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In contrast to other aspects of smoking behavior, little attention has been paid to the genetics
of nicotine dependence. In this paper, three models (single liability dimension, independent
liability dimension and combined model) have been applied to data on smoking initiation and

nicotine dependence (n

1572 Dutch twin pairs, mean age 30.5). A combined model best

described the data. This model postulates a smoking initiation dimension and a nicotine
dependence dimension, which are not independent. For both males and females, individual
differences in smoking initiation were explained by genetic (44%), shared environmental (51%)
and unique environmental (5%) influences. The nicotine dependence dimension was influenced
only by genetic (75%) and unique environmental (25%) factors. The substantial impact of
genetic factors on nicotine dependence emphasizes the need for further research to localize and
identify specific genes and pathways involved in nicotine dependence.

KEY WORDS: Fagerstrom test for nicotine dependence (FTND); genetics; nicotine dependence; smoking
initiation; twins; two-stage model.

INTRODUCTION

Several, possibly associated, dimensions of smoking
behavior may be distinguished, e.g., smoking initia-
tion, number of cigarettes smoked per day and nic-
otine dependence (Mayhew et al., 2000) and each
dimension potentially is characterized by a distinct
genetic architecture. Li er al. (2003a) selected six
behavior genetic studies of smoking initiation in
adults for a meta-analysis. Parameter estimates for
heritability (4%), shared environmental influences (c?)
and unique environmental influences (¢?) were 0.37,
0.49 and 0.17 for male adults and 0.55, 0.24 and 0.16
for female adults, respectively. Sullivan and Kendler
(1999) reported somewhat higher heritability esti-
mates based on a review of 10 published papers. They
calculated the weighted means of 10 studies of
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smoking initiation for K, ¢ and € to be 0.56, 0.24
and 0.20.

Li et al. (2003a) also performed a meta-analysis
for smoking persistence (including studies of persis-
tence, quantity, dependence and regular use) and
found that the parameters 4*, ¢* and ¢? for smoking
persistence were 0.59, 0.08 and 0.37 for male adults,
and 0.46, 0.28 and 0.24 for female adults. In the
study of Sullivan and Kendler (1999), the weighted
mean heritability for proxy measures of nicotine
dependence was 0.67, the weighted mean shared
environmental influence was 0.02 and the weighted
mean individual-specific influences was 0.31. Most
studies included in the meta-analyses used proxy
measures of nicotine dependence, e.g., quantity, and
employed a two-stage model for smoking initiation
and persistence. A few studies did not use a two-
stage model but excluded the non-smokers. Proxy
measures for nicotine dependence can only be as-
sessed in individuals who have initiated smoking.
Not every person who initiates smoking becomes
nicotine-dependent, and not every individual who
never initiated smoking can be assumed to score zero
on the dependence dimension. For genetic research,

0001-8244/05/0700-0397/0 © 2005 Springer Science+Business Media, Inc.
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it is important to investigate whether smoking initi-
ation and nicotine dependence are part of the same
continuum or whether they represent two indepen-
dent dimensions.

As far as the authors know, only one study has
addressed the heritability of nicotine dependence
using the Fagerstrom score in a two-stage model
(Kendler et al., 1999; this study was also included in
the meta-analyses described above). Kendler et al.
(1999) investigated the relationship between smoking
initiation and nicotine dependence by using a model
that estimates a path between the liability to smoking
initiation and the liability to nicotine dependence,
given smoking initiation. While the majority of ge-
netic risk factors for nicotine dependence were shared
with smoking initiation, a distinct set of familial
factors solely influenced the risk for nicotine depen-
dence. Genetic factors contributed to a total of 72%
of the variance in liability to nicotine dependence and
the remaining variance was explained by unique
environmental factors. This study was performed in
women only, and although the sex differences in the
genetic architecture of smoking seem small (Madden
et al., 1999; Vink et al., 2003), it is unknown if the
results generalize to men.

