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Abstract

Background—Adolescence and young adulthood are critical vulnerability periods for initiation
of tobacco smoking. White matter development is ongoing during this time and may be influenced
by exposure to nicotine. Synthesis of findings from diffusion tensor imaging (DTI) studies of
adolescent and young adult smokers may be helpful in understanding the relationship between
neurodevelopment and initiation and progression of tobacco-use behaviors and in guiding further
research.

Methods—A systematic literature review was conducted to identify DTI studies comparing
adolescent and young adult (mean age <30 years) smokers versus nonsmokers. A total of 5 studies
meeting inclusion criteria were identified. Primary study findings are reviewed and discussed
within the context of neurodevelopment and in relation to findings from adult studies. Directions
for further research are also discussed.
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Results—All identified studies reported increases in fractional anisotropy (FA) among
adolescent/young adult smokers in comparison to non-smokers. Increased FA was most frequently
reported in regions of the corpus callosum (genu, body and spenium), internal capsule and superior
longitudinal fasciculus.

Conclusions—Findings of increased FA among adolescent/young adult smokers are contrary to
those from most adult studies and thus raise the possibility of differential effects of nicotine on
white matter across the lifespan. Further research including multiple time points is needed to test
this hypothesis. Other areas warranting further research include DTI studies of e-cigarette use and
studies incorporating measures of pubertal stage.

Keywords

Addiction; Development; White matter; Nicotine dependence; Diffusion magnetic resonance
imaging; (dMRI); Adolescence

1. Introduction

1.1. Tobacco smoking and adolescence

Tobacco smoking is addictive and associated with negative health effects including lung
cancer, emphysema, and type-11 diabetes (Adcock et al., 2011; Caramori et al., 2011; Tuesta
etal., 2011; USDHHS, 2014). Despite significant advancements in treatments for smoking
cessation (Cahill et al., 2013; Morean et al., 2015; Pbert et al., 2015), tobacco smoking
remains a significant public health concern, with the prevalence of past-year tobacco use
among US citizens over the age of 12 estimated at 25.5%, equating to 66.9 million
individuals (SAMHSA, 2014).

Adolescence is a critical vulnerability period for the initiation of tobacco smoking, with
earlier ages of initiation associated with greater severity of nicotine dependence (Riggs et
al., 2007; Behrendt et al., 2009; Klein et al., 2013; Lanza and Vasilenko, 2015). In the
United States, more than 85% of adult smokers report initiation of cigarette smoking prior to
the age of 18 and essentially all adult smokers (i.e., 99.9%) report initiation by the age of 30
(USDHHS, 2014). For most individuals, tobacco-use disorder may therefore be considered
an adolescent-onset disorder.

Neural development of both grey- and white-matter tissue structures is ongoing throughout
childhood and adolescence and into adulthood (Giedd et al., 1999; Giedd, 2004; Lebel and
Beaulieu, 2011; Raznahan et al., 2014). Within the brain, nicotine binds to nicotinic
acetylcholine receptors (nAChRs) and influences neurotransmission and neuronal growth
(Rudiger and Bolz, 2008). Stimulation of nicotinic receptors with nAChR agonists (such as
nicotine) results in decreased axonal surface areas, whereas nAChR antagonists increase
axonal surface areas (Nordman and Kabbani, 2012). Chronic exposure to nicotine is
associated with upregulation of NnAChRs (Sallette et al., 2005), and preclinical data indicate
that the adolescent brain may be more susceptible than the adult brain to nicotine-associated
increases in nAChR expression (Goriounova and Mansvelder, 2012). Thus, relationships
between neural structural characteristics and nicotine exposure may vary across
developmental epochs.
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1.2. Diffusion-weighted imaging

