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Abstract Chronic cigarette use has been consistently

associated with differences in the neuroanatomy of smok-

ers relative to nonsmokers in case–control studies. How-

ever, the etiology underlying the relationships between

brain structure and cigarette use is unclear. A community-

based sample of male twin pairs ages 51–59 (110 mono-

zygotic pairs, 92 dizygotic pairs) was used to determine the

extent to which there are common genetic and environ-

mental influences between brain structure and average

lifetime cigarette use. Brain structure was measured by

high-resolution structural magnetic resonance imaging,

from which subcortical volume and cortical volume,

thickness and surface area were derived. Bivariate genetic

models were fitted between these measures and average

lifetime cigarette use measured as cigarette pack-years.

Widespread, negative phenotypic correlations were detec-

ted between cigarette pack-years and several cortical as

well as subcortical structures. Shared genetic and unique

environmental factors contributed to the phenotypic cor-

relations shared between cigarette pack-years and subcor-

tical volume as well as cortical volume and surface area.

Brain structures involved in many of the correlations were

previously reported to play a role in specific aspects of

networks of smoking-related behaviors. These results pro-

vide evidence for conducting future research on the etiol-

ogy of smoking-related behaviors using measures of brain

morphology.
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Background

Despite increasing public awareness of the health risks related

to smoking, nearly 18 % of American adults were current

cigarette smokers in 2012 (Agaku et al. 2014). Further,

although 52.4 % of smokers tried to quit, the prevalence of

recent cessation for more than 6 months was only 6.2 %

(Centers for Disease and Prevention 2011). It is likely that

morphological changes in the brain are related to chronic

exposure to nicotine, which is the addictive component of

cigarettes. The joint analysis of structural magnetic resonance

imaging (MRI) measures of the brain and average lifetime use

to nicotine may identify locations for more specific studies of

the neurobiology of nicotine dependence. Further, the degree

to which shared genetic and environmental contributions

explain these associations is unclear and could provide

additional knowledge in assessing the utility of neuroanatomy

as a possible biological marker for understanding the etiology

of chronic cigarette use.

Associations between cigarette use and brain structure

Cigarette use has been associated with size reductions across

several brain structures. Reduced cell numbers, increased

markers of apoptosis and alterations in synaptic activity in the

neocortex, hippocampus, midbrain and cerebellum have been

observed in adult rats exposed to nicotine (Chen et al. 2003;

Trauth et al. 2000, 1999; Xu et al. 2001). A case–control study

comparing smokers to non-smokers reported smaller volumes

in the prefrontal and anterior cingulate cortices as well lower

gray matter density in the cerebellum of smokers (Brody et al.

2004a, b). Smokers had reduced gray matter volumes or

densities in portions of frontal lobe subregions, occipital

cortex, cuneus, precuneus, and the thalamus compared to

never-smokers. Smokers were also found to have a negative

correlation between frontal lobe gray matter volume and

cigarette pack-years (Gallinat et al. 2006).

Studies of nicotine dependence have implicated specific

brain regions, particularly the orbitofrontal cortex, prefrontal

cortex, cingulate gyrus, anterior cingulate, nucleus accum-

bens, thalamus, and frontal cortex (Goldstein and Volkow

2002; Rose et al. 2007). However, the biological mechanisms

related to chronic exposure to cigarettes remains unclear

(Menossi et al. 2013). Therefore, understanding the role of

genetic and environmental influences shared between brain

neuroanatomy and smoking may provide insight into pro-

cesses involved in smoking-related behaviors.

Twin studies of smoking-related behaviors

Significant genetic influences have been reported across

stages of nicotine self-administration including initiation,

smoking persistence, nicotine dependence, and nicotine

withdrawal. Additive genetic effects account for 30–75 %

of the total variance of nicotine dependence across several

studies (Agrawal et al. 2008; Pergadia et al. 2006). Simi-

larly, a meta-analysis of 17 twin studies estimated a

weighted mean heritability of liability for smoking persis-

tence of 59 % in male smokers and 46 % female smokers

(Li et al. 2003). Few twin studies have reported measures

of average lifetime cigarette use, often measured as pack-

years, although this measure has been used more consis-

tently in the structural imaging studies (Gallinat et al.

2006). Subsequently, there is a need to assess the genetic

contributions of average lifetime cigarette use as an

important smoking-related behavior to determine its rela-

tionship with brain structure in a twin sample.

Twin studies of brain structure

The genetic contribution to the variance in the size of brain

regions for typical neurodevelopment across the lifespan is

high [for review, see (Kremen et al. 2010; Peper et al. 2007;

Schmitt et al. 2007; Blokland et al. 2012)]. Among these

studies, heritability values for regional structures were gen-

erally more variable and lower than global indices. In adults,

additive genetic influences accounted for 40–75 % of the total

variance for different neuroanatomical measures. In general,

there are few regions that have evidence of significant shared

environmental effects (Peper et al. 2007; Schmitt et al. 2007;

Baare et al. 2001; Geschwind et al. 2002; Glahn et al. 2007;

Thompson et al. 2001), although lateral ventricular volume

during childhood and adolescence may be an exception

(Kremen et al. 2012).

