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The ventral and dorsal striatum are critical substrates of reward processing and motivation and have been repeatedly linked to addictive
disorders, including nicotine dependence. However, little is known about how functional connectivity between these and other brain
regions is modulated by smoking withdrawal and may contribute to relapse vulnerability. In the present study, 37 smokers completed
resting state fMRI scans during both satiated and 24-h abstinent conditions, prior to engaging in a 3-week quit attempt supported by
contingency management. We examined the effects of abstinence condition and smoking outcome (lapse vs non-lapse) on whole-brain
connectivity with ventral and dorsal striatum seed regions. Results indicated a significant condition by lapse outcome interaction for both
right and left ventral striatum seeds. Robust abstinence-induced increases in connectivity with bilateral ventral striatum were observed
across a network of regions implicated in addictive disorders, including insula, superior temporal gyrus, and anterior/mid-cingulate cortex
among non-lapsers; the opposite pattern was observed for those who later lapsed. For dorsal striatum seeds, 24-h abstinence decreased
connectivity across both groups with several regions, including medial prefrontal cortex, posterior cingulate cortex, hippocampus, and
supplemental motor area. These findings suggest that modulation of striatal connectivity with the cingulo-insular network during early
withdrawal may be associated with smoking cessation outcomes.
Neuropsychopharmacology (2016) 41, 2521–2529; doi:10.1038/npp.2016.56; published online 11 May 2016
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INTRODUCTION

Multiple brain regions are implicated in addictive disorders,
including tobacco dependence. In particular, the ventral
and dorsal striatum (VS and DS)—key nodes in a larger
functional network supporting reward valuation, incentive
salience, and motivated behavior—play a critical role in drug
reinforcement (Nestler, 2004) and the transition to compul-
sive drug use (Everitt and Robbins, 2005), respectively. Drugs
of abuse, including nicotine, act to increase extracellular
dopamine within the striatum, and with repeated exposure
are thought to ‘hijack’ natural reward circuitry by increasing
drive to obtain the drug (Volkow et al, 2009). Neuroimaging
studies of human smokers have consistently demonstrated
heightened blood oxygenation level dependent (BOLD)

response to smoking stimuli relative to neutral stimuli in
the striatum and other interconnected brain regions (Buhler
et al, 2010; David et al, 2005; Engelmann et al, 2012;
McClernon et al, 2009; Sweitzer et al, 2013). Furthermore,
alterations in striatal processing of smoking and other
rewarding stimuli have been associated with increased
craving (Sweitzer et al, 2013) and predict smoking behavior
(Versace et al, 2014; Wilson et al, 2014).
Despite the critical role of the striatum in addictive

disorders, including nicotine dependence, less is known
about how alterations in circuit-level function contribute to
smoking behavior and relapse vulnerability. The VS and DS
are heavily interconnected with multiple cortical and
subcortical regions, including the orbitofrontal and ventro-
medial prefrontal cortex, anterior cingulate cortex, amygdala,
thalamus, and anterior insula (Middleton and Strick, 2002;
Reynolds and Zahm, 2005; Wright and Groenewegen, 1996).
A growing literature has identified altered patterns of resting
state functional connectivity (rsFC) within mesocorticolim-
bic circuitry among drug-dependent individuals, including
smokers, relative to healthy controls (Sutherland et al,
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2012). Among smokers, reduced rsFC strength between the
striatum and dorsal anterior cingulate (dACC) is associated
with greater nicotine dependence severity (Hong et al,
2009, 2010), and DS activation to smoking stimuli is
positively correlated with rsFC strength across regions of
the prefrontal and parietal cortex (Janes et al, 2012). In
another study, enhanced connectivity during a smoking cue-
reactivity task within a network including the striatum,
dACC and insula, predicted decreased likelihood of lapse
(Janes et al, 2010).
Together, these findings suggest that variability in striatal

