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Abstract
Background—The nature of the relationship between major depression (MD) and phenotypes
related to smoking behavior, including nicotine dependence (ND), is complicated. We present
results from analyses comparing models wherein MD and ND are influenced by a shared latent
factor to one in which causal pathways between phenotypes are examined.

Method—Data were collected for 2906 adult male twins from a population-based sample.
Structural equation modeling was used to derive path estimates for shared liability and causal
models. MD was assessed according to DSM-III-R diagnostic criteria; ND was assessed using the
Fagerstrom Test for Nicotine Dependence (FTND).

Results—The best fitting shared liability model included genetic, but not environmental,
influences shared between MD and FTND; a small proportion of these shared influences were also
common to smoking initiation. The best fitting causal model included a unidirectional causal path
from FTND to MD, with no direct genetic correlation between MD and smoking initiation. Model
fit statistics indicated that these models provided nearly identical fits to the data, with the causal
model providing a slightly superior AIC value.

Conclusions—The phenotypic association between MD and FTND is likely due to both a causal
relationship, wherein increasing levels of nicotine dependence increase one’s risk for depression,
and to a shared genetic liability between the two.

Limitations—This sample consists of Caucasian males born in Virginia, and findings might not
be generalizable to others. Statistical power was less than ideal.
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Introduction
Major depression and tobacco use both represent substantial health burdens worldwide. The
Centers for Disease Control and Prevention reported that between 2000 and 2004, smoking
accounted for over 400,000 annual deaths in the United States alone, and cost nearly $100
billion in productivity losses annually during that period (CDC, 2008). Depression, too,
exacts a steep economic cost: the economic burden of depression was estimated at $83
billion in the U.S. in 2000 (Greenberg et al., 2003); over 7% of this estimate is attributed to
suicide-related costs. The lifetime prevalence of major depression in the U.S., as assessed
between 2001 and 2002, was 16.2% (Kessler et al., 2003); approximately 20% of U.S. adults
currently smoke (CDC, 2011).

Phenotypic Associations
Multiple researchers have reported an association between tobacco use and depression. For
example, Breslau et al. (1991) found that the lifetime prevalence of major depression (MD)
increased across groups with increasing levels of nicotine dependence (ND). A study of a
large, population-based sample found that individuals with depression were more likely to
be current or past smokers than those without a history of depression (Breslau et al., 2004).
These findings were supported and complemented by a more recent report (Swendsen et al.,
2010) that used the National Comorbidity Survey Replication sample, in which non-nicotine
dependent individuals with a lifetime history of major depression at time 1 were at an
increased risk (OR=1.4) of nicotine dependence at time 2 (the reciprocal relationship was
not reported). John et al. (2004) reported that current daily smokers were more likely to have
an affective disorder diagnosis than individuals who had never been regular smokers
(OR=1.8); former daily smokers’ risk, though elevated, was not significant. Studies also
support a positive association between smoking and suicide ideation, attempts, and
completion (Breslau et al., 2005; Döme et al., 2010; Döme et al., 2011). This relationship is
independent of a history of MD, with both MD and daily smoking significantly associated
with suicidality (Breslau et al., 2005). Thus, the potential consequences of smoking on
public health outcomes are potentially dire.

Causal relationships
Investigators have explored the possibilities that MD leads to smoking, typically through a
self-medication mechanism; that smoking leads to MD, potentially through neurobiological
or other physiological effects of nicotine and smoke exposure; or that both directions of
effect are relevant. In the context of the self-medication hypothesis, nicotine could be used
to treat depressive symptoms or negative affect, with continued use leading to nicotine
dependence (Fergusson et al., 2003). There is some subjective evidence for such a
relationship: Lerman and colleagues (1996) found that people who were depressed were
more likely to report that they smoked for stimulation and negative affect regulation. Results
from a longitudinal study of young adults suggest that a reciprocal causal relationship could
also contribute to the observed association (Breslau et al., 1998): the authors suggested that
individuals might progress to daily smoking in an effort to medicate negative affect, while
nicotine acts on dopaminergic neurons in the nucleus accumbens that have also been linked
to depressed mood.

