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Background. Smoking initiation and persistence are clearly associated with factors commonly thought to be environ-

mental in origin, including socio-economic status. However, twin models that incorporate gene–environment corre-

lation and generenvironment interaction have not been applied to elucidate the genetic or environmental role that

socio-economic status plays in smoking initiation and nicotine dependence.

Method. Twin structural equation modelling was used to examine gene–environment correlation and generenviron-

environment interaction of one index of socio-economic status, educational attainment, with smoking initiation and

nicotine dependence among 5119 monozygotic and 4295 dizygotic male–male Vietnam-era twins from the Vietnam Era

Twin Registry, a national registry of twin pairs who served in the military during the Vietnam era.

Results. Educational attainment correlated significantly with smoking initiation (r=x0.27, p<0.001). Additive genetic

(p=0.011), shared environment (p=0.002) and unique environment (p=0.027) components contributed to the corre-

lation between educational attainment and smoking initiation. Educational attainment also significantly moderated the

variance in smoking initiation (p<0.001), suggestive of generenvironment interaction, although the interaction with

the additive genetic, shared environmental and unique environmental components could not be resolved due to multi-

collinearity. In contrast, educational attainment neither correlated with nor moderated nicotine dependence, once

smokers had initiated.

Conclusions. Our study suggests that educational attainment is associated with smoking initiation, in part due to

gene–environment correlation and generenvironment interaction. However, once smoking initiation is taken into

account, there are no effects – be they gene–environment correlation or generenvironmental interaction – of edu-

cational attainment on nicotine dependence.
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Introduction

Cigarette smoking is clearly associated with factors

commonly thought to be environmental in origin, such

as socio-economic status (SES). For example, lifetime

daily smoking is overrepresented among individuals

in lower socio-economic strata (Matthews et al. 1989;

Winkleby et al. 1990 ; Adler et al. 1994), as are smoking

persistence and failed cessation (Kaprio & Koskenvuo,

1988 ; Escobedo et al. 1990 ; Pugh et al. 1991).

Twin studies, on the other hand, suggest that

smoking initiation and nicotine dependence are each,

in part, heritable (Shenassa et al. 2003). In the largest

review of these data (Sullivan & Kendler, 1999),

Sullivan and Kendler report a heritability of 56%
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(a2=0.56) for smoking initiation, with environmental

factors shared by twins and those unique to each

individual accounting for 24% (c2=0.24) and 20%

(e2=0.20) of the remaining variance, respectively.

Further, smoking persistence, often used as a ‘proxy

measure of nicotine dependence’, is more strongly

heritable (a2=0.67) and influenced by unique en-

vironment (e2=0.31) with little or no contribution of

shared environment (c2=0.02). Familial transmission

of nicotine dependence per se (Kendler et al. 1999 ; True

et al. 1999 ; Lessov et al. 2004 ; Vink et al. 2005), as well

as other proxy measures for nicotine dependence, in-

cluding heavy smoking (Swan et al. 1997), total num-

ber of daily cigarettes (Hettema et al. 1999 ; Koopmans

et al. 1999a) and failed smoking cessation (Xian et al.

2003), also appear to be primarily influenced by gen-

etic and unique environmental effects, with little con-

tribution of shared environmental factors. These

differences in liability to smoking initiation and proxy

measures of nicotine dependence, as well as nicotine

dependence per se, have been confirmed in stage

models in which progression of one phenotype is ex-

plicitly dependent upon the expression of an earlier

phenotype with a potentially distinct liability (Heath

et al. 1991, 2002 ; Heath &Martin, 1993; Koopmans et al.

1999a ; Madden et al. 1999 ; Neale et al. 2006).

The differences in the effects of shared environment

on smoking initiation versus nicotine dependence

suggest that measured environmental factors, such

as SES, may be differentially related to smoking in-

itiation, relative to smoking persistence and pro-

gression to nicotine dependence. However, measured

‘environmental ’ factors often show genetic influence

when tested in genetically informative designs. For

example, educational attainment, one of the com-

ponents of individual SES most strongly associated

with cigarette smoking, is often heritable when

examined in twin studies (Heath & Berg, 1985). Thus,

it is also possible that the association between socio-

economic indicators and smoking outcomes reflects

gene–environment correlation, such that common

genetic factors contribute to both SES and liability

to smoking, or generenvironment interaction, as in-

dicated by changes in the magnitude of the heritability

of smoking initiation or nicotine dependence at vari-

ous levels of SES.