Diffusion-weighted magnetic resonance imaging (dMRI) is a widely used method for /in vivo
quantification of white-matter microstructures at high spatial resolution and is commonly
analyzed using an approach referred to as diffusion tensor imaging (DTI; Basser, 1995;
Soares et al., 2013). During dMRI, the MR signal is sensitized to the diffusion of water
molecules in multiple directions. Due to the presence of physical boundaries such as those
imposed by cell membranes or myelin in the axon sheath, diffusion within organized white
matter is orientation-dependent, or anisotropic (DaSilva et al., 2003; Hagmann et al., 2006).
By contrast, when unrestricted, diffusion of water molecules will be random and non-
directional, or isotropic (Hagmann et al., 2006). Using the resultant data, it is possible to
quantify diffusion within a given voxel in the brain, and this has been used to infer white-
matter microstructural characteristics (Basser, 1995; Basser and Pierpaoli, 1996); for reviews
see (Sullivan et al., 2010; Jones et al., 2013; Soares et al., 2013). One of the most widely
used methods for quantifying diffusion within a given voxel is DTI.

Using DTI, it is possible to calculate a number of scalar indices. The most widely used index
is fractional anisotropy (FA), a scalar measure ranging between 0 (isotropic diffusion) and 1
(anisotropic diffusion), based on the ratio of parallel to perpendicular diffusion within a
given voxel (Pierpaoli and Basser, 1996). Another frequently used index is mean diffusivity
(MD) which corresponds to the overall magnitude of diffusion, irrespective of direction;
reviewed in (Sullivan et al., 2010). Broadly speaking, FA increases and MD decreases during
typical development, although these changes are increasingly recognized to be both non-
linear and tract-specific and vary across individuals (e.g., Barnea-Goraly et al., 2005; Lebel
et al., 2008; Hasan et al., 2009; Lebel and Beaulieu, 2011; Lebel et al., 2012). While
individual variability in FA values within the genu during adolescence has been associated
with measures of impulsivity and risk-taking, the direction of these associations has not
always been consistent across studies (e.g., Berns et al., 2009; Olson et al., 2009). Thus,
further research is needed to determine the specific behavioral significance of altered white
matter development in relation to substance-use behaviors amongst adolescents.

DTI studies have demonstrated alterations in white-matter tissue structures (including
regions of the corpus callosum and cingulum) among adult smokers (Paul et al., 2008;
Hudkins et al., 2012; Lin et al., 2012; Savjani et al., 2014; Umene-Nakano et al., 2014).
Increases in FA within the genu of the corpus callosum have also been reported following
acute nicotine administration in human adults (Kochunov et al., 2013). While several recent
studies indicate white-matter alterations among adolescent and young adult tobacco-users,
the relationship between tobacco smoking and neural development during adolescence and
young adulthood is not yet well understood.

To synthesize existing findings related to tobacco smoking and white-matter development
during adolescence and young adulthood, and to identify directions for further research, we
here systematically review findings from published DTI studies conducted in adolescents
and young adults. We aimed to identify areas requiring further study to guide future research
endeavors in this vulnerable population. Implications for development of nicotine
dependence in adolescence and for future research are discussed.
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2. Methods

To identify DTI studies conducted in adolescent and young adult populations of smokers,
Pubmed and Medline databases were searched during the first two weeks of July, 2015 using
the following combinations of key words: ‘diffusion tensor’ and (*smoking’ or ‘cigarette’ or
‘tobacco’ or ‘nicotine”) and (‘adolescent’ or “adolescence’ or ‘young’ or ‘youth’ or ‘young
adult”). Study Abstracts and Methods sections (when necessary) were then inspected to
identify studies meeting the following inclusionary criteria: (1) use of DTI; (2) inclusion of
both smokers and non-smokers; (3) mean participant age <30 years; (4) direct comparison of
smokers versus non-smokers on DTI measures. Studies comparing poly-substance users
(e.g., tobacco and marijuana use) were excluded.

