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a b s t r a c t
Background: Tobacco use remains the most preventable cause of death; however, its effects on the brain,
and particularly white matter, remain elusive. Previous diffusion tensor imaging (DTI) studies have failed
to yield consistent ﬁndings, with some reporting elevated measures of fractional anisotropy (FA) and
others reporting lowered FA.
Methods: In our study, we sought to elucidate the effects of tobacco on white matter by using enhanced
imaging acquisition parameters and multiple analysis methods, including tract-based spatial statistics
(TBSS) with crossing ﬁber measures and probabilistic tractography.
Results: Our TBSS results revealed that chronic cigarette smokers have decreased FA in corpus callosum
and bilateral anterior internal capsule, as well as speciﬁc reduced anisotropy in the two major ﬁber directions in a crossing ﬁber model. Further, our tractography results indicated that smokers have decreased
FA in tracts projecting to the frontal cortex from (1) nucleus accumbens, (2) habenula, and (3) motor
cortex. We also observed that smokers have greater disruptions in those regions when they had recently
smoked compared to when they abstained from smoking for 24 h. Our results also support previous
evidence showing hemispheric asymmetry, with greater damage to the left side compared to the right.
Conclusions: These ﬁndings provide more conclusive evidence of white matter disruptions caused by
nicotine use. By better understanding the neural disruptions correlating with cigarette smoking we can
elucidate the addictive course and explore targeted treatment regimens for nicotine dependence.
Published by Elsevier Ireland Ltd.

