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Abstract

Cause-specific mortality data on Danish monozygotic (MZ) and dizygotic (DZ) twins
are used to analyze the influence of smoking and body mass index (BMI) on heritability
estimates of susceptibility to coronary heart disease (CHD). The sample includes 1209
like-sexed twin pairs born between 1890 and 1920, where both individuals were still alive
and answered a questionnaire, including information about smoking, height and weight,
in 1966. The analysis was conducted with both sexes pooled due to the relatively small
number of twin pairs. Follow-up was conducted from 1 January 1966 to 31 December
1993. We use the correlated gamma-frailty model with observed covariates for the genetic
analysis of frailty to account for censoring and truncation in the lifetime data. During
the follow-up, 1437 deaths occurred, including 435 deaths due to CHD. Proportions of
variance of frailty attributable to genetic and environmental factors were analyzed using
the structural equation model approach. Different standard biometric models are fitted
to the data to evaluate the magnitude and nature of genetic and environmental factors
on mortality. Using the best fitting model without covariates, heritability of frailty to
CHD was found to be 0.45 (0.11). This result changes only slightly to 0.54 (0.16) after
controlling for smoking and BMI. This analysis underlines the existence of a substantial
genetic influence on individual frailty associated with mortality caused by CHD. No
evidence for common genetic factors acting on smoking, BMI, and susceptibility to CHD
are found which indicates that the association between smoking and susceptibility to
CHD and BMI and susceptibility to CHD is not confounded by common genetic factors.

1 Introduction

Twin studies is one of the most widely used methods for quantifying the influence of
genetic and environmental factors on specific diseases. In the case of binary traits (where
disease is either present or not), concordance analysis provides a powerful and widely
accepted method in genetic epidemiology. Concordance rates are easily to calculate and
allow a clear interpretation (McGue!, Gatz et al.?). In practical applications, time-to-
event data (time of onset of disease, age at death) is often available, but usually in a
truncated and/or censored form. Censoring of bivariate observations can be a complex
problem, as either or both individuals of a pair may be subject to censoring, and the
censoring times need not to be the same for both individuals. Additional problems
arise through bivariate truncation, which implies a non-random selection of the study
population from the total twin population. Furthermore, in many cases covariates are
available. Unfortunately, it is difficult to manage truncated and censored time-to-event
data and covariates within the context of concordance analysis. A large part of the
motivation for the methodology of this article is exploring the potential for censored
and truncated data and the inclusion of measured covariates. One key question here is
whether the inclusion of covariates changes the heritability estimates of susceptibility to
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the disease under study.

We aim to study bivariate survival times X, X5 which depend, via a proportional haz-
ards models, on unobserved variables 71, Z, (called frailties). That is, we seek to ex-
plain an association between two (non-negative) survival times. They have a continuous
joint distribution through their common dependence upon unobserved random variables.
Such models are particularly convenient in the context of survival data and they stem
from the (univariate) concept of frailty introduced by Vaupel et al.®. The univariate
frailty model extends immediately to frailty models with a bivariate survival function
S(x1,m9) = P(X; > x1,Xs > x5). The bivariate frailty model asserts that X; and X,
are conditionally independent, given Z;, Z5, and that:

S(l‘l, xZ) — EG*ZIHOI(II)*ZQHOQ(QTQ), (1)

for some cumulative baseline hazard functions Hy; and Hyy. We will give more detailed
information about this model later on.

