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Abstract

The salience network, including the insula and anterior cingulate cortex (ACC), has been
implicated in nicotine addiction. Structural imaging studies have reported diminished insula and
ACC gray matter volumes (GMVs) in smokers as compared to nonsmokers. However, it remains
unclear how insula and ACC GMVs may relate to years of smoking, addiction severity, or
behavioral traits known to dispose individuals to smoking. Here, with a dataset curated from the
Human Connectome Project and voxel-based morphometry, we replicated the findings of smaller
GMVs of the insula and medial prefrontal cortex, including the dorsal ACC and supplementary
motor area (AACC/SMA), in (70 heavy < 209 light < 209 never) smokers matched in age, sex, and
average daily num ber of drinks. The GMVs of the insula or JACC/SMA were not significantly
correlated with years of smoking or Fagerstrom Test for Nicotine Dependence (FTND) scores.
Heavy relative to never smokers demonstrated higher externalizing and internalizing scores,

as evaluated by the NIH Emotion. In heavy smokers, the dACC/SMA but not insula GMV

was positively correlated with both externalizing and internalizing scores. The findings together
confirm volumetric changes in the salience network in heavy smokers and suggest potentially
distinct dysfunctional roles of the insula and dACC/SMA in chronic smoking.
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Introduction

Nicotine addiction is one of the leading causes of preventable morbidity and mortality [1—
3]. Individuals with nicotine use disorders have great difficulty in managing craving and
controlling their impulse to smoke [4-7]. Approximately 70% of smokers engaged in a
treatment program relapse within 6 to 12 months [8, 9, see 10 for a review]. When abstinent,
smokers experience anxiety and depression as well as craving, likely as a result of the
allostatic changes in interoception elicited by chronic exposure to nicotine [11].

Cigarette smoking has been associated with externalizing [e.g., aggression and impulsivity;
12, 13] and internalizing [e.g. depression and anxiety; see 14 for reviews, 15] traits.

For instance, an earlier study associated higher levels of sensation seeking with greater
appetitive craving (anticipation of pleasure from smoking) and higher levels of urgency and
lack of perseverance with negative affect craving (anticipation of relief from aversive states)
in smokers [16]. A more recent study showed that, as compared to individuals without a
depressive disorder, those with subsyndromal depression or depressive episodes were more
likely to smoke [17]. These findings are in line with prior evidence showing co-occurrence
of externalizing and internalizing problems and substance use [18].

A growing body of neuroimaging research has been examining the neural correlates of
cigarette smoking as well as externalizing and internalizing behaviors. The insula and
anterior cingulate cortex (ACC), two key nodes of the salience network, have been
implicated in cigarette smoking and craving [19-21]. Positively correlated with individual
variation in nicotine addiction severity, insula and ACC responses to smoking vs. neutral
cues distinguished smokers who relapsed from those who maintained abstinence [22]. In
addition, greater insula reactivity to negative emotional stimuli was associated with more
severe smoking [23]. Studies have also implicated the insula and ACC in impulse control
dysfunction and other externalizing and internalizing traits in nicotine addiction [see 24, 25,
26, 27 for reviews]. In a flanker task, smokers vs. non-smokers showed lower insula and
ACC activation and weaker insula connectivity with the prefrontal cortex during incongruent
versus congruent trials [28]. Resting-state fMRI studies showed weaker insula connectivity
with the ACC, in association with more errors during incongruent trials in a Stroop task, in
young adult smokers relative to non-smokers [29, 30]. Regional responses to smoking vs.
neutral cues in the inferior, middle, and frontal gyri and ACC were positively correlated with
depression severity in smokers abstinent overnight [20]. These findings together suggest
intricate roles of the salience network in smoking, externalizing and internalizing behaviors.

With structural brain imaging, studies including meta-analyses have identified gray matter
volume (GMV) loss in the insula and ACC in smokers as compared to never smokers
[31-38]. Insula GMVs were negatively correlated with the Fagerstrom Test for Nicotine
Dependence (FTND) scores in cigarette smokers [39]. However, another study demonstrated
insula volumes in negative correlation with pack-years but positive correlation with FTND
scores in cigarette smokers [40]. Further, lesions of the insula disrupted the desire to smoke
[41] and led to less severe withdrawal symptoms [42] in human smokers, suggesting a
potentially causal role of the insula in generating the urge to smoke [see 21, 43 for

reviews]. Thus, although smokers demonstrated smaller insula volumes, lesions of the
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insula obliterated the desire to smoke. These seemingly contrasting findings suggest that
the relationship between insula GMV and craving as well as nicotine addiction severity
merits further investigation.

