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Abstract

Background Considerable evidence from twin and
adoption studies indicates that genetic and shared
environmental factors play a significant role in the
initiation of smoking behavior. Although twin and
adoption designs are powerful to detect genetic and
environmental influences, they do not provide infor-
mation on the processes of assortative mating and
parent—offspring transmission and their contribution to
the variability explained by genetic and/or environ-
mental factors.
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Methods We examined the role of genetic and envi-
ronmental factors for smoking initiation using an
extended kinship design. This design allows the
simultaneous testing of additive and non-additive
genetic, shared and individual-specific environmental
factors, as well as sex differences in the expression of
genes and environment in the presence of assortative
mating and combined genetic and cultural transmis-
sion. A dichotomous lifetime smoking measure was
obtained from twins and relatives in the Virginia
30,000 sample.

Results Results demonstrate that both genetic and
environmental factors play a significant role in the
liability to smoking initiation. Major influences on
individual differences appeared to be additive genetic
and unique environmental effects, with smaller con-
tributions from assortative mating, shared sibling
environment, twin environment, cultural transmission
and resulting genotype—environment covariance. The
finding of negative cultural transmission without
dominance led us to investigate more closely two
possible mechanisms for the lower parent—offspring
correlations compared to the sibling and DZ twin
correlations in subsets of the data: (i) age x gene
interaction, and (ii) social homogamy. Neither
mechanism provided a significantly better explana-
tion of the data, although age regression was
significant.

Conclusions This study showed significant herita-
bility, partly due to assortment, and significant effects
of primarily non-parental shared environment on
smoking initiation.

Keywords Smoking initiation - Extended twin kinship
design - Genetics - Assortment - Cultural transmission
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Introduction

Smoking is a serious public health problem. Briefly,
tobacco is the second major cause of death in the
world. Half of the 1.3 million people that smoke
today will eventually be killed by tobacco (World
Health Organization 2005). In the US, cigarettes are
estimated to be responsible for 30% of all cancer
deaths (87% of lung cancer deaths) and 21% of
deaths from cardiovascular disease (Ries et al. 2005).
Smoking harms nearly every organ in the body,
causing many diseases and reducing health in general
(CDC 2004). The economic costs of tobacco use are
equally devastating. A 1994 report estimated that the
use of tobacco resulted in an annual global net loss
of US$ 200,000 million, a third of this loss being in
developing countries (World Health Organization
2005).

Considerable evidence exists that genetic and envi-
ronmental factors play a significant role in the initia-
tion of smoking behavior. This evidence primarily
stems from twin and adoption studies. Here, we sum-
marize twin studies that have examined lifetime or
current use of tobacco products (which we will term
smoking initiation or SI). There are more than 15
published twin studies of SI, originating from seven
different countries, with the majority reporting on
adult samples. Detailed reviews of this literature have
been published by Sullivan and Kendler (1997), Heath
et al. (1998), and Li (2003). Estimates of the herita-
bility (k%) of SI were generally high, with most values
falling between 40% and 70% (median = 57%).
The unweighted mean (+SD) estimate of 4> for the 37
total samples was 0.53+.15 and did not differ appre-
ciably in the adult and adolescent subsets. Estimates of
the proportion of variance in liability due to shared
environmental effects (c*) were more variable, with
most ranging from 0% to 50%. The unweighted mean
(+SD) estimate of ¢* for the 31 adult samples
(0.22+0.18) was appreciably lower than that estimated
from the 6 adolescent samples (0.41+0.20) (for all
samples 0.27+.20). Shared environmental factors, par-
ticularly peer group effects, may be more important for
SI in adolescence than in adulthood. The unweighted
mean estimate for individual-specific environmental
effects (e?) was 0.18 (+.12). One of the most striking
aspects of this literature is the consistent evidence for
moderate to high heritability estimates across a wide
range of ages, countries and gender (Madden et al.
2004).

Five studies have examined SI in twins reared
apart, a combination of the twin and adoption study
designs. Concordance for smoking in the 147 MZ
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pairs reported in these studies was high (75%) and
only slightly lower than the concordance rate
reported from studies of MZ twins reared together
(84%) (see Sullivan and Kendler 1997; Kendler et al.
2000). The only available standard adoption study
(Eaves and Eysenck 1980) reports substantial corre-
lations for smoking status between biological parents
and offspring, but not between adoptive parents and
their adoptive offspring. Similarly, correlations
between biological siblings (either nontwin siblings or
DZ twins) were significantly different from zero,
while those between adoptive siblings were not. In
aggregate, the reared-apart twin studies and adoption
studies support the hypothesis of strong genetic
influences on SI.

Although the twin and adoption designs are pow-
erful to detect genetic and environmental influences,
they do not generally provide information on the
processes of assortative mating and parent—offspring
transmission and their contribution to the variability
explained by genetic and/or environmental factors.
The addition of parents to the twin design may
inform about the mechanism of assortment (through
the marital correlation) and about inter-generational
transmission (through the parent-offspring correla-
tion). To our knowledge, only one paper used a twin-
parent model for smoking to estimate the degree of
assortment and cultural transmission (Boomsma et al.
1994). They found that the association between
spouses for ‘ever smoked’ was rather low (.18) and
that the parent-offspring resemblance could be
accounted for completely by their genetic related-
ness. Adding more first and second degree relation-
ships to the twin-parent design further allows us to
evaluate the consistency of these parameters over a
large range of relationships.

