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ABSTRACT

Background. Whether current criteria used to define nicotine dependence are informative for gen-
etic research is an important empirical question. The authors used items of the DSM-IV and of the
Heaviness of Smoking Index to characterize the nicotine dependence phenotype and to identify
salient symptoms in a genetically informative community sample of Australian young adult female
and male twins.

Method. Phenotypic and genetic factor analyses were performed on nine dependence symptoms
(the seven DSM-1V substance dependence criteria and the two Heaviness of Smoking Index (HSI)
items derived from the Fagerstrom Tolerance Questionnaire, time to first cigarette in the morning
and number of cigarettes smoked per day). Phenotypic and genetic analyses were restricted to ever
smokers.

Results. Phenotypic nicotine dependence symptom covariation was best captured by two factors
with a similar pattern of factor loadings for women and men. In genetic factor analysis item co-
variation was best captured by two genetic but one shared environmental factor for both women
and men; however, item factor loadings differed by gender. All nicotine dependence symptoms
were substantially heritable, except for the DSM-IV criterion of ‘giving up or reducing important
activities in order to smoke’, which was weakly familial.

Conclusions. The salient behavioral indices of nicotine dependence are similar for women and men.
DSM-IV criteria of tolerance, withdrawal, and experiencing difficulty quitting and HSI items time
to first cigarette in the morning and number of cigarettes smoked per day may represent the most
highly heritable symptoms of nicotine dependence for both women and men.
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etal. 1991). The DSM-IV dependence criteria are
applied to a wide range of substances (Cottler
et al. 1995). With the exception of nicotine-
specific withdrawal symptoms described in the
DSM-1V, the degree to which each DSM-IV
substance dependence criterion is appropriate
for nicotine dependence is unclear.

Unlike the DSM-1V, the FTQ was designed
specifically to assess physical dependence on
nicotine (Fagerstrom, 1978). Two of the eight
original FTQ items, that assess (1) the time to
first cigarette of the day after waking up and (2)
the number of cigarettes smoked per day, were
found to account for most of the variance of
the FTQ (Lichtenstein & Mermelstein, 1986).
In addition, these items were found to be su-
perior in predicting biochemical and behavioral
indices of smoking (Heatherton ez al. 1989, 1991;
Kozlowski et al. 1994; Breslau & Johnson,
2000; Prokhorov et al. 2000) and Heatherton
and colleagues (1989) created a scale of just
these two items, the Heaviness of Smoking
Index (HSI). It has been suggested that time
to first cigarette in the morning and number of
cigarettes smoked per day may be the most
useful and powerful indicators of nicotine
dependence (Heatherton et al. 1989, 1991;
Haddock et al. 1999). Individual differences
in lifetime DSM-defined nicotine dependence,
in number of cigarettes smoked per day, and in
other tobacco use measures have been found
to be under considerable genetic control. Heri-
tability of DSM-III-R nicotine dependence
was substantial in both a sample of Vietnam
veteran male twins (60 % ; True et al. 1999) and
in a sample of Minnesota adolescents (44 % ;
McGue et al. 2000). In Virginia young adult
female twins, Kendler and colleagues (1999)
tested a causal common pathway model for life-
time regular smoking and nicotine dependence
(based mostly on FTQ items) and found sub-
stantial heritability for regular smoking (85 %),
substantial overlap in liability for regular
smoking and nicotine dependence (60 %), and
moderate residual genetic effects for nicotine
dependence (22%). Lifetime number of ciga-
rettes smoked per day shows substantial herita-
bility in adults (49-54%; Kaprio et al. 1984;
Carmelli et al. 1990; Swan et al. 1990; Hettema
et al. 1999) and adolescents (84 % ; Koopmans
et al. 1999). Other tobacco use measures such as
smoking initiation, lifetime regular smoking,
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and smoking persistence (current rather than
ex-smoker at the time of assessment) are also
strongly genetically influenced in adults (Heath
et al. 1993, 1999; Heath & Martin, 1993; True
et al. 1997; Madden et al. 1999; Kendler et al.
2000) and in adolescents (Han et al. 1999;
Koopmans et al. 1999 ; Maes et al. 1999). Family
and adoption data also show that smoking in-
itiation, persistence, and lifetime heavy smoking
are correlated among biological siblings (Eaves
& Eysenck, 1980; Bierut et al. 1998 ; Osler et al.
2001).

The purpose of the present analysis was to
examine the genetic and environmental influ-
ences on lifetime symptoms of nicotine depen-
dence, assessed using DSM-IV criteria and HSI
items, individually and jointly, to determine the
genetic architecture of the clinical syndrome of
nicotine dependence in a community sample
of Australian adult female and male twins.

METHOD
Sample

Between 1980 and 1982, in response to media ap-
peals and appeals through the Australian school
system, twins born between 1964 and 1971 were
registered with the Australian twin panel main-
tained by the Australian National Health and
Medical Research Council. Twins either volun-
teered themselves or were volunteered by their
parents. This twin cohort was first targeted for
assessment in 1989-1992 (‘1989 cohort’) by
mailed questionnaire survey (Gillespie ef al.
2000; Heath ez al. 2001). Between 1996 and 2000,
the 1989 cohort was interviewed by telephone
using a structured diagnostic assessment for
DSM-IV alcohol dependence, nicotine depen-
dence, major depression, panic disorder, and
childhood conduct disorder (APA, 1994) as well
as non-diagnostic sections for social anxiety,
suicidality, a screening for bipolar disorder, and
a history of the consumption of alcohol, ciga-
rettes and other forms of tobacco, and illicit
drugs. The interview was a modified version of
the diagnostic Semi-Structured Assessment for
the Genetics of Alcoholism (Bucholz et al. 1994);
the smoking section was modified from the
Composite International Diagnostic Interview
(Robins et al. 1988; Cottler et al. 1989). Tele-
phone interview data were available from a
total of 6257 individual twins (3454 women and

https://doi.org/10.1017/50033291703001582 Published online by Cambridge University Press


https://doi.org/10.1017/S0033291703001582

Nicotine dependence for genetic research

2803 men). The overall individual response
rate was 73-3 %, with a higher response rate for
women than men (77-7 % v. 68-6 % ; Heath et al.
2001). At the time of interview, all respondents
ranged in age from 24 to 36 years old (mean
age +s.D.: women 30-0+2-48; men 29-9 +2-45).

