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SUMMARY
The genetic inuence on susceptibility to diseases of the respiratory system and all-cause mortality was
studied using data for identical (MZ) and fraternal (DZ) twins. Data from the Danish Twin Register
include 1344 MZ and 2411 DZ male twin pairs and 1470 MZ and 2730 DZ female twin pairs born
between 1870 and 1930, where both individuals were alive on 1 January 1943. We used the correlated
gamma-frailty model. Proportions of variance in frailty attributable to genetic and environmental factors
were assessed using the structural equation model approach. For all-cause mortality the correlation
coecients of frailty for MZ twins tend to be higher than for DZ twins. For mortality with respect
to respiratory diseases this eect was only seen in females, whereas males showed the opposite eect.
Five standard biometric models are tted to the data to evaluate the magnitude and nature of genetic
and environmental factors on mortality. Using the best tting biometric model heritability for cause
of death was found to be 0.58 (0.07) for all-cause mortality (AE-model) and zero for diseases of the
respiratory system for males. Heritability was 0.63 (0.11) for all-cause mortality (DE-model) and 0.18
(0.09) for diseases of the respiratory system (DE-model) for females. The analysis conrms the presence
of a strong genetic inuence on individual frailty associated with all-cause mortality. For respiratory
diseases, no genetic inuence was found in males and only weak genetic inuence in females. The
nature of genetic inuences on frailty with respect to all-cause mortality is probably additive in males
and dominant in females, whereas for frailty with respect to deaths caused by respiratory diseases in
females, there are genetic factors present which are caused by dominance. Environmental inuences
are non-shared with exception of frailty with respect to respiratory diseases in males, where the shared
environment plays an important role. Copyright ? 2003 John Wiley & Sons, Ltd.
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INTRODUCTION
Recently, there has been an increasing amount of interest placed on assessing the genetic
inuence on the variation in human life span. Some researchers are interested in specic
genes that may inuence longevity (‘longevity’ or ‘frailty’ genes) [1–3], others are more
interested in assessing the overall genetic inuence on the variation in human life span. Family studies have shown weak correlations between the age at death of parents and ospring
(0.06–0.15) and stronger correlations between the age at death of siblings (0.04–0.35) [4, 5].
The nature of genetic eects responsible for similarities between siblings may be additive or
non-additive, whereas factors contributing to parent-ospring resemblance can only be additive. Non-additive genetic eects are not transmitted from parents to ospring because they
are the result of gene interaction within (dominance) or between (epistasis) gene loci. Consequently, the higher correlation found among siblings indicates the presence of a non-additive
genetic eect, although it may also suggest a higher degree of common environment among
siblings.
In twin and adoption studies it is possible to separate the impact of genetic factors and
the eect of family environment. Furthermore, questions about the nature of the genetic eect
(additive versus non-additive) can be addressed. There are only a few twin studies related to
longevity, and most of them showed a higher concordance for age at death in monozygotic
twin pairs [6–9], or higher intra-pair dierences in life span of DZ twin pairs than in MZ
pairs [10]. Only two large studies have been conducted in which a genetic informative cohort
has been followed throughout their adult life span. The study by Herskind et al. [6], which
comprises 2872 Danish twin pairs born between 1870 and 1900, showed that longevity is
moderately heritable (0.26 for males and 0.23 for females) and that non-additive genetic
factors are important. A Swedish study [7] of 10 505 twin pairs born 1886–1925 concludes
that, over the total age range examined, a maximum of around a third of the variance in
longevity is attributable to genetic factors and that almost all of the remaining variance is due
to non-shared, individually unique environmental factors (note that frailty is the subject of
interest in the present study, not longevity as in these two papers just mentioned, which results
in markedly dierent estimates). This analysis was carried out without considering causes of
death. But it is well-known that the importance of genetic factors diers for dierent diseases.
Genetic epidemiology seeks to discover the association between genes and diseases. It might be
helpful to examine the genetic components of the susceptibility to specic diseases and death
rather than longevity. For this purpose we use the correlated gamma-frailty model [11, 12] in
this paper, which takes into account the dependence of life spans of related individuals (in our
case twins) and allows us to estimate the eect of genetic factors in frailty on a specic cause
of death. The approach enables us to combine information about cause of death with data on
age at death and to include censored observations. This substantially raises the number of twins
(and consequently the statistical power of the analysis) used in our study. For each individual
we assume two competing risks of latent times (lifetime related to death due respiratory
diseases—lifetime related to death due to all other diseases). Furthermore, we assume that
these competing risks are independent. We empirically demonstrate the advantages of the
model in the statistical analysis of lifetime data from Danish twins, which were partially used
in Herskind et al. [6] and McGue et al. [10] with a focus on mortality caused by respiratory
diseases. The data set was expanded to include 7955 like-sex twin pairs from the birth cohorts
1870–1930, which were followed up from 1 January 1943 until 31 December 1993.
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Although respiratory diseases have been largely on the decline in industrialized societies
over the last century, it is predicted that they will still play an important role in 2020 [13].
From the point of view of public health, respiratory diseases are greatly underestimated. The
early part of the century saw a rapid decline in infectious respiratory diseases [14], mostly from
tuberculosis but also from inuenza and pneumonia. However, there has also been a steady
decline in mortality from most chronic lung diseases. On the other hand, the prevalence of
asthma and mortality due to asthma have increased markedly.

