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Abstract

Introduction: Tobacco-use disorder is a complex condition involving multiple brain networks and
presenting with multiple behavioral correlates including changes in diet and stress. In a previous
functional magnetic resonance imaging (fMRI) study of neural responses to favorite-food, stress, and
neutral-relaxing imagery, smokers versus nonsmokers demonstrated blunted corticostriatal-limbic
responses to favorite-food cues. Based on other recent reports of alterations in functional brain net-
works in smokers, the current study examined functional connectivity during exposure to favorite-
food, stress, and neutral-relaxing imagery in smokers and nonsmokers, using the same dataset.
Methods: The intrinsic connectivity distribution was measured to identify brain regions that dif-
fered in degree of functional connectivity between groups during each imagery condition. Resulting
clusters were evaluated for seed-to-voxel connectivity to identify the specific connections that dif-
fered between groups during each imagery condition.

Results: During exposure to favorite-food imagery, smokers versus nonsmokers showed lower
connectivity in the supramarginal gyrus, and differences in connectivity between the supramar-
ginal gyrus and the corticostriatal-limbic system. During exposure to neutral-relaxing imagery,
smokers versus nonsmokers showed greater connectivity in the precuneus, and greater connec-
tivity between the precuneus and the posterior insula and rolandic operculum. During exposure to
stress imagery, smokers versus nonsmokers showed lower connectivity in the cerebellum.
Conclusions: These findings provide data-driven insights into smoking-related alterations in brain
functional connectivity patterns related to appetitive, relaxing, and stressful states.

Implications: This study uses a data-driven approach to demonstrate that smokers and nonsmok-
ers show differential patterns of functional connectivity during guided imagery related to per-
sonalized favorite-food, stress, and neutral-relaxing cues, in brain regions implicated in attention,
reward-related, emotional, and motivational processes. For smokers, these differences in con-
nectivity may impact appetite, stress, and relaxation, and may interfere with smoking cessation.
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Introduction

Most current adult cigarette smokers want to quit, and nearly half
attempt quitting annually'; however, most relapse to smoking due
to withdrawal symptoms, stress, and weight gain.? A better under-
standing of disruptions in cognition, affect, and motivation asso-
ciated with smoking may improve smoking cessation treatments.
Functional magnetic resonance imaging (fMRI) has been used to
evaluate brain activity related to cognitive, emotional and moti-
vational tasks in smokers. Such task activation-based studies have
suggested differences between smokers and nonsmokers including
increased activity in reward-related brain regions in response to
smoking cues,’ as well as differences in brain activity in response to
food cues* and stress cues.®” fMRI has also been used to evaluate
brain functional connectivity in smokers during task performance
or at rest.® These studies have demonstrated differences between
smokers and nonsmokers in large-scale brain network dynamics in
the resting-state and related to cognitive processes such as craving.’
Functional connectivity studies provide additional insights into sys-
tems-level changes in the brain associated with smoking, potentially
leading to new hypotheses about the neurobiological underpinnings
of tobacco-use disorder.'

Based on evidence that functional connectivity analysis can
complement and extend task activation-based analysis in studies of
smoking, the current study sought to evaluate functional connectiv-
ity in smokers using the same dataset from a previously published
task activation-based study.!’ Functional connectivity was compared
between smokers and nonsmokers during exposure to personal-
ized guided favorite-food, stress, and neutral-relaxing imagery. This
guided imagery task has been used previously to evaluate stress and
craving related to addictions,'>!* including nicotine dependence!'*®
and obesity,'¢ as well as other psychiatric disorders.!” In the earlier
task activation-based analysis of this dataset, smokers versus non-
smokers were found to have blunted corticostriatal-limbic responses
to favorite-food imagery, and no group differences were found in
task activations during stress or neutral-relaxing imagery.!'!