In studies of the heritability of smoking initia-
tion and quantity smoked in adolescent twins of the
Netherlands Twin Register, a comparable but dif-
ferent approach to analyze these kinds of data was
used (Koopmans et al., 1999; Vink et al., 2004a).
Three different models for the relationship between
the genetic and environmental causes of initiation
and quantity were evaluated. The single liability
model assumes that the same genetic and environ-
mental risk factors influence initiation and quantity,
while the independent liability model assumes inde-
pendent initiation and quantity dimensions each
determined by separate genetic and environmental
risk factors. The combined model includes assump-
tions of both single and independent liability models.
It postulates separate initiation and quantity dimen-
sions, but there are two routes to being a non-smo-
ker: an individual can be a non-smoker due to genetic
and/or environmental factors that influence smoking
initiation or because the individual is low on nicotine
dependence. For smoking initiation and quantity
smoked, the combined model was the best fitting
model. Koopmans et al., (1999) reported that 39% of
the total variance in smoking initiation was explained
by genetic influences and 86% of the total variance in
quantity (number of cigarettes per day) was explained
by genetic factors.
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In the present paper, the three different models
described by Koopmans et al., (1999) are applied to
data on smoking initiation and nicotine dependence
as assessed by the Fagerstrom test for nicotine
dependence (FTND) in a Dutch twin sample aged
30.5 years (SD = 11.9). After identification of the
correct liability model, the relative contribution of
genetic and environmental factors to initiation and
nicotine dependence is estimated.

METHODS
Measures

This study is part of an ongoing twin/family
study on health-related behavior of the Netherlands
Twin Register (NTR) that assesses families with
adolescent and young adult twins every two to three
years since 1991 (Boomsma ez al., 2002).

Smoking initiation

Data on smoking behavior were collected lon-
gitudinally (1991, 1993, 1995, 1997, 2000) and 61%
of the twins participated more than once. Subjects
were classified as non-smokers when they reported
they never smoked or when they tried smoking a
few times. The answers to all surveys were taken
into account so that an individual who reported to
have smoked regularly in one of the surveys, was
classified as ever smoker. If answers of different
surveys were contradictory, the variable was set to
missing. The group of non-smokers includes the
never smokers and the individuals who tried smok-
ing a few times but never reported regular smoking.
In the 2000 survey, only the subjects who classified
themselves as smokers and ex-smokers proceeded to
complete the FTND. Subjects who classified them-
selves as non-smokers (including subjects who re-
ported they tried smoking a few times) did not fill
out the FTND.

We examined the longitudinal data of subjects
who reported they tried smoking a few times in one
of the surveys (n = 3317 subjects). For 2023 of the
3317 subjects, data were available for the next
survey; 23% reported to be a smoker two years
later and were therefore classified as smokers. The
rest of the subjects reported again to have tried
smoking a few times (41%) or reported to be non-
smokers (31%) 2 years later; both groups were
classified as non-smokers.
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Nicotine dependence

To measure the degree of nicotine dependence,
the FTND was used (Heatherton et al., 1991). The
FTND consists of 6 items and produces a score
ranging from 0 to 10 with higher scores indicating
more nicotine dependence. The FTND includes items
like “How soon after you wake up do you smoke
your first cigarette?” and “Do you find it difficult to
refrain from smoking in places where it is forbid-
den?”. For both smokers and ex-smokers, internal
consistency of the FTND is reasonably high with
Cronbach’s alpha ranging from 0.65 to 0.71 and test—
retest correlations (Pearson—Lawley correction) range
from 0.70 to 0.91 (Vink et al., 2005). Smokers com-
pleted the FTND on their current situation while ex-
smokers completed the FTND on the period they
smoked the heaviest. FTND data were collected in
the 2000 survey, in a telephone interview in 2001, and
in a study of the genetics of nicotine dependence. If
subjects participated more than once, the highest
FTND score was used for the analysis.

