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Abstract A multivariate twin study was conducted in order to evaluate to what extent smoking, BMI and longevity are influenced by common genetic factors. The study
was based on a 28-year follow-up of a sample of 2464
Danish twins who were born in the period 1890–1920 and
who answered a questionnaire, including requests for information on smoking status, height and weight, in 1966.
By 1994, approximately 2/3 of the sample had died. To
compensate for the right-censoring, age at death was imputed for twins who were still alive by using survival
analysis; all living subjects were more than 73 years old
(mean 80 years, SD 5) in 1994. Proportions of covariance
resulting from genetic and environmental factors in common and unique to the three traits were estimated from covariance matrices using the structural equation model approach. The study found no evidence for a substantial impact of common genetic factors on smoking, BMI and
longevity. This suggests that only a small fraction of the
genetic influences on longevity is mediated via a genetic
influence on smoking and BMI and, furthermore, that it is
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unlikely that the associations between smoking and mortality and between BMI and mortality are confounded by
common genetic factors.

Introduction
Twin studies, which are one of the most powerful methods
for assessing genetic and environmental contributions to
inter-individual variation, indicate that there is a heritable
component to variation in human longevity (Herskind et
al. 1996a; Hrubec and Neel 1981; Jarvik et al. 1960; McGue et al. 1993), a finding that is supported by family and
adoption studies (Sørensen et al. 1988; Wyshak 1978). On
the basis of an almost non-censored sample of 5810 Danish twins born 1870–1900, we have recently estimated the
heritability of longevity, i.e. the proportion of the variation in longevity attributable to genetic factors, to be 0.25
(Herskind et al. 1996a). However, it is not only interesting
to estimate the magnitude of genetic influences, but also
to determine how these genetic influences on lifespan are
mediated. The heritability of human longevity might reflect specific genetic effects, e.g. ‘killer genes’ or length
of telomeres (repetitive sequences at the end of DNA
strands; Harley et al. 1990; Schächter et al. 1993; Steel
1995), or might be mediated by genetic influences on lifeshortening diseases, conditions or life-style factors.
Several long-term and prospective epidemiological
studies have shown that factors such as smoking and body
mass index (BMI = weight/height2), have a major impact
on longevity (Ben-Schlomo et al. 1994; Doll et al. 1994;
Kushner 1993; Waaler 1984). Furthermore, quantitative
genetic studies suggest that variation in both smoking and
BMI have a strong genetic component (Bouchard 1994;
Heath and Madden 1995; Herskind et al. 1996b). Therefore, the genetic influences on longevity might be accounted for, at least in part, by genetic influences on covariates such as smoking and BMI.
Erroneous inferences about causality in the relationship between the covariates (smoking and BMI) and
longevity would be made if the covariates and longevity
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were caused by the same latent genetic or environmental
variables. This idea of “genetic confounding”, which has
been a subject of controversy (Clarke 1991; Donner 1991;
Eysenck 1991; Greenland 1991; Stolley 1991a, b; Vandenbroucke 1991a, b), was originally proposed by R.A.
Fisher, who suggested that the association between smoking and lung cancer was attributable to a genetic predisposition to smoking that was also linked to lung cancer
(Fisher 1958a, b).
Both the question of how the genetic influences on
longevity are mediated and the question of “genetic confounding” can be addressed in twin studies but only a few
studies have been conducted so far. Hrubec et al. (1984)
have found no reduction in the heritability of longevity
when controlling for covariates (smoking, marital status
and police registration for alcohol use), suggesting that
the genetic influences on longevity are not mediated
through genetic influences on the covariates. Case-control
studies of smoking discordant monozygotic twins (MZ),
who are genetically identical, do not support the hypothesis of “genetic confounding”’ in the association between
smoking and mortality (Floderus et al. 1988; Kaprio and
Koskenvuo 1989, 1990). However, all of these previous
studies are left-truncated and heavily right-censored.
In a sample of 2464 Danish twins born 1890–1920 and
followed from 1966–1994, we have estimated, by path
analysis, the extent to which the heritability of longevity
is accounted for by genetic influences on covariates such
as smoking and BMI. In addition, we have explored
whether the association between either smoking and
longevity or between BMI and longevity is caused by
common latent genetic or environmental factors.