The current study used a relatively new approach to identify
group differences in functional connectivity for each imagery condi-
tion: the intrinsic connectivity distribution (ICD'). In contrast to
seed-based connectivity methods which require a priori regions of
interest, ICD is a data-driven measure of connectivity between each
voxel and every other voxel in the brain. As a data-driven approach,
ICD permits both the independent support of established hypoth-
eses—here, that smokers will show differences in functional con-
nectivity in motivation-reward brain regions during favorite-food
imagery—and the discovery of novel patterns of functional connec-
tivity that may be missed by hypothesis-driven approaches. Other
studies have used independent components analysis (ICA') to com-
pare functional connectivity between smokers and nonsmokers??!
or other related to other addictions.???’ In contrast to group ICA
which estimates a common set of components or networks for a
group, ICD does not assign voxels to particular components, and
may therefore provide a complementary picture of differences in
functional connectivity between smokers and nonsmokers.

Although these methods are typically applied to resting-state
fMRI data, the current guided imagery task resulted in a large
amount of continuous task data that approximates the conditions
of resting-state data with no task boundaries. We have used similar
approaches to study meditation with ICD?** and seed-based func-
tional connectivity.>*** We have also performed ICD on functional
Stroop data in cocaine-dependent and healthy comparison subjects.?

Further emerging research suggests that resting-state fMRI methods
are suitable in the context of task fMRI.>"?8

ICD was first used to identify brain regions that differ in connec-
tivity between groups for each imagery condition. Resulting clusters
were then tested for seed-to-voxel connectivity to identify which spe-
cific connections with these brain regions differed between groups
for each imagery condition.

Methods

Participants

Twenty-three smokers (mean age 27=7 years, 10 females) and 23
nonsmokers (mean age 27=7 years, nine females) participated in
the study (Table 1). Daily smokers who smoked 210 cigarettes per
day were recruited for the study."" However, smokers had low nico-
tine dependence as indicated by low scores (mean 2.5+2.0) on the
Fagerstrom Test for Nicotine Dependence.? At the time of scanning,
several smokers had reduced their smoking frequency to less than 10
cigarettes per day (mean 9.4=7.1, range 0.27-28 cigarettes per day
at time of scanning), as measured using the Time line Follow back®®
for the past 30 days. Smoking characteristics assessed included
the number of cigarettes smoked per day, age at onset of smoking,
years to smoking, carbon monoxide level, and Fagerstrom Test for
Nicotine Dependence. Smokers carbon monoxide levels also indi-
cated a light to moderate smoking range (mean 12.5+9.3 parts per
million). Nonsmokers were required to have no tobacco consump-
tion for more than 1 year and have never used tobacco daily. Smokers
and nonsmokers were matched on age, gender, intelligence quotient,
and body mass index. Participants were additionally required to be
age 18-50 years old and able to read and write English. Exclusion
criteria included any chronic medical condition, neurological injury
or illness, psychiatric disorder (DSM-IV criteria), or substance-use
disorder (other than nicotine dependence); use of any psychoactive
medication within the past 4 weeks; any chronic medication use for
medical problems or psychiatric disorders; any alcohol or drug use
in the past 72 hours prior to scanning (other than tobacco); intel-
ligence quotient < 90; and pregnancy, claustrophobia, or metal in
body incompatible with MRI. The study was approved by the Yale
Human Investigation Committee. All participants provided signed
informed consent.

Table 1. Participant Demographics

Smokers (N =23) Nonsmokers (N = 23)

Mean = SD Mean = SD

Demographics

Age (y) 26.7+7.1 27.4+7.3

Gender (female) 43% 39%

1Q 112.1+8.6 112.6+9.6

BMI (kg/m?) 28.0+4.6 26.8+5.1
Smoking measures

Cigarettes per day 9.4+7.1 0

FTND score 2.5+2.0 0

CO levels 12.5+9.3 2.4+1.0%

Years smoked 7.5+9.0 0

Age at onset of smoking 18.2+2.5 0

BMI = body mass index; CO = carbon monoxide, in parts per million;
FTND = Fagerstrom test for nicotine dependence; IQ = intelligence quotient.
*P <.0001."
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Imagery Script Development