Despite reports of moderate phenotypic association

between nicotine use and brain volume (Chen et al. 2006;

Longstreth et al. 2000; Seshadri et al. 2004), our under-

standing of the extent to which any significant relationships
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are due to common genetic or environmental effects is

limited. Cortical volume, a well-studied measure, is the

product of cortical thickness and surface area. But, cortical

surface area and cortical thickness quantify different

aspects of structural development over the lifespan. Studies

of inter-individual variation in adult brain size indicate that

the majority of differences in cortical gray matter volume

are due to differences in cortical surface area rather than

cortical thickness (Pakkenberg and Gundersen 1997; Im

et al. 2008). At the global level, there is no significant

genetic covariance between surface area and thickness

(Panizzon et al. 2009). Therefore, surface area and thick-

ness are distinct features of cortical structure and should be

examined separately in studies of associations between

brain morphology and other phenotypes of interest. How-

ever, we are not aware of any studies that have investigated

the relationship between nicotine use and these constituent

dimensions.

The present study tests for significant phenotypic rela-

tionships between brain structure and average lifetime

cigarette use in a community-based sample of adult male

twins. Further, it estimates the degree to which shared

genetic and environmental contributions are responsible for

these associations between brain morphology and average

lifetime cigarette use.

Methods

Participants

Data were obtained from participants in the Vietnam Era

Twin Study of Aging (VETSA), a longitudinal study of

cognition and aging of male twins (Kremen et al. 2013a, b;

2006). All participants in the VETSA were drawn from the

Vietnam Era Twin (VET) Registry, a nationally distributed

sample of twin pairs who served in the United States

military between 1965 and 1975 (Goldberg et al. 2002).

Detailed descriptions of the VET Registry’s composition

and method of ascertainment have been previously repor-

ted (Eisen et al. 1987; Henderson et al. 1990). This com-

munity-based sample has been found to be representative

of middle-aged males in the United States with respect to

their distributions of socioeconomic and health character-

istics. (Schoenborn and Heyman 2009; Kremen et al.

2012).

The VETSA1 MRI study began in year three of the

primary VETSA project and data was conducted from 2005

to 2007. Upon initial contact, 6 % of the sample declined to

participate. Participants were excluded from the study for

reasons such as metal in the body (7 %), claustrophobia

(3 %), inability to travel to the testing site (5 %), problems

with the scanner (8 %), the exclusion of their co-twin

(9 %), or other reasons (3 %). Participants traveled to the

University of California, San Diego Medical Center

(UCSD) or Boston University for the VETSA project and

were scanned the next day at UCSD or Massachusetts

General Hospital (MGH). Informed consent was obtained

from all participants and institutional review boards at both

sites approved the scanning protocol. The present analyses

were performed on data from 474 participants (110

monozygotic (MZ) pairs, 92 dizygotic (DZ) pairs, 68

unpaired individuals) ranging in age from 51 to 59 years

(mean 55.8, SD = 2.6) for whom suitable imaging data

were available. A combination of DNA testing, previously

obtained questionnaire and blood group methods was used

to determine zygosity (Kremen et al. 2010; Eisen et al.

1989; Nichols and Bilbro 1966; Peeters et al. 1998).

Assessment of cigarette use

Average lifetime cigarette use was assessed during the

VETSA1 MRI study as cigarette pack-years, defined as

average cigarette use over years of smoking. Pack-years

was calculated for all participants as the number of ciga-

rettes smoked per day multiplied by the number of years

smoked. This product was divided by 20, or the number of

cigarettes in a single pack. Current smokers were asked the

number of cigarettes they usually smoke per day. Partici-

pants who were former smokers were asked the number of

cigarettes they usually smoked per day during the last time

they were a regular smoker. Both current and former

smokers were asked the age at which they began smoking.

Former smokers were asked the age at which they stopped

smoking to determine the number of years smoked. Age at

the time of data collection was used to determine smoking

duration among current smokers. Individuals who indicated

having smoked fewer than 100 cigarettes in their lifetime

were classified as having an average lifetime cigarette use

of zero pack-years. The distribution of pack-year values

was skewed, so the data were log10 transformed prior to

data analysis to approximate a normal distribution. Pack-

years was strongly associated with a prior measure of the

number of lifetime nicotine dependence symptoms

(r = 0.70, p \ 0.0001) among a sub-sample of individuals

who participated in a study of drug dependence in 1992

(Xian et al. 2007).