This was a well educated sample, with 26:3 %
of women and 25-2% of men holding a univer-
sity degree or higher, in addition to another
28:3% of women and 29-3 % of men holding a
high-school diploma plus additional technical
training. Australian census data show that
17-5% of 25- to 34-year-olds had bachelor’s
degrees in 1997, with this percentage rising to
20-1% in 1999 and 24% in 2001; and that
Australians with high-school diploma plus ad-
ditional training comprised 31:4% in 1997,
32:8% in 1999, and 336 % in 2001 (Australian
Bureau of Statistics, 2001). Thus the 1989 twin
sample was slightly better educated than their
general population cohort. Forty-eight and a
half per cent of the women and 87-4% of the
men were employed full-time; for the women,
an additional 22-7% were employed part-time
(only 5-6 % of the men) and 236 % were home-
makers (0-4 % of the men).

Analyses of smoking and nicotine dependence
variables were performed on data available
from a total of 6249 individual twins (3449
women and 2800 men) who answered either of
the first two items of the smoking history in-
terview section, which assessed whether respon-
dents had ever experimented with cigarettes.
Phenotypic analyses were restricted to twins
who reported they had ever tried smoking or had
experimented with cigarettes at least once (ever
smokers; n=3027 women and 2553 men). The
majority of the twins in this sample were ever
smokers (87-8% of the women and 91-2% of
the men; p<0-01). Data on cigarette smoking
history were missing for five female and three
male twins. Genetic analyses were conducted
using twin pairs who were concordant ever
smokers. Data on history of cigarette-smoking
and nicotine dependence were available from
both twins of 558 monozygotic (MZ) female,
419 MZ male, 424 dizygotic (DZ) female, 333
DZ male, and 559 DZ female-male twin pairs
who were concordant ever smokers. We did
not exclude from the analyses twins who had
been exposed to nicotine, but never smoked
regularly (i.e. experimenters). By including
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non-regular smokers in the genetic analysis, we
sought to minimize the risk of obtaining biased
estimates of the genetic contribution to the
covariance structure of nicotine dependence
symptoms, if some of the same genetic factors
that contribute to risk of nicotine dependence
symptoms also influence probability of becom-
ing a regular smoker (Heath ez al. 2002).

Zygosity was determined through standard
questions about twin physical similarity and con-
fusion by teachers and strangers. This method of
zygosity determination shows 95% agreement
with assignment based on blood tests (Eaves
et al. 1989).

Measures
Lifetime DSM-IV nicotine dependence criteria

We used interview items that directly corre-
sponded to the seven DSM-IV dependence cri-
teria: tolerance to nicotine (assessed in response
to an open-ended question about the largest
number of cigarettes ever smoked in a single
day: reporting 20 or more cigarettes was defined
as tolerance); nicotine withdrawal symptoms;
smoking more or over longer periods of time
than intended; experiencing a persistent desire
or unsuccessful attempts to cut down or quit
smoking; spending a great deal of time smoking
(operationalized as chain-smoking); reducing or
giving up important activities because of an in-
ability to smoke at such times; and continued
smoking despite physical or psychological
problems caused or exacerbated by smoking
(APA, 1994).

Lifetime DSM-IV nicotine dependence diagnosis

DSM-IV nicotine dependence was defined as
experiencing three or more of the seven criteria
within the same 12-month period.

Lifetime Heaviness of Smoking Index items

Time to first cigarette in the morning (TTF) and
number of cigarettes smoked per day (CPD)
were assessed for the respondents’ heaviest
period of smoking. TTF was a four-category
measure: smoking less than 5 min, 6-30 min,
31-60 min, or more than 60 min, after waking
up; CPD was a five-category measure: 1-5,
6-10, 11-15, 16-19, and 20+.
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Lifetime Heaviness of Smoking Index-defined
nicotine dependence

TTF and CPD categories were coded as ordinal
variables. Summing over TTF and CPD cat-
egories produced an eight-level scale ranging
from light smokers at the lowest level who
smoked maximum five CPD and had their first
cigarette no earlier than one hour after waking
up to smokers who smoked 20+ CPD and had
their first cigarette within 5 min of waking
up. We collapsed this scale into four mutually
exclusive categories of what we called non-
dependent, mildly dependent, moderately de-
pendent, and dependent individuals (see note
in Table 1 for details).

Statistical analyses
Phenotypic data analysis

Prevalence estimates of nicotine dependence
symptoms and dependence definitions were
computed for ever smokers; gender differences
were evaluated using binomial and multinomial
logistic regression in STATA (StataCorp, 2001),
with the Huber—White robust estimator of
variance (Huber, 1967; White, 1980, 1982) used
to correct for non-independence of observations
on twin pairs.

Exploratory factor analysis in ever smokers
was performed using the structural equation-
modeling program Mx (Neale er al. 2002).
Polychoric correlations and asymptotic covari-
ance matrices of the nine nicotine dependence
items were estimated using PRELIS (Joreskog &
Sérbom, 1995), separately for women and men.
The computation of polychoric correlations
for categorical variables assumes an underlying
normally distributed latent liability for each
measure, with thresholds superimposed to yield
the discrete response categories. Factor load-
ings were estimated by asymptotic weighted
least squares. Factor loadings generated in
Mx were rotated using the SAS PROMAX
option (SAS, 1999) to allow for a correlated fac-
tor structure. Internal consistency of resulting
factor scales was evaluated using Cronbach’s
alpha.