connectivity with cognitive control regions has important
implications for smoking behavior. However, little is known
about how striatal connectivity is modulated by withdrawal
or may impact cessation success. The impact of withdrawal
on brain function is particularly important given that most
smokers relapse during early stages of a quit attempt, when
withdrawal is heightened (Hughes, 2007). Recent evidence
suggests that connectivity between large-scale brain networks
is altered by abstinence from smoking (Cole et al, 2010;
Lerman et al, 2014; Wang et al, 2014); however, these studies
examined changes in global brain connectivity or large-scale
networks that did not explicitly include the striatum, so the
extent to which abstinence impacts striatal connectivity
with other brain regions is unknown. One study using a
seed-based approach to examine rsFC between the dACC
and striatum found no effect of nicotine administration
on connectivity between these regions; however, effects of
withdrawal were not examined (Hong et al, 2009). Further-
more, to our knowledge, no study has prospectively investi-
gated associations between abstinence-induced changes in
rsFC and the ability to abstain from smoking during a quit
attempt.
The present study examined (a) the effects of 24-h

smoking abstinence (compared with satiety) on rsFC using
a striatal seed-based connectivity analysis; and (b) whether
abstinence-induced changes in rsFC differed among smokers
who subsequently maintained abstinence compared with
those who lapsed during a 3-week quit attempt supported by
contingency management (CM). Based on prior studies
implicating attenuated connectivity with the dACC and
insula in nicotine dependence and relapse (Hong et al, 2010;
Janes et al, 2010), we hypothesized that 24-h abstinence
might further decrease rsFC strength between striatal seeds
and these regions, and that smokers who lapsed during CM
would exhibit weaker rsFC during 24-h abstinence relative to
satiety.

MATERIALS AND METHODS

Participants

Participants were eligible for study inclusion if they were
between 18 and 65 years old, reported smoking ⩾ 5 cigarettes
per day during the past year, had expired carbon monoxide
(CO) level of ⩾ 8 ppm, and were willing to make a quit
attempt. Exclusion criteria included self-reported psychiatric
illness or significant medical illness in the past year; reported
history of serious traumatic brain injury; current heavy drug
or alcohol use determined by self-report (drug use for 10+
days or 4 or more drinks per day for 10+ days in past 30);
positive urine drug screen or breath alcohol40.08; current

use of any psychotropic medication or other tobacco
products; interest in using smoking cessation medications;
pregnancy/lactation; head injury with loss of consciousness
in the past year; claustrophobia; and any known risk from
exposure to high-field strength magnetic fields. Because the
parent study involved a genetic component, participation
was restricted to Caucasians to minimize population
stratification. All participants provided informed consent,
and study procedures were approved by the University of
Pittsburgh Institutional Review Board.
Out of 56 individuals initially recruited, 12 withdrew from

the study prior to completion of fMRI sessions and 7 were
excluded from analyses due to technical issues (see
Supplementary Information). Participants included in ana-
lyses (n= 37) had a mean age of 33.6 (±12.5), had a mean
score of 3.5 (±2.4) on the Fagerström Test for Nicotine
Dependence (FTND) (Heatherton et al, 1991), and smoked
an average of 13.6 cigarettes per day (±6.1) for the past
14.0 (±11.1) years; 51% were female. Only two participants
endorsed illicit drug use in the past 30 days (marijuana and
hallucinogens, on two occasions).

Procedure

Screening session. Eligible participants attended an in-
person screening. Breath and urine samples were collected to
assess breath alcohol level, illicit drug use, and pregnancy.
Expired CO was assessed upon arrival and after smoking a
cigarette in the laboratory. To prevent exclusion of
participants who had not smoked recently prior to the visit,
the minimum CO inclusion criterion was satisfied if either
CO sample was greater than 8 ppm. Participants completed
questionnaires assessing demographics, medical and psy-
chiatric history, nicotine use history, and nicotine depen-
dence (FTND).

fMRI sessions. Participants completed two identical fMRI
sessions on separate days (mean of 16.6 days apart), once
following smoking ad libitum (‘satiated’) and once after
24-h abstinence (‘abstinent’). Session order was randomly
assigned; 16 participants (43%) completed the abstinent
session first. Abstinence was verified via self-report and
expired COo8 ppm or 50% reduction from baseline. Prior
to each scan participants underwent task training and
completed subjective measures, including a 4-item version
of the Questionnaire on Smoking Urges (QSU-4; Toll et al,
2006) and the Minnesota Nicotine Withdrawal Scale
(MNWS; Hughes and Hatsukami, 1986). The QSU-4 was
repeated immediately after the scans, which lasted 1 h.
During the satiated session, participants smoked a cigarette
immediately prior to the scan. During each fMRI scan
participants completed a rewarded guessing task (reported
separately; Sweitzer et al, 2016) followed by a 7-min resting
scan, during which they were instructed to close their eyes,
relax, and remain still.

