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Abstract
Background—Brain dysfunction in prefrontal cortex (PFC) and dorsal striatum (DS) contributes
to habitual drug use. These regions are constituents of brain networks thought to be involved in
drug addiction. To investigate whether networks containing these regions differ between nicotine
dependent female smokers and age-matched female non-smokers, we employed functional MRI
(fMRI) at rest.

Methods—Data were processed with independent component analysis (ICA) to identify resting
state networks (RSNs). We identified a subcortical limbic network and three discrete PFC
networks: a medial prefrontal cortex (mPFC) network and right and left lateralized fronto-parietal
networks common to all subjects. We then compared these RSNs between smokers and non-
smokers using a dual regression approach.

Results—Smokers had greater coupling versus non-smokers between left fronto-parietal and
mPFC networks. Smokers with the greatest mPFC-left fronto-parietal coupling had the most DS
smoking cue reactivity as measured during an fMRI smoking cue reactivity paradigm. This may
be important because the DS plays a critical role in maintaining drug-cue associations.
Furthermore, subcortical limbic network amplitude was greater in smokers.

Conclusions—Our results suggest that prefrontal brain networks are more strongly coupled in
smokers, which could facilitate drug-cue responding. Our data also are the first to document
greater reward-related network fMRI amplitude in smokers. Our findings suggest that resting state
PFC network interactions and limbic network amplitude can differentiate nicotine-dependent
smokers from controls, and may serve as biomarkers for nicotine dependence severity and
treatment efficacy.
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1. Introduction
Drug addiction is a complex, difficult to treat brain-based disorder. A number of studies
have identified key brain regions thought to participate in addiction disorders, such as the
nucleus accumbens (NAc), which has been a main focus of addiction research due to its role
in processing initial drug reward (Di Chiara and Imperato, 1988). Other brain regions such
as the dorsal striatum (DS) and prefrontal cortex (PFC) also are thought to play critical roles
in addiction disorders because they help maintain compulsive drug use (Everitt and Robbins,
2005; Goldstein and Volkow, 2002; 2011). However, increasing evidence suggests that
groups of brain regions, e.g., brain networks, act in a coordinated manner to moderate
addiction-related behaviors. For example, cortical-striatal interactions have been implicated
as playing a role in habitual drug use (Graybiel, 2008), suggesting that network-level
abnormalities may contribute to addiction.

Brain functional networks can be readily observed using functional magnetic resonance
imaging (fMRI). Traditional fMRI research typically measures brain function during task
performance. However, brain networks can be observed at rest as groups of regions with
blood-oxygen level dependent (BOLD) signals that spontaneously fluctuate in a highly
correlated manner. Networks demonstrating this behavior, also termed resting state networks
(RSNs), are associated with many known brain systems including visual, sensorimotor, and
auditory systems, and include areas involved in reward and possibly in addiction (e.g.,
Beckmann et al., 2005; Biswal et al., 1995; Fox et al., 2007; Hampson et al., 2002; Lowe et
al., 1998; Smith et al., 2009). RSNs can be observed during sleep and anesthesia and have
been interpreted to reflect a fundamental, intrinsic property of functional brain organization
(Greicius, 2008; Horovitz et al., 2008; Vincent et al,, 2007; 2008). Thus, evaluating RSNs
can provide information regarding inherent brain function that may help identify networks
key to addiction-related behaviors, which may be diagnostically or therapeutically useful.

