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ABSTRACT

Although many smokers try to quit smoking, only about 20–25 percent will achieve abstinence despite 6months or
more of gold-standard treatment. This low success rate suggests long-term changes in the brain related to smoking,
which remain poorly understood. We compared ex-smokers to both active smokers and non-smokers using functional
magnetic resonance imaging (fMRI) to explore persistent modifications in brain activity and network organization.
This prospective and consecutive study includes 18 non-smokers (29.5±6.7 years of age, 11 women), 14 smokers
(≥10 cigarettes a day >2 years of smoking, 29.3±6.0 years of age, 10 women) and 14 ex-smokers (>1 year of quitting
30.5±5.7 years of age, 10 women). Participants underwent a block-design fMRI study contrasting smoking cue with
control (neutral cue) videos. Data analyses included task-related general linear model, seed-based functional connec-
tivity, voxel-based morphometry (VBM) of gray matter and tract-based spatial statistics (TBSS) of white matter.
Smoking cue videos versus control videos activated the right anterior insula in ex-smokers compared with smokers,
an effect correlating with cumulative nicotine intake (pack-years). Moreover, ex-smokers had a persistent decrease
in functional connectivity between right anterior insula and anterior cingulate cortex (ACC) compared with control
participants, but similar to active smokers. Potentially confounding alterations in gray or white matter were excluded
in VBM and TBSS analyses. In summary, ex-smokers with long-term nicotine abstinence have persistent and dose-
dependent brain network changes notably in the right anterior insula and its connection to the ACC.
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INTRODUCTION

Smoking is considered one of the largest single causes of pre-
ventable death (OECD 2012a, Online, OECD Publishing,
Paris, available at: www.oecd.org/health/). About 23 per-
cent of the European population smokes cigarettes, with
about 31 percent of this population having tried to quit
within the last 12months (“European Union Campaign
2013: Ex-smokers are Unstoppable”). The relapse rate in
the first month of unaided abstinence is about 80 percent,
and only 3–5 percent of untreated patients remain absti-
nent after 6months (Polosa et al. 2011; Gualano et al.

2014). Furthermore, only about 20–25 percent of smokers
will achieve abstinence with six months or more of gold-
standard treatment (Hurt et al. 1997; Hughes et al. 1999;
Jorenby et al. 1999; Killen et al. 1999; Holmes et al. 2004,
2004). These observations suggest that smoking leads to
persistent modifications in the brain that contribute to high
relapse rates (DeBry & Tiffany 2008), an area of research
which remains largely unexplored. Although several studies
have been conducted on nicotine addiction and short-term
nicotine abstinence to understand neurobiological mecha-
nisms underlying smoking craving, further investigations
are needed to determine the effects of long-term nicotine
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abstinence and smoking cessation in order to ultimately bet-
ter prevent smoking relapse (“Clearing the smoke,” 2014).

In the field of neuroimaging, several functional mag-
netic resonance imaging (fMRI) studies focused on differ-
ences in brain activity between control and active
smokers who were abstinent for relatively short periods
of time (up to 24hours) to investigate the neurobiological
mechanisms underlying nicotine abstinence and smoking
addiction (Carroll et al. 2013; Ding & Lee 2013; Sweitzer
et al. 2013; Geier et al. 2014). These findings have indi-
cated a network of brain regions that underlie craving in
addiction in general (Luigjes et al. 2012), with craving-
related information being processed in the orbitofrontal
cortex (OFC), anterior cingulate cortex (ACC) and nucleus
accumbens. Furthermore, the hippocampus, insula and
amygdala were found to be responsible for modulating
craving by their functional connectivity to the aforemen-
tioned regions (George & Koob 2013).

While these studies identified key brain regions in-
volved in addiction and short-term tobacco withdrawal,
there is a lack of knowledge about which brain areas un-
derlie long-term nicotine abstinence. To date, only one
fMRI investigation included ex-smokers and demonstrated
that greater prefrontal cortical activation (in response to
an attentional bias paradigm and during error monitoring
in a go/non-go paradigm) might be a characteristic of
smokers who are successful in maintaining abstinence
(Nestor et al. 2011). These findings point towards a gen-
eral pattern of increased prefrontal cortical activity in
ex-smokers suggesting that top-down control might be
an important aspect of long-term nicotine abstinence.

