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Abstract

The insula has been implicated in cue-induced craving and relapse in nicotine-dependent tobacco 

cigarette smokers. The aims of the present study were to identify brain regions that exhibit greater 

functional connectivity with the right anterior insula in response to smoking cues than to neutral 

cues and the role of functional connectivity between these regions in mediating cue-induced 

craving in healthy (free of Axis I psychiatric disorders) nicotine-dependent tobacco cigarette 

smokers. Functional magnetic resonance imaging (fMRI) data were collected from 63 healthy 

nicotine-dependent smokers viewing blocks of smoking and neutral cues. Craving ratings were 

obtained after each block. A psychophysiologic interaction (PPI) approach was used to identify 

regions that exhibited significantly greater functional connectivity with the right anterior insula 

(seed) during the smoking cues than during the neutral (corrected cluster thresholding, Z>2.3, 

p=0.05). Parameter estimates of the interaction effects from each region were regressed against the 

mean cue-induced craving scores. Significant task by seed interactions were observed in two 

clusters centered in the bilateral precuneus and left angular gyrus. The strength of connectivity 

between the right anterior insula and the precuneus, which is involved interoceptive processing 

and self-awareness, was positively correlated with the magnitude of the craving response to the 

smoking cues (r2=0.15; p<0.01). These data suggest that among smokers, cue-induced craving 

may be a function of connectivity between two regions involved in interoception and self-

awareness. Moreover, treatment strategies that incorporate mindful attention may be effective in 

attenuating cue-induced craving and relapse in nicotine-dependent smokers.
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Introduction

Smoking and exposure to tobacco smoke accounts for approximately 20% of deaths in the 

United States each year and it is estimated that 30% of all cancers are directly linked to 
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tobacco smoke (Centers for Disease Control and Prevention, 2008). Despite these data, in 

2012 approximately 57.5 million individuals aged 12 and older (22.1% of the U.S. 

population) were current tobacco cigarette smokers (Substance Abuse and Mental Health 

Services Administration, 2013). The six month abstinence rates for nicotine-dependent 

cigarette smokers following pharmacological treatment for smoking cessation are low and 

range from 14 to 36% (Gonzales et al., 2006; Jorenby et al., 1999; Killen et al., 1999). 

Craving is a common symptom of nicotine withdrawal and often precedes relapse (Allen et 

al., 2008; Hughes and Hatsukami, 1986; Zhou et al., 2009). Thus, understanding the 

neurobiologic mechanisms that underscore craving may lead to more effective treatment 

options for nicotine-dependent smokers. An emerging literature suggests that craving during 

nicotine withdrawal is mediated in part by interoceptive (visceral) cues (Gray and Critchley, 

2007; Naqvi and Bechara, 2010; Naqvi et al., 2007). Data from resting state functional 

magnetic resonance imaging (rsfMRI) studies suggest that the right anterior insula is a 

critical component of a network that directs attention away from cognitive tasks towards 

interoceptive cues, thus this network may be an important neurobiologic mechanism 

involved in craving in smokers (Fox et al., 2005; Raichle et al., 2001; Seeley et al., 2007; 

Sridharan et al., 2008; Sutherland et al., 2012).

Data from functional anatomical studies of humans and non-human primates suggest that the 

anterior insula is responsible for translating interoceptive states to emotional responses 

(Craig, 2002). Activity in the right anterior insula has been associated with emotional and 

autonomic responses to mental, pharmacological and physical stressors (Buchel et al., 1998; 

Cameron and Minoshima, 2002; Critchley et al., 2000). During a heartbeat detection task, 

interoceptive accuracy was associated with indices of negative affect, demonstrating a link 

between interoceptive awareness and emotional responses. Activity in right anterior insula 

was a significant predictor of interoceptive accuracy, providing further support that this 

region plays an important role in translating interoceptive states to emotional experiences 

(Critchley et al., 2004).

