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a b s t r a c t
Background: Smoking during early adulthood results in neurophysiological and brain structural changes
that may promote nicotine dependence later in life. Previous studies have revealed the important roles
of fronto-striatal circuits in the pathology of nicotine dependence; however, few studies have focused
on both cortical thickness and subcortical striatal volume differences between young adult smokers and
nonsmokers.
Methods: Twenty-seven young male adult smokers and 22 age-, education- and gender-matched nonsmokers were recruited in the present study. The cortical thickness and striatal volume differences of
young adult smokers and age-matched nonsmokers were investigated in the present study and then
correlated with pack-years and Fagerström Test for Nicotine Dependence (FTND).
Results: The following results were obtained: (1) young adult smokers showed signiﬁcant cortical thinning
in the frontal cortex (left caudal anterior cingulate cortex (ACC), right lateral orbitofrontal cortex (OFC)),
left insula, left middle temporal gyrus, right inferior parietal lobule, and right parahippocampus; (2) in
regards to subcortical striatal volume, the volume of the right caudate was larger in young adult smokers
than nonsmokers; and (3) the cortical thickness of the right dorsolateral prefrontal cortex (DLPFC) and
OFC were associated with nicotine dependence severity (FTND) and cumulative amount of nicotine intake
(pack-years) in smokers, respectively.
Conclusions: This study revealed reduced frontal cortical thickness and increased caudate volume in the
fronto-striatal circuits in young adult smokers compared to nonsmokers. These deﬁcits suggest an imbalance between cognitive control (reduced protection factors) and reward drive behaviours (increased risk
factors) associated with nicotine addiction and relapse.
© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Nicotine dependence is deﬁned by the World Health
Organization (1992) as a disease and is thought to be associated with heart (Glantz and Parmley, 1991), lung diseases (Galvin
and Franks, 2009), and preventable death (Benowitz, 2008).
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According to a WHO report (2013), every year, approximately
6 million people die from tobacco abuse throughout the world.
The latest national survey of youth smoking by the Chinese Center
for Disease Control and Prevention (May, 2014) showed that the
smoking rate of junior high school students in China was 10.6%
for males and 1.8% for females (http://www.chinacdc.cn/). In the
United States of America, more than 80% of adult smokers begin
smoking by 18 years of age, with 99% of adult smokers initiating
smoking by 26 years of age, and young people between 18 and 25
years of age have the highest smoking rate compared to other age
groups (USDHHS, 2012). Adolescence and young adulthood are
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encompassed by alterations in physical, psychological, and social
function (Casey et al., 2005b). During this special period, the brain
circuits implicated in cognitive control and inhibitory processing
are still developing (Casey et al., 2005a), which makes persons
vulnerable to drug abuse during this period (Silveri et al., 2004).
Some studies have indicated that persons who start smoking at
an early age are more likely to become life-long smokers and
are more susceptible to nicotine addiction than adults (USDHHS,
2012; O’Loughlin et al., 2003; Taioli and Wynder, 1991; White
et al., 2009). Smoking during adolescence and young adulthood
produces neurophysiological and brain structural changes that
may promote nicotine dependence later in life (Dwyer et al.,
2009; Tiffany, 2008); thus, it is extremely important to study the
relationship between smoking and anatomical brain alterations in
this age group.
Few studies have examined grey matter differences in young
adult smokers, although one previous study reported that younger
smokers had signiﬁcantly lower grey matter volume in the left thalamus and the left amygdala than their non-smoking peers (Hanlon
et al., 2014). Moreover, previous structural studies mainly focused
on adult smokers and typically used voxel-based morphometry
(VBM), which revealed reduced grey matter volume/density in several brain regions, e.g., prefrontal cortex (PFC), orbitofrontal cortex
(OFC), anterior cingulate cortex (ACC), insula, cerebellum, thalamus, and temporal/occipital lobe, including the parahippocampal
gyrus (Brody et al., 2004; Fritz et al., 2014; Gallinat et al., 2006;
Zhang et al., 2011a, 2011b). Unfortunately, researchers have also
obtained some contradictory results, e.g., higher grey matter density was found in the left insula of smokers than nonsmokers
(Zhang et al., 2011a). Of note, VBM results are susceptible to the
degree of smoothing, registration techniques and choice of normalization templates (Bookstein, 2001; Jones et al., 2005; Pereira
et al., 2010). The conﬂicting structural ﬁndings in smokers may
also have been due to the subjects included in the studies, e.g.,
varying age ranges and gender ratios, etc. Therefore, in the current study, we enrolled a relatively homogenous sample of young
adult smokers to investigate brain structural differences between
young adult smokers and nonsmokers using surface-based morphometry, which has been proposed to be a more sensitive
method than VBM for measuring alterations in brain structures
(Hutton et al., 2009).
Addiction is a complex brain disease that is associated with
structural differences and functional impairments in several
brain regions, including cognitive control regions (e.g., PFC) and
reward processing regions (e.g., striatum; Koob and Volkow, 2009;
Sutherland et al., 2012). In particular, anatomical studies have
shown that cortical areas, particularly the frontal lobes, project to
the striatum through fronto-striatal circuits (Lehéricy et al., 2004),
and these circuits have been shown to be associated with the
neural mechanisms of addiction (Ersche et al., 2012; Hong et al.,
2010; Volkow and Baler, 2012) as well as nicotine dependence
(Galván et al., 2011; Hong et al., 2009, 2010; Nestor et al., 2011;
Zhang et al., 2010). Few studies investigated the differences of both
cortical thickness and subcortical striatal volume between young
adult smokers and nonsmokers, although OFC cortical thinning in
adult smokers (Kühn et al., 2010) and no signiﬁcant difference in
insula thickness in young adult smokers (Morales et al., 2014) has
been detected. Therefore, in this study, we examined both cortical thickness and striatal volume differences between young adult
smokers and their age-matched, non-smoking peers. Moreover, we
assessed the relationships between structural brain alterations in
young adult smokers and clinical features of smoking behaviour
and exposure to tobacco smokes. We hypothesized that abnormal PFC cortical thickness and striatal volume would be present in
young adult smokers and that these changes would be associated
with smoking behaviour.