We want to apply the bivariate frailty model to twin data on mortality due to coro-
nary heart disease (CHD). The role of family aggregation of CHD is well established.
Questions about the nature of the genetic effects (additive versus non-additive) are ad-
dressable. Former studies from the Danish* and Swedish®® twin registries found a genetic
component in the risk of death from coronary heart disease. Recent studies”® used ap-
proaches from survival analysis to account for truncation and censoring present in the
data. Such kinds of methods have to combined with methods from genetic epidemiology.
Heterogeneity of individuals with susceptibility to CHD as well as important covariates
is included in the present model. For such a combined analysis, we apply the correlated

%10 41 the present paper, which takes into

gamma-frailty model with observed covariates
account the dependence of life spans of relatives (twins). This allows the estimation
of the effect of genetic factors in susceptibility to CHD and the evaluation as to what
extend smoking, BMI, and susceptibility to CHD are all influenced by common genetic
factors. This approach enables the combination of data on the age at death with data on
cause of death, smoking, and BMI; and further, to deal with truncated and censored ob-
servations. For each individual we assume two independent underlying competing risks
of latent times (lifetime with respect to death due CHD and lifetime with respect to
death due to all other diseases (including censoring)). In addition, we assume that these
competing risks are independent. An extension of the model to more than two competing
risks is possible, but beyond the scope of the present paper. We empirically demonstrate
the advantages of the model in the statistical analysis of lifetime data from Danish twins,

1.'' but now with a special focus on mortal-

which were already used in Herskind et a
ity caused by CHD and applying a frailty model. The model allows checking hypothesis
about genetic confounding in the relationship between the covariates (smoking and BMTI)
and susceptibility to CHD. The concept of genetic confounding was originally introduced

by R.A. Fisher, who suggested that the association between smoking and lung cancer



4 A. Wienke, A.M. Herskind, K. Christensen, A. Skytthe, A.I. Yashin

was caused by common genetic factors'?. For references related to the discussion in this
field, see Herskind et al.'!.

2 Material and methods

Mortality data of twins were provided by the Danish Twin Registry, founded in 1954 as
the world’s first nation-wide twin registry. This population-based registry includes twins
born in Denmark during the period 1870-1910 and all like-sex pairs born between 1911
and 1930. For detailed information about the Danish Twin Registry, see Hauge'3.

In 1966, a questionnaire including questions about smoking, height, and weight was
mailed to all twins born 1890-1920 who were alive and traceable on 1 January 1966.
3709 individuals answered the questionnaire (response rate 65 %). Excluded from the
study were 813 twins with non-responding partners, four pairs with unknown zygosity
and 212 pairs with incomplete or uncertain information on height and weight. 23 pairs
were excluded because of incomplete information about cause of death, resulting in a
study population of 1209 twin pairs.

Individuals were followed from 1 January 1966 to 31 December 1993. Those persons
identified as deceased after that date are classified for our purposes as ’living’. At the
end of follow-up, approximately 40 % of the twins were still alive, resulting in right
censored data. Altogether, there are 210 male monozygotic twin pairs and 316 dizygotic
twin pairs, 273 female monozygotic twin pairs and 410 dizygotic twin pairs. In addition
to age at death, there is also information on cause of death available for all individuals
who died during the follow-up. For the present study, only the underlying cause of death
was considered. Detailed information about death status, gender, zygosity, smoking, and
BMI of the study population is given in Table 1 and 2.

status males females
MZ twins DZ twins MZ twins DZ twins

deaths

—CHD 96 153 76 110
—other 206 280 204 312
all causes 302 433 280 422
alive 118 199 266 398
total 420 632 546 820

Table 1: Study population (number of individuals) by gender, zygosity and cause of
death
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Non-smokers Other pipe/cigar cigarette Total
(ex-smokers etc.) smokers smokers

males
BMI < 22 11 12 45 31 99 (9.4%)
BMI 22- 28 78 141 333 208 760 (72.2%)
BMI > 28 24 35 91 43 193 (18.3%)
Total 113 (10.7%) 188 (17.9%) 469 (44.6%) 282 (26.8%)
females
BMI < 22 105 46 47 99 297 (21.7%)
BMI 22- 28 350 138 134 171 793 (58.1%)
BMI > 28 157 40 37 42 276 (20.2%)
Total 612 (44.8%) 224 (16.4%) 218 (16.0%) 312 (22.8%)

Table 2: Study population (number of individuals) by sex, BMI and smoking

2.1 Mortality

After the age of six, 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 monozygotic twins are close to those of dizygotic twins for both
sexes'*. Recent papers dealing with twin cohorts born during the period of 1870 - 1930
found similar mortality patterns for Danish twins and the general Danish population
with respect to CHD®'5. This similarity suggest that it is possible to generalize genetic
results from survival analysis of twins to the total population with respect to mortality
due to CHD.