In this paper, we will examine the role of genetic and
environmental factors for smoking initiation using an
extended kinship design. This design allows the
simultaneous testing of additive and non-additive ge-
netic, shared and individual-specific environmental
factors, as well as sex differences in the expression of
genes and environment in the presence of assortative
mating and combined genetic and cultural transmis-
sion. First, we estimated the correlations between rel-
atives and consider their overall pattern across the
different types of relative. Second, we fit a model to the
data for the purpose of formal hypothesis testing.
Third, we test several assumptions of the model, such
as the consistency of estimates across age, and the
mechanism of assortment and cultural transmission
with subsets of the data. Finally, we refit the full model,
allowing for a change in prevalence with age.



Behav Genet (2006) 36:795-808

797

Materials and Methods
The Virginia 30,000

The Virginia 30,000 sample contains data from 14,763
twins, ascertained from two sources (Eaves et al. 1999;
Truett et al. 1994). Public birth records and other public
records in the Commonwealth of Virginia were used to
obtain current address information for twins born in
Virginia between 1915 and 1971, with questionnaires
mailed to twins who had returned at least one ques-
tionnaire in previous surveys. A second group of twins
was identified through their response to a letter pub-
lished in the newsletter of the American Association of
Retired Persons (AARP, 9476 individuals). Twins
participating in the study were mailed a 16 page
“Health and Lifestyles’ questionnaire, and were asked
to supply the names and addresses of their spouses,
siblings, parents and children for the follow-up study of
relatives of twins. Completed questionnaires were ob-
tained from 69.8% of twins invited to participate in the
study, which was carried out between 1986 and 1989.
The original twin questionnaire was modified slightly
to provide two additional forms, one appropriate for the
parents of twins and another for the spouses, children
and siblings of twins. Modifications affected only those
aspects of the questionnaire related to twinning. The
response rate from relatives (44.7%) was much lower
than that from the twins. Of the complete sample of
28,492 individuals (from 8567 extended kinships) with
valid smoking data, 58% were female, with 50% of
respondents under 50 years of age. Table 1 breaks down
the sample sizes by type of relative and sex, as well as by
zygosity and ascertainment sample for the twins only.

Zygosity Determination

Zygosity of twins was determined on the basis of
responses to standard questions about similarity and

the degree to which others confused them. This
method has been shown to give at least 95% agreement
with diagnosis based on extensive blood typing (Eaves
et al. 1989; Ooki et al. 1990).

Measures

In all questionnaires mailed to twins and their relatives,
self-report data on smoking were obtained from three
items. Respondents were asked to indicate the number
corresponding to the frequency which best described
their smoking habits during your lifetime. The four
possible response values were: ‘never smoked’, ‘used to
smoke but gave it up’, ‘smoked on and off’, ‘smoked
most of your life’. Smoking quantity was measured as
the number which expressed their best estimate of the
DAILY cigarette consumption with six response cate-
gories: ‘never’, ‘1-5 per day’, ‘5-10 per day’, ‘11-20 per
day’, 21-40 per day’, ‘>40 per day’. Age of onset was
recorded as the age at which they started smoking.
Based on these three variables, we created a dichoto-
mous variable reflecting whether they had ever smoked
or not. If they responded ‘“‘never smoked” to the
smoking frequency question and ‘‘never” to the
smoking quantity question and did not report an age of
onset for smoking, they were coded zero on the
dichotomous smoking variable. If on the other hand,
they reported any of the other three response catego-
ries for smoking frequency OR any of the other five
categories for smoking quantity OR an age of onset,
they were coded one. Responses were consistent across
the three variables for 86% of the sample. Eleven
percentage of the sample was coded a smoker based on
two out of three variables. In less than 1% of the
sample was someone coded a smoker on the basis of
only one of these three variables. 732 respondents
(1%) were assigned missing values for the dichotomous
smoking variable.

Table 1 Sample sizes by type of relative and sex (top panel), and by zygosity and ascertainment sample for the twins only (bottom

panel)

Twins Parents Siblings Spouses Children Total
Male 5,322 914 1,260 2,515 1,890 11,901
Female 9,434 1,448 1,924 1,875 1,910 16,591
Total 14,756 2,362 3,184 4,390 3,800 28,492

MZM DZM MZF DZF DZO Total
VTR 610 718 960 810 1,294 4,392
AARP 1,014 500 2,986 1,726 1,498 7,724
Total VA30k 1,626 1,220 3,948 2,542 2,792 12,1282

VTR:Virginia Twin Registry subsample; AARP:American Association for Retired Persons subsample

#For 2628 twins, zygosity information was either not available or inconclusive

@ Springer



798

Behav Genet (2006) 36:795-808

Statistical Methods

Structural modeling of the data was undertaken using
methods described in Eaves et al. (1999) and Truett
et al. (1994), which assess the contributions of additive
and dominant genetic effects in the presence of effects
such as vertical cultural inheritance, phenotypic
assortative mating, shared twin and sibling environ-
ments and within-family environment. Phenotypic
assortment occurs when mate selection is based at least
partly on the trait being studied, and generates a cor-
relation between the observed phenotypes of spouses.
Vertical cultural inheritance is the transmission of
traits from parent to child by non-genetic means, and
reflects the impact of the parent’s phenotype on the
environmental of their children.! Between-family
environmental effects make family members relatively
more similar, which include sibling and twin effects.
Sibling environments are those environmental factors
shared between all types of offspring. A special twin
environment is an additional correlation between the
environment of twins (in addition to the sibling envi-
ronment) which makes both MZ and DZ twins more
alike than ordinary siblings even in the absence of
genetic effects (Neale and Cardon 1992). While all
these sources of common environment contribute to
variation among individuals regardless of relationship,
they differ in their effect on the covariation between
types of relatives. The contribution of the genetic and
environmental factors may be dependent upon sex,
both in their magnitude and nature. Figure 1 presents a
path diagram of the extended twin design model (ET
model). Note that only two generations are shown as
all the model parameters can be depicted with drawing
just an opposite-sex pair of twins and their parents.
In its early applications, the ET model was fit to
correlations between relatives after the data had been
corrected for the linear and quadratic effects of age,
sex, twin status (twin versus other relative), source of
ascertainment (Virginian birth records versus AARP)
and interactions between these effects (Eaves et al.
1999). After the implementation in the statistical
modeling package Mx (Neale et al. 2003) the ET
model was fit to the raw ordinal data to obtain maxi-
mum likelihood estimates of the model parameters.
Given the three generational nature of the some of the
data, we opted for a binary approach, as ordinal
data with more categories would be much more