Morphometric studies have also implicated the insula and ACC in externalizing and
internalizing behaviors that may conduce to smoking or other substance use [31, 44-46, see
47 for a review]. For instance, lower insula thickness was associated with more externalizing
behaviors, and thinner ACC predicted less reduction in externalizing behaviors at one-year
follow-up in a sample of community adolescents [48]. Smaller insula volume was associated
with more lifetime problem conducts in male adolescents with early-onset conduct disorder
[49]. As compared to never smokers, current smokers showed smaller ACC GMV and
greater depression severity [31]. Relative to controls, patients with heroin dependence
showed smaller insula and ACC GMVs as well as higher depression and anxiety scores
[46].

In the current study, we aimed to examine how insula and ACC GMVs differed between
heavy, light, and never smokers and to relate insula and ACC GMVs to years of smoking,
nicotine addiction severity, as well as externalizing and internalizing behaviors. We
addressed these aims using the data curated from the Human Connectome Project (HCP).
We employed voxel-based morphometry to estimate the insula and ACC GMVs in heavy,
light, and never smokers and controlled for age, sex, years of education, alcohol use and
total intracranial volume in data analyses.

2. Materials and methods

2.1. Dataset: subjects and assessments

In the S1200 release, the HCP contains clinical, behavioral, and 3T magnetic resonance
(MR) imaging data of 1206 young adults (1113 with structural MR scans). The HCP
participants were without severe neurodevelopmental, neuropsychiatric or neurologic
disorders. A total of 330 participants reported lifetime history of smoking - smoking
cigarettes on at least 100 separate occasions. Nicotine addiction severity was assessed with
the Fagerstrom Test for Nicotine Dependence (FTND), with a score ranging from 0 to 10
and a higher score indicating more severe dependence [50]. In the HCP FTND scores > 6
were re-coded as 6 (/7= 26). The current study included 83 heavy smokers with an FTND
score > 3 (indicative of dependence; [51]). However, 13 of the 83 smokers were excluded
from further analyses because of excessive head movement (translation > 2 mm or rotation
> 2° in any dimension) during the scans or problematic image quality after normalization
(n=11), or missing measures of alcohol use (7= 2). Therefore, the heavy-smoker group
comprised 70 participants (29 women). We also included a group of 209 light smokers (97
women) with an FTND score < 3. In the HCP, years of smoking were recorded as 5 (1-5
years), 10 (6-10 years), 15 (11-15 years), or 18 (16 + years). A total of 635 participants
never smoked. We selected a largest possible number of never smokers that matched the
smoker groups in mean age, sex compaosition, and alcohol consumption, as indexed by the
number of drinks consumed daily over the prior 12 months, in order to control for the effects
of alcohol use [52]. The sample size of never smokers was 209 (80 women).
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Table 1 shows age, sex, years of education, average daily number of drinks in the prior 12
months, years of smoking, FTND score, and total intracranial volume (TIV) for heavy, light,
and never smokers. The three groups showed significant pair-wise differences in the years of
education (p’s< 0.001).

Participants were assessed with the Achenbach Adult Self Report (ASR), a part of the
Achenbach System of Empirically Based Assessment (ASEBA) taxonomy [53], with the
ASR_Extn_Raw score (Extn) and ASR_Intn_Raw score (Intn) quantifying the extent

of externalizing (i.e., aggressive behavior, rule-breaking behavior, and intrusiveness)

and internalizing (i.e., anxious/depressed, withdrawn, and somatic complaints) behaviors/
problems, respectively. Higher scores indicate more symptoms. We performed one-way
ANOVA to examine whether heavy, light, and never smokers differed in externalizing and
internalizing behaviors with age, sex, average daily number of drinks, and years of education
as covariates.

2.2. MRI protocol and voxel-based morphometry

2.3. Group

A customized 3T Siemens Connectome Skyra with a standard 32-channel Siemens receiver
head coil and a body transmission coil was used in the MRI scanning. T1-weighted high-
resolution structural images were acquired using a 3D MPRAGE sequence with 0.7 mm
isotropic resolution (FOV = 224 x 224 mm, matrix = 320 x 320, 256 sagittal slices, TR =
2400 ms, TE = 2.14 ms, Tl = 1000 ms, FA = 8°).