RSNs have been assessed in studies of smoking addiction. However, past research focused
on nicotine-induced changes in the default mode network (DMN) and separately evaluated
non-smokers (Tanabe et al., 2011) and abstinent smokers (Cole et al., 2010). Previous
comparisons of functional connectivity between smokers and non-smokers did not evaluate
RSNs, but focused on connectivity patterns of circumscribed brain regions (Hong et al.,
2009). Our work differs by identifying differences between smokers and non-smokers
within brain networks thought to be important in addiction disorders. We focused on four
addiction-related networks that overlapped with RSNs reported elsewhere (Laird et al.,
2011; Smith et al., 2009): a subcortical network that included the dorsal and ventral striatum,
and three prefrontal networks containing regions thought to be abnormal in drug users
(Goldstein and Volkow, 2002; 2011) a mPFC network that included the ACC, OFC, and
mPFC, and individual right and left lateralized fronto-parietal networks that included lateral
frontal and posterior parietal regions. We hypothesized that network interactions would
differ between smokers and controls, and that such differences would correlate with
smoking-related measures such as nicotine dependence, recent smoking, and dorsal striatal
fMRI cue reactivity to smoking versus neutral images (Janes et al., 2010). We focused on
DS fMRI reactivity to smoking cues, because the dorsal striatum appears to be involved in
maintaining reactivity to drug associated cues (Porrino et al., 2004; See et al., 2007; Volkow
et al., 2006), and DS cue reactivity has been described as possibly representing “the neural
basis for the habitual link between conditioned cues and smoking behavior “ (Yalachkov et
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al., 2009, pg. 4926). In addition, DS cue reactivity is potentiated during smoking abstinence
(McClernon et al., 2009) and does not seem to be blunted by smoking cessation treatment
with nicotine replacement therapy (Janes et al., 2009). Thus, determining relationships
between DS cue reactivity and addiction-related RSN functional connectivity may help
clarify whether resting state intrinsic brain function is related to habitual responding to drug
cues.

2. Methods
2.1 Subjects

Twenty-nine women, 13 nicotine-dependent smokers and 16 age- and sex-matched healthy
controls, underwent neuroimaging at McLean Hospital. Smokers were screened and referred
from a smoking cessation clinical trial at Massachusetts General Hospital (MGH,
NCT00218465). Smokers reported consuming ≥10 cigarettes/day in the last 6 months, met
DSM-IV criteria for current nicotine dependence, and had expired air carbon monoxide
(CO)>10 ppm (Bedfont Micro IV Smokerlyzer, Bedfont Scientific, Kent, England) at
screening. Nicotine dependence also was assessed with the Fagerstrom Test for Nicotine
Dependence (FTND) Fagerström, (Fagerström, 1978). Smokers were not abstinent at the
time of fMRI scanning and were allowed to smoke until shortly before the study visit.
Healthy nonsmoking controls were recruited at McLean Hospital and were required to have
an expired CO ≤ 5ppm. Thirteen of the 16 non-smokers never smoked a cigarette, two
smoked < 2 packs of cigarettes in their lifetime approximately 30 years previously, and one
smoked < 10 packs of cigarettes 14 years previously. Subjects were excluded if they had any
of the following conditions as assessed by the Structured Clinical Interview for DSM
(SCID): alcohol use disorder and/or major depressive episode in the past 6 months, lifetime
DSM-IV diagnosis of organic mental disorder, bipolar disorder or any schizophrenia
spectrum disorder or current unstable medical illness. Subjects also were excluded for
pregnancy, current psychotropic drug use, or recent illicit drug or excessive alcohol use
(QuickTox 11 Panel Drug Test Card, Branan Medical Corporation, Irvine California; Alco-
Sensor IV, Intoximeters Inc., St. Louis, MO). The smoking cessation clinical trial from
which smokers were referred involved an investigational medication not approved for use in
men; thus only women were enrolled. McLean Hospital and MGH institutional Review
Boards approved this study.

2.2 Functional Neuroimaging
Scans were acquired on a Siemens Trio 3 Tesla scanner (Erlangen, Germany) with a
circularly polarized (CP) head coil. Multiplanar rapidly acquired gradient-echo (MPRAGE)
structural images (TR=2.1 sec, TE=2.7 msec, slices=128, matrix=256×256, flip angle=12,
resolution= 1.0×1.0×1.33 mm) and gradient echo echo-planar fMRI images (EPI; TR=2 sec,
TE=30 msec, matrix=64×64, field of view=224, flip angle=75, slices=30, resolution=3.5mm
isotropic with 0mm gap) were acquired. Resting state and cue-reactivity task activation data
were acquired during separate runs in a single scan session. During the 10-minute resting
state fMRI scan subjects were asked to remain still with their eyes open, and to remain
awake. The same fMRI acquisition parameters were used for the smoking cue-reactivity
study to assess DS fMRI reactivity to smoking-related and neutral images (Janes et al.,
2010).

