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Abstract
A distributed network of brain regions is linked to drug-related cue responding. However, the
relationships between smoking cue-induced phasic activity and possible underlying differences in
brain structure, tonic neuronal activity and connectivity between these brain areas are as yet unclear.
Twenty-two smokers and 22 controls viewed smoking-related and neutral pictures during a functional
arterial spin labeling scanning session. T1, resting functional, and diffusion tensor imaging data were
also collected. Six brain areas, dorsal lateral prefrontal cortex (dlPFC), dorsal medial prefrontal cortex
(dmPFC), dorsal anterior cingulate cortex/cingulate cortex, rostral anterior cingulate cortex (rACC),
occipital cortex, and insula/operculum, showed significant smoking cue-elicited activity in smokers
when compared with controls and were subjected to secondary analysis for resting state functional
connectivity (rsFC), structural, and tonic neuronal activity. rsFC strength between rACC and dlPFC
was positively correlated with the cue-elicited activity in dlPFC. Similarly, rsFC strength between
dlPFC and dmPFC was positively correlated with the cue-elicited activity in dmPFC while rsFC
strength between dmPFC and insula/operculum was negatively correlated with the cue-elicited
activity in both dmPFC and insula/operculum, suggesting these brain circuits may facilitate the
response to the salient smoking cues. Further, the gray matter density in dlPFC was decreased in
smokers and correlated with cue-elicited activity in the same brain area, suggesting a neurobiological
mechanism for the impaired cognitive control associated with drug use. Taken together, these results
begin to address the underlying neurobiology of smoking cue salience, and may speak to novel
treatment strategies and targets for therapeutic interventions.
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Introduction
Cigarette smoking is one of the most common preventable causes of death and disease in the
United States (Fellows et al., 2002). Approximately 80% of smokers who try to quit smoking
relapse within the first month and only about 3% remain abstinent for six months (Hughes et
al., 1992). The model offered by Tiffany (1990; 2000) suggests that the main reason for the
high relapse rate seen in smoking and other addictions may not be due to drug-stimuli induced
conscious craving for the drug, but rather the induction of an automatized, at least in part,
subconscious, drug-seeking drive state which, when coupled with an impaired ability to
control/inhibit this impulse after addiction has developed (Garavan and Hester, 2007), may
lead to continued drug-use. Therefore, a deeper understanding of addiction-related neural
responses to and mechanisms underlying drug-related cues is important for the development
of more efficacious addiction treatments.

A growing body of neuroimaging have examined the neural basis of smoking cue reactivity.
While there is considerable variability in regions identified, likely due to differences in study
population (active smokers, those attempting to quit, abstinent vs. smoking ad lib, gender, etc.)
and differences in cue presentations (video, pictures, scripts/guided imagery, multimodal
stimuli, etc.), most studies have identified core brain regions related to identification of salient
stimuli, attention and motor preparation. Anterior cingulate cortex (ACC), prefrontal cortex
(PFC), and such sub-cortical areas as amygdala are the most commonly reported loci of
activation. Additional regions in occipital, parietal, and temporal lobes have also been reported
studies (David et al., 2005; Due et al., 2002; Franklin et al., 2007; Lee et al., 2005; McClernon
et al., 2008b; Smolka et al., 2006).

These brain areas are thought to play distinct roles in the cue response process. For example,
Phillips et al., (2003) proposed that when exposed to salient affective/motivational cues (e.g.,
smoking-related stimuli to smokers), brain areas in a ventral system, including the rostral ACC
and insula, activate to engage emotional/motivational identification processes, while brain
areas in a dorsal system, including the dorsal PFC and dorsal ACC, play a role in emotional/
motivational regulation. Of course, fMRI studies of cue responsivity can only identify those
brain areas that are phasically responsive to salient stimuli; they cannot identify long-term,
tonic drug-induced brain changes or pre-existing differences that may underlie the observed
phasic activity to acute stimuli presentations.

Previous studies have found significantly reduced frontal cortex gray matter volume and/or
density in chronic cigarette smokers when compared to nonsmokers (Brody et al., 2004;
Gallinat et al., 2006). Further, resting regional cerebral blood flow (CBF) is lower in smokers
compared to non-smokers (Kubota et al., 1983). However, whether these relatively static brain
markers are related to or are reflective of specific smoking cue reactivity, general smoking-
related neuronal alterations, or indeed have a causative relationship to smoking is still not clear.
Therefore, the first objective of this study was to examine the relationship between smoking
cue-induced activity and underlying tonic neurobiological features including brain gray matter
density (as measured by voxel-based morphometry; VBM) and resting neuronal activity (as
measured by resting CBF). It was hypothesized that smoking cue-induced phasic fMRI activity
in smokers would correlate with tonic local alterations in resting neuronal activity and/or local
gray matter density.