Prior to a participant’s fMRI session, personalized guided imagery
scripts were generated using scene construction questionnaires (as
in Sinha®'). Two favorite-food scripts were developed from partici-
pants’ descriptions of two of their favorite foods, such as cheese-
cake, ice cream, or pizza, and events associated with these foods.
Two neutral-relaxing scripts were developed from participants’ per-
sonal experiences of common neutral-relaxing situations, such as a
summer day relaxing at the beach or a fall day reading in the park.
Two stress scripts were developed from participants’ descriptions of
two recent (past year) personal stressful events that were rated as 8
or above on a 10-point Likert scale from “1 = not at all stressful” to
“10 = most stress you felt recently in your life,” such as a breakup
with a significant other, unemployment, or death of a loved one.
Smoking-related experiences were excluded from consideration. For
example scripts see.'®*? For each condition, two scripts, 2 minutes
in length each, were developed and audio-recorded, to be presented
during fMRI. Participants were trained to generate and maintain a
mental image for 2-3 minutes and were trained in progressive relax-
ation to employ prior to fMRI and between imagery conditions.

Imaging Sessions

fMRI sessions took place in the early afternoon. All participants
were instructed to eat approximately 2 hours beforehand to avoid
being too hungry or too full. Smokers were instructed to smoke
approximately 1 hour beforehand to avoid acute intoxication or
withdrawal. During fMRI, participants were exposed to personal-
ized favorite-food, stress, and neutral-relaxing imagery conditions.
The fMRI session included six trials, two per condition, randomized
and counterbalanced. Each trial included a 1.5-minute resting base-
line, followed by a 2.5-minute guided imagery period and 1-minute
quiet recovery period. During the 2.5-minute guided imagery period,
participants were instructed via headphones to “close your eyes and
imagine the situation being described as if it were happening right
now.” A previously audiotaped 2-minute description of their personal
appetitive, stressful, or neutral-relaxing event was then presented,
followed by 0.5 minutes of quiet imagery time during which they
continued imagining the story while lying in silence. At the end of
the guided imagery period, participants were asked to “stop imagin-
ing and lay still” and scanning continued through the next 1-minute
quiet recovery period. Participants next rated their imagery vividness,
subjective anxiety and tobacco craving levels on an analog scale from
0 to 10 with 0 = none, 1-3 = mild, 4-7 = moderate and 8-10 = intense
feelings. After each trial, participants listened to progressive relaxa-
tion instructions during a S-minute rest/recovery period.

Task Validation

Task validation was reported previously!' based on subjective rat-
ings for anxiety and food cravings before and after each imagery
condition, and imagery vividness ratings, which were comparable
between smokers and nonsmokers. In addition, for smokers, base-
line tobacco craving ratings did not differ between imagery condi-
tions (F(2) = 0.25, P = .77), and tobacco craving ratings increased
after favorite-food imagery (P = .0001) and after stress imagery
(P =.006), and decreased after neutral-relaxing imagery (P = .029).

Image Acquisition

Brain images were acquired using a 3 Tesla Siemens Trio MRI
scanner and standard-quadrature head coil at the Yale Magnetic
Resonance Research Center. A T1 Fast Low Angle Shot imaging

sequence was acquired in the axial plane parallel to the anterior-pos-
terior commissure (AC-PC) line (repetition time [TR] = 300 ms, echo
time [TE] = 2.46 ms, bandwidth = 310 Hz/pixel, flip angle = 60°,
field-of-view = 220x220mm, matrix = 256x256, 32 slices, slice
thickness = 4mm, no gap). A T2*-weighted gradient-recalled sin-
gle-shot echo-planar pulse imaging sequence was acquired with
32 axial slices parallel to the AC-PC line covering the whole brain
(TR = 2000ms, TE = 25ms, bandwidth = 2005 Hz/pixel, flip
angle = 85°, field-of-view = 220 x 220 mm, matrix = 64 x 64, 32 slices,
slice thickness = 4mm, no gap, 150 measurements). A high-resolu-
tion 3D Magnetization-Prepared Rapid Gradient-Echo sequence
was then acquired in the sagittal plane for multi-subject registra-
tion (TR = 2530 ms; TE = 3.34ms; bandwidth = 180 Hz/pixel; flip
angle = 7°; slice thickness = 1mm; field-of-view = 256 x256 mm;
matrix = 256 x256).