twin pairs, viz. 213 MZ male, 322 DZ (dizygotic) male, 279 MZ
female and 418 DZ female pairs, were included. In 1966, the age
range of the sample was 46–76 years.
Death status was obtained from the Central Person Register,
the Danish Cause-of-Death Register and various other public registers in Denmark. The last follow-up was completed on May 1,
1994. Some 968 individuals out of 2464 (39%) were still alive at
the date of the last follow-up but all were older than 73 years (in
1994, the mean was 80.3 years with an SD of 5.0 and a range
73.3–95.3 years for males, and 80.6 years with an SD of 5.2 and a
range 73.4–98.8 years for females). A total of 566 pairs were concordant for death, 364 discordant and 302 concordant alive. The
status of the twins by sex and year of birth is presented in Fig. 1.
Mean age at death for the non-censored part of the sample was
75.4 years (SD 8.2, range 53.8–97.0) for males and 77.2 years (SD
9.2, range 51.4–98.2) for females.
Smoking, BMI and mortality
In a multivariate twin analysis, standard model fitting procedures
assume a linear relationship between the variables (Neale and Car-

Materials and methods
Subjects
This study was based on The Danish Twin Register, which includes all twin pairs born in Denmark between 1870 and 1910 and
all like-sexed pairs born between 1911 and 1930 in which both cotwins survived to the age of 6 years (Hauge 1981). Zygosity was
determined by self-reported degree of similarity. A comparison of
this method with laboratory methods (serological markers) showed
that misclassification arising from self-report occurs in less than
5% of the cases (Hauge 1981).
In 1966, a questionnaire was mailed to non-emigrant like-sexed
twins who had been born in the period 1890–1920 and who were
traced and alive at the time. The questionnaire contained questions
about health, social, behavioral and physical characteristics. A total of 3709 individuals answered the questionnaire yielding an individual response rate of 65%.
Excluded from the study were 813 twins whose co-twin did
not participate in the survey, pairs of unknown zygosity (4 pairs)
and pairs with incomplete information on height and weight for
both co-twins (190 pairs). It was also decided to exclude pairs in
which either twin had a BMI < 15 kg/m2 (2 pairs) or a BMI > 45
kg/m2 (20 pairs). Individuals with a BMI of 45–66 kg/m2 constituted a distinct group of outliers (36 twins). Through hospital
records and/or information from the co-twin, we were able to determine that 16 of these twins had given their weight in pounds,
but we were not able to verify the values for the remaining 20
twins. Because of this uncertainty, we decided to exclude these
cases. Among a 5% sample of twins with a BMI of 15–45 kg/m2,
none were found to have given their weight in pounds. Thus, 1232

Fig. 1 Histogram illustrating absolute number of twins born and
deceased (by May 1, 1994) by sex and birth cohort
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Table 1 Number of individuals in a sample of 2464 Danish
twins by sex, smoking and
BMI

Nonsmokers
Males

Females

BMI < 22
BMI 22–28
BMI > 28

11
81
25

Others
(ex-smokers,
etc.)

Current
pipe/cigar
smokers

Current
cigarette
smokers

Total

12
142
35

45
338
93

33
211
44

101 (9.4%)
772 (72.1%)
197 (18.4%)

Total

117 (10.9%)

189 (17.7%)

476 (44.5%)

288 (26.9%)

BMI < 22
BMI 22–28
BMI > 28

106
355
159

48
142
41

48
137
37

102
175
44

Total

620 (44.5%)

231 (16.6%)

222 (15.9%)

321 (23.0%)

don 1992). Smoking status was divided into four groups of increasing risk: non-smokers, ex-smokers, current cigar or pipe
smokers and current cigarette smokers. Non-smokers were defined
as individuals who had smoked less than 100 cigarettes, 50 cigars
or cigarillos, or 5 packs of tobacco in their lifetime. Persons who
gave no information on life-time smoking status (117 individuals)
or current smoking status (52 individuals) were pooled with the
ex-smokers (251 individuals). Current cigarette smokers who also
smoked other kinds of tobacco were included in the group of current cigarette smokers. Because the association between BMI and
mortality is J- or U-shaped rather than linear, BMI was divided
into three groups based on increasing risk of mortality: 22–28
kg/m2, < 22 kg/m2 and > 28 kg/m2. The distribution of smoking
and BMI by sex is given in Table 1. Mean age in 1966 was not significantly different in the various smoking and BMI subgroups.
As previously mentioned, despite a long follow-up, the data set
was partly right-censored. Because there is no standard method
available to handle right-censored twin data, censored observation
times were replaced by imputed uncensored survival times by using survival analysis taking all available survival and covariate information for the twin pair in question into account (see Appendix). To test the reliability of the imputation, 10 different data sets
were constructed.