Clinical studies of healthy (free of Axis I psychiatric disorders) nicotine-dependent smokers 

demonstrate that the anterior insula is involved in behaviors associated with nicotine 

dependence. For example, a positron emission tomography (PET) neuroimaging study found 

a significant positive correlation between craving to cigarette paired cues and activity in the 

insula of smokers (Brody et al., 2002). Smokers with damage to the insula quit faster and 

report less urges to smoke than do smokers without damage to the insula (Naqvi et al., 

2007). Thus, interoceptive processing in the insula appears to have an important link to 

craving in smokers. Resting state functional connectivity data obtained from smokers 

suggest that the insula is a critical component of a network involved in mediating cue 

reactivity (Janes et al., 2012). Compared with food cues, smoking cues increased functional 

connectivity between the left insula and a larger network encompassing striatal, limbic and 

sensorimotor brain regions and network connectivity was associated with the severity of 

nicotine dependence (Claus et al., 2013). Augmented network connectivity involving the 

anterior insula has been hypothesized to drive craving in smokers undergoing acute nicotine 

withdrawal (Sutherland et al., 2012). The aims of the present study were to identify brain 

regions that exhibit greater functional connectivity with the right anterior insula in response 

to smoking cues than to neutral cues and the role of functional connectivity between these 
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regions in mediating cue-induced craving in healthy (free of Axis I psychiatric disorders) 

nicotine-dependent tobacco cigarette smokers.

Materials and methods

Participants

Study participants (N=63) were recruited as part of a larger study examining the effects of 

real-time fMRI neurofeedback on cigarette cue-induced craving in smokers (Hanlon et al., 

2013; Li et al., 2012). All study procedures were performed in accordance with Good 

Clinical Practice Guidelines and the Declaration of Helsinki with approval from the Medical 

University of South Carolina's (MUSC's) Institutional Review Board. Participants were 

recruited using advertisements in local print and broadcast media and were screened for 

eligibility in a brief phone interview that assessed smoking behaviors, mental and physical 

health, current and past drug and alcohol use, and ability to tolerate an fMRI scan. Prior to 

enrollment, a screening visit was completed at which informed consent was obtained and 

participants were assessed for study eligibility using the MINI neuropsychiatric interview 

(Sheehan et al., 1998), a brief history and physical, urine drug screen and exhaled carbon 

monoxide levels (using a MicroSmokelyzer; Bedfont Scientific Ltd, Kent, UK). Participants 

also completed several self-report assessments including the Fagestrom Test for Nicotine 

Dependence (FTND) (Fagerstrom, 1978), Questionnaire of Smoking Urges-Brief (Cox et 

al., 2001), Minnesota Withdrawal Scale-Revised (Hatsukami et al., 1984) and a tobacco use 

history questionnaire.

Enrolled participants smoked greater than 10 cigarettes per day. Nicotine dependence was 

confirmed using the FTND and exhaled carbon monoxide greater than 10 parts per million 

(ppm). All participants expressed interest in quitting smoking, but were not currently using 

any pharmacologic treatment (bupropion, varenicline, NRT). Exclusion criteria included 

dependence on any substance other than nicotine within the past five years, axis I psychiatric 

disorders or health conditions that would affect blood flow or brain function (e.g. heart 

problems or traumatic brain injuries). Participants were also excluded if they could not be 

scanned because of pregnancy, claustrophobia or metal implants.

Procedures

Participants were instructed not to smoke during the two hours prior to the scanning visit. 

Neuroimaging data were acquired using a 3 Tesla MRI Trio scanner (Siemens Medical, 

Erlangen, Germany) at MUSC's Center for Biomedical Imaging. Although the data were 

obtained from a larger study investigating real-time feedback, the present analysis is limited 

to the neuroimaging data that were obtained during the first run of the first scanning visit 

(i.e. prior to feedback). Participants wore headphones and foam padding was used to limit 

their head motion. A non-ferrous optical hand pad was placed on the participant's right hand. 

The hand pad was connected via an optical cable to a computer outside the scanner room. 

Using a block design, images of neutral cues (i.e. pencils and dishes) were matched in 

frequency and duration with images of smoking cues (i.e. cigarettes and ashtrays) (Geier et 

al., 2000; Hartwell et al., 2011). The images were projected on a wide screen located at the 

end of the scanner bore and viewed via a back-projected mirror that was mounted on a 12-
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channel head coil. The images were presented throughout a ten minute sequence consisting 

of five, 92.4-second epochs that were preceded by a 132.2-second rest condition (cross-

hair). Each epoch contained three, 22-second blocks of the smoking cues, neutral cues and 

the rest condition which were followed by 4.4 seconds of self-rated craving and 4.4 seconds 

of an image of a blank thermometer. The smoking and neutral blocks contained five 

individual pictures and each picture was presented for 4.4 seconds.