For the present report, CHD is grouped as ICD 420 in the sixth and seventh revision
and as ICD 410 - 414 in the eighth ICD revision.

2.2 Statistical methods

Univariate lifetime models cannot capture the association between the life spans of re-
lated individuals like twins. Consequently, bivariate distributions of dependent lifetimes
are necessary. For genetic analysis of time-to-event data, associations between durations
are needed. In this paper, we want to analyze genetic and environmental factors acting
on susceptibility (frailty) to mortality due to CHD when controlled for smoking and BMI.
The correlated gamma-frailty model with observable covariates can be used to fit bivari-
ate lifetime data and provide a specific parameter for correlation of frailty to death. The
interesting point here is, that individual frailties in twin pairs could not be observed, but
their correlation can be estimated by application of the correlated gamma-frailty model.
Now we want to make more specific assumptions about the structure of the lifetimes. To
include heterogeneity in our model, we assume a correlated gamma-frailty model'®!7. Let
Z; (i =1,2) be the frailties, and u; (i = 1, 2) vectors of observable covariates of the two
individuals of a twin pair. Assume that their individual hazards are represented by the
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proportional hazards model p(x, Z;, u;) = Zipg(x)e®™ (i = 1,2) with a baseline hazard
function f(x) describing the risk of dying as a function of age and [ denotes the vector
of regression parameters. Let the lifetimes of the two twin partners be conditionally
independent given their frailties Z; and Z,. Additionally, a decomposition Z; = Yy + Y}
and 7, = Yy + Y5, where Y, Y], and Y5 are independent gamma-distributed random
variables with Yy ~ ['(ko,A), Y1 ~ ['(k1, A) and Y5 ~ T'(ko, A). Here kg, kq, ko, A are
non-negative parameters and I'(k, \) denotes a Gamma distribution with parameters k
and A. Obviously, Z; and Z, are correlated in view of the shared part of frailty Y; in
both Z, and Z,. To force Z; and Z5 to have the same distribution we assume that
shape parameters k; and ko for the distributions of Y7 and Y5 are the same, ky = ks.
This condition is reasonable with respect to twins, because there is no reason to assume
different distributions of frailty in twin partners. We employ the standard assumption
that the mean frailty of individuals is one (at the beginning of the follow-up), which
means that EZ; = %% =1 (; = 1,2). The common variance is given by 02 = 1/\. Let
p be the correlation coefficient of Z; and Z,, which is given simply by:

k
P2, 22) = kofkl‘

Because frailties Z; (i = 1,2) are usually unobservable their correlation coefficient 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 proper-
ties was constructed in Yashin et al.!”. The unconditional bivariate survival function is
given by:

2

S(I1,$2|U1,’LL2) = S(l‘l|U1)1_pS(III2|’LL2)1_p(S(.’II1|U1)_02 + S(.’L’2|U2)_U — ].)_0%, (2)

where S(z|u) denotes the marginal univariate survival function, assumed to be equal

for both partners in a twin pair. Using a parametric approach we fitted a Gamma-
1

Gompertz model to the data, e.g. S(x|u) = (1 +[(1 —1—52%(67’” - 1))% - 1]6“) " where
a, 3,52, 02, p,y are parameters to be estimated.