3. Results

Our initial search yielded a total of 33 results (Fig. 1). After removal of duplicates and
application of the inclusion criteria described above, five separate DTI studies were
identified for inclusion in this review. The included publications together contained 142
smokers (114 males and 28 females) and 191 non-smokers (129 males and 62 females). The
mean age of the smokers in the five studies ranged from 17 to 28 years, with an overall mean
age of 21.4 years, whereas the mean age for the non-smokers ranged from 16 to 26 years,
with an overall mean age of 20.22 years. The articles’ publication dates ranged from 2007 to
2015.

3.1. Overview of studies

Participant information and primary findings are summarized in Table 1. To facilitate
integration across studies, we focus primarily on findings from between-group comparisons
of FA values and from correlational analyses assessing associations between FA values and
measures of nicotine dependence, as assessed using the Fagerstrom Test for Nicotine
Dependence (FTND; Heatherton et al., 1991) or other measures.

3.1.1. Jacobsen et al. (2007)—This study assessed the relationship between adolescent
tobacco-smoking, prenatal exposure to tobacco and DTI measures. Subgroups of non-
prenatally tobacco exposed adolescents included 14 smokers and 20 non-smokers, ranging
from 13 to 18 years, with mean(SD) ages of 17.0(0.7) and 16.3(1.2) years, respectively.
Diffusion data were analyzed using the Biolmage Suite (http://bioimagesuite.yale.edu).
Voxel-wise statistics were restricted to white matter using an anatomical mask (MNI Colin
brain) and false discovery rate (FDR) corrected for multiple comparisons at pFDR < 0.01 (k
> 10). Comparisons of non-prenatally tobacco-exposed adolescents indicated increased FA
among smokers in the left inferior and right superior longitudinal fasciculus, bilateral
forceps minor, left splenium, right genu, right anterior limb of the internal capsule, right
frontal association fibers and right frontal short association fibers. While associations
between nicotine dependence (e.g., FTND score) and diffusion indices were not assessed,
there was a significant positive association between pack years and FA values within the
corpus genu, suggesting that longer durations of smoking are associated with increased FA
in this region during adolescence. This study was the first to assess white-matter
characteristics among adolescent smokers and included detailed assessment of clinical
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measures including depressive symptoms and alcohol consumption. Increases in FA among
smokers versus non-smokers remained significant after controlling for these and other
clinical variables.

3.1.2. Liao et al. (2011)—In the second largest published DTI study of young adult
smokers, Liao et al. (2011) compared FA between 44 smokers and 44 non-smokers, ranging
in age from 19 to 39 years and with mean(SD) ages of 28.0(5.6) and 26.3(5.8) years,
respectively. All participants were asked to abstain from smoking for 12 h prior to scanning
and were provided with nicotine patches ‘as needed’ (Liao et al., 2011). Pre-processing and
calculation of FA maps were conducted in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). FA
maps were then entered into SPM5 (http://www.fil.ion. ucl.ac.uk/spm/) for group-level
statistics, which were performed using an inclusive white-matter mask (from WFU
PickAtlas) at an uncorrected statistical threshold of p< 0.001 (k> 100). Between-group
comparisons indicated significantly increased FA in bilateral fronto-parietal cortices,
specifically within bilateral superior longitudinal fasciculus, in smokers compared to non-
smokers. The FTND was not used in this study; however, correlational analyses with other
smoking-related variables (e.g., age of smoking onset, number of cigarettes/day) did not
indicate any significant associations with FA values. Despite the relatively large sample size,
this study included only a small number of female participants; thus, further studies using
larger samples of female smokers are needed. An additional limitation of this study is the
use of an uncorrected threshold of p < 0.001 with a cluster forming threshold of 4>100.
Caution should be used when interpreting findings from this and other studies not using a
formal correction for multiple comparisons.

