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bstract

ackground: Conduct disorder (CD), alcohol dependence (AD), and illicit drug dependence (IDD) frequently co-occur. This paper describes the
esult of an investigation of the extent to which comorbid alcohol and illicit drug dependence in adolescents are explained by etiological factors in
ommon with conduct disorder.
ethods: Participants were 645 MZ twin pairs, 702 DZ twin pairs, 429 biological sibling pairs, and 96 adoptive sibling pairs, aged 12–18 years,

rom a community based sample. Conduct disorder was measured using the Diagnostic Interview Schedule for Children-IV. Alcohol and illicit drug
ependence were assessed using the Composite International Diagnostic Interview-Substance Abuse Module (CIDI-SAM). For each outcome,
ubjects were categorized into those with no symptoms, those with one or more symptoms but no diagnosis, and those with a diagnosis.
esults: The heritability estimates for CD, AD, and IDD were 58, 66, and 36%, respectively. The genetic correlation between AD and IDD was

artially explained by the genetic risk they both share with conduct disorder.
onclusions: We conclude that conduct disorder in adolescents explains, in part, the co-occurrence of alcohol and illicit drug dependence.
pecifically, the genetic contribution to their covariation is explained partially by the genetic contribution in common with conduct disorder.
2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

There are substantial genetic influences on disorders associ-
ted with both alcohol (Heath et al., 1997; Kendler et al., 1994;
hee et al., 2003) and illicit drug use (Rhee et al., 2003; Tsuang
t al., 1996). Alcohol dependence and illicit drug dependence
re highly comorbid (Bierut et al., 1998; Kendler et al., 1997;
essler et al., 1997; Merikangas et al., 1998; Pickens et al., 1995;
rue et al., 1999), and there is evidence that correlated genetic
ulnerability may contribute to the comorbidity between them
Grove et al., 1990; Tsuang et al., 2001).

Conduct problems are also substantially heritable (Jacobson

t al., 2000; Miles et al., 2002; Simonoff et al., 1998; Slutske
t al., 1997), and commonly co-occur with alcohol and drug
roblems in adolescence (Neighbors et al., 1992; Reebye et al.,
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995). Again, comorbidity between conduct problems and alco-
ol problems may result from a genetic vulnerability common to
oth (Pickens et al., 1995; Slutske et al., 1998), and a correlation
f 0.50 between the genetic influences on lifetime alcohol depen-
ence and retrospective conduct problems has been reported
Slutske et al., 1998). Similarly, a common genetic liability for
onduct problems and illicit drug problems appears to explain
uch of the covariation between them (Grove et al., 1990; Miles

t al., 2002). Although research on illicit drug dependence and
ts correlates in adolescents is limited, one study has reported a
enetic correlation of 0.28 and non-shared environment corre-
ation of 0.14 between conduct disorder and marijuana use in an
dolescent sample (Miles et al., 2002).

One suggested reason for the substantial genetic correlation
etween conduct problems, alcohol use problems, and illicit

rug use problems is that they are all alternative manifestations
f a highly heritable common latent variable (Hicks et al., 2004;
acono et al., 1999; Young et al., 2000). This single latent vari-
ble, frequently referred to as behavioral disinhibition (Iacono

mailto:tanya.button@colorado.edu
dx.doi.org/10.1016/j.drugalcdep.2006.07.012
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t al., 1999; Young et al., 2000), accounts for the covariation
etween a number of externalizing-spectrum disorders (Krueger
t al., 2002). Differential manifestation of each of the disorders
s attributable to the influence of trait specific genetic and envi-
onmental risks.

Furthermore, Fu et al. (2002) have shown, in a sample of adult
ale twins, that the etiology of the comorbidity among antiso-

ial personality disorder, alcohol use problems, and marijuana
se problems is largely genetic, and that the genetic correla-
ion between alcohol and marijuana use problems is explained
y the genetic liability they share in common with antisocial
ersonality disorder (Fu et al., 2002). Similar to the behavioral
isinhibition model described previously, trait-specific genetic
nfluences were demonstrated, accounting for the differential

anifestation of the three phenotypes.
The current study was a large sample of twins, biological sib-

ing pairs and adoptive sibling pairs, to investigate the extent to
hich comorbid alcohol and illicit drug dependence in adoles-

ents may be explained by etiological factors in common with
onduct disorder. We will also examine whether the etiological
actors common to substance dependence and conduct disor-
er are genetic, shared (family), environmental, or non-shared
individual) environmental influences.

