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Abstract

Craving is a significant factor which can lead to relapse during smoking quit attempts. Attempts to
resist urges to smoke during cue-elicited craving have been shown to activate regions in the brain
associated with decision-making, anxiety regulation, and visual processing. In this study, 32
treatment-seeking, nicotine-dependent smokers viewed blocks of smoking and neutral cues
alternating with rest periods during MRI scanning in a 3T Siemens scanner. While viewing cues or
control images, participants were instructed either to “allow yourself to crave” or “resist craving.”
Data were analyzed with FSL 4.1.5, focused on the smoking cues versus neutral cues contrast,
using cluster thresholding (Z>2.3 and corrected cluster threshold of p=0.05) at the individual and
group levels. During the Crave Condition activation was seen the left anterior cingulated cortex
(LACC), medial prefrontal cortex, left middle cingulate gyrus, bilateral posterior cingulated gyrus
and bilateral precuneus, areas associated with attention, decision-making and episodic memory.
The LACC and areas of the prefrontal cortex associated with higher executive functioning were
activated during the Resist Condition. No clear distinctions between group crave and resist
analyses as a whole were seen without taking into account specific strategies used to resist the
urge to smoke, supporting the idea that craving is associated with some degree of resisting the
urge to smoke, and trying to resist is almost always accompanied by some degree of craving.
Different strategies for resisting, such as distraction, activated different regions. Understanding the
underlying neurobiology of resisting craving to smoke may identify new foci for treatments.
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INTRODUCTION

Tobacco dependence continues to be the leading cause of preventable illness and death in
the US with approximately 440,000 smoking related deaths each year (US, 2004). Despite
repeated efforts to inform the public about the negative health effects, 21% of adults in the
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US continue to smoke cigarettes and about 45% of these smokers tried to quit smoking in
the previous year and stopped for at least one day (CDC, 2009). Unfortunately, the vast
majority of these quit attempts end in a return to smoking within 10 days (Hughes et al.,
2004;Piasecki, 2006). Relapse to smoking during a quit attempt is associated with craving to
smoke (Killen and Fortmann, 1997;Shiffman et al., 1997). Distinct from the
pharmacologically rewarding properties of nicotine, smoking is also maintained by the
repeated pairing of the effects of nicotine with non-pharmacological stimuli or cues such as
the sight of preferred cigarette pack, lighter, or sight and smell of cigarette smoke (Shiffman
et al., 1996). These smoking-related cues readily elicit craving in both laboratory and
naturalistic studies (Carter and Tiffany, 1999;Warthen and Tiffany, 2009). The majority of
previous research has shown that first line medications have little effect on episodic cue-
induced craving and are more effective in reducing ambient craving associated with
smoking deprivation and withdrawal (Ferguson and Shiffman, 2009; Tiffany et al., 2000).

Neuroimaging studies have investigated regional areas of brain activation associated with
cigarette craving during the presentation of smoking-related cues. Exposure to smoking-
related cues commonly provokes activation in regions subserving attention, including the
anterior cingulate cortex (ACC), precuneus, and cuneus (Brody et al., 2002; McClernon et
al., 2005; Wilson et al., 2005; Smolka et al., 2006; Brody et al., 2007); in regions related to
decision making and goal directed behavior, such as the prefrontal cortex (PFC) (Lee et al.,
2005); and the mesolimbic dopamine reward regions known to be activated by addictive
drugs, including the right posterior amygdala, posterior hippocampus, ventral tegmental
area, and medial thalamus (Due et al., 2002). To date, only one study has reported on areas
of regional brain activation while smokers actively resisted the urge to smoke during visual
presentation of smoking cues (Brody et al., 2007). Contrasting the cigarette cue resisting
epochs to brain activity during the presentation of neutral cues found higher activation in the
left posterior cingulate cortex (PCC), bilateral precuneus, bilateral retrospenial area, bilateral
superior frontal gyrus (SFG), and left dorsal ACC. These are the areas involved in decision-
making, attention, motivation, and visual processing.