! This model, which assumes that assortment and cultural
transmission are based on the measured phenotype, is only one
of the possible mechanisms for family resemblance (Fulker 1988;
Heath and Eaves 1985).
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computationally intensive. Also, this approach allowed
us to add covariates such as age to the model, thereby
addressing one of the criticisms of the analysis of kin-
ship data. A detailed description of the specification of
the ET model is given in Maes et al. (1999).

Results
Response Frequencies

Responses frequencies for the smoking questionnaire
items are listed in Table 2. This cohort demonstrated a
marked difference between smoking behaviors of men
and women, with greater frequency and quantity
among men. While a decrease in prevalence of smok-
ing behaviors over three generations (fathers versus
twins/brothers/husbands versus sons) was apparent for
males, both the frequency and quantity of smoking are
comparable across three generations in females.
Regression analyses (not shown) indicated significant
regressions for sample (Virginia Twin Registry versus
AARP) and sex and for the interactions between
sex x age, sex x age”, age x sample and sex x sample.
It should be noted ‘sample’ is highly correlated with
age, because most of the AARP related individuals are
older than 50, whilst the majority of the Virginia Twin
Registry sample is under 50.

Maximum Likelihood Estimation of Correlations

Due to advances in computational speed and effi-
ciency, it is now feasible to use maximum likelihood
methods to estimate tetrachoric correlations and
model genetic and environmental effects in pedigrees
of this complexity, allowing us to obtain unbiased
estimates of all parameters. Table 3 lists the maximum
likelihood estimates of the tetrachoric correlations.
When the correlations are subdivided by sex of the
pairs, a total of 88 different estimates are obtained. The
precision of these correlations is low when the sample
size is small which is the case for the more distant
relatives. However, when we constrain correlations to
be the same across sex of the pairs within categories
with the same genetic and environmental relatedness,
the pattern of correlations becomes much more stable
(see Fig. 2). Furthermore, none of the gender homo-
geneity tests for correlations was significant, except for
DZ opposite sex correlation compared to the DZ same
sex correlations.

The correlations for relatives of different degree of
relatedness—both genetic and environmental—‘tell



Behav Genet (2006) 36:795-808

799

Fig. 1 Full extended family resemblance model for opposite-sex
DZ twins and their parents. Path coefficients are the same in
both generations, and gene-gene and gene—environment correla-
tions occur in both generations a; = gender-common additive
genes—females; a,, = gender-common additive genes-males;
b, = male-specific additive genes—males; r = induced correlation
between gender-common and male-specific additive genetic
effects; dy = non-additive genes-females; d,, = non-additive
genes—males; rq = correlation between male and female non-
additive genetic effects; c; = common environment-females;
¢n = common environment-males; 1. = correlation between
male and female common environment; t¢= special twin
environment-females; t; = special twin environment-males;

the story’ about the genetic and environmental con-
tributions to the phenotype. If additive genetic factors
contribute to the variability, correlations are expected
to decrease with a decreasing genetic relatedness, e.g.,
MZ twins should correlate higher than first-degree
relatives (DZ twins, siblings, parent—child pairs) who
share on average half of their genes, followed by
second-degree relatives (grandparents, half-siblings,
avuncular pairs) who share on average 1/4 of their
genes, and more distant relatives, such as cousins,
who share 1/8 of their genes. From a genetic per-
spective, avuncular MZ pairs (nieces and nephews
with their aunts/uncles who are the identical co-twins
of their mother/father) are similar to parent—child
pairs. Cousins through MZ twins are genetically re-
lated as half-siblings. Such a pattern of decreasing
correlations with decreasing genetic relatedness is
observed for the tetrachoric correlations for SI in the
genetically related pairs, except for somewhat lower
parent—child and avuncular correlations. Significant

1, = correlation between male and female special twin environ-
mental effects; n = maternal cultural transmission-females;
m = maternal cultural transmission-males; o = paternal cultural
transmission-females; p = paternal cultural transmission-males;
er = specific environment parameter-females; e,, = specific en-
vironment parameter-males; i = assortative mating parameter;
s = correlation between gender-common additive genetic effects
and environment-females; s, = correlation between gender-
common additive genetic effects and environment-males;
v¢ = correlation between male-specific additive genetic effects
and environment-females; v,, = correlation between male-spe-
cific additive genetic effects and environment-males

dominance contributions would be reflected in DZ
and sibling correlations being less than half the MZ
correlations  (expectation is 1/4rMZ <rDZ <1/
2 rtMZ) with zero correlations for other pairs of rel-
atives. There is no clear evidence for this pattern in
the SI correlations.