MATERIAL AND METHODS
Study population
For our analysis we use survival times of identical (MZ) and fraternal (DZ) male and female
twins from the Danish Twin Registry, which was the world’s rst nation-wide twin registry
(established in 1954 by Bent Harvald and Mogens Hauge). This population-based registry
includes all twins born in Denmark during the period 1870–1910 and all like-sex pairs born
between 1911 and 1930. The birth registers from all 2200 parishes of the relevant calendar
years were manually scrutinized to identify all twin births. A search was then carried out for
twins, or whenever needed, their closest relatives in regional population registers (in operation
since 1924) or other public sources, especially the archives of probate courts and censuses.
As soon as a twin was traced, a questionnaire was sent to the twin (if he=she was alive) or
to the closest relatives (if not). Questions about phenotypic similarities were included in the
questionnaires, so as to assess the zygosity by self-reported similarities. This zygosity classication was compared with laboratory methods (serological markers). The misclassication
rate was below 5 per cent [15, 16].
The follow-up procedure traced nearly all twins who did not die or emigrate before the
age of 6. For further, detailed information about the construction and the composition of the
Danish Twin Registry see Hauge [17].
The registry contains records of 8201 MZ and DZ twin pairs who were born between
1 January 1870 and 31 December 1930 and who were both still alive on 1 January 1943.
Consequently, the observations are left truncated. Two hundred and forty six pairs with incomplete cause of death information were excluded, leaving a study population of 7955 pairs.
Individuals were followed up to 31 December 1993, and those identied as deceased after that
date have been classied here as ‘living’. Altogether, we have 1344 male MZ twin pairs and
2411 DZ twin pairs, 1470 female MZ twin pairs and 2730 DZ twin pairs. In addition to the
lifetimes, there is information about cause of death for all non-censored observations, i.e. for
all included individuals who died before 31 December 1993. For more detailed information
about death status, gender, and zygosity of the study population see Table I.
Death status, age at death and cause of death were obtained from the Central Person
Register, the Danish Cause-of-Death Register, the Danish Cancer Registry, and other public
registries in Denmark. The main source for obtaining information on cause of death was the
Death Register at the National Institute of Public Health. Information about cause of death is
available from this registry for individuals who died after 1942 [18]. Consequently, cause of
death information was included in the twin registry only for twins who died after this year,
which results in left truncation in the data set on 1 January 1943.
Copyright ? 2003 John Wiley & Sons, Ltd.
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Table I. Study population by gender, zygosity and status.
Males

Females

MZ
Both twins dead
One twin alive, co-twin dead
Both twins alive
All pairs together

731
284
329
1344

DZ

54.4%
21.2%
24.5%
100%

1257
617
537
2411

52.1%
25.6%
22.3%
100%

MZ
622
332
516
1470

DZ

42.3%
22.6%
35.1%
100%

1072
773
885
2730

32.4%
28.3%
39.3%
100%

Note: Number of pairs.