Further understanding the underlying neurobiology of cue-elicited craving and resisting
urges to smoke are needed. The development of new treatments that either reduce craving or
enhance the ability to resist the urge to smoke during cue-elicited craving has the potential to
target this serious public health problem. In the current study, we utilized fMRI and
smoking-related cues to further investigate regional brain activation in nicotine-dependent
smokers during craving and when attempting to resist the urge to smoke while being
presented smoking-related cues.

MATERIALS AND METHODS

Subjects

Thirty-two healthy right-handed, treatment-seeking adult nicotine-dependent smokers (=10
cigarettes/day) were recruited through local flyers, newspaper, and internet advertisements.
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 Institutional Review Board. Telephone screening included brief medical, substance
use, and psychiatric histories completed without personal identifiers prior to scheduling the
initial assessment. All participants gave written informed consent prior to any study
procedures. The Fagerstrdm Test for Nicotine Dependence (FTND) (Fagerstrom, 1978;
Heatherton et al., 1991), Questionnaire of Smoking Urges-Brief (Cox et al., 2001),
Minnesota Withdrawal Scale-Revised (Hughes, 2007) and Tobacco Use History were
administered. Exhaled carbon monoxide levels (=10 ppm) were measured with a
MicroSmokelyzer (Bedfont Scientific Ltd., Kent, United Kingdom) to confirm recent
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smoking. The Mini-International Neuropsychiatric Interview was completed to assess for
current psychiatric and substance use disorders (Sheehan et al., 1998) and a physical
examination assessed current physical health.

To be eligible to participate, subjects had to be between 21 and 60 years of age, meet criteria
for nicotine dependence, be motivated to quit smoking, and be willing to set a quit date.
Exclusion criteria included: the use of other tobacco products, current use of nicotine
replacement therapy, bupropion, or varenicline, medical conditions or medications that
could affect brain function, pregnancy, non-nicotine substance dependence or abuse, and
current pending charges for a violent crime. Smokers participating in this study were
treatment-seeking and after completing the fMRI session, received additional smoking
cessation treatment in one of two clinical trials (data to be presented elsewhere). Here we
report only the “baseline’ crave and resist fMRI scan results.

fMRI Procedures

Participants were instructed not to smoke for 2 hours prior to the visit, allowing for some
degree of craving and responsiveness cues without the potential confounds of a ceiling effect
from prolonged abstinence (as determined in previous unpublished pilot work). Functional
scanning was performed with a 3.0 T Siemens Trio scanner (Siemens AG, Erlangen,
Germany) utilizing a standard multislice single-shot gradient echo EPI sequence with the
following parameters: TR=2.2s, TE=35ms, 64x64 matrix, 3x3x3 mm voxels, 328 volumes,
36 ascending transverse slices with ascending transverse slices with approximate AC-PC
alignment.

Cue presentation and craving measurements

Stimuli were presented in a block design using standardized pictures of people smoking or
engaged in neutral activities matched in frequency and gender adapted from previous
alcohol cue reactivity studies conducted by our research group (Myrick et al., 2004; Myrick
et al., 2008; Myrick et al., 2010). Objects related to smoking (packages of cigarettes,
ashtrays, etc.) matched with neutral objects (pencils, dishes, etc) for the control condition
were included. Pictures were obtained from Dr. Elliot Stein lab at NIDA (Geier et al., 2000;
Gillbert, 1998) along with updated images for contemporary salience. A 12-minute sequence
for stimuli presentation consisting of eight, 90 second epochs was presented after
participants briefly handled and smelled a preferred brand cigarette. Each epoch contained
three, 24 second blocks: 1 block of smoking related images, 1 block of neutral images, and 1
block of rest with a static crosshair. Each block was followed by a 6 second screen with a
self-rating of craving using a hand-pad fitted on to the right hand. Each 24 second block
contained 5 individual pictures each displayed for 4.8 seconds. In order to control for time
and order effects across subjects, the order of individual pictures, the blocks within the
epoch, and the epochs are randomly presented. During the scanning session, participants
underwent two back to back fMRI stimuli presentation during the scanning session with the
instruction to “allow yourself to crave when you see the smoking related pictures,” followed
by a second stimuli presentation with the instructions to “resist the urge to smoke when you
see the smoking pictures by any means you find helpful.” Following the fMRI scan, subjects
underwent a brief structured interview to determine the strategies that they had employed in
resisting the urge to smoke.