The contribution of shared environmental factors
should increase similarity between people living to-
gether or having grown up in the same home. This
would affect all first-degree relatives and MZ twins.
With different types of first-degree relatives, this
source of variance can be further partitioned in fac-
tors shared with parents—typically referred to as
vertical ~ cultural transmission—and non-parental
environmental factors. The latter are environmental
factors that siblings may have in common, such as
school environment, peers, friends and could explain
greater similarity in siblings than parent-offspring
pairs. Given the availability of twins, we can also
assess the presence of a special twin environment
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Table 2 Response frequencies (N and %) of self-reported smoking behavior in the Virginia 30,000 sample

Fathers Mothers MaleTwins FemaleTwins Brothers Sisters Husbands Wives Sons Daughters

Smoking frequency

Never Smokers N 202 778 1,991 5,319 460 1,076 772 1,054 960 1,593
% 22 55 38 57 37 57 31 57 51 55

Past smokers N 461 324 1,894 2,012 467 426 1,190 492 506 702
% 51 23 36 22 37 22 48 27 27 24

Casual smokers N 51 85 427 722 112 162 130 106 157 257
% 6 6 8 8 9 9 5 6 8 9

Regular smokers N 187 227 940 1,203 212 237 400 197 259 345
% 21 16 18 13 17 12 16 11 14 12

Smoking quantity

No cigarettes N 230 751 2,097 5,232 459 1,058 833 1,046 969 1,596
% 36 62 41 58 49 63 44 63 64 62

1-5/day N 111 149 610 1,073 154 223 319 235 196 356
% 18 12 12 12 16 13 17 14 13 14

5-10/day N 83 97 388 667 99 126 194 125 89 196
% 13 8 8 7 10 8 10 8 6 8

11-20/day N 203 213 1,050 1,267 223 275 550 248 259 428
% 32 18 21 14 24 16 29 15 17 17

21-40/day N 8 6 757 663 5 5 7 2 1 1
% 1 15 7 1

>40/day N 2 1 186 105 1
% 4 1

Age of onset of smoking

No onset N 185 730 1,915 5,101 433 1,045 750 1,029 942 1,575
% 22 53 37 57 36 56 31 57 51 55

Onset N 660 635 3,220 3,899 771 810 1,683 789 909 1,301
% 78 47 63 43 64 44 69 43 49 45

Smoking (dichotomous)

Never smokers N 185 730 1,915 5,101 433 1,045 750 1,029 942 1575
% 21 53 37 56 35 56 30 56 50 55

Smokers N 703 649 3,292 4,001 799 832 1,736 803 926 1,314
% 79 47 63 44 65 44 70 44 50 45

from the additional similarity in twins compared to
siblings. Although different mechanisms of inter-
generational transmission are possible, transmission
based on the phenotype of the parent seems rea-
sonable. If this type of cultural transmission exists for
a trait which also has a genetic component, it will
result in genotype—environment covariance. Positive
cultural transmission (and resulting GE correlation)
will increase the similarity of siblings and parent—
child pairs relative to MZ twins. The results for SI
suggest non-parental shared environmental factors
and likely some contribution of special twin envi-
ronment. There is no evidence for cultural transmis-
sion; on the contrary, the pattern of correlations
might be more consistent with negative cultural
transmission because parent—offspring correlations
are less (rather than greater) than might be expected
from genetic factors alone.

Another source of similarity which may have both
genetic and environmental implications is non-random
mating. Again, the effects of assortative mating depend
on the mechanism by which people choose their
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spouses. One possibility is that selection is based on the
phenotype of the partner (phenotypic assortment).
This process generates correlations between the sour-
ces of variance in one spouse with those of the other
spouse, and thus increases the genetic and/or environ-
mental covariance between parent-offspring and
sibling pairs. Phenotypic assortment increases correla-
tions through marriage (e.g. parents with in-laws of
their children) such that they will be a combination of
the spousal correlation and the correlation between the
spouse and the other relative (e.g. parent—child corre-
lation * spousal correlation). If genetic factors con-
tribute significantly to the trait, the correlations through
marriage will be a function of the genetic relatedness of
the pairings (e.g. the correlation between a spouse and
the MZ sister of his wife will be expected to be greater
than that between a spouse and his wife’s DZ sister).
The spousal correlation for SI is highly significant,
suggesting some form of assortment. The pattern of
correlations through marriage observed for smoking
behavior is consistent with a genetic contribution to SI.
While the spousal correlation for smoking could arise
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Table 3 Maximum likelihood correlations for smoking behavior in the VA30,000 sample

Male-Male? Female-Female Male-Female Female-Male Homogeneity
Nuclear families
MZ twins 0.834 0.794 - - 0.806
DZ twins 0.584 0.533 0.333 - 0.462°
Siblings 0.361 0.358 0.286 - 0.317
Parent-Child 0.185 0.212 0.212 0.159 0.189
Grandparents via
Father 0.139 0.263 0.259 0.322 0.228
Mother 0.376 0.123 0.585 0.308
Avuncular via
Father’s MZ co-twin 0.243 - 0.193 - 0.165
Mother’s MZ co-twin - 0.172 - 0.122
Father’s DZ co-twin -0.182 0.097 0.070 —0.081 0.063
Mother’s DZ co-twin -0.010 0.174 -0.090 0.090
Father’s sibling —-0.048 0.189 —0.042 -0.114 0.048
Mother’s sibling 0.055 0.012 0.114 0.067
Cousins via
MZ male twins 0.296 0.221 0.280 - 0.220
MZ female twins 0.212 0.213 0.173 -
DZ male twins 0.013 0.020 —-0.166 -
DZ female twins -0.019 0.308 0.055 -
DZ male-female twins 0.536 0.072 0.108 0.184 0.120
Spouses - - 0.377 - 0.373
Spouse of twin with
MZ co-twin - - 0.306 0.238 0.274
DZ co-twin 0.205 0.169 0.244 0.216 0.209
Sibling of twin 0.176 0.258 0.130 0.077 0.167
Parent of twin 0.053 0.172 0.067 -0.026 0.079
Spouse of MZ co-twin 0.286 0.514 - - 0.397
Spouse of DZ co-twin 0.177 0.370 0.046 - 0.176
Affine avuncular via
Father’s MZ co-twin - 0.065 - 0.049 0.100
Mother’s MZ co-twin 0.063 - 0.204 -
Father’s DZ co-twin 0.190 0.219 0.208 -0.015
Mother’s DZ co-twin 0.198 0.218 0.222 —0.034 0.132

#First sex refers the older relative

®Significant sex difference

from spousal interaction rather than assortment, it was
not significantly mediated by duration of marriage.

