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Abstract
Based upon previous reports of alterations in white matter integrity and gray matter density in
smokers, we examined these markers in a large, well-matched sample of smokers and non-smokers.
We further investigated the effect of heavy cigarette exposure by using pack-years and the effects of
two relatively stable, highly heritable traits in smokers (Fagerström Test of Nicotine Dependence
(FTND), a measure of severity of nicotine dependence so and Toronto Alexithymia Scale (TAS-20),
measuring a stable personality trait related to smoking. Forty-eight nicotine-dependent subjects and
48 matched controls were included in the analyses, with smokers also subdivided into high/low
dependence and high/low pack-years smokers. White matter integrity (fractional anisotropy (FA))
and gray matter density (voxel-based morphometry (VBM)) were measured and compared across
groups. Gray matter density was lower in left prefrontal cortex (PFC) in high pack-years smokers
and was inversely related to pack-years. In contrast, left insular cortex gray matter density was higher
in smokers and associated with TAS-20 total score and with difficulty-identifying-feelings factor.
Further, the most highly dependent smokers showed lower prefrontal FA, which was negatively
correlated with FTND. There was no correlation between pack-years and FTND in our smoker
population. These data suggest chronic tobacco use is correlated with prefrontal gray matter damage ,
while differences in insula gray matter and PFC white matter appear to reflect stable and heritable
differences between smokers and non-smokers.

Introduction
Cigarette smoke is a major source of toxic chemical exposure to humans. Previous studies
(Fagerstrom, 2002; reviewed by Swan and Lessov-Schlaggar, 2007) report that tobacco
smoking affects multiple organ systems with risk varying with total exposure. Numerous
heritable factors (e.g. DRD4 (McClernon et al., 2007), DRD2 (Radwan et al., 2007), COMT
(Beuten et al., 2006; Guo et al., 2007), etc) also clearly influence nicotine dependence.

Structural differences in both brain white and gray matter have been reported between smokers
and non-smokers. Nicotine dependence is a risk factor for white-matter degeneration (Swan
and Lessov-Schlaggar, 2007), and smoking history is related to severity of periventricular white
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matter hyper-intensities (Fukuda and Kitani, 1996; Longstreth, Jr. et al., 2000) and white matter
integrity in the corpus callosum (Paul et al., 2008). Further, there are reports of reduced gray
matter volume and/or lower gray matter density in frontal cortical regions in chronic cigarette
smokers as a function of total cigarette load (i.e. pack years) (Brody et al., 2004; Gallinat et
al., 2006). Not all of the structural differences noted above between smokers and non-smokers
demonstrate a dose-response relationship with cigarette exposure levels, suggesting that some
of these morphological differences may reflect other neurodevelopmental and/or genetic
factors independent of or interacting with tobacco smoking.

The severity of nicotine addiction is a relatively stable trait in established smokers who are not
trying to quit (Janson, 1999; McCarthy, 2001). Further, severity of addiction, as measured by
the Fagerström Test of Nicotine Dependence (FTND) (Dijkstra and Tromp, 2002), has been
shown to be highly heritable (Feng et al., 2004; Kendler et al., 1999; Li, 2008; Vink et al.,
2005). Alexithymia is also a relatively stable (Salminen et al., 2006) and possibly heritable
(Jorgensen et al., 2007) personality characteristic related to one’s ability to identify and process
emotions. The Toronto Alexithymia Scale (TAS-20) (Bagby et al., 1994) is a psychometrically
valid measurement of alexithymia and includes three subscales: difficulty identifying feelings
(DIF), difficulty describing ones’ feelings (DDF), and the presence of externally oriented
thinking (EOT). A significantly higher DIF score has been found in smokers compared to
controls (Carton et al., 2008; Grabowska et al., 2005). Alexithymia has also been associated
with other substance use disorders (Cecero and Holmstrom, 1997; Loas et al., 1997). Further,
several studies (Kano et al., 2007; Karlsson et al., 2008) show alexithymia to be associated
with increased activation to emotional stimuli in the insula, a region associated with smoking
and other drug use behavior (Naqvi et al., 2007) and which is known to respond to cigarette
cues (Franklin et al., 2007). FTND and TAS-20 are smoking-related stable and heritable traits
and potentially useful endophenotypes to aid in characterizing anatomical brain differences
between smokers and non-smokers.

Voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) are two unbiased
neuroimaging techniques that have been applied to examine structural brain alterations in
various neuropsychological disorders (Ashburner and Friston, 2000; Lim and Helpern, 2002;
Versace et al., 2008). VBM is especially useful in detecting gray matter differences (Ashburner
and Friston, 2000; Good et al., 2001); it is less robust as a measure of white matter (Filippi et
al., 2001). However, by measuring the freedom of movement of water molecules, DTI reliably
assesses white matter integrity (Basser and Pierpaoli, 1996). Fractional anisotropy (FA)
assesses orientational coherence and is typically higher in fibers with a homogeneous or linear
structure than in tissue with an inhomogeneous structure (Lim and Helpern, 2002; Neumann-
Haefelin et al., 2000). While conventional DTI is susceptible to image distortion in some brain
regions (LeBihan D., 2003), new techniques for whole-brain alignment can improve results
significantly (Geng et al., 2009).

In the present study, we simultaneously assessed both gray matter density and white matter
integrity in a relatively large cohort of smokers and matched non-smokers using VBM and DTI
with a recently published, improved registration method (Geng et al., 2009; Smith et al.,
2004; Smith et al., 2006). Based on previous behavioral, functional and anatomical data, we
hypothesized that cigarette smokers possess specific gray and white matter alterations. Further,
as less exposed/dependent smokers may have intermediate brain phenotypes and combining
smokers into one group could obscure more subtle differences in users, we divided our large
smoking group into those that were most heavily exposed smokers, as defined by pack-years,
and again into those most heavily dependent, as defined by FTND. Finally we correlated VBM
and FA from regions identified in the above analyses with pack-years, FTND and TAS-20 total
and its subscores to identify regional differences relating to intensity of cigarette exposure and
stable traits of smokers.
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Methods and Materials
Participants

Data were collected from 48 cigarette smokers and 48 healthy non-smoking controls matched
by age, gender and education years (see demographics in Table 1). None of the smokers were
currently trying to quit or seeking smoking cessation treatment and were required to abstain
from smoking for two hours before the MRI session (See supplement I for assessment of impact
of nicotine withdrawal). No controls had smoked more than 25 cigarettes in their lifetime and
none in the past ten years. All participants were recruited through newspaper advertisements,
flyers, and referrals. After complete description of the study to the subjects, written informed
consent approved by the NIDA-IRP Institutional Review Board was obtained. Screening
procedures included a history and physical exam and a comprehensive laboratory panel (CBC,
blood chemistries, liver function tests, thyroid function screening, erythrocyte sedimentation
rate, HIV antibody test, syphilis screening test, urinalysis, pregnancy test (females) and a
comprehensive urine drug screen). FTND (smokers), a computerized self-report version of the
Structured Clinical Interview for DSM-IV Axis-I Disorders with follow-up clinical interview,
TAS-20, and a drug use survey were collected on each participant. Interview based assessments
were conducted by a master’s level clinician and/or psychiatrist. TAS-20 scores are
inadvertently omitted on two smokers and two controls. Vocabulary subtest of the WASI was
collected on 35 controls and 41 smokers; no group difference was found.

Participants were excluded if they had any major medical illnesses (e.g. obstructive lung
disease, which could independently effect our dependent measures), major psychiatric
disorders, neurological illnesses, were left-handed or if their T1 weighted images revealed
gross structural abnormalities. No participant had a history of dependence (current or past) on
any drug other than nicotine. There was no significant difference between number of smokers
and controls who were social drinkers, past social drinkers or casual drug users (Supplement
II).

Data acquisition
Experiments were performed on a Siemens 3T Allegra MRI (Erlangen, Germany) at the NIDA-
IRP in Baltimore, MD. A standard birdcage RF head coil was used to acquire whole-brain T1-
weighted structural images (MPRAGE) for VBM analyses (1-mm3 isotropic voxels,
TR=2500ms, TE=4.38ms, flip angle=8°). Whole-brain DTI was acquired using a single-shot,
spin-echo echo-planar imaging technique (TR=5000ms, TE=87ms, BW=1700Hz/Pixel,
FOV=220×220mm, matrix size=128×128, 35 slices, thickness=4mm, b value= 0 or 1000s/
mm2). Thirteen unique volumes were collected to compute the tensor: a b=0s/mm2 image and
12 images with diffusion gradients applied in 12 noncollinear directions (Gx, Gy, Gz: [1.0,
0.0, 0.5], [0.0, 0.5, 1.0], [0.5, 1.0, 0.0], [1.0, 0.5, 0.0], [0.0, 1.0, 0.5], [0.5, 0.0, 1.0], [1.0, 0.0,
−0.5], [0.0, −0.5, 1.0], [−0.5, 1.0, 0.0], [1.0, −0.5, 0.0], [0.0, 1.0, −0.5], [−0.5, 0.0, 1.0]). Subject
head movement was minimized by the use of soft foam padding, a vacuum bag, and/or hardened
polyurethane foam.

