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ABSTRACT 

Background 

Although about one third of smokers tried to quit smoking within the last 12 

months, only 3-5% remain abstinent at 6 months. This indicates the presence 

of long-term modifications in brain networks related to smoking. Using 

functional magnetic resonance imaging (fMRI), we compared ex-smokers to 

active and non-smokers to explore these modifications. 

Methods 

18 non-smokers (29.51 ± 6.70 years, 11 females) 14 smokers (≥10 cigarettes 

a day > 2 years, 29.31 ± 6.04 years, 10 females) and 14 ex-smokers (>1 year 

of quitting 30.5 ± 5.70 years, 10 females) were recruited through local and 

Internet advertising. A block-design fMRI study was performed contrasting 

smoking cue videos versus control videos. Data analyses include task-related 

general linear model (GLM), seed based functional connectivity, voxel-based 

morphometry (VBM) of grey matter and tract based spatial statistics (TBSS) of 

white matter. 

Results 

Smoking cue videos versus control videos activated notably the right anterior 

insula for the contrast ex-smokers versus smokers, an effect correlating with 

the accumulated dose of nicotine. In addition, ex-smokers, compared to 

controls and similarly to smokers, showed a persistent decrease in the 

functional connectivity between anterior insula and anterior cingulate cortex 

(ACC). The VBM and TBSS analyses excluded potentially confounding grey 

or white matter alterations. 
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Conclusion 

Long-term nicotine abstinence in ex-smokers yields a dose-related alteration 

in brain activation of the right anterior insula and furthermore persistent 

functional connectivity changes including anterior insula and ACC. This 

indicates persistent brain network changes even more than one year after 

smoking cessation.  

 

Abbreviations   

ACC  anterior cingulate cortex 

BET  brain extraction tool 

COPE  contrast of parameter estimates 

FLAME 1 FMRIB’s Local Analysis of Mixed Effects 

fMRI  functional magnetic resonance imaging 

GM  grey matter 

IFG  inferior frontal gyrus     

MCFLIRT intra-modal motion correction tool 

OFC  orbito-frontal cortex 

PreCG pre-central gyrus 

PostCG post-central gyrus  

raINS  right anterior insula 

WM   white matter 

 

 

Key words: Smokers, Ex-smokers, Long-term Nicotine abstinence, Anterior 

cingulate cortex, Anterior Insula.  
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1. INTRODUCTION 

The following study was carried on using functional magnetic resonance 

imaging (fMRI) that measures the blood oxygen level dependent (BOLD) 

changes during neural activity. Here briefly its principles and applications.  

Oxygen is delivered to neurons by hemoglobin in red blood cells. When 

neuronal activity increases there is a higher demand of oxygen that leads to 

an increase in blood flow to regions of increased neural activity. Hemoglobin 

is diamagnetic when oxygenated and paramagnetic when deoxygenated. This 

difference in magnetic properties leads to differences in the MR signal of 

blood, depending on the degree of oxygenation. Since blood oxygenation 

changes respect to the levels of neural activity these differences can be used 

to detect brain activity. fMRI can be used to produce activation maps showing 

which parts of the brain are involved in a particular mental process (Devlin et 

al, 2005). These properties of fMRI and its application to cognitive and clinical 

neuroscience lead to the development of a branch that nowadays is known as 

neuroimaging. The goal of cognitive neuroscience is to identify associations 

between functions and structures in the brain to identify the specific brain 

areas behind cognitive processes. Our study will use this technique to 

investigate brain areas related to the cognitive processes behind nicotine 

addiction. 

 

In Europe, about the 23% of the European population smokes and smoking is 

considered the largest single cause of preventable death (OECD Health Data 

2012). Interestingly, about 31% of this population tried to quit smoking within 
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the last 12 months (EU anti-tobacco campaign 2013: ex-smokers are 

Unstoppable) but the relapse rate in the first month of abstinence is about 

80%, and only 3 –5% remains abstinent at 6 months (Gualano et al., 2014; 

Polosa et al., 2011). Many studies tried to investigate the underlying 

processes of drug addiction and nicotine craving in particular, but the 

understanding of underlying mechanisms is still very limited. 

