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Abstract

Rationale—Diffusion tensor imaging has been used before in testing associations between
cigarette smoking and white matter integrity, with inconsistent results. Published reports indicate
higher fractional anisotropy (FA) in some brain regions and lower FA in others in adult smokers
compared to nonsmokers. Adolescent smokers exhibited elevated FA at several sites and a
positive correlation of FA in the genu corpus callosum with exposure to smoking (pack-years).

Objective—To help resolve prior discrepancies, we studied adults, sampling multiple brain
regions, and testing for relationships to clinical features of nicotine dependence and exposure to
smoking.

Methods—Brain MRI scans (1.5T) were acquired, and FA and apparent diffusion coefficient
(ADC) were assayed in corpus callosum and prefrontal white matter, corona radiata, internal
capsule, cingulum bundle, and hippocampal perforant fibers in 18 smokers (33.7+7.9 years of age)
and 18 age- and gender-matched nonsmokers.

Results—ADC showed no group difference, but smokers had higher (4.3-21.1%) FA than
nonsmokers. The differences were significant in right prefrontal white matter, cingulum, and genu
corpus callosum. FA in several regions was negatively correlated with nicotine dependence or
cigarettes/day.

Conclusions—Combined with earlier findings, these results suggest a model of changing
trajectories whereby FA is higher with tobacco exposure during adolescence, and declines with
continued smoking in adulthood. This notion is supported by the observation that, at multiple
sampling sites, participants who had started smoking earlier in life had higher FA than those who
had started later.
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Introduction

As cigarette smoking is the largest preventable cause of disease and premature death in the
United States (Danaei et al. 2009), neuroimaging studies have sought to identify its effects
on the brain (Azizian et al. 2009). Smaller gray matter volumes have been observed in
frontal, temporal, and occipital lobes in smokers than in nonsmokers (Brody et al. 2004;
Gallinat et al. 2006), as has an inverse relationship between cortical volume and exposure to
smoking (Brody et al. 2004; Kiihn et al. 2010). In addition, lower gray matter density in
prefrontal cortex and higher density in the insula were noted in smokers (Zhang et al. 2011).
Lower cortical gray matter volumes measured with MRI, however, do not necessarily imply
reduced gray matter since increased myelination of deeper cortical layers could shift the
gray/white boundary on MRI into the cortex, reducing apparent gray-matter values
(Bartzokis 2009; Bartzokis et al. 2009). How cigarette smoking affects brain white matter is
therefore an important question (Bartzokis 2007).

Diffusion tensor imaging (DTI) previously has been used to examine white matter
microstructure as related to smoking. One study found higher fractional anisotropy (FA) in
the corpus callosum of adult smokers (age 38.6+14.2) than age-matched nonsmokers, but
nicotine dependence as measured by Fagerstrém score was correlated negatively with FA
in smokers (Paul et al. 2008). Another DTI study used tract-based spatial statistics (TBSS)
to compare adult smokers (age 35.5+9.6) with age-matched nonsmokers, and found lower
FA in prefrontal white matter of a subsample of highly nicotine-dependent smokers and a
negative correlation of FA with nicotine dependence as measured by Fagerstrom score
(Zhang et al. 2010). Finally, a study of adolescents revealed higher FA at several white
matter sites in smokers (age 17.0£0.7) compared to age-matched nonsmokers, with no
prenatal exposure, and a positive correlation of FA in the genu corpus callosum with pack-
years of smoking (Jacobsen et al. 2007).

These discrepancies suggest that variables other than smoking history (e.g., age) must be
considered in interpreting differences in FA and its relationship to nicotine dependence and
tobacco exposure when comparing smokers and nonsmokers.