Image Quality Assessment and Attrition
Two smokers’ datasets were excluded from the final analysis as they
showed less than 2 SDs of the mean global signal change during
imagery and no activation of the auditory cortex. Data are therefore
reported from 21 smokers and 23 nonsmokers.!!

fMRI Preprocessing

The first 10 images were discarded to enable the signal to achieve
steady-state. Images were motion corrected using SPMS5 (www.
fil.ion.ucl.ac.uk/spm). Images were iteratively smoothed until the
smoothness for any image had a full width half maximum of approx-
imately 6 mm.* This iterative smoothing has been shown to mini-
mize motion confounds associated with functional connectivity.** All
further analysis was performed used Biolmage Suite (www.bioim-
agesuite.org).’ Several covariates of no interest were regressed from
the data including linear and quadratic drift, six rigid-body motion
parameters, mean cerebrospinal fluid signal, mean white-matter sig-
nal, and overall global signal. All images were temporally smoothed
using a zero mean unit Gaussian filter with an approximate cutoff
of 0.12 Hz. A canonical gray-matter mask, defined on the Montreal
Neurological Institute (MNI) template brain and dilated to ensure
that all gray matter was captured on the low-resolution fMRI
images, was applied to restrict the analysis to gray-matter voxels.

ICD Analysis

After preprocessing, the two runs for each imagery condition were
concatenated and functional connectivity at each voxel was calcu-
lated in each participant’s individual space as the ICD.'® Only the
imagery periods were used for ICD analysis; both the baseline and
recovery periods were excluded. The ICD approach computes the
correlation between the time course at a given voxel in the gray mat-
ter and the time courses of every other voxel in the gray matter,
and summarizes these using a network theory metric, degree. ICD
models the entire distribution of the network measure of degree,
eliminating the need to specify a connection threshold. Only positive
correlations were tested because the global signal regression (GSR)
employed in preprocessing results in ambiguous directions of cor-
relations. A histogram of the positive correlations is constructed to
estimate the distribution of connections to a given voxel (using a
threshold of 0.0001 for numerical stability), and the histogram is
converted into a survival function fitted with a stretched exponential
with unknown variance, a. This is repeated for each gray matter
voxel, resulting in a parametric map of a for each participant, where
each voxel in the map represents that voxels’ correlation to the rest
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of the gray matter. In order to further evaluate relative differences in
ICD, each participant’s & map was mean-adjusted to the whole-brain
o by subtracting the mean and dividing by the SD across all voxels.
This z-score-like normalization adjusts for large differences in global
connectivity between participants.?® Next, individual ICD maps were
warped to MNI space using a series of linear and nonlinear transfor-
mations (as in Scheinost et al*®). Voxel-wise two-sample ¢ tests were
used to compare ICD between smokers and nonsmokers during each
imagery condition. Findings are reported at P < .05 Family Wise
Error cluster-corrected, with cluster size determined using AlphaSim
(http://afni.nimh.nih.gov) for gray matter and Bonferroni-corrected
for three 7 tests, k = 172 (such that significance for each independent
comparison was P < .0167 at the cluster-level).

Notably, GSR can possibly induce some negative relationships,*”
thus complicating interpretation. However, GSR is widely used in
the literature and by other groups conducting similar voxel-to-
voxel correlation approaches.** Additionally, in a large sample of
healthy adults, ICD results with and without GSR were nearly iden-
tical.*® Due to the controversy of using GSR,** the ICD analyses
were repeated without removing the global signal, and the results
are largely the same (see Supplementary Material), suggesting the
robustness of our findings to this preprocessing choice.

Seed-to-Voxel Connectivity Analysis

Secondary seed-to-voxel connectivity analysis was performed to
explore (post hoc) regions of interest identified by ICD analysis. ICD
and similar voxel-to-voxel correlation approaches compress all con-
nectivity information about a voxel into a single number. As such,
any spatial information about which connections are responsible for
the change in connectivity to that voxel is lost. Post hoc discovery of
these specific connections was explored with follow-up seed-to-voxel
connectivity. Resulting significant clusters from between-group ICD
comparisons were masked and used as seeds. The time course of the
seed in a given participant was computed as the average time course
across all voxels in the seed. This time course was correlated with
the time course for every other voxel in the brain to create a map of
r-values, reflecting seed-to-whole brain connectivity. These r-values
were transformed to z-values using Fisher’s transform, yielding one
map for each participant representing the strength of the correla-
tion to the seed. Voxel-wise two-sample # tests were used to compare
seed-to-voxel connectivity between smokers and nonsmokers dur-
ing each imagery condition. Findings are reported at P < .05 Family

Wise Error cluster-corrected, k = 147.