 

From a recent review of George Koob (Koob and Volkow, 2010) that 

describes brain mechanisms involved in drug craving in humans and animals, 

craving related to nicotine can be associated to craving related to drug 

addiction, since the brain areas involved are partially overlapping. There are 

three stages of the addiction cycle.  

1.) Binge/intoxication stage  

Reinforcing effects of drugs engage reward neurotransmitters and 

associative mechanisms in the nucleus accumbens. 

2.)  Withdrawal state 

The negative emotional state of withdrawal engages the activation of 

the extended amygdala.  

3.) Preoccupation/anticipation of craving 

This stage involves the processing of conditioned reinforcement in the 

lateral amygdala and the processing of contextual information by the 

hippocampus. 

The executive control function that allows the extinction of caving depends on 

the prefrontal cortex and includes representation of contingencies, of 

outcomes, and their value and subjective states associated with drugs. 
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In particular, focusing on functional MRI studies on humans (George and 

Koob, 2013), neuroanatomy of drug craving shows that craving-related 

information is processed by the orbito-frontal cortex (OFC), anterior cingulate 

cortex (ACC), and nucleus accumbens during drug-related cues (pictures or 

videos with triggering stimulations). Craving-related information can be 

modulated by the external or internal context, stress, and affective states 

through the involvement of the hippocampus, insula and central nucleus of the 

amygdala (Gardner, 2011). Activation of the dorso-lateral pre-frontal cortex 

(DLPFC) modulates craving by its connections to other frontal areas as the 

OFC, ACC, and nucleus accumbens (Garavan et al, 2000). The ventromedial 

prefrontal cortex (vmPFC) is associated with emotional control and the 

inhibition of actions with poor deleterious consequences (Lee et al, 2013).  

 

Focusing specifically on smoking, there are many fMRI studies on smokers 

and short term-nicotine abstinence (max. 24 hours), (Carroll, Sutherland, 

Salmeron, Ross, & Stein, 2013; Ding & Lee, 2013; Geier, Sweitzer, Denlinger, 

Sparacino, & Donny, 2014; Sweitzer et al., 2013), yet very few studies on ex-

smokers and long-term nicotine withdrawal (Nestor, McCabe, Jones, Clancy, 

& Garavan, 2011). Due to this bias towards short-term abstinence studies the 

brain regions commonly related to nicotine craving are valid in active smokers 

only (Lerman et al., 2014): the anterior and posterior cingulate cortex (ACC, 

PCC) as areas responsible for processing of craving-related information, while 

craving modulation occurs through ventral areas as the insula (Brody et al., 

2004; Courtney, Ghahremani, London, & Ray, 2014; Huang et al., 2014).  
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On the contrary, in the scientific community there is a lack of definitive 

understanding related to which brain areas underlie long-term nicotine 

abstinence. To our knowledge only one paper was published on ex-smokers 

and fMRI to assess the neural substrates that promote nicotine abstinence in 

a broader timeline (Nestor, McCabe, Jones, Clancy, & Garavan, 2011). The 

main findings of this study revealed that pre-frontal cortical activity, involving 

the insula through a top-down control, might be important to promote 

successful abstinence. 

 

The insula is a key area of the human brain involved in regulation of the 

body’s homeostasis, self-awareness and cognitive functioning. Its role in 

addiction and in smoking in particular was suggested by Naqvi (Naqvi et al, 

2007), showing that smokers with brain damage involving the insula were 

more likely than smokers with brain damage not involving the insula to 

undergo a disruption of smoking addiction. Theses patients showed an 

increased ability to quit smoking immediately, without relapse and without 

persistence of the urge to smoke.  