Given these prior findings, we assessed changes in
brain activity and connectivity in ex-smokers with
long-term tobacco cessation, with the aim of identifying
long-term persistent modification in brain activation re-
lated to cue-induced craving. To this end, we used fMRI
in a task-based paradigm with smoking-related videos
in three populations: ex-smokers (more than 1 year of
smoking abstinence); active smokers; and non-smokers.
We sought to determine if persistent modifications of
brain activity occur in ex-smokers, and whether these
modifications were dependent on pack-years of smoking
history (a potential marker of cumulative nicotine expo-
sure and lifetime cue-conditioning between cigarettes
and nicotine). In addition, we also sought to determine
changes in functional connectivity in ex-smokers.

MATERIALS AND METHODS

Participants

The local institutional ethical committee approved this
prospective and consecutive study. All participants gave
written informed consent prior to inclusion. Forty-six

subjects were recruited through local and Internet adver-
tising. Inclusion criteria for ex-smokers were abstinence
from cigarettes for more than 12months prior to the
study and previous smoking period of at least 2 years
with 10 or more cigarettes per day. Inclusion criteria for
smokers were smoking 10 or more cigarettes per day over
at least 2 years, no intention to quit smoking in the next
month and a period of 15minutes before the study with-
out smoking to have a uniform period of abstinence prior
to scanning. Inclusion criteria for non-smokers were no
regular tobacco use in their lifetime and no intention to
start smoking in the next months. The three groups were
matched for gender and age, with the ex-smokers and the
smokers groups matched also for years of smoking and
number of cigarettes smoked per day. Exclusion criteria
for all participants were history of drug or alcohol
abuse/dependence, major medical disorders and use of
medications that could affect brain function (e.g. psycho-
tropics, stimulants or β-blockers) on a regular basis. Ex-
smokers were additionally considered ineligible if they re-
ported recent or current use of products to facilitate nic-
otine abstinence (e.g. gum, patch, lozenge, nasal spray or
inhaler).

The final sample included 14 ex-smokers (>1 year of
abstinence, 30.5±5.7 years of smoking, 10 women), 14
smokers (≥10 cigarettes a day for >2 years, 29.3
± 6.0 years of smoking, 10 women) and 18 non-smokers
(29.5± 6.7 years, 11 women) (Table 1). Ex-smokers had
a non-significant trend towards an earlier age of first
use (18.5±1.1 years) as compared with current smokers
20.7±0.8 years).

Functional magnetic resonance imaging acquisition

Images were obtained using a 3T scanner (Trio; Siemens,
Erlangen, Germany) with a standard 32 channel head-
coil. Functional MRI of the whole brain was acquired by
echo planar imaging using the following parameters:
whole brain coverage, 96×96 matrix, TR=2.5 s,
TE=30ms, 34 slices, and 245 repetitions. In addition,

Table 1 Essential demographic parameters of the included study
groups.

Demographic variables
Non-smokers Ex-smokers Smokers Test

Cases 18 14 14
Females 11 10 10 n/s
Age 29.5 (6.7) 30.5 (5.7) 29.3 (6.0) n/s
Year of Smoking 8.1 (4.9) 8.6 (4.5) n/s
Cigarettes per day 13.3 (3.4) 12.7 (3.1) n/s
Years since quitting 3.7 (3.0)

Values represent mean (standard deviation).
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a 3D T1-weighted structural scan (256×256 matrix
size, 176 sections, 1 ×1×1mm3, TE=2.3ms,
TR=2300ms) and diffusion tensor imaging (DTI) scan
(30 diffusion directions b=1000 s/mm2 isotropically dis-
tributed on a sphere, 1 reference b=0 s/mm2 image with
no diffusion weighting, 128×64 matrix, 2×2×2mm
voxel size, TE= 92ms, TR=9000ms and 1 average) were
acquired.

Functional magnetic resonance imaging procedure

Participants underwent fMRI between 3 and 6 PM to con-
trol for potential effects due to time of day. The paradigm
consisted of an on-off block-design with two active condi-
tions (smoking cue and control videos) and a neutral
condition (cross displayed). The active condition used
video cues developed by Brody et al. (Brody et al. 2007;
Culbertson et al. 2011). These cues were filmed from
the first person point of view and were 45 seconds in
length. Each smoking video shows a potential craving sit-
uation, such as writing a letter and smoking a cigarette
or standing outside of a nightclub smoking a cigarette.
The control videos were matched for similar content
except for the absence of smoking cues. After each video,
a visual analog scale was presented for 2.5 seconds, and
participants rated the degree of craving using an
MR-compatible response box. The rating scale included
seven steps from no craving to high craving. After the
rating, a rest period consisted of the visual presentation
of a fixation cross for 10 seconds. Each run included five
smoking and five control videos in a pseudo-randomized
fashion and lasted 612 seconds. Each participant per-
formed two runs. Before fMRI scanning, participants
were instructed on the procedure and became familiar
with the task by a training run outside of the MRI
scanner.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
(Version 6, GraphPad Software, San Diego, CA, USA),
Matlab (Version 2014a, The MathWorks Inc., Natick,
MA, USA) and FSL (Version 5.0.6, FMRIB, Oxford, UK).