Other studies have also explored the physiological effects of nicotine exposure. Balfour and
Ridley (2000) reported that adrenocortical and serotonergic functioning are compromised
with nicotine exposure, which could have subsequent effects on depression. In addition to
the potential for influences on neural pathways implicated in both nicotine administration
and depression, many constituents of the smoke produced by cigarettes and cigars –
including heavy metals and ammonium products – have toxic effects on the brain (Swan and
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Lessov-Schlaggar, 2007), including oxidative stress. Increased oxidative stress, as assessed
across a variety of measures, has been associated with depression (Hovatta et al., 2010).
Thus, even apart from the effects of nicotine itself, the neurotoxicity of tobacco smoke
might present its own risk.

Evidence of a shared genetic or environmental liability
Many studies that are designed to test for causal pathways between MD and ND are
insufficient for ruling out the possibility of a shared liability between phenotypes in the form
of genetic or environmental influences common to both. These different etiological
relationships are not mutually exclusive. Twin studies on depression and smoking-related
phenotypes, including ND, largely support the existence of a shared liability. Kendler and
colleagues (1993) reported a genetic correlation between phenotypes in a population-based
female sample (see below). Similarly, a genetic correlation has been reported between MD
and ND in a population-based sample of men (Lyons et al., 2008), and between MD and
regular smoking in a sample including both sexes (Edwards et al., 2010). Korhonen and
colleagues (2007) reported evidence of a causal relationship between smoking persistence –
a slightly different nicotine-related phenotype – and depression in a sample of Finnish male
twins; a modest genetic correlation between traits (rG=0.25) was also reported.
Unfortunately, the nature of the data precluded testing the hypothesis that earlier depression
caused later smoking.

Previously, a cotwin control analysis was conducted using the female portion of our
population-based twin sample, and results indicated that shared genetic liability accounted
for the phenotypic association between major depression and regular smoking (Kendler et al.
1993). The current report seeks to follow-up on those findings in male twins. Using this
genetically informative sample, we aim to compare two models of the relationship between
MD and nicotine dependence (rather than regular smoking, which was used in the prior
study), while modeling the contingency of nicotine dependence on initiation of tobacco use.
The first is a shared liability model, in which the phenotypic association between MD and
nicotine dependence is a function of common genetic and/or environmental influences. The
second models reciprocal causation between depression and nicotine dependence. By
comparing the fit of the models, we can examine whether the association between MD and
ND is better explained by genetic and/or environmental influences shared across
phenotypes, by causal relationships between them, or whether both provide plausible
explanations of the data.

Methods
Data collection and sample

Participants were part of the Virginia Adult Twin Study of Psychiatric and Substance Use
Disorders (VATSPSUD), which has been previously described (Kendler and Prescott,
2006). The current sample consisted of male-male pairs who participated in Wave 2. Data
were available for 2906 individuals, including 697 complete monozygotic (MZ) twin pairs
and 487 complete dizygotic (DZ) twin pairs. The remaining 538 individuals were members
of twin pairs wherein data were not available for the co-twin. The mean age for these
participants was 36.5 (SD=9.21). Zygosity was determined using a combination of self-
report measures, photographs, and genotyping (Kendler and Prescott, 2006). The project
received human subjects approval from Virginia Commonwealth University and participants
provided informed consent prior to all interviews. Diagnostic interviews were based on the
Structured Clinical Interview for DSM-III-R (Spitzer et al., 1987), and were conducted by
trained interviewers who held a master’s degree in a mental health-related field, or who held
a bachelor’s degree in such a field and had two years of clinical experience.
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Measures
A lifetime diagnosis of major depression was determined using criteria from the Diagnostic
and Statistical Manual of Mental Disorders, edition III-R. Because of the time-intensive
nature of the interview process, only individuals who had experienced feelings of sadness/
depression and/or a loss of interest for at least 7 days in a row were administered the entire
depression section of the interview. For the purposes of the current analyses, those who did
not meet either of those criteria were coded as not having had a depressive episode. The
depression phenotype used in these analyses is binary, where a score of 0 indicated that the
participant had no history of a depressive episode, and a score of 1 indicated that the
participant met DSM-III-R diagnostic criteria for a major depressive episode.