. Method

.1. Participants

The participants were 645 MZ twin pairs (352 female pairs, 293 male pairs),
02 DZ twin pairs (214 female pairs, 274 opposite sex pairs, 214 male pairs),
29 biological sibling pairs (48 female pairs, 196 opposite sex pairs, 185 male
airs) and 96 adoptive sibling pairs (13 female pairs, 75 opposite sex pairs, 8 male
airs) with an overall age range of 12–18 years (mean = 15.08 years, IDD = 2.12).
win pairs were drawn from the Colorado Longitudinal Twin Study (LTS; Emde
nd Hewitt, 2001) and the Colorado Twin Registry (CTR; Young et al., 2002),
doptive siblings were from the Colorado Adoption Project (CAP; DeFries et
l., 1994) and biological siblings were ascertained from both the CAP and con-
rol families from the Adolescent Substance Abuse Family Study (Miles et al.,
998). All participants were assessed as part of the Center on Antisocial Drug
ependence (PI: T. Crowley) and all interviews were face-to-face structured
iagnostic interviews administered by non-clinician interviewers either in the
aboratory at the Institute for Behavioral Genetics, or in the participants’ home
r school.

.2. Procedure

Twins’ zygosity was determined using a nine-item assessment questionnaire
Nichols and Bilbro, 1966) and by genotyping a minimum of 11 informative short
andem repeat polymorphisms (STRPs) using DNA from cheek swabs. Zygosity
as assigned as MZ if at least nine STRPs were identical in the two twins and
o discrepancies were detected.

Lifetime symptoms of conduct disorder (CD) were assessed using the Diag-
ostic Interview Schedule for Children-IV (DISC-IV) (Shaffer et al., 1997), a
tructured psychiatric interview that assesses DSM-IV symptoms (APA, 1994).
his measure has demonstrated acceptable reliability and validity (Shaffer et
l., 2000). Alcohol dependence (AD) and illicit drug dependence (IDD) were
ssessed using the Composite International Diagnostic Interview-Substance
buse Module (CIDI-SAM) (Cottler et al., 1989), a structured diagnostic inter-

iew, which assesses the symptoms of dependence associated with the use of
obacco, alcohol, marijuana, cocaine, amphetamines, sedatives, inhalants, hal-
ucinogens, opiates, and PCP. This measure has been shown to be valid and
eliable in clinical, epidemiological and community based samples (Cottler and
eating, 1990; Crowley et al., 2001; Horton et al., 2000; Young et al., 2002).
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Subjects who report having used alcohol or any illicit drug ‘more than five
imes’ were queried regarding each DSM-IV symptom of dependence (subjects
sing alcohol or illicit drugs fewer than five times are considered to have insuf-
cient use to be queried regarding symptoms of dependence; these individuals
eceived a zero on our measures of alcohol and illicit drug dependence).

Given that the DSM-IV symptom counts of CD, AD, and IDD are highly
kewed with many zero counts, a threshold model that treats the variables as
rdinal indices is appropriate (Stallings et al., 2001). For the CD and AD vari-
ble, an individual falls into one of three categories: no symptoms or diagnosis,
n which the individual has not endorsed any of the DSM symptoms for that
ariable; symptoms but no diagnosis, in which the individual has endorsed one
r more symptoms but not enough to lead to a clinical diagnosis; and posi-
ive diagnosis, in which the individual has endorsed enough symptoms (three
r more) to lead to a dependence diagnosis. Illicit drug dependence was cate-
orized as: endorsing no symptoms of dependence for any of the illicit drugs;
ndorsing one or more symptoms for dependence for one or more of the illicit
rugs, but not ascertaining a diagnosis for any; and endorsing enough symptoms
or one or more of the illicit drugs to get a DSM-IV diagnosis (three or more
ymptoms of a single substance). A dependence diagnosis for combined illicit
rug dependence, rather than for individual drugs was used because adolescents
arely specialize in one drug. Also, there is evidence of a common vulnerability
actor underlying the abuse of different illicit drugs (Tsuang et al., 1998). Clus-
ering, in which the symptoms were expressed simultaneously or within a short
ime of one another, was not required for diagnosis.