Motion Comparison

Finally, although motion parameters were regressed from the data,
group differences in movement may influence functional connectiv-
ity measures. To test this, the average frame-to-frame displacement
was calculated for each participant for each imagery condition, and
compared using a mixed 2x 3 (group x imagery condition) analysis
of variance. No significant effect was found for imagery condition
(F=19,P = .15) or group (F = 1.1, P = .3), and no significant
interaction was found (F = 0.54, P = .58). Additionally, we used an
iterative smoothing algorithm which been shown to minimize these

motion confounds.’*

Results

Functional Connectivity During Exposure to Favorite-
Food Imagery

Smokers compared to nonsmokers showed lower ICD during expo-
sure to favorite-food imagery in the bilateral supramarginal gyrus,
extending into the postcentral gyrus and inferior parietal lobule,
both with mean adjustment (Figure 1A) and without mean adjust-
ment (not shown). These clusters were used as seeds to test for
seed-to-voxel connectivity. For the left supramarginal gyrus, smok-
ers showed greater connectivity than nonsmokers with the left infe-
rior frontal gyrus, putamen, and pallidum, bilateral superior medial
frontal gyrus into the middle cingulate gyrus, and the hippocampus
and brainstem, and less connectivity with the left precentral gyrus,
bilateral postcentral gyrus, supramarginal gyrus and precuneus, and
the occipital gyrus (Figure 1B). For the right supramarginal gyrus,
smokers showed greater connectivity than nonsmokers with the left
precentral gyrus, inferior frontal gyrus, superior medial frontal gyrus
into the middle cingulate gyrus, and pallidum, bilateral putamen and
thalamus, right basal forebrain and amygdala, and the posterior cin-
gulate cortex, and less connectivity with the left postcentral gyrus
and occipital gyrus (Figure 1C).

Functional Connectivity During Exposure to Neutral-
Relaxing Imagery

Smokers compared to nonsmokers showed greater mean-adjusted
ICD in the precuneus during exposure to neutral-relaxing imagery
(Figure 2A). No group differences were found without mean adjust-
ment. The cluster in the precuneus was used as a seed to test for seed-
to-voxel connectivity. Smokers compared to nonsmokers showed
greater connectivity between the precuneus and the posterior insula,
rolandic operculum and Heschl’s gyrus, and the precuneus/cuneus,
and lower connectivity between the precuneus and the cerebellum
(Figure 2B).

Functional Connectivity During Exposure to Stress
Imagery

Smokers compared to nonsmokers showed lower ICD in the cerebel-
lum during exposure to stress imagery, both with mean adjustment
(Figure 3) and without mean adjustment (not shown). No brain
regions showed a significant group difference in seed-to-voxel con-
nectivity from this cluster.

Discussion

These analyses demonstrate that smokers and nonsmokers show dif-
ferential patterns of functional connectivity during guided imagery
related to personalized favorite-food, stress, and neutral-relaxing
cues, as evaluated using ICD and seed-to-voxel connectivity analy-
ses. Specific findings vary by imagery condition and are discussed
below. Overall, smokers and nonsmokers show differences in ICD
and seed-to-voxel connectivity in brain regions implicated in atten-
tion, reward, and emotional or motivational processing, related to
appetitive, stressful, and relaxing states.