Table II. Number of deaths in the study population by gender and zygosity.
Males
MZ
Deaths from resp. diseases
Other deaths
Alive (censored)
All individuals together

143
1603
942
2688

5.3%
59.6%
35.0%
100%

Females
DZ

203
2928
1691
4822

MZ
4.2%
60.7%
35.1%
100%

89
1487
1364
2940

3.0%
50.6%
46.4%
100%

DZ
205
2712
2543
5460

3.8%
49.7%
46.6%
100%

Note: Number of individuals.

The validity of the twin register was established on the basis of a comparison of information
about year of death with the nation-wide Danish Cancer Registry. There was 99 per cent
agreement, although both registries were independent [16]. Further data corrections increased
this level of agreement to almost 100 per cent.
Mortality
All-cause mortality. After the age of 6, death rates for Danish twins born between 1870
and 1900 are almost the same as those for the same cohorts of the Danish population. The
distributions of age at death for MZ twins are close to those of DZ twins for both sexes [19].
This similarity enables us to generalize genetic results from survival models for twins to the
whole population with respect to all-cause mortality.
Mortality due to respiratory diseases. Additionally, for our purposes it is necessary to compare the death rates of twins related to diseases of the respiratory system with the respective rates for the general population. The data set contains information whether death was
caused by diseases of the respiratory system or not. Respiratory diseases are classied as ICD
470–527 in the sixth and seventh revision and as ICD 460–519 in the eighth ICD revision.
The most important subgroups of respiratory diseases are acute lung diseases (acute respiratory infections, inuenza, and pneumonia) and chronic lung diseases (bronchitis, emphysema,
and asthma). Number of deaths caused by respiratory diseases are given in Table II.
We wished to compare the pattern of death from respiratory diseases for twins with that of
the general population. Cause-specic mortality data in ve-year age groups (20–24, 25–29,
30–34; : : : ; 80–84) are available for the general population going back to 1952 from the WHO
Copyright ? 2003 John Wiley & Sons, Ltd.

Statist. Med. 2003; 22:3873–3887

HERITABILITY OF MORTALITY FROM RESPIRATORY DISEASES

3877

0.06

Mortality rate

0.05
0.04
0.03
0.02
0.01

Twins
DK

0.00
50-54

55-59

60-64

65-69

70-74

75-79

80-84

Age

Figure 1. Mortality rates of Danish females with respect to respiratory diseases (Twins = Danish
twins, DK = Danish population).
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Figure 2. Mortality rates of Danish males with respect to respiratory diseases (Twins = Danish
twins, DK = Danish general population).

Mortality Data Base. Death rates for respiratory diseases for males and females, respectively,
are shown in Figures 1 and 2. The bars for twin mortality rates include 95 per cent condence
intervals. Condence intervals were calculated using the binomial formula.
Standardized mortality ratios (SMR) for ve-year age intervals were used [20] to detect
dierences between the mortality pattern of twins and that of the general population. Our
analysis shows no signicant dierences between death rates of female twins and singletons with respect to respiratory diseases (SMR 110 (95 per cent CI: 98–124)). For males a
slightly increased mortality of twins compared to the general population was found (SMR 117
(95 per cent CI: 105–130)). These similarities in mortality patterns are fundamental—they allow us to generalize the results from twin studies to the whole population.
STATISTICAL METHODS
Despite the fact that the study population is truncated and partly censored, for a rst rough
analysis concordance rates, a widely used and accepted indicator of similarities in twins,
were computed to facilitate comparisons with other studies (and also with the results of
the following analysis combining elements of lifetime analysis and methods of quantitative
Copyright ? 2003 John Wiley & Sons, Ltd.
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genetic). The probandwise concordance rate r was computed as the probability that a twin
is aected given that his=her co-twin is aected [21], which means r = 2C=(2C + D), where
C and D denote the number of concordant and discordant pairs, respectively. When there
is a greater similarity among MZ twin pairs than among DZ twins, we assume an element
of heritability. Concordance rates are of limited value in the case of truncated and censored
data. For a more powerful approach it is necessary to use the methods of survival analysis.
However, univariate lifetime models cannot capture the association between the life spans of
related individuals. Consequently, one needs bivariate distributions of dependent lifetimes. The
correlated gamma-frailty model [11, 12] (which is an extension of the shared gamma-frailty
model [22, 23]) was used to analyse twin lifetimes. It extends the univariate frailty model
(for more information about the frailty concept in the univariate case see Vaupel et al. [24]).
This bivariate lifetime model allows us to include censored observations, which means that
we can combine the survival analysis with methods of quantitative genetics.
Let Ti and Zi (i = 1; 2) be the life times and the frailties of the two individuals of a twin
pair. Assume that their individual hazards are represented by the proportional hazards model
(x; Zi ) = Zi 0 (x), i = 1; 2 with a baseline hazard function 0 (x) describing the risk of dying
as a function of age. Let the lifetimes T1 and T2 be conditionally independent given frailties
Z1 and Z2 , and furthermore a decomposition Z1 = Y0 + Y1 and Z2 = Y0 + Y2 , where Y0 ; Y1 ,
and Y2 are independent gamma-distributed random variables with Y0 ∼ G(k0 ; ), Y1 ∼ G(k1 ; )
and Y2 ∼ G(k2 ; ). Here k0 , k1 , k2 ,  are non-negative parameters. Obviously, Z1 and Z2 are
correlated in view of the shared part of frailty Y0 in both Z1 and Z2 . To force Z1 and Z2 to
have the same distribution we assume that shape parameters k1 and k2 for the distributions of
Y1 and Y2 are the same, k1 = k2 . This condition is reasonable for twins, because there is no
reason to assume dierent distributions of frailty in twin partners. Furthermore, we employ
the standard assumption that the mean frailty of individuals is one (at the beginning of the
follow-up), which means that EZi = 1; i = 1; 2. The common variance is given by 2 = 1=.
Let  be the correlation coecient of Z1 and Z2 , which is given simply by
(Z1 ; Z2 ) =