Nicotinic receptors are known to modulate anatomically and neurochemically widespread
neuronal systems (Gotti et al., 2009). As such, potential chronic smoking-induced neuronal
alterations might also be expected to have anatomically disparate loci, including brain areas
involved in smoking cue processes (Mansvelder et al., 2006). Therefore, our second objective
was to examine potential circuit level alterations in chronic smokers and their relationship to
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regional, phasic smoking cue activation. Synchronized spontaneous fluctuations in the resting-
state fMRI signal are thought to reflect anatomically constrained, intrinsic, dynamic
interactions between brain regions (Vincent et al., 2007). Resting state functional connectivity
(rsFC) maps have been observed in specific brain circuits (Albert et al., 2009; Greicius,
2008; Waites et al., 2005), alterations of which have been demonstrated in such disorders as
Alzheimer’s disease, schizophrenia, major depression and epilepsy (reviewed by Greicius,
2008). Although rsFC does not, by definition, measure brain activation during task
performance, the strength of such resting connectivity has been demonstrated to predict
performance on behavioral tasks requiring that circuit (Anticevic et al., 2010; Hampson et al.,
2006; Kelly et al., 2008; Tambini et al., 2010). Therefore, rsFC was employed to determine
possible circuit level characteristics of chronic smokers. It was hypothesized that brain areas
activated by phasic smoking cues will exhibit altered rsFC in chronic smokers and that rsFC
will be related to cue-induced activity.

While rsFC has been shown to be anatomically constrained (Greicius et al., 2009), it
nevertheless does not provide direct anatomical information. We therefore employed diffusion
tensor imaging (DTI), a neuroimaging technique that assesses white matter integrity by
measuring the freedom of water movement. We previously found prefrontal white matter
integrity alterations related to cigarette smoking (unpublished). Therefore, our third objective
was to examine whether smoking-related impaired prefrontal white matter integrity is
associated with prefrontal rsFC strength alterations and/or phasic regional smoking cue-elicited
activity. It was hypothesized that there is a direct link between these anatomical and functional
measures.

Materials and Methods
Participants

Data were collected from 22 smokers (11 females; mean (±SD) age: 31.0±9.4; range: 21 to 50)
and 22 age and gender matched controls (10 females; mean age: 29.6±7.0; range: 21 to 42).
Smokers used cigarettes for an average of 12.0±7.3 years (range: 2 to 28 years) and smoked a
mean of 21.1±4.3 cigarettes/day (range: 15 to 30), with an average Fagerström Test for Nicotine
Dependence (FTND) score of 5.4±1.9 (range: 3 to 10) and an average lifetime cigarette usage
of 12.7±7.5 pack-years (range: 1.5 to 27). Smokers were required to not smoke for at least two
hours before their MRI session and compliance was monitored by a member of the study team.
A urine sample was collected and assessed for common drugs of abuse (TRIAGE®) before the
scanning session. Participants were excluded if they had any major medical illnesses, current
major psychiatric disorders, neurological illnesses, or if their T1 weighted images revealed
gross structural abnormalities. No participants had a history of dependence (current or past)
on any drug other than nicotine based on the computerized Structured Clinical Interview for
DSM-IV, drug use survey and clinical interview.

All participants gave written informed consent to protocols approved by the NIDA-IRP
Institutional Review Board and were compensated for their participation. Cue-elicited and
resting Arterial Spin Label (ASL) cerebral blood flow (CBF) scans were obtained from all
subjects along with DTI and anatomical T1 data. Resting state BOLD fMRI data were obtained
on all but four smokers and four controls.

Experimental Paradigm
In a block design paradigm, participants were presented with two kinds of visual cues, i.e.,
smoking-related and neutral pictures. The neutral pictures were similar in content to the
smoking-related ones, but absent any smoking-related properties (Figure 1). All pictures were
selected from those of Mucha et al., (1999) and the International Smoking Image Series (Gilbert
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and Rabinovich, 1999). In each of two scanning runs within a single scanning session, thirteen
30s blocks, consisting of six cue and seven interspersed fixation/resting blocks, were presented
(Figure 1). Each cue block consisted of 10 corresponding pictures, each presented for 1s with
a 2s fixation gap, about 5°X5° visual angle. No subjective measurements (e.g., craving self-
report) were collected during scanning because it has been proposed that to do so would engage
top-down appraisal processes that would likely alter neural activity reflecting the automatic
consequence of the smoking-related emotional stimuli (Ochsner and Gross, 2005;Taylor et al.,
2003), which was the main focus of this study. The order of the neutral and the smoking-related
blocks was counter-balanced across the participants.

Data acquisition
Experiments were performed on a Siemens 3T Allegra MRI scanner equipped with a standard
RF birdcage head coil to acquire the neuroimaging data. A pulsed ASL sequence (Luh et al.,
1999; Wong et al., 1997) was used to quantify perfusion changes associated with brain
activation in response to the visual stimuli. Eleven oblique 8mm thick axial slices encompassed
most of the brain. Some parietal areas were not covered in some participants. The PASL
parameters are as follows: the gap between the labeling slab and the proximal slice=10mm,
TI1=700ms, TI1 stop-time=1300ms, TI2=1400ms, with crusher bipolar gradients switched
between slice excitation and readout to reduce signal from large vessels. Further parameters
were: TE/TR=15ms/3000ms, number of measurements=130/run, imaging matrix=64×64,
FOV=220mm×220mm, partial (6/8) Fourier acquisition, BW=3004Hz/Px, echo
spacing=0.4ms. Whole-brain T1-weighted structural images (MPRAGE) (1-mm3 isotropic
voxels, TE/TR=4.38ms/2500ms, FA=8°) were acquired for anatomical reference and VBM
analyses. A resting-state BOLD fMRI scanning run was acquired using a gradient-echo EPI
sequence (150 volumes, TE/TR=27ms/2000ms, FA=80°, FOV=220mm×220mm, imaging
matrix=64×64; 33 5mm-sagital slices in one smoker and two controls and 39 4mm-axial slices
in the others). DTI data were acquired using a single-shot, spin-echo echo-planar imaging
technique (TE/TR=87ms/5000ms, BW=1700Hz/Pixel, FOV=220mm×220mm, imaging
matrix=128x128, 35 slices, thickness=4mm, b value= 0 and 1000s/mm2). Thirteen unique
volumes were collected to compute the tensor: a b=0s/mm2 image and 12 images with diffusion
gradients applied in 12 noncollinear directions (Gx, Gy, Gz: [1.0, 0.0, 0.5], [0.0, 0.5, 1.0], [0.5,
1.0, 0.0], [1.0, 0.5, 0.0], [0.0, 1.0, 0.5], [0.5, 0.0, 1.0], [1.0, 0.0, −0.5], [0.0, −0.5, 1.0], [−0.5,
1.0, 0.0], [1.0, −0.5, 0.0], [0.0, 1.0, −0.5], [−0.5, 0.0, 1.0]). Participant head movement was
minimized by the use of soft foam padding, a vacuum bag, and/or hardened polyurethane foam.