304 (21.8%)
809 (58.0%)
281 (20.2%)

Fig.2 Path diagram illustrating the univariate case. Latent variables are in circles; observed variables are depicted by squares.
Double-headed arrows represent correlations, single-headed arrows link the observed variables to the latent variables, A additive
genetic factors, D genetic factors attributable to dominance, C
shared environmental factors, E non-shared environmental factors,
MZ monozygotic twins, DZ dizygotic twins

Biometrical models
Covariance between twins can provide useful information about
genetic and environmental contributions to variation within individuals. Structural equation (SE) modelling, which has been described in detail elsewhere (Neale and Cardon 1992), is one of the
most powerful approaches for separating the sources of phenotypic
variation. The path diagram in Fig. 2 illustrates the univariate
model for decomposing variance in longevity. The total phenotypic variance can be decomposed into two genetic and two environmental components. Additive genetic factors (A) are the effects
of genes taken singly and added over multiple loci, whereas genetic dominance (D) represents genetic interaction (within loci).
Shared environmental effects (C) are the environmental effects
that are shared by family members, and non-shared environmental
effects (E) are the environmental influences that are not shared by
family members. The diagram indicates how each type of factor
contributes to the covariance within an MZ or DZ twin pair. Additive genetic factors and genetic dominance are perfectly correlated
in MZ twins, whereas DZ twins, like ordinary siblings, share only
half of the additive genetic effects and one quarter of the genetic
dominance effects. Shared environmental effects are perfectly correlated in both MZ and DZ twins. Lower case letters (path coefficients) represent the genetic and environmental loadings on the
trait. The model assumes negligible effects of assortative mating,
epistasis, genotype-environment correlation and/or interaction. It
is also assumed that shared environmental influences are similar
for MZ and DZ twins (see Neale and Cardon 1992 for an analysis
of these assumptions).

Fig. 3 Cholesky path diagram for the multivariate case depicting
common and unique factors for genetic and environmental sources
of variance and covariance for smoking, body mass index and
longevity. The figure illustrates only one twin in a pair. G Genetic
factors, g genetic loadings, E environmental factors, e environmental loadings

In a manner similar to the decomposition of phenotypic variance, the genetic and environmental contributions to the covariance between traits can be assessed. A Cholesky model illustrating
the multivariate case for smoking, BMI and longevity (Neale and
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Table 2 Correlation matrix
for smoking, body mass index
and longevity in Danish MZ
and DZ male twins (example
from data set no. 1). Correlation: Pearson’s product moment, polychoric or polyserial
correlations depending on
whether both variables are continuous, both categorical or
one is categorical and the other
continuous

Twin 1
Smoking BMI
MZ

Twin 1

Twin 2

DZ

Twin 1

Twin 2

Table 3 Correlation matrix
for smoking, body mass index
and longevity in Danish MZ
and DZ female twins (example
from data set no. 1). Correlation: Pearson’s product moment, polychoric or polyserial
correlations depending on
whether both variables are continuous, both categorical or
one is categorical and the other
continuous