Image acquisition

Images were acquired on Siemens 1.5 Tesla scanners (241

at UCSD; 233 at MGH). Sagittal T1-weighted MPRAGE

sequences were employed with a TI = 1,000 ms,

TE = 3.31 ms, TR = 2,730 ms, flip angle = 7�, slice

thickness = 1.33 mm, voxel size 1.3 9 1.0 9 1.3 mm. Of

Behav Genet (2015) 45:157–170 159
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the 493 scans available at the time of these analyses,

quality control measures excluded 3 cases due to scanner

artifact and 16 cases due to inadequate image processing

results (e.g., poor contrast caused removal of non-brain to

fail).

Image processing

The automated, fully 3D whole-brain segmentation pro-

cedure (Fischl et al. 2002, 2004a, b) in FreeSurfer uses a

probabilistic atlas and applies a Bayesian classification rule

to assign a neuroanatomical label to each voxel. The atlas

consists of a manually-derived training set created by the

Center for Morphometric Analysis (http://www.cma.mgh.

harvard.edu/) from 20 unrelated, randomly selected

VETSA participants. The accuracy of a previously used

training atlas has been shown to be comparable to that of

expert manual labeling and is sensitive to subtle brain

changes in Alzheimer’s disease and normal aging (Fischl

et al. 2002, 2004a, b). Manual labeling for the VETSA-

specific tlas and the previously used atlas was performed

by the same laboratory at the Center for Morphometric

Analysis. When both were compared with expert manual

labeling, the VETSA-specific atlas was shown to be more

accurate than the previously used training atlas in this

sample (Kremen et al. 2010).

Volume measures

Segmentation methods (Fischl et al. 2002, 2004a, b) pro-

duced volumetric measures for 33 bilateral cerebral gray

matter regions of interest (ROIs) that are not included in

the neocortical surface, including hippocampus, amygdala,

caudate, putamen, nucleus accumbens, thalamus, globus

pallidus, cerebellar gray and white matter, ventricles (body

and temporal horn of the lateral ventricle, third ventricle),

cerebral cortex, white matter, and abnormally hypointense

white matter regions. Measured white matter abnormalities

reflect areas within the white matter that have abnormally

low signal values (hypointensities) relative to normal white

matter on T1-weighted images. These areas are analogous

to the measure of hyperintensity derived from T2-weighted

images and may reflect areas of inflammation, demyelin-

ation, or axonal loss.

Neocortical surface area and thickness measures

The cortical surface was reconstructed to measure surface

area and thickness at each surface location, or vertex

(Fischl et al. 1999; 2004a, b; Dale et al. 1999; Fischl and

Dale 2000). Studies demonstrate a high correlation of

automatic and manual measures in vivo and ex vivo (Fischl

and Dale 2000; Walhovd et al. 2005).

The surface was then divided into distinct cortical ROIs

(Fischl et al. 2004a, b). Each vertex was assigned a

neuroanatomical label based on (1) the probability of each

label at each location in a surface-based atlas space, based

on a manually parcellated training set; (2) local curvature

information; and (3) contextual information, encoding

spatial neighborhood relationships between labels (condi-

tional probability distributions derived from the manual

training set). The parcellation scheme (Desikan et al. 2006)

labels cortical sulci and gyri, then surface area and thick-

ness values are calculated in the 66 ROIs (33 per hemi-

sphere). Cortical thickness was calculated as the average

distance between the gray/white boundary and the pial

surface within each ROI. Surface area was calculated as the

sum of the areas of each tesselation falling within a given

ROI; this is done in each subjects’ native space.

Statistical analysis

Univariate variance component analysis characterized the

relative importance of genetic and environmental effects on

pack-years. Univariate analyses for all brain measures have

been reported extensively in prior studies and are detailed

(Kremen et al. 2010; Eyler et al. 2011; 2012). The degree

of relatedness between members of MZ and DZ twin pairs

is used to estimate the contribution of genetic and envi-

ronmental effects to the phenotypic variation of nicotine

use and brain structure. Phenotypic similarities between

MZ twins arise from the sharing of all their additive genetic

factors and all shared environmental influences. Similari-

ties between DZ twins result from sharing on average 50 %

of their additive genetic factors in addition to shared

environmental influences. Influences from unique envi-

ronmental effects diminish the similarity between members

of a twin pair, regardless of their zygosity. Models using

twin data thus utilize MZ and DZ twin pair variances and

covariances to estimate the proportion of total phenotypic

variance due to additive genetic, shared environmental and

unique environmental influences.

Additive genetic variance (A) refers to the additive

genetic effects of alleles at every contributing locus. Shared

environmental variance (C) is the variance that is due to

effects shared by a twin pair. Unique environmental variance

(E) is the variance due to effects not shared by a twin pair

and also includes measurement error. The total variance of a

measure (rP
2) is partitioned into additive genetic (rA

2 ), non-

shared or unique environmental effects (rE
2), and shared

environmental effects (rC
2 ). The total variance is parame-

terized as: rP
2 = rA

2 ? rC
2 ? rE

2, while the covariance

terms are parameterized as: CovMZ = rA
2 ? rC

2 and

CovDZ = 0.5rA
2 ? rC

2 . Univariate ACE, AE, CE and E only

models were fitted to test the significance of additive genetic

and shared environmental effects.