Maximum Likelihood Estimation of Genetic
and Environmental Contributions

Maximum likelihood estimates of the genetic and
environmental parameters under the ET model and the
derived proportions of variance for the genetic and
environmental effects from the analysis of individual
observations are shown in Table 4. Additive genetic
effects accounted for 60% of the variance in smoking
in males and 64% in females. These proportions
include the effects due to assortative mating (about
10%), consistent with the highly significant spousal
correlation r=.38. The contribution of genetic domi-
nance was negligible. The shared environmental effects
on smoking arise from non-parental sources, special
twin environment and cultural transmission. In males,

these sources explained 23, 14 and 7% of the variance.
The corresponding proportions for females were 14, 15
and 3%. Genotype-environment covariance was esti-
mated to be negative for males and females, resulting
in a negative contribution of this source of variance,
respectively —21% for males and —16% for females.
Individual specific environmental factors made up the
remainder of the variance (17% in males, 20% in
females). The estimates from the full model provide no
evidence for sex-specific genetic effects. However, the
correlation between the non-parental and twin shared
environments in males and females are .01 and .49
respectively, suggesting that partly different shared
environmental factors account for similarity in smok-
ing behavior in males and females.

The 95% confidence intervals could be obtained
from Mx using the method of Neale and Miller (1997).
However, given the large number of estimated
parameters and the ordinal data input, estimating
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Fig. 2 Maximum likelihood
correlations for smoking 0 0.1

behavior in the VA30,000,
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confidence intervals would require an impractical
amount of computer time. Therefore, we opted to fit a
range of submodels which allows us to test the signifi-
cance of individual parameters or a group of parame-
ters simultaneously. Results of the likelihood ratio tests
are presented in Table 5. The first five tests assess
whether different genes or different environmental
factors operate in males and females (referred to as
non-scalar sex limitation). There is evidence of some
form of non-scalar sex limitation, most likely for the
non-parental sibling shared environmental factors.
This is not surprising, since the opposite-sex twin and
sibling correlations are considerably lower than their
respective same-sex correlations. Some indication also

exists for sex-dependent cultural transmission with
greater environmental contribution from parents to
female than to male offspring. The second five tests
address scalar sex limitation, testing whether the
sources of variance contribute equally to males and
females. With respect to the magnitude of the genetic
and environmental factors, no significant differences
were observed. The third group of seven tests consec-
utively evaluates the significance of each of the sources
of variance. Assortment, non-parental shared, and
special twin environment are all highly significant. The
contribution of additive genetic factors was borderline
significant (P=.059), while that of cultural transmission
approached significance (P=.10). Given the estimates

Table 4 Parameter estimates and variance components from the ET model for smoking behavior in the VA 30,000 sample

Before age regression

After age regression

Parameter estimates Variance Parameter estimates Variance
components components

male  female mf male  female male female mf male female
Assortative mating 382 .099 107 .385 129 118
Common additive genetic .699 727 489 .529 763 732 582 535
Male-specific genetic 118 .019 .014 021 .003 .000
Dominance .000 .004 1.000 .000 .000 .040 .000 1.000 .002 .000
Unique environment 491 487 .168 204 S12 502 177 207
Shared environment —.481 368 .001 231 136 —-.489 381 .094 240 145
Twin environment .369 .386 485 136 .149 238 379 .999 .057 144
Cultural transmission from father -.093 -.149 =192 =202 .085 .045
Cultural transmission from mother -508 -.289 .073 .033 -468 -.301
Genotype—Environment correlation a  -.308  —.222 =211 =157 =347 -264 =271 -.194
Genotype-Environment correlationb  -.019  -.017 .002 -.004 -.004 .000

mf: male-female; genotype—environment correlation a: between common additive genetic factors and environment; genotype—
environment correlation b: between male-specific genetic factors and environment
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Table 5 Model fitting results for fitting the ET model and submodels to smoking behavior in the VA30,000 sample

Full model No dominance model

-2LL e df P -2LL P df P
Full ET model 30496.796 24207 30496.858 24210
No male-specific genes 30496.916 0.1 1 0.729 30496.917 0.1 1 0.810
Same shared environment in two sexes 30510.135 13.3 1 0.000 30510.033 13.2 1 0.000
Same twin environment in two sexes 30498.545 1.7 1 0.186 30498.326 1.5 1 0.226
Same dominance in two sexes 30496.858 0.1 1 0.803 NA
Cultural transmission no sex diff 30506.684 9.9 3 0.020 30506.779 9.9 3 0.019
Same effect of environment in two sexes 30496.860 0.1 1 0.800 30496.801 -0.1 1
Same effect of genes in two sexes 30496.865 0.1 1 0.793 30496.833 0.0 1
Same effect of dominance in two sexes 30496.858 0.1 1 0.803 NA
Same effect of shared env in two sexes 30498.563 1.8 1 0.184 30498.647 1.8 1 0.181
Same effect of twin env in two sexes 30496.925 0.1 1 0.719 30496.914 0.1 1 0.815
No non-parental shared environment 30524.118 27.3 3 0.000 30524.152 273 3 0.000
No special twin environment 30515.493 18.7 3 0.000 30515.506 18.6 3 0.000
No cultural transmission 30504.383 7.6 4 0.108 30510.268 134 4 0.009
No shared environment 30569.151 72.4 10 0.000 30678.625 181.8 10 0.000
No additive genetic effects 30504.255 7.5 3 0.059 30576.907 80.0 3 0.000
No dominance effects 30496.858 0.1 3 0.996 NA
No assortment 30769.531 272.7 1 0.000 30743.298 246.4 1 0.000

