
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.

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 · 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.
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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 (h2) of SI were generally high, with most values

falling between 40% and 70% (median = 57%).

The unweighted mean (±SD) estimate of h2 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 (c2) were more variable, with

most ranging from 0% to 50%. The unweighted mean

(±SD) estimate of c2 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 (e2) 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

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.
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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 12,128a

VTR:Virginia Twin Registry subsample; AARP:American Association for Retired Persons subsample
aFor 2628 twins, zygosity information was either not available or inconclusive
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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.1 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

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 · age, sex · age2, age · sample and sex · 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

1 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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