1. Introduction
Although the effects of cigarette smoking have been well studied in several model systems, the effects of chronic tobacco use
on brain structures have not been well characterized. Particularly,
diffusion tensor imaging (DTI) has yielded inconsistent ﬁndings on
white matter structural changes caused by nicotine use. Some data
indicate chronic cigarette smoking increases fractional anisotropy
(FA) in several white matter regions, including bilateral frontoparietal regions (Liao et al., 2011), portions of the corpus callosum
(Hudkins et al., 2012; Paul et al., 2008), and the right prefrontal lobe
(Hudkins et al., 2012). On the other hand, some studies suggest that
smoking decreases FA within the corpus callosum (Lin et al., 2013;
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Umene-Nakano et al., 2014) and left prefrontal cortex (Zhang et al.,
2011). Several confounds may give rise to these inconsistent DTI
ﬁndings including variable sample sizes, dissimilar inclusion criteria for smokers and matched controls, differing image acquisition
and registration protocols, and varying statistical approaches.
Nonetheless, human imaging evidence does suggest the timing
and volume of nicotine exposure exerts consistent effects on white
matter characteristics. Over the long term, the total amount of
nicotine consumed (or the severity of dependence) correlates
negatively with FA in several brain regions (Hudkins et al., 2012;
Liao et al., 2011; Lin et al., 2013; Paul et al., 2008; Umene-Nakano
et al., 2014; Zhang et al., 2011). For example, Lin et al. (2013)
found that the more years participants smoked, the lower the FA.
Further, some studies have attempted to explain the variance in
previous ﬁndings by a temporal model: nicotine exposure during
adolescence increases FA values initially, but then chronic smoking
throughout adulthood decreases FA (Hudkins et al., 2012; Paul
et al., 2008). Over the short term, acute nicotine exposure via a
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nicotine patch can increase FA within the corpus callosum, but only
in participants with a low level of cotinine (Kochunov et al., 2013),
a biomarker of nicotine exposure. These studies highlight that it is
important to study a wide range of participants with varying smoking histories as well as controlling for acute nicotine exposures.
In the present study, we examined the effects of tobacco on
white matter characteristics using four novel approaches. (1) To
improve detection of white matter brain regions implicated, we
acquired images with a greater number of diffusion gradient directions (71) than has been previously used in an attempt to more
accurately ﬁt the tensors in the DTI model. (2) We expanded wholebrain TBSS analyses to include not only FA measures as have been
used previously (Lin et al., 2013; Umene-Nakano et al., 2014; Zhang
et al., 2011) but also all standard tensor metrics as well as a crossing
ﬁber model (Jbabdi et al., 2010) to better agnostically characterize the white matter alterations that arise from smoking. (3) We
used probabilistic tractography to deﬁne subject speciﬁc tracts
and compared DTI metrics within these tracts between smokers
and healthy controls. (4) Finally, in a cohort of participants, we
scanned smokers under two separate conditions: after smoking
as usual and after abstinence (24 h). Although DTI metrics have
been perceived to measure anatomically stable chronic characteristics, recent studies have shown acute changes after different
manipulations (Hofstetter et al., 2013). DTI metrics have also been
shown to change acutely as a result of nicotine administration via
patch (Kochunov et al., 2013), but no DTI study to date has compared the same smokers while abstinent (asked to not smoke) and
sated (allowed to smoke normally). Collectively, these approaches
allowed us to further characterize the white matter changes in
cigarette smokers.
2. Materials and methods
2.1. Participants
This study was approved by the Baylor College of Medicine institutional review
board and participants were compensated for their time. 32 non-smokers and 30
cigarette smokers participated in the study. Participants were recruited from the
greater Houston metropolitan area via advertisements. During phone screening
callers who did not identify as treatment seeking, and smoked ≥10 cigarettes a day
for at least one year were eligible for in-person screening. Non-smokers could not
have smoked ≥5 cigarettes in their lifetime. Smokers were subject to an in-person
screening interview and exclusion criteria for smokers included: other non-tobacco
substance dependence, diagnosis of any AXIS I disorder according to the MiniInternational Neuropsychiatric Interview, and a positive illicit drug urine toxicology
at time of screening. Smokers were also required to give an exhaled breath carbon
monoxide (CO) of ≥10 ppm on the day of smoking as usual, and ≤5 ppm on the day of
abstinence. CO levels were measured using a CO meter (Micro + Smokerlyzer Monitor, Bedfont Scientiﬁc, Kent, England). Thirty cigarette smokers took part in the DTI
scan when abstinent; of these, 15 participants returned to perform another identical
DTI scan in which they smoked as usual prior to the scan.
To assess the level of nicotine dependence of smokers, we used the Fagerstorm
Test for Nicotine Dependence (FTND), which consists of 6 questions with a mixture
of multiple choice questions (scored 0–3) and yes/no questions (scored 0 or 1). The
total score range is from 0 to 10, with 0 being lowest dependence and 10 being
highest. The FTND was administered when smoking as usual.
2.2. Imaging acquisition details
All subjects were scanned on a Siemens 3T Trio Magnetom scanner at the
Baylor College of Medicine’s Center for Advanced Magnetic Resonance Imaging
(CAMRI). Scanner acquisition parameters for the DTI sequence were as follows:
voxel size: 2 mm × 2 mm × 2 mm, slices: 61 transversal slices (2 mm thick with no
gap), phase encoding direction: A-P, FOV: 256 mm × 256 mm, TR: 9.4 s, TE: 91 ms,
matrix size: 128 × 128, echo spacing: 73 ms, diffusion directions: 71 unique directions at b0 = 1000 s/mm2 with 8 repetitions at b0 = 0 s/mm2 , duration: 12:32 m. Due
to FOV and slice selection, the cerebellum and posterior occipital lobes were not
fully captured for every subject.
2.3. Tract-based spatial statistics (TBSS)
To perform an unbiased, voxel-by-voxel analysis to identify WM regions with
signiﬁcantly different FA between non-smokers and smokers, we performed tractbased spatial statistics (TBSS) via FMRIB Software Library [FSL v5.0.4] (Jenkinson
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et al., 2012; Smith et al., 2006). The Neuroimaging in Python Interfaces and Pipelines
(Nipype; Gorgolewski et al., 2011) was used to carry out the analyses and facilitate
preprocessing. Raw diffusion weighted images (DWI) images were preprocessed
ﬁrst by correcting for motion artifacts by linearly registering each DWI volume
to the ﬁrst b0 = 0 volume using FSL FLIRT (Jenkinson et al., 2002; Jenkinson and
Smith, 2001) with 6 degrees of freedom (DOF) and appropriately rotating the bvectors (Leemans and Jones, 2009). Second, the images were corrected for eddy
current distortions using FSL’s FMRIB’s Diffusion Toolbox FDT (Behrens et al., 2003)
eddy correct. Next, the 8b0 = 0 volumes were averaged and then brain extracted (FSL
bet (Smith, 2002)) to generate a brain mask. Diffusion tensors were ﬁtted to the
brain extracted DWI using FSL FDT (Behrens et al., 2003) dtiﬁt. After preprocessing, all subjects’ FA data were aligned into a common space using the nonlinear
registration tool FNIRT (Andersson et al., 2007a,b), which uses a b-spline representation of the registration warp ﬁeld (Rueckert et al., 1999). Next, the mean
FA image was created and thinned to create a mean FA skeleton which represents the centers of all tracts common to the group. Each subject’s aligned FA data
was then projected onto this skeleton and the resulting data fed into voxel-wise
cross-subject statistics. In addition to FA, TBSS was performed independently on
axial diffusivity (Da = 1 ), radial diffusivity (Dr = [2 + 3 ]/2), and mean diffusivity
(MD = [1 + 2 + 3 ]/3).
Between group comparisons were performed using permutations testing methods via FSL’s randomize (Bullmore et al., 1999). All contrasts were run with 10,000
permutations and FSL’s threshold-free cluster enhancement (TFCE) for clustering.
Multiple-comparisons were corrected by controlling family-wise error (FWE), with
signiﬁcance thresholded at p < 0.05. Ethnicity, education, gender, and age were
demeaned and entered as covariates in the GLM to isolate the effects of tobacco
use. Furthermore, to explore how DTI measures correlated with these covariates
directly, we also ran regressions with the individual covariates. Any regressions
yielding signiﬁcant voxels were then explored further to determine the effects of
the covariates on their interaction with smoking status.
In addition to performing TBSS on traditional tensor measures (FA, Da, Dr, and
MD), we also performed TBSS on crossing ﬁber measures. Tensor measures such
as FA ignore information about ﬁber bundles and their orientations at each voxel.
Recently, TBSS models have been extended to incorporate crossing ﬁbers to measure
relative structural integrity of multiple ﬁbers along their principal direction at each
voxel (Jbabdi et al., 2010). We used Bayesian sampling techniques (FSL bedpostx,
default parameters) to build up the distribution of diffusion parameters on the basis
of Markov Chain Monte Carlo (MCMC) sampling (Behrens et al., 2007). To compare
ﬁbers consistently across subjects, we used FSL tbss x to align two ﬁber bundles at
each voxel. We then proceeded to perform spatial statistics on each of the two ﬁber
bundles, adjusting for covariates identical to the approach with tensor measures
discussed above.
We also examined the impact of smoking dependence severity (as measured
by FTND) on the TBSS. We used the FTND score as a regressor in the TBSS model
described above for smokers to ﬁnd voxels that correlate with FTND. All descriptive
statistics were completed using MATLABTM . For all statistics with FTND and DTI,
ethnicity, education, gender, and age were adjusted as regressors of no interest, as
in all TBSS analyses.