Genetic data analysis

Genetic analyses were conducted using data
from the total sample of twins who had ever
smoked cigarettes, including experimenters. To
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the extent that there are overlapping genetic
influences on progression from experimentation
to regular smoking and on risk of nicotine de-
pendence symptoms in those who became reg-
ular smokers, exclusion of twin pairs where one
or both twins have never smoked regularly
could lead to biased estimates of genetic and
environmental parameters (Heath et al. 2002).
Analyses were also repeated using all twin pairs,
including twins who had never smoked even a
single cigarette, but since the latter group was
small, results were similar.

Univariate genetic analysis. Using data from
twin pairs reared together, phenotypic variance
can be decomposed into at least three sources:
(1) additive effects of genes (A); (2) shared
environmental effects common to members of
a twin pair (C); and (3) environmental effects
unique to each twin, including error variance
(E). In place of C, we can also test for non-
additive genetic effects (D) such as dominance
(interaction between alleles of the same gene) or
epistasis (gene—gene interaction). The reader is
referred to a recent review by Boomsma and
colleagues (2002) for details on twin method-
ology. The variance component designations A,
C (or D) and E reflect the square of the re-
gression coefficients of the variance component
latent parameter on the measured variable (a2,
%, d?, and e® respectively). The ACE (or ADE)
models were fit to the observed data (summary
MZ and DZ twin pair covariance matrices for
the quasi-continuous HSI measure; summary
MZ and DZ twin pair contingency tables for
all other measures) by the method of maximum-
likelihood, with the goodness of fit of each
model assessed by the y? test. Significance of the
A or C (or D) variance component parameters
was tested by fixing A, C (or D), or both par-
ameters simultancously to zero and comparing
the fit of the reduced models to the full model
using likelihood-ratio y? test. A significant likeli-
hood-ratio y? test with degrees of freedom equal
to the degrees of freedom difference between
the full and reduced models indicates a signifi-
cant deterioration of fit of the reduced, relative
to the full, model, indicating that the parameter
cannot be equated to zero. In order to test for
gender differences in A, C (or D), or E par-
ameter estimates, we compared models in which
estimates were free to vary across gender with
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reduced models in which estimates were equated
across gender using the likelihood-ratio y? test.
Genetic analyses were performed in Mx (Neale
et al. 2002).

Multivariate genetic analysis. We tested two
genetic mechanisms (cf. Kendler et al. 1987) via
which covariance among nicotine dependence
symptoms might arise. One mechanism, the
independent (or general) pathway model, pos-
tulates that genetic and environmental factors
act independently from one another in their
influence on nicotine dependence symptom
covariation. A second mechanism, the common
pathway model, postulates that dependence
symptom covariation can be explained by one or
more intermediate latent phenotypes (e.g. some
underlying mechanism, such as nicotine metab-
olism) that are themselves determined by
genetic and environmental factors; thus, in the
common pathway model, genetic and environ-
mental factors contribute in a fixed ratio (cor-
respondent to the heritability of the latent
factor) to symptom covariation. Independent
and common pathway models were fitted to
summary MZ and DZ twin pair polychoric
correlation matrices, using associated asymp-
totic covariance matrices as weight matrices, in
Mzx, by the method of asymptotic weighted least
squares. Because the common pathway model
represents a series of constraints on the indepen-
dent pathway model, the two can be formally
compared using the y? difference test. Gender
differences in parameter estimates were evalu-
ated as in univariate analyses.

In the genetic factor model, failing to account
for correlated measurement errors for different
nicotine dependence items could result in biased
estimates of genetic and environmental effects.
In order to minimize the probability of misspeci-
fication of the genetic and shared environmental
estimates, and to ensure that all error item var-
1ances and covariances were accounted for, we
specified nine non-shared environmental factors
(equal to the number of nicotine dependence
items) loading in a triangular decomposition
(Cholesky) pattern, where the first factor loaded
on the first nicotine dependence item and on all
subsequent items, the second factor loaded on
the second dependence item and on all sub-
sequent items, and so on. The general factor
model applied to the additive genetic and shared
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Table 1. Lifetime prevalence (%) of DSM-1V
and Heaviness of Smoking Index (HSI) nicotine
dependence measures in female and male ever
smokers (i.e. experimented with cigarettes at least
once)

DSM-IV nicotine Women Men OR
dependence criteria (n=3027) (n=2553) (95% CI)
Tolerance 379 48-1 1-5(1-4-1-7)
Withdrawal 24-1 246 N.S.
Smoking more than intended 422 40-8 N.S.
Difficulty quitting 49-4 530 12 (1-02-1-3)
Ever chain-smoked 20-9 221 N.S.
Gave up activities to smoke 60 59 N.S.
Smoked despite physical or 19-4 183 N.S.
emotional problems
Nicotine dependence diagnosis 33-0 36:0 1-1 (1-01-1-3)
HSI items and HSI-defined
nicotine dependence
TTF: <5 min 67 9:6 1-6 (1:3-2-0)
6-30 min 119 159 1-5(1-3-1-8)
31-60 min 9-8 10-8 12 (1:02-1-5)
60+ min 71-5 637 1-0
CPD: 20+ 18-4 27-1 17 (1-4-1-9)
16-19 7-6 8-8 1-3 (1-1-1-6)
11-15 10-1 9-3 N.S.
6-10 10-5 77 N.S.
1-5 532 47-1 1-0
HSI dependence
Dependent 12-2 19-1 1-8 (1:5-2-1)
Moderately dependent 13-8 16'5 14 (1-2-1-6)
Mildly dependent 132 12-3 N.S.
Non-dependent 60-7 52-1 10

Odds ratios (OR) and 95% confidence intervals (CI) indicate
significant gender differences.