We report here on a DTI study that aimed to elucidate how chronic smoking affects white
matter microstructure in the brain. The participants were adult men and women who were
classified as smokers (age 33.7 £ 7.9) and nonsmokers (age 33.3 + 10.1). To extend prior
findings, we selected 30 brain regions for assessment. These included regions in which DTI
findings related to smoking were previously observed (corpus callosum, internal capsule,
and prefrontal white matter at multiple levels) (Jacobsen et al. 2007; Paul et al. 2008; Zhang
et al. 2010), and other regions, such as the corona radiata, that exhibited smoking-related
findings observed without DTI (Wang et al. 2009). We also examined the perforant path, a
white matter tract of the hippocampal formation (Witter 2007), and the cingulum bundle,
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which connects the anterior thalamus with both hippocampus and cingulate cortex (Burgel et
al. 2006). Several lines of evidence suggest that smoking affects the hippocampus (Domino
et al. 2004; Gallinat et al. 2006; Gallinat et al. 2007; Zubieta et al. 2005) and cingulate
cortex (Domino et al. 2004; Gallinat et al. 2006; Zubieta et al. 2005); and the thalamus of
the mammalian brain has a high density of nicotinic acetylcholine receptors (nNAChRs)
(Horti et al. 1997; Kimes et al. 2003;). We reasoned that white matter proximal to and/or
innervating cingulate and mesial-temporal gray matter affected by smoking might itself be
sensitive to smoking. This investigation asked two questions: How do FA and ADC
compare between smokers and nonsmokers? How are FA and ADC related to clinical
features of cigarette smoking (nicotine dependence, cigarettes/day, pack-years)?

Materials and Methods

Subjects

Eighteen smokers (10 male, age 33.7 £ 7.9 years) and 18 nonsmokers (9 male, 33.3 + 10.1
years) from the greater LA community were recruited through Craigslist ads, fliers, print
ads, radio ads, and word of mouth and participated in the study, which was approved by the
UCLA Institutional Review Board. Inclusion criteria were: a score of >85 on the Shipley
Institute of Living Scale (Zachary et al. 1985), right-handedness (modified Edinburgh
Inventory; Oldfield 1971), and absence of current Axis | psychiatric disorders (other than
nicotine dependence for smokers) determined using the Structured Clinical Interview for
DSM-IV (First et al. 2002). Exclusions were: prior head trauma involving loss of
consciousness and/or requiring hospitalization; prior hospitalization for psychiatric illness;
neurological, cardiovascular or pulmonary disease; HIV seropositivity; or other major
medical conditions. Some marijuana (<1 cigarette/week) and alcohol (<10 drinks/week)
consumption were permitted. Any other current use of any medications that affect cognitive
functioning was exclusionary. Detailed drug use data were obtained using the Addiction
Severity Index (McClellan et al. 1980). Any participant who met criteria for dependence on
any drug of abuse or alcohol (other than nicotine in the smokers group) was excluded. On
the day of the MRI scan, urine was tested for cocaine, methamphetamine, opioids, Ag-
tetrahydrocannabinol and benzodiazepines. Any positive drug test resulted in exclusion from
the study.

Clinical Features of Cigarette Smoking

Inclusion in the Smokers group required a self-report of daily smoking for at least the 6
months before the study, with recent smoking verified by CO =10 ppm in expired air
(Microsmokerlyzer®, Bedfont Scientific Ltd, Kent, UK) and the presence of urinary
cotinine (Accutest NicAlert Strips; JANT Pharmacal Corporation, Encino, CA). Inclusion in
the Nonsmokers group required a self-report of having smoked fewer than 5 cigarettes
(lifetime), with <3 ppm CO in expired air and a negative cotinine test at the time of scan.
For nonsmokers who reported ever having smoked a cigarette, the mean time since smoking
the last cigarette was 40 months. Participants completed the Fagerstrom Test for Nicotine
Dependence (FTND; Heatherton et al. 1991) and other questionnaires regarding current
consumption of cigarettes and cumulative exposure. Data on possible maternal smoking or
second-hand smoke exposure of smokers and nonsmokers were not obtained.
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MR Image Acquisition and Processing

The DTI acquisition and post-processing methods have been published (Ringman et al.
2007; Tobias et al. 2010). Briefly, data were acquired on a Siemens Sonata 1.5 T MR
Scanner. High-resolution, T1-weighted, sagittal, whole-brain structural MRl (MPRAGE,
1x1x1 mm3 voxels) was used for positioning. Four sequential, six-direction -- [(1,0,1),
(-1,0,1), (0,1,2), (0,1,-1), (1,1,0), (-1,1,0)] -- diffusion-weighted whole-brain DTI volumes
were acquired using echo-planar imaging (EPI: TE=78 ms, TR=6000 ms) oriented parallel
to the axial-oblique plane containing the anterior commissure-posterior commissure line
(AC-PC). There were two b-values, 0 and 1000 s/mm?, and the nominal voxel size was
3x3x3 mm3. For each subject, the four volumes were co-registered off-line using FMRIB's
Linear Image Registration Tool (Jenkinson and Smith 2004) and averaged together. Eddy
current correction was applied using FMRIB's Diffusion Toolbox in FSL version 3.2
(Behrens et al. 2003; Smith et al. 2004). FA maps were created from the eddy-current
corrected file with the FDT-DTIFIT package.

