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Abstract

To achieve greater understanding of the brain mechanisms underlying nicotine craving in female
smokers, we examined the influence of nicotine non-abstinence vs. acute nicotine abstinence on cue-
elicited activation of the ventral striatum. Eight female smokers underwent an event-related
functional magnetic resonance imaging (fMRI) paradigm presenting randomized sequences of
smoking-related and non-smoking related pictures. Participants were asked to indicate by a key press
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the gender of individuals in smoking-related and non-smoking related pictures (gender discrimination
task), to maintain and evaluate attention to the pictures. There was a significant effect of smoking
condition on reaction times (RT) for a gender discrimination task intended to assess and maintain
attention to the photographs—suggesting a deprivation effect of acute nicotine abstinence and a
statistical trend indicating greater RTs for smoking cues than neutral cues. BOLD contrast (smoking
Vvs. hon-smoking cues) was greater in the non-abstinent vs. acutely abstinent conditions in the ventral
striatum including the nucleus accumbens (VS/NAc). Moreover, a significant positive correlation
was observed between baseline cigarette craving prior to scanning and VS/NAc activation (r=0.84,
p=0.009), but only in the non-abstinent condition. These results may either be explained by ceiling
effects of nicotine withdrawal in the abstinent condition or, may indicate reduced relative activation
(smoking vs. neutral contrast) in the VS/NAc in the abstinent vs. non-abstinent conditions in this
group of female smokers.
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Introduction

A major contributor to substance abuse is the development of craving or desire for a particular
drug when people are confronted with environmental stimuli (visual, olfactory, tactile, and
imaginal) associated with use of substances such as alcohol and tobacco (Niaura et al. 1988,
1998; Rohsenow et al. 1990). Presumably this occurs because the drug user selectively
processes these stimuli over other environmental stimuli. Such processing biases are predicted
by positive incentive models of addiction, including early conditioning models (Stewart
1983, 1984; Stewart et al. 1984) and, more recently, Robinson and Berridge’s incentive
sensitization model (Robinson and Berridge 1993, 2000). Positive incentive models broadly
suggest that drug-paired stimuli stimulate appetitive, motivational processes, which generate
craving, drug-seeking behavior, and compulsive drug use (Stewart 1983, 1984; Stewart et al.
1984). The incentive-sensitization model extends that model, and suggests that repeated use
of substances that enhance mesolimbic dopamine neurotransmission, such as nicotine, results
in permanent or semi-permanent adaptations in these neural mechanisms, which assign
incentive salience to stimuli (Robinson and Berridge 1993, 2000). Incentive sensitization
subsequently results in stimuli associated with these substances being assigned high levels of
incentive salience, which corresponds to the subjective “wanting” of these substances (i.e.,
craving) and related stimuli.

The ventral striatum (VS) includes the core and shell of the nucleus accumbens (NAc) and is
a region of particular interest because of its dual role in processing the hedonic effects of
nicotine administration and in signalling the presence of drug-related environmental stimuli
(Balfour 2002; Balfour et al. 1998; Benwell et al. 1995; Stein et al. 1998). Dopaminergic
projections to the shell signal the presence of rewarding (i.e., drug) stimuli, facilitate the
acquisition of behaviours related to obtaining the reward, and become desensitized with
repeated drug exposure (Benwell et al. 1995).

One hypothesized consequence of this mechanism is a processing bias towards drug-related
stimuli, and several behavioral studies have demonstrated evidence for a processing bias for
smoking-related stimuli in smokers compared to non-smokers (Munafo et al. 2003), and
abstinent smokers compared to non-abstinent smokers (Gross et al. 1993; Waters and
Feyerabend 2000). A further consequence is the extent to which cues associated with drug use
elicit cravings for these drugs. Drug-related cue reactivity is demonstrated not only by
modulating drug craving (Carter and Tiffany 1999), but also through dopaminergically-
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mediated reductions in inhibition of the acoustic startle reflex (Hutchison et al. 1999, 2000,
2003; Niaura et al. 1988), cardiovascular reactivity (Carter and Tiffany 1999; Niaura et al.
1988), and altered skin conductance (Niaura et al. 1988). Furthermore, there is growing
evidence, that conditioned sensory stimuli play an important role in the maintenance of drug
use behavior, including nicotine, from both animal (Caggiula et al. 2001) and human (Rose et
al. 2000, 2003) studies.

Functional neuroimaging has demonstrated that environmental cues associated with drug use
activate an integrated network of brain regions involved in the motivational and appetitive
processes of addiction to drugs of abuse (Breiter and Rosen 1999; Koob and Le Moal 2001;
Volkow et al. 2003). To date, however, relatively few studies have investigated the neural
correlates of these behavioral effects with respect to nicotine addiction. Studies of nicotine-
dependent smokers using positron emission tomography (Brody et al. 2002, 2004) and
functional magnetic resonance imaging (fMRI) (Due et al. 2002) have demonstrated that
smoking-related cues activate regions associated with dopamine-dependent incentive-
sensitization processes in multiple cortical (ventral anterior cingulate gyrus, middle frontal
gyrus, prefrontal cortex [inferior and middle frontal gyri], parietal cortex, fusiform gyri) and
subcortical (amygdala, posterior hippocampus, medial thalamus, ventral striatum/nucleus
accumbens, ventral tegmental area), limbic regions. Furthermore, amongst overnight abstinent
smokers, our group recently demonstrated a difference between smokers and non-smokers in
the VS including the nucleus accumbens (VS/NAC) associated with smoking-related cues
compared to neutral cues using fMRI (David et al. 2005). Another fMRI study, by (McClernon
et al. 2005), demonstrated greater activation for smoking-related cues than neutral cues in the
ventral anterior cingulate gyrus and superior frontal gyrus. Moreover, the authors found that
atthe individual level, abstinence-induced changes in self-reported tobacco craving (abstinence
minus satiety) were significantly correlated with fMRI-BOLD response in several frontal
regions (inferior frontal gyrus, left anterior cingulate gyrus, middle frontal gyrus) and there
was a significant trend for a correlation with the NAc.