TTF and CPD categories were coded as ordinal variables by order
of severity (0-3 for TTF, i.e. 60+ min to <5 min; and 0-4 for CPD,
i.e. 1-5 to 20+ cigarettes per day), and summed across TTF and
CPD categories to yield an HSI dependence score: non-dependent
(0-1), mildly dependent (2-3), moderately dependent (4-5), and
dependent (6-7).

TTF, time to first cigarette in the morning; CPD, cigarettes
per day.

environmental parameters is a submodel of a
Cholesky decomposition model.

For both univariate and multivariate models,
model parsimony (best fit with fewest par-
ameters estimated) was assessed based on x*
difference tests and the Aikake Information
Criterion statistic (AIC; Akaike, 1987), calcu-
lated as model y* minus twice the degrees of
freedom; lower AIC indicates better model fit.

RESULTS
Prevalence

Prevalence estimates of lifetime DSM-IV and
HSI nicotine dependence items and nicotine
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Table 2. Phenotypic factor loadings of DSM-
1V and HSI nicotine dependence items for female
(n=3027) and male (n=2553) ever smokers, and
inter-factor correlations (r)

Women Men

F1 F2 F1 F2
Items (r=0-75) (r=0-74)
(1) Tolerance 0-81 0-19 0-79 0-24
(2) Withdrawal 0-29 0-62 0-16 0-75
(3) More than intended 0-44 0-56 0-40 0-56
(4) Difficulty quitting 0-35 0-72 0-31 0-78
(5) Ever chain-smoked 0-32 0-47 0-36 0-43
(6) Gave up activities 0-00 0-68 0-27 0-41
(7) Smoke despite problems 0-25 0-58 0-10 0-74
(8) TTF 0-77 0-11 0-75 0-16
(9) CPD 0-95 0-08 0-91 0-14

TTF, time to first cigarette in the morning; CPD, cigarettes
per day.

dependence definitions for female and male
ever smokers are shown in Table 1. Significantly
more men than women smokers reported toler-
ance (48-1% v. 37-9 %), difficulty quitting smok-
ing (53:0% v. 49-4%), and met DSM-IV criteria
for nicotine dependence (36% v. 33%). Ad-
ditionally, more men than women smoked within
the first hour after waking (36:3% v. 28-4%),
more men than women were heavier smokers,
averaging 16 or more cigarettes per day (35-9%
v. 26:1%), and, accordingly, more men than
women were in the more severe HSI nicotine
dependence categories.

Factor analysis

Phenotypic factor analysis performed on the
seven DSM-IV nicotine dependence symptoms
and the two HSI items in ever smokers identified
a three-factor model as the best-fitting model
in both women and men. However, only a single
item, ‘ever chain-smoked’, had a substantial
loading on the third factor in both genders.
Therefore the two-factor solution was chosen as
the most interpretable (Table 2). Although the
pattern of item loadings across the two factors
was similar across gender, with only the magni-
tude of loadings of some items (‘gave up activi-
ties’ and ‘smoke despite problems’) differing
somewhat in women and men, the model con-
straining item loadings to be equal across gen-
derwas rejected (p <0-001). For both women and
men, DSM-IV nicotine tolerance together with
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TTF and CPD loaded highly on the first factor;
four other DSM-1V dependence measures loaded
more highly on the second factor — withdrawal,
smoking more than intended, experiencing dif-
ficulty quitting, and smoking despite physical or
psychological problems; DSM-IV ever chain-
smoked loaded equally strongly on the two fac-
tors. Thus for both genders, the two-factor
solution seemed to distinguish a tolerance/
quantity smoked factor (on which time to first
cigarette also had a strong loading), and a
second factor associated with withdrawal and
difficulty quitting smoking. However, the two
factors were highly correlated (r=0-75 in
women, r=0-74 in men). Restricting analysis
to regular smokers (100+ cigarettes lifetime;
results not shown) showed that item loadings
could be constrained across gender and the
pattern and magnitude of factor loadings across
the two latent factors were nearly identical to
those shown for the men in Table 2. Thus, factor
analysis results suggest a similar pattern of
endorsement of nicotine dependence symptoms
between women and men, particularly among
lifetime regular smokers.

Internal consistency

Internal consistency was acceptable for both
factor scales for both female and male ever
smokers. For the tolerance/quantity smoked
factor, Cronbach’s alpha was 0-78 for the
women and 0-79 for the men. For the with-
drawal/difficulty quitting factor, alpha estimates
were 0-78 for the women and 0-78 for the men;
‘gave up activities” had the lowest correlation
with total scale score for both women (0-30) and
men (0-27) compared to the remaining depen-
dence items loading on this factor (range
0-50—0-75) and internal consistency improved to
0-81 and 0-80 for women and men, respectively,
when this item was excluded.

Univariate genetic analysis

In the sample of twin pairs concordant for ever
smoking, Table 3 shows that for all dependence
symptoms, except for ‘difficulty quitting’, A, C,
and E effects could be equated across gender;
additionally, shared environmental effects did
not contribute significantly to phenotypic vari-
ance, although their point estimates and as-
sociated 95% confidence intervals are shown in
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Table 3.
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Univariate estimates (%) of additive genetic (A), shared environmental (C), and non-shared

environmental (E) influences and associated 95 % CI for DSM-IV and HSI nicotine dependence items
and definitions in twin pairs concordant for ever smoking

