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Abstract

Results from recent studies suggest that chronic cigarette smoking is associated with increased white
matter volume in the brain as determined by in vivo neuroimaging. We used diffusion tensor imaging
to examine the microstructural integrity of the white matter in 10 chronic smokers and 10
nonsmokers. All individuals were healthy, without histories of medical or psychiatric illness.
Fractional anisotropy (FA) and trace were measured in the genu, body, and splenium of the corpus
callosum. FA provides a measure of directional versus nondirectional water diffusion, whereas trace
provides a measure of nondirectional water diffusion. Lower FA and higher trace values are
considered to reflect less brain integrity. Voxel-based morphometry was used to define volumes in
each of these regions of the corpus callosum. Chronic smokers exhibited significantly higher FA in
the body and whole corpus callosum and a strong trend for higher FA in the splenium compared with
nonsmokers. FA did not differ between groups in the genu, and neither trace nor white matter volumes
differed between groups in any of the regions of interest. When subdivided by Fagerstrém score (low
vs. high), the low Fagerstrdm group exhibited significantly higher FA in the body of the corpus
callosum compared with the high Fagerstrom group and the nonsmokers. These results suggest that,
among healthy adults, lower exposure to cigarette smoking is associated with increased
microstructural integrity of the white matter compared with either no exposure or higher exposure.
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Additional studies are needed to further explore differences in white matter integrity between
smokers and nonsmokers.

Introduction

Cigarette smoking has remarkably diverse effects on the central nervous system (CNS).
Nicotine is an agonist within the cholinergic neurotransmitter system, with high affinity for
the a4f2 nicotinic receptor subtype present throughout the CNS (for review, see Wonnacott,
Sidhpura, & Balfour, 2005). Nicotinic receptors are widely distributed within the CNS, and
nicotine plays a neuromodulatory role in the cholinergic system, with nicotinic stimulation
resulting in multiple interactions with other neurotransmitter systems and alterations in cellular
activities (Dani, 2001; Jones, Sudweeks, & Yakel, 1999). These factors reflect the complexity
of nicotinic effects in the CNS and also likely explain the beneficial effects of acute nicotine
administration on attention, memory, and other cognitive abilities that are evident in both
nonsmokers and experienced smokers (Bell, Taylor, Singleton, Henningfield, & Heishman,
1999; Foulds et al., 1996; Heishman, 1999; Waters & Sutton, 2000).

The impact of chronic cigarette smoking on CNS function differs from the acute effects of
smoking. Multiple studies, including work from our own lab, have revealed that chronic
cigarette smoking is associated with poorer cognitive outcome. Cognitive deficits have been
reported across age groups of chronic smokers, with stronger effects evident among older
smokers (Chen et al., 2003; Paul et al., 2006; Reitz, Luchsinger, Tang, & Mayeux, 2005;
Stewart Deary, Fowkes, & Price, 2006). These deleterious effects may be the result of cigarette
smokers’ inhalation of multiple chemicals, not just nicotine, and these additional factors exhibit
neuromodulatory and neurovascular effects that may be directly neurotoxic or lead to
secondary CNS damage with chronic exposure. For example, cigarette smoking is a well-
known risk factor for the development of cerebrovascular disease (Feldmann et al., 2005;
Goldstein et al., 2006; Sacco et al., 2006).

The adverse effects of chronic cigarette smoking on brain structure and function were examined
by Brody et al. (2004) using in vivo magnetic resonance imaging (MRI). In that study, regional
brain gray matter volumes were determined using manual tracing and voxel-based
morphometry (VBM) among a small cohort of individuals meeting DSM-1V criteria for
nicotine dependence. Results revealed that smokers exhibited reduced volumes of the
dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, and anterior cingulate cortex
compared with nonsmokers. Further, prefrontal cortex volumes defined by VBM were
significantly inversely correlated with smoking exposure (i.e., pack-year smoking history). The
magnitude of difference in brain gray matter volumes (11.9% to 21.2% smaller in smokers)
and the relationships between volumes and smoking exposure are noteworthy. These findings
provide evidence that cortical gray matter regions of the brain are negatively affected by chronic
cigarette smoking. Further, evidence of reduced gray matter volume is consistent with the
results of studies demonstrating poorer cognitive outcomes associated with long-term cigarette
smoking (Chen et al., 2003; Paul et al., 2006; Reitz et al., 2005; Stewart et al., 2006).