2.3 fMRI Resting-state Independent Components Analysis
We used independent component analysis (ICA), a data-driven approach, for delineating
RSNs that were comprised of brain regions implicated in drug abuse. Independent
component analysis was conducted using tools from the Functional Magnetic Resonance
Imaging of the Brain (FMRIB) Software Library (FSL; www.fmrib.ox.ac.uk/fsl). Functional
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data pre-processing included: motion correction with MCFLIRT (Jenkinson et al., 2002),
brain extraction using BET (Smith, 2002), spatial smoothing with a Gaussian kernel of full-
width half-maximum 6mm and high-pass temporal filter with Gaussian-weighted least-
squares straight-line fitting with σ = 100s. Registration of the functional EPI volumes to
each individual subject’s high-resolution MPRAGE image and registration MPRAGE to the
MNI152 2mm3 standard space template (Montreal Neurological Institute, Montreal, QC,
Canada) were both done using FLIRT. All subjects’ four-dimensional time-series data were
transformed into standard space at 2×2×2 mm resolution using the registration
transformation matrices. To identify the set of resting state networks common to all subjects,
the resampled functional data from the16 controls and 13 smokers were temporally
concatenated and a multivariate group probabilistic ICA (PICA) was conducted using FSL
MELODIC (Beckmann et al., 2005; Beckmann and Smith, 2004). To investigate large-scale
RSNs, the dimensionality was fixed to 35, to prevent RSN splitting into finer parcellations
of large-scale RSNs. However, this dimensionality is lower than the optimal dimensionality
that would be estimated by the PICA algorithm. Thus, to ensure stable convergence of the
ICA, the ICA was run 8 times followed by a meta-level ICA fed by all of the spatial maps
from the 8 decompositions (Smith et al., 2009). This meta ICA was conducted to identify the
set of independent components, including both resting state networks and artifact-related
components, that were common to all subjects. Through comparison with brain networks
reported previously (Laird et al., 2011; Smith et al., 2009) the resulting independent
component maps were visually inspected to identify a subcortical network, a mPFC
network, and left and right fronto-parietal networks (see Fig. 1). These RSNs then were
compared between smokers and non-smokers. We assessed 1) between-network measures,
which evaluate the functional connectivity between the 4 defined RSNs and 2) within-
network measures, which assesses both the functional connectivity between each individual
RSN and all voxels within the whole brain and fMRI signal amplitude within each of the 4
defined RSNs.