—2LL: minus twice the log-likelihood

for dominance were very close to zero, we repeated the
set of likelihood ratio tests, fixing the dominance
parameters for males and females to zero and their
correlation to one. Results for the reduced model were
similar to those for the full model, except that the
contributions of additive genes and cultural transmis-
sion were significant.

The finding of negative cultural transmission led us
to investigate more closely the possible mechanism for
the lower parent—offspring correlations compared to
the sibling and DZ twin correlations. At least two
explanations seem plausible: (i) age x gene interaction,
i.e. the genes accounting for liability to smoking are not
the same across the age range of the subjects and/or do
not account for the same amount of the variance; (ii)
environment to environment transmission from par-
ents to offspring (social homogamy) and environmen-
tal instead of phenotypic assortment. A feature of the
social homogamy model is the assumption that the
observed spousal correlation is entirely due to their
assortment for the cultural environment. Given the
complexity of the extended kinship model, and there-
fore its limited flexibility, we evaluated the alternative
explanations by reducing the model to manageable
subsets. We used the twin and sibling data to test for
age X gene interaction. The social homogamy hypoth-
esis was tested using the twin-parent and twin-spouse
designs. In addition to interaction with age, we also
allowed the thresholds to vary as a function of age
(cohort).

Age Regression and Moderation

Thresholds and twin correlations were estimated by
maximum likelihood for each of the five zygosity
groups. Age was allowed to moderate both thresholds
and the twin correlation. The thresholds and age
regression could be equated across birth order and
zygosity without loss of fit, but not across sex. Both
linear and quadratic effects of age on the prevalence of
smoking were highly significant for males (P <=.001)
but not for females (P=.900), and were significantly
different between males and females (P<.001). Simi-
larly, the twin correlations changed with age for male
twins (P<.001 and P=.001 respectively for MZ and DZ
twins) but not for female (P=.218 and .186 for MZ and
DZ) or opposite sex twins (P=.531), such that the esti-
mated correlations increased from .77 at age 20 to
.87 at age 90 for MZ male twins and from .38 to .71 for
DZ male twins. When partitioning the twin correlations
into additive, shared and specific environmental sources
of variance, both the genetic and shared environmental
variance decreased with age in females, but neither
moderation was significant. In contrast, increases in the
genetic and shared environmental variance with age
were observed for males. Although dropping the
moderation of the additive variance or that of the
shared environmental variance did not result in a sig-
nificant decrease of fit, both moderation effects could
not be dropped simultaneously. The magnitude of the
contribution of genes and environment on the liability
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to smoking was thus similar across the age range for
females but not for males. Since we did not have re-
peated measures of the twins’ smoking behavior, we
used data from sibling pairs to test whether the same
genetic (and environmental) factors accounted for lia-
bility to smoking at different ages. This was modeled by
allowing the sibling correlations to vary as a function of
increasing age difference, using an exponential decay
function exp(-y * abs(agesl — ages2)) where y is the
decay parameter, and agesl and ages2 the respective
ages for sibling 1 and 2, and abs the absolute value).
Results indicated that the sibling correlations did not
vary significantly as a function of age difference for
same-seX or opposite sex pairs (P=.882). Similar to the
results from the twin analysis, the regression on age was
significant for males (P=.000) but not females (P=.087).
Our results thus suggest that the effect of the genetic
and environmental factors is the same across the age
range.

Social Homogamy Versus Phenotypic Assortment
and Cultural Transmission

Rather than modeling assortment as a function of the
phenotype and transmission as a direct effect from the
phenotypes of the parents on the shared environment in
the offspring (P to C transmission), alternative mech-
anisms exist. One such alternative is that shared social
background factors account for the spousal correlation
and that these social background factors are transmit-
ted to the offspring generation (C to C transmission).
When just data on twins and their parents were
selected, the social homogamy model fitted almost as
well as the phenotypic assortment model. However, the
social homogamy model resulted in unreasonable esti-
mates for the spousal correlation and cultural trans-
mission. We fitted both twin-parent models allowing
either different genes(free r,) or allowing different
shared environmental factors (free r.) in males and
females. In all four models, assortment, modeled either
as phenotypic assortment or social homogamy, was
highly significant, as were genetic factors and the total
of shared environmental factors. C to C transmission
was not significant. P to C transmission was significant
only in the phenotypic assortment model allowing for
different shared environmental factors for males and
females, where it explained 3% of the variance in
female children and 10% in male children. The data
thus provide more support for the hypothesis that
parent—offspring similarity is due to phenotypic cultural
transmission than to environment to environment
transmission.