Contingency management (CM). Following completion of
both fMRI sessions, participants made a smoking quit
attempt using an adapted internet-based CM procedure
(Dallery et al, 2013), allowing for remote biochemical verifi-
cation of smoking abstinence (see Supplementary Informa-
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tion). Briefly, participants uploaded videos of expired CO
twice per day during a 21-day period (3 days baseline and
18 day quit attempt). Samples meeting criteria for abstinence
were reinforced according to an ascending schedule during
the 18-day quit attempt. Non-abstinent or missing samples
were not reinforced. Of 37 total participants, 14 (37.8%)
maintained continuous abstinence throughout the proce-
dure; the remaining 23 (62.2%) lapsed during the quit
attempt (n= 21) or failed to achieve more than one
consecutive abstinent sample (n= 2). Consistent with pre-
vious studies and the Society for Research on Nicotine and
Tobacco’s working group definition of a slip (Hughes et al,
2003; Janes et al, 2010), lapse was defined as any smoking
after achieving an initial 24-h abstinence (ie, two consecutive
abstinent samples), determined by self-report and/or sub-
mission of a CO sample above the required cutoff for
abstinence. Smokers who lapsed smoked on an average of
45.6% of the days during the quit attempt. Subsequent
analyses were aimed at differentiating those who lapsed or
failed to initiate abstinence (lapse) from those maintaining
continuous abstinence (non-lapse).

Resting State Functional Connectivity

Imaging acquisition and preprocessing. BOLD functional
images were acquired using a 3.0 Tesla Siemens Allegra
scanner (Erlangen, Germany) with gradient EPI sequence
covering 34 interleaved axial slices of 3 mm thickness with
the following parameters: TR= 2 s; TE= 29ms; flip angle= 90°;
64 × 64 matrix with FOV= 20 × 20 cm. A T1-weighted
structural image was acquired using a three-dimensional
volume MPRAGE pulse sequence covering 176 axial slices of
1 mm thickness. Images were preprocessed using SPM8
(www.fil.ion.ucl.ac.uk/spm). Images were corrected for slice
timing effects and realigned to the mean functional image.
Structural images were segmented into native space gray
matter and coregistered to the mean of functional images.
Functional images were spatially normalized into Montreal
Neurologic Institute stereotactic space and resampled to a
voxel size of 2 × 2 × 2 mm. Images were smoothed with a
Gaussian filter set at 6 mm full-width at half-maximum, and
a high-pass filter (128 s) was applied. Artifact detection tools
implemented in SPM (www.nitrc.org/projects/artifact_detect)
were used to identify and adjust for image artifacts related
to intensity spiking and motion (see Supplementary
Information).

Data analysis. Band-pass filtering (0.008–0.09 Hz) was
applied to preprocessed resting-state images and physiolo-
gical and movement confounds were removed using a
component-based noise correction method implemented in
CONN: Functional connectivity toolbox (www.nitrc.org/
projects/conn) (Whitfield-Gabrieli and Nieto-Castanon,
2012). For each subject and session, Fisher Z-transformed
image maps were then created by calculating the correlation
coefficient of each voxel with the time-series of seed regions
of interest (ROIs). Anatomical striatal seeds were created
using previously defined ROIs (Sweitzer et al, 2013), and
included bilateral VS, encompassing the anterior portions of
the ventral caudate and putamen, as well as anterior globus
pallidus (Gianaros et al, 2011), and bilateral DS, defined
using the WFU_PickAtlas toolbox (www.ansir.wfubmc.edu)

to encompass the head, body, and tail of the caudate
(Maldjian et al, 2003) (Figure 1). In addition, to minimize
potential effects of movement and individual anatomical
differences, analyses were rerun using 5 mm spherical ROIs
centered at ± 10, 11, − 6 (for right and left VS), and± 11, 12,
10 (for right and left DS). Results were unchanged when
using spherical ROIs except where noted.