3.1.3. Huang et al. (2013)—Huang et al. (2013) compared diffusion data between 11
young adult smokers and 10 young adult non-smokers between the ages of 18-39 years and
with mean(SD) ages of 23.7(1.98) years and 22.5(6.78) years, respectively. Preprocessing,
calculation of FA and group-level statistics (tract-based spatial statistics; TBSS) were
conducted in FSL. Statistical analyses were conducted using a region-of interest-based
(ROI-based) approach focusing on the anterior cingulum. In comparison to non-smokers,
smokers had increased FA within the right anterior cingulum. FA values within the left
anterior cingulum were negatively associated with self-report measures of nicotine
dependence, although associations with the FTND did not reach statistical significance.
Strengths of this study include assessment of associations between FA and multiple
smoking-related measures. However, study findings should be interpreted within the context
of the relatively small sample size.

3.1.4. van Ewijk et al. (2015)—This study examined the relationship between DTI-
derived indices and tobacco smoking among adolescents and young adults aged 16-24 years
with and without attention-deficit/hyperactivity disorder (ADHD). The mean(SD) age of
regular smokers and non-smokers was 18.8(2.0) and 16.7(2.2) years, respectively. Pre-
processing and calculation of FA and MD maps were conducted using a combination of
SPMS8 and in-house methods. Between-group comparisons constrained to white-matter tracts
were conducted using TBSS and FSL's ‘randomise’ and threshold-free-cluster-enhancement
for family-wise-error (FWE) correction at pFWE < 0.05. In comparison to non-smokers,

Drug Alcohol Depend. Author manuscript; available in PMC 2017 May 01.


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://www.fil.ion.ucl.ac.uk/spm/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gogliettino et al.

Page 6

regular smokers exhibited increased FA and decreased MD within the thalamus, internal and
external capsule, corpus callosum (subregions not specified), anterior corona radiata, right
superior longitudinal fasciculus and corticospinal tract. No measures of nicotine dependence
(e.g., FTND scores) or assessments of alcohol use were reported. Participants diagnosed
with ADHD (smokers and non-smokers) had lower FA than did those without (smokers and
non-smokers). While there was some overlap between the tracts associated with ADHD and
smoking (including parts of the corpus callosum, bilateral internal capsule, corticospinal
tract, right external capsule, superior longitudinal fasciculus, and anterior corona radiata),
effects were in opposing directions suggesting independent contributions to FA. Study
strengths include a relatively large sample size and assessment of interaction effects
involving ADHD diagnosis and smoking. Limitations include the absence of alcohol-use
information for participants.

3.1.5. Yu et al. (2015)—Participants included male adolescents and young adults, ranging
from 14 to 23 years with mean(SD) ages of 19.6(1.9) and 19.3(2.4) years for 23 smokers and
22 non-smokers, respectively. Pre-processing and calculation of FA were conducted in FSL.
Between-group comparisons constrained to white-matter tracts were conducted using TBSS
and FSL's ‘randomise’ and threshold-free-cluster-enhancement for correction at pFWE <
0.05.

In comparison to non-smokers, smokers exhibited increased FA in the body and splenium of
the corpus callosum, bilateral internal and external capsules, bilateral superior and posterior
corona radiata, bilateral posterior thalamic radiata, and left superior longitudinal fasciculus.
Increases in FA within these tracts were accompanied by decreases in radial (perpendicular)
diffusivity. Increased axial (parallel) diffusion was also reported among smokers versus non-
smokers within the right internal and external capsules and superior corona radiata. No
between-group differences in MD were observed between smokers and non-smokers. FA
values within the right superior corona radiata were negatively associated with FTND scores
and positively associated with cigarette consumption (pack years). Study strengths include
the young age range of the participants (16—23 years), use of multiple DTI indices and
inclusion of age as a covariate in between-group comparisons. Study limitations include the
absence of female participants.

4. Discussion

4.1. Fractional anisotropy

All identified studies reported increases in FA among adolescent/young adult smokers in
comparison to control participants, and these were most frequently reported in regions of the
corpus callosum (genu, body and splenium), internal capsules and superior longitudinal
fasciculus (Jacobsen et al., 2007; Liao et al., 2011; van Ewijk et al., 2015; Yu et al., 2015).
Taken together, these data suggest that tobacco smoking among adolescents and young
adults is associated with increases in white-matter fiber coherence or ‘integrity’, insofar as
these may be inferred from FA values.