k0
k0 + k 1

Because frailties Zi (i = 1; 2) are usually unobservable, their correlation coecient used in
the methods of quantitative genetics cannot be estimated from the empirical data directly. So
a bivariate lifetime model is needed that allows indirect calculation of the parameters. The
bivariate gamma distributed frailty with the above mentioned properties was constructed in
Yashin et al. [11]. The bivariate survival function is given by the following expression:
S(x1 ; x2 ) =

S(x1 )1− S(x2 )1−
(S(x1 )−2 + S(x2 )−2 − 1)=2

(1)

where S(x) is the univariate survival function. Following equation (1) we used a parametric
approach by tting a gamma-Gompertz model to the data, e.g.

−1=s2
2  x
S(x) = 1 + s (e − 1)

where , , s, correlation coecient  and variance of frailty 2 are parameters to be estimated.
A comparison with the semiparametric model (where the marginal univariate lifetimes are
Copyright ? 2003 John Wiley & Sons, Ltd.
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non-parametrically estimated using the Kaplan Meier estimator) shows similar results and
support this choice of the parametric hazard function (results are not shown here). That
is the reason why we use the parametric survival model only for the present analysis.
Furthermore, it allows us to use the standard errors calculated in the maximum-likelihood
procedure.
As mentioned above, the twin pair data set is not a random selection of twin pairs from
the total twin population. Since both members of a twin pair had to be alive on 1 January
1943, the survival times in the data set are sampled from specic conditional distributions.
If a twin pair was born in year y (where y = {1870; : : : ; 1930}), the condition of survival of
both twins until the year 1943 implies that both twins had to survive until the age of 1943-y
in order to be included in the sample. If the survival times are denoted by X1 and X2 with
survival function S(x1 ; x2 ), then the conditional survival function for a twin pair born in year
y is:
Sy (x1 ; x2 ) = P(X1 ¿x1 ; X2 ¿x2 | X1 ¿1943-y; X2 ¿1943-y) =

S(x1 ; x2 )
S(1943-y; 1943-y)

(2)