160 Behav Genet (2015) 45:157–170
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Bivariate analysis

A genetic bivariate model assessed the relationship

between brain structure and number of cigarette pack-

years, treating both measures as continuous variables.

Shared environmental effects were non-significant in

univariate analyses of brain structure (Kremen et al. 2010;

Eyler et al. 2011, 2012). Similarly, there were no signifi-

cant differences between a full model and submodels for

which shared environmental effects on brain structure as

well as the shared environmental covariance shared

between brain structure and cigarette pack-years were

removed. Therefore, bivariate models decomposed the

covariance between brain structure and cigarette pack-

years into genetic and unique environmental variance while

estimating the contribution of shared environmental influ-

ences for cigarette pack-years (Fig. 1).

A Cholesky factorization allows for the decomposition

of the genetic and environmental covariance matrices for

measures of brain structure and cigarette pack-years. The

diagonal elements of either an A or E matrix produces the

variances due to that specific effect for each of the indi-

vidual measures while the off-diagonal element produces

the covariances due to either of the effects. Further, it

places few expectations on the temporal ordering of the

relationship between the two measures.

Genetic and environmental correlations between mea-

sures of brain structure and use were computed to estimate

the degree to which genetic and environmental effects are

shared between the two measures. Additionally, stan-

dardized genetic covariances (covA) were also estimated to

indicate the degree to which genetic and environmental

effects contribute to the phenotypic correlation (rP). The

sum of the standardized genetic and environmental covar-

iances is equal to the phenotypic correlation. The stan-

dardized genetic covariance between two measures is

defined as

rx;y ¼
Ax;y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðVx � VyÞ
p ;

where Axy is the genetic covariance between a measure of

brain structure (x) and a measure of cigarette pack-years

(y) and Vx and Vy represent the total covariances of x and

y. The standardized environmental covariance (covE) is

similarly defined using measures of unique environmental

covariance.

Morphometric measures were adjusted for the fixed

effects of age and site using linear regression. Further,

structural measures were adjusted for global size. Volume

measures were adjusted for estimated total intracranial

volume, neocortical surface area measures for total surface

area, and neocortical thickness measures for total average

cortical thickness. The residual estimates were then used in

full information maximum likelihood analyses of individ-

ual observations in Mx 1.66 (Neale et al. 2006).

The statistical significance of the genetic and environ-

mental covariances was assessed by comparing twice the

log-likelihood of the full Cholesky model to that of a sub-

model in which the genetic or environmental covariation

between morphometric measures and pack-years was set to

zero (df = 1). Under certain regularity conditions, such

differences are asymptotically distributed as v2 with one

degree of freedom. A third sub-model tested the signifi-

cance of the phenotypic correlation by setting both the

genetic and unique environmental covariances between

nicotine use and cortical volumes to zero (df = 2).

A series of bivariate models tested the significance of

genetic and environmental covariances between smoking

and cortical thickness as well as surface area using glob-

ally-adjusted measures of surface area as well as cortical

thickness. These models estimated the degree to which

region-specific genetic and environmental influences were

also shared with cigarette pack-years.

Tests of significance for genetic and environmental

covariances were adjusted for multiple comparisons using

the false discovery rate, FDR (Benjamini and Hochberg

1995) based on 388 independent tests for all subcortical

and cortical measures.

Fig. 1 Final bivariate model used to test relationships across all

regions of interest (ROI) of brain structure and cigarette pack-years

A1, C1 and E1 refer to the additive genetic, shared environmental and

unique environmental contributing to the total variance of cigarette

pack-years (PY). A2 and E2 refer to the additive genetic and unique

environmental influences contributing to a specific region of interest

(ROI). Paths a21 and e21 reflect those used to estimate the genetic and

environmental influences shared between cigarette pack-years and

brain structure size

Behav Genet (2015) 45:157–170 161
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Results

Descriptive statistics

Basic demographic and health characteristics of the full

VETSA sample are comparable to U.S. census data for

similarly aged men (Kremen et al. 2006). The VETSA1

MRI subsample did not differ significantly from the full

VETSA sample with respect to the above demographic

measures, nor were there significant differences between

MZ and DZ twins. There were no significant group dif-

ferences for the mean number and variance of pack-years

or brain morphometric measures between MZ and DZ

twins.

VETSA1 MRI participants had significantly less aver-

age lifetime cigarette use (mean 16.9 pack-years,

SD = 21.6) compared to non-MRI participants (mean

21.39 pack-years, SD = 2.23, p = 0.001). While MRI

participants smoked fewer pack-years compared to non-

participants, any bias is expected to attenuate rather than

overstate the magnitude of effects reported in this study.

Additionally, MRI participants were significantly older

(mean 55.8, SD = 2.6 years) than non-MRI participants

(mean 55.3, SD = 2.4 years, p = 0.0005), but this very

small difference is due to the later start of the VETSA1

MRI study compared to the VETSA sample and is unlikely

to affect the results.