A recent review of Naqvi (Naqvi et al, 2014) identifies three main, distinct and 

opposite functions of the insula: 1) appetitive motivational processes that drive 

addictive behavior, 2) interoceptive functions that are relevant to drug 

addiction, and 3) impulse control and decision-making processes that modify 

addictive behavior according to conflicting goals and negative consequences.  
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The following study was designed to understand the changes in neural activity 

that lead to the promotion of long-term nicotine abstinence, trying to identify 

the main brain areas responsible for craving urge and craving regulation in ex-

smokers (>1 year of quitting) compared to non-smokers and smokers during 

viewing of smoking related videotapes. Later, we investigated if the strength 

of the activations in the found areas was related to behavioral variables, such 

as the nicotine dose (pack-years). Finally, we tested how the functional 

connectivity changes in the three groups, hypothesizing that the ex-smokers 

occupy an intermediate position between the smokers and non-smokers. 

 

 The study presented here tries to contribute to a wider view on craving and 

nicotine related neural processes, moving from the understanding of the 

mechanisms underlying the neural activity during short-term nicotine 

withdrawal to the comprehension of the ones of long-term abstinence. 
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2. METHODS 

2.1. Participants 

The local institutional ethical committee approved this study, and all 

participants gave written informed consent before inclusion. Forty-six subjects 

(18 non-smokers, 14 smokers, 14 ex-smokers) were recruited through local 

and Internet advertising. Inclusion criteria for non-smokers were: No tobacco 

use in their lifetime and no keen to start smoking in the next months. Inclusion 

criteria for smokers were: smoking 10 or more cigarettes a day over at least 2 

years, no intention to quit smoking in the next months and a period of 15 

minutes before the study without smoking to control the craving time. 

Inclusion criteria for ex-smokers were: abstinence of nicotine for a period of 

more than 12 months prior to the study, previous smoking period of at least 2 

years with 10 or more cigarettes a day. The three groups were matched for 

gender and age, the ex-smokers and the smokers groups matched also for 

years of smoking and number of cigarettes smoked a day (Table 1). Exclusion 

criteria for all the participants included a history of drug or alcohol abuse, 

major medical disorders and use of psychotropics, stimulants or β-blockers on 

a regular basis. Ex-smokers were additionally considered ineligible if they 

reported past or current use of products to facilitate nicotine abstinence (e.g., 

gum, patches, lozenges, nasal spray and inhalators). 
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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)   

Table1. Essential demographic parameters of the included study groups. 
Values represent mean (standard deviation). 
 

2.2. fMRI brief introduction and acquisition in our study 

In our study, images were obtained using a 3T scanner (Trio; Siemens, 

Erlangen, Germany) with a standard 32 channel head-coil. FMRI imaging of 

the whole brain was acquired by echo planar imaging using the following 

parameters: whole brain coverage, 96x96 matrix, TR=2.5s, TE=30ms, 34 

slices, 245 repetitions. In addition, a 3D T1-weighted structural scan (256x256 

matrix size, 176 sections, 1x1x1 mm3, TE=2.3ms, TR=2300ms) and diffusion 

tensor imaging (DTI) scan (30 diffusion directions b=1000 s/mm2 isotropically 

distributed on a sphere, 1 reference b=0 s/mm2 image with no diffusion 

weighting, 128x64 matrix, 2x2x2mm voxel size, TE=92ms,TR=9000ms, and 1 

average) were acquired. 
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2.3. fMRI Procedure 

Participants underwent fMRI in the time between 3 and 6pm to control for 

potential effects of the time of day. The paradigm consisted of an on-off block-

design with two active conditions (smoking cue and control videos) and a rest 

condition. The active condition used video cues developed by Brody (Brody et 

al, 2007; Culbertson et al, 2011). These cues were filmed from the first person 

point of view and were 45 sec in length. Each smoking video shows a 

potential craving situation, 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 5 smoking and 5 control videos in a 

pseudo-randomized fashion and lasted 612 seconds (Supplementary Figure 

A). Each participant performed 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. 