For a combined analysis of MZ and DZ twins, we include two correlation coecients, MZ
and DZ , respectively. These correlations between MZ and DZ twins provide information
about genetic and environmental inuences on frailty within individuals. Despite the minor
dierences in the lifetimes of MZ and DZ twins, all other parameters are assumed to be equal
for MZ and DZ twins in order to keep the number of parameters in the model as small as
possible.
According to standard biometric practice the model assumes no epistasis (genetic interlocus
interaction), no gene–environment interaction, and random mating. We assume that the variance of frailty can be expressed as a linear function of unobserved genetic and environmental
components: Z = A + D + C + E, where A is the additive genetic eect, D is the eect due
to dominance (i.e. intralocus interactions), C is the inuence of shared environment and E
is the eect due to non-shared environment. Resemblance in MZ twins is caused by three
factors: additive genetic factors, dominant genetic factors, and shared environmental factors.
Any dissimilarities between MZ twins must arise from non-shared environmental factors. In
contrast, dissimilarity between DZ twin pairs, who share on average half of the additive and
a quarter of the dominant factors, can also be the result of additive and dominant genetic
factors.
We calculated the extent to which variance is attributable to genetic and environmental
factors using the structural equation model approach, which has been described in detail
elsewhere [25].
Five biometric models based on dierent assumptions about genetic structure were t to the
data: AE, DE, ACE, ADE and CE. In this notation an ACE model refers to the decomposition
of frailty Z = A + C + E, and a DE model refers to the decomposition Z = D + E. ADE, AE, CE
models are dened similarly. We use the small letters a2 , d2 , c2 , e2 to refer to the respective
proportions of variance. Standard assumptions about quantitative genetics yield the following
relations:
MZ = a2 + d2 + c2 ;

DZ = 0:5a2 + 0:25d2 + c2 ;

Copyright ? 2003 John Wiley & Sons, Ltd.
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Table III. Number of concordant=discordant pairs and concordance rates.
Mortality due to respiratory diseases
MZ

DZ

All-cause mortality
MZ

DZ

Males
Both twins died
One twin died
Both twins censored
Concordance rate

7
129
1208
0.098

15
173
2223
0.148

731
284
329
0.837

1257
617
537
0.803

Females
Both twins died
One twin died
Both twins censored
Concordance rate

5
79
1386
0.112

3
199
2528
0.029

622
332
516
0.789

1072
773
885
0.735

Because of these three relations, only models with three unknown parameters are identiable.
More complex models require mortality information on additional groups of relatives such as
parents or children or twins reared apart.
To combine the approach of quantitative genetics with the methods of survival analysis we
used the extended correlated gamma-frailty model with genetic and environmental components
of frailty. In this approach the genetic and environmental parameters of frailty decomposition
are estimated directly by the maximum likelihood method. For more detailed information about
this point see Yashin and Iachine [26]. We performed the analysis with statistical software
packages SPSS [27] and GAUSS [28].
RESULTS
The number of concordant and discordant twin pairs with respect to death caused by respiratory diseases are given in Table III. Using the classic twin study design we calculate
probandwise concordance rates of MZ and DZ twins for a preliminary analysis. For all-cause
mortality (both sexes) and for deaths caused by respiratory diseases in females, there were a
greater proportion of concordant pairs among the monozygotic twins than among the dizygotic
twins, which suggests that there is a genetic component. However, for respiratory diseases in
males the opposite eect is observed.
All causes
It is easy to see from Table IV, that for males the ACE and the ADE model converge to
the AE model. The estimates of c2 and d2 are zero or close to zero, with large standard
errors. The AE model is better than the ACE and ADE models according to the likelihoodratio test. Since not all of our models are nested, we use the Akaike information criterion
(AIC) to compare them. According to the AIC the AE model gives the best t for males,
with heritability estimate of 0.58 (0.07). For females, the DE models ts the data best with
heritability estimate of 0.63 (0.11). The purely environmental CE model does not t the data
well.
Copyright ? 2003 John Wiley & Sons, Ltd.
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Table IV. Estimates of the components of variance in frailty to all-cause mortality.
Correlated gamma-frailty model (gamma-Gompertz parameterization)

Males
ACE
AE
ADE
DE
CE
Females
ACE
AE
ADE
DE
CE



a2

c2

1.333
(0.178)
1.364
(0.179)
1.364
(0.179)
1.443
(0.201)
1.277
(0.179)

0.467
(0.118)
0.584
(0.069)
0.584
(0.069)

0.106
(0.091)

1.334
(0.269)
1.385
(0.282)
1.320
(0.261)
1.195
(0.220)
1.396
(0.370)

0.526
(0.107)
0.508
(0.103)
0.428
(0.196)

d2

0.000
( — )
0.579
(0.068)
0.449
(0.061)
0.000
( — )
0.117
(0.199)
0.626
(0.115)
0.342
(0.091)

e2

AIC

0.427
(0.071)
0.416
(0.069)
0.416
(0.069)
0.421
(0.068)
0.551
(0.061)

41304.5334

0.474
(0.107)
0.492
(0.103)
0.455
(0.109)
0.374
(0.115)
0.658
(0.091)

41303.9603
41305.9603
41324.3124
41319.2056

15216.7560
15214.7560
15216.0000
15214.2520
15219.2080

Note: 2 —Variance of frailty. a2 —Additive genetic factors, c2 —Common environment, d2 —Genetic eects
due to dominance, e2 —Individual environment.