Twin 2
Longevity

Smoking
BMI
Longevity

1.000
0.083
–0.315

1.000
0.025

1.000

Smoking
BMI
Longevity

0.507
0.049
–0.217

–0.052
0.482
0.016

–0.103
–0.021
0.437

Smoking
BMI
Longevity

1.000
–0.025
–0.065

1.000
0.022

1.000

Smoking
BMI
Longevity

0.214
–0.009
–0.067

–0.092
0.157
0.082

–0.121
–0.074
0.189

Twin 1

Twin 1

Twin 2

DZ

Twin 1

Twin 2

Longevity

Smoking
BMI
Longevity

1.000
–0.085
–0.115

1.000
–0.072

1.000

Smoking
BMI
Longevity

0.585
–0.018
–0.004

–0.017
0.647
–0.151

–0.090
–0.077
0.353

Smoking
BMI
Longevity

1.000
–0.075
–0.224

1.000
–0.131

1.000

Smoking
BMI
Longevity

0.345
–0.116
–0.072

0.043
0.136
–0.057

–0.106
0.018
0.098

Cardon 1992) is given in Fig. 3. In this model, the proportion of total variance in longevity caused by genetic effects, i.e. heritability
(H2), is the sum of the squared standardized path coefficients:
H2longevity = g312 + g322 + g332
The heritability of longevity is thus accounted for by genetic factors in common with smoking and BMI (g312 + g322) and genetic
factors that are specific to longevity (g332).
The proportion of total variance caused by environmental effects, i.e. environmentality (E2) is similarly decomposed:
E2longevity = e312 + e322 + e332
The genetic correlation measures the extent to which two phenotypes share genetic effects. The genetic correlation between smoking and longevity is:
rg smoking,longevity = g11 * g31/(g112 * (g312 + g322 + g332)) ⁄
1

2

and between BMI and longevity is:

Longevity

1.000
–0.055
–0.213

1.000
–0.094

1.000

1.000
–0.091
–0.169

1.000
–0.042

1.000

Twin 2

Smoking BMI
MZ

Smoking BMI

Smoking BMI

Longevity

1.000
0.031
–0.137

1.000
–0.192

1.000

1.000
–0.092
–0.129

1.000
–0.088

1.000

Data on BMI and smoking used in the present analysis were categorical. To fit structural equation models to these data, an underlying normally distributed “liability” for BMI and smoking, respectively, was assumed. Correlations between the three phenotypes,
which are equal to the covariances in the present case, for each sex
and zygosity group were computed using the programme PRELIS
2.01 (Jöreskog and Sörbom 1993).
A Cholesky model including additive genetic effects (A) and
non-shared environmental factors (E) was fitted to the correlations.
This AE model was chosen because it gave a good fit in each of
the three univariate cases. Shared environmental factors seem to
have no effect on BMI (Herskind et al. 1996b; Vogler et al. 1995)
or longevity (Herskind et al. 1996a; Sørensen et al. 1988), whereas
dominance effects were found to be non-significant for both smoking (Heath and Madden 1995) and BMI (Herskind et al. 1996b).
Asymptotic weighted least squares estimates for the genetic and
environmental parameters were obtained by using the statistical
software Mx 2.1 (Neale 1994).

rg BMI,longevity = g22 * g32/((g212 + g222) * (g312 + g322 + g332)) ⁄
1

2

The environmental correlations are computed in the same way:
re smoking,longevity = e11 * e31/(e112 * (e312 + e322 + e332)) ⁄

Results

1

2

and
re BMI,longevity = e22 * e32/((e212 + e222) * (e312 + e322 + e332)) ⁄
1

2

Correlation matrices for the three phenotypes are shown
in Tables 2 and 3. Correlations for longevity between twin
1 and twin 2 in a pair were significantly different from
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Table 4 Standardized path coefficients derived from a multivariate analysis of 2464 Danish twins (example from data set no. 1). Brackets refer to path-coefficients in Fig. 3
G1
Males

Females

G2

Smoking
BMI
Longevity

0.8699 (g11)
0.0589 (g21)
0.0070 (g31)

0.6592 (g22)
0.1001 (g32)

Smoking
BMI
Longevity

0.7798 (g11)
0.0125 (g21)
–0.1130 (g31)

0.7896 (g22)
–0.1100 (g32)

G3

E1

E2

E3

0.6440 (g33)

0.4933 (e11)
–0.0048 (e21)
–0.1193 (e31)

0.7496 (e22)
–0.0439 (e32)

0.7477 (e33)

0.5541 (g33)

0.6261 (e11)
–0.0340 (e21)
–0.1151 (e31)

0.6125 (e22)
–0.0447 (e32)

0.8080 (e33)

Table 5 Heritability estimates for longevity with and without control for covariates, together with genetic and environmental correlations
for smoking, BMI and longevity (mean, range and standard error of the mean for 10 data sets) in a sample of 2464 Danish twins (AE model)
Males
Mean