.3. Analyses

Basic statistical analyses were conducted using the Statistical Package for
ocial Sciences (SPSS) (SPSS Inc., 2004). All genetic analyses were conducted
n raw, ordinal, data, using the structural equation modeling package Mx (Ver-
ion 1.61c) (Neale, 2004). We employed a threshold model, and assumed a
ormal, continuous liability distribution. In this model, individuals who fall
elow a pre-defined threshold are unaffected whilst those who exceed it are
ffected. In the case described here there are two thresholds: a person who falls
elow both thresholds will be unaffected, someone who exceeds only the first
hreshold will be symptomatic, and someone who exceeds both thresholds will
ave a diagnosis. Polychoric correlations were estimated for the association
etween conduct disorder, alcohol dependence, and illicit drug dependence.
onsistent with results from previous analyses of these data, using different
henotype categories (Ehringer et al., 2006; Rhee et al., 2003), preliminary
nalyses found no evidence of sex limitation in this sample for CD, AD, or
DD. It was possible to constrain the magnitude of the effects of genes, shared
nvironment and non-shared environment to be the same for males and females,
ithout a significant reduction in the fit of the model compared with one in
hich the magnitude of these parameters was allowed to differ across sex

CD: �χ2 = 0.905, d.f. = 3, P = 0.824; AD: �χ2 = 5.862, d.f. = 3, P = 0.118; IDD:
χ2 = 1.037, d.f. = 3, P = 0.792). Consequently, sex limitation was not exam-

ned in our analyses. However, to accommodate prevalence differences across
ge and sex, thresholds were estimated separately for males and females for
ach age (e.g., separate thresholds for 12-year-old males, 12-year-old females,
3-year-old males, 13-year-old females, etc.) prior to conducting model fitting,
ased upon symptom and diagnosis prevalences, and corresponding z-scores.
s expected, thresholds were higher for females than males and decreased with

ncreasing age in both sexes. The thresholds were fixed separately for individ-
als of each age and sex and these thresholds were read into the model fitting
nalyses.

Extensions of classical twin analyses can be used to estimate the relative
ontributions of additive genetic effects (A), shared environmental effects (C),
nd non-shared environmental effects (E) to the phenotypic variance for each
ariable. The basic principle of the classical twin study is that MZ twins are
enetically identical and DZ twins share on average approximately 50% of their
lleles. Consequently, the covariance between MZ twin pairs is due to shared
enes and shared environment (A + C), and the covariance between DZ twin

airs, and also full biological siblings, is due to the 50% of alleles that they share
nd their shared environment (0.5A + C). Furthermore, the covariance between
doptive siblings results only from the environment they share (C) as they do not
hare any of their genes. Hence, if genes contribute towards liability for a phe-
otype, MZ twins will tend to be more similar than DZ twins and full biological



48 T.M.M. Button et al. / Drug and Alcohol Dependence 87 (2007) 46–53

Fig. 1. Cholesky bivariate decomposition model for the covariance between
alcohol dependence (AD) and illicit drug dependence (IDD). A1, additive
genetic effects common to AD and IDD; A2, additive genetic effects specific
to IDD; C1, shared environmental effects common to AD and IDD; C2, shared
environmental effects specific to IDD; E1, non-shared environmental effects
common to AD and IDD; E2, non-shared environmental effects specific to IDD.
Path coefficients: a11, effect of A1 on AD; a12, effect of A1 on IDD; a21, effect
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Fig. 2. Cholesky trivariate decomposition model for the covariance between
conduct disorder (CD), alcohol dependence (AD), and illicit drug dependence
(IDD). A1, additive genetic effects common to CD, AD, and IDD; A2, additive
genetic effects common to AD and IDD (but not CD); A3, additive genetic
effects unique to IDD; C1, shared environmental effects common to CD, AD, and
IDD; C2, shared environmental effects common to AD and IDD (but not CD);
C3, shared environmental effects unique to IDD; E1, non-shared environmental
effects common to CD, AD, and IDD; E2, non-shared environmental effects
common to AD and IDD (but not CD); E3, non-shared environmental effects
unique to IDD. Path coefficients: a11, effect of A1 on CD; a12, effect of A1 on
AD; a13, effect of A1 on IDD; a21, effect of A2 on AD; a22, effect of A2 on IDD;
a31, effect of A3 on IDD; c11, effect of C1 on CD; c12, effect of C1 on AD; c13,
effect of C1 on IDD; c21, effect of C2 on AD; c22, effect of C2 on IDD; c31,
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f A2 on IDD; c11, effect of C1 on AD; c12, effect of C1 on IDD; c21, effect of
2 on IDD; e11, effect of E1 on AD; e12, effect of E1 on IDD; e21, effect of E2
n IDD.