Less is known about the impact of cigarette smoking on the white matter of the brain. In a study
aimed at defining the impact of chronic alcohol abuse and comorbid nicotine dependence on
regional brain volumes, cigarette smokers (collapsed across alcohol status) exhibited
significantly larger temporal and frontal white matter volumes compared with nonsmokers
(Gazdzinski et al., 2005). These results were in contrast to the independent effects of alcohol,
which were associated with reduced white matter volumes. The findings also contrasted with
the effects of smoking status on gray matter volumes, which revealed more significant atrophy
among alcohol-dependent individuals, a finding consistent with the results from Brody et al.
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(2004). The authors hypothesized that the increased white matter volumes among the smokers
may reflect cytotoxic swelling or the effects of interstitial leakage of fluid from plasma.
Regardless of the mechanism, the impact of chronic smoking on the macrostructure of the
white matter appears to differ from the effects of cigarette smoking on the gray matter of the
brain parenchyma.

It remains unclear if abnormalities in the white matter of chronic smokers are evident at the
microstructural level as visualized using diffusion tensor imaging (DTI). DTl is a relatively
novel noninvasive imaging methodology that measures the direction-dependent rate of water
diffusion at each point in an image. One scalar measure of diffusion at a given point is the
average rate of diffusion taken over all directions, or trace. Other measures derive from the
linear orientation of homogeneous white matter tracts resulting in faster diffusion along tracts
than across them. A measure of this directional variability is fractional anisotropy (FA).
Alterations in the integrity of the white matter are often reflected by changes in FA and trace,
and these measures appear to have greater sensitivity to alterations in the integrity of the white
matter compared with traditional structural imaging (for review, see Catani, 2006).

To our knowledge, no study has examined DTI metrics in the brain among chronic cigarette
smokers, yet the methodology represents an attractive imaging tool because it is highly
sensitive to microstructural alterations in the brain, particularly within the white matter. Given
the findings by Gazdzinski et al. (2005) that cigarette smokers exhibit significantly larger white
matter volumes than nonsmokers, we were interested in determining whether similar effects
would be evident within the microstructural integrity of the brain. In the present study, we
examined microstructural white matter integrity in a cohort of regular smokers compared with
age- and education-matched nonsmokers. White matter integrity was examined using VBM
and DT of the corpus callosum.

Data from 20 individuals archived in the Brain Resource International Database (BRID;
Gordon, 2003) were included in the present study. The group included 10 smokers (6 males
and 4 females) and 10 nonsmokers (4 males, 6 females). The demographic data are shown in
Table 1. The BRID is a comprehensive database of brain function containing data from subjects
recruited at six primary sites throughout the world (two sites in the United States, two sites in
Australia, one site in the Netherlands, and one site in the United Kingdom). For the purpose
of the present study, only individuals recruited from one of the two sites in Australia were
included; these were the only individuals among the BRID cohort to complete the DTI imaging
protocol.

All subjects were healthy. Individuals were excluded from the database if they reported any
history of a medical (e.g., cardiac disease, thyroid disease) or neurological disorder (e.g.,
stroke), mental retardation, drug abuse or dependence (aside from nicotine abuse or
dependence), or psychiatric illness. In addition, all individuals completed the Somatic and
Psychological Health Report (Hickie, Davenport, Naismith, & Scott, 2001) to identify
subclinical depression and anxiety. Web-based questionnaires were used to obtain basic
demographic data such as subjects’ age, sex, education, and current mood status. Participants
signed a written consent form prior to enroliment and received financial compensation for their
participation. Initial data collection for the BRID was approved by local institutional review
boards.

Smoking status was determined using the Fagerstrom Test for Nicotine Dependence (FTND;
Heatherton, Kozlowski, Frecker, & Fagerstrom 1991). Individuals reporting a score of 1 of
higher were included in the smoking group. To receive at least a score of 1, individuals had to
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endorse at least one of the items from the FTND. Overall, a score of 1 on this scale represents
a minimum degree of nicotine dependence. The distribution of scores on the scale is provided
in Table 2. All nonsmokers reported a score of 0 on the scale. The nonsmokers were selected
among individuals with data archived in the BRID, who had completed the DTI and volumetric
MRI acquisition, and who were individually matched against the smoking sample on age and
education. Information on possible past smoking among the nonsmokers was not available
from the questionnaire. Self-reported symptoms of depression, anxiety, and stress were
quantified using the Depression, Anxiety, and Stress Scale (Lovibond & Lovibond, 1995).