Variance component estimates

Model fit statistics

Items A (95% CI) C (95% CI) E (95% CI) Ve df P AIC
(1) Tolerance 73 (54-79) 1 (0-17) 26 (21-32) 162 7 0-02 2:2
(2) Withdrawal 53 (37-61) 0 (0-12) 47 (39-55) 38 7 0-80 —10-1
(3) More than intended 62 (43-69) 0 (0-16) 37 (31-45) 119 7 0-11 —2-1
(4) Difficulty quitting
Women 68 (60-75) 0 (0-60) 32 (25-40) 12:9 5 0-02 29
Men 54 (28-39) 26 (0-49) 20 (14-28)
(5) Ever chain-smoked 45 (23-54) 0 (0-16) 55 (46-65) 9-4 7 0-22 —46
(6) Gave up activities 26 (0-45) 0 (0-27) 74 (55-93) 77 7 0-36 —63
(7) Smoke despite problems 39 (7-51) 2 (0-25) 59 (49-72) 10-0 7 0-19 —4-0
®) TTF 68 (51-73) 0 (0-13) 32 (27-38) 837 58 0-02 —323
9) CPD 70 (56-75) 0(0-12) 30 (25-34) 1477 94 <0-001 —40-3
Nicotine dependence
DSM-1V 56 (40-63) 0 (0-13) 44 (36-51) 9-8 7 0-21 —43
HSI 71 (59-75) 0 (0-10) 29 (25-34) 109-4 58 <0-001 —66

Table 3. All individual symptoms were signifi-
cantly heritable (45-73 % ; except for ‘gave up
activities’) as were DSM-IV (56%) and HSI
(71%) definitions of nicotine dependence. For
‘gave up activities’, it was not possible to dis-
tinguish between additive genetic versus shared
environmental influences because there was no
significant deterioration of model fit when either
A or C were individually dropped from the
model; however, dropping both simultaneously
significantly reduced model fit, suggesting sig-
nificant familial influences.

There was no evidence for a significant con-
tribution of non-additive genetic effects to
phenotypic variance for any item.

Multivariate genetic analysis

In a four-group analysis of data from pairs
who were concordant ever smokers, excluding
unlike-sex twin pairs, the best-fitting model
estimated a single genetic and a single shared
environmental common factor (AIC=779-46;
likelihood-ratio test versus full Cholesky model:
2 =56-20, df =108, p=0-99). Adding a second
genetic common factor (AIC=79142) or a
second shared environmental common factor
(AIC=787-55) worsened the fit of the model
by AIC, and did not produce a significant
improvement in fit by likelihood-ratio y* test
(?=2404, df =18, p=0-15; ¥*=27-91, df =18,
p=0-06). A model which constrained genetic
and environmental factor loadings to be the

same in females and males (AIC=1176) and a
common pathway model (AIC=1090) both
gave substantially worse fits. Genetic common
factor loadings under the best-fitting model
were substantial (data not shown), and some-
what higher in males (0:67—0-89) than in females
(0-61-0-81), with the lowest loadings observed
for ‘ever chain-smoked’ and ‘gave up activities’
in both genders (0-53 and 0-74 for females, 0-67
and 0-71 for males, respectively); and, in
females, for ‘smoke despite problems’ (0-61)
and ‘withdrawal’ (0-68), with all other loadings
being 0-75 or higher. Non-zero genetic specific
variances were obtained for only three items,
and in females only (TTF: 0-27; withdrawal:
0-26; ‘ever chain-smoked’: 0-21). Shared
environmental common factor loadings were
generally higher in females (zero for ‘gave up
activities’, 0-18-0-42 for other items) than in
males (zero for ‘more than intended’, 0-10-0-35
for other items), but were substantially lower
than the corresponding genetic common factor
loadings. A single non-zero shared environ-
mental specific variance was obtained in each
gender (female: 0-12 for ‘more than intended’;
males: 0-20 for ‘withdrawal’).

The five-group analysis of pairs who were
concordant ever smokers uncovered important
genotype x gender interaction effects. The fit of
a model estimating a single genetic and a single
shared environmental common factor for each
gender (y®=2268-59, df =621, AIC=1026) was
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improved on either by allowing the correlation
between shared environmental effects, rC, in
unlike-sex pairs, to deviate from unity (AIC=
1017) or by allowing the correlation between
genetic effects in unlike-sex pairs, rG, to take
values less than 0-5 (AIC=1010). Compared to
the one genetic and one shared environmental
factor model with rC=1 and rG =0-5, estimat-
ing a second genetic common factor (AIC =995)
or a second shared environmental common
factor (AIC=1009) yielded an improvement in
fit, with the two genetic factor model giving the
better fit by AIC. A model that estimated two
genetic and two shared environmental common
factors (AIC=1002) gave a substantial im-
provement in fit over the model with two shared
environmental and a single genetic common
factor (y2=43-25, df=18, p<0:001) but only
a marginal improvement in fit over the two
genetic/one shared environment common factor
model (¥2=29-30, df=18, p=0-045), and a
worsening of fit compared to the latter by AIC.
Adding a third genetic factor did not give any
further improvement over the latter model
(AIC=1016; y*=15-40, df =18, p=0-63). Thus
the two genetic/one shared environmental com-
mon factor model was identified as the best-
fitting model in the five-group analyses. Allow-
ing correlations between the first or second
genetic factors in unlike-sex pairs to take values
less than 0-5 gave no change in fit. However,
genetic factor loadings on the second genetic
factor under the best-fitting model were op-
posite in sign in males versus females (equivalent
to a negative correlation between genetic effects
associated with the second factor in males versus
females). Likewise, shared environmental com-
mon factor loadings were opposite in sign.
Genetic and shared environmental specific fac-
tor loadings were similar to those observed in
the four-group analysis.

Unrotated common factor loadings, under
the best-fitting five-group model, are summar-
ized in Table 4. The first genetic factor in each
gender had high loadings on all items, with a
pattern of loadings very similar to that seen for
the single genetic factor estimated in the four-
group solution. In females, the second genetic
factor had high loadings only on items ‘gave up
activities” and ‘difficulty quitting’; whereas in
males the second genetic factor had moderate
loadings on items broadly related to amount
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Table 4. Factor loadings of DSM-1V and HSI
nicotine dependence items on two orthogonal
additive genetic factors (AF1 and AF2) and one
shared environmental factor (C), for women and
men ever smokers

Women Men
Ttems AF1 AF2 C AFl1 AF2 C
(1) Tolerance 088 —0-09 003 077 022 026
(2) Withdrawal 0-67 —0-15 —0-15 078 012 022
(3) More than intended 0-83 —0-08 —0-16 0-80 0-18 0-28
(4) Difficulty quitting 076 —0-31 —0-08 078 0-10 0-27
(5) Ever chain-smoked 0-70 005 —0-06 057 009 0-12
(6) Gave up activities ~ 0-57 —049 —005 064 023 027
(7) Smoke despite 0-71 0-:00 —0-17 079 0-00 0-46
problems
8) TTF 0-78 0-03 —0-12 081 032 032
(9) CPD 0-86 —0-08 —0-04 080 022 0-26

TTF, time to first cigarette in the morning; CPD, cigarettes
per day.

smoked (TTF, CPD, tolerance) as well as ‘gave
up activities” and ‘more than intended’.