Twin studies provide a unique opportunity to

examine evidence for gene–environmental correlation

and generenvironment interaction. Here, we employ

twin structural equation models of gene–measured

environment (educational attainment) correlation

and genermeasured environment interaction to

test whether : (1) educational attainment is more

strongly associated with smoking initiation relative

to nicotine dependence; (2) common environmental

factors shared across twins predict both educational

attainment and smoking initiation (shared en-

vironment–measured environment correlation) ; (3)

common genetic factors predict both educational

attainment and smoking initiation (gene–measured

environment correlation) ; and (4) educational attain-

ment modifies the heritability of smoking initiation

and nicotine dependence (genereducation interac-

tion). To our knowledge, this is the first study pro-

posing to examine an indicator of SES, educational

attainment, and cigarette smoking in the context of a

twin design.

Method

Sample

Participants were 5119 monozygotic (MZ) and 4295

dizygotic (DZ) male–male Vietnam-era twins drawn

from the Vietnam Era Twin (VET) Registry. The VET

Registry is a nationally distributed cohort consisting of

male–male twin pairs born between 1939 and 1957 in

which both siblings served on active military duty

during the Vietnam War era (Eisen et al. 1987).

Zygosity was determined using a questionnaire and

blood group typing methodology that achieved 95%

accuracy (Eisen et al. 1987). Registry members are

representative of all twins who served in the military

during the Vietnam War on a variety of socio-

demographic and other variables (Goldberg et al. 1987;

Henderson et al. 1990). The data used in the present

study were from the Survey of Health (1987), the

National Heart, Lung and Blood Institute (NHLBI)

survey (1990) and the Harvard Twin Study of Drug

Abuse and Dependence (1991–1992). The current

study was approved by the Miriam Hospital In-

stitutional Review Board and procedures that were

followed were in accordance with The Miriam

Hospital Guidelines. All participants gave verbal in-

formed consent at the time of the interviews.

Measures

Twin educational attainment (highest grade or year of

school completed) was obtained from the Survey of

Health (1987). Smoking initiation was collected as part

of the NHLBI survey (1990). Smoking initiation re-

flected response to the question ‘Have you smoked at

least 100 cigarettes in your life?’ Other demographic

information was also taken from the NHLBI survey.

Lifetime diagnosis of nicotine dependence was ob-

tained using the Mental Health Diagnostic Interview

Schedule Version III, revised (DIS-III-R ; Robins et al.

1988) as part of the Harvard Drug Study (1991–1992).

The DIS-III-R is a structured psychiatric interview for

epidemiological research that yields clinical diagnoses
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based on the DSM-III-R (APA, 1987). Nicotine depen-

dence was classified as no abuse/dependence (0–2

symptoms), mild (3–4 symptoms), moderate/severe

(5–7 symptoms) based on DSM-III-R criteria. Details

of the interview procedure have been reported pre-

viously (Koenen et al. 2002).

Statistical analyses

The primary method of analysis was twin structural

modelling, which aims to explain the observed total

phenotypic variation and covariation betweenMZ and

DZ twins in terms of latent causes due to additive (A)

or non-additive (D) genetic effects and shared (C)

or unique (E) environmental effects. All models and

maximum likelihood parameter estimates were calcu-

lated using the raw data capabilities of the Mx pro-

gram (Neale et al. 2002). The significance of individual

parameters was determined by comparing the fit of

models omitting the parameters of interest with the fit

of a full model, with twice the difference in the log-

likelihood ratio (Dx2LL) distributed asymptotically

as a x2 variable with degrees of freedom (df) reflecting

the difference in the number of parameters between

the full and reduced models. However, for tests of the

variance components, the corresponding p values

were halved, since their value under the null hypoth-

esis was on the boundary of the parameter space (Self

& Liang, 1987). As there was little evidence that cor-

relations among MZ twins substantially exceeded

twice those among DZ twins, we focused primarily on

ACE (v. ADE) models.