Neuroimaging Data Acquisition

Functional magnetic resonance imaging (fMRI) blood oxygen level dependent (BOLD) 

imaging data were acquired using a standard multi-slice gradient echo planar imaging 

sequence (TR=2200 ms, TE=35 ms, 64 × 64 matrix, 3 mm isotropic voxels, 271 volumes). 

Data were preprocessed using scripting tools from FMRI Expert Analysis Tool (FEAT) 

Version 5.63, part of FMRIB's Software Library (FSL;www.fmrib.ox.ac.uk/fsl). First non-

brain signal was removed using FSL BET brain extraction. Scans were then corrected for 

motion using FSL linear registration and scans were spatially smoothed using a Gaussian 

kernel of 8 mm FWHM. Since head motion can impact functional connectivity analyses, 

participants with head motion exceeding 0.2 mm were excluded from the analyses (Power et 

al., 2012). The “fsl_motion_correction” scripting tool was used to identify and scrub motion 

artifacts from each participant's data (Power et al., 2013). Scans were spatially co-registered 

with a standardized anatomical template (Montreal Neurological Institute) using a 12 

parameter affine transformation (Rorden and Brett, 2000).

A psychophysiologic interaction (PPI) approach was used to investigate functional 

connectivity between the right anterior insula and all other brain regions during exposure to 

smoking and neutral cues (Friston et al., 1997). A customized square wave form 

representing the task (1 for smoking cues and 0 for neutral cues) and the duration of the cue 

presentation was convolved with a double gamma hemodynamic response function. A nine 

millimeter radius sphere was drawn around a voxel (MNI coordinates; x=38, y=26, z=-10) 

located in the right anterior insula (seed)(Seeley et al., 2007). The transformation parameters 

described above were also applied to the mask (Tzourio-Mazoyer et al., 2002). For each 

participant, the mean corrected and high pass filtered time series of the BOLD signal in right 

anterior insula was extracted and regressed against the task in a single subject whole brain 

PPI analysis (Seeley et al., 2007). The first level analysis generated contrast images of the 

parameter estimates for each regressor for each participant. The contrast images of the 

parameter estimates of the task and task × seed interaction were combined for group-level t-

tests using the contrast smoke > neutral to 1) identify regions that exhibited greater activity 

during the smoking cues than the neutral cues and 2) identify regions that exhibited greater 

connectivity with the right anterior insula during the smoking cues as compared with the 

neutral cues. The left crus of the cerebellum was used as a control seed region for a separate 

PPI analysis (Engelmann et al., 2012). An anatomical mask of the left crus was derived 

using the automated anatomical labeling atlas and the preprocessing and PPI model 

described above were applied. Analyses were conducted using FMRIBs Local Analysis of 

Mixed Effects (FLAME 1). Group level results were thresholded at Z>2.3 using a corrected 

cluster threshold of p=0.05.
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Linear regression tests were used to assess the relationship between cue-induced craving and 

functional connectivity with the right anterior insula. The mean craving response to the 

smoking cues was regressed against the parameter estimate obtained from the center voxel 

from each cluster that exhibited a significant task × seed interaction with the right anterior 

insula.

Results

Demographics and Craving

Data from five participants were excluded from the analysis for motion greater than 0.2 mm. 

Demographic characteristics of the 58 participants included in the analysis are displayed in 

Table 1. There were no differences in head motion during the smoking cues and neutral cues 

(Table 1) (t=0.16, p=0.88). The smoking cues produced a significantly greater craving 

response (mean=3.5; se=0.09) than the neutral cues (mean=2.7; se=1.0) (t=10.0, p<0.001) 

(Figure 1).

Neuroimaging Data

A significant effect of the task was observed in a cluster centered in the right occipital pole 

(Figure 2) that included the bilateral posterior cingulate gyri, left frontal pole and right 

lateral occipital cortex (Table 2). Using a corrected cluster threshold (Z>2.3, p=0.05.), there 

was no significant main effect of task on activity in the right anterior insula. However, there 

appeared to be activation in the right anterior insula at a level below the statistical threshold 

(Figure 2). In a post-hoc analysis, the contrast between the smoking and neutral cues 

expressed as the parameter estimate (COPE) from a voxel centered in the right anterior 

insula was extracted for each participant. A one-sample t-test was used to test the null 

hypothesis that there was no difference between the mean COPE in the right anterior insula 

and zero. The COPE in the right anterior insula (mean=3.7, se=1.3) was significantly greater 

than zero (t=2.8, p=0.007).