Hypothesis Testing

First-level Z maps created for each seed were submitted to
second-level random effects ANOVA for group analyses
conducted within SPM8. Effects of condition (abstinent vs
satiated) and lapse status (lapse vs non-lapse) on rsFC were
modeled with a 2 × 2 ANOVA, with condition entered as a
within-subjects factor and lapse status entered as a between-
subjects factor. Age, sex, cigarettes smoked per day, and
session order (ie, abstinent or satiated condition first) were
entered as covariates of no interest. Hypothesis testing was
conducted across the whole brain, encompassing a volume of
1 853 928 mm3 or 231 741 voxels. Corrections for multiple
comparisons were made using a combined cluster size and
individual voxel threshold method determined by Monte
Carlo simulations implemented in 3dClusterSim (AFNI). A
cluster of 212 voxels along with an individual voxel
significance level of po0.005 was required for an overall
corrected false-positive detection rate of Po0.01. For
activation clusters exhibiting a significant F-test, planned
contrasts were conducted within SPM to determine the
direction of effects. For selected clusters (discussed below),
the first eigenvariate was extracted for further analysis
within SPSS.

RESULTS

Behavioral Measures

Demographic and baseline smoking variables for lapsers and
abstainers are presented in Table 1. Lapsers did not differ
significantly from non-lapsers in terms of age, sex, years
daily smoking, or severity of nicotine dependence; lapsers
smoked significantly more cigarettes per day than non-
lapsers (t= 2.25, df= 35, po0.05).

Overall Patterns of Striatal Connectivity

The pattern of striatal connectivity throughout the brain was
first examined, collapsed across both condition and group.
As expected, robust connectivity was observed for both right
and left VS and DS seeds across multiple cortical and
subcortical regions (Supplementary Figure S1). Patterns of
connectivity for each seed region were similar to previous
reports (Di Martino et al, 2008; Porter et al, 2015).

Main Effects of Condition

Ventral striatum. Abstinence (relative to satiation) was
associated with reduced functional connectivity between the
left VS seed and superior frontal gyrus (Figure 1a and
Table 2). Abstinence did not increase connectivity between
the left VS and any other region, and connectivity with the
right VS was not modulated by condition.
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Table 1 Demographic and Baseline Smoking Variables for those Who Lapsed (Lapsers) Versus those Who Maintained Continuous
Abstinence (Abstainers) During Contingency Management

Variable Lapsers Mean (and SD) (n= 23) Abstainers Mean (and SD) (n= 14) t-value (df=35) p-value

Age 35.3 (12.7) 30.9 (12.1) 1.041 0.31

Sex (% female) 57% 43% 0.650a 0.42

FTND 3.8 (2.6) 3.0 (1.9) 1.108 0.28

Cigarettes smoked per day 15.1 (6.5) 11.1 (4.4) 2.253 0.03

Years daily smoking 16.2 (12.1) 10.5 (8.5) 1.526 0.14

Abbreviation: FTND, Fagerström Test of Nicotine Dependence.
aTest statistic for sex variable is Pearson χ2.

Figure 1 Main effects of abstinence on functional connectivity with the left ventral striatum (VS) (a), left dorsal striatum (DS) (b) and right DS (c). All
activation clusters reflect areas of decreased connectivity with VS and DS seeds during abstinence relative to satiation. Panels are displayed at x= − 4, y= − 8.
Colored bars reflect F-values. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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Dorsal striatum. For the left DS seed, 24-h abstinence was
associated with decreased functional connectivity with the
precuneus/posterior cingulate cortex (PCC) and the medial
prefrontal cortex (mPFC)—partially overlapping with re-
gions considered part of the default mode network (Figure 1b
and Table 2). Additionally, abstinence decreased connectivity
between the left DS and the left hippocampus and para-
hippocampal gyrus, supplemental motor area (SMA), and
right middle temporal gyrus. A similar but less extensive
pattern of decreased connectivity during abstinence relative
to satiation was observed for right DS seed (Figure 1c and
Table 2). Effects of abstinence for the right DS seed were
nonsignificant when using a spherical ROI.