2.4 Dual Regression
To investigate RSN behavior, subject-specific fMRI time courses and spatial maps
corresponding to each group independent component (IC) must be estimated as they reflect
variability in RSNs that may distinguish smokers from non-smokers. To calculate these time
courses and spatial maps, we used a dual regression approach (Beckmann et al., 2009; Cole
et al., 2010; Filippini et al., 2009). In the first stage of dual regression, the full set of group
ICs, which include all RSNs and artifact components, are used in a multiple spatial
regression against each individual subject’s dataset to estimate the average time course of
voxels in each RSN. By including all of the ICs in the multiple regression, any voxel with
contributions from multiple signal sources (for example, from coupling with an RSN and
from motion effects) will have these effects “partialled out” into their separate contributions
by the multiple regression prior to the averaging. The subject-specific time courses were
normalized to unit variance and then used in a second multiple regression against the
individual subject’s dataset, to identify voxels correlated with each of the RSN time courses,
thus identifying the spatial map unique to the subject. These maps of partial regression
coefficients reflect both the strength of an individual voxel’s time course relative to the IC
time course (e.g., amplitude), as well as the correlation between the individual voxel’s time
course and the IC time course, or the degree of integration of that voxel into the network.
Conversion of these maps into semi-partial correlations will result in spatial maps that
reflect a pure measure of coherence, which provides a second metric of within-network
functional connectivity.
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2.5 Network Interaction Comparisons Between Smokers and Non-Smokers
Correlation coefficients (Pearson’s r) were computed between the individual subject time
courses for each of the four RSNs of interest that were generated by the first stage of the
dual regression procedure. These correlation coefficients were then Fisher z-transformed and
unpaired t-tests were conducted to compare between-network connectivity in smokers and
non-smokers. P-values less than 0.01 were considered significant. As smokers, relative to
non-smokers, exhibited greater coupling only between the mPFC and left fronto-parietal
networks, we assessed whether this greater coupling was correlated with CO level, nicotine
dependence severity, and DS fMRI reactivity to smoking cues. One-way correlation
analyses (Pearson’s r) were performed to directly assess relationships between tobacco
smoking variables and mPFC- left fronto-parietal network interactions.

2.6 Within Network Functional Connectivity Differences: Smokers Versus Non-Smokers
To assess within-network functional connectivity differences between smokers and non-
smokers, subject-specific spatial maps from stage two of the dual regression were probed in
a voxel-wise manner using a linear model contrast in a multiple regression general linear
model (GLM) framework. We assessed group functional connectivity differences by
comparing both RSN within-network coherence and amplitude using the partial regression
coefficient and partial correlation coefficient spatial maps that were output from stage 2 of
the dual regression. Partial correlation maps were z-transformed prior to GLM analyses
using the Fisher r to z transformation. For both metrics, the subject-specific spatial maps
corresponding to each of the four networks of interest were collected across subjects into
four separate 4-dimensional files (one per original component map, with the fourth
dimension being subject). These maps were assessed for group differences in within-
network functional connectivity using non-parametric permutation testing (FSL Randomise;
Nichols and Holmes, 2002; Smith et al., 2004) with cluster-based thresholding corrected for
multiple comparisons by using the null distribution of the maximum cluster size (across the
image). The cluster-forming threshold was z=2.3, and a family-wise error corrected
threshold of p<0.01 was used to define clusters showing significant differences in
connectivity (Hayasaka and Nichols, 2003). Similar to the between-network analysis
conducted in smokers, we also evaluated associations between smoking relevant measures
(CO, nicotine dependence severity, and DS fMRI reactivity to smoking vs. neural images)
and within-network RSN functional connectivity. To assess whether between-network
associations differed between smokers and non-smokers we conducted a repeated measures
analysis of variance (ANOVA) with six within factors corresponding to correlations
between each of the 4 RSNs. These analyses were conducted using the same strategy as
above using separate models that individually included CO, FTND, or cue-reactivity as
covariates (cue-reactivity analysis described below). These associations were family-wise
error corrected to p<0.01.

2.7 Cue-reactivity
During the scan day, smoking-related DS cue reactivity was collected just prior to resting
state measures. Smoking cue reactivity was then analyzed using BrainVoyager QX 1.10.4 as
described in our previous work (Janes et al., 2010). Images were slice-time corrected,
motion corrected, spatially smoothed (6-mm Gaussian kernel), resampled to 3mm isotropic
voxels, and spatially normalized into Talairach space (Talairach and Tournoux 1988). Beta-
weights for the smoking > neutral image contrast were extracted from right and left anterior
caudate nuclei that overlapped with DS areas known to exhibit drug cue-induced dopamine
increases (Volkow et al., 2006). The anterior caudate portion of the DS also receives
prefrontal input and in electrophysiological studies has been shown to respond to
environmental cues prior to behavior initiation (Rolls et al,1983). The anterior caudate DS
ROIs were comprised of two cubes centered around Talairach coordinates (Talairach and
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Tournoux 1988): x= ± 10, y = 15, z = 9, and x = ± 11, y = 5, z =14, equaling a total volume
of 427mm3 (shown in Supplemental Figure 11). The general linear model used to assess
smoking > neutral cue-reactivity included motion confound regressors and task-related
regressors (smoking, neutral, animal target images) convolved with the two-gamma
hemodynamic response function. Beta-weights were averaged across all voxels within each
ROI and these averaged values were correlated with within and between RSN measures to
assess relationships between RSNs with DS smoking cue-reactivity.