fMRI data analysis

Functional MRI analysis was completed employing the FMRI Expert Analysis Tool
(FEAT), version 5.98 of Functional Magnetic Imaging of the Brain (FMRIB) Software
Library (FSL: www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004; Woolrich et al., 2009). FSL pre-
statistics processing prior to analysis included: removal of non-brain with Brain Extraction
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Tool (BET) (Smith, 2002), motion correction with Motion Correction FMRIB Linear Image
Registration Tool (MCFLIRT) (Jenkinson et al., 2002), spatial smoothing with a Gaussian
kernel of FWHM 8 mm, and grand-mean intensity normalization of the entire 4D dataset by
a single multiplicative factor; highpass temporal filtering (Gaussian-weighted least-squares
straight line fitting, with sigma=50.0s). Three levels of hierarchical analysis were completed
within FEAT due to the repetition of stimuli within the scanning session. The first-level
analysis examined individual data from the Crave and Resist conditions (smoking related
cues and neutral cues). The second-level analysis compared across conditions (smoke and
neutral cues) within subjects and the third-level analyzed across groups (resist vs. crave).
The time-series statistical analysis was completed using FILM with local autocorrelation
correction (Woolrich et al., 2001).

First level analysis used three primary variables including smoking-related cue crave
condition, smoking-related cue resist condition, and neutral condition. The fMRI signal from
the time spent on self-rating craving measures was excluded from the analysis. The
following contrasts were tested during the Crave and Resist Condition: “smoking-related
cues minus neutral cues,” “neutral cues minus smoking-related cues”, “smoking-related
Crave minus smoking-related Resist” and finally “smoking-related Resist minus smoking-
related Crave”. During individual analysis, voxels were thresholded at Z > 2.3 with final
cluster thresholding at p=.05.

Upper level analyses were completed utilizing FEAT FMRIB’s Local Analysis of Mixed
Effects (FLAME 1) to estimate inter-session and inter-subject random-effects component of
the mixed effects variance completed with the same contrasts and statistical threshold as the
first-level analysis (Beckmann et al., 2003). These statistical thresholds are similar to those
of other studies of activation employing FSL (Brody et al., 2007; Osterbauer et al., 2005;
Parry, Scott, Palace, Smith, & Matthews, 2003).

Thirty-two participants (19 women and 14 men) enrolled in the study with an average age of
33.5 years (SD=11.5). Participants smoked, on average, 17.7 cigarettes per day (SD=6.9).
The FTND scores were moderately high with an average of 5.6 (SD=1.9). Random exhaled
CO levels were 15.3 ppm (SD=6.1) at the time of screening and 20.7 (SD=12.2), two hours
abstinent at the time of scanning.

Subjective Craving Ratings

Participants were able to significantly reduce their subjective rating of craving on a scale of
0-10 (p=.0003) between the two scanning conditions. Participants subjectively rated their
craving as 7.2 (SD=2.2) immediately prior to the scan with permissive craving and rated at
5.7 (SD=2.1) after the instructions to “resist the urge to crave.” Craving remained low after
the resist scan with an average rating of 5.4 (SD=2.1). As seen in figure 1, the strategies
most commonly employed to resist the urge to crave were distraction (40%), contemplating
the adverse effects of smoking (22%) and the benefits of quitting (18%).

Whole Brain Analysis

Of the 32 participants, one was excluded entirely from the analysis due to excess movement
(greater than 3mm) during the scanning session. Data from two additional resist sessions
were excluded due to excess motion, yielding 31 usable crave sessions and 29 resist
sessions.