None of the participants reported daily consumption of alcohol, and none of the subjects
reported experiencing social consequences secondary to alcohol, or any history with difficulty
ceasing alcohol intake. The distribution of smokers who considered themselves “regular”
consumers of alcohol (7 out of 9) differed slightly compared with nonsmokers (4 out of 9).
Alcohol history was not available from one individual in each group.

Image acquisition and analysis (Table 3)

Neuroimaging was conducted using a 1.5 Tesla Siemens (Erlangen, Germany) Sonata at Perrett
Imaging, Flinders University, Australia. 3D T1-weighted images were acquired in the sagittal
plane using a 3D MPRAGE sequence (TR=9.7 ms; TE=4 ms; Echo train=7; Flip Angle=12°;
TI1=200 ms; NEX=1). A total of 180 contiguous 1-mm slices were acquired with a 256x256
matrix with an in-plane resolution of 1x1 mm resulting in isotropic voxels. Proton density and
spin-echo (SE) images were acquired using a dual echo sequence (TR=7530 ms; TE=15/105
ms; Echo train=7; Flip Angle=180°; NEX=1). A total of 45 contiguous 1-mm slices were
acquired in an axial orientation with an in-plane matrix of 256x256 at a resolution of 0.86x0.86
mm. DTI was acquired using a DTI-EPI sequence (TR=160 ms; TE=88 ms; Fat Saturation;
NEX=4). A baseline image (b=0) and 12 different diffusion orientations were acquired with a
b-value of 1250. A total of 32 contiguous slices of 6.5 mm were acquired with an in-plane
matrix of 128x128 at a resolution of 1.72x1.72 mm.

Diffusion tensor analysis

DTI data were processed using a custom written routine (Grieve, Williams, Paul, Clark, &
Gordon, 2007) in MATLAB 6.5 (MathWorks, Natick, Massachusetts). Trace apparent
diffusion coefficient (TrADC) and FA images were calculated in native space from the b=0
image and 12 diffusion-weighted images (b=1250 s cm2). FA was defined as follows:
FA= (3/2)"/?x
([ {/ll - /lav}2 + {/!2 - /l;.w}2 + {/13 - /lav}zl/
2, 2, 2\'/?
|3+ 3+22])",

where L,=the eigenvalues describing the diffusion tensor, and A,y is the mean diffusivity
(MatAg+hAs]/3).

Corpus callosum parcellation

A hand-drawn region of interest was drawn using a normalized, averaged, and high-resolution
(1 mm3)-smoothed white matter segmented image created from 223 individuals from the BRID
dataset in a previous work (Grieve, Clark, Williams, Peduto, & Gordon, 2005). The position
of the division between the anterior portion of the genu and the frontal pericallosal tissue, and
between the posterolateral extent of the splenium and the parietal pericallosal tissue was
defined by a plane-positioned bordering the medial 30% of the brain diameter (Pfefferbaum et
al., 2000). The genu was defined as the portion of the corpus callosum region of interest anterior
to a plane through the body of the corpus callosum at the MNI (Montreal Neurological Institute)
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coordinate y=17 mm. The splenium was defined as the portion of the corpus callosum posterior
to a plane at the MNI coordinate y=-18 mm (Figure 1k-I).

Segmentation of T1 MRI data

Coregistration and normalization was performed using Statistical Parametric Mapping (SPM2;
Wellcome Department of Imaging Neuroscience, London; www:.fil.ion.ucl.ac.uk/spm),
running under MATLAB 6.5 using an optimized VBM protocol as described previously
(Ashburner & Friston, 2000; Good et al., 2001; Grieve et al., 2005). The segmentation protocol
used a cluster analysis method to separate pixels based on intensity differences, together with
a priori knowledge of spatial tissue distribution patterns in normal subjects (Ashburner &
Friston, 2000; Friston, Holmes, Poline, Price, & Frith, 1996; Good et al., 2001). Customized
gray matter, white matter, and cerebrospinal fluid template images were created from the
averaged T1 images of 223 individuals in the BRID database (Grieve et al., 2005).