iblings, who in turn will be more similar than adopted siblings. Although for
ach phenotype, the biological sibling correlation was lower than for that of the
Z twins, none of these differences was significant, as evidenced by the very

arge degree of overlap of their confidence intervals (see Table 3). Moreover,
imilar studies using these samples have not found evidence for a “special twin
nvironment” that would make twins more similar than ordinary full siblings
ecause of increased environmental sharing (Ehringer et al., 2006; Rhee et al.,
003). Thus we did not include a “special twin environment” in our models.
nivariate analyses were conducted separately for each phenotype to provide

n estimate of the relative contribution of genetic (A), shared environment (C),
nd non-shared environment (E) to each and to determine which risk factors
hould be included in the later bivariate and trivariate model.

A bivariate Cholesky decomposition model (Fig. 1) was fitted to AD and IDD
o partition the covariance between them into genetic, shared environment, and
on-shared environment components, and calculate the extent to which these
orrelate between the two phenotypes. To determine the significance of each
f these influences on the covariation between AD and IDD, a series of nested
odels also was tested, in which the path representing the influences on IDD

hared in common with AD (a12, c12, and e12) were fixed to 0 in turn, and their
oodness-of-fit compared with the saturated model, as described below.

A trivariate Cholesky decomposition model (Fig. 2) was applied to partition
he contribution of genetic and environmental risk to CD, AD, and IDD, and
he correlations between them. By including CD as the primary phenotype,
ll pathways between AD and IDD were estimated net of the covariation they
hare with CD, including the estimates of genetic, shared environmental, and
on-shared environmental influences. Consequently, any remaining cause of
ovariation between them is independent of that shared with CD. We tested a
eries of nested models, again fixing the correlation pathways between AD and
DD to 0, to demonstrate whether, after taking the factors shared with CD into
ccount, there are additional common additive genetic, shared environmental,
r non-shared environmental influences shared by AD and IDD.

Finally, we tested the significance of the trait-specific risk factors by com-
aring the goodness-of-fit of nested models, in which each of the traits specific
arameters were fixed to zero, with a trivariate model which retained only sig-
ificant correlation paths between AD and IDD.

The fit of all models was evaluated using both the −2 times log likelihood
t function (−2ll) and Akaike’s Information Criterion (AIC) (Akaike, 1987).

he fits of nested models were compared with the relevant full model using

he χ2 comparison test in which the fit of the nested model is compared with
he full model against the difference in the degrees of freedom (d.f.). Fixing a
ath to 0 without a significant reduction in the fit of the model indicates a non-

f
9
0

ffect of C3 on IDD; e11, effect of E1 on CD; e12, effect of E1 on AD; e13, effect
f E1 on IDD; e21, effect of E2 on AD; e22, effect of E2 on IDD; e31, effect of
3 on IDD.

ignificant contribution of that path. The best-fitting model was selected as the
ost parsimonious in terms of dropping paths without a significant reduction in
t and with the lowest AIC value.

. Results

.1. Prevalence and comorbidity of CD, AD, and IDD

The prevalence of each phenotype for each age and sex
re presented in Table 1. A supplementary table that provides
he prevalence of each phenotype split by genetic relation-
hip, age and sex is provided at http://ibgwww.colorado.edu/
add/a drug/papers/papers.html. Endorsement rates of symp-
oms and diagnoses of conduct disorder (CD), alcohol depen-
ence (AD), and illicit drug dependence (IDD) were all higher
n males than females, an observation consistent across all ages.
here was an overall increase in prevalence with age for all three
henotypes, however this was more pronounced in males than
emales. This age–sex interaction was addressed by employ-
ng separate thresholds for each age and sex group as described
bove. CD symptoms were the most frequently endorsed and
DD symptoms were the least frequently endorsed. It should be
oted that illicit drug dependence was largely due to marijuana
ependence, as the other illicit drugs were more rarely endorsed
or the individual drugs making up the illicit drug variable were:
.5% (symptoms only) and 4.4% (diagnosis) for marijuana,
.9% (symptoms only) and 0.6% (diagnosis) for cocaine, 1.1%

http://ibgwww.colorado.edu/cadd/a_drug/papers/papers.html
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Table 1
Prevalence of conduct disorder, alcohol dependence, and illicit drug dependence for males and females from age 12 to 18 years