The polychoric correlation between the smoking

phenotypes of interest and the putative environmental

moderator, as well as the extent to which it is

attributable to common additive genetic, shared en-

vironmental or unique environmental variance, may

be estimated using bivariate twin modelling (Neale &

Cardon, 1992). Using this approach, the correlation

between additive genetic, shared environmental and

unique environmental components of years of edu-

cation and the smoking phenotypes may be quan-

tified, the first specifically reflecting gene–measured

environment correlation. Since the smoking pheno-

types were ordinal in nature (smoking initiation, de-

gree of nicotine dependence), andMx cannot currently

model polyserial correlations between ordinal and

continuous data, polychoric correlations were ob-

tained instead by discretizing years of education into

five categories (6–11, 12, 13–14, 15–16, 17–20) chosen

to retain information, while also ensuring adequate

cell counts. Polychoric correlations between pairs

of ordinal variables can be estimated based on a liab-

ility model (Falconer, 1965), which presumes an

underlying, normally distributed susceptibility for the

expression of the phenotype of interest with zero

mean and unit variance. Categories were defined via

thresholds on this underlying curve, such that the area

under the curve reflects the proportion of the popu-

lation in each category. To ensure convergence, the

thresholds in the liability scale were assumed to be

fixed across educational levels.

Genermeasured environment interaction may be

detected within twin models by modelling the vari-

ance components attributable to latent genetic, shared

and unique environmental effects as a function of the

putative environmental moderator (Purcell, 2002).

Briefly, both effects on the mean and on the variance

are modelled (see Fig. 1). Modelling the effects of years

of education on the mean of the liability distribution

ND1 ND2

1.0

A+T×M1 E+V×M1

C+U×M1

A+T×M2

C+U×M2
E+V×M2

MZ (1.0)/DZ (0.5)

1 1
µ+B×M1+F×M1

2 µ+B×M2+F×M2
2

C1 E1 E2 C2 A2A1

Fig. 1. Generenvironment interaction model adapted from Purcell (2002). MZ, Monozygote ; DZ, dizygote ; A, additive

genetic effects ; C, shared environmental effects ; E, non-shared environmental effects ; M, moderator ; T, moderated component

of A; U, moderated component of C ; V, moderated component of E ; B, F, linear and quadratic effects of moderator on mean

(forced entry) ; ND, nicotine dependency.
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avoids any potential confounding of generenviron-

environment interaction by gene–environment corre-

lation, by regressing out genetic and environmental

effects common to both the smoking outcome and the

moderator. Further, in order to avoid possible model

mis-specification, we deliberately over-parameterized

the model for the mean, by forcing both linear and

quadratic effects of themoderator (e.g. BrMi+FrMi
2,

where i reflects moderator values for individuals

within a twin pair), irrespective of the statistical sig-

nificance of the two regression coefficients. Variability

in residual susceptibility to smoking initiation and

nicotine dependence was described in terms of

three latent variables, A, C and E, with the path coef-

ficients associated with each variable expressed as

linear functions of the moderator (e.g. A+TrM1,

C+UrM1, E+VrM1). A significant deterioration of

model fit when parameters T, U and V are fixed to zero

was taken as evidence of significant moderation of the

additive genetic, shared and unique environmental

variance components, respectively. For example, a

significant moderation of additive genetic variance

alone would suggest that the magnitude of the herita-

bility of nicotine dependence changes as the moder-

ator increases or decreases. Variance components

were only tested for significance if the respective in-

teraction terms had been dropped from the model, e.g.

A was not tested unless T was not significant, to avoid

modelling interactions in the absence of main effects.

Of note, it would have been possible to formulate

models for testing for generenvironment interaction

in the presence of gene–environment correlation

(Purcell, 2002). However, we chose not to examine

such models, since the joint distribution of the smok-

ing and educational attainment liabilities is no longer

bivariate normal, once educational attainment is al-

lowed to moderate both common and specific additive

genetic paths.