A significant task × seed interaction was observed in a cluster centered in the bilateral 

precuneus and included the right frontal operculum cortex, angular gyrus and precentral 

gyrus. A significant task × seed interaction was also found in a second cluster centered in the 

left angular gyrus that included the left central opercular cortex and lateral occipital cortex 

(Table 3, Figure 3). No significant task × seed interactions were observed when the left crus 

of the cerebellum was used as the seed region in the control PPI analyses.

There was no significant correlation between the mean craving responses to the smoking 

cues and the parameter estimate of the task × seed interaction observed between the right 

anterior insula and the left angular gyrus (Figure 3). There was a significant positive 

correlation between the parameter estimate of the task × seed interaction between the right 

anterior insula and the precuneus and the mean craving response to the smoking cues 

(Figure 3).
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Discussion

The present study demonstrates enhanced functional connectivity during the presentation of 

smoking cues in recently abstinent nicotine-dependent smokers. Smoking cues produced 

significantly greater functional connectivity between the right anterior insula and the 

precuneus and the left angular gyrus as compared to neutral cues. Cue-induced craving was 

positively associated with the magnitude of functional connectivity between the right 

anterior insula and precuneus. To our knowledge, this is the first study to demonstrate a link 

between enhanced functional connectivity and cue-induced craving in healthy (free of Axis I 

psychiatric disorders) nicotine-dependent smokers.

In agreement with previous neuroimaging studies of nicotine-dependent smokers, smoking 

cues produced significantly greater activity than neutral cues in brain regions located within 

both the extended visual system (occipital cortex) and the default mode network (posterior 

cingulate cortex and prefrontal cortex) (Brody et al., 2002; Engelmann et al., 2012; Greicius 

et al., 2003). Previous neuroimaging studies of nicotine-dependent smokers have found cue 

elicited increases in activity in the left and bilateral anterior insula, thus we had anticipated 

to find a main effect of task on activity in the right anterior insula (Brody et al., 2002; 

Franklin et al., 2007). We did observe activation in the right anterior insula that was sub-

threshold and statistically greater than zero, suggesting that activity in the seed region was 

greater during the smoking cue blocks than the neutral cue blocks. A recent meta-analysis of 

neuroimaging studies compared cue induced brain activity between non-deprived smokers 

(mean CO level = 17.5 ppm) and deprived smokers (mean CO level = 2.7 ppm) and found a 

greater number of active clusters in the insula of deprived smokers compared with non-

deprived smokers. The mean CO level in the present study was 14.7 ppm, suggesting this 

cohort was relatively non-deprived and thus it is possible that activity in the right anterior 

insula to the smoking cues was attenuated by the short duration of abstinence.

A PPI analysis was used to identify brain regions that exhibited greater functional 

connectivity with the right anterior insula in response to the smoking cues as compared to 

neutral cues. We identified two significant clusters that were centered in the bilateral 

precuneus and left angular gyrus. Data from resting state function connectivity studies 

demonstrate that the right anterior insula acts as a switch tethering between the default mode 

network at rest and the executive control network during tasks requiring attention, cognition 

and executive control (Fox et al., 2005; Raichle et al., 2001). Acute nicotine administration 

increases cognitive performance and inhibits activity in regions of the default mode network 

including the angular gyrus and precuneus of smokers (Hahn et al., 2007). Sutherland et al. 

proposed that enhance network connectivity between the right anterior insula and the default 

mode network plays a role in behaviors associated with addiction (Naqvi and Bechara, 

2010). In support, we found that cues increased functional connectivity between the right 

anterior insula and components of the default mode network (angular gyrus and Precuneus). 

A growing literature suggests a critical role for the precuneus within the default mode 

network in processing self-consciousness, self-reflection and episodic memory retrieval 

(Cabanis et al., 2013; Cavanna, 2007; Cavanna and Trimble, 2006). It is plausible that the 

present findings of enhanced connectivity between the right anterior insula and the 

precuneus in recently abstinent smokers reflects the coordinated processing of negative 
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somatic cues and self-referential thinking directed towards evaluating the salience of the 

smoking cues. In support, we found a significant positive association between cue-induced 

craving and the strength of functional connectivity between the right anterior insula and the 

precuneus. Of note, there is significant anatomical overlap between the anterior insula and 

parietal cortex (Mufson and Mesulam, 1982; Selemon and Goldman-Rakic, 1988). Previous 

neuroimaging studies have linked activity in both the precuneus and the right anterior insula 

with cue-induced craving in nicotine-dependent smokers (Brody et al., 2002; Franklin et al., 

2007). Although purely speculative, ameliorating the strength of connectivity between the 

right anterior insula and the precuneus may attenuate cue-induced craving and thus could 

have potential treatment implications, for example using non-invasive brain stimulation 

methods and/or mindfulness.