FA Sampling at Fiber-Tract Sites and in White-Matter Slabs

We used a region of interest (ROI) approach in native MRI space to avoid the distortions of
warping DTI data to a common brain atlas. Two methods were used to extract regional FA
and apparent diffusion coefficient (ADC) from the corresponding whole-brain maps. Both
protocols were carried out by two investigators (MT, MH) blind to the sex and diagnoses of
the participants. Inter-rater and intra-rater reliability tests were conducted to establish
confidence in reproducibility. Ten participants were chosen randomly for these tests. Intra-
rater reliability scores (intraclass correlation coefficients--ICC) were 0.97 (MT) and 0.95
(MH). The inter-rater reliability ICC was 0.88.

The first method, similar to previous studies (Ringman et al. 2007; Tobias et al. 2010), but
with the addition of cingulum sites, was used to sample individual DTI voxels at 2 midline
sites (genu and splenium corpus callosum) and 10 bilateral sites (anterior, midcaudal
superior, and caudal superior corona radiata; anterior and posterior limbs and genu of the
internal capsule; perforant path of the hippocampal formation; and anterior, middle, and
posterior cingulum) for a total of 22 fiber-tract ROIs (Table 2). Anatomical locations of and
criteria for picking the callosal, coronal, and internal capsular sites were presented
previously (Tobias et al. 2010). Selection of the cingulum sites is shown in Figure 1. For
each structure, the two highest adjacent FA values were recorded and their average taken as
representative of the site, whereby FA color maps indicating fiber-tract direction were used
to supplement voxel selection. These methods were used to avoid partial-volume effects by
systematically selecting the highest FA and therefore likely purest white matter part of each
tract, using the directional color maps to avoid cross-sampling, and also to enhance detection
of the relatively slight differences (< 10%) that are usually seen in FA values. The average
of the ADC values at the same two voxels was taken as representative of the site. Observer-
independence of DTI voxel selection is claimed as an advantage of atlas-based approaches
such as TBSS. In this regard, blinding of the operators, and using carefully defined anatomic
criteria for selection of tracts and segments of tracts, and specific criteria (maximum FA,
adjacency) for selection of voxels within tracts in the ROI approach mitigated any putative

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 July 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hudkins et al.

Page 5

biases due to “observer dependence”. Furthermore, all fiber-tract sites were defined a priori,
and data are reported for all sites sampled.

The second method was similar to that of Chung et al. (2007), and for frontal white matter at
least, provided a more expansive local sampling than the two voxels per ROI of the first
method. These larger-slab ROIs were intended to capture possible effects of smoking on
DTI indices that might be obscured by individual-subject variations in fiber crossing and
mictrostructural anatomy. In this method, FA and ADC values were taken from and
averaged across each of four axial-oblique (AC-PC-aligned) slab ROIs in each frontal lobe.
Each ROI was 3x3 DTI voxels? in-plane and 1 voxel deep. Each ROl was centered within
prefrontal white matter and positioned to avoid contamination from neighboring gray matter.
Within these constraints, the ROI position yielding the highest average FA value was
selected. The four DTI slices on which the ROIs were selected are shown in Figure 2. The
lowest slice was centered 6 mm inferior to the AC-PC plane, the next slice was at the level
of the AC-PC plane, the third slice was 6 mm superior to the AC-PC plane, and the final
slice was 9 mm above the AC-PC plane. Special care was taken to exclude the corpus
callosum, identified with the help of FA color maps indicating the direction of fiber tracts.