As noted by Heath et al. (2002), a full bivariate

model cannot be fit to smoking initiation and pro-

gression to dependence when a binary initiation

measure is employed, since the unique environment

correlation is not identifiable. An ideal approach for

analysing such data would have been based upon

an ordinal measure of initiation with three or more

categories, at least two of which had been observable

among twins on which progression data were avail-

able. Categorizing smoking initiation as early versus

late, based upon age of onset, would have served just

such a purpose. Unfortunately, age of onset of smok-

ing was available for only one-quarter of the VET

Registry sample, despite the fact that about two-thirds

of the sample had initiated smoking by the interview

data. Therefore, in analysing nicotine dependence, we

compared and contrasted analyses in both the full

sample and the subsample of initiated smokers in or-

der to identify gene–environment correlation and

generenvironment interaction effects on liability to

nicotine dependence distinct from those seen for

smoking initiation. Heath et al. (2002) showed that

analysing data on initiated smokers alone captures all

available information on genetic and environmental

effects on nicotine dependence under an orthogonal

liability model for smoking initiation and progression

to dependence. Further, estimates of the variance

components based on concordant-exposed twin pairs

alone remain unbiased, even if a correlated liability

model holds instead.

Although the full VET Registry comprises 12 436

male twins (6218 male–male twin pairs), only 5119 MZ

twins and 4295 DZ twins provided information on at

least one of the smoking phenotypes of interest. In bi-

variate models, only complete pairs contributed to the

estimation of cross-twin correlations, although all

available subjects were used to estimate means and

variances. The sample size for the genermeasured

environment analyses was smaller than that of the

corresponding bivariate models, since Mx retained

only twin pairs for which this subject-level covariate

was measured on both members of the twin pair. Since

the data on smoking initiation and nicotine depen-

dence were collected as part of two different surveys,

there were participants who had responded to one but

not the other survey, resulting in participants with

available smoking initiation data, but missing nicotine

dependence data or vice versa. As information on

smoking initiation could not be completely recovered

from knowledge of nicotine dependence status (e.g.

for those who did not meet criteria for nicotine de-

pendence, we do not know whether they reached 100

cigarettes lifetime), no imputation was used.

To obtain confidence intervals (CIs) for parameter

estimates, thresholds, and genetic and environmental

correlations, bootstrapping methods were employed.

Specifically, at each bootstrap iteration, pairs were

drawn with replacement from the original sample of

the same size. All runs in which Mx gave warning

messages about possible lack of convergence were

dropped, and the process was repeated until 1000

bootstrap iterations had converged successfully. For

each parameter of interest, the estimates were ordered

and endpoints of 95% bootstrap CIs were obtained

from the 2.5 and 97.5 bootstrap sample percentiles. For

comparison with the parameter estimates from Mx,

the median of the bootstrap results was calculated as

well. When there is little bias in the maximum likeli-

hood estimates, one would expect the two to be in

close agreement, and the 95% CIs to be well centred.

It should be noted that in twin structural equation

modelling, it is assumed that rearing environment

4 J. M. McCaffery et al.



for the behaviours under study was similar for

MZ and DZ twin pairs. Empirical tests of the equal

environment assumption by zygosity suggest that

it holds for many traits (Matheny, 1979 ; Scarr &

Carter-Saltzman, 1979 ; Kendler et al. 1993). In ad-

dition, lack of assortative mating by phenotype is

assumed.

Results

Sample and demographics

Demographic information and descriptive statistics

for educational attainment, rates of smoking initiation

and nicotine dependence are presented in Table 1. In

the full sample, participants were on average 42.6

years of age at the NHLBI survey; 94% were

Caucasian; 77% currently married. Participants had

obtained an average of 13.8 years of education, con-

sistent with slightly less than 2 years of college or

technical school. Lifetime smoking measures sug-

gested that nearly seven out of 10 participants had in-

itiated smoking, about two-fifths showed at least mild

symptoms of nicotine dependence, and over a quarter

smoked more than a pack of cigarettes per day.

Initiated smokers differed little from the full sample in

terms of age, education, race and marital status. As

expected, they were more likely to exhibit at least mild

symptoms of nicotine dependence (67% v. 42%) and to

smoke more than a pack of cigarettes per day (40% v.

28%), relative to the full sample which included par-

ticipants who did not initiate smoking in addition to

those who did. Finally, for the generenvironment

interaction analyses, the sample size was smaller due

to the requirement of complete data on the covariate

(educational attainment) for both twins of a pair for

the individuals to enter into analyses. Missing data at

the individual level was permitted for the dependent

variables (the smoking phenotypes). This resulted in

8003 individuals, including 4459 MZ and 3544 DZ

twins, available for generenvironment interaction

analyses.