During the Crave condition, utilizing mixed effects analysis (Z>2.3 and corrected cluster
thresholded at p=.05) the left ACC, medial PFC, bilateral middle OFC, bilateral PCC,
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bilateral precuneus, and left middle cingulate were activated when comparing the smoking
related cues to the neutral cues (Table 1 and Figure 2). Deactivation was found in the Crave
condition in occipital cortex, bilateral precentral gyri, bilateral postcentral gyri, and inferior
frontal cortex. Similarly, the left ACC, left PFC and OFC were activated in the entire group
in the Resist Condition comparing the smoking-related cues to the neutral cues (Table 2 and
Figure 2) with a similar deactivation pattern. Considerable overlap exists between the two
conditions (Figure 2) and utilizing the same rigorous statistical thresholding, no significant
differences were found between the Crave and Resist conditions with the group at large.
However, employing a less stringent statistical analysis utilizing fixed effects, forcing the
random effects variance to zero in FLAME (FMRIB’s Local Analysis of Mixed Effects:
Beckmann et al., 2003;Woolrich, 2008;Woolrich et al., 2004) with a cluster threshold of p=.
05, greater activation was seen in the Crave condition compared to the Resist condition in
the left and right precuneus, left cuneus, and right middle cingulate gyrus (Table 3). In
contrast, comparing the resist condition to the crave condition activation was seen in the left
frontal inferior cortex, left temporal superior pole, and left precentral gyrus (Figure 3).

When the distinct strategies to resist craving were separated, the group that used distraction
alone to resist craving, analysis with FLAME1+2 and clusters thresholded at p=.05,
activation was seen in the left ACC, right OFC, bilateral precuneus, bilateral cuneus, left
PCC, and left calcarine cortex during the Crave condition (Table 4). During the Resist
Condition, activation was seen in the bilateral OFC. Greater activation was seen in the
Resist Condition compared to the Crave Condition in the right OFC. No greater activation
was seen in craving compared to resisting.

Comparison of the two most common strategies used to resist craving, distraction (n=13)
and contemplation of the adverse effects of continued smoking (n=6), revealed distinctly
different patterns of regional brain activation with a less rigorous fixed effects analysis and
clusters thresholded at p=.05. Distraction activated a broad network of regions including
right PFC, right OFC, and bilateral precuneus, bilateral mid temporal cortex, bilateral
inferior parietal cortex and bilateral angular gyri (Table 5 and Figure 4). In contrast thinking
about the negative effects of smoking activated the left ACC and a small area of the bilateral
PFC. Increased activation was seen in left ACC and bilateral PFC during distraction
compared to adverse effects contemplation. In contrast no activations were seen comparing
adverse effects to distraction.

DISCUSSION

We found brain areas associated with craving andwith resisting, with considerable overlap
between the two states. There were no clear distinctions between condition analyses in the
group as a whole unless taking into account specific strategies used to resist the urge to
smoke. These data provide support for the idea that in treatment-seeking smokers, craving is
associated with some degree of resisting the urge to smoke, and trying to resist is almost
always accompanied by some degree of craving. The neural networks appear to largely
overlap, with only a few areas that may be unique to each utilizing a rigorous threshold in
the data analysis. However, when specific resistance strategies are separated, differences
between regional patterns of brain activation during resisting occur as well as differences
between MR signal between crave and resist conditions.

In response to smoking-related cues, treatment-seeking smokers demonstrate heightened
craving in laboratory and real-world settings. The degree of craving elevation in this study
was consistent with prior cigarette cue-induced functional neuroimaging research (Brody et
al., 2007; McBride et al., 2006). Considerable overlap of regional brain activation and
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deactivation was seen during both permissive craving and resisting the urge to smoke when
exposed to smoking-related cues.