Participants were asked whether they had ever used tobacco products. Those who endorsed
tobacco use initiation (INIT) were further asked whether they had ever used tobacco
regularly for at least a month. Participants who endorsed regular smoking (current or past)
were administered items from the Fagerstrom Test for Nicotine Dependence that they rated
for the period of their heaviest lifetime tobacco use (FTND, Heatherton et al., 1991).
Participants could receive a raw FTND score from 0–10. For twin modeling, these scores
were converted into an ordinal variable with five levels (scored 0–4).

Statistical analyses
Descriptive statistics were obtained using JMP 8.0 and SAS 9.1. Preliminary analyses were
conducted in SAS. Where appropriate, PROC GENMOD was used to correct for twinship.

Twin modeling was conducted in Mx (Neale et al., 2006) using the raw ordinal data option.
The use of ordinal data assumes that the categories are representative of an underlying
normal distribution of liability, with thresholds in liability discriminating between
categories. All models included age as a covariate. In twin modeling, liability to phenotypes
such as MD can be attributed to several latent sources of variance: additive genetic factors
(A), shared environment (C), and unique environment (E). The C variance component
represents environmental exposures and experiences that are shared by both members of a
twin pair and contribute to twins’ increased similarity in a given phenotype, irrespective of
zygosity. Environmental factors that are unique to one twin are accounted for by the E
component; these factors reduce twin similarity for a given phenotype. The E component
also includes measurement error. Estimates of each of these variance components are
calculated by comparing the phenotypic correlation between monozygotic twins, who share
all their genes, to dizygotic twins, who share half of their genes on average identical by
descent. In the current sample, phenotypic correlations were higher for MZ twins than for
DZ twins, suggesting that genetic factors contribute to manifestation of these phenotypes.

We began with two different (and non-nested) full models: a shared liability model (Figure
1A) and a reciprocal causation model (Figure 1B). Both models included age at interview as
a covariate. Because shared liability and causal paths between the same variables cannot be
modeled simultaneously, model fitting proceeded separately for each, and model fit statistics
for the best-fitting shared liability and causal models were compared. As depicted in Figure
1A, the shared liability model allows for a single latent genetic/environmental factor (e.g.,
A1) to influence each phenotype (MD, INIT, and FTND). However, because FTND is
contingent upon initiation of tobacco use, a contingency pathway is included in the model
from INIT to FTND (see Kendler et al., 1999 for further information on this model
structure). The shared liability model is used to test the hypothesis that MD and FTND are
influenced in part by a common subset of genetic and/or environmental factors, leading to
their phenotypic association.
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Like the shared liability model, the reciprocal causation model allows for shared genetic/
environmental influences between MD and INIT. The contingency pathway between INIT
and FTND is also retained in this model. However, the only direct relationships modeled
between MD and FTND are in the form of causal pathways from MD to FTND and vice
versa. This model enables us to test the hypothesis that MD, once manifest, directly
influences FTND; we can also test the reverse, that FTND directly influences MD.

Model fitting proceeded by first testing the significance of sources of variance (A and C: E
cannot be removed from the model since it encompasses measurement error). Next,
individual paths were tested. Model fit was assessed using the change in −2 times the log
likelihood of the model, which is distributed as a χ2 statistic with degrees of freedom (df)
equal to the change in the number of paths estimated between the full and nested models. A
significant Δχ2 resulted in rejection of the submodel. We also used Akaike’s Information
Criterion (AIC, Akaike, 1987) in model selection: a lower AIC value indicates a better
balance between the explanatory value of the model and parsimony.

Results
Descriptive Statistics and Preliminary Analyses

Of the 2906 individuals in the sample, 84.2% (N=2446) had ever used a tobacco product. Of
those who had used a tobacco product, 72.7% (N=1777) were current or past regular users.
These individuals were administered the FTND. The mean FTND score was 4.66, and a
median of 5. The lifetime prevalence of a major depressive episode was 28.8% (N=834).