Statistical Analysis

To control for multiple comparisons, we first performed omnibus testing across all white
matter regions sampled before proceeding to post-hoc protected tests for the individual
regions. The omnibus test was a repeated-measures multivariate analysis-of-covariance (R-
MANCOVA) on the measures FA and ADC with participant's age and years of education as
covariates. Potential differences in age and education were of concern, as their possible
influences on DTI indices in normal adult populations have been reported (Hsu et al. 2008;
Salat et al. 2005; Teipel et al. 2009). Therefore, they were included as covariates. In
addition, effects of age on DTI indices for the combined smoker plus nonsmoker group were
examined using Spearman correlation partialling out diagnosis. The R-MANCOVA had two
within-subjects factors: ROI (15 levels: corpus callosum, anterior corona radiata, midcaudal
superior corona radiata, caudal superior corona radiata, anterior limb internal capsule, genu
internal capsule, posterior limb internal capsule, perforant path, anterior cingulum, middle
cingulum, posterior cingulum, prefrontal white matter 6 mm inferior to AC-PC, prefrontal
white matter at level of AC-PC, prefrontal white matter 6 mm superior to AC-PC, and
prefrontal white matter 9 mm superior to AC-PC; Tables 2-3) and hemisphere (2 levels: left,
right). In the case of the two midline corpus callosal sites, “genu” and “splenium” were used
instead of left and right. There were two between-subjects variables smoker status (2 levels:
smoker, nonsmoker) and gender (2 levels: male, female). The multivariate (i.e., effects on
the combined FA and ADC measures) and univariate (i.e., effects on FA alone or on ADC
alone) results of the R-MANCOVA were examined. For significant main effects or
interactions involving smoking status, protected post-hoc T-Tests were then performed for
FA and/or ADC as appropriate in each ROl with smoker status as a between-subjects factor.
These tests were performed on rank-transformed data, a procedure that rendered them non-
parametric.
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Omnibus testing was used to control for multiple comparisons when evaluating possible
associations of nicotine dependence, cigarettes/day, and cumulative tobacco exposure on FA
and ADC within the smoker sample. For nicotine dependence, an R-MANCOVA was
performed on the measures FA and ADC with FTND score as covariate. Within-subjects
factors were ROI (15 levels as above) and hemisphere (2 levels as above). For current
tobacco use, a similar R-MANCOVA was performed with cigarettes smoked per day as
covariate. For cumulative smoking exposure, a similar R-MANCOVA was performed with
pack-years as covariate. For each of these R-MANCOVAs, the multivariate and univariate
results of the R-MANCOVA were examined as above. For significant effects involving the
covariate in question, protected post-hoc Spearman correlation analyses within the smoking
group were then performed in each ROI between the smoking variable in question (FTND
score, cigarettes/day, or pack-years) and FA and/or ADC, as appropriate. Participant's age
was partialled out for correlations involving pack-years.

Research Participants

Table 1 lists demographics and drug use parameters for smokers and nonsmokers. The
groups did not differ significantly in gender, age, 1Q, alcohol or marijuana use. Smokers
had, on average, significantly fewer years of education [t(33.4)=2.5, p<0.05]; therefore,
years of education was included as a covariate in later analyses. There were no significant
differences between male and female participants in age, cigarettes consumed per day, years
of smoking, or pack-years.

Smoking and DTI Indices in White Matter

Mean regional FA values for the smoker and nonsmoker groups are shown in Table 2
(single-voxel fiber tract sites) and Table 3 (prefrontal slab ROIs). R-MANCOVA on FA and
ADC across all regions yielded a significant multivariate main effect of smoker status
[F(2,29)=3.6, p<0.05]. There were a significant univariate main effect of smoker status
[F(1,30)=7.2, p<0.05], but no significant main effect or interactions for ADC. Therefore,
post-hoc tests were conducted for FA but not for ADC. There were no significant
multivariate or univariate effects of years of education, so this variable was not included in
further post-hoc T-Tests. Spearman correlations of age with FA in the combined smoker
plus non-smoker group, partialling out diagnosis, showed a significant negative correlation
at four tract sites: genu and splenium corpus callosum, left genu internal capsule, and right
caudal superior corona radiata, as well as in prefrontal white matter 9 mm superior to the
AC-PC plane.