Circuit-level interactions between brain regions have previously
been found to differ between smokers and nonsmokers. These stud-
ies typically evaluate functional connectivity of resting-state fMRI
data, either by measuring seed-based connectivity from specific
brain regions of interest* or by using ICA to estimate a common
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Figure 1. Differences in functional connectivity between smokers and nonsmokers during exposure to favorite-food imagery. A. Lower mean-adjusted
intrinsic connectivity distribution (ICD) in smokers than nonsmokers in the supramarginal gyrus. B. Between-group differences in functional connectivity
from the left supramarginal gyrus. C. Between-group differences in functional connectivity from the right supramarginal gyrus. Warm colors represent areas
with greater connectivity for smokers than nonsmokers; cool colors represent areas with greater connectivity for nonsmokers than smokers. P-FWE < .05.
SMG = supramarginal gyrus, pu = putamen, pa = pallidum, IFG = inferior frontal gyrus, SFG = superior medial frontal gyrus, PCC = posterior cingulate cortex.

set of components or networks to compare between groups,*** or
using both approaches.*® Similar to the ICA approach, ICD is a data-
driven voxel-wise measure of intrinsic functional connectivity that
does not rely on a priori regions of interest. In contrast to ICA, ICD
does not constrain voxels to networks and may therefore be more
sensitive to group differences.’® The current study also evaluated
ICD during a cognitive task paradigm rather than at rest, in order
to compare functional connectivity between smokers and nonsmok-
ers related to cognitive processing for task demands. The imagery
task used in this study resulted in a large amount of continuous
data (two 2.5-minute runs, concatenated) able to be analyzed using
this approach. First, [CD was measured to identify regions of the
brain that differed in the degree of connectivity between smokers
and nonsmokers during each condition of the personalized guided
imagery task. Next, seed-to-voxel connectivity was evaluated to
determine which specific connections from these identified brain
regions differed between smokers and nonsmokers during each

imagery condition. Our findings complement other recent studies
reporting differences in functional connectivity between smokers
and nonsmokers.

Group Differences in Visuomotor and Motivation/
Reward Processing During Exposure to Favorite-

Food Imagery

During exposure to favorite-food imagery, smokers showed lower
ICD than nonsmokers in the bilateral supramarginal gyrus. The
supramarginal gyrus and inferior parietal lobule have been reported
in fMRI studies of the neural responses to food-cues versus non-food-
cues.’'% A recent fMRI study of the cognitive regulation of food
craving in adolescents (mean age 15 years) found that imagining eat-
ing as compared to thinking about the costs of eating in response
to food-cues engaged the left supramarginal gyrus.’* The supramar-
ginal gyrus, along with the precuneus and superior parietal lobule,
have also been reported in fMRI studies of smoking-related cues
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Figure 2. Differences in functional connectivity between smokers and nonsmokers during exposure to neutral-relaxing imagery. A. Greater mean-adjusted
intrinsic connectivity distribution (ICD) in smokers than nonsmokers in the precuneus. B. Between-group differences in functional connectivity from the
precuneus. Warm colors represent areas with greater connectivity for smokers than nonsmokers; cool colors represent areas with greater connectivity for
nonsmokers than smokers. P-FWE < .05. preCun = precuneus, RO = rolandic operculum, HG = Heschl’s gyrus.
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Figure 3. Differences in functional connectivity between smokers and nonsmokers during exposure to stress imagery. Lower mean-adjusted intrinsic connectivity
distribution (ICD) in smokers versus nonsmokers in the cerebellar peduncles and vermis (cool colors). P-FWE < .05.

versus nonsmoking-related cues.® For example, one study found the
supramarginal gyrus along with other brain regions to be activated
in response to smoking-related cues and positively correlated with
craving.> Activation of visuomotor brain regions such as the supra-
marginal gyrus in response to food- and smoking-related cues might
reflect visual processing, imagery, and/or preparation of approach-
related actions toward food- or smoking-related stimuli. Consistent
with the role of the supramarginal gyrus in imagery, this brain region
has been found to be activated in response to “enacted memories.”
In that study, subjects encoded action phrases such as “cut the bread”
either by reading them aloud or by enacting them. When presented
with the phrases during fMRI, the bilateral supramarginal gyrus was
more strongly engaged by previously enacted versus verbally encoded
phrases. Overall, lower ICD in the supramarginal gyrus during expo-
sure to favorite-food imagery in smokers versus nonsmokers may
reflect reduced visuomotor processing or imagery.