Data analysis
Participant characteristics—The relationship between pack-years and FTND score was
assessed with a Pearson’s correlation test. In order to explore the effects of high levels of
cigarette exposure and nicotine dependence, we performed two median splits of the smoker
group, one based on pack-years and one on FTND score (details in Supplement III). The control
subjects were also subdivided to match the four smoker subgroups (high pack-years, high
FTND, low pack-years and low FTND) based on age, education, and gender (Table 1). TAS-20
total and subscale scores were compared using t-test.
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DTI—A DTI analysis method based on tract-based spatial statistics (TBSS) (Smith et al.,
2006) was employed with a new improved alignment method (Geng et al., 2009). TBSS is an
observer-independent method of FA image analysis to allow voxel-wise comparisons. The raw
diffusion weighted images were corrected for eddy current distortion using FSL (Jenkinson
and Smith, 2001). FA images calculated according to Pierpaoli et al., (1996) were created by
fitting the eddy current corrected diffusion data to a tensor model using AFNI (Cox, 1996).
After affine aligning to the MNI space using FSL, all FA datasets were simultaneously
registered onto an implicit reference corresponding to the group average using implicit
reference-based group (IRG) registration (Geng et al., 2009). Compared with conventional
methods, which register each subject’s image to a selected reference, the IRG registration
eliminates the bias associated with reference selection and produces smaller registration errors.
The mean FA image was built to create a mean FA skeleton via FSL 3.0 (Smith et al., 2004).
This skeleton represents the centers of all tracts common to the group. Each participant's aligned
FA data were then projected onto this skeleton.

VBM—T1-weighted structural data were analyzed with FSL-VBM (Smith et al., 2004), a
voxel-based morphometric analysis package (Ashburner and Friston, 2000). Briefly, structural
images were skull stripped (Smith, 2002) and then tissue segmented into gray matter, white
matter, and CSF (Zhang et al., 2001). The resulting gray matter partial volume images were
aligned to MNI152 standard space using an affine followed by a nonlinear registration with
the Image Registration Toolkit (Rueckert et al., 1999). The resulting images were averaged to
create a study-specific template, to which the native gray matter images were then non-linearly
re-registered. The registered partial volume segmented images were modulated (to correct for
local expansion or contraction) by the Jacobian of the warp field and smoothed with an isotropic
Gaussian kernel with FWHM=8mm.

Due to EPI distortion, DTI data were not aligned to the structural data. The registration of FA
and T1-weighted data were performed separately to obtain the best alignment of each measure.

Statistical Analyses
Whole brain analysis—According to the recommendations in the FSL software package
(Smith et al., 2004), permutation-based testing (Nichols and Holmes, 2002) was performed to
build statistical maps (p<0.05, FWE correction) between smokers (whole group and subgroups)
and controls for DTI and VBM data in this whole brain analysis. Significant DTI and VBM
clusters from these statistical maps were considered as ROIs and subjected to the following
secondary ROI analyses.

ROI analysis—A correlation analysis (Pearson test) was applied to the DTI and VBM ROI
data and smoking variables (pack-years and FTND score). Because our ROIs were defined
based on the high FTND and high pack-years subgroups, this correlation analysis was only
performed in these smoker subgroups in order to avoid biasing the correlation (see
Supplementary IV for the whole smoker group results). To examine the influence between the
two smoking variables, FTND (or pack-years) was added as a co-variable in pack-years (or
FTND) correlation analyses for each ROI. Additionally, correlation analyses were performed
between TAS-20 scores (total and sub-scores) and the neuroimaging data from these ROIs in
both smokers and controls. Age, gender, and education years were employed as co-variables
for all analyses. All statistical tests were two-tailed.
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Results
Participants’ characteristics