At the time of data collection, 300 participants (63 %)

smoked 100 or more cigarettes in their lifetime. Of these

participants, 247 (82.3 %) made at least one quit attempt in

their lifetime and 112 (37.3 %) were current smokers.

Across the VETSA1 MRI sample, study participants had an

average lifetime cigarette exposure of 27.5 pack-years.

Current smokers had significantly higher levels of lifetime

cigarette exposure (35.9 pack-years) compared to non-

smokers (22.0 pack-years, p \ 0.0001). Across the

VETSA1 MRI sample, study participants smoked an

average 21.5 cigarettes per day (SD = 13.5) during times

of regular smoking. The average duration of smoking for

this sample was 24.2 years (SD = 14.0). There were no

significant differences in total intracranial volume, total

surface area or average cortical thickness by current

smoking status.

Univariate analyses

The intra-pair correlations for pack-years for MZ and DZ

twins were 0.60 and 0.45 respectively. The amount of the

total variance due to additive genetic effects was 0.29

(95 % CI 0; 0.67). Shared environmental effects accounted

for 0.31 (95 % CI 0; 0.59) and unique environmental

effects accounted for 0.40 (95 % CI 0.31; 0.53) of the total

variance. There were no significant differences in model fit

between the full ACE model and models where either

shared environmental effects (p = 0.46) or additive genetic

effects (p = 0.55) were removed. However, there was a

significant difference in model fit when both A and C were

removed compared to the full ACE model, suggesting

significant effects of both genetic and shared environ-

mental sources of variance. The heritability of subcortical

volumes ranged from 0.48 to 0.85 and those of cortical

volumes ranged from 0.03 to 0.79. The cortical surface

area heritability estimates ranged from 0.20 to 0.60 and

those of cortical thickness were from 0.05 to 0.57 (Kremen

et al. 2010; Eyler et al. 2011).

Bivariate analyses

Associations between subcortical volume and cigarette

pack-years

Moderate negative phenotypic correlations were observed

between cigarette pack-years and three subcortical vol-

umes. These associations indicate relationships between

higher levels of cigarette pack-years and a reduction in

volume for these specific structures. The significant phe-

notypic correlation between left cerebellum cortex and

cigarette pack-years (rP = -0.11, p = 0.03) was largely

due to genetic factors shared between the two (covA =

-0.13, p = 0.04) rather than shared unique environmental

factors (covE = 0.02, p = 0.68). The genetic correlation

between left cerebellum cortex and pack-years was -0.28

(95 % CI -1; -0.02), indicating a moderate degree of

genetic influences shared between the two. Further, these

results suggest that genetic influences related to increased

cigarette pack-years are expected to decrease volume in the

left cerebellum cortex (Table 1).

Significant phenotypic correlations between cigarette

pack-years and measures of subcortical volume were due to

significant sharing of unique environmental factors. These

relationships were detected for left accumbens (rP =

-0.03, p = 0.01; covE = -0.10, p = 0.01) and left palli-

dum (rP = -0.07, p = 0.03; covE = -0.08, p = 0.01).

Unique environmental factors involved in higher levels of

cigarette pack-years were also associated with decreased

volumes for these regions, as indicated by the moderate

environmental correlations between smoking and left ac-

cumbens (rE = 0.24, 95 % CI -0.4; -0.05) as well as left

pallidum (rE = -0.21, 95 % CI -0.38; -0.03).

Associations between cortical thickness and cigarette

pack-years

There were significant phenotypic correlations between

cigarette pack-years and two cortical thickness measures,

specifically right lateral occipital gyrus (rP = -0.15, 95 %

162 Behav Genet (2015) 45:157–170
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CI -0.25; -0.04, p = 0.03) and left paracentral gyrus

(rP = -0.13, 95 % CI -0.23; -0.02, p = 0.02). These

correlations were due to substantial genetic covariances

(right lateral occipital = -0.13, 95 % CI -0.26; -0.01,

p = 0.03; left paracentral = -0.12, 95 % CI -0.24; 0,

p = 0.04). The genetic correlations indicated some overlap

between the genetic factors shared between cigarette pack-

years and these ROIs (rA = -0.15 and -0.13).

There were 2 weak phenotypic correlations between

measures of cortical thickness and cigarette pack-years for

two regions in the temporal lobe, specifically, the right

transverse temporal gyrus (rP = -0.09, p = 0.001) and the

right middle temporal gyrus (rP = 0.05, p = 0.01). These

correlations were due to significant unique environmental

covariances [right transverse temporal gyrus (covE =

-0.12, 95 % CI -0.21; -0.04, p = 0.002) and right

middle temporal gyrus (covE = 0.11, 95 % CI 0.03; 0.19,

p = 0.01)]. The unique environmental correlations were

moderate in magnitude, indicating some overlap between

the unique environmental factors shared between cigarette

pack-years and these neocortical ROIs (rE = -0.26 and

0.23).