2.4. Probabilistic tractography
While TBSS performs agnostic voxel-wise comparisons on major WM tracts
common to all subjects, we also looked at particular tracts hypothesized to be
implicated in nicotine dependent individuals. Speciﬁcally, we examined participantspeciﬁc tracts that connected to the frontal cortex from nucleus accumbens,
habenula, and motor cortex.
We ﬁrst used the Harvard-Oxford Cortical and Sub-cortical Structural probability atlases to generate seed masks for the nucleus accumbens (thresholded at >25%)
and precentral gyrus (thresholded at >75%). These thresholds were selected to best
isolate the two structures, as well as to use similar number of voxels in each seed
(∼1000 voxels). For the habenula, we isolated the center voxel in each subject’s T1
anatomical image, drew a sphere with a radius of 3 mm around the voxel, and used
boundary based linear registration (FSL epi reg) to map the habenula ROIs into DWI
space. For the target ROI, we generated a frontal cortex mask by including any coronal slices anterior to the temporal poles in MNI space. Each seed and target ROI was
created for both hemispheres.
We then used probabilistic tractography (FSL probtrackx2) to ﬁnd the WM tracts
connecting each of the 6 seeds to the ipsilateral frontal cortex target ROI. We used
default parameters for probtrackx2 (5000 sample pathways, 0.2 curvature threshold, 2000 termination steps, 0.5 mm step length) and also incorporated 2 crossing
ﬁbers (bedpostx). Tractography was performed in subject’s native diffusion space
by back-projecting via inverting the non-linear transformations from diffusion to
MNI space created by TBSS (FSL tbss deproject). For each participant, each of the 6
generated tracts were ﬁrst conﬁned to white matter using the individual subject’s
white matter mask (generated by segmentation by FSL fast) and then thresholded
to probabilities greater than 0.5% of the probabilistic index of connectivity (i.e.,
0.005 × fdt paths/waytotal). For each subject and tract, we then computed the spatially averaged FA within the thresholded tract and ran group statistics using a GLM
model analogous to the model we used in TBSS. Thus, we could compare differences
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Table 1
Demographic information and smoking severity measures.