2. Methods and materials
2.1. Ethics statement
All study procedures were approved by the Ethical Committee of Xi’an Jiaotong University and were conducted in accordance
with the Declaration of Helsinki. All participants and their legal
guardians in our study gave written informed consent.
2.2. Participants
Participants for this study were mainly recruited from students
at the local university. Young male adult smokers were screened
according to the diagnostic criteria of nicotine dependence in
DSM-V. Nicotine dependence level was assessed with the Fagerström Test for Nicotine Dependence (FTND). All smokers had not
attempted to quit smoking or undergo smoking abstinence for
longer than 3 months in the past year. Age-, education- and gendermatched healthy nonsmokers were also enrolled in the study. The
nonsmokers had not smoked more than 5 cigarettes in their lifetime and had smoked 0 cigarettes in the past 10 years. To avoid the
effects of secondhand smoke exposure, the healthy non-smoking
controls were recruited from non-smoking dormitories, and neither of their parents were smokers. The exclusion criteria for both
groups were as follows: (1) any physical illness, such as a brain
tumour, obstructive lung disease, hepatitis, or epilepsy, as assessed
by clinical evaluations and medical records; (2) any current medications that may affect cognitive function; (3) alcohol or drug abuse;
(4) existence of a neurological disease; and (5) claustrophobia. All of
the participants were right-handed as measured by the Edinburgh
Handedness Inventory.
Twenty-seven male smokers (19.7 ± 2.0 years) and 22 male nonsmokers (19.3 ± 2.6 years) were enrolled in the present study. All
participants gave their written informed consent after they were
thoroughly explained about the experimental procedure. Prior to
scanning, urine drug screening was performed on all participants
to exclude substance abuse. Additionally, the expiratory carbon
monoxide (CO) levels of all participants were measured using the
Smokerlyzer system (Bedfont Scientiﬁc Ltd., Rochester, UK). CO
level in expired air was veriﬁed as ≥10 ppm in the smokers and
≤3 ppm in the nonsmokers. Detailed demographic characteristics
are given in Table 1.
2.3. MRI data acquisition
Magnetic resonance imaging experiments were performed
using a 3-Tesla GE scanner (EXCITE, GE, Milwaukee, WI, US) at
the First Afﬁliated Hospital of the Medical College, Xi’an Jiaotong
University, China. A standard birdcage head coil was used as an
eight-channel phase-array head coil along with foam pads used
Table 1
Demographic characteristics of young adult smokers and nonsmokers in the present
study.