Age (years) Male Female Total

Symptoms Diagnosis Symptoms Diagnosis Symptoms Diagnosis

Conduct disorder 12 25.30 4.40 23.90 0.50 24.58 2.37
13 36.50 14.90 33.30 3.20 35.04 9.49
14 41.30 12.30 34.00 3.80 37.63 8.03
15 44.30 19.50 40.80 4.90 42.49 12.01
16 48.50 17.40 39.30 8.50 44.01 13.07
17 43.20 27.40 44.70 6.90 43.92 17.91
18 47.00 27.60 44.00 12.00 45.45 19.51

Total 40.09 17.29 36.47 5.44 38.29 11.39

Alcohol dependence 12 0.00 0.30 0.00 0.00 0.00 0.16
13 2.90 0.00 1.70 0.00 2.35 0.00
14 5.30 0.40 2.20 0.40 3.74 0.44
15 10.90 3.50 7.80 1.80 9.07 2.63
16 13.90 3.80 16.20 4.10 15.03 3.97
17 33.60 7.80 23.60 5.20 28.90 6.59
18 30.60 11.20 27.10 5.70 28.83 8.38

Total 16.41 4.46 12.67 2.80 14.56 3.64

Illicit drug dependence 12 0.30 0.60 0.30 0.00 0.32 0.32
13 1.40 0.70 1.80 0.00 1.59 0.40
14 2.30 1.40 1.80 0.90 2.01 1.12
15 9.10 2.00 8.00 1.90 8.54 1.95
16 10.30 3.40 12.90 7.90 11.60 5.70
17 2.06 13.90 14.90 8.60 17.95 11.41

(
(
t
o
o
o
p
t
o

p
d
c

T
T
t
d

D

M
A
C
H
I
O
P
S

(
w

3

r
l
f

18 18.10 14.30

Total 10.37 6.39

symptoms only) and 1.0% (diagnosis) for amphetamines, 1.3%
symptoms only) and 0% (diagnosis) for sedatives, 0.2% (symp-
oms only) and 0% (diagnosis) for inhalants, 2.9% (symptoms
nly) and 1.1% (diagnosis) for hallucinogens, 0.8% (symptoms
nly) and 0.1% (diagnosis) for opiates, and 0.1% (symptoms
nly) and 0% (diagnosis) for PCP. More details regarding the
ercentage of people meeting the definitions of illicit drug symp-
oms and diagnosis who have symptoms and diagnoses of each
f the individual illicit drugs are presented in Table 2.
All three phenotypes were highly correlated, and after
ooling across age and sex (but allowing for age- and sex-
ependent thresholds on the liability distribution), the poly-
horic correlations were 0.48 (0.42–0.54) for CD with AD, 0.60

able 2
he percentage of people meeting the criteria for illicit drug dependence symp-

oms or diagnosis with symptoms and diagnoses of each of the individual illicit
rugs

rug Illicit drug
dependence
symptoms (%)

Illicit drug dependence diagnosis

Symptoms (%) Diagnosis (%)

arijuana 91.8 12.8 83.0
mphetamine 5.6 10.6 18.6
ocaine 3.8 9.6 11.2
allucinogen 15.0 27.7 20.7

nhalant 0.9 1.6 0.0
pioid 2.6 10.1 2.1
CP 0.9 0.5 0.0
edative 1.8 3.2 0.5
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16.70 6.10 17.43 10.17

8.83 4.22 9.61 5.31

0.56–0.65) for CD with IDD, and 0.72 (0.67–0.75) for AD
ith IDD.

.2. Sib-pair similarity and univariate model fitting

Table 3 shows the cross-pair-within-trait correlations sepa-
ately for MZ twins, DZ twins, full siblings and adoptive sib-
ings. The MZ twin correlations are higher than those for DZ and
ull siblings, which are in turn higher than those for adoptive sib-
ings, for all three phenotypes, indicating a genetic influence on
ach. Furthermore, the cross-pair-cross-trait correlations, also
resented in Table 3, show a similar pattern, indicating a pos-
ible genetic contribution to the comorbidity between all pair
ise combinations of the phenotypes.
The results of univariate model fitting showed that all three

henotypes were substantially heritable (CD = 58% (50–65%),
D = 66% (56–76%), and IDD = 36% (12–60%)). The remain-
er of the variance of CD and AD was due to non-shared
nvironmental variance, but both shared and non-shared envi-
onmental influences contributed to IDD (C = 36% (17–53%)
nd E = 27% (19–39%)).