Subjects

The surveys of 1991, 1993, 1995, 1997 and 2000
contained items on health, personality and lifestyle
(e.g. smoking behavior). For this paper, the data
from the 2000 survey (which included the FTND for
the first time) were used. Completed questionnaires
were returned by 4610 twins/triplets. In 2001, addi-
tional data on smoking and FTND were obtained by
telephone interviews (n = 56 twins/triplets). FTND-
data collected with questionnaires completed by
participants in a study of the genetics of nicotine
dependence were also included (n = 426 twins/trip-
lets). In total, 4672 twins participated at least once.
Smoking data were missing for 24 persons, and for
208 additional persons known to have initiated
smoking (from other surveys), FTND data were not
available. The remaining 4440 persons were classified
as non-smokers, low-dependent (highest FTND score
0-2), moderately dependent (highest FTND score 3—
5) and highly dependent (highest FTND score > 6).
Data were included only when smoking data (smok-
ers or ex-smokers) of both twins were available, so
analyses were performed using the smoking data of
1572 twin pairs.

Zygosity was based on questionnaire data, or
when available, on DNA typing. For 29.8% of the
same-sex twin pairs, information on their zygosity
was available based on DNA polymorphisms.

Agreement between zygosity based on questionnaire
data and zygosity based on DNA results was 96%.
The sample consisted of 238 monozygotic male
(MZM) twin pairs, 125 dizygotic male (DZM) twin
pairs, 630 monozygotic female (MZF) twin pairs, 288
dizygotic female (DZF) twin pairs and 291 dizygotic
opposite sex (DOS) twin pairs who had complete
data on smoking and zygosity. The mean age was
30.5 years (SD 11.9).

Genetic Analysis

To investigate the inheritance of smoking
behavior, both smoking initiation and nicotine
dependence were considered to have an underlying,
continuous liability. The variation of the liability is
both genetic and environmental in origin (Falconer
and Mackay, 1996). Thresholds divide this normal
liability distribution into discrete categories. We
considered three models for the relationship between
smoking initiation and nicotine dependence (Fig. 1).

Single Liability Dimension Model (SLD)

The single liability dimension (SLD) model
postulates that the liability to smoking behavior is
unidimensional and is normally distributed. Under
this model, the same genetic and environmental fac-
tors predispose to smoking initiation and to nicotine
dependence. The liability distribution is divided by
thresholds into discrete categories which correspond
to the observed categories. The probability that an
individual falls in one of the four categories is given
by »1, ¥2, y3 and y4 and can be calculated by inte-
grating a standardized normal distribution between
the corresponding threshold values. The model pre-
dicts that the co-twins of nicotine-dependent partici-
pants are more likely to be nicotine-dependent than
the co-twins of non-smokers.

Independent Liability Dimension (ILD) Model

The independent liability dimension model as-
sumes two independent liability dimensions for
smoking initiation and nicotine dependence. The
initiation dimension determines the probability that
an individual initiates smoking (y;) or never starts
smoking (y,). Individuals who fall below the thresh-
old are predicted to be smokers. The nicotine
dependence dimension determines whether an indi-
vidual becomes highly dependent (x;), medium to
low-dependent (x,) or very low-dependent (x3).
Taking smoking initiation into account, the
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Single liability model (SLM)

Yi
y2

high moderate

Independent liability model (ILM)

Y1
ever smoked
X1 X2 X3
high moderate
Combined model (CM)
1
ever smoked
X1 X2 X3
high moderate low
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low non-smoker
y2
never smoked initiation
1
non-smoker dependence
y2
never smoked initiation
1
non-smoker dependence

Fig. 1. Schematic representation of the single liability model, the independent liability model and the combined model for smoking initiation
and nicotine dependence; x and y are the probabilities that an individual falls in one of the categories.

probabilities that an individual becomes highly
dependent, moderately dependent or low-dependent
are y1xy, y1xo and yxs3, respectively. The probability
that an individual remains a non-smoker is y,. The
ILD model predicts that the co-twin of a twin who is
non-smoker is more likely to abstain from smoking.
Also, if the co-twin initiated smoking while the twin is
a non-smoker, the co-twin will not, on average, be
less nicotine-dependent than the co-twin of a nico-
tine-dependent twin.