Age(years)
Age range (years)
Levels of education (years)
Cigarettes per day (CPD)
Age at start of smoking
Years of smoking
Pack-years
FTND

Smokers (n = 27)

Nonsmokers (n = 22)

p-Value

19.7 ± 2.0
16–23
12.5 ± 0.8
18.3 ± 13.5
14.7 ± 1.8
4.8 ± 1.7
4.0 ± 1.8
5.9 ± 1.1

19.3 ± 2.6
14–23
12.9 ± 0.9
–
–
–
–
–

0.540
0.540
0.17
–
–
–
–
–

Values are expressed as means ± standard deviations.
FTND: Fagerström Test for Nicotine Dependence.
Pack-years: smoking years × daily consumption/20.
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Table 2
Cortical thickness comparison between young adult smokers and nonsmokers (p < 0.05, FDR corrected).
Region

Cluster size (mm2 )

Cortical thickness (MM, SD)

F value

Smoker group (N = 27)

Nonsmoker group (N = 22)

p Value

Left
Caudal ACC
Middle temporal
Insula
Insula

24.05
49.41
49.77
88.46

2.54(0.35)
2.91(0.23)
3.87(0.23)
2.94(0.25)

2.90(0.39)
3.19(0.36)
4.21(0.35)
3.36(0.52)

11.713
26.265
22.767
18.688

<0.001
<0.0001
<0.0001
<0.0001

Right
Lateral OFC
Inferior parietal
Parahippocampus

5.83
36.62
6.75

2.53(0.20)
2.33(0.25)
2.78(0.30)

2.76(0.19)
2.60(0.28)
3.10(0.25)

21.744
14.049
25.345

<0.0001
<0.0001
<0.0001

Values are expressed as means ± standard deviations.
ACC: anterior cingulate cortex.
OFC: orbitofrontal cortex.
FDR: false discovery rate.

to minimize head motion and scanner noise. The high-resolution
3D T1-weighted images were obtained for cortical thickness and
subcortical volume measurements with the following parameters:
TR = 1900 ms; TE = 2.26 ms; ﬂip angle = 9◦ ; in-plane matrix resolution = 256 × 256; slices = 176; ﬁeld of view = 256 mm × 256 mm;
and voxel size = 1 × 1 × 1 mm. The images were reviewed by a neurologist to obtain pathological ﬁndings.
2.4. MRI data analysis
Cortical reconstruction and volumetric segmentation of the
whole brain were performed with FreeSurfer software package
(Version 5.1.0, http://surfer.nmr.mgh.harvard.edu) based on procedures described in previous publications (Dale et al., 1999; Fischl
and Dale, 2000; Fischl et al., 1999). Cortical thickness was determined based on the difference between the position of equivalent
vertices on the pial and grey–white matter surfaces with a surfacebased group analysis using the Freesurfer’s statistical tool Qdec. In
detail, cerebral white matter was segmented from the T1-weighted

images after removal of non-brain tissue and automated Talairach
transformation of every subject’s native brain, and the grey–white
matter interface was estimated. Then, a tessellation was formed
along the boundary between the brain’s white and grey matters,
and the topographical defects in the grey–white estimate were
ﬁxed automatically. After intensity normalization and determination of the boundary between the brain’s white and grey matters,
the boundary between the grey matter and pia mater was identiﬁed
using a deformable surface algorithm to detect the greatest shift in
intensity. The whole cortex of each subject was visually inspected,
and manual corrections were made, if necessary. The surface of the
grey–white matter border was inﬂated, and differences between
subjects in the depth of the sulci and gyri were normalized. The
reconstructed brain cortical surface of each subject was morphed
and registered to an average spherical surface through spherical
transformation. The subjects’ cortical surface data were smoothed
with a 10 mm full-width half maximum (FWHM) Gaussian smoothing kernel to obtain signiﬁcant regions. A general linear model was
used at each vertex in the whole brain to identify the brain regions