Creation of custom CC masks for FA and volume analysis

Following segmentation and normalization of the white matter of each subject image to MNI
space, corpus callosum masks were created using a threshold of white matter probability >.4.
The white matter data and the modified corpus callosum region of interest masks were
transformed to “native” T1 space using the inverse of the deformation fields created through
the normalization process. This operation was performed using the deformation toolbox in
SPM2 (written by John Ashburner, www.fil.ion.ucl.ac.uk/~john). White matter volumes were
calculated for each corpus callosum region of interest using the segmented white matter data
in native space and the transformed corpus callosum masks. Figure 1 shows the segmented
white matter data in the native space of the T1-weighted images with the corpus callosum
region of interest superimposed in color. The native T1 image and the T2 image were then
coregistered. Similarly, the T2 image was coregistered with the trace ADC image. The
transforms from these two steps were then applied to both the segmented white matter data
and to the corpus callosum masks, morphing these images to the native space of the DTI dataset.
Figure 2 shows FA and trace ADC data from a representative subject. Columns 3 and 4 of
Figure 2 show the white matter and corpus callosum region of interest superimposed on the
FA dataset. Average FA and trace ADC values were then calculated using both the custom
corpus callosum masks and the segmented white matter to define the region of interest. The
use of the white matter image as a mask ensures FA was calculated from white matter pixels
only. Figures 1a-d show axial and sagittal slices of a representative corpus callosum mask
superimposed on the matching segmented white matter (Figure 1a), T2 (Figure 1b), trace ADC
(Figure 1c), and FA dataset (Figure 1d).

Data analyses

Preliminary analyses revealed no significant differences on the imaging variables between male
and female smokers. Therefore, these data were pooled. FA, trace, and volumetric indices were
contrasted between smokers and nonsmokers in the whole corpus callosum using Student’s t
tests. We conducted analyses on total corpus callosal indices separately since total corpus
callosal indices are dependent on the individual subregions. Subsequently, imaging variables
were contrasted in three separate MANOVAs (one each for FA, trace, and volumetric indices).
In each of these MANOVAS, the dependent measures were the three subregions of interest
(genu, body, splenium), and the independent variable was group (i.e., smoker vs. nonsmoker).
The three regions of interest were included in each of the separate MANOVAs to reduce the
risk of Type 1 errors. Univariate contrasts were examined where the omnibus MANOVA was
significant. Pearson correlation coefficients were examined between FTND) score, age,
education, and all imaging variables. We also examined the relationship between number of
cigarettes smoked per day and DTI metrics. To further explore the impact of FTND score on
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imaging metrics, the smokers were subdivided into two groups based on low versus high FTND
score (mean=1.6, mean=5.6, respectively). A MANOVA was then computed between the two
FTND groups and post hoc comparisons were evaluated with Tukey’s test.

Results

Demographics

We found no statistically significant difference between smokers and nonsmokers in terms of
age, t(18)=0.01, p>.05, or education, t(18)=0.67, p>.05. As expected, we found a very strong
statistical difference on the FTND scale, consistent with the initial groupings of smokers versus
nonsmokers, t(18)=5.0, p<.01.

DTI contrasts: Smokers vs. nonsmokers

Compared with nonsmokers, the smokers exhibited significantly elevated FA in the whole
corpus callosum, t(18)=2.63, p<.05. The overall MANOVA contrasting the three separate
regions of the corpus callosum was statistically significant (Wilks” 2=0.61, F=3.3, p<.05).
Univariate contrasts revealed that smokers exhibited significantly elevated FA in the body of
the corpus callosum, F(1, 18)=9.7, p<.01, compared with nonsmokers, and this effect remained
after controlling for multiple comparisons (i.e., exceed p<.016). A trend was evident in the
splenium, F(1, 18)=3.5, p=.07, but FA did not differ between groups in the genu, F(1, 18)=1.5,
p>.05. Smokers did not exhibit significant differences in trace in the whole corpus callosum
compared with nonsmokers, t(18)=0.94, p>.05. Similarly, the overall MANOVA contrasting
trace within the three regions of the corpus callosum was not statistically significant (Wilks’
1=0.88, F=0.64, p>.05).