Combined Model (CM )

The combined model includes features of both
the SLD and the ILD models. Like the ILD, it pos-
tulates the existence of separate initiation and
dependence dimensions, but there are two different
routes to being a non-smoker: an individual can be a
non-smoker due to genetic and/or environmental
factors that influence the smoking initiation

dimension, or because the individual is low on the
nicotine dependence dimension. Thus, under this
model the co-twin of a twin who initiated smoking is
more likely to become a non-smoker than under the
ILD model.

Model Fitting

Smoking behavior in the first twin was cross-
classified with smoking behavior in the second twin,
resulting in 4 X 4 contingency tables for each zygosity
group; monozygotic males (MZM), dizygotic males
(DZM), monozygotic females (MZF), dizygotic fe-
males (DZF) and dizygotic opposite sex twins (DOS),
(see also Table II). The three models were fitted to the
five contingency tables by methods of maximum
likelihood with the structural equation modeling
package Mx (Neale et al., 1999). The thresholds were
allowed to be different for males and females.
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Table I. Predicted Probabilities for a Twin Pair under the Single Liability Dimension (SLD), the Independent Liability Dimension (ILD) and

the Combined Model (CM)

Twin 2 —

Twin 11 Model FTND >6 FTND 3-5 FTND 0-2 Non-smoker
FTND >6 SLD J1 Y12 Y13 MNa

ILD YiiXn YuXiz YiiXi3 Yi2X1.

M Yuixn Yuxiz Yixis yixi t yiaXia
FTIND 3-5 SLD Y21 V22 Y23 Va4

ILD Y1ix21 Y1ix22 Y11X23 V12X2,

CM yuxai Y11X22 yuxas Yiexa, T ynxag
FTND 0-2 SLD 31 V32 V33 V34

ILD yuxsi Y11X32 Yuxss Y12X3,

CcM Y11X31 Y11X32 V11X33 YioX3, T ynxsa
Non-smoker SLD Va1 Va2 Va3 Yaa

ILD V21X Y21X.2 Y21X.3 V22

CM Y11Xa Y11Xa2 Y11X43 Y2 T ynXas T yaxa T yixa

Under the SLD model, y; = the probability that a twin pair falls in the jk-th category of smoking behavior. For example, y,; is the
probability that both twin 1 and twin 2 fall in the first category (FTND 2 6). Under the CM and ILD model, y; = the probability that a
twin pair falls in the jk-th category of the initiation dimension; x; = the probability that a twin pair falls in the jk-th category of the
nicotine dependence dimension; x; = the probability that the first twin falls in the j-th category of the nicotine dependence dimension;

x.;, = the probability that the second twin falls in the k-th category of the nicotine dependence dimension.

Under the SLD model one twin correlation for
each zygosity group (5) and three thresholds for
males and three thresholds for females were
estimated, giving in total 11 parameters to be esti-
mated. Under the ILD model, separate twin corre-
lations for the initiation and dependence dimensions
were estimated for each zygosity group. For the ini-
tiation dimension one threshold for males and one for
females was estimated. There was no “‘non-smoker”
category for the dependence dimension, leaving two
thresholds for males and two for females to be esti-
mated. This means that 16 parameters were estimated
under the ILD model. Using the CM model, the same
parameters were estimated as in the ILD model, ex-
cept for the thresholds: in the dependence dimension,
three thresholds for males and three for females were
estimated because non-smokers were also included in
the dependence dimension. So for the CM model, 18
parameters were estimated.