Respiratory diseases
The situation for respiratory diseases (Table V) is an entirely dierent one. For males in
models that include genetic components (ACE, ADE, AE, and DE), the standard errors are
large compared with the heritability estimators (for example, 0.58 (0.48) in the AE model),
indicating that there is no or only small genetic inuence in frailty to respiratory diseases.
The purely environmental model CE is preferred by the AIC and also by the likelihood ratio
test. For females the DE model gives the best t to the data, with a heritability estimate
of 0.18 (0.09). Consistent with these ndings are higher concordance rates among male DZ
twins than among MZ twins and an inverse result for females (Table III).
Because of the small number of pairs where both twins died of respiratory diseases we
performed a combined analysis of both males and females. Despite the fact that the standard
deviation  of frailty diers substantially (3.05 and 9.80 for males and females, respectively)
the likelihood ratio test did not indicate signicant dierences (2 = 2:70; p = 0:10). Consequently, assuming  to be equal for males and females, we tested the hypothesis of equal
genetic parameters for males and females in the ACE and ADE model (Table VI). The likelihood ratio test did not detect any evidence of signicant dierences in the genetic parameters
of males and females (ACE model: 2 = 2:90, p = 0:23; ADE model: 2 = 2:58, p = 0:28).
Copyright ? 2003 John Wiley & Sons, Ltd.
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Table V. Estimates of the components of variance in frailty to mortality due to respiratory diseases.
Correlated gamma-frailty model (gamma-Gompertz parameterization)

Males
ACE
AE
ADE
DE
CE
Females
ACE
AE
ADE
DE
CE



a2

c2

3.051
(1.559)
2.966
(2.084)
2.966
(2.085)
3.500
(2.746)
3.051
(1.559)

0.000
(—)
0.581
(0.484)
0.581
(0.485)

0.422
(0.251)

9.499
(3.112)
9.508
(3.113)
9.794
(3.291)
9.795
(3.288)
9.379
(3.092)

0.142
(0.072)
0.142
(0.072)
0.000
(—)

d2

0.000
( — )
0.505
(0.424)
0.422
(0.251)
0.000
( — )
0.185
(0.089)
0.185
(0.089)
0.086
(0.047)

e2

AIC

0.578
(0.251)
0.419
(0.484)
0.419
(0.485)
0.495
(0.424)
0.578
(0.251)

4447.5111

0.858
(0.072)
0.858
(0.072)
0.815
(0.089)
0.815
(0.089)
0.914
(0.047)

4056.6840

4447.6890
4449.6890
4452.3002
4445.5111

4054.6840
4055.3064
4053.3064
4057.0444

Note: 2 —Variance of frailty. a2 —Additive genetic factors, c2 —Common environment, d2 —Genetic eects
due to dominance, e2 —Individual environment.

Both models imply an AE model as the best tting model. In the ACE model, the shared
environment was zero.

DISCUSSION
This report evaluates data on twin pairs from the Danish Twin Registry. The subjects were
followed from 1943 to 1993. Our analysis of mortality from all causes and from diseases of the
respiratory system assesses the importance of genetic and environmental factors, and it allows
us to calculate heritability estimates and to evaluate the nature of the genetic inuence on
cause-specic mortality. Our analysis of frailty (liability to mortality from respiratory diseases
and from all causes) presented here is based on a relatively large twin population. However,
the methodology described in this paper is not restricted to twin analysis. It can be extended
to analyse the lifetimes of dierent relatives, but in this case multivariate correlation’s and
dierent family sizes occur and relations (3) have to be change [25].
The major ndings of this study are the profound inuence of genetic factors on all-cause
mortality as well as the moderate inuence of genetic factors on diseases of the respiratory
system in females. No genetic component was found in frailty to mortality from respiratory
Copyright ? 2003 John Wiley & Sons, Ltd.
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Table VI. Estimates of the components of variance in frailty to mortality due to respiratory diseases.
Combined analysis of males and females.
Correlated gamma-frailty model (gamma-Gompertz parameterization)
a2

c2

ACE model
Males∗
4.406
(— )
Females∗
4.406
(— )
Males†
5.450
(1.906)
Females†
5.450
(1.906)