Associations with CM Outcome

For all seed regions, there were no overall group differences
in connectivity between lapsers and non-lapsers. We then
examined the condition by lapse outcome interaction to
determine whether the magnitude of abstinence-induced
changes in connectivity with each seed region differed
between lapsers and non-lapsers. Results for each seed region
are reported below.

Ventral striatum. A significant condition by group inter-
action effect was observed for both right and left VS seeds
with regions including the bilateral superior temporal gyrus,
right insula (including dorsoanterior and posterior regions),
dACC and mid-cingulate cortex (MCC), and the right
inferior parietal lobule (Figure 2 and Table 3). Additional
regions of connectivity exhibiting this interaction pattern
were observed for the right VS seed with the left

dorsoanterior and posterior insula and SMA, and for the
left VS with the right thalamus, putamen, and parahippo-
campal gyrus, right inferior frontal gyrus, bilateral precu-
neus, PCC, and bilateral portions of occipital cortex. Follow-
up contrasts within SPM indicated that for all of these areas,
non-lapsers exhibited greater connectivity during abstinence
relative to satiety, compared with lapsers. In other words,
greater abstinence-induced increases in VS connectivity with
other corticolimbic regions was associated with better quit
outcomes during CM.

Dorsal striatum. For the right DS seed, a significant
condition by lapse interaction effect was found for a small
cluster in the dACC/MCC (Supplementary Figure S2).
Similar to the VS seeds, non-lapsers exhibited greater
connectivity during abstinence relative to satiety, compared
with lapsers. This effect was nonsignificant with the spherical
ROI. There were no significant interaction effects for the
left DS.

Follow-Up Analyses

Pairwise comparisons. Given that significant interaction
effects were observed in the right insula and dACC/MCC for
both right and left VS, and considering the relevance of these
regions for addictive disorders (Sutherland et al, 2012),
eigenvariates were extracted from clusters in the right insula/
superior temporal gyrus and dACC/MCC for each VS seed
(right and left) and plotted to examine the direction of the
observed interaction effects. As shown in Figure 2, among
non-lapsers, abstinence increased connectivity between the
right VS and MCC (t= 3.98, df= 13, po0.005) and right
insula (t= 4.33, df= 13, po0.001); by contrast, lapsers
exhibited a trend toward decreased connectivity between
right VS and MCC (t= − 1.97, df= 22, p= 0.06), with no
change in the right insula (t= − 1.72, df= 22, p= 0.10)
during abstinence relative to satiation. An identical pattern
was observed for connectivity with the left VS, except that
the decrease in left VS-MCC connectivity during abstinence
among lapsers was significant (t= − 2.12, df= 22, po0.05).

Associations with subjective measures. Using eigenvari-
ates extracted from interaction clusters described above,
we next examined whether abstinence-induced changes in
rsFC with each VS seed were associated with changes in
subjective craving and withdrawal symptoms. As previously
reported for this sample, abstinence increased self-reported
craving (t= 6.7, df= 36, po0.001) and withdrawal symptoms
(t= 3.7, df= 36, po0.001), and the magnitude of abstinence-
induced craving was greater for non-lapsers than for lapsers
(t= 2.7, df= 35, po0.05) (Sweitzer et al, 2016). Across
individuals, abstinence-induced craving (abstinence minus
satiation) was positively correlated with abstinence-induced
increase in rsFC between the right VS and right insula
(r= 0.43, po0.01) and right VS and MCC (r= 0.42, po0.01).
Similar correlations were found between self-reported
craving and rsFC with the left VS seed. There were no
associations between change in rsFC and change in with-
drawal symptoms.

Table 2 Areas of Decreased Functional Connectivity with VS and
DS During Smoking Abstinence