We used voxel-based morphometry (VBM) to estimate the GMVs of brain regions with the
CAT12 (Version 12.7) toolbox and followed the suggested defaults of the CAT12 manual
[54; http://dbm.neuro.unijena.de/vbm]: 1) individuals’ structural images were spatially
normalized to the same stereotactic space; 2) the normalized images were segmented

into gray matter, white matter, and cerebrospinal fluid; and 3) the gray matter (GM)

images were smoothed. Specifically, a spatial adaptive non-local means (SANLM) denoising
filter was first applied to the initial voxel-based processing [55], followed by internal
resampling to accommodate low-resolution images and anisotropic spatial resolutions.
Subsequently, data were processed by bias-correction and affine-registration, followed by
the unified segmentation [56]. After segmentation, the brain was parcellated into left and
right hemisphere, subcortical areas, and cerebellum by skull-stripping. A local intensity
transformation of all tissue classes was performed to reduce the effects of higher GM
intensities in the motor cortex, basal ganglia, or occipital lobe, followed by adaptive
maximum a posteriori segmentation with partial volume estimation [57]. The tissue
segments were then spatially normalized to a common reference space using DARTEL
registrations [58]. The GM maps were smoothed by convolution with an isotropic Gaussian
kernel (FWHM = 8 mm). Data quality was checked by using the modules of display slices
and VBM data homogeneity in the CAT12.

statistics of clinical metrics and GMVs

In group statistics on the clinical measures, we first performed a 3 (heavy, light, never
smokers) by 2 (men, women) analysis of covariance (ANCOVA) with age, average daily
number of drinks, and years of education as covariates. If we did not observe a significant
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group-by-sex interaction in the ANCOVA, we combined men and women and performed
univariate ANCOVA to examine the differences between heavy, light, and never smokers,
with age, sex, average daily number of drinks, and years of education as covariates.

In group statistics on the GMVs, we performed a 3 (heavy, light, never smokers) by 2 (men,
women) ANCOVA for the whole brain, with age, average daily number of drinks, years

of education as well as the total intracranial volume (TIV) as covariates. We evaluated the
results at voxel p < 0.001, uncorrected, in combination with cluster p < 0.05, corrected for
family-wise error (FWE) of multiple comparisons, on the basis of Gaussian random field
theory as implemented in SPM, following the reporting standards [59]. If the ANCOVA did
not show clusters with significant group-by-sex interaction, we combined men and women
and performed a one-way ANOVA for the whole brain with the same covariates.

For the brain regions that showed significant group differences in GMVs from whole-brain
analyses, we computed the regional GMVs for individual subjects and performed linear
correlations with clinical measures. For the groups of heavy and light smokers separately, we
performed Pearson’s correlations on the regional GMVs with years of smoking and FTND
score. For all three groups separately, we performed Pearson’s correlations between the
regional GMVs and externalizing/internalizing traits. All these correlations were computed
with age, sex, years of education, average daily number of drinks, and TI1V as covariates.
Slope tests were used to confirm the group differences in the correlations [60].

The insula can be parcellated into functionally distinct subregions: dorsal-anterior (dAl),
ventral-anterior (VAl), and mid-posterior (PI) insula [61]. To examine whether the
subregions were distinguishable in the differences in GMVs between smoking groups, we
computed the GMVs for the insula subregions for regions of interest (ROI) analyses. In
addition, we performed ROI analyses on the ACC and insula thickness data, including left/
right insula, left/right rostral ACC, and left/right caudal ACC, as provided by the HCP. We
used univariate ANCOVA on each volumetric measure to examine group differences, with
age, sex, years of education, average daily number of drinks, and TIV as covariates. If the
group effect was significant, we further performed post-hoc comparisons and evaluated the
results with Bonferroni correction.