Let (X1, X192, U1, Usa), - -, (Xn1, Xn2, Un1, Un2) be independent and identically distribu-
ted (i.i.d.) lifetimes and observable covariates. The lifetimes (X, X;2) are assumed to be
independently censored from the right by i.i.d. pairs of non-negative random variables
(C11,Ch12)y - ., (Cr1, Cra), which are independent of the (X, X;2). Thus, instead of
(Xi1, Xio, Uir, Uiz) we only observe

(T’il; 7—’1'27 Aila AiZ; Uila U12) (3)
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with T;; = min{X;;,C;;}, Ay = 1(X;; < Cy) 6 = 1,...,n;j = 1,2), where 1(+)
denotes the indicator function of the event in the brackets. Let us assume that the
lifetimes follow a distribution (dependent on observable covariates Uy, U,) given by the
bivariate survival function S(z1, zo|ur, us) = P(X; > 1, Xj > 22|u, us), and denotes
by C(c1,c2) = P(Ci1 > ¢, Ciy > ¢3) the survival function of censoring times. Hence, the
survival function of the four-dimensional latent times is of the form:

S(xla C1, T2, 02|U/17 UZ) - S(l'l, l'2|U,1, U’Q)O(Cl; 02)- (4)

Starting from this model, we are able to derive the likelihood function of the data given
by (3):

L(ty, 13,01, 02, u1, ug) = 610254, (t1, ta|ur, uz) — 61 (1 — 82)Sy, (t1, ta, ur, u2)
— (1 — 51)52St2 (tl,t2|u1, UQ) + (1 — (51)(1 — 52)5’(t1,t2|u1, UQ) (5)

with (¢1,t2, 81,82, u1,uz) as a realisation of the random vector (77,75, Ay, Ay, Uy, Us).

Partial derivatives of the marginal survival functions are given by Sy, (t1,2) = %
(i = 1,2) and Sy, (t1,12) = %. Because of the independence assumption between

lifetimes (X1, X;2) and censoring times (Cj;, Cj2) the distribution of the censoring times
does not enter the likelihood function.

As mentioned above, the twin pair data set used is not randomly selected from the
total twin population. Since both members of a twin pair had to be still alive on 1
January 1966, the survival times in the data set are sampled from specific conditional
distributions. If a twin pair was born in year y (where y=1880, ... ,1920), the condition of
survival of both twins until the year 1966 implies that both twins had to survive until the
age of 1966-y in order to be included in the sample. If the survival times are denoted by
X; and X, with survival function S(xy, z3|uy, us), then the conditional survival function

for a twin pair born in year y is:

S(lﬁb $2|U1, U2)
5(1966 — 1, 1966 — y|u1, u2)

5(1'1,1'2|U,1,U2,X1 > 1966 — y, Xy > 1966 — y) =

Consequently, the likelihood function of independently left truncated and right censored
lifetime data is given by:

0102541, (t1, to|ur, ug) — 61 (1 — 02)Sy, (1, t2|ur, ug)
L(ty,t9,61,0 = L2 !

( 1,%2,VU1, 27“17“27y) 5(1966—y,1966—y|U/1,U/2)
(]_ — 61)525t2 (tl, t2|’LL1, ’LLQ) + (]. — 51)(1 — 62)S(t1,t2|u1, Ug)

— 6
S(1966 — y, 1966 — y|uq, us) (6)
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For a combined analysis of monozygotic and dizygotic twins we include two correlation
coefficients, pyrz and ppz, respectively. These correlations between monozygotic and
dizygotic twins provide information about genetic and environmental influences on frailty

within individuals.