The mean age of onset for regular tobacco use was 17.0; the mean age of onset for a
depressive episode was 23.5 years. The phenotypic association between INIT and MD was
positive and significant (OR=1.38 [CI=1.09, 1.75], p<0.01), as was the association between
regular use and MD (OR=1.52 [CI=1.23, 1.87], p<0.01). Similarly, FTND scores and MD
were positively and significantly associated (b=0.14 [SE=0.02], Z=6.85, p<0.01). The mean
FTND score among MD+ individuals was 5.33 (SE=0.11), while among MD− individuals
the mean was 4.34 (SE=0.08). The age of onset for regular tobacco use did not differ across
those who met MD criteria versus those who did not (p=0.43); likewise, the age of first
depressive episode did not differ across those who had used tobacco regularly versus those
who had not (p=0.54).

Twin modeling
Shared liability model—We first tested whether shared environmental influences could
be removed from the model (Table 1, top panel, Model 2), and found that this did not reduce
model fit significantly. Next, we tested whether setting the genetic or environmental
covariance between MD and INIT to 0 reduced fit (paths a21 and e21, respectively); the
genetic path could not be removed (top panel, Model 3) but the environmental path could
(top panel, Model 4). Accordingly, the environmental path was dropped from subsequent
models. Subsequent tests revealed that the direct genetic correlation between MD and FTND
(a31) was significant (top panel, Model 5); however, the corresponding environmental
correlation (e31) was not (top panel, Model 6). Thus, the best-fitting shared liability model
includes a genetic correlation between both MD and INIT (path a21), as well as a genetic
relationship between MD and FTND that results from two sources: the genetic correlation
between MD and INIT (path a21) that flows through the contingency pathway (path β32)
from INIT to FTND, and the direct genetic relationship between MD and FTND (path a31)
(Figure 2A).
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Causal model—As with the shared liability model, we first tested whether shared
environmental influences could be dropped from the model, and found that they could
(Table 1, bottom panel, Model 2). We next tested the direct genetic and environmental
correlations between MD and INIT (a21 and e21, respectively) and found that both could be
set to 0 without a significant deterioration in model fit (bottom panel, Models 3 and 4). The
causal path from MD to FTND (b31) could be set to 0 (bottom panel, Model 5); however, the
reciprocal causal path (b13) could not, regardless of whether b31 was left intact (bottom
panel, Models 6 and 7). Thus, the final (best-fitting) causal model indicated that no direct
genetic or environmental relationship exists between MD and INIT, and that there is a
unidirectional causal relationship from FTND to MD (Figure 2B).

Comparison of shared liability and causal models—The final models have very
similar fit statistics. The AIC value for the causal model is slightly superior to that of the
shared liability model (AIC=−3218.83 [df=6117] vs. AIC=−3217.46 [df=6116]). Thus,
relative to the explanation embodied by the simpler shared liability model, we can be only
slightly more confident that nicotine dependence and depression are phenotypically
associated due to a causal relationship rather than to a shared liability. In the context of this
causal model, once nicotine dependence has been established through tobacco use initiation,
this dependence actually causally influences depression, a relationship that becomes more
pronounced at higher levels of dependence.

Genetic and environmental influences on MD, INIT, and FTND—The shared
liability and causal models produced quite similar estimates of the total genetic and
environmental variances of MD, INIT, and FTND. Table 2 provides estimates of the
proportions of total phenotypic variance attributable to each latent genetic and
environmental factor for both models. As expected, the models partition the sources of
genetic and environmental variance somewhat differently. For example, in the shared
liability model, 22.1% of the total genetic variance of FTND is attributable to latent factor
A1, while that factor does not account for any of the total genetic variance of FTND under
the causal model.

Discussion
We sought to use a genetically informative, population-based sample to investigate the
phenotypic association between major depression and nicotine dependence. Specifically, we
asked whether a shared liability model or a causal model provided a better fit to the data.
Our results indicate that these models are nearly equally supported by the data, although the
fit of the causal model is slightly – but not substantially – better. A reasonable interpretation
of these results is that both mechanisms (a causal relationship and a shared liability)
contribute to the phenotypic association between major depression and nicotine dependence,
perhaps in different individuals or within the same individual at different times in their lives.