Given this background, we sought to use fMRI to determine whether smoking abstinence would
affect VS/NACc activation to smoking-related pictorial cues. First, based on our own (David et
al. 2005) and other work (Heinz et al. 2004; McClernon et al. 2005; Smolka et al. 2006), we
hypothesized that there would be a significant correlation between reactivity to smoking cues
and VS/NAc activation in general. Second, we sought to determine whether such activation
would differ according to smoking abstinence. Given the paucity of neuroimaging data on
abstinence inductions in smokers, we considered the direction (relative activation or
deactivation) of any abstinence effects to be uncertain, but, based on the information above;
we hypothesized that VS/NAc activation associated with smoking-related vs. neutral pictorial
cues (% signal change) would be higher during the condition of abstinence than non-
abstinence, and that the % signal change for the smoking vs. neutral cue contrast would be
significantly and positively correlated with tobacco craving and nicotine withdrawal
symptoms.

Materials and methods

Design

The study employed a 2 (condition: non-abstinence vs. acute abstinence) x 2 (session: session
1 vs. session 2) within-subjects design to evaluate acute abstinence effects on smoking-related
pictorial cue-elicited activation of the VS/NAc in addicted smokers. For brevity, when
describing the two abstinence-related scanning sessions, we will use the terms “abstinent’ or
‘abstinence’ beyond this point in reference to acute nicotine abstinence (overnight abstinence
verified by exhaled CO; details in “Procedure” subsection). Smokers were randomized in
counterbalanced fashion, such that they would either attend a sequence comprising a non-
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abstinent day (N), followed by an abstinent (A) day, a second N day, and finally a second A
day (i.e., NANA), or an alternate sequence (i.e., ANAN) of scanning sessions, in order to avoid
potentially confounding results. Once randomized, all participants were asked to agree to attend
four scanning sessions on four separate days consisting of two non-abstinent and two abstinent
days.

The rationale for this design was four-fold. First, by averaging results from sessions on separate
days we are able to increase the reliability of our inference of fMRI BOLD signal for a particular
task and brain region (Heiervang et al. 2006; Johansen-Berg et al. 2002). Secondly, the use of
multiple days makes more statistically powerful repeated-measures analysis possible. Third,
we were interested in abstinence effects on ventral striatum activation associated with smoking-
related pictorial cues and therefore required verified abstinent and non-abstinent within-
subjects contrasts. Finally, and a 2-x-2 factorial [2 (condition: non-abstinent vs. abstinent) x
2 (session; session 1 vs. session 2)] within-subjects design made it possible to examine whether
or not there were in fact main effects of abstinence on BOLD contrast or if the apparent
differences between abstinent and non-abstinent scanning days were explained entirely by day-
to-day random variation resulting from any number of confounds. Figure 1 presents a diagram
illustrating the paradigm design.

The study population consisted of 12 right-handed current smokers (67% female), aged >18
years, who had previously participated in the Patch Il study (ICRF 1993; Yudkin et al. 2004)
and had consented to be contacted for future research. Exclusion criteria included any unstable
medical condition, contraindications to MRI scanning as determined through screening with a
standard safety questionnaire, pregnancy, self-reported current Axis | psychiatric disorders
other than nicotine dependence, use of psychotropic medications, or current use of nicotine
replacement therapy. All study procedures were approved by the Central Oxfordshire Research
Ethics Committee, and participants provided written, informed consent. Data on four
participants was incomplete due to a failure to attend all scanning sessions. The final complete
sample therefore consisted of eight smokers (100% female), aged 45-67 years (M=55 years,
SD=9 years).

Cue paradigm

The cue exposure employed was the same as that employed previously (David et al. 2005), but
consisted of a greater number of volumes (200 volumes) than in our earlier study (150 volumes)
in order to improve statistical power. The paradigm consisted of 100 pictorial cues, randomized
for presentation sequence and presented for 5 s at a frequency of one image every 6 s, with a
fixation cross during rest periods (1 s inter-stimulus intervals), in an event-related design.
Picture cues were smoking-related (31%) and neutral (69%) scenes from the International
Smoking Image Series (Gilbert and Rabinovich 1999). Figure 1 illustrates the stimulus
paradigm model.

Gender discrimination task—In order to encourage participants to maintain attention to
the pictures and to assess potential attentional bias toward smoking-related photographs,
participants were instructed to indicate with a keypress whether they thought the subject in the
photograph was male or female, and reaction times for responses were recorded. In order to
control for the potential confound of gender on neural responses to the smoking-related cues,
the photographs in the paradigm were gender-balanced (i.e., same number of photographs with
male and female faces).
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Self-reported behavioral data—Questionnaire measures included the Fagerstrom Test of
Nicotine Dependence (FTND) (Heatherton et al. 1991), the Shiffman-Jarvik Craving Scale
(SJCS) (Shiffman et al. 1998) and the Minnesota Withdrawal Scale (MNWS) (Hughes and
Hatsukami 1986; Hughes et al. 1986). The SJCS consists of five items: (1) “I have a desire for
a cigarette right now,” (2) “If it were possible, | would smoke right now,” (3) “All | want right
now is a cigarette,” (4) “I have an urge for a cigarette,” (5) “I crave a cigarette right now™).
Subjects are asked to rate each item from 0-100 (total 500 maximum). We included seven
items with the highest scale/subscale correlations (r=0.52-0.74) and high external construct
validity with other scales of nicotine dependence severity (Etter and Hughes 2006), from the
ten item MNWS (range 0—4 per item; total 28 maximum). The items include (1) “anger,
irritability, frustration,” (2) “anxiety, nervousness,” (3) “difficulty concentrating,” (4)
“impatience, restlessness,” (5) “hunger,” (6) “depression,” and (7) “desire to smoke.”