The predicted probabilities for a twin pair under
the three models are presented in Table I. Under the
SLD model, y;; denotes the probability that both
twins are highly nicotine-dependent, y;, denotes the
probability that the first twin is highly dependent and
the second twin is moderately dependent on nicotine,
and so on. Under the CM and ILD model, y;; de-
notes the probability that twins both initiated
smoking, y,» denotes the probability that both twins

did not initiate smoking, and y;, and y,; denote the
probabilities that twins are discordant for smoking
initiation. The conditional probabilities that both
twins are highly dependent on nicotine, the first twin
is highly dependent and the second twin is moderately
dependent is represented by x;;, x1» etc. Under the
CM model, there are two routes to ‘‘non-smoker”.
For example, y;1x»4 gives the probability that both
twins are smokers on the initiation dimension (y;)
and the first twin is moderately dependent on nico-
tine, while the second twin is a non-smoker on the
dependence dimension, yj,x; gives the probability
that the first twin is a smoker on the initiation
dimension while the second twin is a non-smoker on
the initiation dimension (y;,), and the first twin is
highly dependent on nicotine (x;).

The three models were fitted to the data, esti-
mating separate polychoric correlations for each
zygosity group. The goodness-of-fit of nested models
was assessed with the likelihood-ratio statistic, this
statistic which is distributed as chi-square.

Genetic Models

The three models were fitted to the data, and for
the model that gave the best description of the data,
the twin correlations in liability were expressed as a
function of genetic and environmental factors (Neale
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Table II. Twin Concordances for Nicotine Dependence for Each Zygosity Group

Twin 2 —
Males Females
FTND FTND Non FTND FTND FTND Non-
Twin 14 FIND =6 3-5 0-2 -smoker % 26 3-5 0-2 smoker %
MZ
FTND 26 1 8 2 2 5.5 14 9 5 3 4.9
FTND 3-5 3 14 10 4 13.0 10 35 19 9 11.6
FTND 0-2 2 6 33 9 21.0 2 18 81 40 22.4
Non-smoker 0 3 13 128 60.5 2 9 39 335 61.1
% 2.5 13.0 24.4 60.1 n = 238 44 11.3 22.9 61.4 n = 630
DZ
FTIND 26 2 3 1 3 7.2 7 3 5 3 6.2
FTND 3-5 2 5 4 4 12.0 2 10 17 14 14.9
FTND 0-2 3 3 17 8 24.8 4 6 28 19 19.8
Non-smoker 0 4 14 52 56.0 4 12 31 123 59.0
% 5.6 12.0 28.8 53.6 n = 125 5.9 10.8 28.1 55.2 n = 288
DOS, Males
FIND 26 2 3 8 6 6.5
FTND 3-5 3 13 19 16 17.5
FTND 0-2 1 11 21 33 22.7
Non-smoker 8 6 23 118 533
% 4.8 11.3 24.4 59.5 n = 291
FTND = score on Fagerstrom test for nicotine dependence (both for smokers and ex-smokers); MZ = monozygotic; DZ = dizygotic

(same-sex); DOS = dizygotic opposite sex.

and Cardon, 1992). For both the initiation and the
nicotine dependence dimensions, three factors were
considered, i.e. additive genetic (A), shared environ-
mental (C) and unique environmental factors (E).
Under the full model, both additive genetic and
shared environmental factors contribute to resem-
blances between twins. Sex-differences were tested by
allowing the magnitude of the genetic and environ-
mental effects to be different for males and females
and by allowing the correlation between the genetic
factors in opposite-sex twins to be less than unity.
For all models, different thresholds were estimated
for males and females, allowing for differences in the
prevalence of smoking between males and females.

RESULTS

Table II shows concordance rates and the pro-
portions of non-smokers, low-dependent, moderate-
dependent and high-dependent individuals for the
first and second twin in each zygosity group. Con-
cordance is higher in MZ twins than in DZ twins.