Education
(years)
Gender
Race

Age (years)
Years of
smoking

Controls
Mean ± SD

Smokers
Mean ± SD

15.44 ± 2.6

13.47 ± 1.73***

14 M; 18 F
15 Caucasian
10 African
American
1 Asian
American
6 Hispanic
35.97 ± 13.75
N/A

17 M; 13 F
8 Caucasian
14 African
American
0 Asian
American
8 Hispanic
39.03 ± 9.90
21.15 ± 9.52
(obtained from
20
participants)
5.37 ± 2.57
15.23 ± 7.68
15.17 ± 7.52
(smoking as
usual)
2.33 ± 3.51
(smoking as
usual)

FTND
Cigarettes/day
Exhaled CO
(ppm)

N/A
N/A
N/A

Time since last
cigarette (h)

N/A

***

in smokers with bilateral anterior limb of the internal capsule. To
better quantify the effect size of the reduction, we computed the
mean of four DTI metrics (FA, MD, Dr, Da) within all signiﬁcantly
different voxels found by TBSS on FA (Fig. 2A). Within these regions,
FA and Da decreased, while Dr and MD increased in smokers compared to controls. The mean FA within these regions in smokers
correlated negatively with the number of years of regular smoking
(r2 = 0.27, p < 0.05). We also observed a positive trend in correlation of Dr and the number of years of regular smoking (Fig. 2B)
that approached signiﬁcance (r2 = 0.18, p = 0.054). These correlations were run on data from 20 out of the 30 smokers from whom
information on years of regular smoking was obtained. The correlations were weak, suggesting that many other factors may inﬂuence
white matter disruptions; however, the correlation strengths and
directions are consistent with previous ﬁndings (Lin et al., 2013).

3.21 ± 1.72
(abstinent 24 h)
26.92 ± 7.12
(abstinent 24 h)

p < 0.001 (two-sample, two-sided t-test).

in FA within our hypothesized tracts between controls, abstinent smokers, and sated
smokers.

3. Results
3.1. Participants
Demographics for age, gender, race and smoking characteristics are shown in Table 1. Although we invited all 30 smokers
to return for the second scan in which they smoked as usual
prior to the scan, only 15 returned. Further, the FTND of the 15
participants who did return, had signiﬁcantly greater FTND than
the 15 participants who did not return (two-sample, two-way ttest: p = 0.0020, t-stat = 3.4099). The other smoking metrics (years
of smoking, cigs/day, and exhaled CO) did not signiﬁcantly differ
between the two groups.
3.2. TBSS
3.2.1. Covariate interactions. Signiﬁcant correlations were found
between FA and two demographic covariates: gender and age.
When gender was used as a covariate, females had several regions
with signiﬁcantly greater FA than males, and age negatively correlated with FA for several voxels throughout the brain (p < 0.05).
Importantly, to test if gender and/or age had different impacts
on smoking status, we regressed the age and gender covariates
separately for smokers and non-smokers. No signiﬁcant interactions were found between the two groups for either age or gender,
indicating that the impact of gender and age are not signiﬁcantly
different for smokers and non-smokers.