Females
Range

SE

Means

Range

SE

Heritability of longevity

0.42

0.37–0.47

0.03

0.33

0.30–0.34

0.02

Heritability attributable
to smoking and BMI

0.02

0.01–0.04

0.01

0.03

0.02–0.05

0.01

Heritability residual

0.40

0.37–0.45

0.03

0.29

0.27–0.32

0.02

Smoking-longevity

Genetic correlation
Environmental correlation

0.07
–0.24

(–0.01)–0.13
(–0.16)–(–0.33)

0.04
0.06

–0.23
–0.14

(–0.16)–(–0.30)
(–0.08)–(–0.18)

0.02
0.04

BMI-longevity

Genetic correlation
Environmental correlation

0.18
–0.09

0.15–0.29
(–0.06)–(–0.14)

0.05
0.03

–0.20
–0.06

(–0.14)–(–0.26)
(–0.01)–(–0.11)

0.06
0.03

zero in all sex and zygosity groups. The data in Tables 2
and 3 further reveal that the correlation for longevity between twin 1 and twin 2 was higher for MZ than for DZ
twins, suggesting genetic influences on longevity. The
same pattern of twin correlation was observed for both
smoking and BMI.
Smoking was consistently and significantly negatively
associated with longevity within all groups (the association was non-significant only for twin 1 in the DZ male
group). The association between BMI and longevity was
significant or borderline-significant in 3 of the 4 female
groups but in none of the male groups.
The model fitting procedure showed that the AE model
provided a good fit to the data (males: χ212 = 25.73, P =
0.259; females: χ212 = 17.46, P = 0.683). The asymptotic
weighted least squares estimates for the standardized path
coefficients are presented in Table 4. Off-diagonal elements (g21, g31, g32, e21, e31, e32) were small, suggesting no
substantial influence of common genetic or environmental
factors on the three traits. All 10 replicate data sets showed
consistent results; therefore, the model fit index, correlations and path coefficients are given for one data set only.
Estimates of the heritability of longevity in total and
decomposed in terms of the portion in common with and
independent of smoking and BMI are given in Table 5,
which also gives the genetic and environmental correlations between the three traits for males or females (mean
of 10 data sets). The range and standard error of the mean
illustrate the small impact of imputation on the estimates.
As can be seen from Table 5, only a small and non-signif-

icant fraction (5%–9%) of the heritability of longevity can
be accounted for by genetic influences on smoking and
BMI. The genetic and environmental correlations are relatively small and not significantly different from zero.