0.000
(— )
0.222
(— )
0.265
(0.315)
0.265
(0.315)

0.294
(— )
0.000
(— )
0.004
(0.230)
0.004
(0.230)

ADE model
Males∗
4.877
(— )
Females∗
4.877
(— )
Males‡
5.408
(— )
Females‡
5.408
(— )

0.357
(— )
0.000
(— )
0.272
(— )
0.272
(— )



d2

e2
0.706
( —)
0.778
( —)
0.731
(0.119)
0.731
(0.119)

0.000
( —)
0.281
( —)
0.000
( —)
0.000
( —)

0.643
( —)
0.719
( —)
0.728
( —)
0.728
( —)

Log-L

2 -statistic

p-value

2 = 2:90

p = 0:23

2 = 2:58

p = 0:28

−4241:6140

−4243:0618

−4241:7731

−4243:0618

Note: 2 —Variance of frailty. a2 —Additive genetic factors, c2 —Common environment, d2 —Genetic eects
due to dominance, e2 —Individual environment.
∗
males = females .
†
2
2
males = females , a2males = a2females , cmales
= cfemales
.
2
2
2
‡
males = females , amales = afemales , dmales = d2females .

diseases in males. However, a combined analysis of males and females detects a genetic
component in frailty to mortality from respiratory diseases.
The classic concordance analysis shows a greater proportion of concordant pairs among the
MZ twins than among the DZ twins for all-cause mortality and mortality due to respiratory
disorders (the latter for females only). The concordance rates for all-cause mortality are very
high because of the long follow-up period.
Estimates of heritability based on dierent biometric models range from zero (respiratory
diseases in males) up to 0.63 (all-cause mortality in females). These estimates are robust in
the sense that values derived from the additive AE and non-additive DE model are nearly
identical.
The results with respect to all-cause mortality (heritability estimates of 0.58 (0.07) and
0.63 (0.11) for males and females, respectively, from the best-tting AE and DE model,
respectively) conrm the estimates obtained in previous studies: the heritability in frailty
is around 0.5 [12, 26, 29] for both sexes, which supports the hypothesis of additive nature
of responsible genetic factors [26, 29]. Our estimates of heritability are substantially higher
than those found in a previous analysis [6] of mortality in Danish twins born 1870–1900
(approximately 38 per cent of the present sample), which had values between 0.20 and 0.26.
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A Swedish study [7] resulted in heritability estimates of around one third. The higher degree
of heritability found in our study was expected, because the trait under study was frailty and
not life span as in the previous studies. Heritability estimates are always higher for frailty
than for life span. Because of the assumption of conditional independence of life spans given
their frailties, all genetic and environmental factors responsible for similarities in twin pairs
are included in frailty. Apart from this, frailty contains only parts of non-shared environmental
factors, other parts being included in the baseline hazard function.
Jarvik et al. [10] found in a study of 853 twin pairs (with at least one partner surviving to
age 60) mean intra-pair dierences in lifespan to be higher in DZ twin pairs (6 years) than
in MZ twin pairs (3 years) suggesting a genetic inuence on lifetime. A study of 960 adult
Danish adoptees [30] supports the hypothesis of genetic inuences on premature death; this
is consistent with the results in the present study.
While all twins combined have a mortality rate similar to that of the general population,
MZ twins show slightly better survival than DZ twins. This dierence may be due to selective
factors [31].
Our analysis of male and female mortality with respect to respiratory diseases shows no
uniform pattern. For males the purely environmental CE models gave the best t with respect
to the AIC, which indicates that mortality due to these diseases have no—or only a weak—
genetic component. For females, the CE model gave the worst t to the data. According
to AIC, the DE model is the best, with a heritability estimate of 0.18 (0.09). This is in
agreement with the higher concordance rates for male DZ twins compared with MZ twins
and the opposite relation for females. A combined analysis of males and females favours an
AE model with a heritability estimate of 0.27 (0.31). Perhaps the number of deaths is too
small (and standard errors thus too large) to detect the possible gender dierences found in
the separate analysis.
The nding for males contradicts the conclusion in the literature, that there is a substantially
genetic inuence in the aetiology of asthma. Asthma is an important cause of death in the
group of respiratory diseases. Heritability estimates for asthma obtained by twin studies using
questionnaires range from 0.6 to 0.75 [32–34]. For an overview in this area see Koppelman
[35]. In the largest twin study [36] to date (undertaken in Finland), heritability of asthma
was found to be 0.68 for females and zero for males. We found a similar pattern in the