.3. Bivariate model fitting
The results of bivariate model fitting can be seen in Table 4,
nd the standardized path coefficient estimates from the best
tting model are presented in Fig. 3. It was possible to drop
ll the shared environmental influences on AD from the bivari-
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Table 3
Sibling-pair correlations for conduct disorder (CD), alcohol dependence (AD), and illicit drug dependence (IDD), and cross-pair-cross-trait correlations

MZ twins DZ twins Biological siblings Adoptive siblings

Univariate
CD 0.57 (0.48–0.65) 0.33 (0.22–0.43) 0.23 (0.03–0.40) 0.01 (−0.78–0.79)
AD 0.63 (0.49–0.74) 0.51 (0.34–0.64) 0.24 (0.00–0.47) −0.05 (−0.30–0.22)
IDD 0.72 (0.59–0.81) 0.65 (0.51–0.76) 0.51 (0.28–0.68) 0.22 (−0.05–0.46)

Bivariate
CD/AD 0.41 (0.30–0.50) 0.27 (0.15–0.38) 0.21 (0.03–0.38) −0.019 (−0.42–0.08)
CD/IDD 0.57 (0.46–0.65) 0.34 (0.23–0.45) 0.30 (0.13–0.46) −0.03 (−0.36–0.31)
AD/IDD 0.52 (0.39–0.62) 0.47 (0.34–0.57) 0.32 (0.14–0.47) −0.05 (−0.25–0.17)

Table 4
Goodness-of-fit results from bivariate model fitting for covariation of alcohol dependence (AD) and illicit drug dependence (IDD)

Model Model fit Comparative fit

−2ll d.f. AIC χ2 d.f. P

(1) Full 4704.26 7481 −10257.74 NA NA NA
(2)a Drop CAD 4706.77 7483 −10259.23 2.51 2 0.285
(3)b Drop a12 4821.01 7484 −10146.99 114.24 1 >0.001
(4)b Drop e12 4723.76 7484 −10244.24 16.99 1 >0.001
(5)b Drop a22

# 4706.79 7484 −10261.21 0.03 1 0.872
(6)b Drop c22 4718.40 7484 −10249.60 11.63 1 >0.001

Abbreviations: −2ll, minus twice the log likelihood fit function; AIC, Akaike’s Information Criterion fit function; c2 d.f., degrees of freedom; P, probability; c11,
path coefficient for shared environment common to AD and IDD on AD; c12, path coefficient for shared environment correlation between AD and IDD (dropping
c11 and c12 simultaneously eliminates the influence of all shared environment associated with AD); a12, path coefficient for genetic correlation between AD and
IDD; e12, path coefficient for non-shared environment correlation between AD and IDD; a22, path coefficient for the unique genetic influences on IDD; e22, path
coefficient for the unique non-shared environment influences on IDD.

a Goodness-of-fit compared with model 1, this model tests whether it is possible to drop, from the bivariate model, all the parameters found to be non-significant
in the univariate model, before testing for the influence of further path coefficients.

b Goodness-of-fit compared with model 2.
# Best fitting model.

Fig. 3. Cholesky bivariate decomposition results for the covariance between
alcohol dependence (AD) and illicit drug dependence (IDD). A1, additive
genetic effects common to AD and IDD; C2, shared environmental effects spe-
cific to IDD; E1, non-shared environmental effects common to AD and IDD;
E2, non-shared environmental effects specific to IDD.
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te model without a significant deterioration in fit (�χ2 = 2.51,
.f. = 2, P = 0.285). It was not possible to drop either the genetic
r non-shared environment correlation paths between AD and
DD without a significant reduction in fit, indicating that genetic
nd non-shared environmental influences, but not shared envi-
onmental influences, contribute to the comorbidity between the
wo. Finally, it was possible to drop the genetic influences unique
o IDD without a significant deterioration in the fit of the model,
ndicating that all the genetic influence on IDD is shared in com-

on with AD.
Non-shared environmental effects common to AD and IDD

ccounted for 4% of the total variance and 16% of the total
on-shared environmental variance on IDD, and non-shared
nvironmental effects unique to IDD contributed 21% of the
otal phenotypic variance, and 84% of the total non-shared envi-
onmental variance of IDD.