Analysis of demographic and behavioral data

Normally distributed variables, notably age and years
of smoking, were analyzed using an analysis of vari-
ance (ANOVA) with Tukey correction for post hoc
pairwise comparisons. Non-normally distributed vari-
ables, notably gender, number of cigarettes a day and
rating scores, were tested using Kruskal–Wallis non-
parametric test with Dunn’s correction for post hoc
pairwise comparisons.

Task-related general linear model

Processing and analysis of imaging data were performed
using FSL FEAT (fMRI Expert Analysis Tool version 6.00,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT). Preprocessing
included brain extraction using FSL’s Brain Extraction
Tool (BET), motion correction using FSL’s MCFLIRT
(intra-modal motion correction tool) (Jenkinson et al.
2002) and smoothing using FSL’s SUSAN (noise reduc-
tion uses nonlinear filtering) (Smith et al. 1997). In addi-
tion, for each subject, we computed a maximum of the
framewise displacement (Dijk Van, Sabuncu, & Buckner
2012; Power et al. 2012) from the realignment parame-
ters and subjected this to group comparison (ANOVA).

The linear-model analysis included three levels. At the
first level, the contrast ‘smoking versus control videos’
was calculated separately for each run of each partici-
pant using fixed-effects analysis. Then, at the second
level, one fixed-effects analysis was conducted that
included both runs of each subject. Finally, at the third
level, a random-effects analysis was performed to investi-
gate group differences between ex-smokers, smokers and
non-smokers. This resulted in a mixed-effects group
model implementing FLAME 1 (FMRIB’s Local Analysis
of Mixed Effects). Finally, a permutation-based non-
parametric test (randomize, FSL tool) was applied,
correcting for multiple comparisons by threshold-free
cluster enhancement (Winkler et al. 2014). P values
<0.05 were considered as significant.

Correlation between imaging data and pack-year
smoking history

Additionally, we tested possible correlations between
regions of the brain that were significantly activated in
the contrast of ex-smokers versus smokers (notably the
right anterior insula (raINS)) and the accumulated
nicotine dose estimated by pack-year smoking history.

Functional connectivity analysis

Based on results of the task-related general linear model
(GLM) and the previous literature on ex-smokers (Nestor
et al. 2011), we defined regional masks and extracted
region-averaged time-courses of each subject for the
ACC, raINS and left frontal pole (FP). Functional connec-
tivity analysis was performed using a custom-built
toolbox in Matlab. In particular, for each subject, we
computed all pairwise correlations (3) between the
time-courses of these regions to estimate functional con-
nectivity. These values were then submitted, for each
connection, first to a one-sample t-test across subjects
(to assess significant connectivity) and subsequently to
an ANOVA (to assess group differences) with Tukey cor-
rection for post hoc pairwise comparisons.
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Voxel-based morphometry analysis of T1 images

FSL software was used to perform the voxel-based
morphometry (VBM) analysis (http://fsl.fmrib.ox.ac.uk)
to assess for gray matter (GM) density differences
between groups. Standard processing steps were used
(Smith et al. 2006, 2007). In particular, first brain
extraction and tissue-type segmentation were conducted
using the corresponding FSL tools (BET and FAST4). A
non-linear transformation into Montreal Neurological
Institute reference space was applied and a study-specific
GM template was created. All the native GM images were
then non-linearly registered to this template. Later on,
the images were smoothed with an isotropic Gaussian
kernel of 2mm sigma. The same non-parametric test
was applied as for the analysis of the task-related GLM
and P values <0.05 were considered as significant.

Tract-based spatial statistics analysis of diffusion tensor
imaging data

As for the VBM, FSL software was used to analyze DTI
data, according to the standard procedure (Smith et al.
2004) to test for white matter (WM) integrity differences
between groups. First, by a non-linear registration, all
subjects’ fractional anisotropy data were projected onto
a mean fractional anisotropy tract skeleton. Later, by
using a non-linear registration, voxelwise statistical anal-
ysis with threshold-free cluster enhancement correction
for multiple comparisons was performed, considering
TFCE-corrected P values <0.05 as significant.