In post-hoc T-Tests, FA was significantly higher in smokers than in nonsmokers in midline
genu corpus callosum [4.3%; t(33.8)=2.3], left middle cingulum [8.3%; t(31.8)=2.2], right
middle cingulum [9.1%; t(34)=2.0], right prefrontal white matter 6 mm inferior to the AC-
PC plane [13.1%; t(33.3)=2.5], right prefrontal white matter 6 mm superior to AC-PC
[21.1%; t(34)=3.9], and right prefrontal white matter 9 mm superior to AC-PC [11.8%;
t(32.8)=2.3] (Tables 2-3, Figure 3).
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Associations of Clinical Features of Smoking with FA

Within the smoker group, R-MANCOVA on the measures FA and ADC across all white
matter regions yielded a significant multivariate association with FTND score [F(2,15)=5.7,
p<0.05]. There was a significant univariate effect of FTND score for FA [F(1,16)=4.5,
p<0.05]. In post-hoc protected Spearman correlations, FTDN score was correlated
negatively with FA in left anterior internal capsule, left genu internal capsule, and right
anterior cingulum (Figure 4).

Within the smoker group, R-MANCOVA on FA and ADC across all regions yielded a
significant univariate association of cigarettes/day with FA [F(1,16)=4.8, p<0.05]. In post-
hoc Spearman correlations, cigarettes/day correlated negatively with FA in right anterior
corona radiata, right anterior cingulum, and right posterior cingulum (Figure 4).

Within the smoker group, R-MANCOVA covarying age on FA and ADC across all regions
yielded a significant hemisphere-by-cumulative smoking exposure (pack-years) interaction
[F(2,14)=7.4, p<0.01] and a significant univariate effect for this interaction for FA
[F(1,15)=15.6, p<0.001] but not for ADC. In post-hoc Spearman correlations, partialling out
age, pack-years was correlated negatively with FA in right anterior cingulum (Figure 4).
Pack-years was correlated positively with FA in left midcaudal superior corona radiata and
right prefrontal white matter 9 mm superior to AC-PC. Thus, with few exceptions, FA at
several diffuse white-matter sites declined with increasing values of smoking-related
parameters. The most common regions across the three variables were in the internal capsule
and anterior cingulum, and the most robust correlations were found in the anterior cingulum
(Table 4).

None of the above R-MANCOVA analyses showed any significant effects for ADC (data
not shown, p's>.3); therefore, further analyses of ADC were not pursued.

The higher levels of FA in smokers despite negative correlations of FA with smoking-
related parameters was puzzling. A rise in FA during early smoking years as observed by
Jacobsen et al. (2007) suggested itself as a possible resolution. Therefore, exploratory
Spearman correlations were run between FA and age when smoking began, partialling out
subject age at time of DTI scan. Significant negative correlations were found in the left
midcaudal corona radiata [r=-0.66, p<0.01], left prefrontal white matter 6 mm inferior to
AC-PC [r=-0.48, p<0.05], left caudal corona radiata [r=-0.51, p<0.05], and right prefrontal
white matter 9 mm superior to AC-PC [r=-0.61, p<0.01].

Discussion

This investigation yielded two major findings. The first is that FA was higher in multiple
white matter regions in adult smokers (age 33.7£7.9) than in age-matched nonsmokers. The
second finding is that FA at several sites correlated negatively with nicotine dependence and
daily cigarette consumption. One way to reconcile these two seemingly inconsistent
observations would be if smoking led to above-normal FA in adolescent years when most
people begin, that then declined with continued smoking in adulthood. The ensuing
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discussion cites evidence from this paper, other work in our laboratory and the literature for
this possibility.

Higher FA in Smokers than in Nonsmokers

Our observation of higher FA in smokers than in nonsmokers is concordant with
observations on adolescents (Jacobsen et al. 2007) and adults (Paul et al. 2008). We expand
these findings to additional brain regions not previously examined, in particular the
cingulum bundle, which connects cingulate cortex and hippocampus (Nolte and Angevine
2000). Smoking-related findings in cingulate cortex and hippocampus have been reported
(Almeida et al. 2008; Due et al. 2002; Gallinat et al. 2007; Zubieta et al. 2005), Our new
observation points to effects of smoking on white matter connecting these two regions.
Elevated FA in smokers has now been observed in three independent investigations
(Jacobsen et al. 2007; Paul et al. 2008; present study).