Fig. 1. Cortical thickness differences in young adult smokers compared with nonsmokers. After controlling for age, decreased cortical thickness was observed in several
regions in young adult smokers compared to nonsmokers, i.e., the left caudal anterior cingulate cortex (ACC), right lateral orbitofrontal cortex (OFC), left insula, left middle
temporal gyrus, right inferior parietal lobule, and right parahippocampus (p < 0.05, FDR corrected). The panels labelled (A–D) represent left lateral, right lateral, left medial
and right medial views of the brain, respectively.
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where smokers showed signiﬁcant cortical thickness differences
relative to controls, while controlling for age. To correct for multiple comparisons, the thresholds of the P maps were set to yield
an expected false discovery rate (FDR) of 0.05 (Yuan et al., 2013a).
To investigate the relationship between the cortical thickness ﬁndings and smoking addiction, in smokers, a whole brain correlation
analysis between cortical thickness and behavioural assessments
(i.e., pack-years and FTND) was conducted (FDR, p < 0.05).
Subcortical volumes were obtained from the automated procedure for volumetric measures of the brain structures performed in
Freesurfer. In the current study, the volumes of the striatal subset
(i.e., caudate, putamen, and nucleus accumbens) were extracted
from each hemisphere for further statistical analysis. The volumes of the six subcortical structures and intracranial volume were
imported into SPSS 20.0 software (SPSS Statistics, IBM, Armonk, NY)
for statistical analyses. For each structure, a general linear ﬁt model
was generated with volume as the dependent variable, diagnosis
(smokers and controls) as the categorical predictor, and intracranial volume and age as the continuous predictors. To correct for
multiple comparisons, the Bonferroni correction was applied (Yuan
et al., 2013b). All tests were 2-tailed, and the level of signiﬁcance
was p < 0.00833 (0.05/6). In smokers, a Pearson correlation test was
performed between the absolute volumes of the subcortical regions
and pack-years and FTND.

3. Results
No signiﬁcant group differences were found in age, level of
education or gender (all male subjects) between smokers and
nonsmokers (see Table 1). Controlling for both age and multiple
comparisons, signiﬁcant reduced cortical thickness in young adult
smokers was found in the insula, middle temporal gyrus, and caudal ACC of the left hemisphere and the inferior parietal lobule,
parahippocampus, and lateral OFC of the right hemisphere (p < 0.05,
FDR corrected, Table 2 and Fig. 1). No regions showed increased
cortical thickness in young adult smokers. For the subcortical striatum, a signiﬁcant increase in volume of the right caudate (Fig. 2B;
F = 7.995, p = 0.007) was found in young adult smokers compared to
matched nonsmokers (p < 0.00833, Bonferroni corrected). No other
signiﬁcant striatal subset volume differences were found in this
study (Table 3 and Fig. 2); a difference in the left caudate volume
between smokers and nonsmokers (F = 6.619, p = 0.013) was found,
but the p value did not survive the multiple comparison correction
for statistical signiﬁcance.
In the correlation analysis between the brain structural measurements and smoking behavioural assessments (i.e., pack-years
and FTND), we found that the cortical thickness of the right dorsolateral prefrontal cortex (DLPFC; Fig. 3B; r = −0.424, p = 0.027,
uncorrected) was negatively correlated with FTND. In addition,

Fig. 2. The volumes of the striatal subset in young adult smokers were compared with those of the nonsmokers. The smoking group showed reduced right caudate volume (B;
* p < 0.05, Bonferroni corrected). The bar graphs (A–F) show the volumes of the left caudate, right caudate, left putamen, right putamen, left NAc, and right NAc, respectively.
The panels labelled (a–f) are diagrammatic sketches of the left caudate, right caudate, left putamen, right putamen, left NAc, and right NAc, respectively. NAc, nucleus
accumbens. Error bars represent SD (standard deviation).
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Table 3
Striatal volume comparison between young adult smokers and nonsmokers.
Region

Subcortical volume (MM3 , SD)

F value

Percent difference (%)

3707.7(628.8)
6107.5(673.3)
646.3(152.7)

6.619
0.141
1.312

11.1
1.3
12.4

0.013
0.709
0.258

3711.8(603.6)
5876.9(713.5)
644.1(82.8)

7.995
2.076
2.910

12.1
4.6
7.1

0.007*
0.156
0.095

Smoking group (N = 27)

Non-smoking group (N = 22)

Left
Caudate
Putamen
NAc

4118.0(463.1)
6185.2(584.5)
726.6(295.3)

Right
Caudate
Putamen
NAc

4161.3(493.3)
6147.4(542.1)
689.6(107.3)

p Value

Values are expressed as means ± standard deviations. NAc: nucleus accumbens.
*
p < 0.05, Bonferroni corrected.

the left medial OFC (Fig. 3C; r = −0.47, p = 0.01, uncorrected) and
the right lateral OFC (Fig. 3D; r = −0.562, p = 0.002, FDR corrected)
showed signiﬁcant negative correlations with the magnitude of
lifetime exposure to tobacco smoke (pack-years). There were no
signiﬁcant correlations between the absolute volumes of the striatal regions (caudate, putamen, and nucleus accumbens) and the
smoking behavioural assessments.