3. Results
3.1 Subject Demographics

Controls were 42.4 (+/− 10.8; s.d) years old and smokers 39.9 (+/− 10.1) years old, and there
was no age difference between groups (t27 = 0.71, p =0.47). The average FTND score in
smokers was 5.5 +/− 2.3. Expired CO in smokers was 18.6 +/− 8.1 ppm at the time of fMRI
scanning, and in non-smokers was 1.1 +/− 1.3 ppm.

3.2 Addiction-related RSNs
We identified four addiction-related networks that were common to smokers and non-
smokers: 1) the right fronto-parietal network, which includes the anterior cingulate cortex
(ACC), medial frontal cortex, right dorsolateral prefrontal (DLPFC) cortex, bilateral insula
extending into the putamen, right temporal cortex, and portions of parietal cortex 2) the left
fronto-parietal network, which includes the bliateral caudate nucleus with a larger extent on
the left, left DLPFC, bilateral insula with a larger extent on the left, left inferior frontal
gyrus, left dorsal ACC extending to the medial frontal gyrus, and portions of left temporal
and parietal cortex. 3) The subcortical limbic network, which includes the entire striatum
and extends into the thalamus, brainstem, hippocampus, and amygdala. 4) The mPFC
network, which includes the bilateral ACC, medial PFC/OFC and extends into rostral
portions of the striatum. These networks have been reported previously in healthy
individuals (Smith et al., 2009) and are shown in Figure 1.

3.3 Network differences between Smokers and Non-Smokers
We found a significant main effect of between-network correlation (F5, 135 = 10.7, p <
0.001) and a significant interaction effect between between-network correlation and subject
group (F5, 135 = 3.7, p = 0.003). A post-hoc t-test revealed that relative to non-smokers,
smokers exhibited a greater correlation between the mPFC and left fronto-parietal networks
(t=2.8, p = 0.009; Figure 2). Smokers also exhibited greater subcortical limbic network
amplitude within the network. In comparison to non-smokers, the subcortical limbic network
in smokers had greater amplitude in bilateral regions including the ventral striatum
(including the nucleus accumbens (NAc), the caudate nucleus, putamen, thalamus, globus
pallidus, amygdala, and hippocampus (pcorrected =0.01, Figure 3).

3.4 Network correlations in smokers
In smokers, increased coupling between the mPFC network and the left fronto-parietal
network was correlated with left DS reactivity to smoking vs. neutral images (r > 0.55, p <
0.03, Figure 4) and FTND scores (at a trend level, r > 0.46, p < 0.057). When assessing
within-network functional connectivity, we found that greater left caudate cue reactivity was
positively correlated with greater functional connectivity of the mPFC network with several
left-lateralized brain regions including: the insular cortex, inferior frontal gyrus (IFG),

1The supplemental figure can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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orbital frontal cortex (OFC), caudate, putamen, hippocampus, posterior cingulate cortex
(PCC), precuneus, and the right thalamus (p < 0.01, Figure 5).

4. Discussion
Our results indicate that intrinsic resting state brain networks comprised of frontal and
striatal regions differ between smokers and non-smokers on measures of network coupling
and within-network amplitude. This finding is consistent with prior work showing that
frontal and striatal regions play key roles in compulsive drug use (for review see: Everitt and
Robbins, 2005; Goldstein and Volkow, 2002; 2011).