Region Voxels Location F-value

x y z

Left VS seed

Superior/medial frontal gyrus 1079 − 8 50 26 26.87

Left DS seed

L hippocampus/
parahippocampal gyrus

654 − 22 0 − 34 27.13

R middle temporal gyrus 464 58 0 − 20 24.81

Supplemental motor area 1305 6 − 22 52 17.99

Superior/medial frontal gyrus 1243 − 18 56 8 17.59

Precuneus/posterior cingulate 547 − 2 − 58 14 16.56

Right DS seed

Precuneus 391 − 2 − 58 12 17.39

L superior frontal gyrus 310 − 14 42 56 16.68

L angular gyrus 280 − 52 − 68 26 15.85

Supplemental motor area 345 − 10 − 22 70 13.96

Abbreviation: VS, ventral striatum.
Location refers to Montreal Neurological Institute coordinates for peak voxel of
each cluster.
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Connectivity analyses with functional ROIs. To examine
the specificity of interaction effects to the striatum, additional
confirmatory analyses were performed using MCC and right
insula seeds functionally defined based on preceding
connectivity analyses. Seeds for these regions included voxels
showing a significant condition by group interaction with
both right and left VS seeds, and whole-brain analyses were
repeated to determine the involvement of any circuits beyond
the ‘reverse’ pathways connecting back to the striatum. As
shown in Supplementary Figure S3, the expected condition by
group interaction effect was found for both cingulate and
insula seeds in the bilateral striatum encompassing bilateral
caudate and putamen and extending to ventromedial
prefrontal cortex, and for the MCC, to a small portion of
the brainstem. No interaction effects were observed for
connectivity between the insula and MCC, supporting the
specificity of these findings to connectivity with the striatum.

DISCUSSION

We used a seed-based approach to examine changes in rsFC
with the ventral and dorsal striatum as a function of 24-h

abstinence from smoking (relative to satiation), and whether
magnitude of pre-quit changes differed between lapsers vs
non-lapsers during a quit attempt supported by CM. We
observed robust abstinence-induced increases in connectivity
with right and left VS across a network of regions previously
implicated in addictive disorders, including the insula,
superior temporal gyrus, and anterior/mid-cingulate cortex;
however, this pattern was only observed among smokers
who maintained continuous abstinence during CM, while no
effect or the opposite pattern was observed for those who
lapsed. To our knowledge, this is the first demonstration of
differential changes in rsFC during 24-h abstinence asso-
ciated with quit outcomes. These findings suggest that
abstinence-induced increases in VS connectivity with cortical
regions implicated in cognitive and behavioral control may
be a marker for better cessation outcomes.
The anterior MCC/dACC and insular regions that

exhibited increased striatal connectivity during abstinence
among non-lapsers have been proposed to underlie a
‘core’ task-set system involved in goal-directed cognition
and intentional motor control (Dosenbach et al, 2006;
Hoffstaedter et al, 2013). Activity in these regions is thought
to reflect monitoring of the external environment and
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Figure 2 Patterns of functional connectivity with the left (a) and right (b) ventral striatum associated with a significant condition (abstinent vs satiated) by
lapse status (lapse vs abstainers) interaction. Colored bars represent F-values. Panels are displayed at x= − 2, y= 6, z= − 2. (c, d). Connectivity with the right
ventral striatum plotted by condition and lapse status, based on eigenvariate extracted from functional clusters in the mid-cingulate cortex (c) and right insula/
superior temporal gyrus (d). Error bars reflect standard error of the mean. A full color version of this figure is available at the Neuropsychopharmacology journal
online.

Striatal connectivity and smoking lapse
MM Sweitzer et al

2526

Neuropsychopharmacology



internal subjective states, and is integrally linked with
processes of response selection and action preparation
(Taylor et al, 2009). The insula is thought to play a central
role in interoceptive awareness of internal, subjective states,
including craving to smoke (Kuhn and Gallinat, 2011; Naqvi
and Bechara, 2009; Wang et al, 2014); and insula lesions
have been associated with abrupt disruption of tobacco
addiction (Naqvi et al, 2007). The anterior MCC, through its
interconnections with prefrontal cortical regions, striatum,
insula, and SMA, is thought to play a central role in cognitive
control and has been proposed as a key interface integrating
affective state, reinforcement learning, and goal anticipation
to guide planned behavior (Shackman et al, 2011). Taken
together, stronger intrinsic VS connectivity with this network
may reflect both an enhanced awareness of subjective urge to
smoke and a greater ability to regulate behavior in the service
of goals for maintaining abstinence. Although speculative,
this interpretation is consistent with the findings that
increased connectivity between the VS and cingulo-insular
network during abstinence was associated with increased
craving, but also better quit outcomes. However, it is impor-
tant to consider that higher abstinence-induced craving was
itself associated with better quit outcomes (Sweitzer et al,
2016). As such, it is unknown how these findings might