Whole brain analysis for ASL fMRI data
Functional imaging data were analyzed with the Analysis of Functional Neuro-Images (AFNI)
software package (Cox, 1996). After motion and acquisition time corrections, perfusion-
weighted image series were generated by pair-wise subtraction (i.e., the effective TR is 6s.) of
the label and control images (Liu and Wong, 2005), followed by conversion to absolute CBF
based on Equation 1. The CBF data were subjected to a whole brain 2×2 repeated-measures
analysis of variance (ANOVA) with group (smoker and control) as a between-subjects factor
and cue (smoking and neutral) as a within-subject factor.

(1)*

*:ΔM is the difference signal (control–labeled); M0b is the fully relaxed magnetization of
arterial blood†; TI1=0.7s, TI2=1.4s, and T1b=1.613s (the T1 decay time for labeled blood at 3
T (Lu et al., 2004)). †: M0b is calculated from the steady-state signal of the control images.
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Secondary ROI analysis
Clusters showing significant interaction (FWE corrected p<0.05) between cue (smoking vs.
neutral) and group (smokers vs. controls) in the whole-brain ASL results were considered as
regions of interest (ROIs) and subjected to secondary analyses with an uncorrected threshold
of p=0.05, which was chosen to reflect the exploratory nature of the post-hoc analyses. Age
and gender were used as covariates for all correlation analyses in this secondary analysis.

Smoking cue-elicited changes in CBF [smoking-neutral] derived from the smoking and neutral
cue conditions were averaged across voxels in each ROI from the corresponding blocks. Signal
from the first effective TR in each block was removed to minimize the effects of hemodynamic
delay. A paired t-test was applied to the CBF data between the smoking and the neutral cue
conditions in smokers to determine if the whole brain analysis [cue X group] result reflected,
at least in part, differential activation in smokers to smoking cues. Additional exploratory
correlations were performed between cue-elicited CBF changes and lifetime cigarette usage
and FTND.

Based on our first hypothesis, resting neuronal activity (in the form of resting CBF) and brain
structure (gray matter density) were calculated for each ROI in each participant and compared
between controls and smokers via group t-tests. The resting CBF was calculated from fixation
blocks in the ASL scans. Similar to cue-elicited CBF data, the first effective TR in each block
was also removed. The gray matter density was calculated as described below from T1-
weighted structural data via FSL-VBM, a voxel-based morphometry analysis package
(Ashburner and Friston, 2000). First, structural images were skull stripped and then tissue
segmented into gray matter, white matter and CSF. The resulting gray matter partial volume
images were aligned to standard space using an affine registration with the Image Registration
Toolkit (Rueckert et al., 1999). The resulting images were averaged to create a study-specific
template to which the native gray matter images were non-linearly re-registered. The registered
partial volume images were then modulated (to correct for local expansion or contraction) by
the Jacobian of the warp field and then smoothed with an isotropic Gaussian kernel with
FWHM=8mm.

To test whether resting CBF and gray matter density were related to cue-elicited phasic CBF
changes, Pearson’s correlation analyses were performed in each ROI between the cue-elicited
CBF values (smoking-neutral condition) and both gray matter density and resting CBF.
Additional exploratory correlations were performed between these measures and lifetime
cigarette usage and FTND.

Based on our second hypothesis, rsFC strength was calculated between different cue-activated
ROIs using resting-state BOLD fMRI data via AFNI and MATLAB (The MathWorks, Inc.).
First, volumes were slice-timing aligned and motion corrected. After linear detrending of the
time-course of each voxel, volumes were spatially normalized and resampled to Talairach
space at 2×2×2mm3 and temporally low-pass filtered (f cutoff =0.1Hz) (Cordes et al., 2001).
The time courses from all voxels in each ROI were averaged in each participant, followed by
Pearson’s correlation analyses between the different ROIs. Fluctuations unlikely to be relevant
to neuronal activity were regressed out as covariates including the six rigid head-motion
parameter time-courses and the average time-courses in white matter and CSF (Fox et al.,
2005; Lund et al., 2006). Correlation coefficients were transferred to z scores and then
compared between groups and correlated to smoking cue-elicited CBF in corresponding ROIs
and correlated with lifetime cigarette usage and FTND in exploratory within-smoker group
analyses.