Volumetric contrasts: Smokers vs. nonsmokers

We found no significant difference between smokers and nonsmokers in the volume of the
whole corpus callosum, t(18)=-0.40, p>.05. Similarly, the overall MANOVA contrasting
volume across the three regions of the corpus callosum was not statistically significant between
smokers and nonsmokers (Wilks’ A=0.88, F=0.71, p>.05).

DTI contrasts: Low Fagerstrom group vs. high Fagerstrém group, and nonsmokers

The ANOVA contrasting FA in the whole corpus callosum between the three groups was
statistically significant, F(1, 17)=3.7, p<.05. The mean FA values were highest among smokers
with lower nicotine dependence, followed by lower FA values among smokers with higher
nicotine dependence and still lower FA values among the nonsmokers (Figure 3). Post hoc
contrasts revealed that the low Fagerstrom group exhibited significantly more FA in the whole
corpus callosum compared with the nonsmokers (p<.05), but there were no significant
differences between the nonsmokers and the high Fagerstrom group (p=.25), or between the
two subgroups of smokers (p=.68). The MANOVA contrasting the three regions of interest
was statistically significant (Wilks’ A=0.38, F=3.4, p<.05). The univariate contrasts revealed
significant differences in the body of the corpus callosum (F=7.6, p<.05); smokers reporting
lower scores on the FTND exhibited significantly higher FA compared with nonsmokers (p<.
05). No other group differences emerged in the body of the corpus callosum. The ANOVA
contrasting trace in the whole corpus callosum between the three groups was not statistically
significant, F(2, 17)=2.0, p>.05. Similarly, the overall MANOVA contrasting the three regions
of the corpus callosum were not statistically significant (Wilks’ A=0.60, F=1.4, p>.05).

Volumetric contrasts: Low Fagerstréom group vs. high Fagerstrém group, and nonsmokers

The ANOVA contrasting the volume of the whole corpus callosum between nonsmokers and
smokers with low and high Fagerstrém was not significant, F(2, 17)=0.11, p>.05. Similarly,
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the overall MANOVA contrasting the three regions of interest in the corpus callosum between
these groups was not statistically significant (Wilks’ 2=0.77, F=0.67, p>.05).

Correlational analyses

Among smokers, correlation analyses revealed strong but nonsignificant relationships between
the Fagerstrom score and FA in the body (r=-.58, p=.07), genu (r=-.52, p=.12) and splenium
(r=.57, p=.08), but not the whole corpus callosum (r=-.23, p>.05). These correlations reflect
medium effect sizes and are likely statistically insignificant due to limited power. Neither age
nor education correlated significantly with FA (r values <.13). Examination of individual items
on the FTND revealed a strong relationship between total number of cigarettes smoked per day
and FA in the genu (-.79, p<.01); no other relationships emerged between number of cigarettes
per day and either FA or volumes of the corpus callosum in the three regions of interest. Since
smokers reporting higher FTND scores were slightly older and less educated, we examined the
degree of shared variance between education and age and FA values in the three regions of the
corpus callosum. None of these correlations was statistically significant.

Discussion

To our knowledge, this study represents the first report of microstructural alterations in the
white matter of the brain among chronic cigarette smokers as evidenced by in vivo
neuroimaging. Our study revealed two interesting results. First, on average, smokers exhibited
higher levels of FA in the corpus callosum than nonsmokers. Higher levels of FA are typically
interpreted as suggesting superior integrity of the white matter. Second, the highest levels of
FA were observed among smokers with the lowest nicotine dependence scores, as measured
by the FTND. Collectively these findings suggest that among otherwise healthy adults, low
levels of nicotine dependence are associated with increased microstructural integrity of the
brain white matter.