Exposure to visual smoking-related cues during permissive craving compared to neutral cues
activated the left ACC, medial PFC, bilateral OFC, left middle cingulate gyrus, bilateral
PCC, and bilateral precuneus consistent with the previous literature (Brody, 2006). Of note,
we did not find activation in the brain reward system such as ventral tegmental area and
nucleus accumbens was not seen. Activation of the ventral striatum and limbic regions has
been reported in other fMRI visual cue-reactivity studies (Due et. al., 2002; David et. al.,
2005) but not all (Brody et. al., 2007; McBride et. al., 2006; McClernon et. al., 2007).
Previous research suggest that activation of the brain reward system, limbic region, and
visual processing areas occurs immediately following visual smoking related cues and
longer cue exposure results in activation of the ACC to mediate arousal and anxiety and
OFC as a secondary sensory center (Sharma & Brody, 2009). In both animal (Kennerley and
Wallis, 2009) and neuroimaging studies (Allman et al., 2001) the ACC is called upon during
decision-making, selecting between alternatives and evaluating outcomes to ensure optimal
choices. The associative cortices, including the posterior medial cortex, are part of a widely
distributed network linking cortical and subcortical structures integrating both external and
self-generated information. Recent functional neuroimaging studies suggest a role for the
precuneus in a wide gamut of highly integrated activities including episodic memory
retrieval, visual-spatial imagery, self-processing and consciousness (Cavanna and Trimble,
2006). Episodic memory employs the capacity to “travel back in time,” both placing
previous events in time and relating the event to oneself (Tulving, 2002). The posterior
medial parietal cortex interconnected with the medial prefrontal cortex have been proposed
to represent a network through which past experiences and personal identity are interlinked
creating the ability to move between representation and self-awareness (Andreasen et al.,
1995).

For the resist condition, during which participants resisted the urge to smoke when presented
with smoking-related cues, greater activation was seen in the left ACC and prefrontal areas
including left superior frontal orbital gyrus, left frontal superior medial gyrus, and right
frontal middle gyrus. The rostral PFC is activated by a broad range of higher cognitive
functions such as ‘keeping something in mind while doing something else,” episodic
recollection, over-learned reaction to environmental stimuli, and self generated thought
activate the rostral PFC (Burgess et al., 2007). The left superior frontal gyrus is implicated
in higher cognitive function and in particular working memory. Unilateral left and
homogenous lesion of the SFG compared to matched controls and brain damaged patients
sparing the SFG demonstrate global impairment in working memory tasks particularly with
increased complexity (e.g. 2- and 3- back tasks) and spatial memory (du Boisgueheneuc et
al., 2006). Additionally, neuroimaging studies demonstrate the left SFG activation during
task-switching paradigms, changing between distinct cognitive tasks (Crone et al., 2006;
Cutini et al., 2008). Likewise the medial frontal gyrus is associated with higher executive
functioning and decision-making (Talati and Hirsch, 2005).

During craving resistance, Brody and colleagues found activation in dorsal ACC, secondary
visual processing areas (bilateral precuneus, left angular gyrus, and bilateral supermarginal
gyri), PCC, and bilateral retrospenial cortex (Brody et al., 2007). The presence of the
secondary visual processing centers may reflect increased visual stimulation from
videotaped cues compared to the still visual images employed by our paradigm. In contrast
to their findings of greater MR signal in the resist cigarette craving in left dorsal and
perigenual ACC, left PCC, and left precuneus, there were no activation differences between
the crave and resist condition at the most rigorous statistical threshold in the present study.
The failure to find significant differences between crave and resist scans in this project may
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reflect inadequate power as a result of the small sample size, 32 subjects compared to 42 in
Brody’s study. Additionally the areas involved in craving and resisting the urge to crave
overlap and intuitively, it seems logical that there would be some activation of craving
circuitry in any effort to consciously resist the urge to crave. Distraction (74%) was vastly
preferred as a resistance strategy in Brody’s study while the strategies used by subjects in
the present study were more diverse. Consequently our Resist group as a whole analysis may
be diluted by having variable activation associated with different resist strategies used as
compared to group with one predominant strategy. Employing a less rigorous statistical
analysis with fixed effects and clusters thresholded at p=.05, the left inferior frontal cortex is
activated during resisting compared to craving, an area associated with planning for grasping
and manipulating objects (Johnson-Frey et al., 2005; Tunik et al., 2008). Activation in the
left superior temporal cortex, an auditory processing area, was also recruited to a greater
extent during resisting compared to craving. The presence of activation in these areas may
reflect the more diverse pattern of resisting in the current study such as self-talk.