RESULTS

Rating scores

Smoking videos induced higher craving in smokers than
non-smokers (P<0.01) or ex-smokers (P<0.05) as well
as for ex-smokers than non-smokers (P<0.05) (Fig. 1).
There were no significant group differences for control
videos concerning both the raw difference and the rela-
tive difference between smoking and control videos to
compensate for inter-individual differences in the rating.

Task-related general linear model

From group analyses of framewise displacement, no sig-
nificant effect of motion was found between the groups.

In the task-related GLM, we considered the contrast of
‘smoking videos versus control videos’. The comparison
‘ex-smokers versus smokers’ revealed significantly greater
activations in ex-smokers in the raINS, right frontal
operculum and right inferior frontal gyrus (IFG) (Fig. 2a
and Supporting Information Supplementary Table A).

The comparison ‘ex-smokers versus non-smokers’
revealed a significantly greater activation in ex-

smokers bilaterally in the FP, (IFG) and bilateral
anterior insula (aINS) with a higher activation in the
raINS (Fig. 2b).

The comparison ‘smokers versus non-smokers’
revealed increased activation in the ACC and in the
cerebellum (Fig. 2c). There were no de-activations in
the aforementioned contrasts (Supporting Information
Supplementary Figure A).

Correlation between imaging data and accumulated
cigarettes consumption

A positive correlation (P<0.05) was found in the
ex-smokers group between the cumulative cigarette dose
(i.e. measured in pack-years) and the activation strength
in the raINS (Fig. 3).

Functional connectivity

The one-sample t-tests showed significant effect of con-
nectivity for all connections (P<0.0001). Only the
ANOVA performed on the connection raINS-ACC showed
a significant group difference (P<0.01). For this connec-
tion, post hoc tests revealed statistical differences between
non-smokers and smokers (P<0.01), and between
non-smokers and ex-smokers (P<0.05). No significant
differences were found for the comparison between
smokers and ex-smokers (Fig. 4).

Voxel-based morphometry and tract-based spatial
statistics analysis

The VBM analysis of GM density and the tract-based
spatial statistics (TBSS) analysis of WM revealed no
statistical differences between study groups.

Figure 1 Rating scores for smoking videos. The rating scores for
craving during smoking cue videos (0 = no craving, 100 =maximum
craving). Active smokers had significantly higher craving than ex-
smokers (P< 0.05) and non-smokers (P< 0.001). Ex-smokers had
higher craving than non-smokers (P< 0.05). The barplots indicate
mean values and standard error. *P< 0.05, ***P< 0.001
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DISCUSSION

The current study aims at providing new insights into
neural mechanisms that underlie long-term cigarette
abstinence in ex-smokers. Three groups of participants,

ex-smokers, active smokers and control non-smokers,
underwent fMRI during presentation of smoking cue
videos and control videos, which were previously used
and validated in fMRI studies comparing active smokers
versus control participants (Brody et al. 2007; Culbertson
et al. 2011).

Our first finding relates to task-related brain activity
during smoking versus control cue videos. The difference
between active smokers and non-smokers were in line
with previous results that showed increased activation
in ACC induced by smoking-related stimuli (Brody et al.
2007; Wang et al. 2007; Azizian et al. 2010). However,
the contrast between ex-smokers and non-smokers
showed increased activation in anterior regions, such as
the raINS and the FP, but not in the ACC. These findings
suggest that the raINS plays a key role in long-term absti-
nence, potentially controlling activation of other areas,
such as ACC, related to craving urge itself. The observa-
tion that raINS activation was positively correlated with
pack-year smoking history (indicative of the accumulated
nicotine dose and also possibly the extent of cue-
conditioning between cigarettes and nicotine) underlines
the physiologic importance of the raINS in long-term
nicotine abstinence in ex-smokers. In other words, larger

Figure 2 Task-related general linear
model analyses for the comparison of
smoking videos versus control videos.
Ex-smokers versus smokers (a) had in-
creased activations notably in the right
anterior insula, frontal operculum and
inferior frontal gyrus. Ex-smokers ver-
sus non-smokers (b) had increased ac-
tivations notably in the bilateral frontal
pole inferior frontal gyrus and right
anterior insula. Smokers versus non-
smokers (c) had higher activations
notably in the ventral anterior cingulate
cortex. The inverse comparisons of
smokers versus ex-smokers, non-
smokers versus ex-smokers and non-
smokers versus smokers yielded no
supra-threshold activations. Activations
are superimposed on the template
brain in Montreal Neurological
Institute space, cluster threshold at
Z = 2.3 corresponding to P=0.05
(corrected)