 

2.4. Statistical Analysis 

Statistical analyses were conducted using GraphPad Prism (Version 6, 

GraphPad Software, San Diego, USA), Matlab (Version 2014a, The 

MathWorks Inc., Natick, USA) and FSL (Version 5.0.6, FMRIB, Oxford, UK). 
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2.5. Analysis of Demographic data 

After performing the normality test (D’Agostino- Pearson omnibus test) for all 

the Demographic variables and the Rating Scores, differences between 

groups were tested as following: the Gender of the subjects was analyzed by 

the Kruskal-Walls non-parametric test with the multiple comparison correction 

Dunn’s test, the age by an ordinary one-way ANOVA with Tuckey test for 

multiple comparison correction, the years of smoking by an unpaired 

parametric t-Test (Wilcoxon matched-pairs signed rank test) and the number 

of cigarettes a day by Mann-Whitney non-parametric test. 

To test the difference in rating scores between smoking and control videos 

within each group, the Wilcoxon matched-pairs signed rank test was used. 

To analyze the difference between the three groups in the rating scores of 

smoking videos and control videos separately, the Kruskal-Walls non-

parametric test with multiple comparison correction Dunn’s test was 

performed. 

 

2.6. Task-related General Linear Model: brief introduction and its application 

in our study 

An fMRI dataset, can be seen as a set of cuboid elements (i.e., voxels) of 

variable dimension, each of which has an associated time-series of as many 

time-points as volumes acquired per session. The goal of a statistical analysis 

is to determine which voxels have a time-course that correlates with some 

known pattern of stimulation or experimental manipulation. The first step in 

fMRI data analysis is the pre-processing of the data (Figure 1) that has the 
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aim of correcting for artifacts introduced at data acquisition. Furthermore, in 

the GLM analyses, the time-course of each voxel is modeled as a weighted 

sum of the known predictor variables plus an error term. The aim of the 

analysis is to estimate if, and how much each predictor contributes to the 

variability observed in the voxel’s time-course (Monti, 2011).  

 

 

Figure 1: PREPROCESSING OVERVIEW 
Functional data are first spatially realigned, motion corrected and co-
registered to the anatomical data (successive image volumes in the time 
series are co-registered to a reference volume. For this purpose a rigid-body 
transformation is applied with three translational parameters and three 
rotational parameters). Then the images are normalized and smoothed (5 mm 
kernel) before group analysis.  
Figure available at: http://www.fil.ion.ucl.ac.uk/spm/course/video/#Preproc 
 

In our study, individual pre-processing and individual and group analysis were 

performed using FSL FEAT (FMRI Expert Analysis Tool). 
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Preprocessing included brain extraction using FSL’s BET (Brain Extraction 

Tool), motion correction using FSL’s MCFLIRT (intra-modal motion correction 

tool) (Jenkinson et al, 2002) and smoothing using FSL’s SUSAN (noise 

reduction uses nonlinear filtering)(Brady, J.M., 1997).  

At the first level the contrast smoking videos vs control videos (and vice 

versa) was calculated separately for each run of each participant using fixed-

effects analysis.  Next, a second level analysis was conducted for each 

contrast of each subject that included both runs. Last, a group level analysis 

between all the 18 non-smokers, 14 smokers and 14 ex-smokers was 

conducted. In the group level analysis the mixed-effect model (FLAME 1) was 

used. A permutation-based non-parametric test (randomise, FSL tool) was 

applied, correcting for multiple comparisons by threshold-free cluster 

enhancement (Winkler et al, 2014). P values <.05 were considered as 

significant. 

 

2.7. Correlation Between Imaging Data and Pack-Year Smoking History  

We tested for possible correlations between regions of the brain that were 

significantly activated in the contrast of ex-smokers vs. smokers (notably the 

right anterior insula (raINS)) and the accumulated nicotine dose estimated by 

pack-year smoking history. 

 

2.8. Seed based Functional Connectivity analysis 

Seed regions for functional connectivity analysis were defined from the results 

of the task-related GLM and previous literature (Nestor, McCabe, Jones, 

Clancy, & Garavan, 2011). We defined regional masks and extracted region-
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averaged time-courses of each subject for the anterior cingulate cortex (ACC), 

right anterior insula (raINS), and left frontal pole (leftFP). Functional 

connectivity analysis was performed using a custom-build toolbox in Matlab 

(Version 2014a, The MathWorks Inc., Natick, USA). In particular, for each 

subject, we computed all pairwise correlations (3) between the time-courses 

of these regions to estimate functional connectivity. 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 correction for post-hoc pair-wise comparisons. 