FTND scores and pack-years were not correlated with each other in the smoker cohort (r[48]
=0.190, p=0.195; Figure S1). The high pack-year smoker subgroup included 12 male (pack-
years: 11.25–42.5) and 12 female (12.0–26.6) smokers with the highest pack-years for each
gender. The other 12 male (1.5–11) and 12 female (1.8–12) smokers comprised the low pack-
year smoker subgroup. Similarly, the high FTND smoker subgroup included 12 male (FTND
scores: 6–9) and 12 female (FTND scores: 5–9) smokers with highest FTND scores for each
gender. The other 12 male (FTND scores: 2–5) and 12 female (FTND scores: 3–5) smokers
were in the low FTND smoker subgroup. By design, the high FTND smoker subgroup had
higher FTND scores (t[46]=10.288, p<0.001) than did the low FTND subgroup; while pack-
years (t[46]=0.287, p=0.775) and age of initial smoking (t[46]=0.821, p=0.416) did not differ
between these subgroups. Similarly, the high pack-years smoker subgroup smoked more total
cigarettes in their lifetime (t[46]=7.115, p<0.001) than did the low pack-years smoker group
while their FTND score (t[46]=0.615, p=0.542) and age of initial smoking (t[46]=0.482,
p=0.632) did not differ. The DIF subscale in smokers was significantly higher than that in
controls (t[90]=2.32, p=0.024); no significant group differences were found in DDF, EOT or
total TAS-20 scores (see Table 2).

Whole brain analyses
DTI—No significant differences were found between the smoker and control groups. However,
there was a significant decrease in FA in the left PFC in the high FTND smokers compared to
their matched controls (Figure 1A and Table 3; pFWE_corrected<0.001). No significant
differences were found in any other subgroup comparison.

VBM—There was an increase in left insula gray matter density in the smoker group compared
with their matched controls (Figure1B and Table 3, pFWE_corrected=0.036). Further, there was
a decrease in gray matter density in the left PFC in the high pack-years smokers when compared
with their matched control subgroup (Figure1C and Table 3, pFWE_corrected=0.015). No other
significant subgroup differences in gray matter density were found.

ROI analyses
DTI—With normality of the data supported by the K–S test, parametric statistics were applied
to the ROI analyses. The FA in the left PFC from all participants are shown in Figure S2.
Confirming the whole brain analysis, FA in this PFC ROI of smokers was significantly lower
than that in controls (t[94]=2.978, p=0.004). While the prefrontal FA in high FTND smokers
did not correlate with pack-years (r[19]=−0.172, p=0.456), it did negatively correlate with
FTND (r[19]=−0.518, p=0.016; Figure 2A), even when using pack-years as an additional
covariant (r[18]=−0.511, p=0.021).

VBM—VBM ROI data were also normally distributed, as supported by the K–S test, allowing
for parametric statistical analyses. Confirming the whole brain analysis, the insula gray matter
density in smokers was significantly higher than in controls (t[94]=4.415, p<0.001), while the
PFC gray matter density in smokers was significantly lower than in controls (t[94]=2.120,
p=0.037). However, insular gray matter density did not correlate with any smoking marker
(FTND: r[43]=−0.141, p=0.355; pack-years: r[43]=0.148, p=0.332). The gray matter density
in the left PFC from all participants is showed in Figure S3. Prefrontal gray matter density
negatively correlated with pack-years (r[19]=−0.469, p=0.032; Figure2B), but not with FTND
(r[19]=−0.247, p=0.281) in the high pack-year smoker subgroup, the former remaining
significant even when using FTND as an additional covariant (r[18]=−0.455, p=0.044).
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TAS-20—Total TAS-20 score (r[41]=0.353, p=0.020; Figure3A) and the DIF subscale (r[41]
=0.414, p=0.006; Figure 3B) were positively correlated with insula gray matter density in
smokers but not in controls (Total: r[41]=−0.084, p=0.593; DIF: r[41]=−0.091, p=0.560). The
lack of correlation in the control group may reflect the small range of scores in this particular
control population (Table 2). No other significant associations were found between TAS-20
scores and the imaging data.

Discussion
Using VBM and DTI, the present study demonstrates the following brain structural differences
between smokers and non-smokers: a) greater insular gray matter density in smokers correlated
with alexithymia scores b) lower PFC white matter integrity negatively correlated with nicotine
dependence severity in highly dependent smokers and c) lower PFC gray matter density
negatively correlated to total lifetime cigarette exposure in heavily exposed smokers.