present study. The design of the Finnish study diered from that of previous twin studies
of asthma in that the Finnish twins were not contacted directly. Rather, nation-wide health
records were computer linked to determine whether asthma was noted on death certicates,
hospital discharge records and=or medication-reimbursement records.
However, all these studies are based on asthma rather than on respiratory diseases in general
and morbidity was analyzed instead of mortality. Maybe this is one reason for the dierence
compared to our study.
To our knowledge, the present analysis is the rst twin study in respiratory disease mortality
in general. Furthermore, our analysis allows us to combine information on cause of death with
lifetime information. This survival analysis approach promises to be a more powerful tool than
the common analysis of binary traits (ill=healthy or death=alive).
Frailty is a latent variable similar to the conventional approach, which deals with the latent
variable liability (usually assumed to be normally distributed) as susceptibility to disease and
death [37]. However, frailty models are more appropriate in the context of duration data
because of truncation and censoring problems and because of the analytical form of the
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likelihood function, which facilitates further numerical calculations. Frailty models can shed
much more light on the complicated processes underlying the genetics of longevity.
When parameters of frailty distribution are estimated, the properties of life spans can be
studied by using the bivariate survival function, but this is beyond the scope of this paper.
Cause-of-death statistics are taken at face value although there are limitations in time trend
comparability with respect to the validity and reliability of cause of death certication and
coding and with respect to revisions in the ICD. By describing mortality for a relatively broad
diagnostic group like respiratory diseases, the eects of this limitation are lessened.
Misclassication may be a source of bias potentially introduced with the determination of
zygosity. Determination of zygosity by means of a questionnaire is a reliable method, with a
misclassication rate below 5 per cent when compared with a blood analysis [15, 16]. Since
the zygosity has been determined previously and independently of cause of death, no marked
bias is introduced with regard to respiratory diseases.
There is one inherent diculty in this kind of study related to the fact that the data contains
only cause of death diagnosed after 1942. About 45 per cent of all twin pairs included in the
Danish Twin Registry (especially twins from the older birthcohorts who died at early ages)
are lost to the analysis because of unknown cause of death (or unknown zygosity). If genetic
factors have a stronger eect at younger ages (as found in SHrensen et al. [30]), this loss
may lead to an underestimation of genetic eects. Despite this limitation, the present study
is one of the largest twin studies in this area with a reasonable number of deaths, resulting
from the long follow-up period.
A second limitation of this study is the lack of information about risk factors such as
smoking, alcohol intake, diet etc. In interpreting our results, we cannot rule out the possibility
that MZ twins shared more environmental risk factors than the DZ twins. For example, MZ
twins are more concordant with respect to their smoking behaviour than DZ twins [38].
This greater similarity of experience could be important if these environmental features are
predictive of the trait under study and could thus inate estimates of the genetic inuence.
The aetiology of respiratory diseases cannot dier between twins and singletons if the results
from twin studies are to be applied to the general population. The fetal origins hypothesis
has led to concerns about the validity of the classic twin model. It states that the risk of
adult mortality is heightened by retardation in intrauterine growth. The association between
low birth weight and asthma [39] and reduced adult forced expiratory volume in one second (FEV1 ) [40] support this hypothesis with respect to respiratory diseases. Indeed, twins
are, on average, lighter than singletons at birth and may, therefore, have an increased risk
of acquiring respiratory diseases in later life. However, comparisons of mortality rates with
respect to respiratory diseases show no dierences between twins and the general population.
Consequently, it seems reasonable to extend the results of the present study to the general
population.
Our study suggests that there is a substantial genetic component in frailty to all-cause
mortality for both sexes and a modest genetic component in frailty to respiratory disease
mortality in females.
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