DTI analysis was based on tract-based spatial statistics (TBSS) (Smith et al., 2006), an
automated, observer-independent method to allow group-wise comparisons, employed with an
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improved fractional anisotropy (FA) alignment method (Geng et al., 2009). According to the
method of Pierpaoli et al., (1996), FA images were created by fitting the raw diffusion data to
a tensor model. All FA datasets were simultaneously registered onto an implicit reference
corresponding to the group average using implicit reference-based group (IRG) registration
(Geng et al., 2009). Compared with conventional methods, which register each group image
to a selected reference, the IRG registration eliminates the bias associated with reference
selection and produces smaller registration error. All FA datasets were then transformed into
standard space using an affine transformation. The mean FA image was built to create a mean
FA skeleton via FSL (Smith et al., 2004). This skeleton represents the centers of all tracts
common to the group. Each participant’s aligned FA data were then projected onto this
skeleton.

Because our previous smoking-related FA results (unpublished) and the observed alterations
in smoking cue-related rsFC strength (see Results) suggest only frontal cortex involvement, a
frontal white matter skeleton mask was created and group comparisons with permutation-based
testing (Nichols and Holmes, 2002) were performed within this mask to address our third
hypothesis. The FA values from clusters showing significant group difference were averaged
and correlated to the smoking cue-elicited CBF changes in frontal ROIs and the rsFC strengths
between the corresponding ROIs.

Results
Whole brain CBF analysis of smoking cue provocation

Six clusters showed a significant (p<0.005 (F value>8.76) combined with a minimum cluster
size of 1226 mm3 yields an FWE corrected p<0.05) interaction between group (smoker vs.
control) and cue (smoking vs. neutral) from the whole brain ANOVA analysis. These clusters
include bilateral dorsal medial prefrontal cortex (dmPFC), right dorsal lateral prefrontal cortex
(dlPFC), bilateral dorsal anterior cingulate cortex/cingulate cortex (dACC/CC), right middle
occipital gyrus (MOG), left insula/operculum (including operculum temporale into superior
temporal gyrus and operculum frontoparietale into postcentral gyrus and inferior parietal)) (I/
O) and bilateral rostral anterior cingulate cortex (rACC) (see Figure 2, Table 1). Data from
each of these ROIs were used in subsequent secondary analyses.

Secondary ROI analyses
Smoking cue-elicited CBF phasic activity—The averaged CBF for each cue identified
ROI during each of the cue conditions in both groups are listed in Table 2. There was a
significant CBF increase in smokers to the smoking cue compared to the neutral cue condition
in all six brain regions (see Table 2). Lifetime cigarette usage was positively correlated with
the cue-elicited CBF change (smoking–neutral) in the rACC (r[18]=0.53, p=0.017; Figure 3A)
and negatively related to that in the dlPFC (r[18]= −0.46, p=0.042; Figure 3B). There was no
significant correlation between smoking cue-elicited CBF and FTND in any ROI.

Resting CBF and gray matter density—To address our first hypothesis, gray matter
density and baseline neuronal activity (i.e. resting CBF) and their relationship to smoking cue-
elicited phasic CBF in each ROI were calculated (Table 3 and 4). Significantly lower resting
CBF was found in the I/O (t[42]= −2.83, p=0.007), the rACC (t[42]= −2.79, p=0.008), and the
dACC (t[42]= −2.15, p=0.037) in smokers compared to controls. There were no significant
associations between resting CBF and the phasic smoking cue-elicited CBF changes, lifetime
cigarette usage or FTND (see Table 3). Further, the gray matter density in dlPFC in smokers
was significantly lower (t[42]= −2.62, p=0.012) than in controls and was positively correlated
with smoking-related CBF cue changes (r[18]=0.54, p=0.013; Figure 3C), with a trend towards
a negative correlation with lifetime cigarette usage (r[18]= −0.43, p=0.060). The gray matter
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in the I/O in smokers was also lower in controls (t[42]= −2.07, p=0.045). No other group
differences or correlations were seen.

RsFC—In reference to our second hypothesis, rsFC strength between the dlPFC and rACC
was positively correlated to the cue-elicited CBF change in the dlPFC (r[14]=0.64, p=0.007;
Figure 4A), while the rsFC strength between the dmPFC and dlPFC was positively related to
the smoking cue-elicited CBF change in dmPFC (r[14]=0.62, p=0.010; Figure 4B). Further,
rsFC strength between the dmPFC and the I/O was negatively correlated with the smoking cue-
elicited CBF change in both dmPFC (r[14]= −0.55, p=0.027; Figure 4C) and I/O (r[14]= −0.55,
p=0.026; Figure 4D). No group differences or additional significant correlations were found
(Table 5).

White matter integrity (DTI)—Consistent with our previous observations (unpublished),
one cluster located in the left prefrontal area showed significantly lower FA in smokers than
in controls (uncorrected p=0.005 and volume=45mm3 (yields an FWE corrected p=0.034),
Talairach coordinate: x=19.5mm, y=−38.1mm, z=10.2mm; see Figure 5A). To address our
third hypothesis, correlations between the FA data averaged from this cluster and the rsFC
strength between frontal ROIs and phasic cue-elicited CBF activity in frontal ROIs were
calculated. This regional FA was significantly correlated with the rsFC strength in controls
between dACC and dmPFC (r[14]=0.59, p=0.015; Figure 5B) and between the dmPFC and
the dlPFC (r[14]=0.53, p=0.036; Figure 5C). Finally, this FA reduction was not correlated with
any other rsFC circuit between any of the frontal ROIs in either smokers or controls, nor did
it correlate with phasic smoking cue-elicited activity in any frontal ROI in smokers (Table 6).