4. Discussion
People who start smoking earlier in life are more likely to
become life-long smokers and are more susceptible to nicotine
addiction than those who do not (USDHHS, 2012; O’Loughlin et al.,
2003; Taioli and Wynder, 1991; White et al., 2009); therefore,
studying the brain structures and neural correlates of cigarette

Fig. 3. Correlation analysis results between brain structural changes and nicotine dependence severity and cumulative amount of nicotine intake in young adult smokers.
The cortical thickness of the right dorsolateral prefrontal cortex (DLPFC) (B; r = −0.424, p = 0.027, uncorrected) was negatively correlated with the Fagerström Test for Nicotine
Dependence (FTND) in young adult smokers. Thickness of the left medial orbitofrontal cortex (OFC) (C; r = −0.47, p = 0.01, uncorrected) and the right lateral OFC (D; r = −0.562,
p = 0.002, FDR corrected) were negative correlated with pack-years. A diagrammatic representation of the location of the DLPFC and OFC is shown (A, medial view). DLPFC is
indicated in pink and OFC is indicated in purple.
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smoking during adolescence and early adulthood is important. The
aim of this study was to identify structural differences associated with chronic smoking in young adult smokers compared to
nonsmokers by investigating cortical thickness and striatal volume. The main ﬁndings of this study are as follows: (1) young
adult smokers had signiﬁcant cortical thinning in the frontal brain
regions (left caudal ACC and right lateral OFC), left insula, left
middle temporal gyrus, right inferior parietal, and right parahippocampus relative to healthy nonsmokers; (2) right caudate was
found to have a signiﬁcantly larger volume in smokers relative to
healthy nonsmokers; and (3) the cortical thickness of the OFC and
right DLPFC were associated with pack-years and FTND in smokers, respectively. We found reduced OFC cortical thickness and
increased caudate volume within fronto-striatal circuits in young
adult smokers, which may be explained by an imbalance between
cognitive control (reduced protection factors) and reward drive
behaviours (increased risk factors) associated with nicotine addiction and relapse.
4.1. Structural differences within fronto-striatal circuits between
young adult smokers and healthy nonsmokers
Consistent with previous studies in adult smokers (Brody et al.,
2004; Fritz et al., 2014; Gallinat et al., 2006; Kühn et al., 2010; Liao
et al., 2012; Morales et al., 2012), we found signiﬁcant cortical thinning in the frontal brain regions (left caudal ACC and right lateral
OFC) in young adult smokers. The ACC and OFC are the key nodes of
the mesocortical dopamine circuits (Goldstein and Volkow, 2002).
They are reciprocally connected and are likely associated with
executive functions, including attention, inhibitory control, cognitive conﬂict resolution, and risky decision-making (Matsuo et al.,
2009). Furthermore, the ACC and OFC are neuroanatomically connected with limbic structures, and their resting state functional
connectivities are abnormal in drug-dependent subjects (Goldstein
and Volkow, 2002; Sutherland et al., 2012). In smokers, smokingrelated stimuli have been shown to activate the OFC and ACC (Brody
et al., 2002; David et al., 2005; Franklin et al., 2007; McClernon et al.,
2005). Additionally, the OFC, ACC and DLPFC have been shown to
have the ability to control the urge to smoke, and the activations
of these areas are correlated with craving measures (Hayashi et al.,
2013; Kober et al., 2010; Li et al., 2013). The OFC plays a crucial role
in generating outcome expectancies that guide decision-making in
reinforcer devaluation tasks (Schoenbaum et al., 2006); in smokers,
OFC deﬁciency was associated with a higher score for impulsiveness and with signs of disinhibition (Kühn et al., 2010). In smokers,
the enhancement of ACC activation makes resisting cravings in
response to cigarette cues difﬁcult (Brody et al., 2007), and this
may be an important contributor to smoking relapse. In addition,
Hong et al. reported that resting-state ACC-striatum functional connectivity may serve as a trait-like circuitry biomarker for nicotine
addiction (Hong et al., 2010). Taken together, due to their critical role in inhibitory control and craving processes, we suggest
that reduced cortical thickness in these frontal regions (left caudal ACC and right lateral OFC) may decrease factors that protect
against nicotine intake (i.e., prefrontal cortex top-down control);
thus, making it difﬁcult for smokers to halt the transition to nicotine dependence. Moreover, based on the correlation results, i.e.,
OFC thickness was correlated with pack-years and DLPFC thickness
was correlated with FTND, we suggest that the cortical thicknesses
of the OFC and DLPFC may be biomarkers of the amount of smoking
and severity of nicotine dependence, respectively.
The striatum is critical for the development of nicotine addiction
due to its role in the reward/reinforcement pathway, and the high
concentration of nicotinic acetylcholine receptors (nAChR) in the
striatum makes it a potential target for nicotine (Das et al., 2012).
Previous smoking studies mainly focused on striatum dysfunction