Univariate models

Standardized additive genetic, shared environmental

and unique environmental components, total pheno-

typic variance and the prevalences within each of the

ordinal categories for educational attainment, smok-

ing initiation and nicotine dependence, respectively,

are presented in Table 2. All parameter estimates were

derived using Mx; CIs were derived via a bootstrap

procedure. The median of the bootstrap results closely

reflected the Mx parameter estimates in nearly all

cases, suggesting that the maximum likelihood esti-

mates from Mx showed little bias, and that the 95%

bootstrap CIs were well centred.

In the full sample, educational attainment, smoking

initiation and nicotine dependence were each signifi-

cantly heritable, with the largest effects seen for

smoking phenotypes. In addition, shared environment

contributed significantly to educational attainment

and smoking initiation. Among initiated smokers,

nicotine dependence continued to show significant

additive genetic effects with no evidence for shared

environmental effects, while additive genetic and

shared environmental effects contributed to educa-

tional attainment in this subgroup.

Bivariate models

The total polychoric correlation, and additive genetic,

shared and unique environmental correlations be-

tween educational attainment and the smoking-

related outcomes in both the full sample and among

initiated smokers are listed in Table 3. In the full

sample, there was a significant negative correlation

between liability for educational attainment and

Table 1. Demographic and descriptive statistics for the VETR

sample

Full sample

(n=9414,

5178 pairs)

Initiated

smokers

(n=6949,

3929 pairs)

Age, years, mean (S.D.) 42.6 (2.8) 42.5 (2.8)

Education, years, mean (S.D.) 13.8 (2.0) 13.6 (2.0)

Race, n (%)

Caucasian 8829 (93.8) 7404 (94.3)

African-American 542 (5.8) 419 (5.3)

Hispanic 5 (0.1) 5 (0.1)

Other 33 (0.3) 26 (0.3)

Married, n (%) 5174 (76.7) 3858 (77.0)

Smoking initiation, n (%) 5959 (69.1) 6949 (100.0)

Daily cigarettes, n (%)

0 2993 (35.4) 330 (5.7)

1–10 924 (10.9) 924 (16.0)

11–20 2201 (26.1) 2201 (38.1)

21–30 1170 (13.9) 1170 (20.2)

31–40 771 (9.1) 771 (13.3)

41+ 386 (4.6) 386 (6.7)

Nicotine dependence, n (%)

None 4349 (58.2) 1355 (33.3)

Mild 1927 (25.8) 1682 (41.3)

Moderate/severe 1194 (16.0) 1037 (25.4)

VETR, Vietnam Era Twin Registry ; S.D., standard

deviation.
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liability for both smoking initiation (r=x0.27,

p<0.001) and nicotine dependence (r=x0.17,

p<0.001), reflecting a greater prevalence of smoking

initiation and nicotine dependence at lower

levels of education. For smoking initiation and edu-

cation level, all three liability components were stat-

istically significant. Additive genetic effects alone

contributed to the association between educational

attainment and nicotine dependence (rA=x0.32,

p<0.001). Among initiated smokers, the magnitude of

the total polychoric correlation between educational

attainment and level of nicotine dependence was

greatly diminished and failed to attain statistical sig-

nificance (r=x0.05, p=0.078), despite the large sam-

ple size. None of its individual components was

statistically significant either (all p>0.45).

Gene · environment interaction models

In Table 4, comparative model fits are presented that

test the extent to which educational attainment serves

as a moderator of the smoking-related outcomes in

both the full sample and among initiated smokers.

A path diagram for the full model is depicted in Fig. 1.

Of note, each model includes parameters B and F, re-

presenting linear and quadratic effects of educational

level on the mean of the respective variables. These

terms adjust the smoking outcomes for the correlation

with educational level described in the bivariate

models, allowing a model of generenvironment in-

teraction for the variance components of the smoking

phenotypes independent of any gene–environment

correlations. The full model (ACE-TUV-BF) is first

presented in each analysis, followed by an overall test

of moderation of the variance components by edu-

cational attainment (T, U and V fixed to zero, resulting

in an ACE model). If significant, a backwards stepwise

elimination procedure is followed for the individual

interaction parameters, testing the extent to which the

parameter associated with the smallest change in log-

likelihood ratio contributes significantly to the model.