3. Results

3.1. Clinical measures

We first examined potential influences of sex on clinical measures. With age, years of
education, and average daily number of drinks as covariates, a 3 (heavy, light, never
smokers) by 2 (men, women) ANCOVA did not showed a significant group-by-sex
interaction for externalizing (F= 1.39, p= 0.249) or internalizing (F= 0.41, p = 0.665)
scores. Thus, men and women were combined in covariance analyses. With age, sex, years
of education, and average daily number of drinks as covariates, univariate ANCOVA showed
significant differences in externalizing (F=5.63, p= 0.004) and internalizing scores (F=
7.67, p=0.001) across smoking groups. Post-hoc comparisons showed significantly higher
externalizing scores in heavy (12.23 + 8.74) vs. never (8.38 + 6.36) smokers (p = 0.005) but
no significant differences between light (10.06 + 7.32) and heavy (p = 0.324) or between
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light and never (p = 0.089) smokers. Heavy smokers (14.44 + 12.56) showed significantly
higher Intn scores than light (10.34 £ 7.36; p= 0.003) and never (9.24 + 8.59; p< 0.001)
smokers, but the internalizing scores of light and never smokers were not significantly
different (= 1.000). These measures are shown in Table 1.

Furthermore, with age, sex, years of education and average daily number of drinks

as covariates, pair-wise Pearson’s regressions did not reveal a significant correlation of
externalizing and internalizing scores with years of smoking or FTND score in heavy
smokers (p’s = 0.348). Without considering multiple comparisons, light smokers showed
greater externalizing scores in link with longer smoking years (r= 0.14, p= 0.043) but no
other significant correlations (o’s = 0.095).

3.2. Regional GMVs: whole-brain analyses

With age, years of education, average daily number of drinks, and TIV as covariates, a 3
(heavy, light, never smokers) by 2 (men, women) ANCOVA did not show any clusters with
a significant group-by-sex interaction. In men and women combined, voxel-wise covariance
analysis with age, sex, years of education, average daily number of drinks, and TIV as
covariates showed significant differences in a cluster of insula/inferior frontal gyrus, pars
orbitalis (cluster size k=616, MNI coordinates x=46, y= 32, 2= 9, peak Z=4.19)

at voxel level p<0.001 uncorrected. We followed with pair-wise group comparisons and
evaluated the results at voxel p < 0.001, uncorrected, in combination with a cluster p <

0.05, corrected for FWE of multiple comparisons. It showed smaller GMV in heavy vs.
never smokers in a cluster of insula/superior temporal gyrus (insula/STG; cluster size k=
1565, MNI coordinates x = -42, y=-15, z=-14, peak Z= 4.30; Fig. 1 A — left panel)

and a cluster of the dorsal anterior cingulate cortex/supplementary motor area (lACC/SMA;
cluster size k= 1244, MNI coordinates x=-18, y=21, z= 28, peak £=4.27; Fig. 1 B -
left panel). No clusters showed GMV differences in other group contrasts. We computed the
insula/STG and dACC/SMA GMVs of individual subjects for post-hoc analyses.

The ANCOVA did not show a significant group-by-sex interaction effect for insula/STG
(F=0.71, p=0.494) or dJACC/SMA (F=0.73, p=0.481) GMVs. With age, sex, years

of education, average daily number of drinks, and TIV as covariates, univariate ANOVA
showed significant differences in the insula/STG GMV across groups (F=12.68, p<

0.001). As shown in Fig. 1 A (right panel), post-hoc comparisons showed significantly lower
insula/STG GMV in heavy (5.93 £ 0.69 ccm) vs. light (6.22 + 0.66) smokers (p < 0.001) and
vs. never (6.38 £ 0.78) smokers (p < 0.001) and showed no significant differences between
light and never smokers (p = 0.054). With the same set of covariates, univariate ANOVA
showed significant differences in the dACC/SMA GMV across groups (F=11.87, p<
0.001). As shown in Fig. 1 B (right panel), post-hoc comparisons showed significantly lower
dACC/SMA GMV in heavy (3.98 + 0.57) vs. light (4.26 + 0.64) smokers (p < 0.001) and vs.
never (4.36 £ 0.63) smokers (p < 0.001) but showed no significant differences between light
and never smokers (p=0.617).
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3.3. Relationships between regional GMVs and clinical measures

The correlations of insula/STG and dACC/SMA GMVs with clinical measures are
summarized in Table 2. As shown in Fig. 2 A and 2 B, regional GMVs were not significantly
correlated with either years of smoking or FTND scores in heavy or light smokers (p’s

= 0.078). As shown in Fig. 2 C and 2 D, insula GMV was not significantly correlated

with externalizing or internalizing scores (p’s = 0.161) in any group. The GMV of the
dACC/SMA was positively correlated with both externalizing (= 0.36, p=0.003) and
internalizing (r=0.30, p=0.017) scores in heavy smokers but not in light or never smokers
(0's = 0.220). Slope tests showed that the correlations between the dACC/SMA GMV and
externalizing score in heavy smokers was significantly stronger than in never smokers (7=
2.30, p=0.022).