Associations between cortical surface area and cigarette

pack-years

Among surface area measures, there were significant stan-

dardized genetic covariances (-0.17\ covA \ -0.13,

p = 0.01–0.04) between pack-years and the frontal lobe and

cingulate cortex ROIs, with significant negative phenotypic

correlations (-0.14\ rP \ -0.08, p = 0.02–0.04). These

regions include left rostral anterior cingulate, right caudal

anterior cingulate, right pars opercularis, and left frontal pole

(Table 2). The magnitude of the genetic covariance was fairly

consistent across adjusted and unadjusted measures of surface

area. The average genetic covariance among unadjusted ROIs

was -0.15 while those adjusted for total surface area was

-0.13 (Table 3).

Significant phenotypic correlations between surface area

and cigarette pack-years (-0.13\ rP \ -0.11,

p = 0.0001–0.02) explained by significant unique environ-

mental factors (-0.13\ covE \ -0.10, p = 0.005–0.04)

were observed for three specific regions within the frontal

lobe and cingulate cortex. These regions include the right

rostral middle frontal, left posterior cingulate, and left pars

orbitalis (Table 2). The magnitude of the environmental

covariance was fairly consistent across adjusted and unad-

justed measures of surface area, although the relationship

between the left pars orbitalis was no longer significant after

adjustment for surface area (Table 3). The average environ-

mental covariance among unadjusted ROIs was -0.12 while

those adjusted for total surface area was -0.13.

Associations between neocortical volume and cigarette

pack-years

There were widespread negative associations between

cigarette pack-years and decreased neocortical volume

adjusted for total intracranial volume (Fig. 2). Of the 11

correlations that were significant, genetic covariances

substantially contributed to associations in five specific

cortical ROIs, which are located in the frontal, occipital,

parietal, and cingulate lobes. The significant genetic

influences shared between smoking and these ROIs

Table 2 Summary of bivariate results for significant phenotypic correlations between unadjusted surface area measures and cigarette use

ROI Standardized genetic/environmental covariance

estimates

Genetic/environmental correlation estimates

covA 95 % CI covE 95 % CI rA 95 %CI rE 95 %CI rP 95 % CI

L-Rostral Anterior

Cingulate Cortex

20.16 (20.27;
20.04)

0.08 (-0.02; 0.18) -0.72 (-1;

-0.19)

0.14 (-0.03; 0.3) -0.08 (-0.18;

0.02)

R-Caudal Anterior

Cingulate Cortex

20.17 (20.3;
20.04)

0.03 (-0.06; 0.12) 20.46 (21;
20.1)

0.06 (-0.13; 0.24) 20.14 (20.25;
20.04)

R-Pars Opercularis 20.15 (20.27;
20.02)

0.02 (-0.07; 0.1) 20.42 (21;
20.06)

0.03 (-0.15; 0.21) 20.13 (20.23;
20.02)

L-Frontal Pole 20.13 (20.24;
20.01)

0 (-0.1; 0.11) -0.65 (-1;

-0.03)

0.01 (-0.16; 0.18) 20.12 (20.22;
20.02)

R-Rostral Middle

Frontal

0.02 (-0.11; 0.14) 20.13 (20.21;
20.06)

0.04 (-1; 1) 20.31 (20.46;
20.14)

20.11 (20.22;
0)

L-Posterior

Cingulate

-0.01 (-0.13; 0.11) 20.12 (20.21;
20.04)

-0.01 (-1; 1) -0.26 (-0.41;

-0.09)

20.13 (20.23;
20.02)

L-Pars Orbitalis -0.03 (-0.15; 0.1) 20.10 (20.21; 0) -0.12 (-1; 1) -0.18 (-0.34; 0) 20.13 (20.23;
20.03)

Bolded parameter estimates are significant at p \ 0.05
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(-0.17 \ covA \ -0.12; p = 0.01–0.05) contributed to

the majority of the phenotypic correlations between ciga-

rette pack-years and their respective volumetric measures

(-0.18 \ rP \ -0.11, p = 0.01–0.10) in the right pars

opercularis, right lingual gyrus, right caudal anterior cin-

gulate, and right precuneus. The magnitude of the genetic

correlations indicate moderate overlap between the shared

genetic factors which increase cigarette pack-years and

decrease volume in these ROIs (–0.40 \ rA \ –0.31;

Table 1).

Of the significant phenotypic correlations between cig-

arette pack-years and neocortical volume, five were

detected in cingulate and temporal lobe regions including

left pars orbitalis and bilateral rostral middle frontal

regions of the frontal lobe, the left posterior cingulate, left

middle temporal gyrus and right inferior temporal gyrus

(-0.14 \ rP \ -0.07, p = 0.0001–0.02). Unique envi-

ronmental factors shared between cigarette pack-years and

these ROIs substantially contributed to these correlations

(-0.14 \ covE \ -0.07; p = 0.0002–0.01; Table 1). The

magnitude of the unique environmental correlations indi-

cate moderate overlap between the shared environmental

influences which increase cigarette pack-years and

decrease volume in these ROIs (-0.31 \ rE \ -0.21).