Relative to non-smokers, smokers exhibited greater coupling between the mPFC and left
fronto-parietal networks. In smokers, this coupling was positively correlated with left DS
reactivity to smoking cues, and (at a trend level) with nicotine dependence severity. We did
not find any association between network coupling and CO levels, so it seems unlikely that
smokers’ enhanced mPFC-left fronto-parietal coupling was due to physiological effects of
CO or recent smoking.

In smokers, heightened DS cue reactivity was associated with greater mPFC-left fronto-
parietal network coupling. Since RSNs were evaluated at rest following exposure to
smoking-related stimuli, one interpretation of this finding is that enhanced mPFC-left
fronto-parietal network coupling in smokers (versus non-smokers) may be related to the role
brain regions in these networks play in cue reactivity, reward prediction, and cue-induced
action planning. In this regard, medial prefrontal regions (part of our mPFC network) encode
information both of the value of reward-predicting cues (Kahnt et al., 2010; 2011) and the
perceived probability of obtaining a reward (Knutson et al.,2005). The DLPFC (which is
part of our left fronto-parietal network) has been linked with value-based choices (Kahnt et
al., 2010) and medial and lateral PFC regions code both for actual and predicted rewards
(Kahnt et al., 2010). The left fronto-parietal network also includes brain regions involved in
action planning such as the inferior frontal gyrus (IFG), (Johnson-Frey et al., 2005).
Enhanced mPFC-left fronto-parietal coupling in smokers suggests that cue exposure may
increase communication between cue-evaluative and action planning brain regions. This
could facilitate responses to reward predictive cues.

Both the left fronto-parietal and mPFC networks included anterior caudate regions, which
overlap with the DS ROI we used to evaluate cue reactivity. The anterior caudate
involvement in both frontal networks is consistent with prior studies showing that the head
of the caudate nucleus receives prefrontal input (Lehéricy et al., 2004; Rolls et al., 1983).
Further, cortical-striatal interactions have been implicated in habitual behavior (for review
see: Graybiel, 1995; Packard and Knowlton, 2002) including habitual drug use (Gerdeman
et al., 2003; Graybiel, 2008). Like several of the regions in our frontal brain networks
discussed previously, the DS is involved in reward prediction (Kahnt et al., 2011). The DS
also is involved in selection of appropriate actions following conditioned learning (Atallah
et al., 2007), suggesting that prefrontal-DS interactions play a critical role in responding to
reward-predictive cues such as those associated with smoking.

While the between-network analysis described above identified group differences in mPFC-
left fronto-parietal network coupling, we did not find group differences in mPFC coupling
with other regions of the brain. However, we did find that DS cue-reactivity in smokers was
strongly associated with mPFC coupling with several brain regions that overlapped with the
left fronto-parietal network. These brain regions included the IFG and DS (discussed above)
as well as the left insular cortex. The insula is of interest since it is highly reactive to
smoking stimuli (Versace et al., 2011) and it is thought to play a role in the maintenance of
smoking (Naqvi et al., 2007) and smoking relapse vulnerability (Janes et al., 2010).
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Furthermore, the insular cortex has been described as an area linking the limbic and motor
control systems (Ackermann and Riecker, 2004). Thus, in combination with other cue-
evaluative and action planning brain regions in the mPFC network, the insula could
contribute to behavioral responses to smoking cues, especially in highly cue reactive
smokers.