An important question pertains to whether the present findings were specific to smoking 

cues. While it would have been ideal to include a task of executive function, the data were 

collected from participants enrolled in larger study investigating the impact of real-time 

fMRI feedback on cue-induced craving in smokers. Comparisons of brain regions that 

shared functional connectivity with the right anterior insula during exposure to the smoking 

cues versus those sharing connectivity with the right anterior insula during tasks that require 

executive function may have provided a better assessment of network dynamics in smokers. 

Non-smoking controls were not included in the study, thus it is difficult to discern whether 

the present findings were specific to smokers or a function of switching attention between 

groups of disparate images. However, no significant task by seed interactions were found 

when a seed region that appears to be the least relevant to smoking cues was used in a 

control PPI analysis, supporting the present findings as specific to the smoking cues. 

Moreover, functional connectivity was significantly associated with craving to the smoking 

cues, which would not be expected in a group of non-smoking healthy controls. Participants 

with axis I psychiatric disorders were excluded from study participation, thus the present 

findings are specific to healthy non-psychiatric smokers. Future studies examining function 

connectivity during smoking cues in psychiatric populations of smokers are warranted.

These novel findings were collected from a relatively large sample of healthy nicotine-

dependent smokers and suggest that enhanced functional connectivity between the right 

anterior insula and the precuneus may be an important neurologic substrate of cue-induced 

craving in nicotine-dependent smokers. In addition, interoceptive states and self-

consciousness may be important therapeutic targets for ameliorating craving in nicotine 

dependent smokers.
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Figure 1. 
Mean (se) craving responses to the smoking and neutral cues. *Denotes a significant 

difference from neutral cues.
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Figure 2. 
A significant main effect of task was observed in the right occipital cortex and sub-threshold 

activation was observed in the right anterior insula.
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Figure 3. 
Significant task × seed interactions were observed in in the left angular gyrus and bilateral 

precuneus. Association between cue-induced craving and functional connectivity between 

the right anterior insula and the left angular gyrus (p>0.05) and the precuneus (p<0.01).
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Table 1

Participant Demographics

Variable N=58

Age (years) (mean ±se) 34.5 ±1.6

Sex (% male) 60.3

Race (% caucasian) 80.0

Education (% some college) 76.0

FTND (mean ±se) 4.7 ±0.27

Cigarettes/day (mean ±se) 16.8 ±0.93

CO Level (ppm) (mean ±se) 14.7 ±1.3

Relative Motion Neutral Cue (mm)(mean ±se) 0.08 ±.005

Relative Motion Smoking Cue (mm)(mean ±se) 0.08 ±.005
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Table 2

Regions exhibiting a significant main effect of task (smoke > neutral)

Peak activation (MNI)

Anatomical region Cluster Cluster (voxels) p Value Side x y z Z

Occipital Pole 1 18471 4.11e-15 R 12 −96 6 5.8

Posterior Cingulate Gyrus L −4 −42 8 5.8

L/R 0 −36 14 4.98

Frontal Pole L −32 46 −12 5.73

Occipital Pole R 22 −94 16 5.41

Lateral Occipital Cortex R 36 −80 4 5.1

R 32 −86 12 4.97
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Table 3

Regions exhibiting a significant task × seed interaction (smoke > neutral)

Anatomical region Cluster Cluster (voxels) p Value Side MNI Coordinates Z

x y z

Precuneus 2 18331 1.89e-15 L/R 0 −80 44 4.42

L/R 0 −76 44 4.42

L/R 0 −78 36 4.37

L −10 −54 38 3.99

Frontal Operculum Cortex R 44 16 −6 4.29

Angular Gyrus R 60 −40 32 3.83

Precentral Gyrus R 56 4 32 3.83

Angular Gyrus 1 5427 1.49e-06 L −58 −54 34 4.36

L −66 −42 36 4.36

L −60 −52 34 4.24

Central Opercular Cortex L −40 −2 20 4.32

L −38 −16 22 4.09

Lateral Occipital Cortex L −58 −62 40 3.98

L −54 −64 44 3.85
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