Our finding of higher FA in the body of the corpus callosum among smokers is not consistent
with other studies of FA in drug use populations. Previous studies of other drug-abusing groups
revealed a decrease in FA in the brain white matter. For example, Pfefferbaum and colleagues
(Pfefferbaum et al., 2000; Pfefferbaum & Sullivan, 2005) reported significantly reduced FA
in multiple white matter tracts of chronic alcoholics compared with healthy control subjects.
Similarly, Lim, Choi, Pomara, Wolkin, and Rotrosen (2000) reported significantly reduced FA
in the white matter of the orbital frontal lobe among 12 cocaine-dependent individuals
compared with healthy control subjects, which the authors interpreted as reduced connectivity
of key brain regions that underlie decision-making capacity. In contrast to the effects of alcohol
and cocaine, chronic marijuana abuse is associated with no significant alteration in FA but a
significant increase in trace among abusers compared with demographically matched control
subjects (Gruber & Yurgelun-Todd, 2005). Collectively these studies suggest that chronic
substance abuse is associated with either reduced FA or increased trace in the white matter of
the brain, both of which reflect less microstructural integrity. According to the results of our
study, the effects of chronic cigarette smoking on the white matter may differ qualitatively
from the effects of alcohol and illicit drugs.

Our findings are preliminary and associational in nature, yet it is appropriate to discuss possible
biological mechanisms associated with increased white matter volume reported previously and
increased FA among smokers evident in the present study. Gazdzinski et al. (2005) suggested
that either nicotine-induced cytotoxic cell swelling secondary to nicotine-induced osmotic

imbalances, or vasogenic swelling characterized by plasma fluid leaking into the parenchymal
interstitial space might lead to alterations in the white matter. The latter is of interest as the

authors noted that this type of vasogenic swelling occurs most strikingly in the white matter.
Although our data do not directly address either of these possible explanations, it is of interest

Nicotine Tob Res. Author manuscript; available in PMC 2008 March 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Paul et al.

Page 8

that we did not observe significant differences in trace between smokers and nonsmokers. Since
trace reflects average diffusion, an increase in overall water content (e.g., edema/swelling)
would be expected to result in significantly elevated trace values. An increase in nonaxonal
water content (and therefore a decrease in nonisotropic water) also would be expected to
decrease the FA in the affected tissue. For example, studies in patient populations have revealed
increased trace in the white matter among individuals with cerebral edema (Kale et al.,
2006), as well as in animals with experimentally induced vasogenic swelling (Kuriowa et al.,
1999). Further, in these studies the degree of swelling was significantly positively correlated
with trace values. The lack of group differences in trace between smokers and nonsmokers in
our study suggests that vasogenic swelling may not adequately explain volumetric differences
in the white matter observed in previous studies.

An alternative explanation for the observation of white matter changes among chronic smokers
is related to the neurogenic properties of nicotine. As noted previously, nicotinic receptors are
located throughout the CNS and some evidence indicates that nicotinic receptors are associated
with a variety of neurogenic properties. For example, Opanashuk, Pauly, and Hauser (2005)
treated cerebellar external granular layer (EGL) neuroblasts in vitro with nicotine and observed
a concentration-dependent increase in DNA content and synthesis, suggesting increased cell
numbers. Furthermore, chronic nicotine treatment for 4-7 days promoted EGL growth and
survival. These effects were attenuated by administration of dihydro-beta-erythroidine, a
nicotinic acetylcholine receptor antagonist. In addition, preliminary evidence in humans
indicates that chronic smoking (in vivo) and nicotine exposure on cells obtained from humans
(in vitro) promotes expression of genes involved in neurogenesis, stimulates nerve growth
factor, and upregulates calcium-binding proteins (Garrido, King-Pospisil, Son, Hennig, &
Toborek, 2003; Liu, Mohila, Gong, Govindarajan, & Onn, 2005). Similarly, P. G. Shields and
colleagues (personal communication) observed significantly greater expression of two genes
involved in neurogenesis and neurodevelopment, including sex-determining region Y (SRY-
box 14), and glutamate receptor ionotropic, kainate in high compared to low smokers.

Ligand-binding studies have revealed the presence of nicotinic receptors in the cortical white
matter (Ding et al., 2004), though significant nicotinic binding has not been noted in the corpus
callosum per se. Nevertheless, previous studies have revealed that nicotinic receptors are
specifically involved in the regulation of oligodendrocyte development. For example, nicotinic
receptors are expressed in oligodendrocyte precursor cells (Rogers et al., 2001) and both
acetylcholinesterase levels and binding to nicotinic receptors are increased in the subcortical
white matter during early fetal development (Perry et al., 1986). Since the white matter in
humans does not mature fully until mid to late adolescence (Benes, 1989), it is possible that
stimulation of nicotinic receptors via smoking during adolescence and young adulthood results
in direct effects on these glial cells, resulting in increased volume and microstructural integrity.
Itis also well established that nicotine is oxidized into nicotinic acid, and studies have revealed
that animals provided with nicotinic aciddeficient diets develop less myelin than animals
weaned on a diet enriched with nicotinic acid (Nakashima & Suzue, 1982). Although we do
not have data on the chronicity of cigarette smoking in our sample, epidemiological studies
suggest that most individuals begin regular smoking behavior during their teens and second
decade of life (Lynch & Bonnie, 1994), a period falling in the developmental window of white
matter proliferation (Benes, 1989).