 

2.9. VBM analysis of T1 Images: principles and its application in our study 

Voxel based morphometry analyses is a method that uses statistics to identify 

differences in brain anatomy between groups of subjects. This technique 

typically uses T1-weighted volumetric MRI scans and basically performs 

statistical tests across all voxels in the image to identify volume differences 

between groups. Three are the pre-processing steps that allow the final 

groups comparisons. First, the MRI scans need to be matched together 

spatially so that a location in one subject's MRI corresponds to the same 

location in another subject's MRI. Then Images are segmented into different 

tissue compartments (gray matter, white matter, and CSF), and analysis is 

performed separately. Thirdly, the images are smoothed so that the intensity 

of each voxel is replaced by the weighted average of the surrounding voxels, 

basically blurring the segmented image. Finally, statistical analysis of the 

smoothed segmented images are performed with parametric statistics using 

the general linear model (Whitwell, 2009). 
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In our study, FSL software packaging was used to perform the VBM analysis. 

Standard processing steps were used (Smith et al., 2006, 2007). In particular, 

first BET extraction and tissue-type segmentation were conducted using the 

corresponding FSL tools (Brain Extraction Tool and FAST4). Subsequently, a 

non-linear transformation into Montreal Neurological Institute (MNI) reference 

space was applied and a study-specific Gray Matter (GM) template was 

created. All the native GM images were then nonlinearly registered to this 

template. Later on, the images were smoothed with an isotropic Gaussian 

kernel of 2mm sigma. Finally, by a permutation-based non-parametric test 

(Randomise, FSL tool) a voxelwise GLM was performed, correcting for 

multiple comparisons implementing threshold-free cluster enhancement 

(Smith et al., 2009). Significant results are considered P values >.05. Similar 

to the GLM analysis, differences in the three groups are tested. 

 

2.10. TBSS analysis of DTI Data: principles and its application in our study 

Magnetic resonance diffusion imaging is a technique that provides information 

about the anatomical connectivity in the brain by measuring the diffusion of 

water in white matter tracts. Among the different measures, the most 

commonly derived from diffusion data is the fractional anisotropy (FA), which 

quantifies local tract directionality and integrity (Smith et al, 2007). TBSS, 

following the same procedure (pre-processing and group analyses) of the 

VBM, aims to investigate local changes in white matter structure analyzing FA 

images. 
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In our study, as the VBM, FSL software packaging was used to analyze DTI 

data, according to the standard procedure (Smith et al., 2004). First, by a non-

linear registration all subjects’ fractional anisotropy data was projected onto a 

mean fractional anisotropy tract skeleton. Later, by using a non-linear 

registration voxelwise statistical analysis with threshold free cluster 

enhancement correction for multiple comparisons was performed, with P 

values <.05 as significant. Differences between all the three groups were 

tested. 

 

 

 

 

  



 20 

3. RESULTS 
 

3.1. Rating Scores results 

Within all of three groups, the smoking videos induce a higher craving rating 

response than the control videos (P<.01 non-smokers, P<.001 smokers and 

ex-smokers).  Moreover, significant differences are present between the three 

groups for rating scores of smoking videos (Figure 2). These results confirm 

that the experimental setup induces more craving during smoking videos than 

during control videos and that smokers have the highest induced craving 

perception compared to the other groups, while the ex-smokers can be 

considered in an intermediate position between smokers and non-smoker. No 

statistical differences are found in rating scores only for Control videos 

between the three groups. 

 

 

Figure 2: 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-
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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<.05, *** p<.001. 
 

3.2. Task-related General Linear Model 

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 right anterior insula 

(raINS), right frontal operculum (rFOP), and right inferior frontal gyrus IFG 

(Figure 3A, Supplementary Table A). 

 

The comparison ex-smokers versus non-smokers revealed a significantly 

greater activation in ex-smokers bilaterally in the frontal pole (FP), inferior 

frontal gyrus (IFG), and bilateral anterior insula (aINS) with a higher activation 

in the right anterior insula (raINS) (Figure 3B).  