.4. Trivariate model fitting

As the best fitting univariate model for CD and AD were
nes in which the shared environmental influences were fixed

t 0, and the best fitting bivariate model also included fitting the
nique genetic effects on IDD to zero, these parameters were
lso initially dropped from the trivariate model; dropping these
arameters did not significantly reduce the fit compared with
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Table 5
Goodness-of-fit results from trivariate model fitting for covariation of conduct disorder (CD), alcohol dependence (AD), and illicit drug dependence (IDD)

Model Model fit Comparative fit

−2ll d.f. AIC χ2 d.f. P

(1) Full 9197.94 10289 −11380.06 NA NA NA
(2)a Drop CCD/CAD/(unique)AIDD

# 9198.34 10295 −11391.66 0.40 6 0.999
(3)b Drop a22 9212.41 10296 −11379.59 14.07 1 <0.001
(4)b Drop e22 9216.60 10296 −11375.40 18.26 1 <0.001
(5)b Drop c31 9218.41 10296 −11373.59 20.07 1 <0.001

Abbreviations: −2ll, minus twice the log likelihood fit function; AIC, Akaike’s Information Criterion fit function; d.f., degrees of freedom; P, probability.
a Goodness-of-fit compared with model 1, this model tests whether it is possible to drop, from the trivariate model, all the parameters found to be non-significant
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n the bivariate model, before testing for the influence of further path coefficien
b Goodness-of-fit compared with model 2.
# Best fitting model.

he full model (�χ2 = 0.400, d.f. = 6, P = 0.999). Consequently,
he goodness-of-fit of all further nested models were compared
ith the model containing no C influence on CD or AD or unique
enetic effect on IDD. Results of these analyses can be seen in
able 5.

When the genetic correlation specific to AD and IDD was
xed to 0, there was significant reduction in the fit of the model
�χ2 = 14.07, d.f. = 1, P < 0.001). Furthermore, fixing the non-
hared environment correlations specific to AD and IDD to

also significantly reduced the goodness-of-fit of the model
�χ2 = 18.26, d.f. = 1, P < 0.001). Genetic influences common
o AD and CD appear to play a significant role in the correlation
f AD and IDD independent of the genetic association of both
ith CD. Finally, to determine the most parsimonious model, we
ested a further nested model in which the IDD-specific shared
nvironment influence was fixed to 0, which again resulted in
significant reduction in the fit of the model. The parameter

stimates from the best fitting model can be seen in Fig. 4.

ig. 4. Best-fitting Cholesky trivariate decomposition model for the partitioning
he covariance between conduct disorder (CD), alcohol dependence (AD), and
llicit drug dependence (IDD). A1, additive genetic effects common to CD, AD,
nd IDD; A2, additive genetic effects common to AD and IDD (but not CD);
3, shared environmental effects unique to IDD; E1, non-shared environmental
ffects common to CD, AD, and IDD; E2, non-shared environmental effects
ommon to AD and IDD (but not CD); E3, non-shared environmental effects
nique to IDD.
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After inclusion of CD in the model, the genetic covariance
etween AD and IDD, conditional on CD, is reduced from 0.61
o 0.23. Genetic effects shared in common with CD accounted
or approximately 60% of the genetic liability shared by AD
nd IDD. The shared environment correlation does not con-
ribute to the covariation among the three outcomes. However,
nclusion of CD in the analysis did not impact the non-shared
nvironment correlation between AD and IDD. These analy-
es were repeated using marijuana rather than combined illicit
rug dependence, since marijuana contributed the majority of
he dependence phenotype, and the same pattern of results was
emonstrated.

. Discussion

The results of this study show that the genetic vulnerability
or conduct disorder in adolescent males and females accounts
or a large percentage of the genetic contribution to the comor-
idity between symptoms of alcohol dependence and illicit drug
ependence. The results of the present study are consistent with
revious studies providing evidence for a genetic and non-shared
nvironmental contribution to the comorbidity between CD and
D, CD and IDD, and AD and IDD.
As the genetic correlation specific to AD and IDD decreased

fter inclusion of CD in the model, we concluded that the genetic
ontribution to the comorbidity between AD and IDD was par-
ially explained by the genetic vulnerability they both share in
ommon with CD. The common genetic influence on all three
henotypes lends further support to the hypothesis of a single
atent variable, such as behavioral disinhibition, with a strong
enetic component, underlying a wide range of problem behav-
ors in adolescence (Krueger et al., 2002).

