouse corre-
lations in covert phenotypes such as high density lipoprotein
cholesterol, for example, could be attributed to assortative
mating. The spouse correlation for high density lipoprotein
cholesterol should, therefore, be more appropriately attrib-
uted to the shared marital environment. Further support for
this comes from the modeling of first-degree relatives,
which suggested a role for the shared environment that
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explained almost one quarter of variance and was as high in
nontwin sibling pairs as in twin pairs and was also evident
in parent-offspring pairs.

The contrast between total and high density lipoprotein
cholesterol is interesting. Previously reported estimates of
“heritability” (i.e., the percentage of total variance attributed
to the genetic component of variance (43)) for total choles-
terol and high density lipoprotein cholesterol have generally
been about 40–60 percent, with no consistent difference
(44–50). The cultural and environmental influences, how-
ever, have consistently been higher for high density lipopro-
tein cholesterol than for total cholesterol (36, 45, 47–50).
Our observation, that for total cholesterol the spouse corre-
lation was weaker and the shared environment explained
less variance and was restricted to twin pairs only, is consis-
tent with a greater role for family environmental and
lifestyle factors for high density lipoprotein cholesterol than
for total cholesterol. It had been suggested that the rearing
environment has persistent effects on total but not on high
density lipoprotein cholesterol (51), consistent with a short-
term effect of environment on high density lipoprotein cho-
lesterol. However, our data suggest that early environmental
effects on high density lipoprotein cholesterol may persist.
Furthermore, the moderate spouse correlation could be due
to current and recent cohabitation. High density lipoprotein
cholesterol is known to be modified by lifestyle factors
(52–54), such as alcohol, cigarette smoking, and exercise,
and the continued sharing of these activities in the parental
environment may explain the spouse correlation for couples
aged 40 and 70 years. Nevertheless, the responses in high
density lipoprotein cholesterol to environmental factors may
vary between individuals, and this may be due to genetic
factors (55, 56).

If a trait has genetic variance and there is also assortative
mating, the offspring will be genetically more similar to one
another than if there is no assortative mating. The effect will
depend on the amount of variance attributed to genetic factors
and the observed correlation between spouse pairs. Because
we have data only on spouse pairs who have presumably
known each other for two decades or more, it is difficult to
assign a cause to an observed spouse correlation. Previous
longitudinal studies of cardiovascular risk factors have found
inconsistent trends in the spouse correlation in relation to the
duration of marriage (13, 57). Over time, correlations
appeared to weaken for blood pressure and body mass index
but strengthened for total cholesterol. However, in those stud-
ies, the small magnitude of changes in spouse correlations
would favor assortative mating, rather than cohabitation, as
the more plausible explanation. Nevertheless, in our analyses
we found (other than for height) that there was little change in
the estimates of genetic variance, irrespective of whether
spouse correlation was attributed to assortative mating or not.

In summary, the genetic and environmental architecture
of cardiovascular risk factors is apparently not uniform
across traits, even those physiologically related such as the
blood pressure and cholesterol measures. Although genetic
factors have a substantial impact, we also found that the
environment shared during upbringing can have persistent
effects into early adulthood. It should be noted that our

results were derived from a relatively homogeneous popula-
tion and, therefore, cannot be extrapolated without verifica-
tion to other racial or geographic groups.

These analyses were of individual traits, however, and did
not systematically examine the intercorrelation between
individual phenotypes and its impact on trait-specific and
trait-shared variance components. Because certain cardio-
vascular risk factors are known to aggregate, future analyses
of these data will consider multiples of risk factors together,
in order to establish if there are substantial genetic or shared
environmental components that influence and, hence, help
to define clusters of risk factors (32, 58).
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