3.2.4. Other DTI metrics: controls vs. smokers (abstinent 24 h). TBSS
analysis also revealed changes in non-FA DTI metrics in abstinent
smokers compared to controls. Smokers had higher Dr within the
corpus callosum and internal capsule bilaterally (Fig. 3). Further,
modeling the DTI data with 2 crossing ﬁbers shows signiﬁcant differences between smokers and controls in both ﬁber directions.
Smokers showed decreases in anisotropy of the major ﬁber (F1)
within notably large portions of the left corpus callosum (Fig. 4).
Smokers also showed decreases in anisotropy of the second ﬁber
(F2) within several anterior brain regions (Fig. 5). TBSS for Da and
MD did not yield any signiﬁcantly different voxels.
3.2.5. Sated vs. abstinent smokers. No differences in FA, MD, Dr, or
Da were found via TBSS between smokers who smoked as usual
(sated) and smokers who abstained for 24 h (abstinent).
3.3. Probabilistic tractography
3.3.1. Controls vs. smokers. Several differences between abstinent
smokers (24 h) and controls were observed within the frontalprojecting white matter tracts (Fig. 6). When abstinent, smokers
had lower FA in the right fronto-motor tract compared to controls (p < 0.05, GLM t-contrast control – smoker). When smoking
as usual, smokers had lower FA compared to controls in left frontoaccumbal, right fronto-motor, and right fronto-habenula tracts
(p < 0.05, GLM t-contrast control – smoker). When smoking as usual,
smokers also had lower FA compared to abstinent smokers in right
fronto-accumbal and right fronto-habenula tracts (p < 0.05, paired
t-test).
3.3.2. Hemispheric asymmetry in smokers (abstinent 24 h). Previous
studies (Lin et al., 2013) have shown asymmetrical disruptions in
white matter as a result of smoking, with more disruptions in FA
appearing on the left hemisphere. Our probabilistic tractography
results also show that smokers (abstinent 24 h) have lower FA in
the left fronto-habenula and left fronto-accumbal tracts compared
to the right sided tracts (p < 0.05, paired t-test). However, control
participants did not show any such asymmetry (Fig. 7).
4. Discussion

3.2.2. FTND.. When FTND was regressed against FA in smokers, no
voxels were found that had signiﬁcant positive or negative correlation with FTND (p > 0.25, t-test, FWE corrected).
3.2.3. Controls vs. smokers (abstinent 24 h). Smokers (abstinent
24 h) had signiﬁcantly decreased FA (p < 0.05, t-test, FWE corrected)
compared to controls in several brain regions (Fig. 1). This reduction
in FA in abstinent smokers was seen in the left and right splenium of the corpus callosum, with a larger region on the left side
that extended more inferiorly. Reductions in FA were also found

Our approaches yield three new pieces of evidence characterizing white matter disruptions from nicotine use: (1) Using TBSS, we
found abstinent smokers compared to controls have decreased FA,
increased radial diffusivity (Dr), and decreased anisotropy within
aligned ﬁber bundles in several brain regions, including the corpus
callosum and anterior internal capsule. (2) Structural connections
were demonstrated between the frontal cortex and two rewardrelated brain areas (the nucleus accumbens (Balfour, 2002, 2004;
Di Chiara et al., 2004) and the habenula (Salas et al., 2009; Velasquez

R.R. Savjani et al. / Drug and Alcohol Dependence 145 (2014) 134–142

137

Fig. 1. TBSS results reveal that smokers have decreased FA in the L and R splenium of corpus callosum and the L and R anterior limb of internal capsule. Ethnicity, education,
gender, and age were adjusted for as additional covariates in the GLM. Anatomical labels were derived from the JHU ICBM-DTI-81 White Matter Labels. The light blue indicates
the skeletonized WM in which the voxel-wise TBSS was performed. The red-yellow shows signiﬁcant voxels (p < 0.05, FWE controlled) with the voxels ﬁlled along the WM
tracts for easier visibility. Brain images are in radiologic convention (right hemisphere appears on left).