These findings are somewhat contrary to those from studies conducted in mature adult
populations. While increased FA values within the corpus callosum and other tracts have
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been reported in some studies of adult smokers (Paul et al., 2008; Hudkins et al., 2012),
decreased FA values are more commonly reported in the same regions (Lin et al., 2013;
Savjani et al., 2014; Umene-Nakano et al., 2014; Viswanath et al., 2015). Taken together,
this suggests that the relationship between FA values and tobacco use may differ between
early versus middle adulthood, although other possibilities (acute versus chronic effects of
smoking, cohort effects) cannot be excluded.

Data suggest significant effects of recency of cigarette smoking on DT measures in adults,
such that recent smoking is associated with greater decreases in FA (Savjani et al., 2014).
However, none of the studies reviewed above controlled for acute effects of nicotine, and the
majority included no information on time since last cigarette. Liao et al. (2011) required 12
h of smoking abstinence prior to scanning, but also reported providing nicotine replacement
therapy to assist with abstinence. Thus, an important direction for further studies will be to
disentangle acute versus chronic effects of smoking (and of nicotine administration more
generally) among young adults.

In human adult populations, increases in genual corpus callosal FA have been reported
following acute nicotine administration (Kochunov et al., 2013). Thus, increased FA among
adolescent/young adult smokers may be a consequence of exposure to nicotine. Consistent
with this interpretation, positive associations between pack years and FA values within the
genu (Jacobsen et al., 2007) and corona radiata (Yu et al., 2015) were reported among
adolescent/young adult smokers. In contrast to this, negative associations between FTND
scores and FA values within the anterior cingulum (Huang et al., 2013) and corona radiata
(Yu et al., 2015) were also reported. Thus, one hypothesis is that lower FA values might be a
vulnerability factor for physical dependence during adolescence/young adulthood whereas
higher FA values might emerge as a function of exposure to nicotine during this time.
However, further research using longitudinal designs is needed to test this hypothesis.

Preclinical data suggest neurogenesis-related effects of nicotine. In mice, nicotine exposure
upregulates the expression of nerve growth factor (NGF) and mRNA levels of its receptor
tyrosine receptor kinase A (trkA) (Garrido et al., 2003), indicating that nicotine may
enhance neuronal development. Other preclinical work suggests that neuroblasts in the
cerebellum treated with nicotine increase the precursor cell's DNA synthesis significantly
compared to untreated controls (Opanashuk et al., 2001), further indicating an enhancing
role for nicotine in neurogenesis and myelination. Given greater rapidity of white-matter
development during adolescence versus adulthood (Giedd et al., 1999), such nicotine-
induced cell proliferation may differentially influence white-matter tissue structure and
function across the lifespan.

Increases in diffusion anisotropy co-occur with increased myelination reviewed in (Le Bihan
et al., 2001). Thus, increased FA may reflect increased myelination. However, this
interpretation should not be made without direct evidence, as the opposite may also be true;
reviewed in (Soares et al., 2013). Instead of an increase in FA indicating increased
myelination, some research indicates that increased FA could be the result of vasogenic
swelling within white-matter tracts in response to chronic nicotine exposure; reviewed in
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(Gazdzinski et al., 2005). Further research is therefore needed to characterize the meaning of
increased FA at the molecular level among adolescent and young adult tobacco-users.

4.2. Non-FA indices of diffusion

Simultaneous assessment of multiple DTI-derived indices may provide a more
comprehensive assessment of white-matter tissues and assist in interpretation of FA values.
Two of the five studies identified included assessment of MD; however, findings were not
consistent across studies, with one study reporting decreased MD (van Ewijk et al., 2015)
and the other no differences (Yu et al., 2015). At the microstructural level, decreased MD
has been associated with increases in intracellular fluid content, or cytotoxic edema, due to
excess water content within the myelinated axon; reviewed in (Lin et al., 2015). However,
the meaning of MD (and other measures) within a developmental context — when changes in
diffusion-derived indices may reflect maturational differences — is less clear (Lebel and
Beaulieu, 2011).