@ Springer

Data from twins and their spouses permit the
simultaneous evaluation of alternative mechanisms
of assortment, under the assumption of no geno-
type x environment covariance. Under phenotypic
assortment, the spousal correlation is expected to be
higher than the correlation between a twin and the
spouse of his/her cotwin (cotwin-spouse correlation)
which is expected to be higher than the correlation
between the respective spouses of the twin pair
(spousel-spouse2 correlation). Equal spousal and
cotwin-spouse correlations are consistent with social
homogamy. Although both types of assortment
appeared to be significant—consistent with the twin-
parent analyses—a model with only phenotypic assort-
ment fitted better than one with only social homogamy.

Given the results from these separate analyses in
subsets of the data, we considered phenotypic assort-
ment and phenotypic cultural transmission to be rea-
sonable mechanisms for assortment and environmental
transmission from parents to offspring respectively.
Furthermore, it was deemed important to extend the
extended twin kinship model with age as a moderator
of the thresholds, thus accounting for the significant
decrease of the smoking prevalence in males. To make
this feasible, we only included a maximum of two male
and female siblings and/or children of the twins in the
analyses. This reduced the total sample size by only 267
individuals. The results obtained when including age
regression were very similar to those without, even
though including the age regression significantly
improved the fit of the model. The major difference
was a slight increase in the additive genetic variance
components and the shared environmental component
for females only, with a resulting increase in negative
genotype x environment covariance (see Table 5 and
Fig. 3).

Discussion

Results for the extended twin kinship analyses dem-
onstrate that both genetic and environmental factors
play a significant role in the liability to smoking initi-
ation. Major influences on individual differences
include additive genetic and unique environmental
effects, with smaller contributions from assortative
mating, shared sibling environment, twin environment,
cultural transmission and resulting genotype—environ-
ment covariance. Although several large scale twin
studies have investigated the sources of variability in
smoking liability, to our knowledge this is the first
report to include kinships of twins, thereby allowing
extended partitioning of the variance and tests of
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Fig. 3 Maximum likelihood
estimates of parameters for
the full extended family
resemblance model for
smoking behavior in the
VA30,000
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assumptions of the twin study. The overall heritability
in the VA30,000 data was estimated to be 71% in
males and 65% in females. These estimates are very
close to the unweighted mean (56% for males, 50% for
females) calculated from published reports on adult
Scandinavian, Australian and US samples (Prescott
et al. 2005). Note that the US samples are mostly
overlapping with the VA30,000. With the availability
of spousal information, we established that about 10%
of the total variance was due to the genetic conse-
quences of assortative mating. A possible reason for
the slightly higher heritability estimate in the current
analysis, is the presence of negative genotype X envi-
ronment covariance, which amounted to —-27% in
males and —19% in females. This may also explain the
somewhat higher estimate of the combined effects of
all sources of shared environment (sibling, twin &
cultural transmission), which total 38% in males and
33% in females, compared to the unweighted mean of
24-28% from published reports of adult samples. The
estimates of the specific environmental variance are
consistent across the current analysis (18-21%) and
published reports (18%).

It is important to note that the estimates obtained
here are not just based on twin data, but on a wide
range of relatives with different degrees of genetic
similarity and shared environments. Furthermore, the
estimates result from taking the effects of sex, assort-
ment, and genotype X environment covariance and
age regression into account. The spousal correlation
estimate of .38 is in line with published spousal

correlations which range mostly from .18 to .43 based
on US, Swedish and Dutch samples (Price and Van-
denberg 1980; Boomsma et al. 1994). Regardless of the
mechanism of assortment, given that it is substantial,
the estimates of the genetic and environmental
parameters will be biased, if assortment is not taken
into account. In the current sample, about 15% of the
genetic variance can be ascribed to the genetic conse-
quences of assortment.

Although twin studies have consistently reported
significant contributions of the shared environment to
the liability of smoking, data on twins reared together
cannot by themselves distinguish between the envi-
ronmental effects shared with their cotwin, siblings,
and peers versus those shared with their parents., nor
the combined effects of additive genetic, dominance
and shared environmental factors. In the current
analyses, we observed significant contributions of the
non-parental shared environment (30% in males, 29%
in females) of which one fourth to one half could be
accounted for by additional similarity between twins
compared to other siblings. The latter could be related
to the fact that adolescents typically socialize with
people of similar age, which would in the case of twins
include their cotwin. However, when we compared
sibling correlations with differing degrees of age dif-
ference between them, we did not observe any signif-
icant decrease or increase in the correlations,
suggesting that same age peers do not necessarily ac-
count for the significant twin environment. An alter-
native explanation may be the lingering effects of the
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intra-uterine environment. Furthermore, it appears
that the shared sibling (and possibly twin) environ-
mental factors are different in males and females,
indicated by the significantly lower opposite sex versus
same sex correlations. This observation is in line with
previous results. Boomsma et al. (1994) estimated the
correlation between the shared environmental factors
of males and females (r.) at .66; Heath et al. (1993)
reported an improved fit of the model when r. was
allowed to be less than one, but the effect did not reach
statistical significance.