Discussion
The two major findings of this study are: (1) that only a
small fraction of the genetic influences on longevity is accounted for by genetic influences on smoking and BMI;
(2) that it is unlikely that the associations between smoking and longevity and between BMI and longevity are the
result of common genetic factors. Our study is based on
self-reported information on height, weight and smoking.
Because smoking was socially acceptable in the 1960s,
there is reason to believe that the self-reported information on smoking behaviour is reliable. Only a few studies
have assessed the validity of self-reported BMI. Some
studies find self-reported information on height and
weight to depend on sex, age and body size (KuskowskaWolk et al. 1989), whereas others have found these measurements to be useful in large studies (Stunkard and Albaum 1981). The validity of the longevity data for the
Danish twin panel of like-sexed cohorts born 1881–1920
has been investigated by comparing information on death
status with the nation-wide Danish Cancer Registry. The
two registers are ascertained independently but show 99%
agreement on year of death (Holm 1983). Further data
correction has increased this to almost 100%. Death rates
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for twins and the general Danish population do not differ
significantly after 6 years of age, except for a modest excess in female twin mortality in the 60–89 years age-range
(1.14 times higher than in the standard population; Christensen et al. 1995). A substantial difference in death rate
between twins and singletons would have indicated that
results from twin studies might not be valid for the general population.
The present study is based on a single assessment of
smoking status and BMI at one time point. The question
therefore arises as to whether our assessment of these risk
factors sufficiently represents life-long patterns to allow
reliable prediction of death. The smoking information
seems acceptable. People were 46–76 years old when they
filled in the questionnaire, a time in life when it is very
rare to start smoking. Breaking the smoking habit after
filling in the questionnaire would tend to reduce the effect
of smoking on mortality. Waaler (1984) has investigated
the relationship between BMI and mortality in a sample of
1.7 million Norwegians aged 15 years and above. With
one life-time measurement of BMI and by following the
subjects for 10 years, he found an association between
BMI and risk of mortality for all age-groups. Nevertheless, this effect might not be significant in smaller studies
(Sjöström 1992). Individual relative risks for the 12 different sub-groups in the present study (Tables 6, 7) are in
accordance with previous literature (Ben-Schlomo et al.
1994; Doll et al. 1994; Waaler 1984). Cigarette smokers
had the highest risk of mortality, then pipe/cigar smokers,
ex-smokers and non-smokers. The relative risk of mortality for the different BMI sub-groups showed a J-shaped
tendency; however, the difference in relative risk between
the BMI sub-groups were only significant for females.
The relative risks given in Table 7 may seem large compared with the actual correlations in Tables 2 and 3 between smoking and longevity and between BMI and
longevity, although it has been shown that even large differences in relative risk may not produce substantial correlations (Vaupel 1988).
Despite a 28-year follow-up, the study population was
right-censored, with 39% being still alive in 1994. The
sample was, however, less right-censored than in previous
reports (Floderus et al. 1988; Hrubec et al. 1984; Kaprio
and Koskenvuo 1989). Earlier studies have handled this
right-censoring by analysing longevity as a categorical
variable (dead/alive), an approach that deals with the “liability to death” (see Neale and Cardon 1992) instead of
longevity (Hrubec and Neel 1981; Hrubec et al. 1984;
Jarvik et al. 1960). We imputed age at death for the censored part of the sample by using survival analysis. Remaining life expectancy alone could have been used to estimate age at death for the fraction of twins still alive but
we also took into account all available information on survival, smoking and BMI for the pair in question when age
of death was imputed. There are several advantages of
this approach compared with the liability method: We
used the information that all twins who were still alive in
1994 had survived to at least 73 years (mean 80, SD 5),
together with information on smoking behaviour and BMI.