Pictorial stimuli were selected from the International Smoking Image Series (IS1S) asemployed
previously in fMRI studies (David et al. 2005; Due et al. 2002; Gilbert and Rabinovich 1999)
and comprised of standardized color pictures of human male and female faces engaged in either
cigarette smoking (smoking-related) or a behavior unrelated to smoking (neutral). Pictures
from this series (I1SIS) that did not include faces were excluded because of the potential
confounds posed by differential visual processing of faces, other body parts, and inanimate
objects by ventral extra-striate visual-spatial pathways (Ishai et al. 1999).

‘Abstinent days’ required overnight abstinence from cigarette smoking or use of other tobacco
or nicotine products for at least 12 h and participants were explicitly instructed to refrain from
smoking any time after going to bed the evening prior to the scans. ‘Non-abstinent days’

involved instructions to participants to smoke according to their usual routines to the point of
satiation with the last cigarette smoked prior to entering the scanning center. Prior to scanning,
participants’ abstinence (or non-abstinence) status was confirmed by exhaled carbon monoxide
monitoring, with a threshold of <10 parts per million (p.p.m.) to verify acute abstinence.

Participants who failed to abstain from smoking prior to abstinent sessions were re-scheduled.

Pre- and post-scan self-reported withdrawal and craving—While the participants
were situated within the magnet, both immediately prior to initiation of and immediately after
the stimulus presentation and scanning, an investigator outside of the magnet chamber using
a microphone asked the participants to rate from 0—4 the severity of their present experiences
of each MNWS item and to rate from 0-100 their agreement with each item of the SICS. The
investigator in the scanner operator room recorded the participants’ verbal responses to each
item.

We chose to include a greater frequency of neutral pictures than smoking pictures in order to
minimize cue-induced BOLD latency during neutral and rest periods and as a standard
approach to presenting target images as has been employed in odd-ball designs (Garreffa et al.
2004). Furthermore, we chose to randomize the sequence of picture cue type (i.e., smoking-
related or neutral) to avoid potential bias arising from repetitive patterns of cue sequences. The
sequence of images was determined by randomizing three sequences of picture blocks
consisting of eight neutral (n) and two smoking (s) pictures (nnnnsnnnns), five smoking and
five neutral pictures (nsnsnsnsns), and nine neutral pictures and one smoking picture
(nnnnnnnnns).

Whole brain functional MRI data were acquired continuously through the period of visual
stimulus presentation with a 3 Tesla whole-body scanner (Siemens, Erlangen, Germany) with
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a quadrature birdcage head coil. Before the first presentation of stimuli, sagittal localization
(two-dimensional spoiled gradient recall acquisition; nine slices around midline; 5 mm thick)
was performed. For functional imaging during stimulus presentation, echo planar T2*-
weighted axial images were acquired (TR=3,000 ms, TE=30 ms, flip angle=90°, in-plane
resolution 4x3.5 mm2, slice thickness=5 mm). Following functional imaging, three-
dimensional, high resolution T1-weighted structural images were obtained with 128 axial slices
(TE=5 ms, flip angle=120°, TR=15 ms, in-plane resolution=1.5 x 1 mm?2).

Statistical analysis

Data pre-processing—Data pre-processing was conducted using FEAT (FMRI Expert
Analysis Tool) Version 5.42 from the FMRIB Software Library
http://www.fmrib.ox.ac.uk/fsl). Pre-statistical processing was as follows: motion correction
using FMRIB’s Linear Registration Tool (MCFLIRT) (Jenkinson and Smith 2001); exclusion
of non-brain areas using FMRIB’s Brain Extraction Tool (BET) (Smith 2002); spatial
smoothing with a Gaussian kernel of 5 mm full-width half maximum; mean-based intensity
normalisation to remove linear trends; and, non-linear high-pass temporal filtering to exclude
low frequency confounds such as breathing (Gaussian-weighted least squares straight line fit,
with sigma=25.0 s). Time series statistical analysis was carried out using FMRIB’s Improved
Linear Model (FILM) with local autocorrelation correction (Woolrich et al. 2001).

Multilevel linear modelling for fMRI group analysis—A multilevel voxel-wise
hierarchical analysis was performed with separate general linear model analyses for each of
the four levels in the hierarchy (1: within-session level, 2: within-subject level, 3: group level
within condition, 4: group between conditions level). Summary statistics from voxel-wise
analyses at each level were entered as inputs into each higher level analysis, which in turn
generated summary statistics. Effect sizes for the smoking vs. neutral contrast are expressed
as percent (%) signal change for generalizable interpretation. This multilevel approach using
Bayesian inference provided the means to assess the full uncertainty of the % signal change at
the highest level; taking into account the unknown random and fixed variance components
within each level in the model (Beckmann et al. 2003; Woolrich et al. 2004):

(1) In the first-level voxel-wise GLM analysis smoking vs. neutral conditions were
modelled as explanatory variables. Z (Gaussianized T/F) statistic images were thresholded
using clusters determined by Z>2.3 and a corrected cluster significance level of p=0.05.
Registration to high resolution T4 structural images of each individual was carried out
using FMRIB’s Linear Registration Tool (FLIRT) (Jenkinson et al. 2002) and both were
co-registered to standard (Montreal Neurological Institute) space. Contrasts at this level
examined whether the parameter estimate (PE) of the hemodynamic response to smoking-
related pictures was greater than the PE for the hemodynamic response to neutral pictures.