The three different models (SLD, ILD and CM)
were fitted to the data. Table III shows the goodness-
of-fit for each liability model. The ILD fitted the data

somewhat better than the SLD model, but the
combined model gave the best description of the data.
Therefore, the combined model was used when fur-
ther investigating the genetic and environmental
influences on nicotine dependence.

Under the combined model, an individual can be
a non-smoker due to genetic and/or environmental
factors that influence the smoking initiation dimen-
sion, or because the individual is low on the nicotine
dependence dimension. The predicted marginal
probabilities for smoking under the full combined
model are represented in Fig. 2. The full model al-
lows for sex-differences. Under the full model, the

Table III. Goodness-of-Fit of the Single Liability Dimension
(SLD), the Independent Liability Dimension (ILD) and the Com-
bined Model (CM) to the Data on Smoking

df x> P AIC
SLD 64 132.40 <0.001 4.40
ILD 59 87.87 0.009 -30.13
CM 57 61.90 0.306 -52.10

df=degrees of freedom; AIC=y?-2df, this is a measure of the
parsimony of the model, a lower AIC indicates a more parsimoni-
ous model.
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males:
47 .53
ever never
smoked smoked

high moderate very non-
-low low smoker

females:
55 45
ever never
smoked smoked

high moderate very non-
- low low smoker

Fig. 2. Estimated probabilities under the full combined model in males and females.

Table IV. Polychoric Twin Correlations with 95% Confidence Intervals for the Initiation and Dependence Dimensions under the Full
Combined Model

Initiation Nicotine dependence
R 95% CI R 95% CI
MZM 0.96 0.83-1.00 0.61 0.23-0.83
DZM 0.75 0.40-0.98 0.50 0.23-0.80
MZF 0.94 0.81-0.99 0.80 0.67-0.89
DZF 0.75 0.26-1.00 0.48 0.06-0.77
DOS 0.70 0.38-1.00 0.32 —-0.16-0.67

probability of being highly dependent is 6% for males
(0.12 * 0.47) and 5% for females (0.09 * 0.55). The
probability of being moderately dependent is 34% for
males (0.72 * 0.47) and 40% for women (0.72 * 0.55).
The probability of being low-dependent is 5% for
males (0.11 * 0.47) and 3% for females (0.13 * 0.55).
The probability of being a non-smoker on the
dependence dimension while smoking is initiated is
2.3% in males (0.05 * 0.47) and 7.1% in females
(0.13 * 0.55). The probability that smoking is not
initiated is 53% for males and 45% for females.

Table IV shows the polychoric correlations for
each zygosity group for the initiation and dependence
dimension under the full combined model. For smoking
initiation, the correlations between MZ twins were
somewhat higher than the correlations between DZ
twins suggesting both genetic and shared environmental
influences on smoking initiation. For the dependence
dimension, the difference between the correlations in
MZ pairs and the correlations in DZ pairs is somewhat
larger for females than for males, suggesting that ge-
netic factors may be more important for females.

Table V. Model Fitting Results for a Combined Model with Smoking Initiation and Nicotine Dependence
(best fitting model is given in boldface)

Initiation Nicotine dependence x> df )4 AIC
1. full full 61.89 57 0.306 =52.11
2. ACE full 61.90 60 0.408 -58.10
3. AE full 77.22 61 0.079 —44.78
4. CE full 72.29 61 0.153 —-49.71
S. full ACE 66.62 60 0.290 —53.38
6. full AE 65.76 61 0.284 —54.24
7. full CE 82.71 61 0.034 -37.29
8. ACE AE 67.84 64 0.348 —-60.16