After correction for multiple testing using FDR, these

results were no longer significant.

Discussion

The goal of this exploratory study was to determine the role

of shared genetic and environmental influences on the

phenotypic correlations between brain structure and ciga-

rette pack-years. This is one of the first studies to address

the relationship of brain structure and chronic smoking.

These results are expected to guide future genetic associ-

ation studies in neuroimaging and smoking-related behav-

iors. Given the loss of all significant results after correction

for multiple testing, cautious interpretation and additional

replication in other populations is suggested. Nevertheless,

significant results prior to FDR adjustment highlight sev-

eral interesting features of the etiology of nicotine depen-

dence that have been reported elsewhere in the nicotine

dependence literature. We summarize and discuss these

results below and identify areas for additional study.

We found significant associations between average

lifetime cigarette use and neocortical surface area, thick-

ness and volume as well as subcortical volume. Generally,

there were negative correlations across the cortical and

subcortical structures, indicating that higher levels of cig-

arette pack-years are associated with smaller size of brain

structure measures.T
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Several aspects of the relationship between brain

structure and average lifetime cigarette use are highlighted,

specifically (1) small magnitude correlations between

structural brain measures and cigarette pack-years are

widespread in the brain, (2) additional evidence for path-

ways in the brain related to specific aspects of average

lifetime cigarette use, and (3) the identification of neo-

cortical surface area as a possible morphometric measure to

aid in the understanding structural changes related to

average lifetime cigarette use.

Widespread associations of small magnitude

between cigarette pack-years and measures of brain

structure

Across all measures, smaller brain structures were associ-

ated with increasing cigarette pack-years. However, the

magnitudes of these correlations were moderate to small in

magnitude. Similar results have been reported in prior

studies using community-based samples (Chen et al. 2006;

Das et al. 2012). Structural alterations are considered to be

important for processing information in dynamic networks

according to environmental demands. The occurrence of

dynamic structural alterations has been demonstrated to

mirror functional processing in order to address external

demands placed on the brain and to do so relatively effi-

ciently and consistently (May et al. 2007). Despite the

neurotoxic properties of smoking (Ferrea and Winterer

2009), chronic exposure to nicotine induces neuroadapta-

tion (Menossi et al. 2013) rather than severe dysfunction.

Therefore, a measure of lifetime cigarette use, such as that

captured in pack-years may be expected to have small

phenotypic correlations with brain morphometry.

Significant correlations of pack-years and brain structure

were due to both significant shared genetic and environ-

mental influences shared between the two, indicating

multiple pathways by which the brain processes the

demands related to smoking. Therefore, different patterns

of genetic and environmental influences between specific

regions and pack-years are expected to highlight different

networks in the brain related to smoking etiology.

Genetic and environmental covariances for volume

and surface area provide additional evidence

for pathways related to smoking

In the absence of correlations between pack-years with

neocortical surface area or thickness, it is possible that

there could be correlations with volume. For example, this

might suggest an interactive effect. Here, the neocortical

regions with significant correlations between pack-years

and volume tended to have significant surface area corre-

lations (although not always on the same side). Further,

given the relative consistency in results measured either as

volume or surface area, it is important to note that any

relationships identified between cortical volume measures

Fig. 2 Phenotypic correlations

between cigarette pack-years

and all volume measures of

cortical regions for a Left

lateral, b right lateral, c left

medial, and d right medial

views
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and smoking are likely to be due to cortical surface area.

These results are similar to prior studies where differences

in cortical gray matter volume were driven almost exclu-

sively by differences in surface area (Im et al. 2008; Pak-

kenberg and Gundersen 1997). Cortical surface area has

been reported as an appropriate descriptor to study brain

network organization (Sanabria-Diaz et al. 2010) and the

significant relationships between surface area and pack-

years may reflect networks related to smoking-related

behaviors. Prior data from animal, human and in vivo

studies have identified four distinct neurological networks

for smoking (O’Doherty et al. 2000; Breiter and Rosen

1999; Koob and Volkow 2010; Volkow et al. 2003).

Therefore, the detection of associations between cigarette

pack-years and surface area suggest the importance of

studying networks of brain structures related to smoking-

related behaviors.