All higher-level analysis was carried out using FMRIB’s Local Analysis of Mixed Effects
(FLAME) (Beckmann et al. 2003; Woolrich et al. 2004). Z (Gaussianized T/F) statistic images
were thresholded using clusters determined by Z>2.3 and an adjusted corrected cluster
significance threshold of P=0.05, corrected for multiple comparisons (Worsley et al. 1992).

(2) Second-level, voxel-wise, fixed-effects GLM analyses were conducted separately for
each participant to determine the average relative activation of both sessions in each
condition (smoking and abstinent).

(3) The third-level, voxel-wise, random effects GLM analyses examined whether or not
there were regions of significant activation associated with smoking-related picture cues
in the group of subjects for both conditions; separate analyses were performed for the
smoking condition and for the abstinent condition.
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(4) The fourth-level voxel-wise GLM analysis examined whether or not there was a paired-
difference in relative activation between smoking and abstinent conditions using FLAME.

In addition to voxel-wise comparisons, region-of-interest (ROI) analyses were conducted to
test hypotheses regarding the effects of smoking condition on mean VS/NAc % signal change.
ROI anatomical masks were defined using the averaged group T1 structural image normalised
to standard space for the VS/NAc using FSL View software http://www.fmrib.ox.ac.uk/fsl).
The brain atlas by Duvernoy (Duvernoy 1999) was used as a guide for defining anatomical
landmarks. Criteria for defining the mesolimbic VS were those published by (Mawlawi et al.
2001) and, as previously described (David et al. 2005), (MNI coordinates X: +4 to 10; Y: +6
to+18, 0 to —10) consistent with the landmarks of the “limbic-related” striatum as defined by
(Fudge and Haber 2002).

Statistical methods for hypothesis testing—In order to test the hypotheses stated
above, the following planned analyses were conducted. A repeated-measures analysis of
variance (ANOVA) was performed with mean VS/NAc % signal change in voxels within the
VS/NAc mask described above as the dependent variable and hemisphere, abstinence
condition, and session as within-subjects variables.

Participants smoked an average of 17.9 (SD=7.6; range 3—-30) cigarettes per day, had smoked
for amean of 38.0 (SD=7.1; range=27-48) years, and had a mean FTND score of 6.5 (SD=1.3;
range=3-5). The mean exhaled CO of participants on abstinent days was 4.6 (SD=2.2;
range=1.0-7.5) p.p.m. was less than that of participants on non-abstinent days was 14.6
(SD=4.1; 8.5-21.5) p.p.m., which was statistically significant (paired t-test, t [1,7]=8.95,
p<0.001).

Whole-brain mixed-effects group analysis with a z-statistic threshold of 2.3 (and corrected
cluster p<0.05) for the smoking condition demonstrated two large clusters in the temporal-
occipital regions bilaterally, inclusive of right and left posterior fusiform gyri and inferior
temporal gyri, as seen in Fig. 2. Centers of gravity (COG), coordinates in MNI space, and
maximum z-statistic (max z-stat) and p values are presented in Table 1. Furthermore, stratified
correlational analyses were performed between mean craving scores pre- and post-scan for the
two non-abstinent sessions and two abstinent sessions, respectively.

In addition to the COGs of each cluster, local maxima were observed in the left posterior
fusiform gyrus (PFG) (—44, —70, —8, max z-stat=2.97), right inferior temporal gyrus (ITG) (52,
—72,—12, max z-stat=3.66) and left ITG (—50, —74, —12, max z-stat=3.42). In a pattern similar
to that observed in the smoking condition, mixed-effects group analysis of the same subjects
in the abstinent condition revealed bilateral occipital-temporal clusters inclusive of right and
left posterior fusiform gyri and inferior temporal gyri, respectively [Local maxima: right ITG
(52, —64, —4, max z-stat=3.45), left ITG (—48, —74, —12, max z-stat=3.16), left PFG (—44, —68,
—16, max z-stat=3.16)].

Next, as described above (fourth level analysis), whole brain, within-subjects, mixed-effects
group contrasts using voxel-wise GLM analyses were conducted comparing the average
activation between the abstinent and non-abstinent conditions. Specifically, the fourth level
analysis examined whether or not there were within-subjects differences in the mean contrast
of the PEs (COPE)(s) for the smoking vs. neutral cue contrasts (averaged across both scan
sessions for each condition for each individual from second level analyses), between the
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average COPE for the group of eight smokers (from the third level analysis) in the abstinent
vs. non-abstinent conditions. Using the fourth level abstinent vs. non-abstinent within-subjects
group subtraction data, we tested our specific regional hypothesis that there are smoking-
related changes in the VS/NACc in nicotine-dependent smokers. We found bilateral relative
activation within the NAc proper (p<0.05) in the contrast of the non-abstinent with the abstinent
condition. The maximum z-statistic in the right VS/NAc was 2.12 and in the left VS/NAc was
2.02, as shown in Fig. 3. To assess possible additional brain functional changes with smoking,
differences in whole-brain activation were tested at a corrected cluster z-threshold of 2.3, but
no significant changes were found in any brain region when we compared non-abstinent to
abstinent conditions (non-abstinent minus abstinent) or abstinent to non-abstinent conditions
(abstinent minus non-abstinent).