3.4. Subregional GMVs of insula and thickness of insula and ACC

Subregional GMVs of the insula and the statistics of the ANCOVA are presented in
Supplementary Table S1. All group effects for the subregional GMVs were significant
(Supplementary Figure S1). For the dorsal-anterior insula, heavy smokers (14.50 £+ 1.55
ccm) showed significantly lower GMV than light (14.94 £ 1.53; p=0.011) and never
(15.13 £ 1.70; p= 0.024) smokers, but there was no significant difference between light
and never smokers (p= 1.000). For the ventral-anterior insula, heavy smokers (4.82 + 0.56)
showed significantly lower GMV than never (5.06 + 0.61; p=0.017) but not light (4.97

+ 0.53; p=0.077) smokers; there was no significant difference between light and never
smokers (p=1.000). For the mid-posterior insula, heavy smokers (11.16 + 1.31) showed
significantly lower GMV than light (11.52 + 1.24; p=0.014) and never (11.61 £ 1.37; p=
0.031) smokers, but there was no significant difference between light and never smokers (p=
1.000).

The dorsal-anterior insula GMV was negatively correlated with years of smoking (7= -0.30,
p=0.017), but positively correlated with the FTND score in heavy smokers (r=0.30, p=
0.016). The ventral-anterior insula GMV was positively correlated with externalizing scores
in light smokers (r=0.15, p=0.030). Slope tests showed that none of these correlations
differed between groups. None of the other correlations between subregional GMVs and
clinical measures was significant. These results are summarized in Supplementary Table S2.

The thickness of the insula and the statistics of the ANCOVA are presented in
Supplementary Table S3. The smoker group effect was significant only for the left insula (F
=4.59, p=0.011). Post-hoc comparisons showed that the left insula thickness was greater in
never (3.08 £ 0.13 mm) as compared to heavy (3.02 = 0.16 mm; p=0.035) and light (3.04

+ 0.14 mm; p= 0.043) smokers, but there were no significant differences between heavy
and light smokers (p = 1.000). With age, sex, years of education, and average daily number
of drinks as covariates, the left insula thickness was not significantly correlated with years
of smoking or FTND scores in heavy or light smokers or with externalizing or internalizing
scores in any smoker group.

Addict Neurosci. Author manuscript; available in PMC 2023 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

4. Discussion

4.1.

Smokers relative to never smokers showed smaller GMVs of both the insula and dACC/
SMA, consistent with prior reports of GMV deficits in the salience network [31-37]. Insula
GMV was negatively correlated with years of smoking in heavy smokers, though only at
trend-level significance (p = 0.078). The dACC/SMA but not insula GMV was positively
correlated with externalizing and internalizing scores in heavy smokers. These findings
suggest potentially differentiable roles of the insula and dACC/SMA in nicotine addiction.
We discuss the main findings in the below.

Insula and dACC/SMA GMVs vs. years of smoking and FTND score

Insula volumes were negatively correlated with years of smoking, suggesting that the
volumetric deficits may result directly from the effects of cigarette smoking [39, 62]. A
previous study also demonstrated loss of insula volume in alcohol dependent individuals,
half of whom were smokers, relative to healthy controls [63]. In fact, reduction of insula
volumes has been noted in alcohol, cocaine, and methamphetamine addiction, all frequently
comorbid with nicotine use disorders [64]. In animal studies, chronic nicotine administration
resulted in neuronal loss [65, see 66, 67 for reviews, 68] and diminished ACC-striatal
functional connectivity [69], in broad accord with the current findings. It should be noted
that studies have also employed other morphometric measures, such as gray matter density
(GMD) and cortical thickness, which are not commensurate with GMV [70, 71]. Thus,
whereas studies consistently found lower insula and/or ACC GMYV in smokers, the findings
were at odds for GMD [32, 34, 38].