Figure 3 Correlation between nicotine dose and functional mag-
netic resonance imaging (fMRI) activation in right anterior insula in
ex-smokers. Correlation in ex-smokers between the accumulated
nicotine dose (measured in pack-years) and the fMRI activation
strength in the right anterior insula measured as contrast of parameter
estimates for the contrast of smoking cue videos versus control
videos, which was significant at P< 0.05

Brain networks in ex-smokers 5

© 2015 Society for the Study of Addiction Addiction Biology



nicotine exposure is associated with increased activation
in the raINS, which in turn regulates the ACC. These
findings in ex-smokers suggest a mechanism by which
cue-induced brain activation leads to risk of relapse even
after prolonged abstinence.

Our second finding relates to alterations in functional
connectivity between previously identified brain regions.
Specifically, we examined the regions raINS, ACC and left
FP, which we identified in the task-related results of the
present investigation, and which are in agreement with
a previous study on ex-smokers (Nestor et al. 2011).
Functional connectivity analysis for these regions re-
vealed significant group differences for both ex-smokers
and active smokers when compared with non-smokers,
in terms of decreased functional connectivity between
raINS and ACC. We found possible evidence of the in-
volvement in these regions as part of a pathway related
to craving regulation, i.e. functional connectivity
between regulation-related and craving-related brain
regions, is disrupted during nicotine addiction and has a
persistent effect even after long-term abstinence in ex-
smokers. We would like to emphasize that we cannot
formally exclude a possible alternative explanation that
these alterations are a trait of people who smoke, as
opposed to people who do not smoke. These connectivity
results are in line with a recent study showing decreased
connectivity in active smokers versus non-smokers
between dorsolateral prefrontal cortex and parietal nodes
that are part of the executive control network (ECN)
(Weiland et al. 2014) and another study which found
decreased global efficiency (a measure that takes into
account connectivity) in heavy smokers compared with
non-smokers (Lin et al. 2014). Moreover, our findings
are consistent with studies on other forms of addiction,
including opioids (Liu et al. 2009; Upadhyay et al. 2010;
Ma et al. 2011) and Internet addiction (Hong et al.
2013), where a lower functional connectivity is present

in addicted subjects. Our results are, however, in contrast
with previous findings showing increased connectivity
between prefrontal areas in active smokers (Janes et al.
2012). This discrepancy might be due to the fact that
the functional connectivity was identified through inde-
pendent component analysis of resting-state fMRI in this
prior study, while we have studied task-based connectiv-
ity driven by the processing of video cues that directly
induced craving urge. Most importantly, these other stud-
ies assessed active smokers, and (to our knowledge) no
previous study to date has investigated brain connectivity
during long-term cigarette abstinence in ex-smokers.
Interestingly, a recent functional connectivity study in
short-term nicotine abstinence of 24 hours found alter-
ations in the coupling between the salience (SN) and
default mode (DMN) networks (Lerman et al. 2014). This
is remarkable because the ACC is part of SN and DMN,
while the aINS is a part of the SN. Notably, the SN, of
which the insula is a major component, facilitates orien-
tation to external versus internal information. Lerman
et al. (Lerman et al. 2014) illustrate a fundamental role
of SN in toggling resource allocation between the execu-
tive control network and DMN during the different states
of brain function associated with smoking abstinence and
smoking satiety in heavy smokers in short-term nicotine
abstinence. Overall, these findings indicate implications
of ACC and aINS in both short-term and long-term nico-
tine abstinence.

Both of the central study findings suggest that the
raINS is the key area involved in promotion of long-term
nicotine abstinence through the regulation of craving-
related areas, notably the ACC. Interestingly, a previous
study in stroke patients revealed that those patients with
lesions in the insula who quit smoking after lesion onset
had a high likelihood of quitting easily, immediately and
without relapsing or cravings (Naqvi et al. 2007). In ad-
dition, a more recent structural MRI study assessed the