The finding of higher FA in smokers conflicts with Zhang et al. (2010), who observed lower
than normal FA in a section of left prefrontal white matter in a subsample of highly
dependent adult smokers, and no smoking-related differences in other white matter areas. A
possible explanation of this conflict is that our study targeted only brain regions with
previously suggested effects of smoking. Zhang et al. (2010), in contrast, used a data-driven
approach that sampled the entirety of brain white matter over the full range of FA values,
imposing a higher statistical threshold to be exceeded by effects that are often modest.
Anatomical warping to standard atlas space can also introduce subtle effects due to volume
differences that have the potential to alter measured differences in subcortical DTI.
Differences between the samples of smokers (e.g., age, gender, smoking history) may also
have contributed to differences between studies.

It is notable that high FA in white matter is widely but not universally regarded as
beneficial. The literature presents examples of positive correlation between FA and
cognitive function in some subject samples (Medina et al. 2005; Lim et al. 2006; Grieve et al
2007). However, there are also reports of functional deficits associated with high regional
FA (e.g., Hoeft et al. 2007), and elevated FA has been observed in the white matter of
children who were exposed to methamphetamine in utero (Cloak et al. 2009).

A possible mechanism by which smoking could raise FA draws from the following
observations: 1) white matter matures through late adolescence faster than in adulthood
(Benes 1989; Bartzokis and Lu 2009;); 2) nicotine acting at nAChRs can promote glial
activity or proliferation (Garrido et al. 2003; Liu et al. 2005; Opanashuk et al. 2001); and 3)
nAChRs exist in subcortical white matter (Ding et al. 2004). Oligodendrocyte precursor
cells but not the oligodendrocytes and astrocytes into which these precursors differentiate do
express NAChRs (Rogers et al. 2001; reviewed Bartzokis 2007). Thus, as suggested by Paul
et al. (2008), nicotine exposure in adolescence could stimulate glial development, leading to
greater white matter volume (Gazdzinski et al. 2005) and organization or maturity.
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Correlations of FA with Clinical Features of Cigarette Smoking

Despite higher mean FA in nearly all ROIs, a general negative correlation was found
between FA and smoking parameters, though this effect varied by ROI. These results
resemble those of Paul et al. (2008), who reported higher FA in the body of the corpus
callosum of adult smokers with low FTDN scores than in those with high scores, and those
of Zhang et al. (2010) that FA in left prefrontal white matter was negatively correlated with
FTND in highly dependent adult smokers. Negative FA correlations are discordant with the
positive correlation between FA and pack-years in adolescent smokers (Jacobsen et al.
2007). A model of a changing trajectory of FA is a possible explanation for these
inconsistencies. According to this model, FA would rise during early years of smoking, and
then decline with continued smoking in later years. The negative correlations between age
when smoking began and FA observed here suggest that smokers who begin at earlier ages
experience higher FA during adolescence, relative to those who begin smoking later. In this
regard, we have a preliminary finding of positive association between FA (genu and
splenium of corpus callosum, corona radiata, internal capsule, and superior and inferior
longitudinal fascicule) with pack-years in adolescent smokers (Kohno et al. 2010). Within-
subject prospective study designs are needed to test this model more directly.

The functional significance of the findings regarding smoking and FA, including whether
elevated FA is beneficial or detrimental to overall neurological health, is unknown. The
model of changing trajectory in FA values suggests a negative effect on white matter due to
continued smoking and more severe dependence during adulthood. Finally, a distinction
should be made between the effects of nicotine specifically and the effects of chronic
smoking overall. The finding of higher FA in smokers supports the suggestion that
cholinergic stimulation has promyelinating effects that could underlie beneficial effects of
nicotine as well as cholinesterase inhibitors on cognitive functions (Bartzokis 2007).