Only the left anterior insula differed between the entire smoker cohort and matched controls.
Smokers had higher gray matter density, which also correlated with TAS-20 total and
Difficulty-Identifying-Feelings subscale scores. The insula is a key structure in the perception
of bodily needs and helps to regulate motivated behaviors (Contreras et al., 2007; Craig,
2002). Multiple imaging studies have shown that cigarette cues induce subjective drug craving
that correlates with activity in the insula (Bonson et al., 2002; Brody et al., 2002; Franklin et
al., 2007). Further, alexithymia has also been show to be associated with greater insula
activation to emotional cues (Kano et al., 2007; Karlsson et al., 2008). Consistent with previous
studies (Carton et al., 2008; Grabowska et al., 2005), we observed significantly higher DIF
scores in smokers compared to controls. Thus, since alexithymia relates insular activation to
emotional cues and cigarette cues acquire emotional salience as nicotine dependency develops,
our insula gray matter difference relating to alexithymia may underlie insular activation to
cigarette cues previously reported (Franklin et al., 2007). It is possible that increased gray
matter density in the anterior insula may underlie a greater reliance on bodily sensations for
the experience of emotion, to the detriment of an ability to verbalize emotions, i.e., alexithymia.
This may facilitate nicotine dependence as nicotine administration and withdrawal both elicit
considerable bodily sensations that may drive emotional responses towards cigarettes and in
avoidance of withdrawal, thus sustaining nicotine dependence.

Loas et al., (1997) found the DIF significantly predicted nicotine abstinence. Combined with
the observations by Naqvi et al., (2007) that cerebrovascular strokes in smokers limited to the
insula lead to a profound reduction in post recovery smoking behavior lends support to our
anatomical observations and adds to the growing literature suggesting a central role for the
insula in neuronal processing related to affective components of nicotine dependence. Thus,
the insula may be a key region to understand the relationship between nicotine dependence and
other psychiatric illnesses. While Naqvi reported disruption of smoking behavior following
strokes localized on either side of the insula, results were more striking for right-sided insular
strokes (5/6 after right-sided vs. 7/13 after left-sided strokes), Franklin et al., (2007)
demonstrated greater left but not the right insula activity in smokers during exposure to
smoking cues compared to nonsmoking cues, consistent with the laterality observation in the
present study. The role of laterality of insula function, especially as it relates to smoking,
warrants further exploration.

Further brain anatomy differences between smokers and nonsmokers were only evident by
parsing subjects into the most highly dependent or exposed subgroups. When so divided, a
region in left PFC showed significantly lower FA in the most dependent smoker cohort. Further,
this PFC FA correlated negatively with FTND. Reduced FA is generally thought to indicate
less structural integrity and compromised fiber tracts and is often associated with brain
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pathology (Lim and Helpern, 2002). While FA differences were previously reported in smokers
using an ROI strategy (Paul et al., 2008), this is the first demonstration based on a whole brain
analysis. In fact, most previous DTI studies in drug dependent populations have used such an
ROI approach, generally focusing on the genu of the corpus callosum to infer prefrontal white
matter differences (Lim et al., 2002; Lim et al., 2008; Liu et al., 2008; Moeller et al., 2005;
Moeller et al., 2007; Pfefferbaum et al., 2000; Pfefferbaum et al., 2008). In contrast, our whole
brain approach directly identified prefrontal white matter impairment related to severity of
dependence. As FTND is a stable (Janson, 1999; McCarthy, 2001) and highly heritable trait
in those smokers with an established habit and not currently trying to quit (Feng et al., 2004;
Kendler et al., 1999; Li, 2008; Vink et al., 2005), this result suggests a stable and heritable
difference between smokers and non-smokers, which may, at least in part, be premorbid to
smoking behavior.

We also observed lower left PFC gray matter density in those smokers with heavy cigarette
exposure, which negatively correlated with lifetime cigarette usage quantified as pack-years.
Several previous studies have reported similar findings. For example, Brody et al., (2004) and
Galinat et al., (2006) demonstrated decreased PFC gray matter density that correlated
negatively with pack-years. A variety of cognitive constructs generally associated with PFC
functioning decline in elderly smokers at rates that increase as a function of pack-years of
smoking (Galanis et al., 1997; Ott et al., 2004). There is also evidence that smoking cessation
may mitigate these cognitive declines (reviewed in Swan and Lessov-Schlaggar, 2007).
Further, the dose-effect relationship demonstrated in numerous studies using different
methodologies suggests a toxic effect of cigarette smoking on the prefrontal cortex. Thus, our
result supports a growing literature suggesting that cigarette smoking selectively impairs the
prefrontal lobe, either from nicotine or one of the more than four thousand chemicals present
in tobacco smoke, about 400 of which, including nicotine and CO, are known toxins (Swan
and Lessov-Schlaggar, 2007),. The strength of the correlation in our study is, however, modest
(r=−0.469), which is in keeping with the published literature. This is likely due to two factors:
imprecision in the assessment of pack-years likely due to accuracy of recall of events, and such
other factors as differences in subject IQ and socioeconomic status, which are known to affect
gray matter density (Andreasen et al., 1993; Gianaros et al., 2007).