The higher heritability for longevity found in the present study compared with the study conducted on noncensored data (5810 twins born 1870–1900 with only
0.6% still alive in 1994), which provides the most direct
univariate estimate of the heritability of longevity, might
have arisen because of the inclusion of different birth
cohorts in the two studies (more recent birth cohorts
might be influenced less by environmental chance), truncation (accidental deaths might be relatively more frequent in younger than older age groups) or imputation of
a fraction of the data in the present study. However, in the
non-censored study, no cohort differences were found and
all 10 imputed data sets in the present study gave consistent results.
There has been much speculation about the mediation
of genetic influences on longevity. Hypotheses of a direct
genetic influence on lifespan have been suggested (Harley
et al. 1990; Schächter et al. 1993; Steel 1995). Genetic
factors could also influence lifespan more indirectly
through, e.g., development of diseases such as cardiovascular diseases, cancer, infections or obesity, all of which
reduce length of life (Sørensen et al. 1988). Mediation
through behaviour such as smoking, alcohol intake or
stress is also possible and could take place via a genetic
predisposition to a personality type or to genetically influenced taste aversions or sensitivities to alcohol. Studies
within behavioural genetics have found a genetic influence on behavioural traits that are injurious to health
(Heath and Madden 1995).
Smoking and BMI have been established as being genetically influenced. Twin studies demonstrate a heritability of BMI in the range of 0.5 to 0.8 throughout adult life
(Bouchard 1994; Herskind et al. 1996b), whereas the estimated heritability is significant, but lower, in both adoption and family studies (Bouchard 1994). The heritability
of smoking has been repeatedly estimated as being in the
range 0.35 to 0.75 (Heath and Madden 1995).
Both smoking and obesity significantly increase the
risk of death. The relative risk for cigarette smokers and
ex-cigarette smokers depends on the type of tobacco, duration and extent of smoking and years since giving up the
habit. Ex-cigarette smokers have an intermediate mortality risk compared with individuals who have never
smoked and current smokers, although whether former
smokers ever reach the same level of mortality as people
who have never smoked remains controversial. Both pipe
and cigar smokers have a lower risk than cigarette smokers (Ben-Schlomo et al. 1994; Doll et al. 1994). Several
large and long-term prospective studies have found a J- or
an asymmetric U-shaped relationship between BMI and
mortality with an approximately 1.5-fold to 2-fold increase in all-cause mortality at the endpoints of the curve.
There is a wide optimum area for values between 22–28
kg/m2 (Kushner 1993; Waaler 1984).
Multivariate twin studies provide an opportunity for
testing whether the genetic influences on mortality are accounted for by genetic influences on certain covariates;
however, only a few twin studies have reported an estimate of the heritability of longevity with a control for co-
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variates. A study based on the Swedish Twin Register
(Hrubec et al. 1984), including twins born 1886–1925, focused on the relationship between mortality and the covariates smoking, marital status and police registration for
alcohol abuse. As in the present study, twins were only included if they survived to a certain year (1962), when the
questionnaires were sent out. In addition, the study was
heavily right-censored and, at the time of analysis (1980),
only 1/4 of the twins had died. Using a Cox proportional
hazard model, the Swedish data suggested that genetic influences on mortality were not accounted for by genetic
influences on the covariates. Heritability of “liability to
death” was 0.4–0.6 depending on cohort and was highest
among the youngest and most right-censored.
In the late 1950s, R.A. Fisher started the lung cancer/
smoking controversy, which was the subject of a long debate (e.g. Clarke 1991, Donner 1991, Eysenck 1991,
Greenland 1991, Stolley 1991a, b, Vandenbroucke 1991a,
b). Fisher suggested that the association between smoking
and lung cancer was not due to smoking causing cancer
but rather reflected that smoking and lung cancer were influenced by common genetic factors. This hypothesis can
be extended to the relationship between smoking and allcause mortality.
The Swedish study by Hrubec et al. (1984) found that,
when genetic factors were controlled for, an effect of
smoking on mortality was apparent. A twin control study,
based on the Swedish Twin Register (Floderus et al.
1988), compared deaths in smoking MZ twins and their
non-smoking co-twins, a study design that controlled for
the effect of genes. A relative risk of 1.6 (P = 0.056) was
found for male smokers for all causes of death, suggesting
that smoking is a risk factor for mortality. Among females, the relative risk was 1.2 (P = 0.315). However, despite a 21-year follow-up, this study was also left-truncated and heavily right-censored (30% deceased). Similar
results with a relative risk of all-cause mortality for smokers of 13.0 (P < 0.01) were obtained in a Finnish twin control study with a follow-up of 12 years (Kaprio and
Koskenvuo 1989).
The present multivariate study on longevity in twins is
less right-censored than the previously mentioned studies.
Furthermore, the right-censoring has been compensated
for by using imputed values for age at death for those who
were still alive. Imputation was performed by using survival analysis. In contrast to the other twin studies, path
analysis was used, a method that is well-suited for partitioning covariance between traits into genetic and environmental factors.
The study has shown that the genetic influences on
longevity are not mediated to any substantial degree
through genetic influences on smoking and BMI. Hence,
longevity must either be influenced directly by genetic
factors or be mediated via genetic influences on other behavioural patterns, diseases or conditions. The gene coding for ApoE has received considerable attention as a
“longevity gene” (van Bockxmeer 1994) but a recent
study has shown that only approximately 1% of the genetic variance in longevity is accounted for by genetic

variance in ApoE (U. Gerdes, H. Olsen, K. AndersenRanberg, J. W. Vaupel, B. Jeune, unpublished). Many different genes are probably involved, each having a small
effect on longevity. Furthermore, we have found no evidence that the associations between smoking and mortality and between BMI and mortality are “confounded” by
genetic or environmental factors, indicating that Fisher’s
theory does not hold for the association between smoking
and all-cause mortality.
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Appendix Imputation of survival data for twins using the
correlated frailty model
The survival data used in the study are incomplete: some
of the life-spans are censored. Linear structural equation
models, traditionally used for genetic studies of twins,
cannot handle censored survival times were replaced by
imputed uncensored survival times using the correlated
frailty model.
The correlated frailty model is a bivariate survival
model which is based on the notion of an individual
gamma distributed frailty (Yashin and Iachine 1994). This
model was previously applied to the analysis of the Danish twins’ survival data without covariates (Yashin and
Iachine 1995). To use this model in our analysis we had to
modify it in order to include the observed covariates.
Let Xi,Zi,Yi i = 1,2 be the survival time, individual
frailty and observed covariate information for the ith twin
in the pair respectively. Under the proportional hazards
assumption the individual hazard rate is given by:
µ(xZi = zi,Yi = yi) = ziR(yi)µ0(x)