These results are consistent with those reported by Fu et
l. (2002), who conducted a similar analysis in adult males
rom the Vietnam Era Twin Registry. They also showed that
enetic vulnerability to Antisocial Personality Disorder almost
ully explains the genetic correlation between Alcohol and Mar-
juana Dependence. We believe that the current study is the first

o address this question in adolescents and extend the conclusion
o females.

In addition to these genetic influences, there are non-shared
nvironmental influences common to all three phenotypes, a
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on-shared environment vulnerability common to AD and IDD,
nd also non-shared environmental influences unique to IDD. In
erms of risk for development of AD and IDD, this result suggests
hat although some of the non-shared environmental risk factors

ay be common to all three (e.g. antisocial peers), there are oth-
rs that account for the development of alcohol and illicit drug
ependence independent of conduct disorder symptomatology
e.g. peer pressure to use, or being exposed to alcohol and other
ubstances) and still others that will lead to the development
f illicit drug dependence regardless of alcohol dependence.
hether this latter reflects environmental differences, such as

llicit drug availability, or simply a random process (including
easurement error), we cannot determine from these data. How-

ver, there are also shared environmental risks specific for illicit
rug dependence, which may also be responsible for the devel-
pment of dependence independent of the development of other
roblems. This is best illustrated in the data by the significant
orrelation for adoptive siblings for IDD. It seems plausible that
his reflects family or neighborhood differences in availability
r access, quite separate from the individual vulnerability that is
aptured in the genetic comorbidity across CD, AD, and IDD.
his observation is consistent with other studies showing sig-
ificant shared environmental influences on marijuana or other
llicit drug use and dependence (Rhee et al., 2003).

The results of univariate analyses presented by here are
imilar to those presented previously for analyses of a single
hreshold representing endorsement of a single item of either
ependence or abuse for alcohol and marijuana (Rhee et al.,
003), demonstrating a significant genetic contribution to the
iability. Moreover, results for the univariate model fitting for
onduct disorder in this twin/sibling/adoptive sibling design
ere remarkably similar to those from an analysis utilizing using

he twins described in this study, and the twins’ closest in age sib-
ings. Our best-fitting AE model yielded a heritability of 0.58,
imilar to the 0.53 reported using this slightly smaller dataset
Ehringer et al., 2006).

There are some limitations in this study. The participants were
rom an unselected community sample, and we do not know the
xtent to which these results can be generalized to clinical sam-
les. However, unselected samples may be advantageous in the
etermination of causes of comorbidity, in part because clini-
al samples will typically over sample comorbid cases (Caron
nd Rutter, 1991). Furthermore, the data analyzed in the current
tudy were cross sectional and did not enable us to test mod-
ls implicating causal relationships between the phenotypes.
nother limitation may be that the association between CD,
D, and IDD, and therefore possibly the genetic association,
ay vary with development. Therefore, these results may be lim-

ted to adolescents only, and further studies looking into similar
ssociation in adults would be useful. However, our results were
omparable to those of Fu and colleagues’ examination of the
ovariation among antisocial personality disorder, alcohol use
roblems, and marijuana use problems in an adult sample (Fu

t al., 2002), suggesting that the genetic relationship between
D, AD, and IDD is stable across age. Finally, in any model
tting analysis, we make a number of simplifying assumptions

hat are not tested by the analysis. One such assumption is that

E
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here are only additive effects of genes and environment on the
henotypic variance. However, in practice, there may be interac-
ive effects. These interactive effects become incorporated into
he estimates of genetic liability (for interactions between shared
nvironmental and genetic risk) or non-shared environment esti-
ates (for interactions between non-shared environmental and

enetic risks). Consequently, the estimates of genetic and non-
hared environmental variance may include these types of gene
y environment interaction variance.

The results aid the understanding of the biological and envi-
onmental contributions to the development of CD, AD, and
DD, and the co-occurrence among them, which in turn can aid
evelopment of effective interventions and treatments. Approx-
mately one-half of the genetic influence on AD is shared with
onduct disorder, and the remaining one-half is unique to AD.
hus, whilst many of the genes identified with a role in CD in
hildren are also likely to influence AD, and vice versa, there are
lso likely to be genes with an effect on AD only. We found no
vidence of genetic influences unique to IDD; all of the genetic
nfluences on IDD were those that also influence vulnerability
o CD and AD. Thus, the results suggest that genes identified
s candidates for IDD also should influence CD or AD; as pre-
icted, quantitative trait loci with a pleiotropic influence on these
wo traits have recently been reported (Stallings et al., 2005).
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