It has been argued that correlations with pack-years may not imply toxicity of cigarette smoke
because smokers with high pack-years are likely to be heavier smokers and, thus, likely to be
more dependent, which could explain differences related to pack-years. Since we have a
measure of severity of dependence (FTND) as well as a measure of cumulative exposure (pack-
years) which do not correlate with each other we are able to test this hypothesis directly. Our
significant correlation with pack-years, even when controlling for severity of dependence
suggests, while not providing mechanistic proof, that cumulative exposure to smoke is
responsible for the observed relationship.

Another potential interpretation of these data is that people with prefrontal gray matter atrophy
are self-medicating with nicotine to ameliorate consequences of their tissue alteration.
However, if true, then the gray matter density should be related to cigarettes per day, not to
pack-years because a self-medication effect is likely related to the number of cigarettes smoked
in a unit time rather than to the duration itself. Further, as prefrontal gray matter density
decreases with age (Raz et al., 1997) and pack-years is biased by age, if prefrontal gray matter
density in smokers is associated with age-related traits, such an alternative hypothesis may also
be possible. However, we employed age as a covariant in the correlation analysis between gray
matter density and pack-years, thus mitigating any contribution of age in the correlation.

One limitation of the current result merits consideration. The correlation coefficients between
PFC gray matter density and FTND (r=−0.172) and PFC FA and pack-years (r=−0.247) might
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well have reached significance with a larger sample size. Of note, our current sample size is
roughly double that of previous studies yet failed to reproduce previous findings in smokers
versus controls and only concurs with previous findings after parsing our smoking cohort into
those most heavily exposed or dependent. Therefore, further investigation is certainly
warranted. Nevertheless, when using FTND as a covariate in the pack-year correlation analysis
(or vice-versa), the correlation results remained significant, lending further support to our
interpretation,

In summary, by simultaneously measuring both VBM and DTI in a large, well-matched cohort
of cigarette smokers and demographically matched non-smokers, we confirm previous results
associating PFC impairment with exposure to cigarette smoke (e.g., pack-years). We also
identified impaired white matter in the left PFC related to FTND, a stable and heritable measure
of nicotine dependence severity. Finally, we identified reduced insular gray matter density in
smokers that relates to the ability to process and describe one’s feelings, also a relatively stable
trait of the adult personality. Although not providing mechanistic evidence, these results are
consistent with 1) cigarette exposure induced toxicity to PFC gray matter and 2) insular gray
matter and PFC white matter alterations that reflect stable and possibly heritable differences
between smokers and controls. While alterations in smoker neuroanatomy likely result from a
complex interaction of genes and environment, determining which differences relate more
strongly to amount of exposure and which to stable and heritable factors is important to the
development of more efficacious strategies to prevent and treat nicotine dependence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Clusters that showed a significant difference between smokers and controls. A. Lower white
matter integrity (i.e., FA) in the left prefrontal area in high FTND smoker group, compared to
high FTND control group. The FA DTI analysis is projected onto a white matter skeleton
(shown in green) of the right hemisphere MNI brain. B. Higher gray matter density in the left
insula in all smokers compared with all controls. C. Lower gray matter density in the left
prefrontal cortex in high pack-years smoker group vs. high pack-years control group.
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Figure 2.
A. Significant correlation between white matter integrity (FA) in the left prefrontal area and
FTND score in high FTND smokers. B. Significant correlation between gray matter density in
the left prefrontal cortex and pack-years in high pack-years smokers. All data were corrected
for age, gender and years of education.
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Figure 3.
A. Significant correlation between gray matter density in the left insula and TAS-20 (total
score). B. Significant correlation between gray matter density in the left insula and TAS-20
DIF subscale. Data were corrected for age, gender and years of education.
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