In addition to the non-parental shared environment,
parental shared environmental factors (or cultural
transmission) were also—albeit borderline—signifi-
cant, but accounted for a relatively small proportion of
the total variance (between 5% and 9%). Furthermore,
the paths from parents to children’s environment were
estimated to be negative, suggesting that parents would
have an inhibiting effects on their children’s smoking
behavior. These results are consistent with the only
other available twin-parent data which also showed
negative, but non-significant cultural transmission
(Boomsma et al. 1994). The vast literature on parental
smoking as a positive risk factor for adolescent smok-
ing (Li et al. 2002; Peterson et al 2006; Shakib et al.
2003; Vitaro et al. 2004) and parental non-smoking or
smoking cessation as a protective factor (Andersen
2004; Bricker 2005; den Exter Blokland et al. 2004)
does not allow for the separation of the genetic effects
of parents on their children from the environmental
influences. Typically these studies report that children
of smokers are more likely to smoke themselves and
vice versa. This holds true in our data, where in
households where both parents smoke, 56% of sons
and 52% of daughters have ever smoked. In families
where neither parent ever smoked, 36% of sons and
31% of daughters smoke. If one parent smokes but the
other does not, smoking prevalence is 46% for male
offspring and 40% for females if the father smokes; the
corresponding numbers for mothers who smoke are
35% and 43%. The negative cultural transmission
estimates might indicate a failure of the current model
to appropriately account for the much lower parent—
offspring than twin/sibling correlations. But the mar-
ginal significance of cultural transmission compared to
the non-parental shared environmental sources of
variance corresponds to the finding that adolescent
smoking is more strongly associated with friends’ and
siblings’ smoking than parents’ smoking (de Vries et al.
2003; Rose et al. 2003; Simons-Morton et al. 2004).
Vink et al. (2003a) noted that the relative risk to
smoke is highest when having smoking friends, some-
what lower when having smoking younger/older
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siblings and lowest when having smoking parents.
However, the risk to initiate smoking when having
smoking friends was similar to that of having a same
age smoking twin, with significantly higher risks given
an MZ versus DZ smoking twin (Vink et al. 2003b).
This points to the likelihood of genetic influences, as
well as the importance of age difference or age simi-
larity of the social influence. Although it is possible
that children whose parents smoke are less likely to
initiate smoking—similar to more teetotalers among
offspring of alcoholics than non-alcoholics—it appears
more plausible that the environmental impact of the
parents on their offspring smoking behavior is limited
and that the observed association is primarily
accounted for by shared genes.

If genetic factors account significantly for the vari-
ability in liability to smoking, correlations are expected
to decrease with decreasing degree of genetic related-
ness of the pairings. This is observed for the MZ, DZ,
sibling and other within-generation correlations, but
parent—offspring and other across-generation correla-
tions appear too low. Possible genetic explanations for
the lower than expected parent—offspring than sibling
correlations are genetic dominance or gene X age
interaction. The results from fitting the full model
showed no evidence for dominance. In effect, the
dominance variance was estimated very close to zero.
The alternative explanation of gene X age interaction
implies that the genetic variance changes as a function
of age and/or that different genes account for variability
at different ages, sometimes called reduced genetic
transmission. Although the study was cross-sectional,
we were able to examine the change in genetic variance
with age in two ways. First by comparing the twin cor-
relations at different ages, and second by comparing
siblings with different degree of age difference between
them. The twin correlations further allow us to evaluate
shared environment X age interaction. Although the
magnitude of the genetic and shared environmental
effects showed some variation as a function of age in
male twins, there was no evidence of this in females. In
addition, prevalence changed significantly with age in
males but not females. There was little evidence that
sibling correlations declined with age difference, in fact,
while correlations slightly decreased with increasing
age in males, they increased in females. Neither of these
comparisons suggested a large impact of age on the
genetic architecture of smoking initiation. These results
are consistent with those reported by Madden et al.
(2004) who reported that the additive genetic variance
could be constrained across three age groups between
age 18 and 46, as well as three countries (Australia,
Sweden & Finland), in women and in men. However,
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they did report a significant decrease in the impact of
shared environmental factors with increasing age. This
finding is in accordance with the appreciably higher
estimates for shared environment in adolescent versus
adult samples (Sullivan and Kendler 1997; Prescott
et al. 2005) and adds to the evidence of greatest social
influence of individuals close in age (Vink et al. 2003a,
b). Finally, given the large age range of our sample,
cohort and age effects may be confounded. Although
prevalence of tobacco use has decreased in both males
and females since the data were collected, the estimates
of the contribution of genetic and environmental fac-
tors are consistent with estimates from more recently
collected samples. We tested for age effects by evalu-
ating both age regression and interaction. Significant
age regression was found for males, but not females.
Furthermore, there was little evidence for genotype
and/or environment by age interaction in males or fe-
males. Given the prevalence of smoking decreased
more rapidly in the cohorts captured in the Virginia
30,000 sample than since then, results are expected to
be influenced to a limited extent. We hope to be able to
replicate these results in more recently collected
samples.

In summary, the data from a large range of biolog-
ical and social relationships confirm that genetic factors
account for the majority of individual differences in
liability to smoking initiation, with a small proportion
resulting from the consequences of assortative mating.
Shared environmental factors do play a significant role,
but are primarily due to within-generational influences,
e.g. siblings and co-twins. The association between
smoking behavior in parents and their children can be
most likely accounted for by their genetic relatedness.
The idea of social learning in smoking may apply to
siblings or peers but does not appear to apply to chil-
dren learning by modeling from their parents.

Limitations

Given the complexity of the model and the large
number of estimated parameters, caution is needed in
the interpretation of the results. Even with a large
sample as the Virginia 30,000, information may be
limited to estimate some parameters, especially those
that are highly correlated or only identified by one or
few relationships. For example, the correlation
between the male and female special twin environ-
mental parameters is derived from the difference
between the opposite sex dizygotic twin correlation
and the two same sex twin correlations.

Second, the sample was entirely Caucasian, and we
do not know whether the pattern of results holds for
other ethnic groups. Third, the sample comprises twins
and relatives ascertained through a population based
registry, as well as subjects ascertained through
advertisement in the AARP newsletter. Although this
combined sample departs from being representative of
the US population, the impact on correlations between
relatives is likely to be relatively small. The prevalence
rates could, however, be more substantially affected.
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