et al., 2014)) to be implicated in chronic nicotine smoking, and
these disruptions were further exaggerated by acute smoking. (3)
We found speciﬁc hemispheric asymmetries within frontal projecting tracts observed in chronic smokers but not in healthy controls,
suggesting the white matter disruptions in the left hemisphere to
be more susceptible to the effects of nicotine than the right hemisphere. Collectively, our study uses recent DTI approaches to better
characterize the adverse effects of nicotine on white matter characteristics in the brain.
First, using TBSS the current results show decreased FA within
regions of the corpus callosum, in line with more recent studies
(Lin et al., 2013; Umene-Nakano et al., 2014) and refuting older
ones (Hudkins et al., 2012; Paul et al., 2008). Also using TBSS, we
found Dr was increased in the corpus callosum in smokers (abstinent 24 h) compared to controls, a result that was previously not
found (Umene-Nakano et al., 2014) or not explicitly searched for
using TBSS (Lin et al., 2013). We also built a model that incorporated crossing ﬁbers (Jbabdi et al., 2010) and found large decreases
in anisotropy along the ﬁrst ﬁber direction in the entirety of the
left corpus callosum and decreased anisotropy in several frontal
WM regions in bilateral frontal regions. Such a model had not been
tested for nicotine dependence, and our analysis with this model
supports previous studies reporting left sided corpus callosum disruptions in smokers (Lin et al., 2013). Further, by aligning ﬁber
orientations and running TBSS on each ﬁber bundle individually,
we were also able to elucidate decreases in anisotropy in anterior internal capsule and frontal regions, a result not previously
reported in TBSS analyses on FA only. Our data also recapitulated
correlations of FA and years of nicotine use previously seen across
several studies (Hudkins et al., 2012; Liao et al., 2011; Lin et al.,
2013; Paul et al., 2008; Umene-Nakano et al., 2014; Zhang et al.,
2011). Although the directionality of the correlations are consistent with the literature, all studies including our own have used
relatively small sample sizes. The strength of these mild correlations might be increased by: (1) using an order of magnitude
greater number of smokers, (2) adjusting for further demographic
and biological data (e.g. socioeconomic conditions, genetic predispositions), and (3) acquiring better estimates of total lifetime

volume of nicotine exposure. In sum, our TBSS data further elucidate the changes seen within the corpus callosum and the anterior
limb of the internal capsule seen in cigarette smokers but not in
controls.
Second, the probabilistic tractography within our 3 hypothesized tracts (fronto-accumbal, fronto-habenular, and fronto-motor)
revealed a general trend of decreasing FA in smokers who abstained
from smoking for 24 h, compared to controls. These changes were
further exacerbated when smokers smoked as usual (sated). Even
though our TBSS analysis did not reveal any differences between
smoking as usual and abstinent smokers, we found the right frontohabenula and fronto-accumbal tracts to be decreased further when
smokers recently smoked. We also found 3 of the 6 tracts to show
signiﬁcantly lower FA in sated smokers compared to controls. Using
subject-speciﬁc tracts to perform statistics rather than common
group approaches like TBSS can reveal more subtle differences that
can wash away in spatial normalization. Further, we also found
evidence for hemispheric asymmetry in which the left hemisphere
contained more disruptions in smokers but not controls, a result
supporting previously observed ﬁndings (Lin et al., 2013). Although
previous studies found signiﬁcant correlations between FTND and
DTI metrics (Hudkins et al., 2012; Paul et al., 2008; Zhang et al.,
2011), our data did not show such correlations using two different
approaches.
Third, the probabilistic tractography results in this paper support the hypothesis that acute effects of nicotine enhance the
observable chronic disruptions in DTI in smokers in some regions.
The opposite hypothesis, for smokers to show increases in FA after
recent use, is also plausible and has been previously observed in the
genu of the corpus callosum after recent nicotine administration
(Kochunov et al., 2013) and in smokers who recently began smoking (Hudkins et al., 2012; Liao et al., 2011; Lin et al., 2013). Support
for this hypothesis stems from the presence of functional nicotinic
acetylcholine receptors (nAChRs) within the white matter of the
brain (Ding et al., 2004; Kochunov et al., 2013; Pimlott et al., 2004;
Vizi and Lendvai, 1999) and/or glial swelling (Hudkins et al., 2012;
Opanashuk et al., 2001), which could account for acute exposure to
nicotine increasing FA values. Our results show that smokers who
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Fig. 2. WM regions with signiﬁcantly lower FA in smokers also show changes in other DTI measures. (A) FA was decreased, Da was decreased, Dr was increased, and MD
was increased in smokers compared to non-smokers. Signiﬁcance testing was not computed here to avoid circularity. The box and whisker plots show group statistics of the
averaged DTI metrics from each tract: median within the box, the 25th and 75th percentiles at the bounds of the box, the extremes of the data not outliers as whiskers, and
the outliers in red crosses. (B) Correlations of DTI metrics with severity of smoking revealed a negative correlation of FA and duration of smoking and a positive correlation
with Dr and duration of smoking. Data is from 20 of the 30 smokers from which years of regular smoking was obtained. These characteristic correlations are highly consistent
with Lin et al. (2013), even though our brain regions differ.