 

The comparison ‘smokers versus non-smokers’ revealed increased activation 

in the anterior cingulate cortex (ACC) and in the cerebellum (Figure 3C). 

There were no de-activations in the above-mentioned contrasts (see 

Supplementary Figure B). 
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Figure 3: TASK-RELATED GLM ANALYSES FOR THE COMPARISON OF 
SMOKING VIDEOS VS CONTROL VIDEOS.  
Ex-smokers versus smokers (Figure 3A) had increased activations notably in 
the right anterior insula, frontal operculum and inferior frontal gyrus.  
Ex-smokers versus non-smokers (Figure 3B) had increased activations 
notably in the bilateral frontal pole inferior frontal gyrus and right anterior 
insula. Smokers versus non-smokers (Figure 3C) 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 MNI space, cluster threshold at 
Z=2.3 corresponding to p=0.05 (corrected). 
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3.3. Correlation Between Imaging Data and Accumulated Cigarettes 

Consumption 

A positive correlation was found between the cumulative cigarette dose (pack-

years) and the time course extracted from the COPE images for the contrast 

smoking videos versus control videos in the Single Subject Task-related GLM 

(P<.05) (Figure4). No correlations were found for other behavioral measures. 

 

 

 

Figure 4: CORRELATION BETWEEN NICOTINE DOSE AND 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 (COPE) for the contrast of 
smoking cue videos versus control videos, which was significant at p < 0.05. 
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3.4. Seed based Functional Connectivity 

The one-sample t-tests showed a significant effect of connectivity for all 

connections (p<.0001). Only the ANOVA performed on the connection raINS-

ACC showed a significant group difference (p<.01). For this connection, post-

hoc tests revealed statistical differences between non-smokers and smokers 

(p<.01), and between non-smokers and ex-smokers (p<.05). No significant 

differences were found for the comparison between smokers and ex-smokers 

(Figure 5).  

 

 

 

 

Figure 5: FUNCTIONAL CONNECTIVITY BETWEEN THE THREE KEY 
REGIONS 
All three regions (raINS, ACC and leftFP) 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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3.5. VBM and TBSS Analysis 

The VBM analysis of the Gray Matter (GM) and the TBSS analysis of the 

White Matter (WM) revealed no statistical differences between the groups. 
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4. DISCUSSION 

The current investigation aims to understand the neural mechanisms that 

promote long-term nicotine abstinence, looking at ex-smokers. Our results 

show that the right anterior insula (raINS) plays a main role in long-term 

craving regulation, controlling the activation of areas related to craving urge 

as the ventral anterior cingulate cortex (vACC). The strength of the raINS 

activity is associated to the pack-years (nicotine dose). Finally, a persistent 

disruption in connectivity in the group smokers compared to non-smokers can 

be identified, with ex-smokers that occupy an intermediate position. 

 

In this study, the results of the Task-related GLM for the contrast smoking 

videos vs. control videos confirm previous findings, showing the involvement 

of brain regions related to craving urge in smokers compared to non-smokers, 

through the activation of the ventral anterior cingulate cortex (Brody et al., 

2004; Azizian et al., 2010; Brody et al., 2007; Wang et al., 2007). For the 

same contrast, the ex-smokers compared to non-smokers show a persistent 

higher activation of bilateral frontal areas as the anterior insula and the pre-

frontal cortex. The key role of the anterior insula is confirmed also in the 

contrast ex-smokers vs. smokers, where this region is significantly more 

active for the group ex-smokers. These results are consistent with the ones 

from previous studies on smokers and on short-term nicotine abstinence, 

identifying frontal regions as responsible of craving regulation and inhibition 

(Nestor et al.,2011; Blasi et al., 2006; Wang et al., 2007; Kober et al., 

2010;Wilson et al., 2005).  
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The importance of the insula in craving and drug seeking is shown in 

particular in a review by Naqvi (Naqvi et al, 2014) demonstrating 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 investigation extends previous studies 

on short-term nicotine abstinence, identifying the raINS as the key region 

responsible of regulation during the whole withdrawal period through the 

enhancement and the inhibition of areas related to cigarettes craving also in 

long-term cigarette abstinence. In particular, in our study this enhancement of 

inhibition decreases vACC activity.  