Figure 4 Functional connectivity between the three key regions. All three regions [right anterior insula (raINS), anterior cingulate cortex
(ACC) and left frontal pole] were significantly connected in all three groups. The comparison between ex-smokers versus active smokers
and controls revealed that ex-smokers (P< 0.05) and active smokers (P< 0.01) had significantly reduced connectivity between raINS and
ACC, while there was no significant difference between ex-smokers and active smokers. The barplots indicate mean values with SE.
*P< 0.05, **P< 0.01
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cortical thickness of the raINS and found a negative asso-
ciation with pack-years, cigarette dependence and urge
to smoke (Morales et al. 2014). Other studies have found
lower GM density in the insula in smokers (compared
with non-smokers) (Gallinat et al. 2006; Fritz et al.
2014), perhaps demonstrating the effect of nicotine and
other constituents of tobacco smoke on this brain struc-
ture. Similarly, anticipation of nicotine administration
(Gloria et al. 2009) and administration itself (Stein et al.
1998; Kobiella et al. 2014) have been found to activate
the aINS across fMRI studies, indicating that nicotine in-
take from smoking may affect insula activity as well.

The importance of the insula in craving and drug
seeking is reviewed by Naqvi (Naqvi et al. 2014) showing
its three different and even opposite functions of incentive
motivational processes that can drive addictive behavior,
control processes that can inhibit and moderate addictive
behavior and interoceptive processes that represent
bodily states associated with drug use. The current inves-
tigation that indicates the raINS as being the key brain
area for craving regulation and inhibition in long-term
ex-smokers extends previous studies on short-term nico-
tine abstinence (Wilson et al. 2005; Wang et al. 2007;
Kober et al. 2010). Taken together, our findings add a
long-term perspective and temporal continuum; i.e. first,
during short-term nicotine abstinence, the raINS is
suggested to be responsible for craving regulation, as
showed by previous studies and second, during long-term
smoking cessation, our results indicate that it promotes
abstinence through the enhancement and the inhibition
of areas related to craving, in particular, modulating
ACC activity.

Strengths and limitations

In our study, the results of the rating scores analysis
confirm that the experimental paradigm induces more
craving during cigarette-related than neutral videos and
that smokers have the highest induced craving percep-
tion compared with the other groups, while the ex-
smokers can be considered in an intermediate position
between smokers and non-smokers.

Nevertheless, it is important to note that some limita-
tions are present and that they can influence the inter-
pretation of the results. First, the number of participants
in each group is relatively small, and we did not employ
a structured clinical interview for DSM-IV Axis I diag-
noses during the participants recruitment to form the
different groups, although participant report of smoking
behavior is generally reliable (Hendricks et al. 2008). In
addition, even though smokers could smoke ad libitum
(up until 15minutes) prior to testing, withdrawal from
cigarettes and cigarette craving may have had an effect
on the task, and consequently, on our results.

Furthermore, the functional connectivity in our study is
conditioned by the presentation of smoking videos stimu-
lations, so the results reflect a connectivity driven by the
experimental paradigm, and they may not be comparable
with the results of other studies that used resting-state
connectivity measures. Moreover, we did not perform a
biochemical confirmation of smoking status but relied
on the statements of the participants. Finally, it is impor-
tant to underline possible confounding results from
structural changes in WM or GM. To avoid this, VBM
and TBSS analyses were conducted, and no differences
were observed between the three groups excluding this
potential confound. The absence of structural alterations
in our study conflicts with previous studies in heavy
smokers (Yu, Zhao, & Lu 2011) or in a much larger group
size (Fritz et al. 2014). This discrepancy may indicate that
smoking-related structural alterations are relatively small
and more pronounced in heavy smokers, explaining the
absence of significant differences in our relatively small
sample size of ex-smokers and comparably less heavy
smokers.

CONCLUSION

Ex-smokers with long-term smoking abstinence have per-
sistent and dose-dependent changes in brain activity and
connectivity, pointing to the key role of the aINS and
ACC. By studying a representative sample of ex-smokers,
our findings suggest a mechanism underlying the promo-
tion of long-term cigarette abstinence. The evidence of
this work can be useful to guide future investigations
and psychopharmacological interventions to support
patient attempts to quit smoking.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table S1 illustrates the list of activation clusters for the
GLM analysis of task-related activation illustrated in
Fig. 2. Cluster index, number of voxels in cluster,
maximum P-value, location of maximum voxel (MAX)
and center of gravity of the activation cluster (COG),
contrast of parameter estimate (COPE), side (R = right,
L = left, and B = bilateral) and anatomic region.

Supplementary Figure A illustrates the opposite
comparisons with respect to Fig. 2. There were no su-
pra-threshold activations for ex-smokers versus
smokers (A), ex-smokers versus non-smokers (B) or
smokers versus non-smokers (C).
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