Full = full model with sex-dependent effects; ACE = full model without sex differences; AE = additive genetic model; CE = shared
environmental model; AIC = y?-2df, this is a measure of the parsimony of the model, a lower value of AIC indicates a more parsimonious

model.
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A series of genetic and familial models were fit-
ted to the initiation dimension and to the nicotine
dependence dimension under the combined model.
The full ACE model permitted sex-differences by
allowing the magnitude of the genetic and environ-
mental effects to differ for males and females and by
allowing the correlation between the genetic factors
in opposite-sex twins to be less than one. The results
are shown in Table V. Constraining A, C and E in the
full model to be equal for both sexes in the initiation
dimension did not alter the fit of the model (Model 2).
Removing additive genetic factors or shared envi-
ronmental factors from the initiation dimension gave
a significant reduction in the goodness of fit (Models
3 and 4, respectively). The initiation dimension was
best described by an ACE model without sex-differ-
ences in the variance components (Model 2). For the
nicotine dependence dimension, the full model could
be reduced to an AE model without sex-differences
(Model 6). Overall, the best fitting model was an
ACE model without sex-differences for the initiation
dimension and an AE model without sex-differences
for the nicotine dependence dimension (Model 8).
Individual differences in smoking initiation were
explained by genetic influences (0.44), by shared
environmental factors (0.51) and by unique envi-
ronmental factors (0.05). The nicotine dependence
dimension was largely influenced by genetic factors
(0.75) and the remaining variance was explained by
unique environmental factors (0.25).

DISCUSSION

In this study, we investigated the relation of
smoking initiation and nicotine dependence and
estimated the heritabilities of these traits. The rela-
tionship between smoking initiation and nicotine
dependence was explored through three different
threshold models. The single liability model (SLM)
was rejected indicating there is not one underlying
continuum of liability to smoking initiation and
dependence. The independent liability model (ILM)
also fitted the data poorly indicating that the smoking
initiation dimension and the nicotine dependence
dimension are not independent. The combined model
(CM) was the best fitting model. Under this model,
there are two routes to non-smoking: an individual
can be a non-smoker due to genetic and/or environ-
mental factors that influence the initiation dimension
or because that individual is low on the nicotine
dependence dimension. Under the full combined
model, only a small proportion of the male twins

Vink, Willemsen, and Boomsma

were non-smokers due to the genetic and environ-
mental risk factors which influence the initiation
dimension; for the female twins this proportion was
somewhat higher. Sex-differences were also tested in
the genetic models which were fitted both to the ini-
tiation dimension and to the nicotine dimension and
proved to be non-significant. The sources of variation
that were investigated were additive genetic variation
(A), shared environmental influences (C) and a un-
ique environmental influence (E). Variation in the
initiation dimension was best described by an ACE
model, while variation in the nicotine dependence
dimension could be described with an AE model.
For smoking initiation, 44% of the variation
could be explained by genetic factors, 51% by
shared environmental factors, and 5% by unique
environmental factors in both males and females.
Those heritability estimates are in line with the re-
sults of the meta-analysis of Li et al. (2003a) and
the review paper of Sullivan and Kendler (1999).
For nicotine dependence, 75% of the variation was
explained by genetic factors. The remaining vari-
ance was explained by unique environmental fac-
tors. Those findings closely resemble those of
Kendler et al. (1999) who reported, in a sample of
female twins, that genetic factors contributed to a
total of 72% of the variance in liability to nicotine
dependence. Other studies have estimated the heri-
tability of nicotine dependence but did not use a
two-stage model. True et al. (1999) fitted a bivariate
model to data on nicotine dependence and alcohol
dependence. Under this model, the heritability for
nicotine dependence was 60% (True et al., 1999).
McGue et al., (2000) used a univariate threshold
model and reported a heritability of 44% (95% CI.
3-87%) and a shared environmental influence of
37% (95% CI. 0-71%) for nicotine dependence.
Both studies included the never-smokers in the
analysis. We explored different threshold models
(single liability, independent liability and combined
model) because it has been hypothesized that an
incorrect definition of the phenotype could possibly
lead to biased estimates of the genetic and envi-
ronmental factors (Heath and Martin, 1993; Heath
et al., 2002). If the same genetic and environmental
factors determine whether or not a person initiates
smoking and how dependent a person becomes,
then exclusion of non-smokers could lead to trun-
cation of the distribution and as a consequence to
biased estimates of the heritability. On the other
hand, if the determinants of smoking initiation are
independent of the determinants of nicotine depen-
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dence, then inclusion of non-smokers in the analy-
ses of dependence may confound two traits with
different modes of inheritance (Heath and Martin,
1993; Heath et al., 2002). In the present study, the
CM model provided the best fit to the data. For the
CM model, the estimates for the heritability of
nicotine dependence was 75% (when using an AE
model without sex-differences). When this AE
model without sex-differences was fitted using the
alternative models, the heritability estimate was 71%
for the ILM (non-smokers are not included when
analyzing nicotine dependence), and 80% for the
SLM (non-smokers score zero on nicotine depen-
dence). Thus, the heritability estimates did not differ
much between the three models.