Although previous studies have implicated the insula in drug craving and addiction severity
[64, 72], we did not find insula volumes in significant correlation with FTND score in heavy
or light smokers. An earlier VBM study of cigarette smokers demonstrated insula volumes
in negative correlation with pack-years but positive correlation with FTND scores across
subjects [40]. In methamphetamine users, insula GMV showed a positive correlation with
subjectively reported craving [73]. Although the latter study did not include non-drug using
controls for contrasts, an earlier work of the ENIGMA Addiction Consortium demonstrated
reduction of insula GMV in methamphetamine, cocaine and other substance use disorders
[SUD; 74]. Thus, it is possible that insula GMV is positively associated with craving across
multiple SUDs. Again, studies employing other morphometric markers, including GMD and
cortical thickness, did not yield consistent findings [75].

Considered along with studies showing that lesions of the insula virtually abolished craving
to smoke [41, 42], the seemingly discrepant findings of insula GMVs in negative correlation
with years of smoking in the current study but positive correlation with FTND score in
Peng et al. [40] may suggest two non-exclusive possibilities. First, insula supports craving,
and smokers who sustained less neurotoxic effects on the insula would demonstrate higher
craving and nicotine addiction severity. Second, as a compensatory process, smokers who
exhibited larger volumes are more vulnerable to craving and nicotine dependence. The
literature of neuropsychology provides evidence for these compensatory processes. For
instance, the ventromedial prefrontal cortex (vmPFC) regulates physiological arousal, with
higher vmPFC activity associated with dampened skin conductance responses [76, 77]. On
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the other hand, lesions of the vmPFC led to diminished arousal elicited by affective stimuli
[see 78, 79 for reviews], akin to insula lesions abolishing craving to smoke. More broadly,

in a recent study of cocaine users, exposure to drug vs. neutral cues elicited “deactivation”
of bilateral parahippocampal gyri (PHG); however, less deactivation of PHG response to
drug vs. neutral cues was associated with higher chronic cocaine craving [80]. It was

posited that chronic cocaine exposure led to diminished response to saliency and those who
engaged functional compensation, though illadaptively, exhibited more intense drug craving.
These findings together suggest a complex, likely age- or chronicity-related relationships
between nicotine consumption, insula volumetrics, and craving/addiction severity, which can
probably only be resolved with longitudinal studies.

Although smokers demonstrated loss of dAACC/SMA volumes, as compared to non-smokers,
dACC/SMA volumes were not correlated with years of nicotine use or FTND scores.

These findings suggest a lesser role of the dACC/SMA in supporting craving and addiction
severity. A recent meta-analysis showed diminished dACC/SMA volumes in individuals
with behavioral addictions vs. healthy controls, suggesting a broader role of these medial
prefrontal cortical structures in the pathophysiology of addiction [81], although the study
did not control for cigarette smoking. Likewise, longitudinal research with within-subject
analyses would confirm whether smaller JACC/SMA dispose individuals to rather than
reflecting the consequences of smoking.

Insula and dACC/SMA GMVs vs. externalizing/internalizing scores

Heavy smokers showed more externalizing symptoms as compared to never smokers,

in line with previous findings of impulsive and sensation seeking behaviors both from
questionnaires [82] and laboratory assessments [83-85]. Heavy and light smokers also
showed more internalizing symptoms, consistent with comorbidity of nicotine use disorder
and depression and anxiety [see 86, 87 for reviews]. In incentive learning theory, negative
emotional states promote cigarette smoking over alternative actions [see 88 for a review],
although mood symptoms may also reflect consequences of nicotine addiction [89-91].

The dACC/SMA but not insula volumes were positively correlated with both externalizing
and internalizing symptom severity in heavy smokers. This finding contrasts with earlier
reports of ACC volumetric deficits and more impulsive and risk-seeking behaviors as well as
higher rates of depression in drug addicted individuals [31, 92], and of inverse correlations
of ACC GMV with impulsivity [93] and of SMA GMV with “worry ” severity [94] in
healthy individuals. Moreover, smaller JACC GMV was associated with higher depression
and anxiety scores in a group of participants comprising both heroin users and healthy
controls [46]. However, other studies showed that impulsivity as measured with Barratt
Impulsivity Scale-11 was positively correlated with the ACC GMV in healthy young adults
[95] and high-impulsivity smokers with greater ACC volume may be more sensitive to
craving [21].