Only one of the identified studies included assessment of radial and axial diffusion.
Typically, the loss of myelin is associated with greater radial diffusion, or water diffusion
perpendicular to the axon, and less axial diffusion, or water diffusion parallel to the axon;
reviewed in (Mori and Zhang, 2006). Thus, findings from Yu et al. (2015) of decreased
radial diffusivity accompanied by increased axial diffusivity within tracts including the
internal and external capsules are consistent with the notion of an increase in myelination
among adolescent smokers (although more direct evidence is needed to support this
hypothesis). However, as this study only included male smokers, additional studies assessing
multiple indices of white matter in both male and female adolescent and young adult
smokers are needed to confirm and extend these findings. For example, analysis approaches
allowing for estimation of diffusion for multiple fiber orientations per voxel may be helpful
for assessing diffusion within the context of regions of crossing fibers (Behrens et al., 2007;
Jbabdi et al., 2010; Baumgartner et al., 2015; Reveley et al., 2015), as has been done in one
recent study of mature adult smokers (Savjani et al., 2014).

4.3. Clinical significance and co-occurring disorders

The functional significance of increased FA values among adolescent and young adult
smokers remains unclear. FA values within regions including the corpus genu are negatively
associated with delay discounting during adolescence (Olson et al., 2009). Within this
context, findings of increased FA values among adolescent smokers — a population that
typically exhibits high rates of delay discounting (Imhoff et al., 2014) — are in some ways
surprising. By contrast, increased FA values within the corpus genu have also been
positively associated with risk-taking behaviors among adolescents (Berns et al., 2009).
Such seemingly contrary findings highlight the need for further adolescent research
assessing multiple aspects of risk-taking and neural development. For example, longitudinal
DTI assessments before and after smoking initiation may provide information on whether
individuals with certain white-matter characteristics are predisposed to smoking, whether
smoking leads to white-matter changes (and if so, whether the changes relate to specific
developmental epochs or contexts), or whether other possibilities occur. Further DTI studies
incorporating behavioral assessments of impulsivity and other individual-difference
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measures will also be important in determining the clinical significance of increased FA
values in this population.

Most studies included in this review included healthy adolescents, those without non-
smoking-related psychopathology (Liao et al., 2011; Huang et al., 2013; Yu et al., 2015).
However, van Ewijk et al. (2015) included adolescent smokers and nonsmokers with and
without ADHD. While effects of both ADHD and tobacco smoking on FA values were
observed, findings were in opposing directions and did not interact, suggesting independent
effects of ADHD and tobacco smoking on FA during adolescence (van Ewijk et al., 2015).
As development of white-matter structures is ongoing during early and middle adulthood
(Lebel et al., 2008; Lebel and Beaulieu, 2011; Lebel et al., 2012), further research assessing
the relationship between white-matter characteristics, tobacco smoking and co-occurring
disorders across different developmental epochs is warranted. Given associations between
adolescent smoking and depressive symptoms (Audrain-McGovern et al., 2009, 2012),
assessment of these factors in relation to mood disorders specifically appears warranted.

4.4, Summary and future directions

Overall, findings from adolescent and young adult DTI studies of tobacco smoking indicate
increased FA among smokers versus non-smokers. These findings are contrary to those from
most adult studies (Savjani et al., 2014; Lin et al., 2013; Umene-Nakano et al., 2014;
Viswanath et al., 2015), highlighting the importance of assessing relationships with white
matter across different developmental epochs. Below several other important areas for future
research in this area are highlighted.