Discussion
In this study, we measured changes in regional cerebral blood flow (CBF) while both smokers
and non-smokers were exposed to smoking-related and matched neutral pictures. We found
six brain areas that showed greater smoking cue-elicited activity in smokers, including dorsal
medial prefrontal cortex (dmPFC), right dorsal lateral prefrontal cortex (dlPFC), dorsal anterior
cingulate cortex/cingulate cortex (dACC/CC), right middle occipital gyrus (MOG), left insula/
operculum and rostral anterior cingulate cortex (rACC). Using these 6 functionally identified
ROIs as nodes in a rsFC analysis, we found that the connectivity strength between rACC and
dlPFC was positively correlated with subsequent cue-elicited activity in dlPFC, while the rsFC
strength between dlPFC and dmPFC was positively correlated with cue-elicited activity in
dmPFC. Further, the rsFC strength between dmPFC and insula/operculum was negatively
related to cue-elicited activity in both dmPFC and insula/operculum. In addition, gray matter
density in the dlPFC was lower in smokers compared to controls and positively related to
smoking cue-elicited activity in the same brain area. Further, lifetime exposure to cigarettes
was correlated to smoking cue-elicited activity in dlPFC and rACC. Finally, prefrontal FA was
reduced in smokers while resting CBF was reduced in three ROIs. Insofar as these secondary
ROI analyses were not corrected for multiple comparisons, they should be considered
exploratory. However the network and relationships they reveal are intriguing (see Figure 6).
The implications of these results are discussed below.

Smoking cue-elicited CBF phasic changes
Six brain regions (dlPFC, dmPFC, dACC/CC, rACC, MOG, and insula/operculum, see Figure
2) demonstrated a significant increase in activation to cue presentation that was both group
(smoker vs. control) specific and cue (smoking vs. neutral) selective. These functionally
identified clusters were subjected to secondary ROI analysis (discussed below) in the present
study partially because previous studies (David et al., 2005;Due et al., 2002;Franklin et al.,
2007;Lee et al., 2005;McClernon et al., 2008b;Smolka et al., 2006) have not reported consistent
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results. For example, Franklin et al., (2007) and Lee et al., (2005) reported brain networks that
had almost no overlapping areas. Lee et al., (2005) found activation almost entirely cortically
located, including the prefrontal cortex, anterior cingulate gyrus, and supplementary motor
area, while Franklin et al., (2007) reported predominantly sub-cortical areas, including ventral
striatum, amygdala, hippocampus and medial thalamus. Further, McClernon et al. (2008b) and
Smolka et al. (2006) both looked at correlations between smoking cue-evoked fMRI and
FTND, and reported opposite results.

While there are many possible explanations for these discrepancies, different experimental
paradigms (event-related design vs block design), neuroimaging tools (BOLD vs ASL), subject
smoking status (ad lib smoking, time of abstinence), and/or data analysis method, are likely
contributory. Indeed, Franklin et al., (2007) and Due et al., (2002) only analyzed data from a
priori-selected brain areas, not from whole brain. In particular, Franklin et al., (2007) employed
10-minutes video/audio clip, which likely activated circuits distinct from those processing
discrete pictures presented for only 5 sec by Lee et al., (2005). We also used a brief, discrete
stimulus (1 sec in the present study), and interestingly, we too see predominantly cortical
activation, with very similar regional distribution. Cue duration and the embedded context
(complex in a video, discrete and isolated for a picture) likely activate and maintain (or not)
different attentional networks that can have dramatic profound effects on cue processing.

The difference roles of these brain areas during smoking-related cue process may also help
explain the disparate literature. Based on a prominent model of emotional processing (Phillips
et al., 2003), these six brain areas may be divided into two groups, a ventral and a dorsal system.
The ventral system, including rostral ACC and insula (and possibly opercular and occipital
gyrus), has been implicated in emotional/motivational identification processes, and their
activation in this study may thus reflect the motivational salience engaged in smokers by the
smoking cues. The dorsal system, which includes the dorsal medial/lateral PFC and dorsal
ACC, is thought to play a role in motivational regulation, suggesting that response regulatory
resources, perhaps including response inhibition, are being engaged in response to smoking
cues, especially inasmuch as subjects seeing these cues were required to remain in the scanner
and in the lab for some time and could not freely act upon any cue-induced drive state.

Further, since McClernon et al., (2008a) and David et al., (2007) found that acute nicotine
abstinence significantly alters BOLD activation to smoking cue in cigarette smokers, and since
smokers in the current study were not permitted to smoke for at least 2 hours before scanning,
our observed [smoker-nonsmoker] differences may reflect not only the learning-induced
enhanced salience of the cues to smokers, but also the acute effects of very early nicotine
withdrawal. Notably, the CBF difference between the smoking and neutral cue conditions in
the rACC in smokers was positively correlated to total lifetime nicotine exposure, but not to
FTND, a measure of addiction severity (Heatherton et al., 1991), suggesting a potential
smoking-related compensation and/or learning effect.

Relationship between phasic cue activity and functional network/anatomical alterations
In an attempt to identify underlying structural and tonic functional brain alterations that might
help explain the acute cue responses reported above, we performed exploratory correlation
analyses between the phasic cue responses, rsFC circuits and gray matter density alterations.
Each is discussed below.