in smokers (David et al., 2007, 2005), as the striatum is important
for reward processing (Knutson et al., 2000). However, few studies
have focused on striatal volume differences between young adult
smokers and nonsmokers. In this study, increased right caudate
volume was detected in young adult smokers compared to nonsmokers. As the key node of the dorsal striatum, the caudate is
part of the nigrostriatal DA circuits, which are critical for habit formation (Volkow et al., 2004) and play important roles in craving
and reward processing in addiction (Delgado et al., 2000; Volkow
et al., 2006). Experimental evidence has shown that the dorsal striatum mediates tobacco-seeking behaviour following abstinence and
tobacco craving provoked by smoking cues (McClernon et al., 2009;
Sweitzer et al., 2013; Wang et al., 2007). Recently, Janes et al. (2014)
demonstrated that caudate volume was signiﬁcantly, positively
associated with state-base craving measured by a questionnaire
of smoking urges. In addition, the hedonic response to cigarette
smoking was proportional to DA release in the caudate (Barrett
et al., 2004). We hypothesized that increased caudate volume may
be associated with the neural correlates of craving and reward processing, thus, increasing the risk factors of nicotine dependence.
In the current study, both cortical thickness and subcortical striatal volume were compared between young adult smokers and
nonsmokers. Previous studies have demonstrated that the human
striatum is connected to the frontal lobes (Lehéricy et al., 2004),
and these fronto-striatal circuits have been shown to be dysfunctional in nicotine addicts (Galván et al., 2011; Hong et al., 2009,
2010; Zhang et al., 2010). Our ﬁndings of signiﬁcant regional frontal
cortical (e.g., OFC and ACC) thickness thinning and larger striatal (caudate) volume in smokers provide additional support for
the dysregulation of key nodes within these circuits in smokers.
According to previous studies, drug addiction behaviours depend
on both risk factors (mainly associated with the striatum) and protection factors (mainly associated with the frontal regions; Volkow
and Baler, 2012). The deﬁcits in the frontal and striatal regions in
smokers compared to nonsmokers may suggest a damaged balance
between cognitive control (reduced protection factors) and reward
drive behaviours (increased risk factors), thus being associated with
nicotine addiction and relapse.
4.2. Structural differences in insula between young adult smokers
and healthy nonsmokers
Previous ﬁndings regarding alterations in the insula of smokers are contradictory. Some studies (Fritz et al., 2014; Zhang et al.,
2011b) found decreased grey matter volume/density in smokers
compared to nonsmokers; however, another study (Zhang et al.,
2011a) found greater insular grey matter density in smokers compared to nonsmokers. The contradictory outcomes in these studies
may be attributable to the differences in the analysis methods
(mainly VBM) and the varying age ranges and gender ratios of the
participants. By applying a more sensitive method for measuring
alterations in brain structures in a relatively homogenous sample
of young adult men (Kühn et al., 2010), we found that the cortical
thickness of the left insula was signiﬁcantly reduced in young adult
smokers compared to nonsmokers. Recently, Morales et al. (2014)
investigated the differences in insular morphometry, speciﬁcally
cortical thickness, between young adult smokers and nonsmokers. Although there were no group differences in insular thickness,
cigarette exposure (pack-years) was negatively associated with
cortical thickness in the insula. The authors explained that their
ﬁndings of no signiﬁcant differences in insular cortical thickness
may be attributable to the low levels of exposure in this sample (0.9
pack-years on average). In the current study, more serious smokers
(4.0 pack-years on average) were enrolled, and they were shown
to have reduced cortical thickness of the insula compared to nonsmokers. The insula had a trend to be negatively correlated with
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pack-years, but this correlation was not signiﬁcant (r = −0.3355;
p = 0.08). The conﬂicting results between our study and the study
of Morales et al. may also be due to differences in the participants
enrolled; thus, studies on this topic should be conducted with larger
sample sizes in the future.
The insula plays a role in the maintenance of smoking and smoking relapse vulnerability (Janes et al., 2010; Naqvi et al., 2007).
Naqvi et al. (2007) found that smokers were highly likely to quit
smoking easily and immediately and to remain abstinent following
a lesion to the insula. As the insula is interconnected with the OFC,
ACC, and DLPFC (Deen et al., 2011; Mesulam and Mufson, 1982),
which are correlated with craving and the ability to control the
urge to smoke, as previously mentioned, the insula may also be a
critical neural substrate involved in the urge to smoke and could
contribute to behavioural responses to smoking cues (Janes and
Nickerson, 2012; Naqvi et al., 2007). According to previous studies,
the insula has signiﬁcant smoking cue-elicited activity in smokers
compared with controls (Brody et al., 2002; Franklin et al., 2007;
Zhang et al., 2011b). The reduced cortical thickness of the insula in
the current study expands on the results of previous studies that
implicate the insula in addiction among young adult smokers.