Item non-shared environmental variances and
correlations under the best-fitting model are
summarized in Table 5. Inter-item correlations
are much higher in males than in females, with
many estimated correlations in males 0-9 or
higher in magnitude. This suggests that in males,
non-shared environmental influences are largely
associated with differences in the extent of
progression of cigarette smoking, whereas in
females non-shared environmental contribu-
tions to symptom profile are observed.

DISCUSSION

The DSM-IV criteria that are used to diagnose
substance dependence have been applied to
nicotine, as well as to alcohol and illicit drugs
(APA, 1994). The Heavy Smoking Index items
time to first cigarette in the morning and num-
ber of cigarettes smoked per day (Heatherton
et al. 1989) comprise two of the original eight
items of the Fagerstrom Tolerance Question-
naire (Fagerstrom, 1978), which was designed
to assess physical dependence to nicotine. The
goal of this paper was to conduct multivariate
genetic analysis of DSM-IV and HSI items
to define heritable aspects of nicotine depen-
dence, thereby adding to the body of knowledge
on the construct validity and properties of
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Proportion of variance (%) attributable to non-shared environmental factors for each

nicotine dependence item (shown across the diagonal in bold), and pair-wise non-shared environmental
correlations among nicotine dependence items (shown in the off diagonal) for women (top) and men

(bottom) ever smokers

Tolerance Withdrawal Intend Quit Chain Activity Problems TTF CPD
Women
Tolerance 21-6
Withdrawal 0-84 42-3
Intend 0-79 0-89 27'5
Quit 0-90 0-89 092 32:3
Chain 0-70 0-50 0-67 0-66 469
Activity 0-83 0-83 091 0-99 0-61 26'8
Problems 0-60 0-57 0-52 0-62 0-28 0-60 48-3
TTF 0-72 0-65 0-47 0-74 0-29 071 0-33 311
CPD 0-91 0-72 0-65 0-79 0-44 0-82 0-45 0-74 251
Men
Tolerance 27-3
Withdrawal 0-85 237
Intend 0-90 0-85 29-3
Quit 0-96 093 0-96 309
Chain 0-82 0-67 0-94 0-82 44-8
Activity 0-98 091 0-94 0-99 0-82 445
Problems 0-90 0-93 092 0-98 0-74 0-96 313
TTF 0-84 0-79 0-61 0-81 0-42 0-83 0-79 177
CPD 0-96 0-73 0-78 0-86 0-75 0-89 0-75 0-81 264

Intend, more than intended; Quit, difficulty quitting; Chain, ever chain-smoked; Activity, gave up activity; Problems, smoking despite

problems; TTF, time to first cigarette; CPD, cigarettes per day.

the nosology currently used to define nicotine
dependence.

Phenotypic factor analysis showed clustering
of symptoms of tolerance to nicotine together
with the two heavy smoking index items on
one factor for women and men, which is not
surprising considering that both tolerance and
number of cigarettes smoked per day were oper-
ationalized in terms of quantity of cigarettes
smoked (albeit different items), and that time
to first cigarette upon waking and cigarettes
smoked per day have been shown to be highly
correlated in other general population studies
(Etter et al. 1999; Haddock et al. 1999 ; Radzius
et al. 2001). The weak loading of the time to first
cigarette item on the second factor, on which
nicotine withdrawal had a strong loading, sug-
gests that contrary to what has previously been
suggested (APA, 1994), time to first cigarette
may not be a useful measure of nicotine with-
drawal. Alternatively, our retrospective measure
of withdrawal may not adequately capture
symptoms of withdrawal following overnight
abstinence.

In the second factor ‘gave up activities’ was
the only item that loaded significantly in women
but not in men. However, ‘gave up activities’

had the lowest correlation with total factor scale
score, and when this measure was excluded,
factor scale internal consistency improved in
women and men. In another study, ‘gave up
activities” did not load on either of two factors
identified in a factor analysis of DSM-III-R
nicotine dependence symptoms in young adult
female and male lifetime smokers (current and
ex-smokers) similar in age and year of assess-
ment, as reported in this study (21-30 years old;
interviewed at home in 1989; Johnson et al.
1996), and the authors excluded this item from
subsequent creation of factor scales. Addition-
ally, in our analyses, ‘gave up activities’ was the
least commonly endorsed nicotine dependence
item by women and men, and was found in
genetic analyses of these data to be mainly in-
fluenced by non-shared environmental factors.
Taken together, these results suggest that the
DSM-IV substance dependence criterion of
‘important social, occupational, or recreational
activities are given up because of substance use’,
as measured in our assessment, may not be a sal-
ient indicator of nicotine dependence in adults.
Additionally, the importance of this criterion
will likely vary in response to social and cultural
changes in regulation of smoking practices.
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‘Ever chain-smoked’ did not preferentially
load on one phenotypic factor or the other, but
showed significant and high loadings on a third
factor for women (0-97) and men (0-83), indi-
cating that ‘ever chain-smoked’ is not endorsed
in a pattern that correlates with endorsement of
the remaining nicotine dependence symptoms. It
may be that ‘ever chain-smoked’ is too broad a
measure or that it may occur only intermittently
for many smokers, such as at times of stress,
rather than represent a consistent, specific pat-
tern of smoking behavior. Additionally, this
item, which corresponds to the DSM-IV depen-
dence criterion ‘a great deal of time spent in
using the substance’, assessed at a general popu-
lation level, may be more relevant to illicit sub-
stance use. The DSM-IV distinguishes between
physiological dependence associated with toler-
ance or withdrawal and non-physiological
(psychological) dependence associated with the
lack of tolerance and withdrawal (APA, 1994).
Since tolerance and withdrawal each loaded on
separate factors, it appears that phenotypic
factor analysis captured two aspects of physio-
logical dependence to nicotine, and psychologi-
cal symptoms of nicotine dependence loaded
on the same factor as withdrawal. The clustering
of these nicotine dependence items has been
termed ‘failed cessation’ by others (Johnson
et al. 1996).