Our findings are generally consistent with those reported in Gazdzinski et al. (2005), which
identified significantly greater temporal white matter volume among nicotine-dependent
alcoholics compared with alcoholic nonsmokers. White matter volumes also were larger in our
small group of smokers, though the differences were not statistically significant. However, the
observation of significantly greater FA in the corpus callosum among smokers compared with
nonsmokers is consistent with microstructural changes in the corpus callosum reflecting
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enhanced neuronal integrity. The absence of statistically significant differences in volume
between our groups of smokers compared with nonsmokers may reflect the health of our
sample. All individuals in the BRID were comprehensively screened for medical
(cardiovascular disease, cerebrovascular disease) and psychiatric (substance abuse) factors that
could affect cerebral health. In addition, unlike the smokers evaluated in the study conducted
by Gazdzinski et al. (2005), and the study reported by Brody et al. (2004), our group of smokers
reported a relatively limited degree of nicotine dependence. For example, no individuals in our
study smoked more than 30 cigarettes/day and most smoked 20 cigarettes/day or less. It is
possible that more significant exposure to nicotine is required to result in macrostructural
volumetric changes in the white matter. It is also important to recognize that our results are
based on a relatively small sample of individuals and it is likely that larger cohorts of smokers
with more severe smoking histories are required to define stable relationships between cigarette
smoking and neuroimaging indices.

A few limitations of our study warrant discussion. First, the total numbers of subjects is
relatively small; therefore, the results should be interpreted as preliminary and in need of
replication with more individuals, and with more complete characterization of smoking
behavior. Some of our nonsmokers may have had some history of smoking behavior in the
past; this was not directly assessed in the present study. However, the impact of such a confound
would not likely change the direction of the results since inclusion of former smokers in the
nonsmoking group would have minimized rather than maximized differences in FA and
volumetrics between the two groups. Another important consideration is that we did not have
detailed information on race and ethnicity, and the high- versus low-FTND groups were not
balanced on sex. Although we do not believe these factors significantly influenced our findings,
larger studies are needed to confirm the results of our initial study.

Whereas our results and those reported by Grazdzinski et al. (2005) suggest neurotropic effects
of cigarette smoking, the functional consequence of increased volume and microstructural
integrity may not be beneficial. For example, recent work has demonstrated that nicotinic
stimulation of the cholinergic system results in abnormal angiogenesis and arteriogenesis
(Cooke & Bitterman, 2004). As noted by Cooke and Bitterman (2004), these effects of nicotine
appear counterintuitive; however, on closer examination they may explain in part the
relationships between cigarette smoking and coronary artery disease via abnormal cell
development. Similarly, the increased volume and FA in the white matter among smokers may
not represent adaptive brain integrity.
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Figure 1.

A series of segmented white matter images in the native space of the T1-weighted images from
which they were calculated. The corpus callosum (CC) region of interest is superimposed in
color. Volume measurements of the CC were performed by applying the CC masks to these
white matter images. The CC ROI has been morphed from the MNI space where it was defined
to the native space of the T1 image prior to application on the fractional anisotropy images.
(a-j) Axial slices in an inferior to superior direction. (k) Paramedian sagittal slice offset 2 mm
from the sagittal plane. (I) Sagittal slice offset 10 mm from the sagittal plane. Dashed lines in
k-I indicate the caudal and rostral limits of the body of the CC.
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Figure 2.

A series of slices from a representative individual from inferior to superior. Column 1 shows
trace apparent diffusion coefficient (ADC) maps; column 2, fractional anisotropy (FA) maps.
Columns 3 and 4 show FA maps with white matter (WM) and the CC region of interest (CC
ROI) superimposed in color.
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Figure 3.
Scatterplot of FA values and Fagerstrom scores for current smokers.
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