4.3. Structural differences in other cortical regions between
young adult smokers and healthy nonsmokers
Similar to the results of a previous study (Gallinat et al., 2006),
we also found cortical thinning in the left middle temporal gyrus
and right parahippocampus of smokers. In a recent study, Fritz
et al. (2014) found that grey matter loss in the temporal gyrus
was associated with smoking exposure (pack-years). As a part of
the limbic system, the parahippocampal gyrus plays an important
role in memory encoding and retrieval. Damage in this region may
impair the working memory of adolescent smokers during nicotine withdrawal (Jacobsen et al., 2009). In addition, in our study, a
reduction of cortical thickness in the right inferior parietal area was
found in young adult smokers. According to a previous study, a signiﬁcant positive correlation between the BOLD activity and FTND
score was found in the parietal lobe in nicotine-dependent subjects (Smolka et al., 2006). The parietal lobe is a crucial region for
planning and executing tool use movements (Johnson-Frey, 2004)
and is related to the reward-circuit (Liu et al., 2011); thus, a reduction in the cortical thickness of this region may be associated with
addiction behaviour.
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5. Conclusion
In conclusion, our study showed regional cortical thickness
reductions and increases in the volumes of striatal regions in
key nodes of the multiple cortical-striatal (especially the frontostriatal) circuits in young male adult smokers compared to matched
nonsmokers. In addition, we also showed that brain structural
changes in the OFC and right DLPFC were associated with the
cumulative amount of nicotine intake and the degree of nicotine
dependence, respectively. The deﬁcits in these cortical regions (particularly the frontal lobes) and striatal regions in smokers may
suggest an imbalance between cognitive control (reduced protection factors) and reward-motivated behaviours (increased risk
factors); thus, these cortical regions are associated with nicotine
addiction.
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4.4. Limitations
This study had some limitations. First, the subjects in our study
were all male participants, and the sample size was small. In addition, the cross-sectional design made it difﬁcult to clarify any causal
relationships; that is, we could not be certain whether cortical
thickness and striatal volume differences were a consequence of
nicotine addiction or a cause of nicotine addiction. Moreover, on a
cellular level, the observed reduced cortical thickness and increased
striatal volume might be due to various processes, e.g., an increase
in cell size, cell number, or extracellular volume (Koehler et al.,
2013), which could not be determined by the methods used in
the current study. Finally, the cortical thickness differences were
located in the bilateral hemisphere. Differences in the volumes of
regions in the striatum were only found in the right hemisphere;
left caudate volume showed an increased trend, but this was not
signiﬁcant after correction for multiple comparisons. It is difﬁcult
to explain these hemispheric differences in this study. Studies with
a more comprehensive experiment design are needed to provide
insights into this phenomenon.
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