The earlier task activation-based analysis of this dataset!! revealed
reduced corticostriatal-limbic responses to favorite-food cues in
smokers compared to nonsmokers, including reduced activations in
the caudate, putamen, insula, thalamus, and brainstem. In the current
analysis, smokers compared to nonsmokers showed greater connec-
tivity during favorite-food imagery between the supramarginal gyrus
and similar brain regions including the putamen, pallidum, thala-
mus, basal forebrain and amygdala, hippocampus, and brainstem.
Together these analyses show correlated reduced activity in motiva-
tion-reward brain regions/circuits during favorite-food imagery in
smokers, suggesting that smokers may be desensitized to food-related
rewards, although additional studies should further investigate this
interpretation. This is consistent with evidence that brain reward cir-
cuits in drug-addicted individuals are desensitized to natural rewards
and motivational salience for nondrug-related stimuli is decreased.”’
Here smokers and nonsmokers were matched on body mass index,
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suggesting that smokers show a blunted response to food-related
rewards irrespective of body weight, which might contribute to a
lower body weight in smokers®® alongside the acute effects of nico-
tine to decrease appetite and reduce neural food cue-reactivity.’*
Further, as reported previously,'" smokers and nonsmokers did not
differ in food craving in response to favorite-food imagery (P = .69),
suggesting that group differences in reward processing may be sub-
conscious. This is similar to an earlier study using the same guided
imagery task,'® in which obese versus lean individuals showed greater
activity in corticostriatal-limbic regions during exposure to favorite-
food imagery despite no group differences in food craving. Group dif-
ferences in response to favorite-food imagery are not found in craving
ratings, but instead in brain reward-processing. A future study could
test the relationship between this blunted response to food-related
rewards, body mass index, and other eating habits, in smokers with a
wider range of body mass index. Additionally, based on evidence that

8 a future study

smoking cessation is associated with weight gain,
could test whether this blunted response “recovers” with smoking

cessation and this correlates with weight gain.

Group Differences in Precuneus Connectivity During
Exposure to Neutral-Relaxing Imagery
During exposure to neutral-relaxing imagery, smokers showed greater
ICD than nonsmokers in the precuneus, and greater connectivity
between the precuneus and the posterior insula and rolandic opercu-
lum. The precuneus is implicated in a wide range of cognitive processes
including visuospatial imagery, episodic and autobiographical mem-
ory, and self-related processing.®' The identified cluster is located in
the ventral precuneus, considered a functional hub of the default mode
network (DMN),%243 brain regions activated during resting-state and
deactivated during task-engagement and therefore implicated in mind-
wandering and rumination.®** A recent neuroimaging meta-analysis
found the precuneus, along with all DMN hubs and other non-DMN
brain regions, to be reliably activated by mind-wandering and spon-
taneous thought processes.®® Moreover, in a recent resting-state func-
tional connectivity study, smokers showed diminished disengagement
from DMN processing during short-term abstinence from smoking,
resulting in alterations in large-scale resting-state network dynamics
that were associated with craving and cognitive impairments, and may
therefore interfere with smoking cessation.” It is possible that greater
ICD in the precuneus during neutral-relaxing imagery in smokers ver-
sus nonsmokers represents greater DMN processing. Together, these
studies suggest that training smokers to disengage from DMN pro-
cessing, for example through mindfulness-based interventions, may
benefit smoking cessation.25¢7:68

The precuneus is also consistently reported in neuroimaging
studies of smoking cue reactivity.> A recent study found that short-
term abstinent smokers showed greater functional connectivity in
response to smoking versus neutral cues between an a priori seed
in the anterior insula and the precuneus, that was correlated with
smoking cue-induced craving.®” It has been hypothesized that co-
activations in the precuneus and anterior insula represent a salient
interoceptive state elicited by smoking cues that draws resources
away from executive control processes toward DMN processes.”!”
However, it is unlikely that greater precuneus connectivity in smok-
ers during neutral-relaxing imagery reflects smoking cue-reactivity
or craving, because personalized script development excluded smok-
ing cues, smokers reported decreased craving across the neutral-
relaxing imagery condition, and no differences in connectivity with
the anterior insula were observed.