differ under conditions in which higher levels of craving
are associated with higher likelihood of lapse, as has been
observed in prior studies.
If increased VS connectivity with the cingulo-insular

network reflects a stronger degree of cognitive control over
motivationally relevant stimuli, thereby enhancing the ability
to inhibit the impulse to smoke, then it is somewhat
surprising that such regulatory pathways were increased
during abstinence among non-lapsers, particularly as tobacco
withdrawal is associated with diminished ability to resist
smoking (Roche et al, 2014). However, these results are
consistent with previous studies demonstrating that con-
nectivity within this network is strengthened during smoking
withdrawal (Cole et al, 2010; Huang et al, 2014; Sutherland
et al, 2013); but also that connectivity between similar
regions is attenuated among smokers compared with non-
smokers (Hong et al, 2010), and is negatively correlated with
nicotine dependence (Hong et al, 2009) and likelihood
of relapse (Addicott et al, 2015; Janes et al, 2010). Thus,
enhanced connectivity across regions including the insula,
cingulate, and striatum appears to be protective when
assessed as a trait-level marker independent of abstinence
state, whereas state-based increases in connectivity strength
co-occur with increases in subjective craving and withdrawal
(Huang et al, 2014; Sutherland et al, 2013), similar to that
observed here. The present findings build upon this prior
research to highlight the importance of individual differences
in the effects of abstinence on connectivity strength and
suggest that withdrawal-induced modulation of connectivity
may be associated with better cessation outcomes.
To our knowledge, only two published studies have

examined intrinsic connectivity strength in association with
smoking cessation outcomes. Janes et al (2010) used
independent component analysis to examine differences in
task-based connectivity among women who lapsed com-
pared with non-lapsers during an 8-week quit attempt. In
that study, women who lapsed exhibited weaker connectivity
between a network containing the insula and cognitive
control regions of the dACC and dorsolateral prefrontal
cortex than those who maintained abstinence. Similarly,
in another larger study, smokers who relapsed during a
3-month quit attempt exhibited weaker rsFC between a
posterior insula seed region and portions of the putamen and
somatosensory cortex (Addicott et al, 2015). In contrast to
these findings, no main effect of lapse outcome was observed
in the present study, and the condition by lapse interaction
appeared to be driven, in part, by lower VS connectivity
during satiation—the condition most closely paralleling prior
studies. One possible explanation for this discrepancy is that
smokers in both aforementioned studies were administered
nicotine replacement during the quit attempts. As such,
connectivity assessed during a satiated state may have more
closely mimicked the condition of continued transdermal
nicotine administration during smoking cessation, particu-
larly as nicotine replacement has been shown to modulate
network connectivity in key regions (Cole et al, 2010;
Sutherland et al, 2012). By contrast, functional connectivity
following 24-h abstinence in the present study may be
more strongly associated with smoking behavior during an
unmedicated quit attempt.
The present study also examined changes in DS con-

nectivity as a function of abstinence condition and lapse

Table 3 Areas Exhibiting a Significant Condition (Abstinent Vs
Satiated) by Lapse Status (Lapsers vs Abstainers) Interaction for
Functional Connectivity with the Left and Right VS

Region Voxels Location F-value

x y z

Left VS seed

R superior/middle temporal
gyrus/insula/putamen/
hippocampus/thalamus

1274 62 12 0 26.64

Mid-cingulate/dorsal anterior
cingulated

643 − 10 8 38 24.26

R inferior parietal lobule/
precuneus

2369 60 − 38 22 22.24

R middle/inferior frontal gyrus 513 54 6 46 21.36

L precuneus 226 − 12 − 86 44 21.10

L superior/middle temporal gyrus 666 − 52 − 8 − 10 18.68

R occipital lobe 306 18 − 78 − 4 17.59

L occipital lobe 411 − 14 − 60 8 16.00

R posterior cingulate 218 18 − 54 12 14.94

Right VS seed

R superior/middle temporal
gyrus/insula

918 60 10 2 22.53

Mid-cingulate/dorsal anterior
cingulate

634 8 20 16 21.08

L superior/middle temporal
gyrus/insula

835 − 50 2 − 12 20.96

R inferior parietal lobule 372 58 − 34 30 20.75

Supplemental motor area 451 12 2 68 17.49

Abbreviations: DS, dorsal striatum; VS, ventral striatum.
Location refers to Montreal Neurological Institute coordinates for peak voxel of
each cluster.