Previous studies support the existence of a genetic correlation between MD and nicotine
dependence. In a large Swedish twin population, a modest genetic correlation specific to
these phenotypes existed beyond the genetic relationship between depression and regular
cigarette use (Edwards et al., 2010). Other twin studies have also found evidence of low to
modest genetic and/or environmental correlations between MD or depressive symptoms and
nicotine dependence (Fu et al., 2002; Korhonen et al., 2007; Lyons et al., 2008; McCaffery
et al., 2008). Previously, shared genetic influences were implicated in an analysis of the
relationship between MD and regular smoking in female twins from Virginia (Kendler et al.,
1993).
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The implication of such studies is that a subset of the genetic (and in some cases, though not
in the current report, environmental) influences underlying liability to depression also
underlies the liability to nicotine dependence. Since we identified a genetic correlation
between depression and both tobacco use initiation and nicotine dependence beyond that
which is conveyed through initiation, we conclude that the nature of these shared genetic
influences varies. Those that are primarily relevant to depression and initiation of tobacco
use might be generally related to internalizing and externalizing, which previous studies
have been found to be modestly genetically related (Kendler et al., 2003, Kendler et al.,
2011). Previous work in a female sample from this population has demonstrated that some
psychological or personality constructs (e.g., self-esteem and locus of control) are associated
with nicotine dependence but not with initiation, while others (e.g., neuroticism and
extraversion) are related to both (Kendler et al., 1999). Perhaps the genetic variation
underlying such constructs contributes to the different sources of genetic covariation
between MD and FTND shown here. Another possibility is that the direct genetic
covariation between depression and nicotine dependence represents genetic variation
affecting neural systems that are common to both depression and the establishment or
maintenance of nicotine dependence (e.g., dopaminergic or glutamatergic
neurotransmission, Lajtha and Sershen, 2010).

It is impossible to determine exactly which variants underlie the genetic correlation between
MD and FTND – or, for that matter, between MD and INIT. Indeed, the identification of
such variants is the goal of ongoing molecular genetic research. Even without this
information, we can conclude that individuals who carry a genetic liability to MD also
harbor a genetic liability to FTND. Still, a substantial proportion of the genetic liability to
depression is not shared with either tobacco use phenotype, so it is possible for someone
carrying a high genetic load for depression to carry few (or none) of the risk variants that
predispose to both phenotypes. The absence of significant environmental correlation
indicates that environmental variance influencing MD is largely irrelevant to FTND.

The implications of the model wherein nicotine dependence causes depression are quite
distinct from those of the shared liability model. This model excludes direct genetic and
environmental correlations between MD and FTND: the only correlations between these
phenotypes are transmitted through the causal path between FTND and MD. The causal path
between FTND and MD indicates that, as FTND increases, the risk of MD increases. This is
true irrespective of the sources of variance influencing FTND, as the risk pathway is a
function of the manifested FTND phenotype itself. Under this model, if smoking (and, by
extension, nicotine dependence) is reduced in a population, rates of MD should subsequently
decline so long as the causal process is reversible. These consequences differ from those
expected from the relationship between MD and FTND described by the shared liability
model. In that model, environmental influences on MD would not affect FTND: in the
causal model, both genetic and environmental influences on FTND can increase risk of MD.
In addition, a decrease in smoking across the population would not impact rates of MD.