Relationship between rsFC and smoking cue-induced phasic activation—It has
recently been suggested that the strength of rsFC circuits reflect the ability to engage those
circuits during active task processing and may thus serve as surrogates for behavioral
performance and/or learning-induced plasticity. For example, motor learning modulates
fronto-parietal resting state networks (Albert et al., 2009) and the performance on a language
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task affects resting state networks in regions associated with language (Waites et al., 2005).
Further, Anticevic et al., (2010), Tambini et al., (2010), and Hampson et al., (2006) also
reported that rsFC between posterior cingulate cortex, hippocampus, and frontal cortical
regions can predict performance on working memory tasks.

In the present study, the rsFC strength between dlPFC and rACC was positively correlated
with the increased phasic smoking cue activity magnitude in the dlPFC itself, suggesting that
this circuit is engaged when a smoker is processing smoking cues. The rostral ACC belongs
to the affective division of the cingulate cortex and is engaged by emotionally laden tasks in
both normal healthy volunteers and in those with psychiatric disorders such as depression and
drug dependence (Bush et al., 2000). Previous studies (Bush et al., 2000; Posner et al., 2007)
have shown that the ventral/rostral ACC receives motivational/emotional information from
sub-cortical regions (e.g., amygdala) and then transfers this information to and receives
modulations from such higher-level cortical regions as the dlPFC. Further, convergent evidence
supports a role for the dlPFC in cognitive control processes, including regulation of affective
information induced by affective/emotional cues (reviewed by Badre, 2008; Phillips et al.,
2003). Therefore, the positive correlation between rsFC strength of a dlPFC-rACC circuit and
the increased dlPFC response to smoking cues suggests that this brain circuit is involved in
processing the enhanced salience of smoking cues in smokers, most likely by regulating the
salience-identifying response of the rACC. This raises the interesting possibility that
connectivity in this circuit might be a potential target for therapeutic interventions.

Similarly, smoking cue-elicited activity in dmPFC was correlated to rsFC strength between
dmPFC and dlPFC in smokers, further supporting a role for a dorsal PFC network in processing
salient cues. It has been suggested that the dlPFC and dmPFC/ACC play different roles in
cognitive control processes (Ridderinkhof et al., 2004), with the dmPFC/ACC involved in
performance monitoring (e.g., cue-elicited arousal or motivation monitoring during cue
provocation), while the dlPFC plays a role in subsequent performance control adjustments
(e.g., arousal control/inhibition or action/motivation induced by cues). The positive
connectivity strength between monitoring and control adjustment brain systems and their
correlation with activity following cue presentation in the monitoring system component
suggests a role for this circuit in salient cue processing.

Further, the rsFC strength between dmPFC and insula/operculum was negatively correlated
with the phasic smoking cue activity magnitude in both dmPFC and insula/operculum. As
discussed above, dmPFC plays a role in cue-elicited arousal or motivation monitoring. The
insula is a key neural structure for representing the interoceptive effects of drug use, which are
associated with conscious cue-induced urges (reviewed by Naqvi and Bechara, 2009). Naqvi
et al., (2007) observed that cerebrovascular strokes in smokers limited to the insula lead to a
profound reduction in post recovery smoking behavior and craving for cigarette. Further,
previous studies also reported that the operculum (in particular opercular/SII) plays an
important role in somatosensory and pain responding (Craig et al., 1996; Mazzola et al.,
2006) and is related to anticipation of palatable food intake and consumption (Stice et al.,
2009). The latter result appears consistent with our findings in that craving induced by cues is
an anticipation of future consumption of a desirable commodity (cigarettes). Although the
relationship of the dmPFC to the insula/operculum is not yet well understood, greater
connectivity in the current study was associated with less cue reactivity in both regions,
implying a sort of mutual inhibition of cue reactivity. Intriguingly, there was a trend towards
a positive correlation between rsFC in the insula/operculum-rACC circuit and cue reactivity
in the rACC (p=0.056), pointing to a possible mechanism for this region to influence (or be
influenced by) cue reactivity in those prefrontal regions related to salience detection that is
regulated by connectivity between insula and dmPFC, thus completing a brain circuit (i.e.,
rACC to dlPFC to dmPFC to insula to rACC) involved in smoking-related cue process.
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Intriguingly and contrary to our hypothesis, while the cue provocation led to increased phasic
activation in smokers, the rsFC strength in the above circuits did not differ between smokers
and controls. It is thus possible that the rsFC relationship with regional cue-related activation
may not be unique to smoking-related information per se, but rather a response characteristic
of appetitive/motivational stimuli in general, of which smoking-related information in smokers
is only one of many such categorical stimuli. As there were no appetitive/motivational stimuli
presented to our subjects (e.g. appetitive food cues), this hypothesis cannot be tested using the
current dataset, but would be of interest for future studies.

dlPFC in nicotine dependence—The dlPFC gray matter density was significantly lower
in smokers compared to controls, which is consistent with previous reports (Brody et al.,
2004; Gallinat et al., 2006) that also found a negative correlation with lifetime cigarette
consumption. We also observed a similar negative correlation, but at a trend level (p = 0.060).
Brody et al (2004) suggest that such group differences in dlPFC gray matter might reflect the
cumulative effects of thousands of cigarette cue presentations or the pharmacological or
neurotoxic properties of cigarettes. Given convergent data suggesting that smoking damages
PFC functions (Ernst et al., 2001; Jacobsen et al., 2005) and the positive correlation of cue-
induced activation with gray matter density (i.e., more ‘normalized’ gray matter density is
associated with more activation to cues), it is possible that dlPFC activation to cues may reflect
engagement of control systems to deal with the appetitive cue response, which weaken with
extended exposure to cigarettes.