There was evidence for substantial genetic
influences accounting for individual differ-
ences in nicotine dependence measures (range
45-73 % ; except for ‘gave up activities’ where
there was only evidence for weak familial
effects). Our genetic estimate for DSM-IV
nicotine dependence (56 %) is similar to that
for DSM-III-R nicotine dependences assessed in
Vietnam veteran male twins (60 % ; True et al.
1999); the heritability estimate for daily ciga-
rette consumption was high (70%) when the
analysis included twin pairs concordant for
ever smoking, relative to other estimates (50 % ;
Hettema et al. 1999). Heritability was more
modest, however, when analysis was restricted
to regular smokers (51 % ; data not shown) and
agreed with heritability estimates (about 50 %)
reported previously in adult current and ex-
smoker lifetime regular smokers (Kaprio et al.
1984; Carmelli et al. 1990; Swan et al. 1990,
1996, 1997). Exclusion of twin pairs, where one
or both twins has never smoked, or never
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smoked regularly, will lead to a biased estimate
of the importance of genetic influences if in fact
some of the same genetic factors that influence
risk of nicotine dependence also influence risk of
experimentation with cigarettes, or risk of be-
coming a regular smoker. In many cases, for
traits where shared environmental influences are
modest or negligible, it will lead to an under-
estimate of the importance of genetic influences.
Exclusion of groups of types of smokers would
be valid only in the case where liability for
smoking experimentation or occasional smok-
ing is uncorrelated with liability for regular
smoking or nicotine dependence (Prescott &
Kendler, 1995). In fact, two-stage modeling of
dimensions of smoking initiation and smoking
persistence (Heath, 1990; Heath & Martin,
1993; Heath ef al. 1998; Madden et al. 1999)
and of smoking initiation and number of ciga-
rettes smoked per day in adolescents and young
adults (Koopmans et al. 1999) have shown evi-
dence of shared genetic risk. Heritability esti-
mates derived under a two-stage model (Heath
et al. 2002) that estimates jointly genetic effects
on risk of becoming a regular smoker, and cor-
related genetic effects on individual symptoms
of nicotine dependence in those who have be-
come regular smokers, should yield a less biased
estimate of heritability, but this is beyond the
scope of the current paper.

The univariate genetic models did not fit the
data for time to first cigarette in the morning
and number of cigarettes smoked per day, or for
their joint definition of nicotine dependence,
suggesting that different genetic and environ-
mental influences may determine risk of lower
levels of smoking or smoking right after waking
in the morning versus higher levels of smoking
or smoking later in the day.

In the multivariate genetic models, although
the results of four-group and five-group
analyses appeared somewhat different, with the
best-fitting model in the four-group analysis
including a single genetic factor but that for the
five-group analysis including two genetic factors
in women and men, there was a trend for the
addition of a second genetic factor to improve
goodness-of-fit in the four-group analysis by
likelihood-ratio y? test criterion (p=0-045). In
both four- and five-group analyses, results were
consistent with the existence of a general genetic
factor with high loadings of all items, albeit with
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somewhat reduced loadings for items ‘gave up
activities’ in both genders, and for ‘withdrawal’
in women and ‘ever chain-smoked’ in men. The
second genetic factors had loadings that were
opposite in sign in males and females, implying
a negative genetic correlation, and were
characterized by somewhat different items (‘ gave
up activities” and “difficulty quitting’ in women;
items related to amount smoked in men). Until
this pattern has been replicated, these loadings
should be interpreted with caution: once the
first genetic common factor is controlled for,
power for resolving the residual genetic struc-
ture would be expected to be somewhat low.
However, the fact that a similar structure for the
second genetic factor was observed in four-
group (data not shown) as well as five-group
analyses indicates that it is not simply an idio-
syncratic pattern of cross-twin pair correlations
in unlike-sex pairs that is leading to the observed
pattern of genetic factor loadings.

The present analyses add to growing evidence
for substantial genetic influence on nicotine de-
pendence (Sullivan & Kendler, 1999 ; True et al.
1999). DSM-IV substance dependence criteria,
which were developed to be applicable to a range
of substances (Cottler et al. 1995), also appear
to be useful indicators of nicotine dependence.
Five nicotine dependence symptoms, in par-
ticular, had high phenotypic and genetic factor
loadings as well as high heritability: tolerance,
time to first cigarette in the morning, number of
cigarettes smoked per day, withdrawal, and dif-
ficulty quitting. What makes some of these items
particularly attractive is that they can be inves-
tigated in animal models. Animal studies show
that development of tolerance to nicotine and
quantity of self-administered nicotine are under
significant genetic influences (Marks et al. 1991
Robinson et al. 1996) and are associated with
changes in nicotine binding in the brain (Collins
& Marks, 1989, 1991 ; Pietild et al. 1998). Nico-
tine withdrawal can be considered an index of
nicotine dependence in rodents and has been
shown to be mediated by central nicotinic
receptors and a number of neurotransmitter
systems (Kenny & Markou, 2001).