Limitations

This study has important limitations, including small sample size and limited age range
within the sample, though the latter also helps diminish possible effects of aging on DTI
indices. The sample of smokers also showed relatively mild dependence. In addition, newer
DTI protocols feature improved acquisition with increased resolution, EPI distortion
correction, additional measures such as radial and axial diffusivity that may provide more
specific data than the composite measure of FA, and an increased number of directions,
which leads to more uniform space sampling and a higher signal to noise ratio. Despite
carefully constructed voxel-picking criteria, some of the tracts we sampled were small
enough that partial-volume effects cannot be entirely ruled out, though almost all of our
significant findings did come from larger and more robust tracts.

Notably, significant findings were obtained despite these limitations, suggesting that effects
of smoking on white matter FA are robust. Our interpretations also inferred white matter
changes over the course of smoking history from a cross-sectional study design, and
causality could best be determined through prospective studies. That FA elevations in
smokers could have existed premorbidly is also a consideration. Prospective studies could
address this possibility as well.
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Fig. 1.
Axial-oblique (parallel to AC-PC line) DTI color maps of the brain at level of (left) and

above (right) the upper lateral ventricles from a selected participant. Red denotes fibers in
the left-right direction, green denotes fibers in the anterior-posterior direction, blue denotes
fibers in the inferior-superior direction. In the left panel, the DTI voxel selection of the
anterior site of the cingulum white matter tract (solid white arrow) and posterior site of the
cingulum white matter tract (dashed white arrow) are shown. These are the relatively small
anterior-posterior oriented tracts mesial and anterior/posterior respectively to the corpus
callosum as it forms a prominent “X” at the level of the upper lateral ventricles. In the right
panel, the DTI voxel selection of the right middle cingulum site (dot-dashed white arrow) on
a supraventricular axial-oblique slice is shown, centered in the midcaudally situated
anterior-posterior tract just mesial to the superior corona radiata.
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Fig. 2.
DTI FA whole-brain color map of data from a selected research participant. The image on

the left shows an axial-oblique section (in the AC-PC plane). The white box in left
prefrontal white matter (PFWM) indicates the boundaries of a 3-mm-deep, 9x9-mm? slab,
across which FA values were sampled and averaged in post-processing. A similar average
was obtained for the right PFWM. The image on the right shows a parasagittal section of the
same color map, depicting the positions of the four parallel prefrontal white-matter slabs
(white bars) located at the level of the AC— PC plane (C), 6 mm below (D), and 6 (B) and 9
(A) mm above. Averages of left and right PFWM FA were obtained at each level.
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Fig. 3.
Fractional anisotropy (FA) in nonsmokers (filled triangles) and smokers (open squares) at

sites in left (upper left) and right (lower left) middle cingulum white-matter tracts. Data also
shown (right) for FA averaged across each of two the 3-mm-thick, 9 x 9 mm?, axial-oblique,
right prefrontal white-matter slabs. The slabs were oriented parallel to the AC-PC plane and
centered 9 mm (upper right) and 6 mm (lower right) superior to it. Group mean FA (solid
bar) was significantly higher for smokers than for nonsmokers in all four regions. Several
other brain regions exhibited this elevation of FA in smokers (see Tables 2 and 3). p<*0.05,
***(.001 (protected post-hoc rank-transformed T-Test after omnibus repeated-measures
MANCOVA covarying age and years of education).
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Fig. 4.
Fractional anisotropy (FA) at sites in the right anterior cingulum bundle as a function of

long-term tobacco exposure (pack-years, upper left), nicotine dependence (FTND score,
lower left), and current tobacco use (cigarettes/day, upper right) in smokers. Data are also
shown (lower right) for FA averaged across the 3-mm thick, 9 x 9 mm?2, axial-oblique, right
prefrontal white matter slab oriented parallel to the AC-PC plane and centered 9 mm
superior to it, as a function of age when tobacco use began. Note significant negative
correlations of FA with all three measures of smoking in same region of cingulum. Negative
correlation of FA with FTND was observed at 2 other white matter sites; with current
cigarette consumption at 2 other sites; and with long-term exposure at 2 other sites (Table
4). Protected post-hoc Spearman correlation following repeated-measures MANOVA for
nicotine dependence, current cigarette consumption, and long-term smoking exposure,
exploratory for age when smoking began.
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Table 1
Demographics of Smoker and Nonsmoker Groups
Subjects Smokers (n=18, 10 men)  Nonsmokers (n=18, 9 men)
Mean SD Mean SD