We did not observe a significant relationship between insula GMVs with externalizing

or internalizing scores. In an earlier VBM study, patients with severe substance use and
conduct problems showed smaller insula GMV as compared to controls; however, smaller
insula GMV was associated with lower impulsivity as measured by a composite score
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of disinhibited behaviors in the patients [96]. In contrast, another study showed that,
although not different from healthy controls’, insula volumes were negatively correlated
with impulsivity in teenagers with borderline personality disorders [97]. In adolescents,
thinner left insular cortex was associated with higher externalizing behaviors, and thinner
left ACC predicted less reduction in externalizing behaviors one year later [48]. In animal
work, impulsivity was predicted by the thinness of the insular cortex in rats [98]. Here,

we also observed thinner left insula in heavy and light smokers but not a correlation of
insula thickness with clinical measures. Thus, the findings appear to be mixed in how insula
volumes may relate to impulsivity. More research is warranted to investigate how structural
brain changes underlie the comorbidity of substance use and externalizing and internalizing
behaviors.

Limitations of the study and conclusions

A few limitations should be considered for the current study. First, smokers in the HCP are
young adults (ages 22-35) with only 31% reporting an FTND score = 6, suggesting they are
at an early stage of nicotine addiction. Further, it should also be noted that we did not correct
for multiple comparisons in evaluating the correlation of GMVs with clinical variables. The
current findings thus need to be considered preliminary. Second, prolonged alcohol use has
detrimental effects on brain structure and functions [see 99 for a review]. The HCP data

set does not provide a measure of life-time alcohol use, and we used average daily number
of drinks over the prior 12 months to represent alcohol use severity and as a covariate in
data analyses. Nonetheless, we cannot rule out the effects of chronic alcohol exposure on
the current findings. Third, as with earlier studies, we reported cross-sectional findings and
it remains unclear whether the volumetric deficits precede or reflect the consequences of
cigarette smoking. The light smokers showed intermediate levels of insula and ACC GMVs,
as compared to heavy and never smokers. This along with the finding of dorsal-anterior
insula GMV each in negative and positive correlation with years of smoking and FTND
score in heavy smokers seems to suggest volumetric deficits as a consequence of smoking.
However, studies with a longitudinal design are needed to evaluate the causal relationships
between cerebral structural abnormalities and nicotine use. Fourth, we did not examine sex
differences because of the small sample size. Women and men demonstrate differences in
neural markers of nicotine addiction [100] and of externalizing and internalizing traits [101-
104]. Finally, the insula comprises functionally distinct subregions [61]. Although the insula
subregions did not appear distinguishable in terms of GMV differences between heavy and
never smokers, more studies are needed to investigate the potentially distinct roles of these
subregions in nicotine addiction and its comorbidities.

To conclude, we replicated smaller insula and dACC/SMA GMVs and more severe
externalizing and internalizing behaviors in heavy smokers relative to never smokers.
Higher insula GMV was potentially associated with nicotine addiction severity and higher
dACC/SMA GMVs may contribute to more externalizing and internalizing behaviors in
smokers. Our findings support potentially distinct dysfunctional roles of the insula and
dACC/SMA in cigarette smoking and suggest insula and dACC/SMA GMVs as important
neural markers in the research of the pathophysiology and treatment of nicotine addiction
[see 105 for a review].
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Fig. 1.
Whole-brain analysis identified the (A) insula/superior temporal gyrus (insula/STG) and (B)

dorsal anterior cingulate cortex/supplementary motor area (lACC/SMA) showing smaller
GMVs (left) in heavy vs. never smokers. We computed the GMVs and visualized the group
differences in bars (right; error bar = SD). * * * p< 0.001 (Bonferroni correction for
post-hoc multiple comparisons).
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Fig. 2.
Scatter plots to show the correlations of insula/STG GMV and dACC/SMA GMV with

(A) years of smoking, (B) FTND score, (C) externalizing (Extn), and (D) internalizing
(Intn) score, with age, sex, average daily number of drinks, years of education, and TIV as
covariates for the three groups separately. There were no data of years of smoking or FTND
scores for never smokers. Residuals are presented here. Solid lines represent the regressions.
Heavy (H) smokers: green; Light smokers: purple; Never (N) smokers: orange. Significant -
and slope test 7 values are marked with * * p < 0.005, or * p< 0.05 (two-tailed).
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