In further support of this interpretation, the dlPFC has been implicated in, among other
functions, cognitive control and/or inhibitory processes, including regulation of information
induced by affective/emotional cues (Badre, 2008; Phillips et al., 2003). Recently, Artiges et
al., (2009) reported that smoking cues trigger an adaptive top-down process, e.g., cue-induced
craving may induce inhibitory processing in smokers involving the right dlPFC. Further, dlPFC
gray matter has been found to correlate positively to the inhibitory control necessary to perform
the Stroop task (Haldane et al., 2008). We observed cue-induced activity in rACC that increases
with lifetime exposure to cigarettes, while dlPFC cue-induced activity decreased with lifetime
exposure, and is related to the strength of rsFC between rACC and dlPFC. In addition, dlPFC
gray matter density trended towards a negative correlation with lifetime exposure, a result
already demonstrated by several other groups. Taken together, a picture starts to emerge of
possible loss of dlPFC regulation of cue responsivity in rACC related to continuous smoking
behavior. The rACC cue response thus grows due to loss of descending regulatory input which,
based on the relationship between rsFC and cue-induced activation, likely involves a circuit
from rACC to dlPFC to dmPFC to insula/ST to rACC. Taking into account the exploratory
character of our statistical analysis, this conclusion needs further empirical testing, perhaps
using effective connectivity analysis.

Tonic brain differences unrelated to smoking cues
Finally, we identified a white matter cluster in the prefrontal lobe that was significantly reduced
in smokers (Figure 5A), using a recently developed voxel-wise DTI analysis method (Geng et
al., 2009; Smith et al., 2006). Further, the impaired prefrontal white matter integrity in this
region was significantly correlated with rsFC strength between the dACC/CC and the dmPFC
and between the dmPFC and the dlPFC in nonsmokers, suggesting that the absence of such a
relationship in smokers may reflect the absence of coherence between white matter and rsFC
that is normally present. Since FA in this cluster did not correlate with phasic cue-elicited
activity in dACC/CC, dmPFC or dlPFC, the reduced FA is not likely to be specific to smoking
cue reactivity. However, because the rsFC between dmPFC and dlPFC was significantly
correlated to smoking-related cue activity (in smokers) and this FA cluster (in nonsmokers),
this prefrontal white matter impairment may indirectly influence smoking-related cue
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processes via general smoking-related alterations in prefrontal areas, e.g., inhibition or control
functions.

Further, rACC, insula/operculum and dACC/CC showed significantly lower resting CBF in
smokers. This result is consistent with previous reports (Kubota et al., 1983; Siennicki-Lantz
et al., 2002) of lower regional CBF in frontal and temporal regions in smokers. Interestingly,
Kosten et al., (1998) and Pezawas et al., (2002) found a similar CBF decrease in mixed cocaine-
alcohol and opioid users, respectively. The coupling between neuronal activity, metabolism
and CBF is the basis of most functional neuroimaging methods (Villringer and Dirnagl,
1995; Wong et al., 1997). Therefore, lower regional CBF likely reflects lower tonic neural
activity in smokers and is consistent with a previous study demonstrating reduced frontal brain
metabolism in cocaine addicts (Volkow et al., 1992). Further, Peoples et al., (2007) reported
that not only did prolonged cocaine self-administration reduce tonic accumbal neural activity
in rats, short-term drug exposure was still able to increase activity in the same area, providing
a potential mechanism underlying a similar CBF pattern in the present study, wherein we
observed increased phasic cue-induced activity in the face of tonic decreased resting neural
activity in the same areas.

While it is most likely that the resting CBF findings reflect lower tonic neural activity in
smokers, one cannot eliminate potential alternative effects of chronic cigarette smoke and/or
nicotine on rCBF regulatory mechanisms, vessel alterations due to embolism and/or vascular
injury, alterations in blood viscosity or oxygen levels, and/or neuronal morphological
alterations (Mathew and Wilson, 1991). A number of factors would argue against such ‘non-
specific contributors to the observed signal changes. For example, reduced gray matter density
was seen only in insula/operculum and dlPFC, limiting any morphological contributions to the
regional effects reported. Further, although all our participants presented to scanning sessions
with normal hematocrit and oxygen saturation levels, chronic smoking, perhaps due to elevated
CO levels or other constituents in tobacco smoke, may nevertheless have damaged local
cerebral vasculature (Leone, 2007). However, Murphy et al (2006) report that neuronal
activity-BOLD coupling remains unchanged in chronic smokers and thus does not support an
interpretation of ‘non-specific’ effect of nicotine and/or cigarette smoke on blood flow or
alterations in coupling. As such, we suggest that alterations in resting CBF, rsFC and phasic
CBF alterations to salient smoking pictures reported herein, accurately reflect alterations in
neuronal activity.