Group Differences in Cerebellar Connectivity During
Exposure to Stress Imagery

During exposure to stress imagery, smokers showed lower ICD than
nonsmokers in the cerebellum. Activation was localized to the cer-
ebellar peduncles and vermis. There is evidence that the cerebellar
vermis is a target of limbic connections to the cerebellum, and mid-
line cerebellar structures have been implicated in the modulation of
emotion and in neuropsychiatric impairments.” It is possible that
lower functional connectivity in this region during stress exposure
in smokers versus nonsmokers may contribute to alterations in emo-
tional regulation or stress-responsiveness; however, this possibility
warrants direct examination. More generally, the cerebellum has
been implicated in brain processes in addiction such as reward, moti-
vational drive, saliency, inhibitory control, and insight,”"”? although
the role of the cerebellum in addiction has been understudied and
turther work is needed to directly assess its relevance.”!

Limitations

A limitation of the current study was that the fMRI task did not
include a smoking cue imagery condition. However, many studies
have evaluated smoking cue-related brain activity® and functional
connectivity” in smokers. A future study might build on the current
findings by testing personalized smoking imagery, based on other
reports that personalization enhances behavioral’”* and neural”
responses to smoking cues. Another limitation was the relatively low
nicotine dependence of the smokers in this study, as evident by low
Fagerstrom Test for Nicotine Dependence scores (mean 2.5+2.0)
and late onsets of smoking (mean 18.2+2.5 years). Moreover, sev-
eral participants reduced their smoking from the inclusion criteria
(210 cigarettes/d) to light and intermittent smoking (range 0.27-28
cigarettes per day) by the day of scanning. To address this limita-
tion, the ICD analyses were repeated including only daily smok-
ers with a range of 4.67-28 cigarettes/d (7 = 18), and the results
are largely the same (see Supplementary Material). In addition, we
extracted the ICD values for all smokers from the same masks used
as seeds for the seed-to-voxel connectivity analyses (ie, the resulting
significant clusters from the between-group ICD comparisons with
nonsmokers) for each imagery condition, and tested for correla-
tions with Fagerstrom Test for Nicotine Dependence and cigarettes
per day. No significant correlations were identified. These findings
are in line with other recent work showing tobacco-related effects
in light smokers (tobacco “chippers”),”®”” including studies show-
ing increased responses to cigarette cues and decreased responses
to food cues in light smokers.”®” More work is needed in larger
samples to directly test for differences related to smoking severity.
Another limitation of the present study is that, while we have been
cautious in interpreting our findings, the cognitive processes impli-
cated have been reasoned backward from brain activation patterns;
that is, using reverse inference.® Our interpretations are constrained
by the task setting (personalized favorite-food, stress, or neutral-
relaxing imagery) which has been argued to improve the precision
of reverse inference.®$! Nevertheless, further work is needed to
obtain a more complete picture of how cognitive processes related
to these tasks differ between smokers and nonsmokers. In addition,
as the current study tested post hoc seed-to-voxel connectivity to
identify the specific connections responsible for overall group dif-
ferences in ICD, the evaluation of an independent dataset is needed
to confirm these findings. Finally, as mentioned above, future longi-
tudinal studies should investigate how the identified differences in
functional connectivity between smokers and nonsmokers change
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with smoking cessation and relate to withdrawal, stress, and weight
gain.

Conclusions

In summary, these data demonstrate group differences in functional
connectivity in smokers and nonsmokers during exposure to per-
sonalized guided favorite-food, stress, and neutral-relaxing imagery.
Favorite-food imagery exposure was associated with overall lower
connectivity in the supramarginal gyrus in smokers than nonsmokers,
but with greater connectivity between the supramarginal gyrus and
motivation-reward brain regions. Neutral-relaxing imagery exposure
was associated with greater connectivity in the precuneus and poste-
rior insula/rolandic operculum in smokers than nonsmokers. Stress
imagery was associated with lower connectivity in the cerebellum
in smokers than nonsmokers. These findings suggest that smoking
is associated with alterations in neural processing that may impact
appetite, relaxation, and stress. These neural processes may represent
targets for therapeutic interventions to support or promote smoking
cessation, although this possibility warrants direct examination.
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