Striatal connectivity and smoking lapse
MM Sweitzer et al

2527

Neuropsychopharmacology



outcome. Across subjects and conditions, overall patterns of
connectivity with VS and DS seeds were overlapping but
distinct and conformed to those previously described in the
literature (Di Martino et al, 2008; Porter et al, 2015), with
greater VS connectivity observed with limbic regions
involved in affective processing (eg, insula and cingulate
cortex), and greater DS connectivity with regions involved in
executive functioning (eg, dorsolateral prefrontal cortex). In
contrast to the VS interaction effects, the primary finding for
the DS seeds was a main effect of decreased connectivity
during abstinence relative to satiation with the mPFC, PCC,
hippocampus, and SMA, particularly for the left DS. While
the VS is involved in incentive salience and reward valuation
and plays a central role in early stages of drug acquisition, the
transition to compulsive drug use is thought to be mediated
by a shift in dopaminergic innervation from ventral to
dorsal striatum (Everitt and Robbins, 2005; Pierce and
Vanderschuren, 2010). The mPFC, PCC, and hippocampus
are central components of the ‘default mode network’
thought to reflect self-referential processing in the absence
of explicit task demands (Buckner et al, 2008; Raichle et al,
2001). Inefficient suppression of the default mode network
by task-positive regions has been associated with a range of
negative clinical outcomes, and is worsened by withdrawal
from smoking (Lerman et al, 2014). That abstinence
decreased DS connectivity with these regions is somewhat
surprising, given that increased connectivity with these areas
(and with SMA) could underlie an increased ruminative
preoccupation with smoking-related urges and preparation
for habitual smoking behavior (Sutherland et al, 2012). An
alternative interpretation is that decreased DS connectivity
with these regions during withdrawal reflects a disengage-
ment of habitual, automated, and largely unconscious
processes underlying maintenance of smoking behavior, in
favor of the conscious perception of craving emerging with
the disruption of compulsive behavior (Tiffany and Conklin,
2000).
The present study has several strengths, including

prospective design and examination of rsFC during both
satiated and abstinent conditions. An important limitation is
that resting state measures were conducted after a rewarded
guessing task eliciting striatal activation to both smoking and
monetary rewards (Sweitzer et al, 2013, 2016). Given that
cognitive task performance can influence subsequent mea-
sures of rsFC (Albert et al, 2009), it is unknown to what
extent group differences and abstinence effects on rsFC were
due to residual effects of reactivity during the reward task.
However, it is important to note that task-related effects were
stimulus-specific (ie, dependent on reward type within the
task) and did not reflect overall differences in engagement of
reward-related regions. The results are also limited by a
relatively small sample size, particularly among the non-lapse
group, recruitment of only Caucasian smokers, relatively low
level of dependence within the sample potentially limiting
generalizability to heavier, more dependent smokers, and
short duration of follow-up. Small sample size, in particular,
could have contributed to low power and type II error when
examining between-group differences, and can lead to an
inflated estimate of effect size (see Button et al, 2013); as
such, it will be critical for future results to provide replication
in a larger, more representative sample. In addition, the
relatively high abstinence rates (38%) observed at the

conclusion of the 3-week quit period may not be predictive
of longer-term outcomes, and our assessment of non-
treatment seekers participating in CM may not generalize
to smokers attempting to quit by other means. Future studies
should examine the replicability of these findings in a larger
sample of treatment-seeking smokers quitting over a longer
period of time. A final caveat is that the seed-based approach
used here was optimal for targeting connectivity with specific
striatal ROIs, but did not allow for examination of inter-
network correlations. Despite these limitations, the present
findings have important implications for understanding
mechanisms contributing to vulnerability and suggest that
interventions to enhance striatal connectivity during absti-
nence, particularly among those at greatest risk, may help
reduce risk of lapse.
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