were sated had decreases in FA compared to the same smokers
when they abstained for 24 h within particular frontal projecting
tracts. Since our TBSS results showed no difference between sated
and abstinent smokers, it is possible that acute nicotine exposure
affects only speciﬁc WM tracts. Further, smokers exhibited greater
disruptions in the left compared to right tracts. Although we did

not hypothesize such a laterality difference selectively in smokers, the greater DTI changes in the left hemisphere may parallel
lateralization of dopaminergic systems. Dopaminergic dysfunction
is characteristic in Parkinson’s disease, in which greater nigrostriatal damage is seen on the left hemisphere (Scherﬂer et al., 2012)
and in which stronger left lateralized functional connectivity is

Fig. 3. TBSS results reveal smokers have increased Dr diffusely in corpus callosum and bilateral internal capsule. Ethnicity, education, gender, and age were adjusted for as
additional covariates in the GLM. Anatomical labels were derived from the JHU ICBM-DTI-81 White Matter Labels.
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Fig. 4. TBSS results reveal smokers have signiﬁcantly decreased anisotropy along the major ﬁber (F1) in the L body of the corpus callosum (top row), the bilateral anterior
limb of the internal capsule (middle row), and the L forceps minor (bottom row). Ethnicity, education, gender, and age were adjusted for as additional covariates in the GLM.
Anatomical labels were derived from the JHU ICBM-DTI-81 White Matter Labels or the JHU White-Matter Tractography atlas.

associated with a decreased risk for Parkinson’s disease (Ellmore
et al., 2013). This is further supported by the fact that smoking
propensity can be altered in humans via dopaminergic agonists
and inverse agonists (Caskey et al., 2002). Interestingly, we also
did not hypothesize the fronto-motor tracts to differ signiﬁcantly
from controls or between abstinent and sated smokers. However,
disruptions in motor coordination have been observed in rats with
prenatal exposure to tobacco extracts (Khalki et al., 2012), suggesting the motor circuit may also be implicated in nicotine use. Further,
nicotine exposure may induce changes to networks throughout
the frontal cortex, giving rise to our observed changes in all three
frontal projecting tracts.

An alternative interpretation of the data is that the white matter
changes in the abstinent smokers are related to acute withdrawal
of nicotine rather than chronic nicotine exposure. This seems
plausible, as 24 h without a cigarette certainly induces withdrawal
symptoms (Thompson-Lake et al., 2014). However, we did not ﬁnd
signiﬁcant differences in the paired TBSS analysis of smokers in
sated vs. abstinent conditions. Further, our probabilistic tractography data show that when sated, the FA measures decline further
rather than reversing, as would be expected if the effect was due
to withdrawal. That is, we did not observe FA measures to restore
towards the level of controls when smokers recently smoked.
Nonetheless, a further investigation parametrically modulating

Fig. 5. TBSS results reveal smokers have signiﬁcantly decreased diffusivity along the second anistropy (F2) in bilateral anterior internal capsule (top row), the L inferior
fronto-occipital fasciculus (middle row), and the R genu of the corpus callosum (bottom row). Ethnicity, education, gender, and age were adjusted for as additional covariates
in the GLM. Anatomical labels were derived from the JHU ICBM-DTI-81 White Matter Labels or the JHU White-Matter Tractography atlas.
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Fig. 6. Chronic tobacco use causes decreases in FA within frontal projecting tracts, which show further decreases in FA when smokers have recently smoked. Probabilistic
tractography was used to ﬁnd speciﬁc tracts projecting to the frontal cortex originating from 3 ROIs: habenula, nucleus accumbens (NACC), and pre-central gyrus (motor).
Tracts from a representative participant are shown on the bottom row of images corresponding to the ROI seeds. Above each image is the distribution of FA across subjects
within that tract. The box and whisker plots show group statistics of the averaged FA from each tract: median within the box, the 25th and 75th percentiles at the bounds of
the box, the extremes of the data not outliers as whiskers, and the outliers in red crosses.