4.4.1. Acute effects of nicotine—As discussed above, recent data from adult studies
suggest effects of acute nicotine (Kochunov et al., 2013) — and of time since last cigarette
(Savjani et al., 2014) — on DTI indices. Thus, an important consideration for future studies
will be how best to disentangle acute versus chronic effects of nicotine in adolescents and
young adults. Such research could employ within-subjects designs to assess intra-individual
changes in DTI measures following acute nicotine versus a period of abstinence, but would
need to be conducted among individuals 18 years and older.

4.4.2. Pubertal stage—Puberty is an important developmental period, the onset of which
is associated with emotional, motivational and behavioral changes, including the initial use
of substances such as marijuana, alcohol, and cigarettes (Kong et al., 2013). Puberty is
associated with rapid increases in gonadal and adrenal hormones which contribute to sexual
maturation and influence brain functioning (Spear, 2000). Emerging data suggest significant
effects of these hormones on white-matter microstructures (Garcia-Segura et al., 2001,
Perrin et al., 2008; Arevalo et al., 2010; Pesaresi et al., 2015). However, to our knowledge,
no studies have assessed interactions between pubertal stage and tobacco smoking in relation
to white-matter development.

4.4.3. E-cigarettes—Electronic cigarettes (e-cigarettes) are increasingly popular
worldwide and may be particularly appealing to adolescents for multiple reasons including
the variety of flavors available and the perceived absence of negative health effects (Kong et
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al., 2014; Anand et al., 2015; Krishnan-Sarin et al., 2015; Pokhrel et al., 2015). While the
long-term health consequences of e-cigarette use during adolescence are largely unknown
(Collaco et al., 2015), recent data indicate that e-cigarette use during early adolescence is
itself associated with an increased likelihood of initiation of cigarette smoking and use of
other combustible tobacco products (e.g., cigars, hookahs; Leventhal et al., 2015). Given
possible effects of acute nicotine on white matter (Kochunov et al., 2013), e-cigarette use
may confer increased vulnerability for initiation of combustible tobacco products via
nicotine-induced changes in neural plasticity. However, none of the identified studies
reported information on any form of tobacco-use other than cigarette smoking. Thus, further
research into the neurobiology of e-cigarette and other forms of tobacco-use (e.g., hookahs,
chewing tobacco) during adolescence is needed.

5. Conclusions

Collectively, findings from DTI studies conducted in adolescent and young adult populations
indicate increases in FA among tobacco smokers (Jacobsen et al., 2007; Liao et al., 2011;
Huang et al., 2013; van Ewijk et al., 2015; Yu et al., 2015). These findings are opposite to
those from most studies of adults (Lin et al., 2013; Savjani et al., 2014; Umene-Nakano et
al., 2014; Viswanath et al., 2015), raising the possibility that the relationship between white-
matter structures and tobacco smoking may differ across the lifespan. However, no previous
studies have controlled for the effects of acute nicotine on DTI indices, nor have they
assessed possible effects of pubertal stage and alternative nicotine administration methods
(e.g., hookahs, e-cigarettes). Further research is therefore needed to understand the
longitudinal relationships between FA and other DTI measures and initiation and
progression of smoking. Such work should be extended to treatment-seeking populations, as
data suggest that behavioral and pharmacological therapies may influence white-matter
tissue characteristics (Harsan et al., 2008; Schlaug et al., 2009).
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Medline and PsychINFO search:
‘diffusion tensor’ +
‘smoking’ or ‘cigarette’ or ‘tobacco’ or ‘nicotine’ +
‘adolescent’ or ‘adolescence’ or ‘young’ or ‘youth’ or ‘young adult’
n=33

l

Publications remaining after removal of duplicates (n = 26)

l

Excluded (n=21):

Not a diffusion tensor imaging study (n=1)
Not a study of tobacco smoking (n=4)
Poly-substance use (n=12)

Mean age of participants > 30 years (n=4)

l

Included in systematic review
n=5

Fig. 1.
Schematic diagram of systematic literature review.
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