Age (years) 33.7 7.9 333 10.1
Education (years) 13.7 15 15.3 2.2
1Q (Shipley score) 112.9 8.1 110.3 7.2
Smoking Measures:

Daily consumption (cigarettes/day) 16.9 5.7 - -

Smoking history (years) 15.7 8.1 - -

Exposure (pack-years) 14.2 9.2 - -

Nicotine Dependence (Fagerstrom score) 4.3 18 - -
Alcohol (drinks/week) 2.8 2.7 14 2.6
Cannabis (days used in last 30) 0.3 1.2 0.1 0.3
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Table 2

Factional anisotropy in smokers and nonsmokers.

ROI

Region of Interest

Genu corpus callosum
Splenium corpus callosum
anterior corona radiata:
left
right

midcaudal superior corona radiata:

left
right

caudal superior corona radiata:

left
right
internal capsule anterior limb
left
right
Genu internal capsule
Left
right
internal capsule posterior limb
left
right
perforant path
left
right
anterior cingulum
left
right
middle cingulum
left

right

posterior cingulum
left
right

Fractional Anisotropy (dimensionless)

Smokers

0.88 +0.04"
0.90  0.05

0.60 +£0.07
0.58 +£0.08

0.44 +0.08
0.43 +£0.06

0.51+0.08
0.48 +£0.07

0.54 +£0.07
0.53+0.08

0.63 + 0.06
0.63 +0.06

0.70 +0.06
0.75+0.04

0.54 £0.07
0.54 +£0.07

0.49 +£0.09
0.42 +£0.09

0.72 +0.06"

0.66 +0.08"

0.51+0.09
0.52+0.10

Non-Smokers
0.84 £0.05

0.89 £ 0.04

0.56 +0.07
0.58 +0.08

0.41+0.07
0.43 £0.07

0.47 £0.07
0.48 +£0.08
0

00.51 +0.09
0.50 +£0.08

0.62 +0.07
0.60 +0.06

0.70 £0.06
0.74 £0.04

0.54 +0.09
0.52 £0.08

0.45+0.11
0.37+0.11

0.66 +0.08

0.61+0.08

0.54 +£0.08
0.49+0.10

Values tabulated are group means + SD.
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Significant difference from nonsmoker group, p<*0.05, **0.01 protected post-hoc T-Test (rank-transformed, therefore nonparametric) following

omnibus repeated-measures MANCOVA covarying age and years-of-education.
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Table 3

Fractional anisotropy in prefrontal white matter in smokers and nonsmokers.

Region of Interest Fractional Anisotropy (dimensionless
Smokers Nonsmokers
6 mm inferior to ACPC plane: 0.45 +0.08 0.44 +0.11
left
right 0.49 + 0.10° 0.44 £0.07
at ACPC plane: 0.49 £ 0.08 0.48 £ 0.06
left
right 0.50 +0.09 0.48 + 0.05
6 mm superior to ACPC plane: 0.44 +0.07 0.40 £ 0.07
left
right 0.46 + 007" 0.38 £0.05
9 mm superior to ACPC plane: 0.40 £0.05 0.39+£0.08
left
right 0.42 +0.06" 0.38 £0.05

Values shown are group means + SD.

Significant difference from nonsmoker group, p<*0.05, **0.01, ***0.001 protected post-hoc T-Test (rank-transformed, therefore non-parametric)
following omnibus repeated-measures MANCOVA covarying age and years-of-education.
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Correlations of fractional anisotropy (FA) with measures of smoking behavior

Table 4

Region-of-interest

Current Smoking Dependence, FTND score

Left anterior internal capsule -0.66""
Left genu interal capsule 052"
Right anterior cingulum -0.64"*

Current Tobacco Use, cigarettes/day

Right anterior corona radiata -052°
Right posterior cingulum -0.62°"
Right anterior cingulum -0.58"

Lifetime Tobacco Exposure, pack-years

Left midcaudal superior corona radiata +0.56"
Right anterior cingulum -053°
Right prefrontal white matter 9 mm superior to AC-PC plane 10617
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p<*0.05, **0.01, protected post-hoc Spearman correlations following omnibus repeated-measures MANCOVA. For pack-years, correlations partial

age.
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