(1)

where µ0(x) is the baseline hazard and R(y) is the relative
risk function of the form:
1, if never smoked
1, if 22 ≤ BMI ≤ 28 β , if currently smoke cigarettes
1
(2)
R( y ) =  α 1 , if BMI < 22 × 
β 2 , if currently cigar/pipe smokers
 α 2 , if BMI > 28

 β 3 , if everyone else

It can be shown that, if Zi, i = 1,2 has a variance of σ2 and
Corr(Z1,Z2 ) = ρ, the bivariate survival function for a twin
pair has the following form:
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where SB (x) is the survival function for the individuals
with R(y) = 1. A gamma-Gompertz parametric form of
SB (x) was used in the analysis:
a


S B ( x ) = 1 + s 2 ( e bx – 1)


b

–

1
s2

(4)

It was verified, by comparing the empirical and the theoretical survival functions visually, that this parameterization fitted the data well.
The bivariate correlated frailty model was then fitted to
the data (including the censored observations) using a
maximum likelihood estimation procedure for each sex
and zygosity separately and the parameters of the model
where estimated. The estimates are presented in Table 6.
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Table 6 Parameter estimates (SE) and model fit index for the bivariate correlated frailty model by sex and zygosity
Sex

Zyogsity

a

b

s2

σ2

ρmz

Males

MZ

9.2E-07
(1.2E-06)
5.3E-06
(7.5E-06)

0.1
(0.0)
0.1
(0.0)

0.00
(0.00)
0.54
(0.25)

1.13
(0.35)
0.86
(1.75)

0.70
(0.18)

4.7E-06
(3.1E-06)
5.5E-07
(4.8E-07)

0.1
(0.0)
0.1
(0.0)

0.00
(0.00)
0.00
(0.00)

0.91
(0.57)
1.95
(0.34)

0.77
(0.54)

DZ
Females

MZ
DZ

Table 7 Individual relative risk of mortality by 1994 stratified by
sex, smoking and BMI in a sample of 2464 Danish twins. Computation of relative risk was based on the model in which frailty z is
equal to 1 (see Appendix for further details)
NonOthers
smokers (exsmokers,
etc.)

Current Current
pipe/
cigarette
cigar
smokers
smokers

Males

BMI < 22
BMI 22–28
BMI > 28

1.08
1.00
1.23

1.36
1.26
1.55

1.52
1.41
1.73

2.40
2.22
2.73

Females

BMI < 22
BMI 22–28
BMI > 28

1.63
1.00
2.26

2.38
1.46
3.30

2.79
1.71
3.86

3.68
2.26
5.11

ρdz

α1

α2

β1

β2

β3

LogLik

1.19
(0.33)
1.18
(0.51)

4.75
(2.18)
1.52
(0.78)

2.58
(1.13)
1.05
(0.30)

1.45
(0.63)
1.19
(0.84)

–1150.6681

0.46
(0.16)

1.23
(0.45)
1.01
(0.28)

1.65
(0.48)
2.98
(1.09)

1.67
(0.39)
3.30
(1.29)

1.39
(0.39)
2.50
(1.13)

1.08
(0.31)
2.16
(0.79)

–1243.8988

0.15
(0.09)

1.36
(0.37)
1.92
(0.70)

–1756.0938

–1867.0738

For males there was no significant difference between the
βs suggesting no increasing risk with BMI. Table 7 shows
the relative risk for individuals in the 12 subgroups whose
frailty is equal to 1. The relative risk at population level is
probably less than the individual relative risk, because
mean z decreases as the population grows older [the more
frail (with a large z) tend to die first].
For each pair of twins, where at least one of the survival times was censored an appropriate conditional survival model given all the available survival and covariate
information was constructed using standard probability
calculus. A random sample of size 10 was drawn from
this conditional model for each censored individual. The
above-described procedure yielded 10 new data sets
which were completely uncensored and where censored
survival times were replaced by imputations. These data
sets were subsequently used in the genetic analysis.