ROI analyses were then conducted by calculating the COPEs, expressed as percent (%) signal
change, for the smoking vs. neutral contrast for the group of voxels within VS/NAc masks
separately for each hemisphere for each scan. Therefore, there were four estimates of % signal
change for both right and left VS/NAc hemispheres taken at the four scans (2 x abstinent; 2 x
non-abstinent), respectively. A repeated-measures ANOVA was performed using % signal
change in the (VS/NAc) ROI (measurements taken at all four scanning sessions) as the
dependent variables, with condition (smoking vs. abstinent), hemisphere (right vs. left), and
session number (first vs. second) as dichotomous within-subjects independent variables. We
found a main effect of condition, with greater mean VS/NAc signal change in the non-abstinent
than in the abstinent condition (F [1, 7]=7.87, p=0.026), and a significant abstinence condition
by hemisphere interaction (F [1,7]=11.30, p=0.012). There were no main effects of session
(F [1,7]=1.88, p=0.212) or hemisphere (F [1,7]=0.6, p=0.461).

In order to determine the nature of the hemisphere by abstinence condition interaction
demonstrated in the repeated-measures ANOVA described above, a series of paired t-tests
using the average VS/NAc across sessions were performed. Bi-hemispheric VS/NAc activation
was significantly greater in the non-abstinent condition than in the abstinent condition (t [1, 7]
=2.39, p=0.048). In addition, right hemisphere VS/NAc relative signal change was significantly
greater in the non-abstinent than in the abstinent conditions (t [1, 7]=3.38, p=0.012). However,
in the left hemisphere, the mean VS/NACc relative signal change was not significantly greater
in the non-abstinent condition than in the abstinent condition (t [1, 7]=1.30, p=0.235), although
the effect was in the same direction (i.e., non-abstinent condition greater than abstinent
condition).

There were no significant differences in VS/NAc relative signal change between hemispheres
for either condition. Figure 4 illustrates the mean VS/NACc relative activations for each
hemisphere in both conditions.

Non-imaging behavioral data

Self-reported craving and withdrawal data—Self-reported craving and withdrawal data
are presented for in Table 2 for each session, and Fig. 5 illustrates total withdrawal and craving
scores across sessions within both conditions. Average MNWS and SJCS scores were not
significantly different before and after the scans. No other pre/post scan comparisons of craving
or withdrawal were significantly different, although qualitatively both craving and withdrawal
increased from before to after the non-abstinent scans and decreased from before to after the
abstinent scans, as seen in Fig. 5. Averaged across sessions, total nicotine withdrawal and
craving scores were higher in the abstinent condition than the non-abstinent condition: average
withdrawal: t [1,7]=5.20, p=0.002; average craving: (t=[1, 7]=4.11, p=0.005).

Bivariate non-parametric correlational analyses were performed separately for the two
conditions, examining VS/NAc BOLD contrast with craving and withdrawal to better
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characterise the relationship between the fMRI activation (for the smoking minus neutral image
contrast) and self-reported craving. There was a significant positive correlation between the
average pre-scan craving score and the global bi-hemispheric VS/NAc activation (r=0.84,
p=0.009) in the non-abstinent condition, as demonstrated in Fig. 6. There were no significant
correlations between VS/NAc activation and craving in the non-abstinent condition post-scans,
or inthe abstinent condition (ps>0.4). Nor were there any significant correlations between post-
scan or pre-minus post-scan self-reported craving scores. Nicotine withdrawal scores were not
significantly correlated with VS/NAc relative activation for either condition before or after the
scans.

Reaction times—In order to provide confirmation of the internal validity of our study and
demonstrate external validity consistent with other published literature (Havermans et al.
2003; Trimmel and Wittherger 2004), a repeated-measures ANOVA was performed with
reaction time (RT) as the dependent variable, and cue type (smoking-related vs. neutral),
condition (non-abstinent vs. abstinent), and session (session 1 vs. session 2) as within-subjects
independent variables. A significant main effect of session was observed, indicating faster
reaction times in the second session for both conditions (F [1,7]=5.89, p=0.046). Statistical
trends were observed for a main effect of cue type, suggesting that reaction times might be
greater for smoking-related pictures than neutral pictures (F [1,7]=0.94; p=0.094), and for a
cue type by condition interaction, suggesting a greater relative interference for smoking-related
cues compared to neutral cues in the abstinent condition compared to the non-abstinent
condition (F [1,7]=3.81, p=0.092).

Given the potential confound of time within each of the smoking sessions on RT because of
the short half-life of nicotine, which may have resulted in a change in nicotine levels over the
course of a testing session, we performed the same analysis including a within-subjects factor
of time (first half vs. second half). There was a significant main effect of time (F [1,7]=5.63,
p=0.049), but no significant interactions involving the time factor (ps>0.4), and the other effects
and trends observed in the primary analysis were retained. Mean reaction times by cue type,
condition and session are presented in Table 3.