Limitations and Conclusion
Several potential limitations of the present study merit consideration. As pointed out earlier,
no direct behavioral measure of cue induced craving or drug seeking or control over this drive
state were collected. According to Tiffany’s (2000) ‘cognitive process’ model, the drug-
seeking drive elicited by cues becomes automatized, suggesting that drug-related stimuli
presented in the current study should have resulted in an enhanced drive state. We elected not
to gather craving ratings, as our primary focus was on neural responses to cues, and the very
act of rating can alter such responses (Ochsner and Gross, 2005; Taylor et al., 2003). While
this approach allowed us to assess neural responding to the cues unencumbered by other
psychological processes, we have no measure that participant’s paid attention to the cues, or
even looked at them. However, based on the commonality of regions we obtained and those
seen in other cue reactivity studies, it would appear that subjects were compliant with task
instructions, but there is no definitive verification of this in our design. Another limitation is
the absence of smoking cue-elicited activity in sub-cortical areas, including the amygdala,
hippocampus and nucleus accumbens is curious, as these regions have been reported in one or
more drug-related cue studies (David et al., 2005; Franklin et al., 2007; Grant et al., 1996; Kilts
et al., 2001; McClernon et al., 2007). Partial volume-induced signal reductions due to the
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relatively thick 8mm slices used in the ASL acquisition may help explain this null result. It is
also possible, however, that, due to the complex interactions cited above for controlling
responding to salient cues, some cues responses were obscured. Future connectivity studies,
both at rest and during cue exposure, might help clarify this issue. Finally, multiple comparison
correction was not employed in the secondary ROI analyses, reflecting the exploratory nature
of this approach. As such, our findings should be seen as preliminary, with a large sample
replication with more focused hypotheses warranted.

In conclusion, the present study attempted to expand our understanding of the neural basis for
the enhanced salience of cues in chronic smokers by applying multi-modal imaging techniques
to extend traditional differential activation to smoking cues. We found numerous changes in
PFC, especially dlPFC, in smokers along with decreases in resting CBF, gray matter density,
and the relationship between rsFC strength and phasic cue response magnitude. While
considered preliminary, many of our findings are consistent with the extant literature,
suggesting candidate neural circuitry underlying smoking cue responses along with changes
in the circuitry with repeated smoking and daily environmental cue exposure. Understanding
the changing role of the dlPFC and overall alterations in PFC function may be fruitfully applied
in developing clinical strategies to assist with smoking cessation.
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Figure 1.
Experimental paradigm of an ASL scanning run
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Figure 2.
Significant interactions (FWE corrected p<0.05, i.e., uncorrected p<0.005 and minimal
volume=1226mm3) between group (smokers vs. controls) and stimulus cue type (smoking vs.
neutral). 1: bilateral dorsal medial prefrontal cortex (dmPFC), 2: right dorsal lateral prefrontal
cortex (dlPFC); 3: bilateral dorsal anterior cingulate cortex/cingulate cortex (dACC/CC)), 4:
right middle occipital gyrus (MOG), 5: left Insula/operculum, and 6: bilateral rostral anterior
cingulate cortex (rACC).
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Figure 3.
A. The smoking cue-elicited CBF change in rACC was positively correlated with lifetime
cigarette usage (pack-years). B. The smoking cue-elicited CBF change in dlPFC was negatively
correlated with lifetime cigarette usage (pack-years). C. The smoking cue-elicited CBF change
in dlPFC was positively correlated with gray matter density in the same area. All data were
corrected for age and gender.
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Figure 4.
A. The rsFC strength between dlPFC and rACC was positively correlated with the smoking
cue-elicited CBF change in dlPFC. B. The rsFC strength between dmPFC and dlPFC was
positively correlated with smoking cue-elicited CBF change in dmPFC. C. The rsFC strength
between dmPFC and Insula/operculum was negatively correlated with smoking cue-elicited
CBF change in dmPFC. D. The rsFC strength between dmPFC and Insula/operculum was
negatively correlated with smoking cue-elicited CBF change in Insula/operculum. All data
were corrected for age and gender.
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Figure 5.
A. The red cluster illustrates the significant FA difference between smokers and controls. The
blue area is the prefrontal mask (based on the skeleton data). Because our previous results
(unpublished) and all significant rsFC circuits were located in prefrontal cortex, only FA data
within this prefrontal mask were included in the analysis. B. FA in this prefrontal cluster shown
in A was positively correlated with the rsFC strength between dmPFC and dACC in non-
smokers. C. FA in this prefrontal cluster shown in A was positively correlated with the rsFC
strength between dmPFC and dlPFC in non-smokers. All data were corrected for age and
gender.
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Figure 6.
Summary of the correlations between functional connectivity, gray matter density, and lifetime
cigarette usage to smoking cue-elicited CBF changes in smokers. The smoking cue-elicited
CBF change in dlPFC was positively correlated to the rsFC between dlPFC and rACC,
negatively with lifetime cigarette usage, and positively with gray matter density. The smoking
cue-elicited CBF change in dmPFC was positively correlated to the rsFC between dlPFC and
dmPFC and negatively with the rsFC between dmPFC and Insula/operculum. The smoking
cue-elicited CBF change in Insula/operculum was negatively related to the rsFC between
dmPFC and Insula/operculum. The smoking cue-elicited CBF change in rACC was positively
associated with lifetime cigarette usage. Note, these hypothesized circuits and relationships
should be considered exploratory.
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Table 6

Correlation between FA in the frontal cluster and rsFC strengths between frontal ROIs

Control Smoker

r p r p

dmPFC to rACC 0.16 0.561 0.42 0.102

dlPFC to rACC −0.25 0.349 −0.20 0.453

dACC/CC to rACC 0.45 0.078 0.13 0.643

dmPFC to dlPFC 0.53 0.036 0.39 0.134

dmPFC to dACC/CC 0.59 0.015 −0.11 0.686

dlPFC to dACC/CC 0.01 0.962 −0.31 0.237
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