the duration of abstinence and observing the effects on DTI metrics
might further substantiate our ﬁndings.
The characteristics of the altered DTI metrics in smokers
may elucidate the biological underpinnings of the impact of
nicotine on white matter. Smokers were found to have an
increase in radial diffusivity compared to controls without signiﬁcant decreases in axial diffusivity, suggesting the disruptions

observed in smokers are more likely related to dysmyelinated
axons rather than axonal injury (Song et al., 2003, 2002, 2005).
This ﬁnding is consistent with rodent studies that revealed gestational nicotine exposure decreased myelin gene expression in
both adolescent and adult rats in regions including the prefrontal
cortex, basal ganglia, and the nucleus accumbens (Cao et al.,
2013a,b).

Fig. 7. Nicotine users show asymmetrical hemispheric differences in FA along fronto-habenula and fronto-accumbal tracts. Nicotine users showed signiﬁcantly lower FA
(*p < 0.05, paired t-test) along the L habenulo-frontal and accumbo-frontal tracts compared to the corresponding right hemispheric tract. Controls showed no hemispheric
asymmetries along any of our measured tracts. The box and whisker plots show the group statistics of the averaged FA from each tract: median within the box, the 25th and
75th percentiles at the bounds of the box, the extremes of the data not outliers as whiskers, and the outliers in red crosses.
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Our study has four important limitations. First, our DTI sequence
prevented imaging of the cerebellum and the posterior occipital
lobe, limiting inferences from these regions. Further, incomplete imaging of the cerebellum could prevent optimal image
registration. Second, we did not scan control subjects twice to
measure the test–retest reliability of the imaging as well as the
analysis approaches. This is a growing concern in DTI imaging,
and TBSS approaches are subject to imperfect test–retest reliability
(Madhyastha et al., 2014). Third, we did not randomize the days
that smokers were abstinent. Due to participation in a separate
study (a virtual reality session prior to scanning), all subjects had
been abstinent for over 24 h on the ﬁrst day they were scanned.
Further, the 15 participants who did return for the second scan
while smoking as usual had signiﬁcantly greater FTND. This may
limit the implications of the effects of acute nicotine exposure on
DTI metrics to smokers who have a greater dependence on nicotine. Fourth, there are a multitude of factors that could additionally
or partially explain differences in DTI metrics between controls
and smokers. Our covariates accounted for linear trends in the
data; however, non-linear effects of age and education in particular were not removed. Further, we did not assess other indices
of health including but not limited to: diabetes, blood pressure,
hypertension, and cardiac disorders. Thus, our study cannot state
that tobacco plays any causal role on these observed changes, only
that a correlation was observed.
Our study investigated the effects of nicotine use on white matter characteristics using a variety of approaches. By using multiple
directions in our DTI image acquisition and incorporating crossing
ﬁbers into our TBSS analysis, we provide a more complete picture of
white matter disruptions in chronic smokers, including regions of
decreased FA in the corpus callosum. Further, our probabilistic tractography data reveals decreases in FA in smokers in white matter
tracts projecting to the frontal cortex from the nucleus accumbens,
habenula, and the motor cortex. Disruptions were greater on the
left side in smokers vs. non-smokers, and decreases were generally exaggerated by acute exposure to cigarette smoking. DTI may
help elucidate the addictive potential of nicotine and how it interacts with cortical and subcortical white matter. Fortunately, there is
some evidence that quitting smoking for >20 years restores disruptions in white matter characteristics (Gons et al., 2011), suggesting
these disruptions may not be permanent. Mapping what the disruptions are and how they can recover could be instrumental in
therapeutic development.
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