 

Furthermore, the activity in the raINS in ex-smokers correlates with the 

nicotine dose (pack-years). Following the previous interpretation, we can 

conclude that the higher the number of smoked cigarettes and longer the 

period of smoking, the stronger is the raINS activation necessary to inhibit the 

ACC.  

 

To analyze the connectivity between these regions, the seed based functional 

connectivity analysis was performed choosing as seed regions the raINS and 

the ACC. This choice was based on the task-related GLM results and on 

previous literature found on this topic (Nestor, McCabe, Jones, Clancy, & 

Garavan, 2011). Looking at the ANOVA results, the connectivity between the 

two regions is significantly higher in non-smokers compared to smokers, while 

the ex-smokers occupy an intermediate position between the two other 
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groups. Due to these results, we can come to the conclusion that the 

functional connectivity between these areas decreases for subjects under 

smoking addiction and this leads to a failure in regulating areas related to the 

craving system. These connectivity results are coherent 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). Our results are also in 

line with findings from studies on several other forms of addiction, from 

opioids (Liu et al., 2009; Ma et al., 2011; Upadhyay et al., 2010) to internet 

addiction (Hong et al., 2013) where a lower functional connectivity is present 

in addicted subjects. Our results are, however, in conflict with previous 

findings that demonstrated an increase in connectivity between prefrontal 

areas in active smokers (Janes et al, 2012). This difference can be due to the 

fact that the functional connectivity was identified through a data-driven 

approach of resting-state fMRI paradigm, while we have studied task-based 

connectivity driven by the processing of video cues that directly induced 

craving urge. Most importantly, these other studies assessed active smokers, 

and no previous study to date has investigated brain connectivity during long-

term nicotine abstinence in ex-smokers. 

 

Nevertheless, it’s important to notice that some limitations are present in this 

study and that they can influence the interpretation of the results. First, the 

number of the participants in each group is small and we did not employ a 

structured clinical interview for DSM-IV Axis I diagnoses during the 

participants recruitment to form the different groups. In addition, even if the 
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smokers could smoke ad libidum prior to testing, withdrawal from and 

cravings for nicotine 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 stimulations, so the results 

reflect a connectivity driven by the research paradigm and they are hardly 

comparable to the results of other studies that used resting-state connectivity 

measures. Finally, it’s important to underline that possible confounding results 

from structural changes in White or Gray Matter can be present. To avoid this, 

VBM and TBSS analyses were conducted and no differences were observed 

between the three groups. 
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5. CONCLUSION 

The aim of this study was to investigate, through the presentation of smoking 

related videotapes, which brain areas are responsible of craving regulation 

during long-term nicotine abstinence (ex-smoker subjects), which behavioral 

components are related to the activations in the found areas and how the 

functional connectivity changes into the three groups. Our results suggest 

mechanisms underlying the promotion of the long-term nicotine abstinence, 

studying ex-smokers. The findings of this work can be useful for futures 

investigations and interventions to support patients quitting tobacco addiction. 
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7. APPENDIX 

 

7.1. Supplementary figures 

 
Supplementary figure A. The paradigm consisted of an on-off block-design 
with two active conditions (smoking cue and control videos) and a rest 
condition. The active condition used video cues developed by Brody (Brody et 
al, 2007; Culbertson et al, 2011). These cues were filmed from the first person 
point of view and were 45 sec in length. Each smoking video shows a 
potential craving situation, 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 5 smoking and 5 control videos in a 
pseudo-randomized fashion and lasted 612 seconds (Supplementary Figure 
A). 
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Supplementary figure B.  illustrates the opposite comparisons with respect 
to figure 2. There were no supra-threshold activations for ex-smokers versus 
smokers (A), ex-smokers versus non-smokers (B) or smokers versus non-
smokers (C). 
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7.2. Supplementary tables 
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Ex-smokers vs. smokers  
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