2.3 Quantitative genetics of frailty

In twin studies, the intrapair-correlations of the trait under study (here frailty on mortal-
ity due to CHD) in monozygotic and dizygotic twin pairs play the key role for analysis of
genetic and environmental factors. Using these coefficients, five standard genetic models
of frailty are fitted to the data that corresponds to five different assumptions about its
structure. Resemblance in twins is (completely for monozygotic twins and partly for
dizygotic twins) caused by two factors: additive genetic factors (A) and shared environ-
mental factors (C). Non-shared environment is (completely for monozygotic twins and
partly for dizygotic twins) responsible for intra-pair differences in twins. From the esti-
mation point of view, three parameters could be included into the model simultaneously,
because there are data about two different groups of relatives (monozygotic and dizygotic
twins). Models that are more complex need data about additional groups of relatives.
Each additional group of relatives allow for an additional parameter in the model. The
following biometric models were fitted to the data: ACE, ADE, AE, DE and CE. In
these notations, an ACE model refers to the decomposition of frailty Z=A+C+E. ADE,
AE, DE and CE models are defined similarly. We use the small letters a2, ¢?, €2, d? to
refer to the respective proportions of variance. For example, the relation 1 = a? + ¢% + €2
corresponds to the decomposition of variance in the ACE model of frailty. Standard
assumptions about of the quantitative genetics yields in the following relations:

oz = a’ +d* +
ppz = 0.5a% + 0.25d* + ¢*
l=a*+d*+c* + e (7)

For detailed information about these genetic models, and deriving the upper equations,
see Neale and Cardon'®. Note that the AE model and the CE model are not nested.
Consequently, the likelihood ratio test could not be used to define the model with the
best fit to the data. The Akaike Information Criterion (AIC)' is used to compare
non-nested models.

To combine the approach of quantitative genetics with the methods of survival analysis
we used the correlated gamma-frailty model with genetic and environmental components
of frailty. In this approach, the decompositions in (7) must be substituted into survival
model (2). This model must be used to estimate the parameters a?,d?, c?, e? by the
maximum likelihood method directly. Analysis was made using standard statistical

software packages SPSS?° and GAUSS?L.
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3 Results

Because not all models are nested, the likelihood ratio test can not be applied to compare
all five biometric models. Applying the correlated gamma-frailty model with and with-
out observed covariates the Akaike Information Criterion prefers the AE model. Using
this model, heritability changes from 0.45 (0.11) without covariates, to 0.54 (0.16) with
covariates (see Table 3). Standard errors for the ACE model are not shown in Table 3
since ¢2 = 0 is the boundary of the parameter space.

model o a® d? c? e? B Bo B3 B4 Bs AIC
ACE 2.78 0.45 0.00 0.55

() () () () 4366.1
ACE 1.99 0.54 0.00 0.46 0.14 0.29 1.00 0.92 0.81

(-) () (-) () (=) () (=) (=) (-) 45495
AE 2.78 0.45 0.55

(0.72)  (0.11) (0.11) 4564.1
AE 1.99 0.54 0.46 0.14 0.29 1.00 0.92 0.81

(0.56)  (0.16) (0.16) (0.22) (0.22) (0.27) (0.25) (0.27) 4547.5
ADE 2.78 0.44 0.01 0.55

(0.80) (1.19) (1.40) (0.25) 4566.1
ADE 1.95 0.31 0.28 0.42 0.14 0.29 0.99 0.91 0.80

(0.56) (0.44)  (0.51) (0.19) (0.22) (021) (0.27) (0.25) (0.27) 4549.2
DE 2.68 0.50 0.50

(0.76) (0.13) (0.13) 4565.9
DE 1.88 0.62 0.38 0.14 0.29 0.99 0.90 0.79

(0.54) (0.19) (0.19) (0.21) (021) (0.26) (0.24) (0.26) 4547.7
CE 2.96 0.30 0.70

(0.76) (0.08) (0.08) 4567.4
CE 2.11 0.35 0.65 0.14 0.27 1.01 0.94 0.84

(0.62) (0.11) (0.11) (0.23) (0.22) (0.29) (0.26) (0.29) 4552.0

Table 3: Estimates of the components of variance in frailty to mortality from CHD(n=1209).

o2 - variance of frailty, a? - additive genetic effects, d? - genetic effects as a result of dominance,

¢ - common environment, e? - non-shared (individual) environment (including measurement

errors), AIC - Akaike Information Criterion, 8; - BMI < 22 Kg/m?2, 3 - BMI > 28 Kg/m?,
O3 - cigarette smokers, (34 - pipe/cigar smokers, 35 - former smokers