Given the absence of a significant causal pathway between MD and FTND, the “self-
medication” hypothesis is not clearly supported by these data. There are other reports in the
literature of a lack of evidence of self-medication: Johnson and Breslau (2006) found that,
among a cohort of older smokers – those who began smoking prior to the public health
campaign to reduce smoking – there was no evidence for the self-medication hypothesis,
inasmuch as smoking persistence was unrelated to history of depression. Kang and Lee
(2010) examined MD and smoking amount across two years and did not find a significant
association between year one depression and year two smoking. However, other longitudinal
studies (Breslau et al., 1998; Chaiton et al., 2009) support the existence of a bidirectional
causal relationship.
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Furthermore, other studies support the existence of a causal relationship between FTND, or
in some cases regular smoking, and MD. Using a longitudinally assessed sample, and
controlling for unobserved genetic and environmental influences, Boden and colleagues
(2010) found evidence of a causal relationship from nicotine dependence to depression, but
no evidence of the opposite causal path. Likewise, Kang and Lee (2010), also using a large
longitudinally evaluated sample, reported a significant association between the smoking
amount in year one and depression in year two. A critical implication of the causal
relationship detected here is that a reduction in FTND would have a positive impact on
depression, so long as the risk conferred by increasing FTND is reversible. Some studies
have reported an improvement in depression after smoking cessation (Berlin et al., 2010;
Shahab and West, 2009), but others have not (Glassman et al., 2001; Glassman et al., 1990).
More research is needed to clarify the relationship among nicotine dependence, history of
depression, probability of success at smoking cessation, nicotine withdrawal, and post-
withdrawal depression.

As detailed previously, one potential contributor to the increase in risk of depression due to
nicotine dependence is that many constituents of the smoke produced by cigarettes and
cigars – including heavy metals and ammonium products – have toxic effects on the brain
(Swan and Lessov-Schlaggar, 2007). If tobacco smoke were responsible for the increased
depression risk, we would expect that the causal pathway from FTND to MD would be non-
significant in men who only used smokeless tobacco and were therefore not exposed to the
harmful effects of their own cigarette/cigar/pipe smoke. Unfortunately, only 29 pairs of
twins were concordant in their use of only smokeless tobacco products; were a larger sample
available, we could meaningfully compare the shared liability and causal models between a
group that used smoking tobacco versus one that used only smokeless tobacco.

Another limitation is that many of the regular tobacco users in this sample used a variety of
tobacco products (e.g., cigarettes, cigars, smokeless tobacco). Because the wording of most
tobacco use items referred to products that are both smokeless and smoked, it was not
possible to determine whether the relationship between nicotine dependence and depression
differs across these two types of tobacco use. Given the potential physiological effects of
smoke on the brain, this is a pertinent and interesting question, but one that cannot be
answered with the current data.

The findings reported here are not entirely consistent with an earlier report on the
relationship between regular smoking and depression among women in the same sample
(Kendler et al., 1993). Although both studies support the existence of a shared genetic
liability between phenotypes, the previous study did not support a causal relationship
between phenotypes in either direction. The methods employed differed across studies: a co-
twin control analysis was initially used to explore the relationship between phenotypes in
women, while the current report relied on structural equation modeling. In addition, we
modeled INIT in the context of a pathway to FTND, while the previous study examined
INIT (called “ever smoked” in that study) on its own. Another difference between the
studies is the measure of smoking: we used FTND score whereas the previous study used
average daily cigarette consumption. However, since cigarette consumption is an important
component of FTND score (accounting for up to 3 of the 10 possible points), the measures
are certainly correlated. It is worth noting the sex differences in prevalence for the
phenotypes of interest: depression is more prevalent in women, and regular smoking is more
common among men. Future studies should model these phenotypes in both sexes
simultaneously so that sex differences can be tested directly.

In summary, these results imply that the phenotypic relationship between depression and
nicotine dependence in men is complex. It is likely attributable to multiple mechanisms – a
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causal relationship and a shared genetic liability – that could differ across individuals in a
population, and/or could manifest within the same individual concurrently or across
different periods in time. The causal model indicates that, as one’s nicotine dependence
increases, so does their risk of depression; whether this is due to physiological (e.g.,
neurobiological) effects of nicotine or some other factor remains unclear. The shared
liability model indicates that a modest genetic correlation (0.32) exists between depression
and nicotine dependence. The majority of this correlation is direct, while a small proportion
is also correlated with smoking initiation. Molecular genetic studies are needed to elucidate
the nature of these genetic influences; for example, some might be related to neural
pathways or neurotransmission, while others influence internalizing.