As mentioned earlier, variance components were only

tested if the associated interaction term was dropped

from the model.

Smoking initiation

We first examined the extent to which genetic and

environmental contributions to liability to smoking

initiation may be moderated by educational attain-

ment. In comparative modelling fitting, there was

evidence for significant moderation of the total vari-

ance by educational level. The backwards elimination

procedure indicated that none of the moderation

parameters could be dropped without a significantT
ab
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compromise of model fit, although some evidence of

multicollinearity was present, as there was little ad-

ditional change in model fit if the T and U terms were

dropped either jointly or individually, once V had

been eliminated from the model. Over the 4 years re-

flecting the educational attainment of the majority of

participants (12–16 years of education), the difference

in educational attainment was associated with a re-

duction in total variance of 1.85 units in the liability

scale (95% CI 1.75–2.32).

Nicotine dependence

For nicotine dependence in the full sample, jointly

fixing the three moderation parameters to zero (ACE

model) resulted in a significant deterioration of model

fit, indicating significant moderation of total variance

in nicotine dependence by years of education. In the

backwards elimination procedure, only the moder-

ation of the additive genetic component by edu-

cational attainment (T) contributed significantly to the

model, indicating that educational attainment moder-

ates the total variance in nicotine dependence, but that

this effect is primarily driven by moderation of the

additive genetic effects on nicotine dependence. In

further modelling, it was also determined that the

shared environment component did not contribute

significantly to nicotine dependence, resulting in a

final model of AE-T for nicotine dependence in the full

sample.

However, among initiated smokers, the joint test

for moderation of the total variance by educational

attainment did not reach statistical significance

(Dx2LL=3.30, df=3, p=0.35), indicating no gener
measured environment interaction effects on residual

liability for nicotine dependence among initiated

smokers. Further, none of the individual moderator

parameters contributed significantly to model fit,

indicating a lack of moderation of the additive

genetic, shared environmental and unique environ-

mental factors by educational attainment. Consistent

with the full sample, shared environmental variance

could also be dropped from the model, resulting in a

final model of AEBF. Heritability at the mean level of

education of 14 years was estimated at 0.34 (95% CI

0.26–0.40).

Discussion

The results of this study highlight the critical import-

ance of phenotype definition and the potential for

gene–environment correlation and generenviron-

environment interaction in genetic studies of cigarette

smoking. We focused on a well-documented ‘en-

vironmental ’ risk factor for smoking, educational at-

tainment, and uncovered several novel aspects of its

association with cigarette smoking phenotypes using

twin models of gene–environment correlation and in-

teraction.

Table 3. Total polychoric correlation, and additive genetic, shared environmental and unique environmental correlations between ordinal

education level, smoking initiation and nicotine dependence

Total correlation rA rC rE

Full sample

Education and

smoking initiation

Initial modela

(95% CIb)

x0.27 (x0.30 to x0.24) x0.30 (x0.57 to x0.07) x0.39 (x0.65 to x0.17) x0.10 (x0.19 to x0.01)

Education and

nicotine dependence

Initial modela

(95% CIb)

x0.17 (x0.20 to x0.14) x0.32 (x0.59 to x0.11) x0.39 (x0.95 to 0.33) 0.00 (x0.06 to 0.07)

Initiated smokers

Education and

nicotine dependence

Initial modela

(95% CIb)

x0.05 (–0.09 to 0.00) x0.21 (–0.80 to 0.23) 0.00 (–0.89 to 0.93) 0.02 (–0.06 to 0.11)

rA, Additive genetic correlation ; rC, shared environmental correlation ; rE, unique environmental correlation ; CI, confidence

interval.
a Parameter estimates from Mx modeling.
b 95% CIs from bootstrap simulation (included a minimum of 1000 runs without convergence warnings).
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With regard to gene–environment correlation, we

observed a substantial inverse relationship between

educational attainment and likelihood of smoking in-

itiation. Twin modelling that decomposed the corre-

lation into additive genetic, shared environmental and

unique environmental effects indicated that each con-

tributed significantly to this inverse relationship, with

the strongest effects for the shared environmental and

additive genetic correlations. Thus, educational at-

tainment appeared to account not only for some of

the environmental variance in smoking initiation, but

also for a percentage of the heritability in smoking

initiation, a result indicative of gene–environment

correlation.