Discussion

The current study used an fMRI approach to examine the effects of abstinence and cue exposure
on tobacco dependent individuals, with mixed findings. As anticipated, abstinence resulted in
greater craving and withdrawal, however, contrary to our hypothesis, greater VS/NAc
activation was associated with smoking-related (vs. neutral) cues when smokers were in the
non-abstinent state compared to when they were abstinent. This effect was remarkably
consistent in this sample of eight female smokers, and was evident in both whole brain and
ROI analyses. We had predicted greater activation in these brain regions during nicotine
abstinence, reflecting increased nicotine craving. The rationale underlying this hypothesis was
that the craving following deprivation would be a more salient catalyst for VS/NAc brain
activation than the actual reinforcing properties of nicotine, particularly among chronic
smokers. This was not the case, as smokers exhibited greater relative activation associated with
smoking cues when they were satiated with nicotine. That VS/NAc activation was greater in
the non-abstinent condition than the abstinent condition may seem surprising given a
previously published report of abstinent smokers who demonstrated differentially greater VS/
NAC activation (David et al. 2005). However, the two studies are not comparable because of
substantial differences in methodology (i.e., use of enforced abstinence, within-subjects vs.
between-subjects designs). In addition, additional sample characteristics, such as the different
sex composition, age, and years of smoking between smokers make the two studies even more
difficult to compare.
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Despite being unanticipated, a potential explanation for these findings can be drawn from the
previous literature on the neurobiological effects of nicotine abstinence on smokers. Given that
substance cue reactivity appears to be mediated by dynamic changes in mesolimbic dopamine
(Katner et al. 1996; Katner and Weiss 1999; Melendez et al. 2002; Weiss et al. 1993) and given
extensive evidence that nicotine abstinence results in deficits in accumbal dopamine release
[for a review, see Kenny and Markou (2001)], it is possible that acute nicotine abstinence
reduced the capacity of the mesolimbic dopamine system to produce acute phasic responses
to cigarette stimuli, resulting in greater reactivity to smoking cues in the non-abstinent
condition.

At first glance, this may seem paradoxical, suggesting that deprived individuals would be less
reactive to environmental stimuli, and therefore less motivated to smoke. However, this is not
our contention. Rather, these data suggest that abstinent smokers may be less reactive to cues
relative to when they are satiated, but smoking behavior is not motivated by cue reactivity
alone and self-reported craving does not exclusively reflect reactions environment cues, so
much as the individual’s overall motivational state. Smoking is driven by both positive and
negative reinforcement (Tiffany and Drobes 1991), and, during abstinence, negative
reinforcement plays a particularly prominent role (Willner et al. 1995). Thus, a potential
interpretation of current data is that during abstinence, smokers may experience less VS/NAc
cue reactivity resulting from relatively reduced burst firing of dopamine in the nucleus
accumbens, but may nonetheless be highly motivated to smoke to alleviate aversive withdrawal
symptoms (i.e., negative reinforcement). In contrast, under normal smoking conditions,
substance-related cues may play a more prominent role because of minimal need for negative
reinforcement due to ongoing smoking.

Such an interpretation is consistent with studies by Teneggi et al. who demonstrated that
tobacco craving and withdrawal are modulated via distinct neural circuits (Teneggi et al.
2002, 2005). In addition, it is consistent with human laboratory studies that have not
demonstrated potentiation of cue-elicited craving by nicotine enforced abstinence (e.g., Palfai
et al. 2000; Tidey et al. 2005). Finally, it is consistent with a recent study by (Waters et al.
2004) who found that when nicotine replacement alleviated withdrawal symptoms, cue-elicited
craving appeared to play a more prominent role in relapse.

Alternatively, a second explanation for the unanticipated finding of greater VS/NAc signal in
the non-abstinence condition is that these findings may be related to a ceiling effect in terms
of relative activation. A high-magnitude effect of acute abstinence on craving was observed,
resulting in craving levels at approximately the 25% and 70% of the scale maximum for the
satiated and acutely abstinent conditions (see Fig. 5), respectively. BOLD imaging is
fundamentally a measure of relative activation during the abstinence condition, high levels of
craving may have reflected high levels of absolute VS/NAc activation, which itself may have
prevented substantial increases in VS/NAc activation. Thus, with more possible variation, the
participants during the non-abstinence scanning may have simply exhibited greater relative
VS/NACc change. This explanation is also consistent with the studies cited above reporting
greater relative increases in craving in response to a smoking cue exposure under non-deprived
conditions compared to after abstinence (e.g., Tidey et al. 2005).

However, we acknowledge that this finding was in contrast to our original hypothesis and these
explanations are a posteriori and speculative. As such, they should be considered provisional
interpretations, and a basis for further neuroimaging examinations of cue reactivity and nicotine
abstinence. Determining that greater VS/NAC cue reactivity is reliably evident during satiation
in subsequent studies will be essential to bolster the validity of these findings. It is also
important to acknowledge that these effects may be related to the methodology used. An
argument could be made that our approach to ROI analysis of aggregating across functional
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voxels of normalized data on ROI masks that were generated from an average, normalized
anatomical image may not be as accurate as using individually-tailored ROI masks. However,
of equal concern to the investigators was the need to avoid bias in determining anatomical
boundaries according to the statistical maps of each individual (Warfield et al. 2004).

Of note, a number of additional findings also warrant discussion. Cue reactivity was associated
with bilateral temporal-occipital activation. The most pronounced activation was in the
posterior fusiform gyri and inferior temporal gyri. These findings are consistent with previous
reports of craving-related posterior fusiform gyrus activation (Due et al. 2002; McClernon et
al. 2005; Smolka et al. 2006; Wilson et al. 2005) and provides further confirmation of the notion
that extrastriate visual pathways are integrated with the mesolimbic system to process
information during motivational states (David et al. 2005; Due et al. 2002). In addition, a
significant hemisphere by abstinence condition interaction was detected, however, given the
sample size, it is premature to assert that there is clear lateralization of the effect of abstinence
condition on VS/NACc activation. There were no significant differences in VS/NAc activation
between hemispheres in either condition. Qualitatively, it appears that the mean activation is
greater in the right hemisphere than the left hemisphere in the smoking condition and greater
in the left hemisphere than the right hemisphere in the abstinent condition, which is consistent
with animal studies (Bortolozzi et al. 2003; Schneider et al. 1982; Stein et al. 1998).