Relative to non-smokers, smokers also exhibited greater amplitude within the subcortical
limbic network, which contains brain regions involved in primary reward processing. This
suggests that while the subcortical limbic network is anatomically similar in smokers and
non-smokers, amplitude within the subcortical limbic network is enhanced in smokers.
Resting state amplitude is thought to reflect neuronal activity, whereby an increase in
amplitude may indicate greater local neuronal activity (Yang et al., 2007). The relationship
between resting state amplitude and neuronal activity suggests that, relative to non-smokers,
smokers may have greater intrinsic neuronal activity in the subcortical limbic network at
rest. This enhancement is consistent with preclinical reports showing that nicotine induces a
persistent increase in the baseline sensitivity of brain reward systems (Kenny and Markou,
2006; Kenny et al., 2008). Additionally, behavioral clinical studies indicate that a single
dose of nicotine increases sensitivity to non-drug rewards (Barr et al., 2008). Thus, the
greater subcortical limbic network amplitude we found in smokers relative to non-smokers
may represent a chronic nicotine-induced increase in baseline reward-system sensitivity.
Subcortical limbic network amplitude was not correlated with any smoking-related covariate
(CO, nicotine dependence, or DS cue reactivity). However, future work is needed to
determine whether subcortical limbic network amplitude is associated with more direct
measures of reward sensitivity.

4.1 Limitations
A limitation of this study is that resting state measures were conducted only a few minutes
after smoking-cue exposure. Since cognitive task performance can impact subsequent
measures of RSN function (Albert et al., 2009), it is possible that group RSN differences
may have been a consequence of group differences in reactivity to smoking-related cues. An
important next step will be to determine whether drug cue exposures influence subsequent
RSN measures and whether any cue-induced changes in RSNs relate to clinical measures.
Another limitation of this study is that only women smokers were included, so we cannot
determine whether our findings generalize to men. While we plan to include men in future
studies, smoking cue reactivity studies in women are important because women tend to be
more reactive to smoking-related cues (Field and Duka, 2004; Perkins et al., 2001).

4.2 Conclusions
Our results suggest that mPFC-left fronto-parietal network coupling differs in smokers and
non-smokers, and in smokers, network characteristics appear to be associated with clinical
(FTND) and neurobiological (smoking cue fMRI reactivity) measures of addiction. Our
findings also suggest that inter-PFC network coupling could be a biomarker for enhanced
cue reactivity and nicotine dependence severity. We also showed greater amplitude of
resting state activity in smokers at rest. To our knowledge, this is the first report of a
smoking associated with greater reward-related network activity. Additional research is
needed to determine whether this greater limbic network amplitude reflects a trait or a state
(e.g., a function of recent nicotine use as suggested by preclinical research, (Kenny and
Markou, 2006). We plan future studies to evaluate RSN changes following smoking
cessation treatment to determine whether RSN measures reflect treatment efficacy.
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Figure 1. Addiction-Related RSNs defined by the Group ICA
1) Right fronto-parietal network, 2) Left fronto-parietal network 3) The subcortical limbic
network 4) The mPFC network.
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Figure 2. Left fronto-parietal and mPFC Network Correlation Differences between Smokers and
Non-Smokers
Relative to non-smokers, smokers had greater coupling between the Left fronto-parietal and
mPFC networks at rest, *p < 0.01.
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Figure 3. Limbic Network Activation Differences Between Smokers and Non-Smokers
Green voxel highlighting indicates the subcortical limbic network RSN defined by the group
ICA and shown in Figure 1. The orange overlay shows voxels in smokers exhibiting greater
subcortical limbic network amplitude relative to non-smokers.
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Figure 4. Dorsal Striatal Cue Reactivity is associated with mPFC-left fronto-parietal network
coupling
Within smokers, mPFC and left fronto-parietal network coupling was positively correlated
with left dorsal striatal (caudate nucleus) reactivity to smoking vs. neutral images. The x-
axis represents mPFC-left fronto-parietal network correlations while the y-axis shows beta-
weights for dorsal striatum smoking vs. neutral image reactivity. Dotted lines represent 95%
confidence intervals. Dorsal striatal region of interest is shown in supplemental figure 1.
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Figure 5. mPFC Network Correlations Associated with Dorsal Striatal Cue Reactivity
The green voxel highlighting indicates the mPFC network RSN defined by the group ICA
and shown in Figure 1. mPFC network coupling with the brain regions marked with yellow
voxels is correlated with dorsal striatal cue reactivity.
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