While more confidence can be placed in the group analyses utilizing a higher statistical
threshold, when the resist strategies are separated out by the two most commonly used
tactics, distinct patterns of regional brain activation emerge employing a less stringent
analysis. While the number of participants in each group is small, the results suggest that
differing neural substrates subserve attempts to resist craving depending on the specific
stratagem. During distraction a broad network of regions involved in decision making
(PFC), executive function (R OFC), working memory, self-processing, and secondary visual
processing (bilateral precuneus, bilateral angular gyri, R supramarginal) were activated.
Contemplation of the adverse effects is restricted cognitive strategy and higher MR signal
was found in the areas associated with decision-making (left ACC) (Allman et al., 2001) and
self-referential processing (right MPFC) (D’ Argembeau et al., 2007). Greater activation was
found in right OFC during distraction compared to adverse effects deliberation. The OFC
has a central role in associative learning by the processing and representation of expected
rewards and goals, critical processes in resisting urges to smoke (Rolls and Grabenhorst,
2008).

The lack of a nonsmoking control group to control for non-specific cue response could be
viewed as a limitation of the study, although it could be argued that nonsmokers would not
crave, and then would have nothing to resist. For example, in previous research, nonsmokers
did not develop craving nor mood changes is response to exposure to smoking-related cues
(Brody et al., 2002). Also, as the primary aim of the study is the contrast between cue-
induced craving and resisting the urge to smoke in nicotine-dependent smokers, data from
non-smokers would not be expected to contribute to the primary aims of the study.
Additionally, the order of the crave condition and resist condition was not randomized.
Participants were instructed to crave during the first scan and resist during the second fMRI
scan. Theoretically participants may have reached a ceiling effect in either condition and
were unable to “turn off” craving or after initial resisting were no longer responsive to the
cues. The smokers were scanned two hours after their last cigarette to avoid the ceiling
effect that may occur with longer periods of abstinence. Although the desire to smoke in
temporarily suppressed following cigarette smoking, smokers experience the urge to smoke
within minutes after the last cigarette. In laboratory studies, craving for cigarettes or urges to
smoke including the intention and desire to smoke significantly increase following 1 hour of
deprivation and increase over the next 3—6 hours (Tiffany & Drobes 1991; Schuh & Stitzer,
1995). Overnight or longer periods of abstinence may further decrease the ability to resist
the urge to smoke more difficult and increase the vulnerability to relapse. Assessing
activation patterns at longer periods of abstinence with increased risk of relapse was not
completed and warrants additional research.
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The lack of striatal and limbic activation may be related to fMRI study design (including
duration of cue exposure), differences in fMRI statistical analyses, thresholding, level of
dependence, severity of withdrawal symptoms, and duration of abstinence among others
causes. Another potential limitation is that although all participants reported attempting to
resist the urge to smoking and at least one strategy employed in their attempt to resist, a self-
report measure of success in resisting craving was not obtained and adherence is difficult to
confirm. However, the significant reduction in subjective craving rating between the Crave
and Resist conditions indicates some degree of success.

In conclusion, considerable overlap is seen in patterns of regional brain activation when
treatment-seeking nicotine dependent smokers were exposed to visual smoking-related cues
during permissive craving and during resisting the urge to smoke. During craving resistance,
activation was seen in areas involving executive functioning, task switching, and heightened
attention. Using a rigorous statistical threshold, no differences were detected between the
Crave and Resist conditions in the group as a whole. However, when distraction as a discrete
strategy was separated out, greater activation was seen in the right OFC, an area involved in
associative learning and reward process in the Resist compared to Crave condition. Thus,
resistance to cue-elicited craving may require a more complex thought process to over-ride
learned associations. These results potentially identify regional areas of interest to attenuate
craving and enhance resisting through cognitive therapies, medications, brain stimulation
tools, and real-time biofeedback.
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Figure 1.
Strategies Employed to Resist Craving
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Figure2.
Functional MRI results when cigarette smokers were exposed to smoking-related cues
compared to neutral cues during Crave Condition (red) and Resist Condition (blue).
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Figure 3.

Regional Areas of Activation where Crave Condition is greater than Resist Condition (red)
and Resist Condition is greater than Crave Condition (blue) analyzed with FSL’s fixed
effects with cluster thresholding at p=.05
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Figure 4.
Regional Areas of Activation when smokers are using distraction (yellow) and

contemplation of adverse effects of smoking (green) while resisting the urge to smoke. The
bottom panel (blue) reflects areas of increased activation in distraction compared to thinking
about negative effects.
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