Although the significant correlation of educational

attainment with level of nicotine dependence in

the full sample was suggestive of potential

gene–environmental correlation, modelling among

initiated smokers revealed that the observed correla-

tions in the full sample were primarily attributable to

the association of educational attainment with smok-

ing initiation, and not nicotine dependence per se.

Specifically, the significant correlation between edu-

cational attainment and nicotine dependence was

substantially diminished in the subset of initiated

smokers. No additive genetic, shared environmental

and non-shared environmental correlations between

educational attainment and nicotine dependence

remained significant among initiated smokers. Thus,

correlations with educational attainment, be they

genetically or environmentally mediated, appear to

operate primarily at the level of smoking initiation.

Table 4. Comparative model fits for education level as a continuous moderator of smoking initiation and nicotine dependence

Model fit Comparative model fit

Modela x2LL df Dx2LL df p Test

Full sample

Smoking initiation

1. Full ACETUVBF 8888.53 7994

2. No moderation ACEBF 8910.32 7997 21.79 3 <0.001 2 v. 1

2a. No shared environmental moderation ACETVBF 8904.78 7995 16.25 1 <0.001 2a v. 1

2b. No non-shared environmental moderation ACETUBF 8910.05 7995 21.52 1 <0.001 2b v. 1

2c. No additive genetic moderation ACEUVBF 8908.50 7995 19.97 1 <0.001 2c v. 1

3. Partial moderation

3a. Shared environmental moderation ACEUBF 8910.24 7996 21.71 2 <0.001 3a v. 1

3b. Non-shared environmental moderation ACEVBF 8909.86 7996 21.33 2 <0.001 3b v. 1

3c. Additive genetic moderation ACETBF 8910.12 7996 21.59 2 <0.001 3c v. 1

Nicotine dependence

1. Full ACETUVBF 12656.44 6914

2. No moderation ACEBF 12671.91 6917 15.47 3 0.001 2 v. 1

2a. No shared environmental moderation ACETVBF 12657.33 6915 0.89 1 0.344 2a v. 1

2b. No non-shared environmental moderation ACETBF 12658.60 6916 1.27 1 0.26 2b v. 2a

2c. No additive genetic moderation ACEBF 12671.91 6917 13.31 1 <0.001 2c v. 2b

3. No shared environmental effects AETBF 12659.49 6917 0.89 1 0.346 3 v. 2b

4. No non-shared environmental effects ATBF 13700.05 6918 1040.56 1 <0.001 4 v. 3

5. No additive genetic moderation AEBF 12672.48 6918 12.99 1 <0.001 5 v. 3

Initiated smokers

Nicotine dependence

1. Full ACETUVBF 6388.90 2990

2. No moderation ACEBF 6392.19 2993 3.30 3 0.348 2 v. 1

3. No shared environmental effects AEBF 6392.19 2994 0.00 1 0.999 3 v. 2

4. No non-shared environmental effects ABF 6500.08 2995 107.89 1 <0.001 4 v. 3

5. No additive genetic effects EBF 6469.80 2995 77.60 1 <0.001 5 v. 3

x2LL, Twice the negative log-likelihood; df, degrees of freedom.
a ACETUVB and F reflect model parameters as represented in Fig. 1. B and F reflect both linear and quadratic effects of

the moderator on the mean and were forced into each model. A, C and E reflect additive genetic, shared environmental and

non-shared environmental variance. T, U and V are path coefficients reflecting moderation of the A, C and E paths respectively

by educational level.
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A similar pattern of effects was observed in gener
measured environment interaction analyses that