The observation of statistical trends for cue type and cue type by condition interactions is
reassuring, as post-hoc testing demonstrated that, as expected, reaction times to smoking-
related cues were significantly greater than to neutral cues in the abstinent condition, which is
consistent with results of other studies and suggestive of incentive sensitization to smoking-
related stimuli (Havermans et al. 2003; Trimmel and Wittberger 2004). Furthermore, the
observation of faster reaction times in the second session is expected, as subjects have become
accustomed to the task. Although not statistically significant, the difference in reaction times
in the non-abstinent condition was in the expected direction and does not obviate the possibility
of a smaller effect of cue type not reflecting nicotine deprivation.

There are also a number of limitations of the current study that need to be considered. The
sample used was small, and although multiple sessions were used to partially address this, the
study had relatively low statistical power. In addition to the sample size, one of the weaknesses
of the study was that, as a result of three male subjects not attending all scanning sessions,
complete data was only available for females. Thus, the observations can only be generalized
to females.

A recent systematic review of the literature by (Carpenter et al. (2006) demonstrated a lack of
consistency of findings with regard to sex differences in cue reactivity, but did find evidence
of an effect of menstrual cycle phase on the severity of nicotine withdrawal. Specifically, in
13 studies, women in the luteal phase demonstrated heightened experiences of withdrawal or
craving. The degree to which variation in menstrual cycle phase for the three of eight women
in our sample who were pre-menopausal might have affected our results but this cannot be
evaluated in the present study because precise dates regarding last menstrual periods or
biomarkers were not available. We acknowledge, however, that menstrual cycle phase could
present a potential confound.

Another limitation to the study is that without subtraction data using methods such as arterial
spin labeling, we cannot ascertain the degree to which changes in regional cerebral blood flow
resulting from nicotine vs. neural activation associated with smoking-related cues. However,
we have no reason to expect that the BOLD contrast (signal during smoking vs. neutral images)
would be differentially affected, and our data reflect relative activation rather than absolute
activation. Theoretically, the known protective effects of endogenous estrogen on the
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cardiovascular system in women might indirectly affect f/MRI BOLD signal comparisons of
male and female subjects due to differences in regional cerebral blood flow. However, we were
not able to compare our female smokers to male counterparts and thus cannot dray any
conclusions regarding the influence of endogenous estrogen on our fMRI results—particularly
because none of the participants reported oral contraceptive use nor use of hormone
replacement therapy.

Yet another potential limitation is that the unbalanced nature of the design, with less frequent
presentation of smoking-related pictures, might result in evoking a greater response to smoking
pictures given the novelty of the target (smoking) pictures and that this could pose a confound
to the contrast. However, we were interested in constructing a paradigm that might reflect the
occasional smoking-related cues that occur on a daily basis, and thus be able to evaluate
potentially less frequent but more salient cues. One of the reasons for including a reaction time
task was to evaluate attentional bias toward smoking-related pictures and the effects of acute
abstinence on reaction times to a simple gender discrimination task. Our reaction time data do
suggest, with statistical trends, that attention to smoking-related cues was relatively impaired
in the acute abstinence condition, and suggest greater attentional bias toward smoking-related
cues given the longer reaction times associated with smoking vs. neutral cues. In summary, we
believe that the unbalanced design presents advantages and disadvantages but acknowledge
the distinct possibility that it could present a potential confound.

Despite these limitations, these data provide additional evidence implicating the VS/NAc as
an important locus in the processing of salient drug-associated stimuli and revealed an
unexpected attenuation of such reactivity following nicotine deprivation. As such, these results
contribute to the sparse literature on the neurobiological effects of abstinence on motivation
for tobacco in dependent smokers. If the current findings can be replicated, they may
considerably clarify the differential processes that contribute to the maintenance of ongoing
smoking and relapse following cessation.
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Fig. 1.

Illustration of predicted blood-oxygen-level-dependent signal during a smoking cue reactivity
paradigm. S smoking-related picture, N non-smoking/neutral picture, the fixation cross is
present during the 1 s inter-stimulus intervals
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Fig. 2.

Mixed-effects group analyses of smokers in smoking and abstinent conditions. a Smoking
condition, b Abstinent condition. Image depicts statistical maps using clusters determined by
Z>2.3 and a corrected cluster significance level of p<0.05
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Fig. 3.

Activation within ventral striatum/nucleus accumbens anatomical mask. Statistical map of non-
abstinent condition compared with abstinent condition within pre-defined VS/NAc anatomical
masks. Activation is shown in blue. Activation clusters (in blue) represent group within-
subjects mixed-effects analyses comparing average activation to smoking vs. neutral cues
between non-abstinent and abstinent conditions. Thresholds were set at z-statistic of 2.0,
p=0.05 uncorrected
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Fig. 4.