Several measures, like smoking persistence or
quantity, have been used used as proxies for nicotine
dependence. In a larger, partly overlapping sample,
we have found for the maximum number of cigarettes
per day that the parameters /% ¢* and ¢* were 51%,
30% and 18%, respectively (Vink et al., 2004a) which
is in line with the results of the meta-analyses for
smoking persistence of Li et al. (2003a). It seems that
heritability estimates for maximum number of ciga-
rettes are slightly lower than heritability estimates for
nicotine dependence, which can be regarded as the
more “‘extreme’ phenotype.

A limitation of the present study is that the data
from incomplete twin pairs were excluded from the
analyses. It is possible that selection bias plays a role;
those individuals who are most nicotine-dependent
may have refused to participate. We compared
smoking behavior in complete and incomplete twins
and found a somewhat higher percentage current
smokers and ever smokers in the incomplete twins
compared to the complete twin pairs, but these dif-
ferences were small and not significant (Vink et al.,
2004b). It is therefore unlikely that the exclusion of
incomplete twin pairs significantly influenced the
results.

When defining smoking initiation, the group of
non-smokers included not only the subjects who re-
ported they never smoked but also the subjects
(14.5% of the total sample) who reported they tried
smoking a few times. To explore the influence of this
group on the results, we performed the analyses for
the CM without the subjects who reported they tried
smoking a few times. We again found that the best
fitting model was an ACE model without sex-differ-
ences for smoking initiation and an AE model with-
out sex-differences for nicotine dependence. The
estimates for the best fitting model were only slightly

different; for smoking initiation the heritability was
54%, the ¢* was 44% and ¢ was 2%. For nicotine
dependence the heritability was 70% and e* was 30%.
The 95% confidence intervals showed that the esti-
mates were not significantly different from the esti-
mates of the analyses where persons who tried
smoking were included in the non-smoking group.

The existence of two separate dimensions for
smoking initiation and nicotine dependence which are
not independent of each other is supported by our
recent linkage study in another, partly overlapping,
sample. On chromosomes 6 and 14, LOD-scores of
3.0 and 1.7, respectively were found for smoking
initiation. We obtained a LOD-score of 2.0 on
chromosome 3 for quantity (number of cigarettes per
day). Interestingly, an overlapping peak on chromo-
some 10 was found for both smoking initiation
(LOD-score 1.9) and quantity (LOD-score 2.3; Vink
et al., 2004a). The linkage analyses for initiation and
quantity were performed separately and not in a two-
stage model. The variable for quantity was consid-
ered as a continuous variable and the never-smokers
were excluded. Several other genome scans have re-
ported regions that could be involved in different
dimensions of smoking behavior (varying from
smoking initiation to nicotine dependence) (Bergen
et al., 1999; Bierut et al., 2004; Duggirala et al., 1999;
Li et al., 2003b; Saccone et al., 2003; Straub et al.,
1999; Sullivan et al., 2004). Further research is needed
to localize and identify the specific genes involved in
both the smoking initiation dimension and the nico-
tine dependence dimension.
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