had been adjusted for potential gene–environment

correlation. There was a substantial difference in the

total variance of the liability for smoking initiation

as a function of educational attainment, suggesting

that novel additive genetic, shared environmental

or unique environmental factors contribute to smok-

ing initiation liability among persons with a lower

level of education. Over the 4 years reflecting the

educational attainment of the majority of participants

(12–16 years of education), the increase in educational

attainment was associated with a reduction in total

variance of 1.85 units (95% CI 1.75–2.32). Although

twin modelling indicated that the interaction of edu-

cational attainment with additive genetic, shared

environmental and unique environmental factors

each contributed to the additional variance in liability

to smoking initiation at lower levels of education,

modelling results were suggestive of multicollinearity,

so that the independent contribution of interactions

with additive genetic, shared environmental and un-

ique environment factors could not be delineated with

certainty. Of note, the moderation of additive genetic,

shared environmental and non-shared environmental

variance by educational attainment could not be at-

tributed to any correlation of educational attainment

with smoking initiation.

Twin modelling of liability to nicotine dependence

revealed no evidence of interaction with educational

attainment, once smoking initiation was taken into

account. In the full sample, there was significant

moderation of the total variance in liability to nicotine

dependence, which appeared to be driven primarily

by an effect of educational attainment on additive

genetic variance, or genereducational attainment in-

teraction. However, once smokers had initiated, there

were no additional effects of educational attainment

on the variance of nicotine dependence overall, or on

the additive genetic variance component, suggesting

that the effects of educational attainment on nicotine

dependence operate primarily at the level of smoking

initiation.

Our interaction results indicate increased variance

in smoking initiation and the associated variance com-

ponents at lower levels of education. Thus, a lower

socio-economic environment, as indexed by relatively

lower educational attainment, had a permissive effect

on the expression of smoking initiation. Overall, these

results strongly suggest that in the search for genes

related to cigarette use, great care should be taken in

selecting the phenotypes of interest. Further, depend-

ing on the phenotype, taking into account environ-

mental factors, such as educational attainment or SES,

may improve the ability to detect genetic effects.

To our knowledge, no prior study has examined the

potential for gene–environment correlation or interac-

tion in the association of educational attainment with

smoking initiation and nicotine dependence. It is no-

table, however, that characteristics of family relation-

ships, such as time spent with parents and parental

monitoring, moderated the genetic effects on smoking

frequency in adolescents (Dick et al. 2007). Several

moderators of the genetic effects on alcohol use, a

strong correlate of cigarette smoking, have also been

identified. These include marital status (Heath et al.

1989), urban/rural geographic setting (Dick et al. 2001;

Rose et al. 2001), religiosity (Koopmans et al. 1999b)

and peer alcohol use (Dick et al. 2007). Interestingly,

the results of these studies are inconsistent as to

whether high-risk environments increase or decrease

genetic variance in smoking and/or alcohol use. For

example, time spent with parents was associated with

greater genetic variance in frequency of smoking

among adolescents ; however, parental monitoring

was associated with reduced genetic variance in fre-

quency of smoking in the same sample (Dick et al.

2007).

It is important to note limitations to the present

study. First, the VET Registry is predominantly

Caucasian. The generalizability of these results to

civilians, women and ethnic minorities remains to be

determined. Furthermore, due to the ready access

to cigarettes in the military in the Vietnam era, the

rates of smoking initiation and nicotine dependence

may be higher than other population-based samples

with perhaps less permissive environments. In ad-

dition, Lyons et al. (2006), in a study of members of the

VET Registry, found that veterans who served in

Vietnam attained 0.7 fewer years of education by their

50s than veterans of the same era who did not serve in

Vietnam.

We used educational attainment as a proxy for

environmental context, as educational attainment

is one of the components of SES most consistently

associated with other indices of SES (Laaksonen et al.

2005) and cigarette smoking (Matthews et al. 1989;

Escobedo et al. 1990 ; Winkleby et al. 1990, 1995, 1999;

Escobedo & Peddicord, 1996 ; Laaksonen et al. 2005).

However, educational attainment is also, in part,

genetically influenced (Heath & Berg, 1985), consistent

with our result of common genetic factors underlying

educational attainment and risk for smoking initiation.

Here, we accounted for gene–environment correlation

by including the effects of educational attainment

in the models for the means of the generenvironment

interaction models. Lastly, as we included data from

two different surveys of the Vietnam-era twins,

we had a smaller sample size for the analyses of

nicotine dependence, relative to smoking initiation,

Educational attainment and nicotine dependence 9



particularly in the generenvironment interaction

models.
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