Shared genetic factors contributed to significant phe-

notypic correlations between cigarette pack-years and

cortical surface area and volume in the right caudal anterior

cingulate cortex and right pars opercularis (prefrontal

cortex) as well as subcortical volume in the left cerebellum

cortex. These ROIs have been previously identified in a

network related to the control of smoking behavior

(O’Doherty et al. 2000; Breiter and Rosen 1999; Koob and

Volkow 2010; Volkow et al. 2003). There are several genes

were identified through prior genetic association studies

that are also are likely to be expressed in these ROIs. For

example, prior studies in humans report upregulation of

nicotinic acetylcholine receptors (nAChRs) genes resulting

from cigarette smoking in the prefrontal cortex, brainstem

and cerebellum. Genes responsible for the nicotinic

receptor subunits (CHRNA5, CHRNA3 and CHRNB4) alter

receptor activity and sensitivity to nicotine. Variants of

these genes have been associated with risk for nicotine

dependence particularly during adulthood (Ducci et al.

2011; Wang et al. 2009).

The significant unique environmental factors shared

between cigarette pack-years and subcortical regions con-

tributed to the significant phenotypic correlations in the left

nucleus accumbens and left pallidum. Previous structural

MRI studies have identified significant negative phenotypic

correlations between ventral striatum/nucleus accumbens

in case–control studies (Brody et al. 2004a, b) and in

community-based samples (Das et al. 2012). Further, these

ROIs have been previously identified to be important in

pathways involved in the processing of the effects of nic-

otine administration in the presence of nicotine-related

environmental stimuli (Smith et al. 2011; David et al.

2005). These results emphasize the importance of the role

of environmental cues such as daily stressors or exposure

to social situations within specific networks of smoking-

related behaviors.

Conclusions and limitations

Results from the bivariate analyses between cigarette pack-

years and brain morphometry provide a deeper character-

ization into the etiology of smoking-related behaviors.

Cortical and subcortical structures were identified that have

previously been reported to play a role in specific aspects

of networks of smoking-related behaviors, particularly

craving control and reward/pleasure. This exploratory

study demonstrated widespread, shared genetic and envi-

ronmental influences on phenotypic correlations between

brain structure and cigarette pack-years. These results are

expected to guide future genetic association studies in

neuroimaging and smoking as well as future models testing

the role of specific environmental risk factors in brain

circuits related to smoking-related behaviors. Future tests

of these relationships in the presence of additional covar-

iates will also help to guide understanding of etiology of

nicotine dependence since no adjustments were made for

the effects of covariates such as comorbid drug or alcohol

use or cardiovascular disease nor were there any exclusions

for participants with psychiatric history, psychotropic

medication use, active combat exposure, head trauma, or

hearing/speech impairment. Further, these results do not

imply any direction of causation between cigarette pack-

years and brain structure. The power to detect significant

differences in models testing direction of causation is

modest and requires additional longitudinal data to resolve.

These results should be evaluated in light of the fol-

lowing limitations. First, this is a relatively homogeneous,

middle age, all-male sample. Therefore, associations

identified in this study may not be generalized to other

populations or for earlier periods of development (Jernigan

et al. 2001; Giedd et al. 1999; Sowell et al. 2004; Jernigan

and Gamst 2005). However, few studies have been able to

assess this relationship at the beginning of middle age and

later through aging. A prior study reported current smoking

to be a significant predictor of lower total cerebral brain

volume in men but not women (Seshadri et al. 2004).

Subsequently, these results provide necessary baseline

information to understand changes in brain structure spe-

cific to smoking-related diseases and aging.

Second, these results may not generalize directly to the

etiology of nicotine dependence since cigarette pack-years

may only reflect average lifetime cigarette use. Further, the

magnitude of the contribution of shared environmental

influences for pack-years was moderate. The contribution

of shared environmental effects was also moderate for the

constituent measures of pack-years (number of cigarettes

smoked and number of years smoked). The presence of

significant shared environmental influence for pack-years is

in contrast to many studies of nicotine dependence in adults

for which shared environmental influences were not
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significant. It is likely that some of the variance due to

shared environmental influences may result from the use of

a 100 or greater cigarette item to identify smokers. Con-

sequently, additional study with validated measures of

nicotine dependence such as the Fagerström Test for Nic-

otine Dependence (Fagerstrom and Schneider 1989) is

suggested. Nevertheless, average lifetime cigarette use is

expected to contribute to anatomical and chemical changes

in the brain (Franklin et al. 2014). Further, the phenotypic

associations reported here are similar to others using cig-

arette pack-years in community-based samples of older

adults (Chen et al. 2006; Das et al. 2012). Therefore, in the

absence of measures of nicotine dependence, the use of

cigarette pack-years holds promise for understanding the

biological pathways underlying smoking-related behaviors.

Third, our power to detect additive genetic effects and

genetic correlations was limited. Neither genetic or envi-

ronmental covariances nor any phenotypic correlations

remained significant after correction for multiple testing.

Nevertheless, the identification of genes that are both

associated with nicotine dependence and found gene

expression studies using human brains for these specific

regions represents some validation. Similarly, the detection

of significant environmental covariances in regions related

to pleasure-related features of nicotine dependence also

suggests the validity of the results. In conclusion, these

results provide important preliminary evidence for specific

biological pathways of brain structure to better understand

the etiology of smoking-related behaviors.
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