Using the best fitting AE model, the likelihood ratio test does not indicate any signifi-
cant influence of BMI on CHD mortality (3; = 0.14 (0.22) and 3, = 0.29(0.22)). Here
B and 3y describe individuals with BMI less than 22kg/m? and more than 28kg/m?,
respectively. The reference group are individuals with BMI between 22kg/m? and
28kg/m?. Smoking shows a significant influence on CHD mortality (83 = 1.00 (0.27),
By = 0.92(0.25) and 5 = 0.81(0.27)). Here 53, 4 and (5 denote cigarette smokers,
pipe and cigar smokers and former smokers, respectively. The reference group is the

nonsmokers.
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4 Discussion

The presented method in this article with its suitability for censored and truncated
data and the possibility to include observed covariates allows to overcome the well-
known drawbacks of the traditional concordance analysis in twin studies with time-to-
event data. An important question arising in genetic analysis of models with observed
covariates (in our case smoking and BMI) is whether genes that are responsible for
variation in observed covariates also contribute to a variation in susceptibility to CHD. In
that case traditional biometrical methods of regression analysis can led to spurious effects
of covariates. In extrem cases not covariates, but common genes may be responsible for

variation in life span.

Both smoking and BMI are influenced by genes with heritability estimates 0.35 — 0.75
(smoking) and 0.5 — 0.8 (BMI) (Bouchard??, Heath and Madden??, Herskind et al.?!).
However, whether common genes influence these phenotypic traits, as well as suscepti-
bility to CHD, is an open question. In 1958 R.A. Fisher!'? suggested that the association
between smoking and lung cancer is spurious and reflects only the circumstance that the
same genes influence both smoking habits and lung cancer. This was the starting point
for a long debate on genetic confounding.

The main result of the present paper was that the inclusion of smoking and BMI do
not cause any substantial decrease in the heritability estimates. Hence, no evidence
was found for common genetic factors acting on smoking and susceptibility to CHD or
BMI and susceptibility to CHD. This study confirms the earlier finding that the genetic
influence on susceptibility to CHD is not mediated trough genetic influence on smoking
and BMI.

As expected the inclusion of observable covariates decreases the heterogeneity in the
population, which can be seen in the decline of the variance of the frailty from o = 2.78
in the model without covariates to o = 1.99 in the model with covariates. This makes
clear that frailty is not a phenotypic trait. Frailty depends on the model, it describes
factors not included in the model.

When observed covariates are included in the model, the relative importance of envi-
ronmental factors (shared environment, C, and non-shared environment, E) is reduced,
leading to an increase in the heritability estimates observed in the present analysis. How-
ever, this increase is negligible with respect to the calculated standard errors of these
estimates. Genetic confounding would lead to a decrease in heritability estimates be-
cause in that case genetic factors contribute predominantly to the observed covariates
rather than to unobserved covariates included in the frailty.

The analysis underlines the importance of genetic factors on individual susceptibility to
CHD. Otherwise, the heritability estimate in our study (0.45 for both sexes combined)
is lower than those found in a previous analysis of an extension of the presented data
set (without covariates) with heritability estimates of 0.53 and 0.58 for males and fe-
males, respectively (Wienke et al.®). The lower estimates in the subsample analyzed in
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the present paper may be a consequence of a decline in the heritability of CHD with
increasing age as found in Marenberg et al.% and Zdravkovic et al.”. The twin population
in our study is much older because time of truncation was 1966 compared with 1943 in
the paper by Wienke et al.®. Furthermore, the youngest cohorts (birth years 1921-1930)
are not included in the present analysis.

The proposed method allows to handle censored and truncated time-to-event data of
related individuals in the case of observed covariates. The hypothesis of genetic con-
founding can be checked and the influence of observable covariates on heritability can
be analyzed.
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