Ventral striatum/nucleus accumbens relative signal change by hemisphere and condition. Mean
COPE (smoking vs. neutral stimulus contrast) within the ventral striatum including the nucleus
accumbens (VS/NAC) for right and left hemispheres and both conditions (smoking and
abstinent). Error bars represent the standard error of the relative activation (expressed as %
signal change) for each hemisphere. Relative activation values were calculated within an
anatomically-defined VS/NAc mask created with FSLview software as described in the text
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Tobacco craving and withdrawal during scanning. Craving (a) and withdrawal (b) prior to and
following fMRI scans. Collapsed means + SEs for both trials are provided
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Fig. 6.

Correlation of global VS/NACc relative signal change and tobacco craving in non-abstinent
condition. Scatter plot of total score on the Shiffman-Jarvik Craving Scale prior to picture
presentation averaged across both scanning sessions on the x-axis and mean bi-hemispheric
relative activation (% signal change) averaged across both smoking sessions for the VS
including the nucleus accumbens (VS/NAc) on the y-axis and best-fit regression line
illustrating the correlation
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Self-reported withdrawal and craving before and after scanning sessions

Table 2
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Abstinent 1 Pre-

Abstinent 1 Post-

Abstinent 2 Pre-

Abstinent 2 Post-

scan scan scan scan
Withdrawal (MNWS)
Anger, irritability, frustration 15(1.4) 1.1(11) 1.9 (1.6) 14(1.7)
Anxiety, nervousness 1.9(1.4) 1.1(1.1) 1.4(1.5) 1.4 (1.3)
Difficulty concentrating 1.3(14) 1.8 (1.4) 15(1.1) 2.3(1.6)
Impatience, restlessness 19(1.4) 1.3(1.5) 19(1.2) 2.0(1.6)
Hunger 0.75 (1.4) 0.6 (1.1) 1.3(1.2) 1.1(1.35)
Depression 1.0(1.4) 0.1(0.4) 1.0 (1.6) 1.1(1.6)
Desire to smoke 3.3(1.5) 2.4(1.5) 31(1.4) 3.1(15)
Total 11.5(7.7) 8.4 (5.0) 12.0(7.1) 12.4 (8.4)
Craving (SJCS)
Desire to smoke 74.9 (36.1) 61.3 (40.2) 68.6 (38.1) 72.4 (39.8)
If possible 92.2 (17.4) 78.1(36.4) 81.1(27.3) 83.6 (27.7)
All I want 56.9 (35.3) 49.3 (44.8) 63.6 (40.9) 74.3 (38.4)
Urge 63.1(40.8) 44.4 (39.4) 65.5 (39.7) 74.9 (38.5)
Crave 76.3 (32.8) 45.6 (41.2) 64.3 (40.4) 74.3 (38.4)
Total 363.4 (132.5) 286.1 (167.1) 341.3 (177.4) 379.4 (180.3)

Withdrawal (MNWS)
Anger, irritability, frustration
Anxiety, nervousness
Difficulty concentrating
Impatience, restlessness
Hunger
Depression
Desire to smoke
Total

Craving (SJCS)

Desire to smoke
If possible

All I want

Urge

Crave

Total

Non-abstinent 1 Pre-
scan

0.0
1.3 (15)
0.6 (1.1)
0.1(0.2)
0.4 (1.1)
0.0

05 (0.8)
2.8(3.3)

17.5 (21.9)
48.6 (36.2)
18.1 (23.9)
13.8 (20.0)
118.8 (31.8)
116.8 (99.3)

Non-abstinent 1 Post-
scan

0.25 (0.5)
1.0 (1.4)
1.4 (1.8)
0.8 (1.4)
0.9 (1.4)
0.0

1.9 (L5)
6.1(6.3)

32.8 (29.7)
54.9 (41.0)
22.6 (33.5)
20.0 (22.4)
27.0 (25.2)
157.2 (122.6)

Non-abstinent 2 Pre-
scan

0.8(1.0)
1.1(1.1)
0.3(0.5)
0.5 (0.8)
0.1(0.4)
0.25 (0.5)
1.0 (L.4)
40(3.1)

20.0 (27.8)
31.8 (37.2)
13.8 (22.5)
15.6 (27.8)
13.8 (27.6)
94.9 (119.2)

Non-abstinent 2 Post-
scan

1.25 (1.8)
0.6 (1.2)
0.6 (1.4)
1.1 (L.6)
05 (1.1)
0.35 (0.7)
15 (1.6)
5.9 (6.0)

35.8 (35.5)
52.4 (33.5)
30.0 (33.8)
31.3 (36.4)
30.0 (34.2)
179.4 (164.7)

Legend: Values are means and standard deviations (SD) for withdrawal as assessed with the Minnesota Nicotine Withdrawal Symptoms Scale (MNWS)
(Hughes and Hatsukami 1986; Hughes et al. 1986) and Shiffman-Jarvik Craving Scale (SJCS) (Shiffman et al. 1998).
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Table 3

Reaction times by condition, session and cue type
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Session Condition Reaction Time (ms) p-value
Cue Type
Smoking-Related Neutral

1 Non-abstinent 1079.23 (161.04) 1069.59 (287.47) 0.903

2 708.60 (443.41) 673.26 (426.49) 0.363

1 Abstinent 1164.82 (403.14) 1052.30 (346.56) 0.010

2 903.85 (407.21) 811.46 (362.29) 0.001

Average Reaction Times Non-abstinent 1050.67 (148.34) 1040.19 (289.30) 0.892

Abstinent 1098.58 (283.91) 992.10 (241.06) 0.002

Legend: Mean and standard deviations for reaction times in milliseconds (ms) for smoking and neutral picture cues. Data are presented for each of two
sessions for two conditions (smoking and abstinent days). Subjects are asked to indicate whether the picture displayed is male or female with a forced key

press.
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