Limitations
The findings presented herein should be considered in the context of several limitations. The
primary limitation is the lack of statistical power to determine which model (causal or
shared liability) provides a better fit to the data. As determined by Heath and colleagues
(1993), power to make this distinction is limited in situations where the underlying sources
of variance do not differ across phenotypes. Had we detected significant shared
environmental effects on one of the phenotypes, the difference in fit between causal and
shared liability models might have been more pronounced. Furthermore, there are
limitations to this approach to model fit comparisons when attempting to discriminate
between causal and shared liability models (Rhee et al., 2004; Rhee et al., 2005).

One potentially complicating factor is the relationship between bipolar disorder and
smoking. Previous studies (Zimmermann et al., 2009; Jabben et al., 2011; Hu et al., 2012)
have demonstrated that a substantial proportion of individuals diagnosed with MD also have
unrecognized subthreshold, or in some cases clinical, symptoms of mania. Furthermore,
nicotine dependence is higher among individuals with MD and subthreshold bipolar disorder
than among those with pure MD (Zimmermann et al., 2009). It is possible that the
relationship between depression and smoking differs among individuals with pure
depression versus those who also experience symptoms of mania. Unfortunately, we were
unable to explore these relationships here because manic symptoms were not assessed in the
current sample, though bipolar disorder has been examined in the female portion of the
sample (Karkowski and Kendler, 1997), and its prevalence was consistent with prior reports
(e.g., Kessler et al., 1994). The complex relationships among smoking and symptoms of
depression and mania should be explored further where data is available.

Another potential limitation is the age range of the sample. Smoking prevalence has changed
rather dramatically in the U.S. over the lifetime of some of the participants, and we
considered the possibility that the relationship between MD and FTND might differ across
different cohorts. To test this hypothesis, we conducted a series of analyses wherein the
sample was divided into 2–3 cohorts. Under both conditions (2 or 3 cohorts), we were able
to constrain the parameter estimates to be equal across the cohorts, suggesting that, despite
differences in smoking behavior over time, the underlying sources of variance did not differ
significantly. In the analyses presented here, age is included as a covariate in an effort to
account for its potential impact on the relationship between MD and FTND. However, these
models should be replicated in either larger samples that would be more statistically
powerful in cohort tests, or in a population that has not experienced pronounced changes in
smoking behavior over time. Finally, since the sample is limited to Caucasian males, these
results might not be generalizable to other ethnicities.
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Figure 1.
Shared liability (A) and reciprocal causation (B) models depicting potential relationships
among MD, INIT, and FTND. For the sake of simplicity, only the causal paths (labeled with
“β”) and latent genetic paths (labeled with “a”) are depicted; however, the genetic paths are
accompanied by shared and unique environmental paths (described as “C” and “E”,
respectively, in the Methods).
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Figure 2.
Best-fitting, final models for (A) the shared liability model, and (B) the causal model. Path
estimates (95% confidence intervals) are provided.
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Table 2

Sources of genetic and environmental variance for each phenotype.

Shared Liability Model

Genetic Influences MD INIT FTND

Total genetic variance* 0.28 0.70 0.60

% from A1 100 4.8 22.1

% from A2 n/a 95.2 5.3

% from A3 n/a n/a 72.6

Environmental Influences

Total environmental variance 0.72 0.30 0.40

% from E1 100 n/a n/a

% from E2 n/a 100 3.6

% from E3 n/a n/a 96.4

Causal Model

Genetic Influences MD INIT FTND

Total genetic variance 0.27 0.69 0.61

% from A1 90.1 n/a n/a

% from A2 1.5 100 15.5

% from A3 8.4 n/a 84.5

Environmental Influences

Total environmental variance 0.73 0.31 0.39

% from E1 97.6 n/a n/a

% from E2 <1 100 10.5

% from E3 2.2 n/a 89.5

*
Note that, because twin modeling was conducted using ordinalized variables, the total phenotypic variance for each trait is constrained to 1; thus,

these values are actually proportions of variance rather than true variance. However, totals might not sum to 1 due to rounding.
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