Several limitations of this study should be
considered. This is a large-scale community
study, but conclusions drawn may be specific
to the age range studied (24-36), to the time of
assessment (1996-2000), and to the country of
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Australia. Genetic or environmental factors
affecting aspects of cigarette use and depen-
dence may change with advancing age or may
be different during adolescence (or may be as-
sociated with length of time smoked), across
birth cohorts, or across societies. For example,
it has been shown that an overlap in genetic
and environmental risk factors for starting
to smoke and for continuing to smoke de-
creases with age when comparing age cohorts
of 18-25-year-old and 36—46-year-old female
and male twins (Madden ef al. 1999). Evidence
for greater importance of shared environmental
effects on starting to smoke in Scandinavian
relative to Australian men (Madden et al. 1999)
further suggests cultural differences in cigarette-
smoking.

Our data are based on retrospective self-
report and are thereby liable to recall bias, par-
ticularly for respondents who are not current
smokers. However, lifetime symptoms and diag-
noses of nicotine and other substance use
have been shown to have acceptable reliability
(Cottler et al. 1989 ; Langenbucher et al. 1994)
and self-reports of smoking have been found to
be accurate when validated through biochemical
measures (Patrick et al. 1994).

Inclusion of never smokers in the multivariate
genetic modeling represents a confound of the
genetic and environmental influences on smok-
ing initiation and on risk of nicotine dependence
in those who have become smokers and may
introduce bias in parameter estimates. In the
univariate approach, there are data-analytic
strategies that can be applied under certain
strong but testable assumptions to more rigor-
ously separate genetic influences associated with
initiation of regular smoking and genetic influ-
ences associated with risk of dependence in
those who have become regular smokers (e.g.
Heath er al. 2002), avoiding some of the some-
what arbitrary assumptions that have been used
in the past to achieve model identification (e.g.
Heath & Martin, 1993). While generalization
of such an approach to the estimation of multi-
variate models is achievable in theory, this rap-
idly becomes numerically intractable in the
multivariate case unless the number of variables
being analyzed is small (four or fewer), and thus
could not be applied in the present analysis.
Since we consider it plausible that there are im-
portant genetic influences that are common to
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both progression from experimentation to reg-
ular smoking and risk of dependence in those
who become regular smokers (for example,
conduct disorder: cf. Madden et al. 1997), we
have preferred to include experimenters as well
as smokers in our multivariate genetic analyses,
to avoid the potential underestimation of the
importance of genetic influence that would arise
by excluding such individuals. Results when
never smokers as well as experimenters were in-
cluded in our analyses were similar (not shown),
but numbers of never smokers were relatively
small.

The twin method relies on the assumption that
trait-relevant environmental influences contrib-
ute equally to the resemblance of MZ and DZ
twin pairs. Environmental influences that are
more similar for MZ compared to DZ twin pairs
may be associated with a trait of interest and
could account for greater similarity between
MZ than DZ twins (i.e. inappropriately inflating
estimates of trait heritability). Such character-
istics, for example, physical twin similarity
(Hettema et al. 1995), self-perceived zygosity
(Xian et al. 2000), perceived zygosity and associ-
ated parental approach to rearing their twins
(Kendler et al. 1993, 1994 ; Kendler & Gardner,
1998; Cronk et al. 2002), and physical and
emotional closeness between the twins (LaBuda
et al. 1997; Kendler & Gardner, 1998; Cronk
et al. 2002) have been shown to be uncorrelated
with zygosity differences in a number of psychi-
atric disorders such as alcohol and illicit drug
dependence, major depression, anxiety, and ex-
ternalizing disorders, supporting the validity
of the equal environmental assumption in twin
studies assessing these disorders. The equal en-
vironment assumption has also been found to be
valid for DSM-III-R nicotine dependence in fe-
male (Kendler & Gardner, 1998) and male twins
(Xian et al. 2000). However, greater sharing of
peer group in adolescence in MZ compared to
DZ twins is associated with greater MZ com-
pared to DZ twin similarity for smoking in-
itiation (Kendler & Gardner, 1998), which may
not be surprising considering that peer smoking
is a strong and important predictor of ado-
lescent smoking initiation (Chassin et al. 2000;
Mayhew et al. 2000; Kobus, 2003), and that MZ
twins are more likely to share peers compared to
DZ twins. Our sample of twins included young
adults who were past adolescence, when the
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majority of adult smokers initiate smoking
(Upadhyaya et al. 2002), and considering that
nicotine dependence can be observed shortly
after the start of regular smoking (DiFranza
et al. 2002), the possible violation of the equal
environment assumption with respect to smok-
ing initiation would not be relevant to our
analyses. We tested, therefore, the equal en-
vironment assumption with respect to DSM-IV
and HSI definitions of nicotine dependence. We
separated the sample into two groups, those
who reported always sharing the same friends
in childhood and early adolescence and those
who reported sharing the same friends less
often. We found no group differences in esti-
mates of the relative contribution of genetic and
shared environmental influences on DSM-1V
and HSI definitions of dependence, suggesting
that the equal environment assumption is valid
for these measures of nicotine dependence in our
data.

In conclusion, we found that nearly all symp-
toms of nicotine dependence were moderately
to highly heritable and that nicotine dependence
symptom covariance was influenced by two
genetic and one shared environmental factors in
both women and men, with symptoms on the
second genetic factors loading opposite in sign
in women versus men, suggesting a negative
genetic correlation and implying that different
genetic factors may, in part, operate in women
compared to men. Our analyses suggest that the
two DSM-IV criteria of giving up or reducing
important activities in order to smoke and
spending a lot of time using nicotine (i.e. chain-
smoking) may contribute little to our measure-
ment of nicotine dependence for the purpose
of genetic research; while the DSM-IV criteria
tolerance, withdrawal, and experiencing dif-
ficulty quitting, along with the two HSI index
items may best signify nicotine dependence,
and, considering their substantial heritability,
they may also be fruitful phenotypes for gene-
mapping efforts.
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